
 1 

 

 

 

 

This is the Author’s submitted manuscript version of the following 

contribution: 

Monduzzi M.*, Musu G., Grosso M., Carucci C., Lindman B., Söderman 

O., Salis A.*, Effect of electrolytes on the sol-gel phase transitions in a 

Pluronic F127/carboxymethyl cellulose aqueous system: phase map, 

rheology and NMR self-diffusion study, European Polymer Journal 181 

(2022) 111707.   

 

 

The publisher's version is available at: 

https://doi.org/10.1016/j.eurpolymj.2022.111707  

 

When citing, please refer to the published version. 

 

 

 

This full text was downloaded from UNICA IRIS https://iris.unica.it/  

https://www.sciencedirect.com/science/article/pii/S001430572200711X
https://www.sciencedirect.com/science/article/pii/S001430572200711X
https://www.sciencedirect.com/science/article/pii/S001430572200711X
https://doi.org/10.1016/j.eurpolymj.2022.111707
https://iris.unica.it/


 2 

Effect of electrolytes on the sol-gel phase transitions in a 

Pluronic F127/carboxymethyl cellulose aqueous system: 

phase map, rheology and NMR self-diffusion study. 

 

Maura Monduzzi, 1,2,* Giulia Musu, 1 Massimiliano Grosso, 2,3 Cristina Carucci, 1,2 

Björn Lindman, 4,5 Olle Söderman, 4 and Andrea Salis 1,2,* 

1 Dipartimento di Scienze Chimiche e Geologiche, University of Cagliari, SS 554, Bivio Sestu, 

09042 Monserrato, CA, Italy;  

2 Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande Interfase (CSGI), via della 

Lastruccia 3, 50019 Sesto Fiorentino, FI, Italy ;  

3Dipartimento di Ingegneria Meccanica Chimica e dei Materiali, University of Cagliari, Via 

Marengo, 2, 09123 Cagliari, Italy; 

4 Division of Physical Chemistry, University of Lund, P.O. Box 124 , S-221 00 Lund, Sweden; 

5 Coimbra Chemistry Centre, Department of Chemistry, University of Coimbra, Rua Larga, 

3004-535, Coimbra, Portugal. 

 

*Corresponding Authors: 

Maura Monduzzi (monduzzi@unica.it) 

Andrea Salis (asalis@unica.it) 

 

 

Keywords: Pluronic F127, NaCMC, electrolytes, thermoresponsive hydrogels. 
 

 

Manuscript: 5848 words (all captions and Tables are enclosed),  
Abstract: 192 words 
Figures: 5 
Tables: 3  

mailto:monduzzi@unica.it
mailto:asalis@unica.it


 3 

Abstract 

This investigation aims to obtain a thermosensitive platform useful for specific nanomedicine 

applications through the addition of suitable salts. An aqueous mixture consisting of the 

copolymer Pluronic F127 and sodium carboxymethyl-cellulose, in a ratio of 20/4 by weight, in 

the presence of different concentrations of Na2SO4, NaCl, and NaSCN, was investigated using the 

visual inversion tube approach to estimate a phase map, and then characterized through 

rheological measurements. The formation of a cubic liquid crystalline phase at temperatures 

higher than 37 °C was suggested in all systems. The complex viscosity decreases in the presence 

of salts in the order Na2SO4 > NaCl > NaSCN with more marked effect for lower concentrations. 

For the polymer mixture and for a sample containing NaCl, 1H NMR self-diffusion experiments 

display a non-mono-exponential decay of the echo signals of Pluronic F127, caused by the 

polydispersity of commercial Pluronic F127. The rheological properties along with the 

diffusion behaviour of the liquid crystal micelles suggest that a sample containing NaCl 0.07 

mol/kg, with a sol-hard gel transition temperature around 35 °C, may be a suitable formulation 

for a potential thermosensitive drug delivery system.  

 

  



 4 

Graphical Abstract 

 

Synopsis 

A simple thermoresponsive platform for drug delivery: Pluronic F127, NaCMC and NaCl. 
 
 
 
 
 
Highlights 
° Pluronic F127, NaCMC, and NaCl provide a thermoresponsive platform suitable for drug-
delivery. 
° Complex viscosity profile resembles the trend of the elastic modulus. 
° Hofmeister effects are highlighted by complex viscosity. 
° Salt addition decreases crowding effect of NaCMC on F127. 
° PGSE NMR highlights F127 polydispersity. 
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1. Introduction 

Water-based formulations generally contain both amphiphilic compounds, like surfactants and 

block copolymers, and hydrophilic polymers.[1,2] Whereas the amphiphilic compound 

traditionally was a simple low molecular weight surfactant, block copolymers, like Pluronics, 

ethylene oxide-propylene oxide copolymers have gained increased focus in recent years.[3–7] 

Regarding the hydrophilic polymers there has been a trend to go from synthetic ones to those 

based on polysaccharides;[8–13] polysaccharide-based polymers include cationic, anionic and 

nonionic ones.  

