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Abstract 

Amphiphilic doubly responsive block copolymers poly(2-(dimethylamino)ethyl 

methacrylate)-b-poly(hydroxy propyl methacrylate) (PDMAEMA-b-PHPMA) were studied by 

very small angle and small angle neutron scattering (VS/SANS) in aqueous solutions. A multi-

level hierarchical approach was used to fit the experimental data and Bayesian analysis was 

performed to explore possible interdependencies between the extracted parameters. 

Hydrophobic contacts between the block copolymer monomers appear to create local 

concentration inhomogeneities (2-4 nm) whose size and mass depends on the preparation 

protocol. A solvent-exchange solubilization protocol leads to smaller inhomogeneities in 

comparison to a direct solubilization protocol due to better arrangement of the PHPMA 

hydrophobic units. At acidic and neutral pH hierarchical structure is observed where the local 

inhomogeneities are organized within aggregates (~200 nm) and grow or shrink with 

temperature depending on pH. At acidic pH aggregates are interconnected into large clusters.  



By increasing temperature, aggregates become larger in both afcidic and neutral pH, while this 

response is stronger for the solvent-exchange solubilization protocol. Very interestingly, 

aggregates transform into self-similar superstructures at basic pH (where PDMAEMA is 

uncharged) to an extend that it is strongly preparation protocol-dependent. These transitions at 

length scales from 1 to 1000 nm open many possibilities for advanced multiple stimuli-

responsive loading and release of proteins and drug molecules in such polymeric 

nanostructures.  

1. Introduction 

Amphiphilic block copolymers have been studied and utilized in a plethora of applications as 

drug/protein/gene delivery nanocarriers for more than three decades due to their ability to self-

assemble in various formations when inserted in aqueous media. [1-3] Their final 

characteristics are dictated by certain physicochemical parameters, such as the solubilization 

protocol, block composition, molecular weight, and/or environmental factors (in the case of 

stimuli-responsive polymers).[4, 5] The most iconic formation is the micelle, which is 

comprised of a hydrophobic core and a hydrophilic corona, while aggregates of micelles are 

the most commonly observed.[6] The hydrophobic block can be utilized to encapsulate small 

drug molecules, while the hydrophilic block operates as colloidal stabilizer along with the 

ability to complex with biological macromolecules or inorganic particles through electrostatic 

interactions.[7, 8] 

Stimuli-responsive polymers possess the ability to alter their chain conformation in aqueous 

solutions upon the change of certain environmental factors, such as temperature and pH.[5, 9-

12] Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is a pH and thermoresponsive 

polymer with a characteristic group of a tertiary amine. In pH 3 aqueous solutions the amine 

groups become fully protonated, increasing polymer hydrophilicity and thus presents no 



thermoresponsiveness. In pH 7 and pH 10, the amine groups become semi and fully 

deprotonated, and PDMAEMA exhibits thermoresponsive behavior, with a transition 

temperature in the range of 35-55oC, depending on its molecular weight and the connected 

block (in case of block copolymers).[13-15] Furthermore, PDMAEMA has the ability to 

complex with biomacromolecules through electrostatic interactions.[16-19] Poly(hydroxy 

propyl methacrylate) (PHPMA) is a weakly-hydrophobic polymer, with a characteristic 

hydroxyl group that is reported to exhibit thermoresponsiveness when block copolymerized 

with another hydrophilic polymer.[20-23] 

Doubly thermoresponsive amphiphilic block copolymer systems can be extremely interesting, 

due to their ability to switch roles in the core-corona formation at certain temperatures above 

or below the thermoresponsive block and pH values above or below the pKa of the pH-

responsive block. Such behavior is characterized as “schizophrenic”[24, 25] and if manipulated 

properly can result in the desired response, size and shape of the formed nanoparticles, enabling 

them as potential nanocarriers for both hydrophobic and hydrophilic drugs for targeted 

delivery.[10, 26] Poly(2-(dimethylamino)ethyl methacrylate)-b-poly(hydroxy propyl 

methacrylate) (PDMAEMA-b-PHPMA) block copolymers have been reported to belong to that 

category, comprising of a hydrophilic pH-responsive and thermoresponsive PDMAEMA block 

and a weakly-hydrophobic thermoresponsive PHPMA block. Their associations’ internal 

morphology is heavily dictated by chemical composition, solubilization protocol, temperature 

and pH of the aqueous solution, resulting in formations with different sizes and micro-

polarities. Aqueous solution studies have indicated the possible existence of tight compound 

micelles or loose hydrophilic polymeric networks depending on the solubilization protocol 

utilized.[27] Furthermore, we have studied the complexation ability of the specific block 

copolymers with bovine serum albumin (BSA)[28] and salmon sperm DNA molecules [29], 



and observed fragmenting of the original block copolymers aggregates into smaller biohybrid 

nanoassemblies via electrostatic interactions.  

Small angle neutron scattering has been successfully used in the characterization of 

thermoresponsive synthetic and biological macromolecular associations in aqueous media with 

characteristic examples from poly(N-isopropylacrylamide)-containing block copolymers,[30, 

31] thermoresponsive polyoxazoline copolymers,[32, 33] PDMAEMA block 

polyelectrolytes[34] and bionanoparticles of polysaccharides and proteins after thermal 

denaturation.[35] This method resolves structure at multiple length-scales from 1 to 100 nm 

noninvasively and averages over macroscopic volumes within the sample. In particular, 

structure at different length-scales has been probed in regard to the effect of added protein for 

thermoresponsive block copolymers [36] and in relation to loaded drugs in amphiphilic block 

copolymers.[37-39] The temperature response at different length scales has been also resolved 

in poly(n-butyl   acrylate)-b-poly(N-iso-propylacrylamide)-b-poly(acrylic acid) (PnBA-b-

PNIPAM-b-PAA) triblock terpolymers by our group.[40] 

In the present work, a PDMAEMA-b-PHPMA block copolymer was utilized to study the 

internal chain conformation of the system via very small and small angle neutron scattering 

(VS/SANS). The aqueous solution preparation involved the use of a direct and a solvent-

exchange solubilization protocol, since they result in different self-assembly formations of the 

block copolymers and the pH values of 3, 7 and 10 in a temperature range of 25-55oC. 

