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Abstract 

We report a novel thermally responsive system from poly(butyl 

methacrylate)-b-poly(methacrylic acid)-b-poly(butyl methacrylate) 

(PBMA-b-PMAA-b-PBMA) triblock copolymer in dimethylformamide (DMF) solvent. 

This system shows a sol-gel transition by cooling below a critical temperature Tc. The 

network relaxation time of these gels rightly fall in the typical rheological experiment 

window, permitting us to investigate the relaxation dynamics and underlying mechanism, 

with a combination of linear rheology, time-resolved small-angle X-ray scattering 

(SAXS), and temperature-elevated nuclear magnetic resonance (NMR) measurements. 

Both time-temperature superposition (TTS) and time-concentration superposition (TCS) 

are well hold in this system. The relaxation dynamics at temperatures below and above Tc 

are quite different, giving two different activation energy E1a and E2a, respectively. The 
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E1a, being polymer concentration independent, is related to micelle formation of end 

blocks, while the concentration dependent E2a is related to the chain friction of entangled 

polymer solution. By coupling linear rheology, SAXS, and NMR, we quantitatively 

estimated the fraction of bridge, loop, and dangling chains. The longest relaxation time of 

the gel, τL, strongly depends on polymer concentration, attributing to the increased 

connectivity of micellar network. By combining the shift factors aT and aC determined 

from TTS and TCS, respectively, we can obtain the τL at any given temperature and 

concentration from that at reference temperature and concentration. 
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1. Introduction 

In the past decades, physically associating gels from ABA triblock copolymers have 

attracted considerable attention due to their application importance. When ABA 

copolymers dissolve in a B block selective solvent at sufficiently high concentration, they 

self-assemble into a percolating network, with A blocks aggregating into micelles bridged 

by B blocks1,2. Benefiting from both the liquid and solid nature, these gels have a wide 

variety of applications, spanning from 3D printing3, flexible electrode4,5, drug release6, 

tissue engineering7, to tough and self-healing structural biomaterials8,9. Theoretical10,11 

and experimental efforts12,13 have been made to understand the self-assembly behavior 

and relaxation dynamics of the ABA triblock copolymers systems under a wide variety of 

conditions.  

Depending on the strength of end block-solvent interaction, the self-assembly of ABA 

copolymers can be divided into two groups. One is that the micelles are dynamic (or 

kinetically active) and the end blocks in different micelles can exchange spontaneously. In 

this case, the gel has a transient network and shows strong viscoelastic response14,15. 

Another is that the micelles are in glassy state and the end blocks exchange between 

micelles is kinetically frozen. In this case, the gel displays almost pure elasticity, like a 

chemical gel with covalent crosslinking16–18. The strength of end block-solvent interaction 

can be changed by many stimuli, such as pH13, solvent quality14, temperature15,19, and so 

on. Among them, the self-assembly induced by temperature change (or thermally induced 

self-assembly) is not well understood compared to others. One major reason is that the 

micelle in such systems is usually in glassy state and the relaxation time is immeasurably 

long13,20. Therefore, other stimuli were used instead of temperature, to mimic the situation 
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that happened in thermally induced self-assembly of triblock copolymers. For example, 

Shull et al.14 reported that the change in solvent composition can be equivalent to the 

change in temperature for inducing self-assembly of polyelectrolyte-containing triblock 

copolymers. There are also some reports on the thermally induced assembly with 

relaxation time in the right observation window. Unfortunately, the rheological and 

structural measurements were not well combined in those studies1,14,21,22. As the 

self-assembly and relaxation dynamics are coupled, a combined study in rheological 

behavior and structural evolution is necessary for the better understanding of this subject. 

In this work, we report a novel thermally induced self-assembly system and unveil the 

underlying mechanism. The system is from amphiphilic ABA triblock copolymers, 

poly(butyl methacrylate)-b-poly(methacrylic acid)-b-poly(butyl methacrylate) 

(PBMA-b-PMAA-b-PBMA) in dimethylformamide (DMF). By combining the linear 

oscillatory shear measurements, small-angle X-ray scattering (SAXS) and nuclear 

magnetic resonance (NMR), the self-assembly process and the relaxation dynamics at 

varied temperatures and polymer concentrations are clarified. Our results show that, in 

DMF, the PBMA end blocks self-assemble into micelles to form a transient network upon 

cooling, and the relaxation time of transient network varies with temperature and polymer 

concentration, following the time-temperature superposition (TTS) and 

time-concentration superposition (TCS) principles.  

 

 

2. Experiments 
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2.1 Materials. The amphiphilic triblock copolymers, poly(butyl 

methacrylate)-b-poly(methacrylic acid)-b-poly(butyl methacrylate) 

(PBMA-b-PMAA-b-PBMA) and the corresponding homopolymers PBMA and PMAA 

were provided by the Otsuka Chemical Co., Ltd., Japan (Table 1). The solvent 

dimethylformamide (DMF) were purchased from Wako Pure Chemical Industries, Ltd. 

(Japan). 

Sample solutions were prepared as follows. The polymer was dissolved in DMF solution 

with desired monomeric concentrations CP ranging from 0.91 to 2.21 mol/L, which 

corresponds to polymer weight fractions ranging from 11.5 wt% to 28.0 wt% (Table S1). 

The solutions were homogenized by stirring for 12 h at room temperature and then were 

left standing at least for a night before measurements. 

2.2 Rheology. An ARES-2 rheometer (TA Instruments) was used with a concentric 

cylinder geometry of 9.30 mm bob radius, 10.00 mm cup radius and 27.95 mm bob length. 

A schematic of this geometry is shown in Figure S1. Dynamic measurements were 

performed in the linear viscoelastic regime. The temperature sweep was performed from 

-20 oC to 25 oC with a heating/cooling rate of 1 oC min-1, for a maximum strain of 0.5%, 

and a frequency of 10 rad s-1. The frequency sweep was performed from 0.01 to 100 rad 

s-1 with a maximum strain of 0.5% over a temperature range of -20 oC to 35 oC with an 

interval of 5 oC. The data was processed using the manual shifting mode to perform 

superpositions and spectrum calculations.  