Particularly, thermoresponsive copolymers are a class of "intelligent" materials that have the 

property of responding to stimuli due to changes in temperature, and can be functionalized to 

include other stimuli dependence such as pH, ionic strength, electric and/or magnetic fields and 

light.[14–20] These polymers have a wide range of applications including sensors, drug 

delivery or gene delivery systems and tissue engineering.[21–29]  

Pluronic F-127 is a non-ionic three-block copolymer, namely EO97PO68EO97 (EO = oxyethylene, 

PO = oxypropylene), with relatively high molecular weight MW ≈ 12.5 kDa. The phase diagram, 

investigated by several authors,[30–34] shows that a clear solution of unimers and micelles 

exists at low temperature and concentration. At higher temperatures, phase transitions occur 

leading to the formation of liquid crystalline gels having different viscoelastic behaviour in 

response to changes either in temperature or in concentration. Some phase diagrams are 

reported in SI (Figures S1 and S2).[32,34] The formation of hard or soft gels is related to the 

occurrence of cubic liquid crystal (LC) phases.[31,35,36] Notably, a 20 wt% solution of highly 

purified Pluronic F127 is disordered for T < 13 °C, shows face-centered cubic (fcc) structures 

LC in the range T = 13-22 °C, and forms LC having body-centered cubic (bcc) structure for T > 

22°C. For commercial Pluronic only face-centered cubic structures LC of slightly different 

nature were identified.[36] 
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Due to the thermoresponsive behaviour of Pluronics many investigations have reported 

rheological experiments to characterize the details of phase diagrams.[32,37–39]  The addition 

of anionic or cationic surfactants to Pluronics leads to a lowering of the strength of the gel and 

to dissolution, due to the formation of mixed micelles.[40–43] Furthermore, the addition of 

large amounts of strong electrolytes can reduce the strength of the gel, thus modifying the 

phase diagram and the critical temperatures of sol-gel transitions and clouding.[44–47] These 

phenomena depend on the ability of the salt to influence the hydration energy of the PEO chain, 

although different and more complex phenomena are likely to be involved.[2,5,9,44] 

Sodium carboxymethylcellulose (NaCMC) is another widely investigated polymeric 

hydrocolloid, obtained from cellulose treatment. NaCMC is a water-soluble anionic 

polyelectrolyte, often used as a modifier of the rheological properties, binding and thickening 

agent.[48–53] Furthermore, NaCMC can form films, is non-toxic, has a certain degree of 

adhesiveness, displays water retention characteristics and is resistant to oils, greases, and 

organic solvents. When monovalent salts are added in NaCMC solutions, the solution shows a 

behaviour typical of polyelectrolytes: the increase in the salt concentration leads to a decrease 

in electrostatic stiffening and "excluded volume" with a consequent decrease in the viscosity of 

the solution. [12,13,54,55] 

Stability and dynamic behaviour of these macromolecules in aqueous solution can be modified 

by adding different salts, through electrostatic and dispersive interactions. Dispersive 

interactions are often referred as “Hofmeister effect”,[56–59] and have been recognized in 

many chemical and biological processes through diverse technical approaches and 

modeling.[60–65] The solubility of macromolecules in water may decrease on adding anions in 

the order HPO42- > SO42- > F- > Cl- > Br- > I- > NO3- > ClO4- > SCN-, or cations in the order Cs+ > 

NH4+ > Rb+ > K+ > Na+ > Li+ > Mg2+ > Ca2+. It has been suggested that ions can somehow alter the 

structure of water and its macroscopic properties,[66–69] although a more intricate 
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phenomenon involving weak ion-polymer association is likely to occur when dealing with non-

ionic polar polymers or polyelectrolytes. Indeed hydration of both ions and chains as well as 

direct interactions between the ions and the polymer backbone, involving a complicated 

balance between electrostatic and dispersion forces, should be considered,[5,58,70–73] For 

instance, the “solute partitioning model” by Pergram and Record [74–76] suggests that the 

“salting-out” effect is due to the exclusion of ions from the hydration sphere of the polymer and 

that the “salting-in” effect is due to the accumulation of ions at the polymer interface. 

Interestingly, the amount of each salt to produce Hofmeister effects is significantly dependent 

on the type of system as widely demonstrated.[72,77–79] 

In this study we consider a mixed system of an EO-PO block copolymer, Pluronic F 127, and an 

anionic cellulose derivative, sodium carboxymethyl cellulose, NaCMC.[10–13] In such a system, 

interactions with ions will be crucial but the two components will respond very differently. The 

Pluronic will, as clearly demonstrated in phase separation studies,[40,44,46,47,80] associate 

with polarizable ions to increase the temperature of phase separation from water (the cloud 

point); ions with low polarizability will show an opposite effect and decrease the solubility of 

the Pluronic. For a polyelectrolyte like NaCMC, the interaction with electrolyte will be 

completely different and follow another sequence. To understand the behaviour, crucial for 

formulation work, we studied the effect of different electrolytes on a mixed system of Pluronic 

F127 and NaCMC, a typical combination in many formulations. Pluronic shows a self-assembly 

which is strongly dependent on temperature, leading to phase changes, whereas NaCMC is 

largely independent on temperature. The main aim is to obtain tunable phase transition 

temperatures through salt addition for a thermosensitive formulation platform potentially 

useful for specific nanomedicine applications. 