VS/SANS allows the determination of hierarchical and self-similar morphology in the interior 

of the self-assembled PDMAEMA-b-PHPMA block copolymers and their response to the 

external stimuli of pH and temperature over a wide spatial range in the nanoscale. Bayesian 

inference is employed to evaluate the optimization parameters’ uncertainties and 



interdependencies. The findings will be very useful for studies on loading and release of 

proteins and molecular hydrophobic drugs. 

2. Materials and Methods 

2.1 Materials  

PDMAEMA-b-PHPMA diblock copolymers were used as synthesized in previous work.[27] 

Acetone-D6, DCl and NaOD, were purchased from Aldrich. D2O (99,9%) was purchased from 

Eurisotop. The value of pH was set by the deuterated acid and base DCl and NaOD. 

 

Table 1. Molecular characteristics of PDMAEMA-b-PHPMA block copolymers. 

Sample Mw 

(g/mol)  

(x 103)a 

Mw/Mna DP of 

PDMAEMA 

DP of 

PHPMA 

%wt 

PDMAEMAb 

PDMAEMA-b-PHPMA 16.7 1.36 32 75 30 

a Determined by SEC 

b Determined by 1H NMR  

 

Scheme 1. Chemical structure of PDMAEMA-b-PHPMA block copolymer. 

 

2.2 Self-assembly in D2O 



Two different solubilization protocols (denoted as A and B) were utilized for the stock solution 

preparation, using guidelines from previous work. Protocol A includes the preparation of the 

PDMAEMA-b-PHPMA aqueous solutions by directly dissolving the copolymers (4 mg) in 

deuterated water (D2O) (1 mL). Protocol B includes the preparation of the PDMAEMA-b-

PHPMA aqueous solutions by directly dissolving the copolymers (4 mg) into deuterated 

acetone (d6) (0.1 mL) and then introducing them rapidly into deuterated water (D2O) (1 mL) 

under vigorous stirring. Afterwards, the solution was left at room temperature until evaporation 

of the deuterated acetone. Preparation of the PDMAEMA-b-PHPMA solutions was performed 

at pH 7 for both protocols. In order to test pH-response, the value of pH was set by adding 

minute amounts of acid (DCl) or base (NaOD).  For static light scattering (SLS) the same 

procedure was followed. The target concentration 0.2 mgml-1 for SLS was achieved with 2 mg 

PDMAEMA-b-PHPMA for a final D2O volume of 10 ml. The term pH will be used throughout 

instead of pD. Although the acidity/bacidity of the solutions are determined in 100 % D2O there 

is no correction needed for the pH value for pH<8 and the error will not be greater than 0.1 at 

pH 10.[41] 

2.3 Very small and small angle neutron scattering 

Experiments were performed at the FRMII reactor (Jülich Centre for Neutron Science) on the 

instruments KWS-3 (VSANS diffractometer with focusing mirror) and KWS-2 (high intensity 

/ wide-q SANS diffractometer). The neutron wavelength on KWS-3 was 12.8 Å while two 

sample-detector distances were chosen i.e. 1.15 and 9.15 m. For KWS-2 the wavelength was 5 

Å and the sample-detector distances were 2 and 8 m. The total q-range covered was 2.01·10-4 

– 3.32·10-1 Å-1. A Julabo thermostat with an accuracy of 0.01 °C was used to set the sample 

temperature. The samples were allowed to equilibrate for longer than 30 min at the desired 

temperature.  



Raw data was treated by standard correction and reduction procedures. 1-D scattered intensity 

𝐼(𝑞) data were obtained from the collected isotropic 2-D raw data by azimuthal integration. A 

q-independent constant was subtracted from the experimental data representing the incoherent 

scattering in SANS profiles. Α Gaussian function[42] was used to convolute the theoretical 

SANS profiles 𝐼%&(𝑞) in order to take instrumental resolution function 𝛥𝑞(𝑞) into account[43, 

44] i.e. 

 𝐼()*+(𝑞) = -
√/012(2)
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2.4 VS/SANS data optimization 

Fitting procedure included the calculation of 𝐼()*+(𝑞) and minimization of the sum of the 

weighted square differences 𝜒/ = ∑ <E
FGHI(J;2L)>EMNO(2L)

PEMNO(2L)
?
/

Q
RS-  between N theoretical and 

experimental intensities, where 𝑃 is the set of the optimization parameters {𝑃R},  𝐼WXY(𝑞R) is the 

experimentally obtained intensity and 𝛿𝐼WXY(𝑞R) its uncertainty. The calculations were made 

with custom made code in MATLAB. Fitting algorithms were based on a Monte Carlo 

simulated annealing minimization scheme[45]. The Markov Chain Monte Carlo (MCMC) 

algorithm of Goodman and Weare[46] was implemented in order to obtain the posterior 

distributions of the fitted parameters. In this Bayesian analysis[47] 100 Markov chains of 1000 

steps each were used after disregarding the period of the simulated annealing process to 

converge (burn-in period). Corner plots[48] were used in order to present any dependence 

between fitted parameters. Correlation coefficients between fitted parameters were calculated 

by 𝑟\𝑃R, 𝑃 _ =
-

`>-
∑ :JL

a>〈JL〉
PJL

@`
dS- :

Je
a>〈Je〉

PJe
@ where 〈𝑃R〉 and 𝛿𝑃R are the mean and standard 

deviation of 𝑃R respectively over the space of the 𝑀 pairs of parameters instances 𝑃Rd  and 𝑃d . 

2.5 Static light scattering 

An ALVGmbH system with an ALV/CGS-3 compact goniometer was used for SLS. A JDS Uniphase 

22 mW He-Ne laser (λ = 632.8 nm) was the light source. The average of five measurements was taken 



at each angle. SLS was performed at the angular (𝜃) range of 30o-130o.[49] The Rayleigh ratio 𝑅(𝑞) 

was measured and extracted in the form i(2)
j(

. Where 𝑐 is the mass concentration of the solute 

molecules, 𝑞 is scattering wave vector 𝑞 =	 m0	*n
o
	sin s

/
. 𝐾 stands for the LS contrast factor 𝐾 =

	m0
u*nu

Qvow
	(x*
x(
)/ with 	𝑛z	being the solvent's refractive index and 	x*

x(
 the refractive index increments 

of the solute system. We used  x*
x(
= 	0.15	mlg>-  for all cases. A PolyScience model 9102 

temperature controller/circulator was used to set the sample temperature. It was found that a 15 min 

wait-time was enough for the samples to equilibrate. 

