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Abstract

Block copolymers containing thermoresponsive poly-N-isopropyl acrylamide (PNI-

PAM) and a persistently hydrophobic block, like polystyrene (PS), form micellar gels in

water when triblock (PS-PNIPAM-PS) are added as they interconnect micelles. Neu-

tron scattering methods utilizing specific deuteration strategies allow to address the

structure and dynamics with a focus on PNIPAM bridging blocks. Triblocks increase

the mechanical stability depending on the number of bridges formed. Small-angle neu-

tron scattering (SANS) allows us to observe the arrangement of triblocks around the
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micellar core, and confirms that a large number of blocks is in bridging configuration.

The dynamics of the bridges is Zimm-like, with significant changes due to the fixed

ends but presents internal friction like free PNIPAM. A characteristic modulation in

the dynamics related to the geometrical arrangement is found. Side chains are mobile

but strongly constrained by a much slower backbone. The theoretical approach de-

rived herein can serve as a framework for describing other systems in which polymeric

junctions play a significant role.

Introduction

Responsive hydrogels are popular smart materials, consisting of 3-dimensional cross-linked

networks with the ability to adsorb and retain a large amount of water. Due to their

unique properties, including chemical malleability, flexibility, tunability, and biocompati-

bility they are currently one of the most attractive materials in fields as biomedical tissue

engineering and advanced drug delivery.1–3 The responsive nature is imparted by the presence

of stimuli-responsive "switching" polymer moieties4 allowing the gel to undergo sharp, re-

versible changes in response to variation of external control parameters (e.g. temperature).5,6

Among them, poly-N-isopropyl acrylamide (PNIPAM) is probably the most popular polymer

due to its well-known thermoresponsive behavior, with a lower critical solution temperature

(LCST) in water close to physiological temperatures (LCST ≈ 32°C). The thermorespon-

sive character of PNIPAM-based systems make them attractive for theoretical and applied

studies.7–11

The key functional properties of hydrogels rely on their cross-linked structure. Two

main routes are currently exploited for cross-link formation, namely, chemical and physical

cross-linking. In the former, the network is realized thanks to covalent cross-linking between

hydrophilic moieties, while in the latter the connection is established by noncovalent forces.

An example is that of block copolymer micellar gels, that demonstrate both the cohesive

strength of solids and the diffusive transport characteristics of liquids, and are therefore sub-
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ject of theoretical and technological interest.12–15 In this sense, kinetically "frozen" micelles,

where the exchange of polymer chains becomes extremely slow, can be considered as an

intermediate system between chemical and physical crosslinked networks.16 An exemplary

case is that of polystyrene (PS) and PNIPAM diblock17–19 and PS-PNIPAM-PS triblock

copolymers.20–25 While PS-PNIPAM diblock copolymers assume a "star-like" configuration,

with the PNIPAM block having one end grafted to the PS core and the other reaching out

into the solvent, in PS-PNIPAM-PS triblocks the PNIPAM block can fold in a loop, with

both the PS end blocks sticking into the same micellar core. However, such a configuration

is entropically unfavorable, and having one of the two PS blocks sticking out of the original

core is energetically possible. Such a free PS block can connect to a neighboring core, acting

as a bridge. At sufficiently high concentrations, multiple bridges create a "frozen" network of

interconnected micelles,7,22 with higher mechanical stability compared to diblock copolymer

micellar systems.

The control of mechanical properties of the hydrogel and the solute diffusion throughout

the network are two crucial aspects in numerous applications. Determining the mechanical

response of the network as a function of local properties, such as polymer architecture, as

well as the response to temperature variation, is critical e.g. in tissue engineering and soft

robotics.26,27 At the same time, connecting mechanical stability to local mobility is impor-

tant to quantify transport properties within the gel, since the arrangement and flexibility

of the chains in the network have influence on the diffusion of water and of macromolecules

(nanoparticles, drugs).28–30 More in general, addressing questions related to microscopic net-

work structure and dynamics might aid in improving the performances of other systems where

the connectivity provided by polymer strands plays a crucial role, e.g. for determining me-

chanical response as in the case of nanoparticles in polymer nanocomposites.31 Surprisingly

few studies have directly approached this subject.

In this work, we investigated the mechanical properties of model block copolymer micellar

gels and connected them to their microscopic structure and dynamics. Two main structural
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parameters have been considered, namely, role of PNIPAM block size and architecture. The

first issue has been addressed by comparing PS-PNIPAM diblock copolymers with fixed

PS block and variable PNIPAM block length, namely, "short" and "long" PS-PNIPAM

diblocks (≈4:1 and ≈15:1 of PNIPAM:PS size ratio respectively). The role of architecture

have been investigated by comparing PS-PNIPAM diblock and PS-PNIPAM-PS triblock

(PNIPAM:PS size ratio ≈15:1) copolymers. A particular focus has been given to the role of

triblocks due to their possibility to form junctions. To this purpose, we combined the use

of neutron scattering techniques (small-angle neutron scattering for the structure, neutron

spin echo and neutron backscattering for the dynamics) with specific deuteration strategies

to better isolate the contribution from the PNIPAM block, by matching the PS core to

the D2O solvent. In addition, we systematically investigated the relation between increased

connectivity and relative amount of triblocks, by studying diblock/triblock blends where the

scattering length density of the diblock has been fully matched to the solvent, to isolate the

triblock contribution. For the first time we developed a comprehensive model that describes

both the structure and dynamics at the microscopic scale from segmental to residue level,

across the LCST. Interestingly, from the analysis it emerges that the dynamics of the network

is largely described by that of a PNIPAM chain in solution.

Materials and Methods

Polymer synthesis

In Table 1, we provide the list of polymers investigated in this study, together with their

molecular weight Mn and polydispersity PDI (Mw/Mn). All details related to their synthesis

are reported in the Supporting Information.
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Table 1: List of polymers synthesised for this work. Mn and PDI are the number average
molecular masses and polydispersity indices (Mw/Mn) of the final polymer products. For
the block copolymers, the molecular weight of the PNIPAM block is also reported.