Most investigations related to salt addition to thermosensitive polymers imply the use of salt 

concentrations higher than 1 M, whereas the present work focuses on the use of much lower 
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salt concentrations to highlight specific subtle interactions between the polymer mixture and 

the hydrated ions while minimizing the role of ionic strength. Here, we report a qualitative 

phase map obtained through the visual inversion tube method, the sol-gel transition 

temperatures in some selected samples determined using rheological measurements,[39,81] 

and molecular motions highlighted by NMR self-diffusion data.[82–88] 

 

2. Experimental 

See SI for used chemicals and technical details (Sample preparation, inversion tube, 

rheological measurements and NMR self-diffusion). 

 

3. Results and Discussion  

3.1 Sol-gel phase maps.  

The samples containing a fixed ratio of Pluronic F127/NaCMC = 20/4 w/w (the weight fraction 

of F127 was 20 wt% in all samples) and sodium salts at the concentrations 0.01-0.07 mol/kg 

(referred to the solvent amount) were investigated to obtain a preliminary evaluation of phase 

transition temperatures through the inversion tube method.  

Figure 1 shows the heating curves for the examined samples. See also Figures S3 a-c in SI. The 

first sol-gel transition is observed at about 23 °C for all samples in the range of salt 

concentration 0.01-0.06 mol/kg. According to literature, this gel can be defined as a hard gel, 

consisting of micelles organized in compact fcc cubic liquid crystals.[36]  
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Figure 1. Inversion tube results. All samples contain 24 wt% of polymer mixture (F127/NaCMC = 20/4), 

and salt concentration is referred to solvent content (76 wt%). Temperatures (light blue) on the T axis 

indicate data observed for F127 alone, from DSC experiments, as cmt (16.4 °C), sol-hard gel (26.3 °C), 

and hard gel-soft gel (60.4°C) transitions (see Figure S1 in SI).[32] 

 

In agreement with findings for F127 alone three phase transitions are observed: 1) sol-hard 

gel, which is a transition from micellar solution to cubic phase; 2) hard gel-soft gel which is a 

transition between two cubic phases, “softness” being induced by shrinking EO chains; 3) 

separation into two phases, one polymer-rich and one water-rich, i. e. a typical clouding 

phenomenon. Strikingly, transition 1) occurs at lower temperature than that found for F127 

alone but is apparently unaffected by electrolyte concentration and there is no difference 

between the different electrolytes.  Regarding transitions 2) and 3) there are qualitatively the 

same effects for the different electrolytes with some quantitative differences in the presence of 

NaCl, with increasing salt concentration. In the case of a salt concentration of 0.07 mol/kg 

samples were fluid solutions up to about 43 and 44 °C in the presence of Na2SO4 and of NaSCN, 

and up to about 54 °C in the presence of NaCl. The temperatures at which these transitions 

occur decrease with increasing salt concentrations. Clouding temperature, however, cannot 

clearly be identified through visual inversion tube method. For salt concentration 0.07 mol/kg, 

samples show only one sol-hard gel transition: a further increase of temperature induced a 

weak turbidity but no significant increase of fluidity. In summary, the visual measurements 
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carried out with the inversion tube method show that the addition of salts to the F127-NaCMC 

system shows similar transition temperatures as found for the two sulfate and thiocyanate 

anions that are at opposite ends of the Hofmeister series. The chloride, on the other hand, 

differs considerably from the trends observed for the other two anions.  

Another crucial point, mentioned in the experimental section, is related to the fact that 

thermoreversibility in cooling ramps occurs in very long times compared to heating ramps (cfr. 

Figures S3 a-c in SI). Indeed, clouding implies phase separation whose consequence is the 

formation of very small water droplets that, during cooling, the liquid crystal gel can reabsorb 

only very slowly thus determining a marked hysteresis, namely an apparent non-

thermoreversibility. Very long cooling times to rearrange the polymer chains of F127, 

intermingled with those of NaCMC, are needed. Similar behaviour was observed also for 

rheology experiments (see below).  

An analysis of the thermal behaviour of the aqueous system of F127-NaCMC-electrolyte must 

be based on the understanding of the different systems with two cosolutes, namely the 

polyelectrolyte NaCMC and salt in water. Electrolyte addition to aqueous solutions of nonionic 

surfactants and block and graft copolymers with EO groups as well as of many other nonionic 

polymers, like cellulose derivatives, give a consistent picture: highly polarizable anions like 

iodide and thiocyanate favour the compatibility with water whereas small less polarizable ions 

give the opposite effect. The simplest manifestation of this is that the former ions raise the cloud 

point whereas the latter ones lower it. The underlying mechanism as well as other 

consequences have been described in several publications. In the case of F127 we can note that 

polarizable ions such as SCN- raise the temperatures of the different transitions whereas the 

opposite is true for small ions such as Cl-.[44] Both cmt and Cloud Point decrease in the 

presence of NaCl and increase when adding NaSCN.[47] However, in all cases, the effects are 

never significant for salt concentrations lower than 0.2 M.[44,47]  Notably, the addition of 
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Na2SO4 (0.28 molal) was shown to cause the loss of gel formation in a solution of F127 20 

wt%.[46] 

Adding a hydrophilic polymer that does not associate with F127 is expected to have a 

“crowding” effect, effectively increasing the F127 concentration and thus shifting the thermal 

transitions to lower temperatures. Since NaCMC has high charge density, general electrostatic 

effects rather than polarizability dominate. On salt addition NaCMC contracts, and the effective 

volume of the polyion in water decreases leading to a reduction of the crowding effect.  As can 

be seen from the results (see also below in rheology section) the different expectations are 

confirmed in our study, including a lowering of the sol-gel transition by NaCMC, and a lowering 

of both the hard gel-soft gel and clouding temperature by electrolyte addition. 

