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      ABSTRACT   

 

 Temperature responsive polymeric networks have been achieved for reversible 

shape stabilization of an inorganic salt hydrate phase change material (PCM). The unique 

feature of these networks is the capability to simultaneously provide shape stabilization of 

a liquid salt hydrate PCM at lower temperature, and to reversibly adjust its assembly 

strength in response to a temperature increase. Specifically, lithium nitrate tri-hydrate 

(LNH) as an inorganic ionic liquid (IL) and a high-latent-heat PCM was employed as a 

solvent for a neutral polymer, poly(vinyl alcohol), PVA. LNH solvent presents a water-

salt medium with extremely high concentration of salt (~18 M).  

 Two distinct approaches for gelation − crosslinker-free and crosslinker-assisted − 

were explored. In the crosslinker-free case, addressing polymer solubility issues and 

understanding the nature of bonding that lead to gelation were the primary focus. In the 

second approach, gelation was facilitated by the addition of physical crosslinking 

molecules - poly (amidoamine) dendrimers. Strengthening of physical crosslinking in gels 

through dendrimers of various generations enhanced mechanical properties, enabled 

precise control of the gelation temperature, and afforded shapeable, self-healing materials. 

We showed that the activation energy for dissociation of dynamic crosslinks that are 

critical for self-healing was ≈130–140 kJ/mol, as determined by rheology and dynamic 

light scattering for different types of crosslinks (linear and branched). Finally, we aimed 

to understand correlations between gelation and solvation of polymer chains by studying 

dilute polymer solutions. Using Fourier transform infrared spectroscopy (FTIR), 
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fluorescence correlation spectroscopy (FCS) and viscometry, we showed that when LNH 

is used as a solvent instead of water, polymer chains are more expanded, less hydrated, 

and more permeable to a solvent. We argue that those features, taken together with binding 

of hydrated Li+ ions to PVA chains revealed by 7Li NMR spectroscopy, strongly 

contribute to distinct solubility and gelation properties of PVA in this inorganic IL. We 

believe that understanding solvation and ion-binding capability can offer crucial insights 

in designing polymer-based shape stabilization matrices for inorganic PCMs.   
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NOMENCLATURE  

 

ATR-FTIR Attenuated total reflection Fourier transform infrared spectroscopy 

Gn (n=1,2,3) Dendrimer, generation 1-3 

D Coefficient of transitional diffusion 

DLS Dynamic light scattering  

DSC Differential scanning calorimetry 

DETA Diethylenetriamine 

Ea Activation energy 

FCS Fluorescence correlation spectroscopy 

FITC Fluorescein isothiocyanate isomer I 

G’ Storage modulus 

G” Loss modulus 

GPC Gel permeation chromatography 

HIS Inorganic hydrated salt  

ICF Intensity correlation function  

IL Ionic liquid 

LND Lithium nitrate tri-D2O 

LNH Lithium nitrate trihydrate  

7Li NMR 7Li nuclear magnetic resonance  

PCM Phase change material 

PVA98 Polyvinyl alcohol (98% hydrolyzed) 
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PVA87 Polyvinyl alcohol (87% hydrolyzed) 

PVA* Fluorescently labeled PVA 

RH Hydrodynamic radius 

Tgel Gelation temperature 

WAXD Wide-angle X-ray diffraction 

γL Linear viscoelastic regime 
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1. INTRODUCTION   

 

With rising global energy crisis, the need for sustainable energy resources and the 

ways to minimize and recover wasted heat have been steadily increasing. Latent heat 

storage systems based on phase change materials (PCMs) present promising and 

inexpensive solutions in thermal energy storage applications.1 By providing shape 

stabilization of liquid PCMs,1-3 polymer gels and composites are beneficial in solar energy 

storage or waste heat recovery applications.4 In contrast to organic PCMs, inorganic 

PCMs possess several advantages such as higher volumetric thermal storage density, good 

thermal conductivity, and low flammability.5,6 However, one of the main drawbacks of 

inorganic PCMs, mostly salt hydrates, is leakage of low-viscosity PCMs within a heat-

exchange module, leading to corrosion,7,8 and resulting in high module replacement 

costs.1,7-10   

Lithium nitrate trihydrate (LNH) – an inorganic ionic liquid (IL) with a large 

specific heat of fusion of 287 ±7 J/g and a near-room temperature melting point (i.e. 30.1 

°C), 11,12 is considered a promising PCM for energy storage applications. To overcome the 

leakage problem, we proposed designing a temperature-responsive polymer gel for shape 

stabilization of LNH. In contrast to chemically crosslinked matrices,1,13-17 which are not 

designed to be easily replaceable with a new material, the temperature responsive 

polymeric networks can be constructed and deconstructed on-demand. A general 

schematic illustrating our main concept is shown in Figure 1-1.  
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Figure 1-1. Schematic of a proposed application of a temperature-responsive polymer 

gel for reversible shape stabilization of PCMs. Reprinted from [10] with permission 

from the Royal Society of Chemistry. 