Polymer Mn [kg/mol] MPNIPAM
n [kg/mol] PDI

PNIPAM10 14.0 1.03
PNIPAM40 39.8 1.06
PNIPAM70 73.2 1.09
dPS-RAFT2 2.6 1.05
hPS-RAFT2 2.2 1.06
dPS-RAFT3 4.4 1.16
hPS-RAFT3 4.0 1.18
dPS-hPNIPAM-S 11.0 8.4 1.03
dPS-h,dPNIPAM-S 11.5 8.9 1.03
hPS-hPNIPAM-S 11.0 8.8 1.07
dPS-hPNIPAM-L 27.8 25.2 1.11
dPS-hPNIPAM-dPS 72.6 68.2 1.18
hPS-hPNIPAM-hPS 43.0 39.0 1.09

Micelle samples preparation

Polymers were dissolved in acetone at a concentration of 1 wt%. Acetone is a good solvent

for both the PS and PNIPAM block. Although organic solvents have in general the effect

of reducing the LCST in PNIPAM/water mixtures, the addition of acetone causes only a

relatively small decrease of the LCST32 and therefore the PNIPAM block can be maintained

in its soluble state during the overall procedure of micelle formation. Water has been added

drop wise to the polymer/acetone solution using a syringe pump (≈ 2 mL/min), while the

solution was stirred in an ice water bath until a 90/10 water/acetone w/w ratio was reached

(≈ 0.1 wt% polymer). A small aliquot was taken to asses the hydrodynamic radius RH and

the low concentration diffusion coefficient D0 of the micelles by dynamic light scattering

(DLS) (Malvern, Zetasizer Nano ZS). The solvent was removed by rotary evaporation and

subsequently by high vacuum, until a dry thin film was obtained. The final samples were

obtained by adding water to the dry material and allowed to equilibrate for several days.

For the diblock/triblock blends, appropriate amounts of each micellar solutions (0.1 polymer

wt%) were mixed, with the following relative weight fraction: 20% short diblock, 80% triblock

(20% di – 80% tri), 50% short diblock, 50% triblock (50% di – 50% tri), 80% short diblock,

20% triblock (80% di – 20% tri), 90% short diblock, 10% triblock (90% di – 10% tri). The

mixed solutions were subsequently subjected to rotary evaporation and high vacuum until
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reaching the dry state.

Methods

Rheology

Rheological measurements were performed using a ARES (Rheometric Scientific) setup. A

standard 25 mm plate configuration has been used. Oscillatory strain sweep tests have been

conducted with a oscillation speed ω of ω = 1 rad/sec. Frequency sweep tests have been

conducted at a 5% strain amplitude in a frequency range between ω = 1 rad/s and ω = 100

rad/s. The polymer concentration for all samples was fixed to 10 wt%. Measurements on

all samples have been performed at room temperature. The samples were put in stainless

steel cups with cover to minimise water evaporation effects. A reference triblock sample was

also measured under controlled temperature conditions, namely at T=25°C, T=33°C and

39°C. The temperature was controlled by gas stream. To minimize evaporation effects, the

test under controlled temperature condition was performed by covering the exposed sample

interface with a low viscosity oil.

Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) measurements were performed at the D33 beamline

at the Institut Laue-Langevin (ILL).33,34 The instrument was used in the monochromatic

mode with an incident wavelength of λ = 0.462 nm (∆λ/λ = 10%), a source-to-sample

distance of 12.8 m, a sample-to-detector distance of 1.5 m for the front detectors and of

13.3 m for the rear detectors, resulting in an available Q-range between Qmin = 0.034 nm−1

and Qmax = 4.98 nm−1 . The micellar samples were prepared either in D2O (core match)

or a D2O/H2O 20/80 v/v solution (shell match) and measured in Hellma quartz cuvettes

(light path of 1 or 2 mm). The cuvettes were mounted on a thermalised sample changer and

measured at three temperatures (T=20°C, 30°C and 40°C). After the first cycle, some of the

measurements at T=20°C were repeated to check for reversibility. Samples were measured
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in a range of concentrations between 0.1 and 10 polymer wt%. The measuring time was

around 15 minutes for the higher concentrations (5-10 wt%) and around 40 minutes for the

lower concentrations. The measured intensities were corrected for dark counts, empty cell

scattering and put on absolute scale using standard calibration samples after radial averaging.

In the fitting routine, the instrument smearing ∆Q/Q has been taken into account.

Neutron spin echo (NSE)

Neutron spin echo (NSE) experiments were performed at the IN15 beamline at the ILL.33,34

Four different wavelength have been used (λ = 13.5 Å, 10 Å, 8 Å, and 6 Å) covering a Q

range between Qmin = 0.25 nm−1 and Qmax = 2.17 nm−1, and a Fourier time t range between

t = 50 ps and t = 500 ns. Graphite was used to measure the instrument resolution. Micellar

samples were prepared at a polymer concentration of 10 wt% in D2O in quartz cuvettes with

a sample thickness of 2 or 4 mm. The average measuring time was 8 h for each sample. The

measurements have been performed at T=20°C, 30°C and 40°C. D2O measurements with

the same cells and instrument configuration as the samples were subtracted as background.

Neutron backscattering (NBS)

Neutron backscattering (NBS) experiments were performed at the Emu beamline at the

Australian Nuclear Science and Technology Organization (ANSTO) with a resolution of ∼

1 µeV, equivalent to a time scale of ∼ 1 ns (incident wavelength 6.3 Å).35 The spectra were

collected using the full energy transfer range available at the instrument (± 30.5 µeV). Sam-

ples were loaded in cylindrical aluminium container and measured at two temperatures (20°C

and 40°C) for an average measuring time of 8 hours. Data were reduced applying standard

corrections, including subtraction of the empty container and vanadium normalization.

Data analysis software

The free software Jscatter36 was used for data analysis and fitting.
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Results and discussion

Rheological properties of block copolymer gels

Figure 1: Strain sweep test of micellar samples at 10 wt% of polymer. Full symbols indicate
the elastic modulus G′ while open symbols represent the loss modulus G′′.