 

3.2. Rheological measurements  

Two samples without salt, one containing F127 20 wt% (sample F), and the other the mixture 

F127/NaCMC = 20/4 w/w (sample F/C), along with samples F/C containing 0.05 and 0.07 

mol/kg of salts were selected for rheological measurements. Table 1, in the 1st column, reports 

name and composition of the investigated samples. Temperature ramps with a heating rate of 

1°C min-1, and oscillatory frequency of 1 Hz were carried out.  

The trends of the parameters G’ (storage modulus), G” (loss modulus), tan  (loss factor) and 

complex viscosity *, described in Eq.s S1-S3, were examined. 
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Table 1 Rheological parameters obtained from the increasing temperature ramps. 

Sample 

(salt conc. 

in mol/kg) 

T °C 

(cmt) 

tan 𝜹 (T °C) 

Max 

T °C 

(sol-hard gel) 

* (T °C) 

 (tan 𝜹 > 1) 

mPa s 

η* (T °C) 

(tan 𝜹 < 1) 

mPa s 

F  

Pluronic F127 

19.0 12.5  20.5 448 (20) 91736 (21) 

F/C  

F127+NaCMC 

16 3.66  17.5 4231 (17) 49296 (18) 

 

      

F/C_1 

+ Na2SO4 0.05 

20 4.79  25.5 3732 (25) 6568 (26) 

 

F/C_2 

+ Na2SO4 0.07 

20 11.1  25.5 1878 (25) 19719 (26) 

F/C_3 

+ NaCl 0.05 

15 4.44  21.5 3404 (21) 5408 (22) 

F/C_4 

+ NaCl 0.07 

28 5.09  34.5 869 (34) 2848 (35) 

F/C_5 

+ NaSCN 0.05 

22 6.37  27.5 2088 (27) 5662 (28) 

 

F/C_6 

+ NaSCN 0.07 

23 4.31  24.5 745 (24) 1863 (25) 

 

Table 1 reports the following data: the cmt (column 2) identified as the T at which the highest 

value of tan δ (column 3) is measured before the sol-gel transition; the sol-hard gel transition 

T (column 4) is identified at tan δ = 1, when G’ = G”; the complex viscosity η* measured at the 

lowest T before (tan δ > 1, column 5) and after the sol-gel transition (tan δ < 1, column 6). Figure 

2 shows G’, G” and tan δ for samples F (3A) and F/C (3B), whereas data for samples containing 

salts are reported in SI, Figure S4 (a-f). The (hard gel)–(soft gel) transition was not clearly 

identified due to the complexity of the G’ and G” trend in the presence of salts 0.05 mol/kg (see 

Figures S3 in SI). 

3.2.1 Effect of NaCMC addition to Pluronic F127 

To evaluate the effect of adding NaCMC we note that the main differences in the parameters 

shown in Table 1 and Figure 2 are associated with the transition temperatures and to the values 



 13 

of the moduli and of tan δ, particularly for T > 30 °C. 

 

A B 

Figure 2. Rheology experiments. Storage Modulus (G’), and Loss Modulus (G”) on left axis (log scale) 

and Loss Factor (tan  = G”/G’) on right axis (log scale) vs. T (°C) for (A) Pluronic F127 20 wt% (sample 

F); (B) Pluronic F127 20 wt% + NaCMC 4 wt% (sample F/C).  

 

Both cmt and sol-hard gel transition temperatures decrease in the presence of NaCMC. The 

formation of a hard gel is related to the assembly of micelles in highly viscous cubic liquid 

crystals, likely with fcc structure.[31,35,36,89] The formation of the gel implies that the elastic 

component becomes more important, that is G’ > G”, and tan  < 1. In the case of F127 tan  does 

not change significantly in the temperature range 21-40 °C. With further increase of T, G’ 

increases while G” decreases, thus tan  decreases, likely due to the (hard gel)-(soft gel) 

transition for T > 50 °C. In the presence of NaCMC, after the sol-hard gel transition, tan  

fluctuates and increases up to 47 °C: this maximum can tentatively be associated to the starting 

of the (hard gel)-(soft gel) transition. This is in line with our interpretation above on a crowding 

effect on F127 exerted by NaCMC leading to a lowering of the temperature for micelle and cubic 

liquid crystal formation. Finally, we can remark that the complex viscosity * (see Table 1, 

columns 5 and 6) just before the sol-gel transition increases almost one order of magnitude 
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because of NaCMC addition, while it decreases by about a factor of two immediately after the 

transition into the gel phase. 

This behaviour indicates quite complex interactions between the non-ionic Pluronic polymer 

and the polyelectrolyte NaCMC as a result of a dominant crowding effect along with a 

rebalancing between hydration and electrostatic forces.  