3. Results and Discussion 

3.1 Modelling of VS/SANS data 

Experiments were performed at 25, 35, 45 and 55 °C so that the room, physiological and 

transition temperature of the copolymers were covered. SANS experiments were used to probe 

inverse lengths from 2·10-4 to 4·10-1 Å-1. This allows the determination of spatial organization 

of the novel block copolymers from the scale of 1 nm up to 0.5 µm. In Figures 1 and 2 the 

results from preparation protocol A and B respectively at 4 mgml-1 are shown. There are 

regimes of power-law behavior that span roughly one order of magnitude in q or more. These 

regimes are characteristic of self-similar structures and are defined by the way that 

macromolecules organize at the different length-scales.[50, 51] 



 

Figure 1. VS/SANS from PDMAEMA-b-PHPMA block copolymer solutions prepared by 

protocol A at 4 mgml-1 at pH 3 (a), pH 7 (b) and pH 10 (c) at 25 (black), 35 (red), 45 (blue) 

and 55 (green) ℃. Lines indicate power-law scaling. 



 

Figure 2. VS/SANS from PDMAEMA-b-PHPMA block copolymer solutions prepared by 

protocol B at 4 mgml-1 at pH 3 (a), pH 7 (b) and pH 10 (c) at 25 (black), 35 (red), 45 (blue) and 

55 (green) ℃. Lines indicate power-law scaling. 

 



SANS profiles were fitted by equation 1 which is a hierarchical Beaucage model and it is a 

superposition of four Beaucage terms that will be referred to as (1) clusters, (2) aggregates, (3) 

small-size aggregates and (4) small-size objects. The details of the separate contributions and 

optimization parameters are provided in the Supplementary Material. It has to be noted that in 

most cases less than 4 terms were used as it will be discussed in the following. The 

superimposed terms used for every set of data was chosen so as to provide the best fit with the 

least number of hierarchical levels. The terms used for every pH and temperature tested are 

presented in Table S1. In the multi-scale structured system, interrelated features (1-4) are 

characterized by their forward scattering 𝐺R, radius of gyration 𝑅�,R and fractal exponent 𝐷R 

which are the main extracted parameters by the fitting. 

𝛪(𝑞) = ∑ 𝐺R ∙ 𝑒𝑥𝑝 <−
-
�
𝑞/𝑅�,R/ ? + 𝐵R ∙ 𝑞>�L ∙ �𝑒𝑟𝑓 <

2∙i�,L
√�

?�
��L

∙ 𝑒𝑥𝑝 <− -
�
𝑞/𝑅(�%,R/ ?m

RS-  (1) 

3.2 Bayesian analysis on posterior distribution of VS/SANS fitted parameters 

The mutual dependencies between the fitted parameters 𝑃R and their uncertainties can be 

extracted by performing an analysis on the Markov Chain Monte Carlo random walks in the 

parameter space to investigate the reliability of the applied VS/SANS model. The analysis is 

performed on random walks after the convergence of the simulated annealing algorithm. 

Representative sets of fitted data are selected from the three different pH values to visualize 

the parameter interdependencies and distributions. Namely, pH 3 25 °C protocol A, pH 7 35 

°C protocol B and pH 10 45 °C protocol A (at 4 mgml-1) for models using hierarchical level 1, 

2 and 4 (group i), 2 and 4 (group ii) and 1, 3 and 4 (group iii) respectively.  The corner plots of 

Figure 3 present the distributions of the relative deviations of fitted parameters 𝑃R from their 

optimum values 𝑃R
)Y% i.e. 

JL>JL
GO�

JL
GO� . The distributions of the individual parameters, from which 

the standard deviation can be extracted, are also shown (diagonal elements of corner plots). 

The probability distributions have been normalized to unity in regard to their maximum value 



(color bar of Figure 3). The correlation coefficients 𝑟 of every pair of parameters have been 

calculated and the interdependency has been categorized as “negligible” for 0 ≤ |𝑟| < 0.1,” 

weak” for 0.1 ≤ |𝑟| < 0.4, “moderate” for 0.4 ≤ |𝑟| < 0.7, “strong” for 0.7 ≤ |𝑟| < 0.9 and 

“very strong” for 0.9 ≤ |𝑟|. The values of 𝑟 are shown in the Supplementary Material (Table 

S2) and are representative for the parameters from fits with models belonging to the same 

group. Similarly, the uncertainties presented in Table S3 represent the fitted parameters from 

fits belonging in the same group. 

In most cases correlations between parameters are negligible, in some of them they are 

moderate and in very few occasions they are strong or very strong. It has to be noted that strong 

or very strong correlations appear between parameters that belong to the same hierarchical 

level and do not occur between parameters of different levels (Figure 3). This means that the 

parameters of the separate scattering functions are independent from each other which justifies 

the use of the separate hierarchical levels. Very strong correlations appear in pairs of forward 

scattering and radius of gyration. This is between 𝐺/ and 𝑅�,/ and 𝐺m and 𝑅�,m in pH 3 at 25 °C 

under protocol A (Figure 3a) and between 𝐺m and 𝑅�,m in pH 10 at 45 °C under protocol A 

(Figure 3c). This positive correlation between 𝐺 and 𝑅� (Table S2) in Guinier regimes shows 

that there is a region of values in the 2D space where increasing both of the parameters may 

lead to equally good fit. However, the uncertainty in the determination of the two values is still 

small i.e. between 4 and 6% for 𝐺 and between 2 and 5% for 𝑅� (Table S3). Similarly, strong 

correlation is found for the pairs 𝐺/-𝑅�,/ and 𝐺m-𝑅�,m in pH 7 35 °C under protocol B (Figure 

3b) and 𝐺�-𝑅�,� in pH 10 45 °C under protocol A (Figure 3c). 



 

Figure 3: Corner plots of fitted parameters from PDMAEMA-b-PHPMA at 4 mgml-1 with (a) 

protocol A at pH 3 and 25 °C, (b) protocol B at pH 7 and 35 °C and (c) protocol A at pH 10 

and 45 °C. Interdependencies are shown as “n” for negligible, “w” for weak, “m” for moderate, 

“s” for strong and “vs” for very strong. 

 



Strong negative correlation is found between radii of gyration and fractal exponents within the 

same hierarchical levels. These appear in 𝑅�,/-𝐷/ and 𝑅�,m-𝐷m in pH 3 25 °C under protocol A 

(Figure 3a) and 𝑅�,m-𝑑m in pH 7 35 °C under protocol B (Figure 3b). Therefore, there is a region 

where the parameters within the pairs can change in the opposite direction without affecting 

the fitting result. The uncertainty is still small i.e. between 1 and 2% for 𝐺, between 0.5 and 

6% for 𝑅� and between 2 and 8% for 𝐷 (Table S3). Consequently, the Bayesian analysis 

provides the limits of uncertainty for the estimated parameters and justifies the discussion on 

the extracted results. 