2.3 Smal-angle X-ray scattering (SAXS). The SAXS measurements were performed at 

BL19U2 beamline at the National Center for Protein Sciences Shanghai, China. The 
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wavelength of X-ray was 1.033 Å and the sample-to-detector distance was 5730 mm. The 

samples were sealed in quartz capillary with a diameter of 1.5 mm and fixed on a Linkam 

thermal stage (Scientific Instruments, Waterfield, Surrey, England). The data acquisition 

time was 20 s per frame for the two-dimensional (2D) SAXS images. All scattering 

images were analyzed with Fit2D software from European Synchrotron Radiation Facility 

and corrected for the detector spatial distortion, X-ray beam fluctuation and background 

scattering. 

2.4 Nuclear magnetic resonance (NMR). All the NMR measurements were performed 

on a Bruker AVANCE III HD spectrometer operating at 800 MHz for 1H, using DMF-d7 

as solvent. The solutions with triblock concentrations of 0.79, 1.03, 1.98 and 2.21 mol/L 

were selected for variable-temperature tests. The temperature control was achieved by a 

Bruker BCU II unit. The samples were firstly cooled to -30 oC, and then heated to 50 oC 

step by step with 5 oC interval to measure NMR spectra. Before each measurement, the 

samples were held at the set temperature for 5 min to reach the equilibrium.  

Table 1. Triblock copolymer and homopolymers used in this work. 

Polymer 

b)

M
n
 

[kg/mol] 

c)

M
w
/M

n
 

d)

f
B
 

a)

A
75

B
81

A
75

 28.6 1.38 0.35 

A
223

 37.1 1.22 0 

B
498

 42.9 1.37 1 

a)A and B represent poly(butyl methacrylate) (PBMA) and poly(methacrylic acid) (PMAA), 

respectively; the subscripts represent the degree of polymerization; b, c)Mn, Mw and Mw/Mn represent 

the number-averaged molecular weight, weight-averaged molecular weight and the polydispersity of 

polymers, respectively; d)fB represents monomeric molar fraction of PMAA blocks in a polymer. 

3. Results and discussions 
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Thermally reversible sol-gel transition. First, we give a demonstration of the thermally 

induced self-assembly behavior of PBMA-b-PMAA-b-PBMA in DMF. Figure 1a shows 

the temperature sweep linear rheological behavior for a representative copolymer solution 

with CP of 1.98 mol/L at a fixed frequency 10 rad/s. A profound increase in both storage 

modulus (G') and loss moduli (G'') is observed upon cooling from 25 oC to -20 oC. The 

storage modulus G' intersects with G'' at a temperature around 0 oC. Above this 

temperature, G′ < G″ and the system shows a feature of the viscous solution behavior, as 

demonstrated by the optical image at 25 oC (inset in Figure 1a). Below this temperature, 

G′  G″, the system becomes elastically dominant. Within the experimental timescale 

which is comparable to the network relaxation time, the system shows a gel behavior, as 

demonstrated by the optical image at -20 oC (inset in Figure 1a). The 

temperature-dependent rheological behavior is reversible with no hysteresis between 

heating and cooling. This result suggests that the PBMA end blocks of the triblock 

copolymers self-assemble into micellar aggregates upon cooling, which act as physical 

crosslinkers to form a transient network, and the thermally induced sol-gel transition is in 

thermodynamically equilibrium state. 

To confirm that PBMA is responsible for the micellar aggregates, we compared the 

rheological behaviors of DMF solutions of homopolymers PBMA and PMAA with the 

same monomer concentration as the above triblock copolymers (Figure S2). At 25 oC, 

both samples form homogeneous solutions (sol state). Conversely the solubility behavior 

is remarkably different at -20 oC. Indeed, while the PMAA sample still shows a sol state, 

the PBMA sample shows precipitation. This confirms that the micellar aggregates were 
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formed by the PBMA end blocks. At low temperature, the mixability between the end 

block and solvent molecules becomes poor, and the end blocks form micelles. Above the 

entanglement concentration, which is 0.79 mol/L for our triblock copolymers (Figure S3), 

the micellization leads to formation of an interconnected network in which the micelles 

serve as multiple crosslinkers.  

Temperature sweep rheology. First, we tried to determine the gelation point of our 

system by temperature sweep of rheological measurement. The Winter-Chambon criterion 

was usually used to determine gelation point or gelation temperature23. This criterion was 

firstly developed for chemical gels23 and then was extended to kinetically frozen physical 

gels24. According to this criterion, at the gelation point the moduli scale in an identical 

fashion with frequency, exhibiting a frequency independent loss factor tanδ = G′/G″ at 

gelation point. With our system, the tanδ curves at different frequencies show 

monotonous increase with temperature without crossover (Figure S4), suggesting the 

failure of Winter-Chambon criterion. The temperature at which G′ = G′′ is also usually 

used as the apparent gelation temperature, T′gel
14. The apparent gelation temperature, T′gel, 

is frequency dependent, increasing with the imposed frequency. For our system, as shown 

in Figure 1b, T′gel obtained at 0.1 rad/s is around -8 °C, while it increases to about 6 °C 

for frequency at 50 rad/s. The frequency dependency of T′gel indicates the finite lifetime 

of the crosslink points (micelles) formed by the self-assembly of end block chains. That is, 

in our system, the micelles are dynamic and the lifetime of the end blocks pulling out 

from micelle is comparable with the experimental observation time. 
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Figure 1. (a) Temperature dependence of storage modulus G′ (filled) and loss modulus G′′ (unfilled) at 

w = 10 rad/s for triblock copolymer/DMF with a concentration CP of 1.98 mol/L. The insert 

photographs show the system at gel state (-20 oC) and sol state (25 oC). The heating and cooling data 

are completely overlapping. (b) Frequency dependence of the gelation temperature, T′gel, at which G′ = 

G′′.  

 

Frequency sweep rheology. According to previous studies, the relaxation of physically 

associating triblock copolymer gels possesses two important time scales12,26: a short time 

scale controlled by the life time of end block in the micelles and a long time scale 

representing the relaxation of whole gel network. The latter, which is the longest 

relaxation time of the gel, τL, can be obtained from the frequency dependence of dynamic 

moduli. Figure 2a depicts the frequency (ω) sweep of G′ and G″ from 0.1 to 100 rad/s at 

various temperatures ranging from -20 oC to 0 oC for the sample with CP of 1.98 mol/L. 