 

 

 

This work explores two distinct approaches to designing thermoresponsive 

polymer networks, using crosslinker-free and crosslinker-assisted strategies. In both 

cases, we use a neutral polymer, poly (vinyl alcohol), PVA, which is commonly used in 

the preparation of hydrogels.18-21 In the crosslinker-free case, we aimed to address 

polymer solubility issues and understand the nature of bonding that leads to gelation. The 

presence of high concentration of salt, i.e.~ 18 M, creates a strong competition for 

hydrating water between the ions and polymers and enables direct interaction of ions with 

functional groups of polymers.22-24   

We first explore the crosslinker-free approach as the first step towards 

realization of PVA gelation in molten LNH. We found that unlike in water, PVA 

readily forms gels in LNH solutions, and that gelation does not require an extra step 

of cyclic freeze-thawing.25-28 We focused on the mechanism by which salt 

environment affects the PVA gelation, which unlike polymer gelation in low salt 
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concentrations, 29-31 was rarely addressed in the literature. These results are presented 

in chapter 3 of this dissertation.  

The second approach in this study was a crosslinker-based physical gelation for 

shape stabilization of LNH, with the goal of achieving tunable gelation temperature. In 

this step, gelation was facilitated by the addition of physical crosslinking molecules - poly 

(amidoamine) dendrimers. The cooperative hydrogen bonding between –OH groups of 

PVA and amino groups of dendrimers enhanced mechanical properties, enabled precise 

control of the gelation temperature through varying dendrimer generation number, and 

afforded shapeable, self-healing materials. This new category of gels, which formed in the 

molten salt as a solvent, was introduced as “salogels”. We explored how the use of molten 

LNH as a solvent could support formation of physically cross-linked PVA network using 

dendrimers of various generations. Thermal behavior of PCM salogels and durability of 

the network over multiple heating/cooling cycles was also explored. These results are 

described in chapter 4.   

In chapter 5, dissociation energy of dynamic bonds in phase change salogels was 

explored using rheology and dynamic light scattering (DLS). Both linear and branched 

types of amine-terminated molecules were used as hydrogen bond-forming crosslinkers. 

While rheology can give us good information about macroscopic relaxation time of the 

transient network32-39, DLS can probe mobility of polymer clusters at the length scales 

comparable to q-1, where q is the scattering vector.40 A correlation has been demonstrated 

between stress relaxation shear modulus and the intensity correlation function (ICF) of the 

scattered light.41-43 Additionally, the effect of crosslinker geometry (linear vs. branched) 
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on both the gelation temperature (Tgel) and the crosslinker-to-polymer ratio at which the 

gelation occurs, was explored.    

The fact that PVA formed gel in a molten salt hydrate solution but not in the 

aqueous solution with the same concentration prompted a deeper fundamental study 

of interactions of PVA chains with LNH solvent. Understanding binding of lithium 

ions to polymer chain in dilute solutions and the resulting changes in the polymer 

chain conformation are the topics of chapter 6. Diffusion and expansion of PVA chains 

of different molecular weights in LNH were studied using fluorescence correlation 

spectroscopy (FCS). The molecular weight dependences of the diffusion coefficients of 

the fluorescently tagged polymer, as well as PVA overlap concentration (c*) were 

explored in LNH and compared to water. We argue that decreased hydration of the PVA 

chains in LNH as compared to that in water, as well as polymer chains solvation via 

binding of Li+ ions as revealed by 7Li NMR spectroscopy, both strongly contribute to 

distinct solubility and gelation properties of PVA chains in this inorganic IL. 