3.3 Morphology of the PDMAEMA-b-PHPMA self-assembled nanostructures and 

response to the external stimuli of temperature and pH 

Intra- and inter-chain hydrophobic contacts are expected to form between PHPMA-PHPMA, 

PDMAEMA-PHPMA and PDMAEMA-PDMAEMA groups. PHPMA has hydrophobic 

properties which increase with its molar mass even at room temperature.[52] PDMAEMA is 

an intrinsically hydrophobic polyelectrolyte.  

The hydrophobic domains will possibly have the ability to attract hydrophobic substances e.g. 

low molecular weight hydrophobic drugs. Indeed I1/I3 ratio for the PDMAEMA-b-PHPMA 

from Protocol B was 1.15, depicting the existence of hydrophobic domains. On the other hand, 

the same copolymers from Protocol A presented a I1/I3 ratio of 1.8, revealing the existence of 

hydrophilic networks within the structure.[27] It has to be reminded that the I1/I3 ratio, where 

I1 and I3 are the intensities of the first (372 nm) and third (383 nm) vibronic peaks in the pyrene 

spectrum, is customarily used to characterize the polarity of the microenvironment that 

surrounds the chromophore.[53-55] A value near 1.0 reveals a nonpolar environment whereas 

a value near 1.9 corresponds to a highly polar environment. Globular proteins contain 



hydrophobic and pH dependent surface charge distributions and may interact with the interior 

of the aggregates by electrostatic and hydrophobic interactions. Therefore, the presented 

nanostructures are candidates for applications in doubly responsive loading and release of nm-

sized bioactive substances.[28, 29] 

 

Figure 4. VS/SANS from PDMAEMA-b-PHPMA block copolymer solutions prepared by 

protocol A (a-c) and protocol B (d-f) at 4 mgml-1 at pH 3 (a,d), pH 7 (b,e) and pH 10 (c,f) at 

35 ℃. Red lines are best fits with equation 1. Dashed lines represent contribution from clusters 

(black), aggregates (magenta), small-size aggregates (gray) and small-size objects (green). 



 

At pH 3 hierarchical self-assembly is evident (Figures 1a and 2a) for both protocols. At this 

pH PDMAEMA is fully protonated and not thermoresponsive.[14, 56] PHPMA presents 

thermoresponsiveness when copolymerized with another hydrophilic block, however without 

an LCST behavior but rather with an order-to-order transition. Hydroxyl groups tend to form 

weak hydrogen bonds with hydrophilic side-groups, in this case ester or amino groups of 

PDMAEMA, while temperature rise leads to breakage of these bonds, resulting in gradual 

aggregation.[21, 27, 57, 58] 

In protocol B PHPMA is initially in good solvent conditions (acetone). Upon mixing with water 

at pH 7 it experiences a mixed solvent which gradually becomes bad as acetone gradually 

evaporates. Therefore, hydrophobic contacts will have the ability to self-organize into a state 

that is closer to thermodynamic equilibrium favoring the formation of well-defined 

hydrophobic domains. This state would resemble a tight compound micelle configuration with a 

more hydrophobic nature. The inner cores, would contain mostly of PHPMA blocks, with their 

hydroxyl groups forming weak hydrogen bonds with each other.[27] In protocol A, where the 

block copolymer is directly dispersed in water, random inter-chain connections will form 

immediately with very small ability to be destroyed and recombined towards an equilibrium 

state. This configuration is expected to be similar to a loose hydrophilic network, in which 

hydroxyl groups of PHPMA form weak hydrogen bonds with the amino groups of 

PDMAEMA.[27] 

The VS/SANS data were fitted with a three-level hierarchical model (Figure 4a and d) that 

includes clusters, aggregates and small-size objects (i.e. levels 1, 2 and 4). The uncertainty in 

the measured scattered intensity 𝛿𝐼WXY(𝑞R) is in general smaller than the size of the data points. 

Error bars are omitted in the plots for the sake of clarity; however, an example is provided in 

Figure S1. A weak upturn at low q with apparent scaling 𝐼(𝑞)~𝑞>-.� indicates the formation 



of clusters with open mass fractal structure.[59] The parameters 𝐺- and 𝑅�,-  (not shown) 

cannot be independently estimated because the Guinier regime of this level is outside the 

measurement window i.e. 𝑅�,->-˂˂𝑞�R* with 𝑞�R* ≈ 2 · 10>m	Å>-. Nevertheless, the 

contribution of this hierarchical level at the lowest q (𝐼-
2�LH) is presented for comparisons 

(Table 2). This scattering contribution is enhanced at higher temperatures i.e. 45 and 55 °C for 

protocol A and 55 °C for protocol B. Protocol B has a stronger scattering contribution of 

clusters at all temperatures and a stronger relative temperature response in comparison to 

protocol A. The characteristic fractal exponents are the ones expected from clusters with open 

structure although the q-range within which the scattering contribution of clusters dominates 

is quite limited (Figure 4a and d and Table 2). The presence of more compact hydrophobic 

domains in protocol B enhances clustering possibly by bridging interactions between 

aggregates. Additionally, the thermal response of clustering represented by 𝐼-
2�LH is more 

effective in this state. 

Table 2. VS/SANS-extracted parameters from PDMAEMA-b-PHPMA block copolymer 

solutions at pH 3 with concentration 4 mgml-1. 