The rheological properties of diblock and triblock copolymer micelles have been inves-

tigated at a polymer concentration Cw = 10 wt% in water. The short and long diblocks

(hPS-hPNIPAM-S and hPS-hPNIPAM-L) show respectively a low- and high-viscosity fluid

behavior, while the pure triblock (hPS-hPNIPAM-hPS) forms a soft, water-rich gel. Strain

sweep tests has been performed on the pure triblock, pure long diblock and diblock/triblock

blends (Figure 1). For the pure triblock and the blends, both the elastic modulus G′ and the

loss modulus G′′ show a plateau at low strain, with G′ > G′′, indicating solid-like behaviour.

On increasing strain, the elastic modulus starts decaying while the loss modulus exhibits a

peak at intermediate strain values followed by a subsequent decrease. The peak value of G′′

roughly corresponds to a crossover between storage and loss modulus, above which G′ < G′′.

In gel-forming systems, the peak in G′′ is associated to a maximum energy dissipation when
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the solid starts yielding and cage breaking occurs, with a large number of irreversible parti-

cle rearrangements.37 The relatively high values of yielding point in the triblock sample and

in the blends, together with its weak dependence on triblock concentration, suggest that a

number of triblocks might bridge different micelles with their outer PS blocks sticking into

two different cores, acting as crosslinking points.38 In this sense we note that even for the

sample with the smallest amount of triblocks (80% di - 20% tri) a finite elastic modulus is

detected. By contrast, dPS-hPNIPAM-L shows a much poorer mechanical response, even

better evidenced by frequency sweep tests (Figure 2) that were performed in the regime

where triblock and the blends exhibit a solid-like response (5 % strain). For the 100% tri-

block sample, the elastic storage modulus G′ is almost independent from the frequency ω

in the investigated range as expected for solid-like systems. The loss modulus G′′ of the

100% triblock and 20% di – 80% tri samples present a shallow minimum in the intermediate

frequency range investigated (Figure 2(b)). Such a minimum is often observed in gel-forming

systems where it is associated with long-time structural relaxations of particles inside their

nearest-neighbour cages.39

As the relative content of triblocks decreases, G′(ω) assumes a stronger dependence on

ω that can be described with a power law G′(ω) = G′
0ω

∆. The values of the exponent ∆

are reported in Figure 2(c) as a function of triblock content ftriblock. For the reference pure

diblock dPS-hPNIPAM-L, the value of ∆ is close to the one reported for other polymeric

transient networks,40 whereas the much smaller ∆ for the pure triblock system indicates a

much stronger network. Furthermore, even for the blend with the smallest amount of triblock

(80% di – 20% tri) the storage modulus G′ is larger than G′′, suggesting high mechanical

stability possibly imparted by bringing triblocks acting as crosslinkers.

To quantify the strength of the network formed in triblock-containing samples, we anal-

ysed the dependence of G′
0 ≡ G′(ω = 0) as a function of the relative triblock content ftriblock.

In a purely elastic system, G′
0(ftriblock) should increase linearly with concentration, whereas

in the blends it follows a power law as a function of ftriblock (Figure 2(d)). The value of
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Figure 2: a) Storage modulus G′ and b) loss modulus G′′ as measured by frequency sweep
tests. The symbols and symbol colours have the same meaning as in Figure 1. The solid
lines in a) are the fitting curves of the data with the expression G′(ω) = G′

0ω
∆. In c) the

value of the exponent ∆ is reported as a function of the triblock content ftriblock. The value
at ftriblock = 0 is the one obtained from the fit of dPS-hPNIPAM-L. In d) the dependence of
G′

0 as a function of ftriblock is fitted with a power law (red line).

the power law exponent ≈ 3.5 is close to that found for other soft gels.41 In a simple elas-

tic theory, in a system where all the chains are elastically active (i.e., forming bridges) the

plateau elastic modulus is given by G0 = ρCwNAkBT/Mw with ρ and Cw respectively the

polymer density and concentration.42 This would give a value roughly of G0 = 5 · 103 Pa for

the triblock system, which is compatible with the value found experimentally. This further

suggests that a large number of triblocks are in a bridging configuration.

The weak dependence on frequency of the elastic modulus G′(ω) seem to indicate that

the time scale of bridges formation/rupture is very slow and exceeding the investigated

experimental window.43 It has been estimated44 that the lifetime of PNIPAM loops formed
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by short PS blocks in water is well above 4 ms. This implies that, with respect to the local

motions investigated in the subsequent analysis (lying on the nano- and picosecond time

scale), the network can be seen as essentially frozen.

Our rheological investigation is consistent with previous studies7 where PS-PNIPAM-PS

triblocks and PS-PNIPAM-PS/PNIPAM blends were found to form stable hydrogels with a

relatively high swelling degree. Other authors22 however found a much poorer mechanical

stability in PS-PNIPAM-PS networks. In the latter work the authors directly resuspended

the dry materials in water, whereas in our synthesis the samples are gradually passing from

an acetone-rich to acetone-poor solution. We assume that the gradual solvent exchange

allows a larger number of bridges to be formed, which are kinetically trapped when the

polymer is completely dry and subsequently resuspended in pure water. This observation

highlights the strong impact of sample preparation protocol for kinetically frozen micelles

systems.

To investigate the behaviour above the LCST of PNIPAM, we performed a test frequency

sweep measurement for a triblock sample at T=33°C and 39°C (Figure S7). The measurement

at higher temperature become critical due to the fast evaporation of water, that cannot be

completely prevented due to the small sample interface exposed to air (although the effect has

been minimized by covering the exposed interface with a low viscosity oil). On approaching

the phase transition (T=33°C), both G′ and G′′ increase and they show a steeper slope

as a function of ω. This means that, on one side, the decreasing solvent quality leads

to an enhancement of the number inter- and intra-PNIPAM connections, that strengths

the network. On the other side, the PNIPAM shell shrinks and the micelle have thus a

larger volume available to execute free motions, leading to a more viscoelastic behaviour.45

Well above the LCST (T=39°C), the PNIPAM chains shrink until a space-filling network of

micelles cannot be maintained anymore.22 The system thus macroscopically phase separates

and the gel breaks down in water-rich and water-poor regions, displaying overall liquid-like

behaviour.
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Microscopic structure by SANS

PNIPAM homopolymers

We started by investigating the structure of PNIPAM linear chains in solution by SANS,

as reference systems. To take into account molecular weight effects, we synthesised chains

(PNIPAM10, PNIPAM40 and PNIPAM70) with Mn as close as possible to the equivalent

block copolymer (dPS-hPNIPAM-S, dPS-hPNIPAM-L and dPS-hPNIPAM-dPS respectively,

see Table 1).