3.2.2 Effect of salt addition to F127/NaCMC mixture 

Considering the rheological data, obtained from the parameters shown in SI (Figures S3) and 

reported in Table 1, we note that salt addition increases both the temperatures of micelle 

formation (cmt) and of the sol-(hard gel) transition. In addition, we highlight the following 

trends as a function of salts and their concentration: i) tan  = 1 is observed at increased T in 

the order Cl- < SO4- < SCN- for salts 0.05 mol/kg, and SCN- < SO42- < Cl- for salts 0.07 mol/kg; ii) 

η* in the vicinity of the sol-gel transition is always lower than that determined in the absence 

of salts (see Table 1, columns 5 and 6), likely as a consequence of the higher transition 

temperatures. 

The trend of tan  vs.  reflects the variations of the balance between the viscous and the elastic 

behaviour (see eq. S2) and allows to clearly detect the sol-gel transition temperature. Similarly, 

the complex viscosity, calculated through eq. S3, is a measure of the total resistance to flow as 

a function of T at constant oscillation frequency (1 Hz). Notably, these features play a crucial 

role in addressing stability and possible applications of a formulation platform. This can clearly 

be seen in Figure 3 where tan  vs. T (Figure 3A) and * vs. T (Figure 3B) for the polymer 

mixture F/C alone (black line) and in the presence of the three salts at the concentration of 0.05 

mol/kg (dashed lines) and 0.07 mol/kg (continuous lines) are reported.  
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A   B 

Figure 3. Effect of salts on rheological behaviour. (A) tan  vs. T (10-45 °C) and (B) Complex Viscosity 

* vs. T (10-70 °C) for sample F/C alone (black line), and in the presence of salts Na2SO4 (blue), NaCl 

(green), NaSCN (violet) at different concentrations: dashed lines 0.05 mol/kg; and continuous lines 0.07 

mol/kg. The tan  and * are here shown after a smoothing treatment (all original data are reported in 

SI Figures S4 and S6).   

 

Substantially, tan  shows a much less steep decrease during the sol-(hard gel) transition than 

that observed for samples F and F/C (see Figure 2), particularly in the presence of salts 0.05 

mol/kg when the different sol-gel transitions occur through a multi-step process within a large 

range of temperature. These trends agree with the transitions observed through the inversion 

tube method. The trend of complex viscosity *, shown in Figure 3B, highlights the significant 

decrease of the values due to the increase of salt concentration. Both tan   and * indicate a 

significant increase of the temperature for the sol-(hard gel) transition, particularly in the 

presence of NaCl 0.07 mol/kg.  

Before commenting on these data, we should recall that an increase of tan  is generally due to 

an increase of energy dissipation potential (viscous behaviour), whereas a decrease is due to 

an increase of energy storing capability (elastic behaviour), that can simply be ascribed to the 

presence of objects and interactions that impose restrictions to molecular motions.  
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Several works have reported that Pluronic polymers, polyelectrolytes and their mixtures are 

strongly affected by cosolute addition as far as rheological behaviour[40,44,47,90] and other 

physical properties, such as cmt, melting and clouding points, solubility, surface tension, or 

intrinsic viscosity[12,50,77,91–96] are concerned. In several cases, anions showed a clear 

Hofmeister effect on cmt and clouding, that is, kosmotropic anions decrease whereas the 

chaotropic anions increase the transition temperatures.[41,44,47,77,90,94] Substantially, it 

has been pointed out that several added salts decrease viscosity of NaCMC solutions, due to a 

decreased electrostatic stiffening and excluded volume.[12,97] In the case of Pluronic F127 (30 

wt%), the addition of small amounts of NaCl caused a decrease of the storage modulus.[93] In 

addition, some works based on light scattering experiments by Zhang et al., [72,77,94,98] 

highlighted complex mechanisms related to phase transition temperatures of some polymers 

(namely Pluronic L44 and PNIPAM) as a function of temperature, in the presence of sodium 

salts at different concentrations: poorly hydrated anions modulate temperature transitions 

through a two-step mechanism, and interact specifically with polymer hydrophobic groups, 

whereas highly hydrated anions, due to significant interaction with polymer hydrophilic 

moieties, cause entropic changes in the polymer hydration water molecules, and modulate 

temperature transition via a single step. Presumably, the simultaneous presence of two kinds 

of polymers, one of which is a polyelectrolyte sharing the sodium cation with the added salts, 

may further complicate the mechanisms underlying the phase transitions. 

Indeed, turning the attention to our results, we can notice that the trends of tan  and η* in 

Table 1 and Figure 3 do not allow an unequivocal interpretation of salts effects in terms of 

concentration or Hofmeister series. However, focusing on the complex viscosity, we can note 

that the storage modulus G’ addresses substantially the trend of η* as a function of temperature.  

Indeed, the highest values of both η* and G’ occur at the same temperature in each system (see 

the plots of G’, G” and η* for all systems, reported in SI Figure S6 b-h, where the same linear 
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scale was adopted to allow for a comparison among the different systems and on the effect of 

concentration for each salt). Figure 4 summarizes the main results obtained in the presence of 

salts 0.05 (Figure 4A) and 0.07 (Figure 4B) mol/kg, presented in comparison with samples F 

and F/C without salts.  