Protocol A B 

Parameter\Temp. 25 °C 35 °C 45 °C 55 °C 25 °C 35 °C 45 °C 55 °C 

𝐼-
2�LH 	(10�𝑐𝑚>-) 109 103 151 150 188 239 189 544 

𝐷- 2.17 1.94 1.91 2.40 1.65 1.70 1.67 1.36 

𝐺/  (10�𝑐𝑚>-) 26.9 18.9 21.6 58.3 37.3 72.2 68.4 150 

𝑅�,/ (𝑛𝑚) 185 172 180 225 207 212 228 215 

𝐷/ 4.48 4.37 4.32 4.01 4.67 5.08 4.80 5.50 

𝐺m (𝑐𝑚>-) 0.149 0.256 0.319 0.350 0.0898 0.123 0.141 0.180 

𝑅�,m	(𝑛𝑚) 3.57 4.94 5.15 6.57 3.03 3.79 3.95 4.50 

𝐷m 1.58 1.63 1.54 1.48 1.57 1.57 1.65 1.43 

 



At intermediate q the apparent behavior 𝐼(𝑞)~𝑞>m./ shows that aggregates with well-defined 

interfaces are formed in protocol A (Figure 1a). Porod’s law predicts 𝐼(𝑞)~𝑞>m at 𝑞˃˃𝑅�>- 

(where 𝑅� is the radius of gyration) for objects with perfectly smooth interface. However, 

power-laws 𝐼(𝑞)~𝑞>* with exponents 𝑛 higher than 4 are expected for objects with diffuse 

interface.[60, 61] The situation is similar at intermediate q for protocol B (Figure 2a) with 

apparent scaling 𝐼(𝑞)~𝑞>m.�. The numerically extracted characteristic exponents are between 

4 and 5 and are somewhat higher for protocol B (Table 2). Protocol A produces somewhat 

smaller aggregates than protocol B (𝑅�,/) and of lower mass which is related to 𝐺/.[62] This is 

possibly because of the formation of more compact hydrophobic domains that apparently favor 

stronger aggregation in B. The values of 𝑅�,/ are in the order of 200 nm and increase with 

temperature.  The increase in the forward scattering 𝐺/ with temperature is strong for both 

protocols. Temperature response is stronger for protocol B in regard to 𝐺/ (27 to 58·103 cm-1 

in A and 37 to 150·103 cm-1 in B) and weaker in regard to 𝑅�,/ (185 to 225 nm in A and 207 to 

215 nm in B). This indicates that upon temperature increase the reorganization has a different 

mechanism to enhance aggregation. In the presence of more compact hydrophobic domains 

that contain PHPMA (protocol B) densification of aggregates occurs whereas in more 

randomly connected networks (protocol A) aggregates grow in size. 

 



 

Scheme 2. Illustration of PDMAEMA-b-PHPMA block copolymer aggregates and their 

internal structure in protocol A (a) and B (b) at pH 3. PDMAEMA (red) and PHPMA (blue) 

blocks are shown. Large and small circles indicate aggregates and small objects respectively. 

Open and closed arrows indicate temperature response of aggregates and small objects 

respectively. 



 

At high q (higher than 2·10-2 Å-1) the scattering from small objects dominates (Figures 1a and 

2a). These objects can be considered on the basis of characteristic inhomogeneities in cross-

linked networks.[63-66] In that case cross-linking creates local density fluctuations that are 

frozen in space and are not able to relax by diffusion. In the case of PHPMA-b-PDMAEMA 

one can think of the inhomogeneities originating from hydrophobic contacts. Forward 

scattering 𝐺m and size 𝑅�,m are larger in protocol A in comparison to protocol B. In protocol A 

the inhomogeneities are regions of higher concentration within the formed network that contain 

chain segments from both copolymers. In protocol B they consist mostly of PHPMA compact 

domains. In protocol A these inhomogeneities (𝑅�,m ≈ 3.6	nm) are larger than in protocol B 

(𝑅�,m ≈ 3.0	nm). The characteristic exponent is about 1.5-1.6 (good solvent conditions) for 

both protocols and it could be related to the configuration of individual macromolecular chain 

segments that are free of intermolecular contacts i.e., in the space between the inhomogeneities 

(Table 2). Upon temperature increase small-size objects of protocol A show somewhat stronger 

increase in 𝐺m and 𝑅�,m than the ones of protocol B. In protocol A the segments of PHPMA are 

less localized in the 3D space and therefore new PHPMA units can be incorporated from the 

outer regions to the existing inhomogeneities than in the case of compact hydrophobic domains 

of protocol B. An illustration of the morphology of the PHPMA-b-PDMAEMA aggregates at 

room temperature is provided in Scheme 2. In protocol A the small objects consist of larger 

domains with mixed hydrophobic and hydrophilic segments while in protocol B small objects 

consist of smaller domains of mostly hydrophobic PHPMA segments. The enhancement in size 

and scattering strength for both hierarchical levels as temperature increases is also indicated.  

At pH 7 there is no significant contribution from large clusters as a Guinier plateau is found at 

low q for all temperatures and for both protocols (Figures 1b and 2b). There is a weak deviation 



from the Guinier behavior at low q in the case of protocol B (Figure 2b and 4e) which implies 

some cluster contribution. However, the aggregates’ scattering dominates. The data at this pH 

are fitted with a combination of aggregates and small-size objects (i.e. levels 2 and 4) (Figure 

4b and e). This Guinier regime represents scattering from the aggregates at 𝑞˂˂𝑅�>- which is 

followed by a power-law 𝐼(𝑞)~𝑞>m.¤. Objects with rough interfaces are observed as in the case 

of pH 3. Their size is in the order of 100-200 nm and 200-300 nm for protocol A and B 

respectively (Table 3).  

The formation of clusters by decreasing pH from 7 to 3 is related to the pH-sensitive block 

PDMAEMA which is moderately charged at pH 7 and highly charged at pH 3. Apparently, 

extension of PDMAEMA conformation (pH 3) encourages bridging interactions between 

aggregates at room temperature. The forward scattering from aggregates 𝐺/ increases from 

about 27 to 48·103 cm-1 and from 37 to 50·103 cm-1 for protocols A and B respectively between 

pH 3 and pH 7 (Tables 2 and 3). Regarding size, 𝑅�,/ decreases from about 185 to 139 nm in 

protocol A whereas in B slightly increases from 207 to 215 nm. Therefore, aggregates lose 

mass and become less dense when pH drops due to the local expansion of PDMAEMA chains. 

At the same time this extension leads to inter-aggregate associations. Alternatively, this effect 

can be viewed as an incomplete dissociation of aggregates that after swelling towards 

disintegration remain connected in the form of clusters. 

 

Table 3. VS/SANS-extracted parameters from PDMAEMA-b-PHPMA block copolymer 

solutions at pH 7 with concentration 4 mgml-1. 