Figure 3: SANS curves for PNIPAM homopolymers at a fixed polymer concentration of
Cw=10 wt% in D2O. Panels a), b), and c) show the data respectively at T=20, 30, and 40°C.

To describe the scattering curves of PNIPAM linear chains we used a generalized Gaussian

chain formfactor46 combined with a power law to describe the observed low Q upturn. Here

we recall that the radius of gyration Rg of a polymer chain follows the general scaling law

Rg ∼ Nνl, with N being the number of segment of length l, and the Flory exponent ν

that takes into account for excluded volume effects affecting the chain statistics in solution

(ν = 1/3 for collapsed chains, ν = 1/2 for ideal Gaussian chains and ν = 3/5 for swollen

chains46). The resulting fitting functions are reported in Figure 3 and the corresponding

values of Rg in Table S2.

We will now examine the behaviour of the scattering curves at different temperatures. It
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is known that the LCST of PNIPAM lies in a temperature interval around 32°C in water,

where differences of few degrees are observed depending on parameters as polymer concen-

tration, architecture and solvent composition.47 Hysteresis curves are also observed during

cooling/heating of PNIPAM systems, due to the existence of metastable regions in the phase

diagram.48 To be outside of the hysteresis region it is sufficient to be far enough from the

LCST point, i.e. around ± 10°C.

At T=20°C PNIPAM is in the soluble region of its phase diagram, nevertheless the

upturn at low Q states the presence of large clusters.49,50 At T=30°C, the cluster contribution

increases. In particular, the formation of mesoscopic structures is observed at intermediate

scattering vector Q. We describe the additional contribution through a Guinier-Porod term

in the fitting function.51 The characteristic radius of gyration is on the order of ≈ 8 nm. At

T=40°C the power law is dominating, as the inter-chain interactions become more favourable

and the system macroscopically phase separate.

Block copolymer micelles

In Figure 4(a), (b), and (c) the SANS curves at T=20°C respectively for dPS-hPNIPAM-S,

dPS-hPNIPAM-L and dPS-hPNIPAM-dPS are reported. Samples were measured at three

polymer concentrations (1, 5, and 10 wt%) and at two contrasts. Namely, in D2O/H2O 20/80

v/v the scattering length density (SLD) of the solvent (0.83 · 10−6 Å−2) matches that of the

hPNIPAM corona, therefore the scattering from the dPS core is mostly visible, whereas

in D2O (SLD=6.36 · 10−6 Å−2) the SLD of the dPS core is matched and the scattering

of hPNIPAM corona is highlighted. In shell contrast, at 1 wt% the formfactor Fmic(Q) is

measured, while at 5 wt% and 10 wt% additionally structure factor contributions in the

intermediate Q region are observed. The structure factor peak shifts toward lower Q values

as long as the size of the hPNIPAM block increases. At very low Qs a small upturn is

observed for all samples, which we ascribe to the formation of aggregates, as in the case of

PNIPAM homopolymers.
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Figure 4: SANS curves for pure block copolymer systems dPS-hPNIPAM-S (a), dPS-
hPNIPAM-L (b), and dPS-hPNIPAM-dPS (c) at T=20°C. Data are arbitrarily rescaled
for a better comparison. Red lines represent the result of a simultaneous fit using Equation
2 of the Supporting Information. In the inset of (c) the curves for the sample at Cw = 10
wt% are reported before and after heating.

Figure 5: SANS curves for pure block copolymer systems at different temperatures (as
indicated in the legend): a) dPS-hPNIPAM-S, b) dPS-hPNIPAM-L, c) dPS-hPNIPAM-
dPS. The red curves represent the fitting functions as from Equation 2 of the Supporting
Information.
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The details of the fitting procedure for the SANS data are reported in the Supporting

Information. Here we only recall that the most relevant parameters for the subsequent

dynamical analysis are the radius of gyration of PNIPAM Rg = (l2N2ν/(2ν + 1)(2ν + 2))0.5,

where l and N are respectively the length and number of segments in the PNIPAM block,

and ν is the Flory exponent. The resulting fitting functions are reported in Figure 4, and

corresponding parameters in Table S3.

We can describe the three block copolymer systems with the same model (chains with

one end grafted). This is noteworthy in the triblock case, as we can expect the PNIPAM

block either to be in a bridging or loop conformation. The most direct, model-independent

approach to visualize the presence of loops is a Kratky plot (see Figure S8). In such a

representation, the formfactor of core grafted loops presents a maximum at QRg,loop ≈ 2 at

the same position as isolated loops.52 For a value of Rg,loop ≈ 3 nm, this would correspond

to a maximum around Q ≈ 0.7 nm−1, however, such maximum does not appear in the

measured SANS pattern for the triblock. It could be argued that the characteristic loop

maximum is effectively visible only for ν ≈ 0.5, and it gets less pronounced for ν > 0.5 as

the scattering profile does not get to a plateau but continuously increases on increasing Q.

Moreover, in the investigated systems the ring maximum would occur in the Q region where

the SANS pattern also shows a typical oscillation due to the spherical arrangement of the

grafted chains which is still visible with matched core.

While the oscillation makes it difficult to disentangle the two effects, they give additional

information about the distance of the chain from the core: the oscillations shift to smaller

Q for the triblocks, indicating that the triblock has a larger distance to the core compared

to the linear diblock while the envelope emerging from the PNIPAM chain is maintained.