At 0 oC, G′ is smaller than G″ and the power law exponents for G′ and G″ against ω are 

very close to 2 and 1, respectively, indicating a terminal relaxation behavior. By cooling 

the sample to -5 oC, both dynamic moduli, especially G′, exhibit sharp increase, and a 

crossover point of G′ and G″ appears. We estimate the τL as the inverse of the crossover 

frequency. The crossover frequency shifts to lower ω with decreasing temperature, 

suggesting an increase in the network relaxation time (Figure 2b). When the temperature 

reaches to -20 oC, G′ is larger than G″ over the measured frequency range and both 
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moduli show weak frequency dependence, indicating a rubber-like solid behavior at the 

observation time window. Samples with other polymer concentrations show similar 

rheology behavior (Figure S5). 

 

Figure 2. (a) Frequency dependence of storage modulus G′ (filled) and loss modulus G″ (unfilled) for 

triblock copolymer/DMF at various temperatures. The maximum strain used in rheological test is 0.5% 

and the CP is 1.98 mol/L. (b) Temperature dependence of the longest relaxation time L. L is 

determined from the crossover frequency of G′ and G″ by the equation τL = 1/ω. 

 

The network relaxation time of gel τL is not only affected by temperature, but also 

affected by CP. Figure 3 summarizes the temperature dependence of τL with CP ranging 

from 0.91 to 2.09 mol/L. For all studied CP where τL could be determined, we found that 

τL increases exponentially with increasing the inverse of temperature 1/T. Interestingly, 

the slope for τL against 1/T seems to be independent of CP, indicating the same energy 

barrier needed to overcome for relaxation. While τL increases significantly with CP. For 

example, at same temperature of -15 oC (1/T  3.8810-3 K-1), increasing CP from 1.14 to 

2.09 mol/L leads to an increase in relaxation time by more than 2 orders of magnitude. 

This indicates that the network connectivity increases with the polymer concentration.  
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Figure 3. Temperature dependence of the longest relaxation time L of the system with various 

polymer concentrations CP.  

 

Master curve and activation energy. Based on the above isothermal frequency sweep 

data collected over a wide range of temperatures, we constructed the master curve 

according to the time-temperature superposition (TTS) principle for different polymer 

concentrations27,28. The reference temperature was set at -20 oC. For each polymer 

concentration, the frequency sweep curves were shifted horizontally with a temperature 

dependent shift factor aT, and no vertical shift was performed. Figure 4 shows a typical 

example with CP of 1.98 mol/L. The curves of G′ and G″ obtained at different temperature 

overlapped very well (Figure 4c). But the curve of ln aT verse 1/T shows two distinct 

linear regimes (Figure 4d), with an inflection temperature around 5 oC. This indicates 

that different mechanisms govern the relaxation at temperatures above and below this 

critical temperature Tc. From the temperature dependence of aT, the activation energy, Ea, 

can be extracted from the following Arrhenius equation9,14:  

aT = AeEa/RT                         (1) 
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The activation energy below (E1a) and above (E2a) the critical temperature Tc were 

determined as 249 kJ/mol and 52 kJ/mol, respectively. A low activation energy above Tc 

suggests that the micelle structure is destroyed at high temperature regime.  
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Figure 4. Frequency dependence of (a) storage moduli G′ and (b) loss moduli G″ for triblock 

copolymer/DMF at different temperatures. The maximum strain used in rheological test is 0.5% and 

the CP is 1.98 mol/L. (c) Time-temperature superposition master curves deduced from the data in (a-b) 

using horizontal shift factor aT. Reference temperature is set as -20 °C. (d) Arrhenius plot depicting the 

temperature dependence of aT used to generate the master curves. The activation energies shown in the 

figure were calculated from the slopes of the curve. The slope changes at a critical temperature 5 oC. 

 

Concentration dependence of relaxation dynamics. Samples with polymer 

concentrations CP ranging from 0.91 to 2.21 mol/L all show well-superposed 

time-temperature master curves (Figure S6). Similarly, all the plots of ln aT verse 1/T 

show two linear regimes, with an inflection temperature around 5 oC, independent of CP 

(Figure 5a). The two activation energies, E1a and E2a, below and above 5 oC, respectively, 

are plotted as a function of CP (Figure 5b). The E1a is around 250 kJ/mol, almost 
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independent of CP, while E2a increases from 12.8 to 101 kJ/mol by increasing CP from 

0.91 to 2.21 mol/L. The independency of E1a with CP indicates that Tc is the critical 

temperature for the micellization, since the energy gain for an end block in the micelle 

should only depend on its chemical structure and the interaction with the solvent, not on 

the polymer concentration1,13. More specifically, E1a ∝  N2/3 γ , where N is the 

polymerization degree of the end block and γ is the surface tension between the bulk end 

block polymers and solvent13,29. As N and γ do not change with CP, the concentration 

should have negligible effect on the E1a. The increase of E2a with CP also supports this 

explanation. Above Tc, the end-block associations disappear, and sample is in sol state, so 

the activation energy E2a, which is the energy required to overcome the internal chain 

friction of entangled polymer solution that resists its flow, increases with polymer 

concentration CP. The value of E1a around 250 kJ/mol is in the right range for transient 

networks14,29. The Cp-independency of the activation energy E1a is in consistent with the 

results reported for PMAA-b-PBMA-b-PMAA in 2-ethylhexanol1 and Br- 

P(nBMA50%-stat-tBMA50%)101-PtBMA204-P(nBMA50%-stat-tBMA50%)101-Br in 

dichloromethane13.  

 

Figure 5. (a) Arrhenius plots depicting the temperature dependence of the shift factors aT used for 
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generating master curves in triblock copolymer/DMF with different CP. (b) The concentration 

dependence of activation energy in low temperature regime and high temperature regime. 