Protocol A B 

Parameter\Temp. 25 °C 35 °C 45 °C 55 °C 25 °C 35 °C 45 °C 55 °C 

𝐺/  (10�𝑐𝑚>-) 47.6 84.1 132 187 50.1 117 220 298 



𝑅�,/ (𝑛𝑚) 139 186 194 205 215 239 258 273 

𝐷/ 5.40 4.77 4.88 4.88 4.73 4.79 4.85 4.75 

𝐺m (𝑐𝑚>-) 0.0845 0.0553 0.0369 0.0331 0.0494 0.0367 0.0318 0.0210 

𝑅�,m	(𝑛𝑚) 2.63 1.97 2.02 2.25 1.84 1.75 2.19 1.61 

𝐷m 1.48 1.52 1.43 1.50 1.52 1.71 1.49 1.54 

 

A strong increase of the Guinier plateau is observed as temperature increases i.e. from 48 to 

187·103 cm-1 and from 50 to 298·103 cm-1 for protocols A and B respectively (Table 3) which 

directly signifies the enhancement of the aggregates’ mass. At pH 7, PDMAEMA is partially 

protonated, resulting in weaker hydrogen bonds of its amino groups with water molecules and 

thus presents an LCST in the range of 35oC – 55oC, depending on its DP and the copolymerized 

block.[14, 56] PHPMA still presents a thermosensitive character as described above, gradually 

contributing to intermolecular associations.[21, 27, 57, 58] Therefore, the strong enhancement 

of aggregation is driven by both blocks and it is stronger than the one at pH 3 (Tables 2 and 3), 

nevertheless no precipitation occurred even past the LCST of PDMAEMA. Radii of gyration 

𝑅�,/ also increase with temperature from 139 to 205 nm for protocol A and from 215 to 273 

nm for protocol B. The stronger temperature response of the aggregates’ mass of protocol B 

(from 50 to 298·103 cm-1) in comparison to protocol A (from 48 to 187·103 cm-1) can be 

connected to the fact that in B compact hydrophobic domains are present in contrast to the 

more diffuse domains in A as discussed above regarding pH 3. 

 



 

Scheme 3. Illustration of PDMAEMA-b-PHPMA block copolymer aggregates and their 

internal structure in protocol A (a) and B (b) at pH 7. PDMAEMA (red) and PHPMA (blue) 

blocks are shown. Large and small circles indicate aggregates and small objects respectively. 

Open and closed arrows indicate temperature response of aggregates and small objects 

respectively. 



 

The radius of gyration 𝑅�,m is about 2-2.5 nm for the two protocols which is smaller than the 

one at pH 3 (higher than 3 nm) at room temperature. Additionally, forward scattering 𝐺m is 

lower at pH 7 (0.085 cm-1 in A and 0.049 cm-1 in B) in comparison to pH 3 (0.15 cm-1 in A and 

0.090 cm-1 in B) (Tables 2 and 3). Mass and size of small-size objects is smaller showing that 

interconnections are less favorable also at this length scale. This is an effect of the less extended 

conformation of PDMAEMA at pH 7. Interestingly, scattering at q higher than 4·10-2 Å-1 

systematically decreases as temperature increases (Figures 1b and 2b) and so does 𝐺m (Table 

3). Possibly, segments of chains with no hydrophobic contacts consist mostly of PDMAEMA 

units. Upon temperature increase these segments contract and apply a stress on the 

inhomogeneities (discussed previously) that contain hydrophobic domains and act as effective 

crosslinks. Although hydrophilic-to-hydrophobic thermal transition occurs also inside the 

small-size objects (because of both PDMAEMA and PHPMA thermal transition) the net effect 

is a decrease of mass and size of the hydrophobic domains. The characteristic exponent 𝐷m is 

about 1.5-1.6 (good solvent conditions) for both protocols and is related to individual 

macromolecular chain segments that are free of hydrophobic contacts as at pH 3 (Table 3). An 

illustration of the morphology of the PHPMA-b-PDMAEMA aggregates at pH 7 is provided 

in Scheme 3. It qualitatively resembles the one of pH 3 (Scheme 2) with the difference that the 

scattering contribution of small objects decreases as a function of temperature. 

By increasing pH from 7 to 10 the qualitative differences between the two protocols become 

even more evident. In protocol A (fitted with levels 1, 3 and 4) low and intermediate q 

scattering is dominated by a single power-law 𝐼(𝑞)~𝑞>/.¤ which covers two orders of 

magnitude in q (Figure 1c) and it is temperature independent (Table 4). The fitted value for the 

single power-law is 𝐷- ≈ 2.4 − 2.6. Apparently, large self-similar structures are formed (with 



𝑅�>-˂˂𝑞�R*). Their internal correlations reveal moderately dense mass fractals.[59] In protocol 

B (fitted with levels 1, 2, 3 and 4) hierarchically organized morphology is found at this q range 

(Figure 2c, Figure 4f and Table 4). Scattered intensity 𝐼-
2�LH increases strongly from 25 °C to 

higher temperatures. The characteristic scaling exponent at low q is 𝐷- ≈ 1.6 − 1.8 (open mass 

fractals) and at intermediate q is 𝐷/ ≈ 3.4 − 3.7 (fractally rough interfaces).[67] The radius of 

gyration 𝑅�,/ of these aggregates is 190 nm which is smaller than the size of aggregates at pH 

7. Forward scattering 𝐺/ is almost an order of magnitude lower than the one at neutral pH.  𝑅�,/ 

and 𝐺/ decrease as a function of temperature. At pH 10, PDMAEMA is uncharged and 

thermoresponsive. It seems that contraction of the chains that form the interconnected network 

within the aggregates leads to breakage of hydrophobic contacts and formation of smaller 

aggregates. 

VS/SANS intensity is found to increase as a function of temperature at q from 1·10-2 Å-1 to 

7·10-2 Å-1 revealing the appearance of small-size aggregates (Figures 1c, 2c, 3c, 3f and Table 

4). These aggregates (level 3) result from the stabilization of structures of lower size in 

comparison to the aggregates at pH 3 and 7. Their scattering dominates a limited q range and 

therefore only its Guinier regime characteristics 𝐺� and 𝑅�,� are extracted. Their forward 

scattering 𝐺� increases with temperature while their size 𝑅�,� is about 8 nm for all temperatures 

where these aggregates exist i.e. 35, 45 and 55 °C, possibly showing that their number 

increases. The opposite temperature response is found at q higher than 7·10-2 Å-1. Small-size 

objects’ forward scattering 𝐺m and size 𝑅�,m appears fairly unchanged between 35 and 55 °C. 

The characteristic exponent 𝐷m is about 2-2.5 for both protocols (Table 4). This signifies a more 

compact average conformation of chains that are outside the inhomogeneities (in contrast to 

pH 3 and pH 7) as PDMAEMA is uncharged. 