Considering that, for a loop, R2
g is half of that of the corresponding linear conformation

(R2
g,loop = R2

g,linear/2
53), dominating loop formation should present a peak shift to relatively

higher Qs (e.g. taking as reference the linear PNIPAM70 chain, for a Rg,linear = 3.8 nm

we would expect Rg,loop = 2.7 nm i.e. essentially indistinguishable from the long diblock).
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We therefore conclude that SANS confirm what observed by rheology, i.e. that the linear

(bridge) configuration is preferred.

Figure 5 compares the scattering pattern in shell contrast at three different temperatures

(T=20°C, 30°C, and 40°C). At intermediate temperature (T=30°C), the three polymers show

different behaviour: the long diblock and triblock show a similar pattern to that at T=20°C,

whereas for the short diblock it is closer to the one at T=40°C. This is probably due to the

unfavourable PNIPAM to PS ratio compared to the other two block copolymers, that makes

the system overall more hydrophobic and thus shifts the LCST to lower values. At T=40°C,

all systems show a strong increase of the forward scattering and a shift of the modulations

at high Qs. The first feature is explained by the fact that, above the LCST, the presence of

large aggregates is favoured by the increased hydrophobicity of PNIPAM. The latter is due

to the shrinking of the corona allowing the micelle cores to come closer to each other.

To fit the data at T=30°C and 40°C, we kept the number of segments N constant for each

polymer, as determined from the fit at T=20°C. At T=30°C the number of block copolymer

chains per micelle (aggregation number) M increases, as a result of the more hydrophobic

character of PNIPAM.54 This also correlates with the higher connectivity observed by rhe-

ology for the triblock network. At T=40°C, the M value remains rather constant and the

chain statistics becomes closer to that of a Gaussian chain (ν=0.5), as expected for a system

at the LCST.

The micellar structure is preserved at high temperature, as opposed to other reported

cases where the micelles dissolve above the LCST.55 The dissolution is probably hindered

in our samples due to the essentially frozen nature of the PS glassy core.18 The swelling-

collapsing process is also fully reversible, as evidenced by the almost perfect superimposition

of SANS curves before and after the heating cycle (in the inset of Figure 4(c), the SANS

pattern of dPS-hPNIPAM-dPS at 10 wt% is reported as an example).

In Figure 6 the SANS curves of blends of short diblock (dPS-h,dPNIPAM-S) and triblock

(dPS-hPNIPAM-dPS) micelles in D2O (10 wt% of polymer) are reported. In the diblocks
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Figure 6: SANS curves for diblock/triblock copolymer blends at different temperatures (as
indicated in the legend): a) 20% di - 80% tri, b) 50% di - 50% tri, c) 90% di - 10% tri. The
red curves represent the fitting functions as described in the text.

the PNIPAM block is partially deuterated to reach the SLD of D2O. In this way, we isolate

the scattering contribution of the triblocks corona, as we aim to mostly focus on the bridge

contribution. The structure factor peak becomes broader as long as we increase the relative

amount of matched diblocks, until we see mostly the chain self contribution in the 90% di-

10% tri sample. Notably, also in this case there is no signature of a loop formfactor, as mostly

visible in a Kratky plot (Figure S8), even at the minimum relative amount of triblocks. This

again confirms what is observed by rheology, i.e. that even at low triblock content an elastic

response is observed (indicating that the bridge configuration is preferred). To fit the data,

we used the same model as for the pure block copolymer systems by fixing the values of l

and N to those of the triblock. The resulting values of Rg are reported in Table 3 of the

Supporting Information and have been used for the subsequent NSE analysis. Also in this

case, the model fits quite well at all temperatures.
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Figure 7: (a) Intermediate scattering functions I(Q, t)/I(Q, 0) as measured by NSE at
T=20°C for dPS-hPNIPAM-L. Solid lines present the fitting function according to Equa-
tion 1. (b) Comparison between A(Q) as obtained from the fit of the NSE data (empty
circles) and theoretically calculated according to the mZIF model (red lines).

Micelle diffusion and chain dynamics (NSE)

NSE delivers dynamical information on the length scale covered by the SANS experiment,

and on a time scale spanning decades of nanoseconds where both the PNIPAM segmental

dynamics and the overall micelle diffusion play a role.18,23 The observable quantity is the

intermediate scattering function (ISF) I(Q, t), normalised to the corresponding value at

t = 0, I(Q, t)/I(Q, 0) (Figure 7(a)). As for the SANS measurements, the SLD of the dPS

core mostly matches that of D2O, thus in the NSE and NBS we mostly focus on the dynamics

of hPNIPAM grafted chains. For NSE we report only the analysis at T=20°C and 30°C,

since at T=40°C (when dehydration and macroscopic phase separation occur) the dynamic

is entirely elastic and the relaxation curves are basically flat (for the short, more hydrophobic

block copolymer phase separation occurs already at T=30°C and thus only data at T=20°C
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is reported).

The dynamics of a free polymer chain of N segments, with length l, and Flory param-

eter ν in solution is described by the Zimm model, and can be in principle described by

using the structural parameters derived from the SANS analysis. However, the Zimm model

often needs to be extended by including internal friction (ZIF model, see Supporting In-

formation).56–59 Internal friction between neighboring monomers is related to the intrinsic

resistance of the polymer to change its conformation, given the existence of energy barri-

ers e.g. for the activation of backbone torsion, methyl rotations, and side-chain movements

due to hydrogen bonding, chain collisions, etc.60 It can be explicitly included in the Zimm

model by adding a mode-independent friction time τi to each Zimm mode relaxations times

τZ(p) = τZp
−3ν + τi.56 This model well describes the behaviour of linear PNIPAM chains,

using the structural parameters from SANS and fitting the parameter τi as Q-independent

parameter.