 

From the temperature dependent aT, the longest relaxation time of the system at any 

given temperature can be obtained by the relation1,14,22: 

τL = τL,ref aT                            (2) 

where τL,ref is the longest relaxation time at the reference temperature. The sample with CP 

of 1.98 mol/L is used as an example to show the temperature dependence of relaxation 

time (Figure 6). The τL obtained by this method is almost the same as that directly 

obtained from frequency sweep, but with much larger temperature range. For studied 

temperatures ranging from -20 to 35 oC, τL changes from 210-5 s to 2101 s, by 6 orders 

of magnitude. The increase of τL with 1/T follows exponential relations, showing two 

distinct regimes. In low temperature regime, τL increases more rapidly. The inflection 

temperature is around 5 oC, in consistent with the inflection temperature for the activation 

energy change. Again, this result indicates that the micellization of the end blocks occurs 

at the critical temperature Tc = 5 oC, which brings about the sol-gel transition.  
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Figure 6. Temperature dependence of the longest relaxation time L for triblock copolymer/DMF (CP: 

1.98 mol/L). The square corresponds to the data obtained from Eq.2 using shift factor aT and L,ref at 

-20 oC (20 s), the sphere corresponds to the data obtained from frequency sweep at different 

temperatures. The inflection temperature Tc is around 5 oC. 

 

Structure Analysis by SAXS and NMR. The temperature dependence of aT, L and Ea 

all suggest the formation of micelle structure below the critical temperature Tc=5 oC, and 

different mechanisms governing the relaxation at temperature above and below Tc. To 

analyze the micelle structure and its evolution with temperature change, we performed 

SAXS measurement at different temperatures for the sample with CP of 1.98 mol/L. 

Figure 7 presents the 2D SAXS patterns at a temperature range of -20 to 25 oC and the 

corresponding 1D scattering profiles. At -20 oC, an obvious scattering ring is observed, 

indicating the formation of a disordered array of micelles. The intensity of scattering ring 

decreases with increasing temperature below 5 oC, suggesting the decrease in contrast 

between micelles and the surrounding environment. The scattering ring completely 

disappears above 5 oC, suggesting that the micellar structure disappears and the system 
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changes from micellar network to homogeneous solution. The critical temperature for 

structure transition just corresponds to the inflection temperature Tc defined by aT, L and 

Ea. Therefore, the transient network crosslinked by micelles dominates the relaxation 

behavior at temperature below Tc, while the entangled polymer solution dominates the 

relaxation behavior above Tc. This leads to the two-stage temperature dependence of aT 

and L.  

 
Figure 7. (a) Selected 2D small-angle X-ray scattering patterns of triblock copolymer/DMF at 

different temperatures and (b) the corresponding 1D scattering intensity profiles (CP: 1.98 mol/L). (c) 

The fitting curve for the triblock copolymer/DMF at -20 oC. The solid line is the fitting result using the 

core-shell model with hard sphere repulsions. (d) The illustration of the molecular structure of the 

transient networks. r, t and d represent the radius of hard-core, the thickness of soft shell, and 

center-to-center distance between neighboring micelles, respectively. 

 

The SAXS results provide detailed structure information of micellar network. The 1D 

scattering profile has an obvious scattering peak at q around 0.2 nm-1 and a weak shoulder 

after the peak. The former is from the correlation between micelles and the latter is from 

the structure of micelle. As the shoulder is rather weak at temperature higher than -15 oC, 

only the correlation between micelles, that is, the average center‐to‐center distance, d, 

between adjacent micelles was calculated, with the equation d = 2/qpeak. Here qpeak is 
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peak position of the first peak. The d keeps almost constant (30 nm) with decreasing 

temperature, suggesting that the structure of micellar network has negligible change with 

temperature once it formed. The scattering profile at -20 oC can be well fitted with the 

core-shell model with hard sphere repulsions (Figure 7c) and gives the structure 

information of micelles. This model has been widely used in block copolymer systems 

and the details of this model can be found in literatures30–33. Figure 7d displays the 

structural representation for the gels. The end blocks form micelles and a polymer chain 

of its two end blocks in different micelles (bridging chain) contributes to elasticity of the 

network, while a polymer chain of its two end blocks in same micelles (loop) or only one 

end block in micelle does not form network. Each micelle has a dense core with a radius r, 

surrounded by an outer shell with a thickness of t32. From the fitting, the average 

center‐to‐center distance, d, and four parameters of micelles, r, t, η and (Δr)/r, can be 

obtained. Here η is the volume fraction of micelles, and (Δr)/r is standard deviation over 

the mean value r, representing the distribution of hard-core radius r. For the sample with 

CP of 1.98 mol/L at -20 oC, r, t, η and (Δr)/r are 7.9 nm, 4.1 nm, 0.26 and 0.50, 

respectively. The relatively large (Δr)/r should be attributed to polydispersity of the 

triblock copolymer (Table 1).  

As the end blocks have a short lifetime, they are exchangeable between micelles. The 

attachment and detachment of end blocks from micelles reach a dynamic equilibrium. The 

mid blocks with two attached end blocks act as bridges or loops, while the mid blocks 

with only one attached end block act as dangling chains before next attachment. To get 

the fraction of dangling chain, 1H NMR was carried out at different temperatures. The 
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molecular structure of triblock copolymer and the proton NMR spectra were shown in 

Figure 8a and 8b34,35, respectively. The characteristic peak of methylene groups in end 

block, name as peak 1, is around 4.2 ppm. At high temperature, the end blocks are 

un-associated, and the peak intensity is high. With decreasing temperature, end blocks 

associate into micelles, and the number of un-associated end blocks decreases, leading to 

a decrease in peak intensity. Therefore, this peak can be used to estimate the fraction of 

un-associated end blocks. The peak area, represents the number of un-associated end 

blocks, was normalized by the standard peak of DMF (peak 9) to remove the effect of 

temperature36. The normalized peak area Sn(T) = Speak1/Speak9 is temperature dependent 

(Figure S7). Here we take the sample with CP of 1.98 mol/L to show this temperature 

dependence (Figure 8c). At high temperature, Sn(T) almost does not change with the 

temperature. Below 20 oC, Sn(T) decreases dramatically with temperature until about 0 oC, 

and then decreases very weakly. NMR result suggests that association between end blocks 

starts from 20 oC, while the micelle formation starts effectively at 5 oC, as demonstrated 

by the SAXS and rheological results. Assuming all the end blocks are un-associated at 

plateau region (high temperatures), the fraction of un-associated end blocks at different 

temperature can be calculated from fdangling = Sn(T)/Sn,plateau, where Sn,plateau is the 

normalized peak area at plateau regime. As shown in Figure 8c, even at temperature of 

-20 oC, the fraction of un-associated end blocks, or dangling end blocks fdangling, is as high 

as 12%, which is not negligible. 
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Figure 8. (a) Chemical structures of the triblock copolymers. The H atoms were coded for NMR peak 

assignments. (b) 1H NMR spectra of triblock copolymer/DMF at different temperatures (CP: 1.98 

mol/L). The numbers in the spectra are assigned to protons shown in (a). (c) Temperature dependence 

of dangling fraction of end blocks at CP =1.98 mol/L. 