 



Table 4. VS/SANS-extracted parameters from PDMAEMA-b-PHPMA block copolymer 

solutions at pH 10 with concentration 4 mgml-1. 

Protocol A B 

Parameter\Temp. 25 °C 35 °C 45 °C 55 °C 25 °C 35 °C 45 °C 55 °C 

𝐼-
2�LH 	(10�𝑐𝑚>-) 50.1 39.9 48.6 60.8 33.8 82.1 80.2 89.4 

𝐷- 2.63 2.39 2.47 2.57 1.62 1.77 1.77 1.74 

𝐺/  (10�𝑐𝑚>-) - - - - 7.50 5.33 5.16 4.93 

𝑅�,/ (𝑛𝑚) - - - - 190 149 148 156 

𝐷/ - - - - 3.73 3.38 3.39 3.30 

𝐺�  (𝑐𝑚>-) - 0.871 1.68 2.50 - 1.79 2.63 2.98 

𝑅�,�	(𝑛𝑚) - 7.89 7.76 7.80 - 8.58 8.52 8.04 

𝐷� - - - - - 2.78 2.79 2.78 

𝐺m (𝑐𝑚>-) 0.0587 0.214 0.218 0.223 0.0724 0.0750 0.0833 0.0722 

𝑅�,m	(𝑛𝑚) 2.52 3.50 3.47 3.42 3.49 1.94 2.25 2.21 

𝐷m 2.20 2.22 2.17 2.29 1.92 2.55 2.29 2.47 

 

At basic pH, PDMAEMA is fully deprotonated and weakly hydrophilic, leading to a more 

intense LCST transition, in which it practically becomes hydrophobic.[14, 56] The small-size 

objects can be again attributed to hydrophobic domains related to interconnections between 

segments from both blocks (by PHPMA-PHPMA, PDMAEMA-PHPMA and PDMAEMA-

PDMAEMA). At pH 7 these domains are incorporated in well-defined aggregates with diffuse 

interface. At pH 10, these aggregates transform into large mass fractals in protocol A. This 

remarkable transformation implies that small-size objects arrange in a long-range self-similar 

structure. No precipitation is observed, even past the LCST point of PDMAEMA, in contrast 

with other studies in this pH,[68] depicting the fact that PHPMA’s hydroxyl groups might play 

an important role in stabilizing the nanostructures by possible interacting with the OH ions in 

the solution. To some extent, the isotopic effect could also be responsible for this effect. Shifts 



of cloud points to higher temperatures have been reported for thermoresponsive polymers in 

D2O in comparison to H2O as a hydrogen bond in heavy water is stronger.[69, 70]  

The change of PHPMA from hydrophobic to water-soluble causes a reduction to the contacts 

within the preformed inhomogeneities significantly “diluting” the morphology that was created 

at pH 7. This transition seems incomplete in protocol B. Cluster formation reveals 

interconnection of aggregates and could signify the onset of the transition towards a large 

fractal. However, the compact domains of protocol B seem to resist complete transformation 

to a large fractal object. The internal structure of the aggregates has a characteristic exponent 

of rough interfaces i.e. 3 < 𝑑/ < 4 revealing compact structures.  This also implies the 

incomplete transition towards a mass fractal in protocol B. An illustration of the morphology 

of the PHPMA-b-PDMAEMA morphology at pH 10 at room temperature is provided in 

Scheme 3. In protocol A the boundaries of aggregates are not shown because the self-similar 

structure spans the whole VS/SANS-accessible space. In protocol A small objects consist of 

domains with mixed PHPMA and PDMAEMA segments while in protocol B small objects 

consist of domains of mostly PHPMA segments that have been well-formed at pH 7 and did 

not completely disintegrate. 

 

 



 

Scheme 4. Illustration of PDMAEMA-b-PHPMA block copolymer clusters internal structure 

in protocol A (a) and aggregates and their internal structure in protocol B (b) at pH 10. 

PDMAEMA (red) and PHPMA (blue) blocks are shown. Large, intermediate (that appear 

above 25 °C) and small circles indicate aggregates, small-size aggregates and small objects 

respectively. Arrows indicate temperature response of aggregates. 

  



Thermal response of PDMAEMA (occurring at pH 10) gives rise to the creation of small-size 

aggregates. In protocol A these aggregates are arranged in a large fractal network. The more 

random distribution of PDMAEMA units within the network in contrast to PHPMA units 

allows the formation of small-aggregates (larger than the size of inhomogeneities) at elevated 

temperatures when PDMAEMA is strongly thermoresponsive (pH 10). 

These findings would have very strong impact on the loading and release of hydrophobic and 

charged substances by the self-assembled PHPMA-b-PDMAEMA nanostructures. At pH 3 and 

7 thermal response enhances the formation of aggregates in both protocols, however it 

enhances small objects at pH 3 and weakens them at pH 7. Additionally, diffuse or more 

localized and compact hydrophobic domains are formed in protocol A or B respectively. At 

pH 10 a tremendous change occurs towards the formation of large self-similar loose fractals 

with a difference in the extent of this transformation between the two protocols. Thermal 

response is accompanied with formation of small-size aggregates. These morphology 

transitions would affect both the transport and interactions of encapsulated drugs and proteins. 

General examples would include administration of loaded carriers from storage (temperature 

lower than or equal to 25 °C) to the human body (temperature higher than 35 °C) and transport 

of anticancer drugs-loaded aggregates to the small intestine (acidic environment) via the 

stomach (basic environment).[71] 

 



 

Figure 5. Concentration-normalized VS/SANS profiles at 45 °C from protocol A (a-c) and B 

(d-f) at pH 3 (a, d), pH7 (b, e) and pH 10 (c, f) at 0.5 (green), 1 (blue), 2 (red) and 4 (black) 

mgml-1.  