For the dynamics of the PNIPAM block in the micelles, we instead use an ad hoc model

(mZIF) for polymer chains grafted to a micellar core (similarly to the one describing the

SANS data) assuming independent dynamics of chains with one fixed end (see the Supporting

Information for a detailed discussion). The center-of-mass diffusion is equal to the diffusion of

the micelle, while chains present ZIF dynamics. To take into account inter-chain and solvent

interactions between micelles, visible in the low-Q region where structure factor effects are

relevant, we describe the center-of-mass diffusion coefficient as Dcm = D0H(Q)/S(Q)exp,

with S(Q)exp obtained by dividing the SANS intensities of each sample measured at Cw =

10 wt% from the corresponding data at 1 wt%. The diffusion coefficient of the micelle D0 =

kBT
6πηRH

has been fixed to that measured by DLS at low concentration. For the hydrodynamic

function we used the hard-spheres approximation H(Q) = 0.75(S(Q)exp − 1) + 161 (the use

of such approximations is better justified below). In a first attempt we used the model

described so far, by fixing the chain parameters N , l and ν from the SANS analysis (here

we recall that Rg = (l2N2ν/(2ν+1)(2ν +2))0.5 ). However, to adequately describe the data,
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an additional internal elastic term 1− A(Q) had to be considered in the model, i.e.:

I(Q, t)

I(Q, 0)
= e−Q2Dcmt[(1− A(Q)) + A(Q)

Is(Q, t,Dcm = 0)

Is(Q, 0, Dcm = 0)
] (1)

with the single chain ISF Is(Q, t,Dcm) and micelle center of mass diffusion Dcm (see

Supporting Information). The resulting fit function together with the experimental data

are reported in Figure 7(a). A Q-dependent, long-time plateau 1− A(Q) is observed where

the system does not fully relax over the covered time scale, and is sometimes interpreted as

the signature of confined motions,62 as seen for instance in the dynamics of polymer chains

grafted on nanoparticles.63,64 For an ideal micellar structure the internal elastic amplitude

1 − A(Q) with chain center of mass at a distance R + dRg (d is a scaling factor close to

unity, that mimic the condition of forbidding core penetration for the chains) is related

to the internal dynamic amplitude A(Q) according to our mZIF model (see Supporting

Information)

A(Q) =
1

1 + (M − 1)sinc2(Q(R + dRg))
(2)

where M is the number of chains. Figure 7(b) presents the A(Q) from a free fit of the

data, in comparison with the theoretical description from Equation 2, including a Gaussian

distribution of the parameter Q(R+Rg) to account for polydispersity of R, NSE wavelength

distribution, and deviations of the ideal positions of the chains (see Figure S9 for the fit of the

three block copolymer systems). Characteristic is the first maximum around Q(R+Rg) ≈ π.

At larger Qs, the increasing contribution of chain dynamics is well described from the model.

To test the robustness of the fit, we compared the values of A(Q) as obtained by using

different approximations: we first tested the differences when fitting A(Q) as free parameter

and by fixing the value of Dcm(Q) for each Q in terms of H(Q) and S(Q) as described above,

by modeling S(Q) either with the experimental value S(Q)exp or the one obtained from the

fit of the data with Percus Yervick S(Q)model (as described in the SANS section). We found
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that the parameter A(Q) was relatively insensitive to the choice (see Figure S10). We also

tried to estimate the goodness of the hard-sphere approximation for Dcm(Q), using different

assumptions for S(Q) or by fitting Dcm(Q) as free parameter (see Figure 10 of Supporting

Information). Again, no substantial difference could be found within the error bars. Since

the parameters Dcm(Q) and A(Q) are correlated, we chose to impose the theoretical model

described above for Dcm(Q) and fit A(Q) as free parameter. We also checked how the choice

affects the other fitting parameters e.g. τi and ν, and found them consistent within the

error bars. The underestimation of A(Q) at lower Qs might relate to neglecting chain-chain

interactions as present in F ′
eff (Q) in Equation 1 of the Supporting Information.

Figure 8: Comparison of A(Q) from different diblock/triblock blends. With decreasing tri-
block content the visible number of chains M is decreasing reducing the oscillation amplitude.
The data have been shifted by a constant term for better clarity.

To further verify the mZIF model we examine the diblock/triblock blends, where the

diblock is fully matched to D2O (as described in the SANS section). The modulation in

A(Q) presented in Figure 8 becomes progressively less relevant as the relative amount of
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contrast-matched diblocks increases and, correspondingly, the visible number of chains M in

Equation 2 decreases. At the lowest triblock concentration we recover a behaviour similar

to that of the linear chains in solution.

The mZIF model confirms that the origin of the internal elastic or slow diffusing term

in our system is related to static correlations between grafted chains as the average position

between grafted chains does not change with time. Despite the uncertainties in the simplified

mZIF model, we can conclude that NSE presents internal friction to the tens of nanoseconds

for free and grafted chains, as well as for bridging triblocks, and allows to attribute it to

backbone torsion. However, the remaining correlations responsible for the modulation in

A(Q) are not limited to micelles and should be observed in any configuration where chains

are grafted relative to each other, e.g. like on the surface of nanoparticles or polymers in

pores.65 In general, the shape of A(Q) represents the geometry of average positions of grafted

chains. In the present case, A(Q) is related to the chain-chain correlation Schain−chain of the

micelle formfactor Fmic(Q) (Equation 1 of the Supporting Information). Beyond the internal

elastic amplitude the observed relaxation corresponds to the single chain relaxations of the

grafted ZIF model, as long as the correlations between different chains vanish.

The parameters from the fit of the NSE data of reference PNIPAM chains and block

copolymer micelles at T=20°C and T=30°C are reported in Tables S4 and S5. The Zimm

time τZ = ηR3
e/(3π)

0.5kBT , where Re = lNν is the end-to-end distance, is fixed by the

SANS analysis, while the internal friction time τi is directly obtained from the fit of the NSE

data. Due to the large number of parameters in the fit, fixing the structural parameters

(and consequently τZ) allows in principle to obtain more robust values for other dynamical

parameters, in particular τi. However, this also introduces an uncertainty on the final value

of τi which is probably larger than that estimated from the fit, and therefore prevents to

realistically discriminate values of τi obtained in different samples. With that in mind, we

observe that for the linear chains τi is on the order of tens of nanoseconds, independently

from molecular weight. This is in agreement with simulations66 that put PNIPAM backbone
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torsions on the same time scale. As observed in proteins,67 an internal friction time τi ≈ τZ

means that the contribution of internal friction between monomers is orders of magnitude

larger than that of solvent friction with a monomer, i.e. dominating (in the case of the short

diblock where τi = τZ , it would be more than 100 times larger). Similar values of τi are

found for the block copolymer micelles.