 

With the fraction of dangling end blocks, we can calculate the aggregation number of 

end blocks in a micelle, Ng
1,11, with methods shown in Supporting Information. Ng has a 

slightly decrease from 252 to 216 by increasing temperature from -20 to -5 oC. As both d 

and Ng show almost no or slightly change with temperature, the substantial increase of the 

scattering intensity in Figure 7b should be attributed to the increased density contrast 

between micelles and the surrounding environment. That means, PBMA micelles deswell 

with decreasing temperature by expelling solvent from micelles. These results reveal the 

self-assembly process of micellar network. At temperature above Tc = 5 oC, the triblock 

copolymers dissolve homogeneously in DMF. With decreasing temperature, the end 

blocks associate into micelles, which bridged by mid blocks and form a transient network. 

Further decreasing temperature, the structure of micellar network has negligible change 

while the micelles shrink, because the solvent quality for the end blocks worsens and a 

part of solvent is expelled from the micelles14,37. The change in solvent quality (or 

temperature) influences the exchange dynamic of end blocks, leading to the exponential 

increase of network relaxation time of gel upon cooling (Figure 2b and Figure 3). This 
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argument is also supported by the results reported by Tsitsilianis et al.22 . They tuned the 

lifetime of end block associations and found that the relaxation time of gel network 

strongly depends on the lifetime of end block associations. 

The volume fraction of solvent in a micelle, φsol, can be calculated with the 

parameters r, t and Ng (Supporting Information). The Ng of sample with CP of 1.98 

mol/L at -20 oC gives a PBMA volume of 3752.5 nm3 (Supporting Information), which 

is larger than the volume occupied by hard core (4/3r3 = 2064.2 nm3). This suggests that 

both hard core and shell regions are occupied by end blocks. Thus, φsol can be roughly 

estimated by the volume ratio of the end blocks themselves to the sum of core and shell. 

Even at lowest temperature of -20 oC studied in our work, φsol is still as high as 0.48, 

which explains why the end blocks have a limited lifetime in micelle and the micellar 

network is transient.  

 

Concentration effect on relaxation of whole network. As mentioned above, the 

transient network below the critical temperature for the micellization (Tc = 5 oC) possess 

two important relaxations: the relaxation of end block and the relaxation of whole 

network. The relaxation of end block, characterized by the lifetime of end block in 

micelle, p, is not in the dynamic spectrum window of this work, while the relaxation of 

whole network can be characterized by the network relaxation time τL, and it is strongly 

dependent on CP. Figure 9 presents the evolution of τL as a function of CP at -20 oC. The 

τL increases sharply with increasing CP, following a strong power law relationship τL ∝ 

CP
7.6. This exponent is much larger than the predicted value for the ideally entangled 
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Gaussian chains: L ∝ CP
1.5.38–40 To reveal the possible reason, we performed SAXS 

measurement for samples with different CP from 0.79 to 1.5 mol/L at -20 oC (Figure 10). 

The peak position qpeak shifts to large value with increasing CP, suggesting that the 

number density of micelles increases with CP. The NMR results show that the fraction of 

dangling chains hardly changes with the polymer concentration CP at the low temperature 

regime (Figure S7). With the aforementioned method, the aggregation number Ng was 

calculated, which increase from 170 to 252 by increasing CP from 1.03 to 1.98 mol/L.  

 

Figure 9. Polymer concentration CP dependence of the longest relaxation time L. Temperature: -20 
oC.  

 

 

Figure 10. 2D small-angle X-ray scattering patterns of triblock copolymer/DMF with polymer 

concentrations CP of (a) 0.79 mol/L, (b) 1.03 mol/L, (c) 1.27 mol/L and (d) 1.50 mol/L (temperature: 
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-20 oC). (e) The corresponding integrated 1D SAXS intensity profiles. The 1D SAXS intensity profile 

for 1.98 mol/L at -20 oC is also shown for better comparison. 

  

With the increase of CP and number density of micelles, the probability to form 

bridges increases. The increase in bridge number or bridge fraction unambiguously 

increases the relaxation time of network and shear modulus due to the increased 

connectivity of the network. The bridge fraction of transient network can be 

quantitatively evaluated from plateau modulus GN, assuming that GN is from the network 

structure formed by bridged micelles and there are no topological entanglements between 

loops. Assuming that the mid blocks are in Gaussian chain conformation, the transient 

network theory predicts that the plateau modulus is given by GN = v0fkT, where 0 is the 

number density of polymer chain and it is proportional to CP, f is the fraction of 

elastically effective chain41. In our case, 0 is the number density of mid blocks, and the 

elastically effective chain is the bridges formed by mid blocks between neighboring 

micelles. These two assumptions are reasonable, because 1) the molecular weight of 

midblock is smaller than the entanglement molecular weight (7500 g mol-1)42, hence the 

entanglement effect is negligible; 2) the fast relaxation dynamics of crosslinker (micelle) 

of the transient network make the bridged chains staying in stress free state and thus 

taking Gaussian conformation; 3) the high multi-functional crosslinking point gives the 

affine deformation. As shown in Figure S6, all the master curves show a plateau at high 

frequency followed by terminal relaxation at low frequency. Since G′ in the plateau 

region is not strictly horizontal, GN was determined as two times of crossover modulus 

based on simple Maxwell model43. The concentration dependence of GN is plotted in 

Figure 11a. As CP increases, GN first increased sharply and then showed a linear increase 
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at high CP.  