 

A B 

Figure 4. G’ (dark grey bars), G” (blue bars), and η* (green bars), in the absence and in the presence of 

different sodium salts 0.05 mol/kg (A) and 0.07 mol/kg (B). Data for samples F and F/C without salts 

are given for comparison.  

 

A clear effect of salt addition can easily be seen considering the values of the G’ and G” after the 

sol-(hard gel) transition: i) G’ > G” is always observed; ii) both G’ and G” along with η* show a 

significant decrease with increasing salt concentration (see the different y-scales in Figures 4A 

and 4B); iii) the maximum viscosity value ηmax* of each system is recorded at different T, but, 

notably, decreases with increasing salt concentration, as also observed for η* immediately 

before and after the sol-gel transition (see Table 1, column 5 and 6). The marked decrease of η* 

with increasing salt concentration is clearly seen also in Figure 4B. 
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Data obtained for samples F and F/C, also reported for comparison, highlight an interesting 

result, that is the addition of NaCMC significantly decreases either the T at which ηmax* is 

observed (≈15°C), or the values of G’ (≈ 23%), G” (≈ 69%), and ηmax* (≈ 25 %).  

Salt addition causes a significant increase in the temperature at which ηmax* is observed, and 

for each salt, the increase of concentration causes a decrease of all the parameters. Notably, the 

anion Hofmeister series can clearly be seen in the difference between the two concentrations 

(0.05-0.07) for the parameters G’ and ηmax*, but not for G” (see Table S1 in SI): the difference 

between the two concentrations decreases in the order SO4-2 > Cl- > SCN-. This indicates that 

increasing the concentration of a weakly hydrated anion, such as SCN-, the storage modulus and 

hence complex viscosity are less affected than in the case of a well hydrated anion such as SO42. 

In summary, however, we should remark that the Cl-, that is located in the middle of the 

Hofmeister series, is the anion that, at the relatively small concentration of 0.07 mol/kg, induces 

a very high increase (17 °C) in the sol-(hard gel) transition temperature. 

The complexity of the system makes macroscopic behaviour, like rheology, dependent on many 

molecular interactions. The rheological data demonstrate that the system is quite sensitive also 

to relatively minor changes in either composition or the identity of the electrolyte added; they 

are in line with the phase transition picture described above. A general feature is that NaCMC 

is sensitive to electrolyte addition. The crowding effect leads to an effective concentration 

increase of F127 that is counteracted on electrolyte addition. The effect of electrolyte addition 

on NaCMC is only weakly specific, whereas for F127 a marked anion specificity has been 

detected,[44,46,47] using however relatively high salt concentrations. The balance of these 

effects underlies the rich rheological behaviour as discussed above. 

 

3.3 NMR self-diffusion experiments 
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To extract information on the dynamics of the F127 as a function of temperature, F/C and F/C_4 

samples were selected for NMR PFG experiments to obtain self-diffusion coefficients. The self-

diffusion coefficients of water Dw, and of Pluronic DP were determined at three different 

temperatures. Table 2 reports the self-diffusion coefficients obtained for the water signal 

(water solution containing 20 wt% of D2O was used for lock purpose) and for the NMR signals 

CH2 and CH3 of the Pluronic F127 polymer (20 wt). The NaCMC (4 wt%) NMR signals have very 

low intensities.  

Starting with the water diffusion coefficients Dwobs values are within experimental error equal 

in the sample with and without added NaCl. The increase in the rate of water diffusion is mainly 

due to the change in water viscosity with temperature. Introducing the solvent viscosity 

𝜂𝑤
0  reported in Table S3 (SI), the product 𝐷𝑤

0 (𝑇) × 𝜂𝑤
0 (𝑇) (see Eq. S6) is reasonably constant: 

for the salt free sample F/C; the values, determined at 16, 30, and 46 °C, are 1.0 10-12 kg m s-2, 

1.12 10-12 kg m s-2 and 1.19 10-12 kg m s-2, respectively. There is a definite increase with T as 

can be expected from dehydration of F127. Similar values are calculated for the sample with 

NaCl. These data also yield similar activation energies calculated from the Arrhenius plot of 𝐷𝑤
0  

values (see Figure S7 in SI) 

 We next turn to the diffusion data for F127. According to previous works [33,43] we note that 

the echo decays are non-mono-exponential, so they were analysed with a biexponential 

function (Eq. S5) (see an example in SI, Figures S8 a-b). This approach rests on the assumption 

that there are two fractions of F127 in slow exchange on the relevant NMR timescale (a few 100 

ms), each with a well-defined diffusion coefficient. This is clearly an approximation as F127 is 

a polydisperse polymer (see also ref. [43] for a discussion on this issue). 

 

Table 2. Observed NMR Self-Diffusion coefficients of water Dwobs and of Pluronic F127 DPobs for 

samples F/C and F/C_4 at different temperatures.  