It is worth comparing our analysis with that of Adelbserger et al.18,23 that investigated

similar PS-PNIPAM micellar systems with NSE. The authors described the scattering func-

tions using an empirical model of two additive contributions, with a faster one related to the

chain dynamics and a slower one to the overall micelle diffusion (neglecting the coupling be-

tween chain dynamics and the micellar core). They observed a decreasing rate for τeff ∼ Q−2

slower than Q−3 predicted by the Zimm model, that they associated with the onset of a col-

lective breathing mode of the PNIPAM corona. In our case we would not expect such a strong

coupling that is generally observed only at very high grafting density68 g = M/4πR2, while

in our micelles g is relatively small (g ≈ 0.5 nm−2). The analysis from Adelbserger et al. is

focused in the Q region between 0.8 nm−1 and 1.8 nm−1. In such a high Q region, we anyhow

expect a slower rate than that predicted from Zimm, due to internal friction (τeff ∼ Q−2).

This can be more easily observed by looking at the effective diffusion coefficient Deff , as ob-

tained by fitting the scattering functions with I(Q,t)
I(Q,0)

∼ e−Q2Dcmt[(1−A(Q))+A(Q)e−Q2D(Q)t],

Deff = Dcm +D(Q) (Figure 9). While Zimm predicts Deff ∼ Q, internal friction leads to a

reduced slope and to a plateau at high Qs (as especially evident for the triblock case). We

therefore conclude that, in the investigated system, the slowing down at high Q does not

evidence an additional breathing mode but it can be well explained by internal friction.

A final consideration can be made on how the presence of loops would influence the

analysis of the NSE data. In this case, to discriminate between loops or bridges would

require the possibility to discriminate between a mZIF model with one or two fixed ends

respectively. However, the current model cannot discriminate between one or two fixed

ends as already the single chain contributions are almost equal. We thus conclude that the
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NSE analysis alone cannot exclude the presence of loops (but their absence is supported by

rheology and SANS, as discussed above).

Figure 9: Full symbols: effective diffusion coefficient Deff . The red star marks the value
that has been used for the analysis of the NBS data. Open symbols: translational diffusion
coefficient, corrected of structure factor effects. Solid line: diffusion coefficient of the core as
observed on NBS.

Local chain dynamics (NBS)

Compared to NSE, with NBS we probe the dynamics of PNIPAM protons at higher Qs

and shorter time scales. Here the Zimm description, which is essentially a coarse-grained

model, is less adequate as we start to see the details of the chain segments. In a NBS

experiment, the incoherent (self) dynamics of protons is usually assumed to be the most

relevant contribution, as the incoherent scattering cross section of hydrogen is much larger

that the other atoms in the system.

In Figure 10 we report the dynamic structure factor S(Q, ℏω) of one sample (dPS-

hPNIPAM-S), at two different temperatures and two different Qs as exemplary case. Below

the LCST (T=20°C), a quasielastic signal is observed, whereas at T=40°C the signal is

mostly elastic. This is in line with what we observed on the NSE window, and has been

detected by experimental69 and computational66 methods for other PNIPAM systems on the

backscattering time and length scales. Namely, a strongly reduced mobility above the LCST
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Figure 10: NBS spectra (symbols) and fit (solid lines) for dPS-hPNIPAM-S at two temper-
atures and two different Qs.

is observed due to partial dehydration of the chain and aggregation.

We first focus on low temperature (T=20°C). To describe the dynamics of PNIPAM side

chain protons, we use the approach first developed by Volino70 that models soft confinement

as diffusion in a harmonic potential:

Sharm(Q, ℏω, ⟨u2
x⟩, τh) = A0(Q) +

∑
n

An(Q)L(ℏω, n/τh)

A0(Q) = e−Q2⟨u2
x⟩

An(Q) = e−Q2⟨u2
x⟩ (Q

2⟨u2
x⟩)n

n!

(3)

i.e. as a sum of an elastic term A0(Q) and an inelastic term dependent on the correlation

time τh and mean square displacements ⟨u2
x⟩ in the harmonic potential assuming ⟨u2

x⟩ =
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⟨u2
y⟩ = ⟨u2

z⟩ = ⟨u2⟩/3. L(ℏω, γ) is the Lorentzian function L(ℏω, γ) = γ
π(ℏ2ω2+γ2)

. We also

take into account the fast contribution of methyl rotations, that in the time domain has the

form:

Imeth(Q, t) = (EISF + (1− EISF )e−(t/t0)β) (4)

with EISF = 1
3
+ 2

3
sin(QRHH)/(QRHH), where RHH is the proton-proton jump distance

and t0 the residence time. In the analysis we fixed RHH=1.2 Å, t0 = 1 ps and β = 0.8.71 To

describe the dynamics of PNIPAM side chains we use:

SSC(Q, ℏω) = Sharm(Q, ℏω)⊗ (fmeth · FT [Imeth(Q, t)] + (1− fmeth) · δ(ℏω)) (5)

where FT indicates the Fourier transform in time domain, and with the fraction of methyl

protons in the side chain fmeth ≡ 6/7.