 
Figure 11. (a) Concentration dependence of plateau modulus GN and bridging chain fraction f 

calculated by GN/(RTν0). Temperature: -20 oC. The dash line stands for a slope of one. (b) Schematic 

illustrations of the structure evolution as increasing concentration. The PBMA end blocks are in blue, 

and the solvophilic PMAA mid blocks are in red. 

 

For a fully developed network, where all mid blocks act as effective chains, GN should 

be proportional to CP. To make it clearer, GN is normalized by RTν0 and plotted as a 

function of CP
13,44. The normalized quantity GN/RTν0 first increases quickly with CP and 

then reaches a plateau, suggesting the fraction of bridged chains first increases with 

concentration and then becomes saturated. This means that at low concentration, the 

network contains many defects, many end blocks are in loop state and some in dangling 

state that do not contribute to elasticity of the gel (Figure 11b). With the increase in the 
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polymer concentration, the fraction of loops decreases and a relatively perfect network 

with saturated bridge fraction is formed. Such trend is in consistent with the prediction of 

dissipative particle dynamics model.10 From the modulus data, the saturated bridge 

fraction at high concentration is around 0.4 for our gels. Since the dangling fraction for 

this sample at -20 oC is 0.12, the loop fraction is estimated as 0.48 in the plateau region. 

 

Time-concentration superposition (TCS). In analogy to the TTS, the 

time-concentration superposition (TCS) has also been utilized to study the relaxation 

behaviors of triblock copolymer/DMF system. Figure 12a and 12b shows an example of 

G′ and G′′ for samples with different concentrations measured at -20 oC using the data 

obtained at 2.21 mol/L as a reference concentration. Remarkably, all the data superimpose 

into a master curve, which is presented in Figure 12c based on the horizontal shift factor 

aC and vertical shift factor bC shown in Figure 12d. 

Furthermore, the TCS were performed at various temperature with CP of 2.21 mol/L 

as a reference concentration (Figures S8 and S9). The master curves at different 

temperatures show a similar shape. At low temperature, G′ and G″ intersect, giving the 

longest relaxation time L (Figure S8). At high temperature, L cannot be directly 

obtained as only terminal region was observed due to the fast dynamic of the sample at 

sol state. To get more insight into the relaxation dynamics of the TCS process, the L at 

high temperature was estimated by fitting the dynamic moduli with single-mode Maxwell 

model (Figure S9).  



25 

 

 

Figure 12. Frequency dependence of storage modulus G′ (a) and loss modulus G″ (b) for triblock 

copolymer/DMF with different concentrations at -20 oC. (c) Master curves at -20 oC deduced from the 

data in (a) using horizontal shift factor aC and vertical shift factor bC (Reference concentration: 2.21 

mol/L). (d) Concentration dependence of horizontal shift factor aC and vertical shift factor bC used for 

generating the time-concentration superposition master curves at -20 oC.  

 

The longest relaxation time L obtained by combing the TTS and Eq. (2) is plotted 

against L determined by combing the TCS and the fitting with single-mode Maxwell 

model (Figure 13). It is remarkable that L determined with above two methods agrees 

pretty good. This agreement suggests that the relaxation behaviors have the same 

qualitative temperature or concentration dependence. In such case, the relaxation times 

are related through a shift factor 𝑎𝑇 or 𝑎C. As 𝑎𝑇 and 𝑎C are also concentration and 

temperature dependent, respectively, they can be expressed as 𝑎𝑇(C) and 𝑎C(T). 

Accordingly, the more general form of temperature or concentration dependence of 

longest relaxation time is 𝜏L(𝑇, 𝐶𝑟𝑒𝑓) = 𝜏L(𝑇𝑟𝑒𝑓, 𝐶𝑟𝑒𝑓)  𝑎𝑇(𝐶𝑟𝑒𝑓) or 𝜏L (𝑇𝑟𝑒𝑓, 𝐶) = 𝜏L(𝑇𝑟𝑒𝑓, 
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𝐶𝑟𝑒𝑓)  𝑎C (T𝑟𝑒𝑓), where 𝜏L(𝑇, 𝐶𝑟𝑒𝑓) and 𝜏L(𝑇𝑟𝑒𝑓, 𝐶) are the longest relaxation time at 

arbitrary temperature T for a reference concentration Cref and the longest relaxation time 

at arbitrary concentration C for a reference temperature Tref, respectively. The 𝑎𝑇(𝐶𝑟𝑒𝑓) 

and 𝑎C(T𝑟𝑒𝑓) are the parallel shift factors of TTS at reference concentration and of TCS at 

reference temperature, respectively. The 𝜏L(𝑇𝑟𝑒𝑓, 𝐶𝑟𝑒𝑓) referred as the relaxation time at 

reference temperature and concentration. The temperature and concentration 

exchangeable relationship permits us to estimate the longest relaxation time L at any 

temperature and concentration, from a given reference longest relaxation time as well as 

the shift factors aT and aC by a two-step process (Figure 14). For example, we can first 

fix the concentration at the reference state Cref and change the temperature from Tref to T, 

then, keep the temperature at T and change the concentration from Cref to C. Following 

this process, the equation of 𝜏L(𝑇, 𝐶) = 𝜏L(𝑇𝑟𝑒𝑓, 𝐶𝑟𝑒𝑓)  𝑎𝑇(𝐶𝑟𝑒𝑓)  aC(T) can be obtained. 

We can also first fix the temperature at the reference state Tref and change the 

concentration from Cref to C, then, keep the concentration at C and change the 

temperature from Tref to T. By this process, we can have 𝜏L(𝑇, 𝐶) = 𝜏L(𝑇𝑟𝑒𝑓, 𝐶𝑟𝑒𝑓)  aC(Tref) 

 𝑎𝑇(𝐶). Using the data shown in Table S2 and Table S3, we can obtain 𝜏L(𝑇, 𝐶) at any 

given T and C.  
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Figure 13. Plot of longest relaxation time L determined from TTS against L obtained from TCS. The 

unfilled red sphere corresponds to L below Tc (gel state) and the filled red sphere corresponds to L 

above Tc (sol state). The dash line stands for a slope of one. 