 

Concentration dependence of the self-assembled structures and their temperature response at 

lower concentrations was tested by diluting the 4 mgml-1 samples at room temperature (Figure 

5). In order to compare profiles from different concentrations the representation 𝐼(𝑞)/𝑐 is 



chosen so that any trivial concentration effects are cancelled out. The shape of the VS/SANS 

profile for protocol A remains fairly unaltered only in the case of pH 7 (Figure 5b and e). There 

is a shift of the VS/SANS data to the left at intermediate q. This shows that there is a decrease 

of the contribution of the aggregates at this range. However, it cannot be deduced whether this 

is caused by an increase in the size of the aggregates or their mass. Data at low q is missing 

because of weak scattered intensity that did not allow collection of data on KWS-3 within 

reasonable time. Weak scattering also restricted data collection only down to 1 mgml-1. At 0.5 

mgml-1 signal was too weak even at intermediate q (collected on KWS-2) and therefore analysis 

was not performed at this concentration. At 1 and 2 mgml-1 at pH 10 a strong upturn at the 

lowest probed q seems to appear (Figure 5c and f). It is not certain that this is reliable as the 

data at lower q are missing. This could be a sign of formation of objects with smooth interface, 

but it will not be discussed further. 

At pH 3 (Figure 5a and d) the appearance of small-size aggregates in the range 1·10-2 Å-1 to 

7·10-2 Å-1 is observed in the diluted solutions. This reveals that in this complex dual-responsive 

system internal rearrangements are triggered by concentration alterations. Remarkably, a 

“reverse” effect is found at pH 10 (Figure 5c and f). The relative contribution from small-size 

aggregates gradually drops as concentration decreases. The discussion will focus on the 

evolution of the small-size aggregates at different concentrations (Table 5) as at higher q (small 

objects) there is no significant concentration dependence. 

 

Table 5. VS/SANS-extracted parameters for small-size aggregates from PDMAEMA-b-

PHPMA block copolymer solutions from different protocols at pH 3 and 10. 

pH 3 

Parameter 𝐺�  (𝑐𝑚>-) 



 protocol A protocol B  

c (mgml-1)\ 

Temp. (°C) 
25 35 45 55  25 35 45 55  

1.0 1.24 1.40 1.50 1.58 1.00 1.10 1.17 1.18 

2.0 1.53 1.64 1.75 1.87 0.823 1.61 1.63 0.951 

Parameter 𝑅�,�	(𝑛𝑚) 

 protocol A protocol B  

c (mgml-1)\ 

Temp. (°C) 
25 35 45 55  25 35 45 55  

1.0 12.1 11.1 10.7 10.5 13.8 13.2 13.1 12.4 

2.0 10.7 9.46 9.22 9.03 12.2 12.3 11.5 11.1 

 

pH 10 

Parameter 𝐺�  (𝑐𝑚>-) 

 protocol A protocol B  

c (mgml-1)\ 

Temp. (°C) 
25 35 45 55  25 35 45 55  

1.0 - - - 0.0668 - - 0.552 0.787 

2.0 - 0.208 0.384 0.577 0.578 1.31 2.05 2.87 

Parameter 𝑅�,�	(𝑛𝑚) 

 protocol A protocol B  

c (mgml-1)\ 

Temp. (°C) 
25 35 45 55  25 35 45 55  

1.0 - - - 5.23 - - 24.1 24.7 

2.0 - 6.87 7.34 8.15 12.4 8.86 9.56 10.7 

 

Small-size aggregates at pH 3 have a size 𝑅�,� ≈ 12	𝑛𝑚 (Table 5). Their forward scattering is 

between 1 and 2 cm-1 and shows a weak increase with temperature. The formation of small-

size aggregates may be stimulated by a possible partial disintegration and rarefication of the 



initial aggregates. This may allow a rearrangement of PDMAEMA units and self-assembly at 

larger length-scales in comparison to the small-size inhomogeneities. 

At pH 10 small-size aggregates with 𝑅�,� ≈ 8	𝑛𝑚 which is similar to the ones’ appearing at 

pH 10 for 4 mgml-1 (Table 4). 𝐺� is in the order of 1-2 cm-1 These small-size aggregates 

appeared above room temperature at 4 mgml-1 for both preparation protocols. The sizes are not 

much different at lower concentrations except in protocol B at 1 mgml-1 where 𝑅�,� ≈ 25	𝑛𝑚 

(Tables 4 and 5). At 1 mgml-1 small-size aggregates in protocol A appear only at 55 °C and in 

B only at 45 and 55 °C. It can be deduced that small-size aggregates at this pH share the same 

mechanism of formation at all concentrations. At 2 mgml-1 they appear above 25 °C in A and 

at all temperatures in B. It can be assumed that at higher concentration small-size aggregates 

are more stable and may appear at lower temperatures. Forward scattering increases with 

temperature for both preparation protocols as at 4 mgml-1 at pH 3. 

As VS/SANS did not provide strong scattering signal using VS/SANS at low concentrations 

we performed SLS experiments to explore whether the large-scale morphology (clusters and 

aggregates) still exist at lower concentrations. The optimal polymer concentration for SLS was 

0.2 mgml-1 because it provided adequate scattered intensity and the solutions remained 

transparent at all pH conditions and temperatures. The accessible q-range of SLS (6.8·10-4 Å-1 

to 2.6·10-3 Å-1) is restricted to the intermediate and low-q region of VS/SANS (Figure S2). 

However, the SLS profiles show that structure still forms at this length scales even at low 

concentration (in the opposite case Guinier behavior would be observed). The shape of the 



reduced Rayleigh ratios from SLS 𝑅/𝐾𝑐 (referred to as 𝐼§¨§ in Figure S2) is comparable to the 

SANS intensities.  Although they are not in complete agreement, it is obvious that semi-

quantitative characteristics are reproduced. The transition from the cluster to aggregate 

hierarchical level in Figures S1a and d, the transition from Guinier to power law regime in 

Figures S2b and e and the power law behavior in Figure S2c and the transition from cluster to 

aggregate scattering in Figure S2f are to a good degree reproduced by SLS. 

 

4. Conclusions 

VS/SANS was used to investigate the response of PDMAEMA-b-PHPMA assemblies to pH 

and temperature in aqueous solutions by preparation with two different protocols i.e. a solvent-

exchange solubilization protocol and a direct solubilization protocol. The VS/SANS data were 

fitted by a generic hierarchical model that was based on the superposition of unified 

exponential/power-law scattering functions. Bayesian analysis was applied in order to quantify 

the parameters’ interdependencies and to estimate their uncertainties. The analysis showed the 

existence of aggregates consisting of a network of inhomogeneities and being able to form 

hierarchically structured clusters depending on pH. The temperature response of the different 

structural levels depended on pH and preparation protocol. This work demonstrates the use of 

VS/SANS for the elucidation of internal arrangements in doubly responsive block copolymer 

aggregates and it has direct implications in interactions with molecular drugs and biological 

macromolecules. 
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