The NSE analysis showed that backbone segment dynamics is slowed down to the scale

of tens of nanoseconds by internal friction and an additional center of mass diffusion. We

therefore assume that a fraction of slow diffusing protons contribute to the overall NBS

signal, i.e. we assume the following form for the scattering function for PNIPAM segments:

SPNIPAM(Q, ℏω) = [(1− f) · δ(ℏω) + f · SSC(Q, ℏω)]⊗ L(ℏω,D∞Q2) (6)

with f ≡ 7/10 the fraction of protons in the side chain. The overall diffusion of the

PNIPAM chain72 was included with D∞Q2, where D∞ is the effective diffusion observed at

the highest Q on NSE (the corresponding value is marked in Figure 9). To better reproduce

the data, an additional term describing the contribution from the glassy PS in the core was

needed.18 Such a contribution is expected to be small due to the small incoherent contribution

of the dPS block. Indeed, in the final fit such contribution turned out to be a relatively small

fraction of the overall intensity (fraction of slow component fs ⪅20%) and it decreases as

long as the ratio between the size of PNIPAM and PS blocks increases. The associated
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diffusion coefficient is approximately ≈ D0 (the actual values are reported in Figure 9). The

overall fitting function has been described as:

S(Q, ℏω) = α(Q)[fs · SPNIPAM(Q, ℏω) + (1− fs)L(Q, ℏω,D0Q
2) + bgk]⊗R(Q, ℏω) (7)

where α(Q) contains vibrational contributions (Debye-Waller) and the background has

been modeled as a very broad Lorentzian (taking into account that the D2O signal on Emu

appears as a very broad Lorentzian at the lowest Qs, or essentially flat in the rest of the

Q range). The resolution function R(Q, ℏω) was modeled as a sum of Gaussian functions

determined from a vanadium measurement.

The parameters obtained from the fit of the NBS data at T=20°C and 30°C with the

model described in Equation 7 are reported respectively in Tables S6 and S7. The analy-

sis shows that the side chain protons move with root mean square displacements (RMSD)

⟨u2
x⟩0.5 ≡ u0 ≈ 2 Å and a relaxation time τh around 100 ps. The RMSD are smaller than

the sidechain extension from Cα carbon to the methyl groups of 4.3-5 Å, and the timescale

is in agreement to what found by simulations for sidechain oscillations.66 We thus observe

localised motions where the side chains stay in same orientation to the backbone that do

not include backbone rotations, as these would require RMSD larger than the sidechain ex-

tension. In the blends, the correlation time decreases with decreasing triblock content. This

might indicate that at high triblock content (gel state) the mobility of PNIPAM side chains

is slowed down, for example, by the formation of a larger number of PNIPAM-PNIPAM

hydrogen bonds.

Above the LCST (T=40°C) the spectra drastically change as the signal becomes mostly

elastic. We thus fit the data with the convolution of an harmonic term and a methyl group

contribution (the translational component gets too slow and small to contribute), plus back-

ground. In this case the data are well described assuming a small fraction of mobile protons
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(around 20% from the fit). The fast dynamics on the order of tens of ps is localised on a

scale of ≈ 2 Å. Namely, above the transition only fast side chain motions are active, whereas

the overall mobility is drastically reduced by chain collapse and generation of a melt of bare

polymer chains at the LCST.73

Conclusions

In this work we investigated PS-PNIPAM diblock- and PS-PNIPAM-PS triblock copolymer

micelles at high concentration in water, as model thermoresponsive hydrogels. Below the

LCST, at the same polymer concentration, a higher viscous liquid is formed for PS-PNIPAM

diblocks as long as the size of the PNIPAM block increases, however, a proper gel state

is formed when even a small amount of triblocks is added to the system. This is likely

due to the possibility of triblocks to form junctions bridging different micellar cores. On a

microscopic scale, the structural features are well described by a non-centrosymmetric model

of chains with one end grafted on a spherical core, independently of PNIPAM block size and

architecture (diblock, triblock). This confirms that the majority of triblocks are engaged in

bridge formation (low amount of loops).

The intermediate-scale chain dynamics (as seen by NSE) is well described by a new

approach, combining the Zimm model with internal friction (ZIF) with the topological con-

strains induced by fixing the chains to the micellar core and an additional elastic contribution

that results from static correlation between grafted chains (mZIF). This shows that the "soft"

confinement provided by the low grafting density and crosslinking can be treated as a rela-

tively simple correction to the model of a free chain in solution. The internal friction on the

order of tens of nanoseconds is in agreement with previous simulations that put backbone

torsion on the same scale.

Additional information is provided by the analysis of PNIPAM dynamics on shorter time

and length scales by NBS. The evaluation confirms that backbone dynamics is mostly frozen
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on the nanosecond time scale due to internal friction, whereas side chains are mobile on the

times scale of hundreds of picoseconds and length scale of few angstrom.

On approaching the LCST, the elastic response initially increases indicating that a larger

number of micelles are connected. The LCST is slightly decreased in short diblocks compared

to pure PNIPAM, due to the overall more hydrophobic character. Well above the LCST,

the systems macroscopically phase separate in highly cross-linked, polymer-rich regions and

water-rich regions, although the local micellar structure is preserved. The mobility of PNI-

PAM is strongly reduced even at the chain level, as the side chains get mostly dehydrated

and only very fast motions (as methyl rotations) remain active.

The process is largely reversible and the micellar structure is preserved as the system is

cooled down below the LCST. This is probably related to the glassy nature of the PS core,

making the system more similar to frozen nanoparticles than dynamic micelles. In particular,

the lifetime of the triblock junctions is orders of magnitude slower than the characteristic

times of the underlying chain dynamics, i.e. the two processes (bridge formations and chain

motions) are completely decoupled, resembling more a chemical rather than physical cross-

linked hydrogel.

Overall, analyzing macroscopic rheology and microscopic structure (SANS) and dynam-

ics (NSE,NBS) data we find evidence that the majority of triblocks engage in intermicellar

junctions, but their structure and dynamics are quite similar to those of a PNIPAM hy-

drated chain. The theoretical framework developed to describe the local mobility, from

micelle diffusion down to segmental and side chain dynamics, can find future application

in the microscopic description of other nanoscale-structured systems and "permanent" net-

works, especially when details on the connection between local architecture and dynamics

are lacking.
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Supporting Information

The following Supporting Information is available: Supplementary synthesis materials and

methods; Supplementary rheological data; Supplementary SANS analysis; Supplementary

theoretical section; Supplementary NSE analysis; Supplementary NBS analysis
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