  

 

Figure 14. Schema of two-step method for estimating the longest relaxation time L at any temperature 

and concentration from a given reference longest relaxation time 𝜏L(𝑇𝑟𝑒𝑓, 𝐶𝑟𝑒𝑓) as well as the shift 

factors aT and aC. 

 

Conclusion 

In summary, we presented a new ABA triblock copolymer, 

PBMA-b-PMAA-b-PBMA, showing thermally reversible gelation behavior in DMF. The 

self-assembly process and the relaxation behavior as a function of temperature and 

concentration were systemically studied using linear rheology, SAXS, and NMR. Our 

main conclusions are listed as follows: 1) in DMF, the PBMA end blocks self-assemble 
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into micelles bridged by the PMAA mid blocks to form a transient network upon cooling 

below a critical temperature Tc = 5 oC; 2) This Tc determines the intrinsic micellization 

temperature, which is observed as an inflection temperature in the Arrhenius plot of the 

shift factor for the time-temperature master curves (ln aT  1/T). It provides an effective 

method to define the micellization point with rheology method for dynamic physical gel 

with network relaxation time comparable to the experimental observation time; 3) the 

micelle density and aggregation number per micelle increase with increasing polymer 

concentration; 4) the activation energy of micelle relaxation, 250 kJ/mol, is independent 

of polymer concentration; 5) the network relaxation time scales with polymer 

concentration following a strong power law relationship τL ∝ CP
7.6 at a reference 

temperature of -20 oC, due to increase in the fraction of bridging chains with polymer 

concentration; 6) the plateau modulus GN has a strong dependence on polymer 

concentration at low concentration regime, and saturates to a relationship GN ∝ CP
1 at 

high concentration due to formation of relative perfect network structure; 7) the fractions 

of bridge, loop and dangling end blocks are calculated by combing linear rheology, SAXS 

and NMR at -20 oC, as 0.40, 0.48, and 0.12, respectively, for relative perfect network 

structure; 8) the temperature and concentration are exchangeable in determining τL, 

permitting us to estimate the longest relaxation time at any temperature and concentration, 

from a given reference longest relaxation time as well as the temperature and 

concentration shift factors. Since the association of end blocks is caused by the change of 

solvophobic interactions, the self-assembly process and relaxation mechanism revealed in 

this work is not specific for cooling-induced association of the PBMA end blocks of 
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PBMA-b-PMAA-b-PBMA polymers, but should be generic for the cooling- or 

heating-induced association of end blocks of ABA triblock copolymers. 
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Table S1. The monomer concentrations CP of triblock copolymer/DMF samples and the 

corresponding polymer weight fractions WP. 

CP (mol/L) 0.91 1.14 1.26 1.38 1.50 1.98 2.09 2.21 

WP (wt%) 11.5 14.5 16.0 17.5 19.0 25.0 26.5 28.0 

 

 

 

Figure S1. A schematic of the concentric cylinder geometry, where Rb is bob radius, Rc is cup 

radius and L is the bob length.  
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Figure S2. Optical images of homopolymers PBMA and PMAA, and triblock copolymer in DMF 

at 25oC and -20oC, respectively (CP: 1.98 mol/L). 

 

 

Figure S3. Scaling relationship between specific viscosity sp = (-s)/s and concentration CP for 

triblock copolymer DMF solution at 25 oC. Here  and s are the zero-shear viscosity of triblock 

copolymer solution and pure DMF solvent at 25 oC, respectively. The overlap concentration(C* = 

0.21 mol/L) and the entanglement concentration (Ce = 0.79 mol/L) at 25 oC can be obtained from 

scaling relationship1. 
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Figure S4. Temperature dependence of loss factor tanδ at  = 0.5, 1, 10 and 50 rad/s for triblock 

copolymer/DMF with a concentration (CP) of 1.98 mol/L.  

 

 

Figure S5. Frequency dependence of storage moduli G′ (filled) and loss moduli G″ (unfilled) for 

triblock copolymer/DMF at different temperatures with concentrations of (a) 2.01 mol/L, (b) 1.50 

mol/L, (c) 1.26 mol/L and (d) 1.03 mol/L.   
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Figure S6. Representative time-temperature superposition master curves illustrating storage 

modulus G′ and loss modulus G′′ for triblock copolymer/DMF with concentrations of (a) Cp = 1.03 

mol/L, (b) Cp = 1.27 mol/L, (c) Cp = 1.50 mol/L and (d) Cp = 2.21 mol/L. Reference temperature is 

-20 °C.  

 

 

Figure S7. (a) Temperature dependence of normalized NMR area ratio of peak1 to peak9, Sn 

(T)=Speak1/Speak9, and (b) fraction of dangling chains, fdangling, at different temperatures for various 

polymer concentrations. fdangling is calculated by dividing the normalized area ratio Sn (T) with that 

at the plateau regime at high temperatures, Sn, plateau.  
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Figure S8. Representative time-concentration superposition master curves illustrating storage 

modulus G′ and loss modulus G′′ for triblock copolymer solution at temperatures of (a) -15 oC, (b) 

-10 oC, (c) -5 oC, (d) 0 oC and (e) 5 oC (Reference concentration (CP) is 2.21 mol/L).  

 

 

Figure S9. Fitting of storage modulus G′ and loss modulus G′′ with Maxwell model for triblock 

copolymer solution at temperatures of (a) 10 oC, (b) 15 oC, (c) 20 oC, (d) 25 oC, (e) 30 oC and (f) 

35 oC (Reference concentration (CP) is 2.21 mol/L). 
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Table S2. The parallel shift factor aT obtained by TTS at the reference temperature of -20 oC. 