Sample T (°C) Dwobs  DP  DPobs   (a) pfast    (b) 
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109 m2s-1 m2s-1 (eq. 5) 

 

F/C 

no salt 

16 0.77 + 0.007 

 

Dfast CH2 5.06±0.6 x10-12 0.304+0.043 

Dslow 1.29±0.38 x10-13  

Dfast CH3 3.7±0.8 x10-12 0.14+0.04 

Dslow 1.9±0.6 x10-13  

30 1.18 + 0.01 

 

Dfast CH2 1.09±0.04 x10-11 0.211+0.005 

Dslow 1.17±0.15 x10-13  

Dfast CH3 7.22±0.69 x10-12 0.076+0.007 

Dslow 7.2 ±1 x10-14  

46 1.72 + 0.02 Dfast CH2 1.77±0.05 10-11 0.175+0.003 

Dslow 1.25±0.1 x10-13  

Dfast CH3 1.11±0.11 x10-11 0.046+0.003 

Dslow 8.3±0.8 x10-14  

       
 

F/C_4 

NaCl 

0.07 

 

16 0.82 + 0.008 Dfast CH2 6.56±0.26 x10-12 0.29+0.01 

Dslow 3.35±0.3 x10-13  

Dfast CH3 3.44±0.57 x10-12 0.21+0.05 

Dslow 2.64±0.8 x10-13  

27 1.15 + 0.01 Dfast CH2 1.23±0.03 x10-11 0.200+0.003 

Dslow 2.10±0.09 x10-13  

Dfast CH3 6.8±0.8 x10-12 0.084+0.009 

Dslow 1.07±0.2 x10-13  

46 1.72 + 0.02 Dfast CH2 1.94±0.08 10-11 0.173+0.003 

Dslow 1.57±0.11 x10-13  

Dfast CH3 1.36±0.16 10-11 0.039+0.002 

Dslow 1.36±0.07 x10-13  

(a) the relatively high errors reported for Dslow, particularly for CH3 signal is because the maximum 

G2 (Eq. 5) values only reduce the echo-intensities by around 10-30 % in all experiments 

(b) from the exponential fitting of Eq. 5 (using Kaleidagraph), the pslow fraction is calculated as pslow 

= 1-pfast. 

 

The weight factor of the slow component pslow in the biexponential fits is around 0.8 - 0.95, 

except at T = 16 °C, when both samples are in the sol phase and show a higher content of the 

fast component pfast around 0.3. If one were to take relaxation weighting into account,[33] the 

pslow fraction would be even higher as the NMR relaxation rates in the aggregated Pluronic 

component is presumably faster than for the “free” component. 
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The two components can be identified as “aggregated” (giving rise to the slow diffusing 

component Dslow) and “free” (giving rise to the fast component Dfast) F127, and the quoted 

values of the diffusion coefficients should be regarded as averages of each fraction. To facilitate 

the further discussion, we present in Figure 5(A-B) the F127 diffusion data from Table 2. 

A B C 

Figure 5. NMR self-diffusion coefficients of the two components DPfast and DPslow of F127 as a function of 

T (103/T), for both CH2 and CH3 groups, determined in sample (A) F/C and (B) F/C_4. The error bars are 

obtained from the biexponential fitting. (C) Distribution of Dfast and Dslow for CH2 and CH3 NMR echo-

decay at 30°C, for sample F/C in the gel phase. An in-house MAtlab code, based on the work by Whittall 

and MacKay was used. [99] 

 

The diffusion coefficients obtained from the CH3 group of the PO differs from those of the CH2 

of the EO unit for both the slow and the fast components. Although the difference is not 

substantial, we judge it to be a real effect. The difference reflects the polydispersity of the F127 

triblock polymer. For a true biexponential situation (e.g. a monodisperse micellar component 

and a monodisperse “free” polymer) the diffusion coefficient of the CH2 and CH3 groups must 

be the same. For a polydisperse situation (with slow exchange between aggregated and “free” 

Pluronic) the effect is caused by the different ratios of EO to PO in the two populations. Inverse 

Laplace transforms (ILT) of the echo decays provide a more general way of treating non-mono-

exponential echo decays (see ref. [43] for details).  An ILT analysis for the F/C sample at 30°C 

is shown in Figure 5C, giving further support for the discussion above. 
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Turning to the diffusion of the fast component it increases, as expected, with temperature as 

reported in Figure 5A-5B (lines black and blue). The increase cannot be explained by the 

temperature dependence of the solvent viscosity (see viscosity data in Table S3 in SI for 

H2O/D2O = 80/20 mixture) alone but reflects the fractionation of the polydisperse Pluronic 

with temperature. This can clearly be seen in Figure 5A-5B where the DPfast values (reported on 

a log scale) do not show a linear dependence on 1/T as expected for a single molecular moiety. 

As temperature increases the more hydrophilic components, with higher EO/PO ratios and 

lower molecular weights remain in solution, as previously demonstrated.[43] Here, F127 

unimers diffuse in a lattice of Pluronic micelles, where the latter make up a volume fraction  

around 0.2.  