T 

 (oC) 

C
P
 (mol/L) 

0.91 1.14 1.26 1.38 1.50 1.98 2.09 2.21 

-20 1 1 1 1 1 1 1 1 

-15 1.0×10-1 9.9×10-2 1.0×10-1 1.0×10-1 1.0×10-1 1.3×10-1 1.1×10-1 1.2×10-1 

-10 1.3×10-2 1.1×10-2 1.2×10-2 1.2×10-2 1.1×10-2 1.5×10-2 1.7×10-2 1.6×10-2 

-5 2.4×10-3 1.5×10-3 1.5×10-3 1.4×10-3 1.4×10-3 1.7×10-3 2.0×10-3 2.1×10-3 

0 7.9×10-4 2.9×10-4 2.9×10-4 2.2×10-4 2.3×10-4 2.6×10-4 2.9×10-4 2.9×10-4 

5 4.1×10-4 9.8×10-5 8.6×10-5 4.3×10-5 5.2×10-5 5.3×10-5 5.9×10-5 5.6×10-5 

10 2.6×10-4 4.6×10-5 3.6×10-5 1.4×10-5 1.8×10-5 1.5×10-5 1.6×10-5 1.2×10-5 

15 2.1×10-4 2.9×10-5 1.8×10-5 5.4×10-6 9.5×10-6 5.5×10-6 5.1×10-6 3.9×10-6 

20 1.7×10-4 2.3×10-5 1.1×10-5 3.7×10-6 5.6×10-6 2.6×10-6 2.3×10-6 1.9×10-6 

25 1.5×10-4 1.8×10-5 9.2×10-6 2.4×10-6 3.8×10-6 1.3×10-6 1.3×10-6 9.0×10-7 

30 1.2×10-4 1.3×10-5 7.4×10-6 1.8×10-6 2.8×10-6 7.8×10-7 6.7×10-7 4.1×10-7 

35 1.4×10-4 1.3×10-5 5.8×10-6 1.3×10-6 2.1×10-6 5.9×10-7 4.2×10-7 2.6×10-7 
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Table S3. The parallel shift factor aC obtained by TCS at the reference concentration of 1.98 

mol/L. 

T 

 (oC) 

C
P
 (mol/L) 

0.91 1.14 1.26 1.38 1.50 1.98 2.09 2.21 

-20 2.5×10-3 1.5×10-2 2.3×10-2 1.2×10-1 8.3×10-1 4.9×10-1 7.4×10-1 1 

-15 1.2×10-3 5.8×10-3 8.6×10-3 4.0×10-2 3.1×10-2 3.6×10-1 6.4×10-1 1 

-10 4.2×10-4 2.6×10-3 5.1×10-3 1.7×10-2 1.3×10-2 2.0×10-1 4.5×10-1 1 

-5 8.2×10-4 3.3×10-3 5.2×10-3 1.7×10-2 1.7×10-2 1.7×10-1 4.0×10-1 1 

0 5.0×10-4 4.5×10-3 8.5×10-3 2.1×10-2 1.2×10-2 1.8×10-1 4.3×10-1 1 

5 7.8×10-4 5.7×10-3 7.8×10-3 1.2×10-2 1.0×10-2 9.3×10-1 9.9×10-1 1 

10 - - 2.4×10-2 7.5×10-2 7.2×10-2 1.8×10-1 3.6×10-1 1 

15 - - - 6.0×10-3 4.5×10-2 4.0×10-1 8.7×10-1 1 

20 - - - 7.8×10-3 9.2×10-3 3.1×10-2 2.8×10-1 1 

25 - - - - 1.3×10-2 6.0×10-2 6.4×10-1 1 

30 - - - - 1.0×10-2 3.9×10-2 3.2×10-1 1 

35 - - - - - 4.1×10-2 9.4×10-2 1 

*: The ′-′ represents the shift factor aC which cannot be obtained by TCS due to the data accuracy 

limited by rheology resolution.  

 

Calculation of d, Ng and φsol 

The 1D SAXS  profile of triblock copolymer/DMF at -20 oC was fitted by the 

core-shell model with hard sphere repulsions2–5. This model describes interacting hard 

cores surrounded by outer shell. According to this model, the scattering intensity can 

be expressed as  

                           𝐼(𝑞) =  𝐾𝑁𝑆(𝑞)𝑃(𝑞)                (1) 

Here 𝐾 is a constant, 𝑁 is the number of scatters, 𝑆(𝑞) is the structure factor 

accounting for the inter-particle correlation, and 𝑃(𝑞) is the form factor accounting 

for the shape of particle. The 1D SAXS profile was fitted with SasView software with 
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four parameters r, (Δr)/r, t and η, where r represents the radius of the hard core, (Δr)/r 

represents the standard deviation over the mean value r, t represents the shell 

thickness, and η represents the volume fraction of hard‐core and shell parts. Based on 

above fitting parameters the average distance between micelles, d, is given by6 

𝑑 =  
2𝜋

𝑞
                                (2) 

The aggregation number, Ng, or the number of end blocks per micelle, is given by 

𝑁𝑔 = (1 − 𝑓𝑑𝑎𝑛𝑔𝑙𝑖𝑛𝑔) (
2𝐶𝑃𝑁𝑎

𝑁
) × 𝑑3         (3) 

where 𝑁𝑎  is Avogadro’s number, and N is the degree of polymerization of the 

triblock copolymer. 

The volume occupied by end blocks themselves per micelle can be calculated by the 

following equation: 

                   𝑉𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘 =
𝑀𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘

𝜌𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘𝑁𝐴
𝑁𝑔                   (4) 

where 𝑀𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘 and 𝜌𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘 is the number average molecular weight of one end 

block and the corresponding bulk polymer density of the end block without solvent, 

respectively. 𝑀𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘 = 10650 g/mol and 𝜌𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘 = 1180 kg/m3 were used for 

the PBMA end block. For CP = 1.98 mol/L at -20 oC, the Ng is 252. It gives a PBMA 

volume of 3752.5 nm3. 

The volume occupied by a micelle is: 

                     𝑉𝑚𝑖𝑐𝑒𝑙𝑙𝑒 =
4

3
𝜋(𝑟 + 𝑡)3                     (5) 

 

 The solvent volume fraction in a micelle, φsol, is given by7 

       𝜑𝑠𝑜𝑙 = 1 −
𝑉𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘

𝑉𝑚𝑖𝑐𝑒𝑙𝑙𝑒
= 1 −

3𝑁𝑔𝑀𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘

4𝜋(𝑟+𝑡)3𝑁𝑎𝜌𝑒𝑛𝑑𝑏𝑙𝑜𝑐𝑘
                  (6) 
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