As to the slow component diffusion coefficients, shown in Figure 5A-B (lines green and violet), 

they do not vary or decrease with temperature. Indeed, DPslow reflects the facts that the 

aggregates sit on a lattice, and diffuse very slowly, implying that the diffusion process is 

different for the aggregated F127 as compared to the free component. According to 

Mortensen,[35,36] for highly purified F127, the structure in the hard gel is BCC with a lattice 

constant of 280 Å for a 20 wt % solution. The distance 𝑙 between the micelles is thus 140 Å. The 

diffusion process is a random walk between neighboring micelles. Such a process is described 

by 𝐷 = 〈𝑙2〉/(6𝜏𝑅) where 𝜏𝑅 is the residence time in the micelle. For D ≈ 10-13 m2s-1 we obtain 

an average residence time of the Pluronic molecule in the micelle of 0.3 ms. This corresponds 

to an exit rate constant of 3 103 s-1. Since we have a distribution of the size of the hydrophobic 

PO unit in the Pluronic, we also get a distribution of lifetimes, which fact explains the different 

values for diffusion of the EO and PO units.  

Finally, we note that the addition of NaCl to the F127/NaCMC sample affects the diffusion of the 

F127 molecules only slightly. 
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We end this section by discussing the dimension of the free (non-aggregated) F127. The self-

diffusion coefficients are often used to evaluate hydrodynamic radius using the Stokes-Einstein 

equation corrected for obstruction effects due to the volume fraction of the dispersed phase, 

according to Eq. S7.  

Table 3. 𝐷𝑃
0(𝑓𝑎𝑠𝑡) (eq. 7) of CH2 and CH3 groups,  and calculated radius RP of free F127 

moiety in samples F/C (no salt) and F/C_4 (NaCl 0.07 mol/kg)𝐷𝑃
0(𝑓𝑎𝑠𝑡) 

 

T  (°C) Group 𝐷𝑃
0(𝑓𝑎𝑠𝑡) x 1011 

m2/s 

w 

mPa s 

RP 

nm 

F/C (no salt) 
16 CH2 1.01 1.1789 17.7 

CH3 0.74 24.3 
     

30 CH2 2.18 0.8660 11.8 
CH3 1.44 17.7 

     
46 CH2 3.54 0.6293 10.5 

CH3 2.22 16.7 
     

F/C_4 + NaCl  
16 CH2 1.31 1.1789 13.7 

CH3 0.69 26.1 
     

27 CH2 2.46 0.9230 9.7 
CH3 1.36 17.5 

     
46 CH2 4.12 0.6293 9. 6 

CH3 3.88 13.6 
 

 

Due to the trends observed in Table 2 and Figure 5A-5B, only the fast component Dpfast can be 

considered to evaluate the hydrodynamic radius RP of F127 unimers. Table 3 reports the 

𝐷𝑃
0(𝑓𝑎𝑠𝑡) corrected for obstruction according to Eq. S7 (k = 0.5), the solvent viscosity w (see 

Table S3), and the obtained RP values. Despite the approximations made, these RP values are 

likely to be reliable and representative of polymer unimers’ dimensions that move in a water 

medium where a high MW polyelectrolyte such as NaCMC is dissolved and modifies not only 

the rheological behaviour but also the intermolecular interactions that influence the bulk 
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viscosity. As expected on the basis of previous findings, RP values obtained for CH2 groups are 

always lower than those calculated for CH3 groups, and likely more reliable due to the much 

higher intensity of the CH2 NMR signal.  Some RP values are higher than the average 

hydrodynamic radius around 10 nm, reported for a F127 1 wt% aqueous solution in the range 

of temperature 30-60 °C.[44]  

Finally, we may just note that with increasing temperature the dimensions of the diffusing 

species slightly decrease according to the increase of the self-diffusion coefficients D°Pfast. 

 

4. Concluding Remarks 

In summary, the main findings of this study are related to the performance of a polymers 

mixture made by the thermosensitive Pluronic F127 (MW ≈ 12.5 kDa) and the polyelectrolyte 

NaCMC (MW ≈ 90 kDa), prepared in a weight ratio F/C = 20/4, in the presence of added salts at 

low concentration. Both NaCMC and salts affect transition temperatures: particularly NaCMC 

plays a crowding role that decreases the temperatures of the F127 cmt and of the sol-gel 

transition, as expected for an effective increase of F127 concentration; salt addition leads to a 

decrease of NaCMC crowding effect as a result of electrostatic interactions. Specific ion effects 

were particularly highlighted by the trend of complex viscosity whose trend resembles that of 

the elastic modulus. The analysis of rheological data highlighted two important features: i) 

complex viscosity and elastic modulus G’ are strictly related and strikingly halve with 

increasing salt concentration from 0.05 to 0.07 mol/kg; ii) the addition of NaCl at the specific 

concentration of 0.07 mol/kg, induced a sol-gel transition temperature around 35 °C. NMR self-

diffusion data suggested that NaCl addition did not significantly modify the Pluronic micellar 

assembly, likely due to the relatively low concentrations of the salts, and to the complex 

interactions addressed not only by crowding but also by a rebalancing between dispersive and 

electrostatic forces. Taken together, the findings of this study indicate that a mixture of Pluronic 
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F127/NaCMC (20/4 weight ratio), in the presence of NaCl at 0.07 mol/kg, is a suitable 

formulation platform for developing a potential thermosensitive drug delivery system, being 

the increase of the sol-(hard gel) transition temperature the main effect of the salt.  
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