Understanding solvation and ion-binding capability can offer crucial insights in designing 

polymer-based shape stabilization matrices for inorganic PCMs. 
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2. MATERIALS AND METHODS  

2.1. Materials 

Anhydrous lithium nitrate (purity > 99%) and PVA (Mw 88-97 kg mol-1, 

hydrolysis percentages 98% and 87%) were purchased from Alfa Aesar and used as 

received. For dendrimer synthesis, methanol, toluene, ethylene diamine, and methyl 

methacrylate were also purchased from Alfa Aesar and distilled prior to use. 

Dimethylformamide (DMF) used for gel permeation chromatography (GPC), deuterated 

chloroform (CDCl3) used for 1H NMR analysis, and deuterium oxide (D2O) with 99.9 

atom% D used for FTIR sample preparation were received from Sigma Aldrich.  

The following materials were specifically used in chapter 6 experiments: 

Butanol, dimethyl sulfoxide (DMSO), and triethylamine were purchased from Alfa Aesar 

and used as received. The four PVA samples with the hydrolysis degree of 99% were 

synthesized using a previously described procedure.44 Gel permeation chromatography 

(GPC) traces for the PVA samples are shown in Figure D-1. The molecular weights and 

PDIs are shown in Table 2-1. Fluorescein isothiocyanate isomer I (FITC) and dibutyltin 

dilaurate were obtained from Sigma Aldrich and used without further purification.  

 

Table 2-1. Characteristics of PVA samples 

Sample Mw (g/mol) PDI 

PVA1 29,500 1.2 

PVA2 69,700 1.39 

PVA3 107,000 1.62 

PVA4 135,200 1.54 
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2.2. Preparation of crosslinker-free PVA/LNH gels 

Anhydrous lithium nitrate was mixed with stoichiometric amounts of deionized 

water to prepare LNH (56 wt%). Due to the highly hygroscopic nature of LNH, all 

chemicals were prepared and weighed in sealed vials under dry nitrogen atmosphere. Prior 

to adding PVA98, LNH was heated above its melting temperature to create a homogenous 

liquid. As reported in the literature,11 dynamic viscosity of liquid LNH is 5.34s mPa·s at 

35 °C. Although this value is about 7-fold larger than viscosity of water at the same 

temperature, liquid LNH is still highly fluid at these temperatures. Anhydrous PVA98 was 

then added to liquid LNH to create 6, 10, and 15 wt% polymer concentrations in LNH. 

After adding PVA98 to liquid LNH, the solution was heated to 80 °C and subjected to slow 

stirring for 24 hours in a sealed container to promote homogeneity. The samples were then 

allowed to cool down to room temperature. Indeed, when PVA98/LNH (15 wt%) mixtures 

were heated to ~ 80 °C and then slowly cooled down to 25 °C, clear gels were formed. 

 

2.3. Preparation of physically crosslinked PVA/LNH gels 

2.3.1. Dendrimer synthesis 

Poly(amidoamine) dendrimers were synthesized via a two-step process involving 

exhaustive Michael addition and amidation reaction starting from ethylene diamine core 

as described elsewhere.45 Methyl methacrylate and ethylene diamine were used 

alternatively in alkylation and amidation steps. The completion of the reaction was 

monitored by GPC performed with DMF solutions of the dendrimers, as well as by 1H 

NMR spectroscopy of the reaction mixtures in CDCl3. Briefly, to synthesize dendrimers 
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of the first, second and third generations (G1, G2 and G3, respectively), methanol 

solutions of ethylene diamine and methyl methacrylate were first allowed to react at 0 °C 

for 1 hr, and the reaction was then continued at room temperature for predetermined time 

intervals that were varied depending on dendrimer generation (3, 5 and 7 days for G1, G2 

and G3 dendrimers, respectively). All reactions were conducted in argon inert atmosphere. 

Upon completion of the reactions, the solvent and excess of reagents were removed by 

azeotropic distillation in the presence of toluene at 40 °C using a rotary vacuum 

evaporator. The dendrimers were then dried overnight under vacuum and used for further 

experiments. 

 

2.3.2. Preparation of gels 

5 wt% PVA98 solutions in LNH were prepared by adding PVA98 powder to liquid 

LNH at 40 oC, followed by heating the mixture to 80 oC to complete dissolution. Gelation 

was induced by a simple addition of a small amount of dendrimer (a minimum of 0.75 

wt% in the case of G3 dendrimer) to a PVA98/LNH solution to achieve a total of 5 wt% of 

PVA98 in the system. For studies of the effect of dendrimer generation on PVA98 gelation, 

two sets of samples were prepared, in which G1, G2 or G3 were added either at matched 

overall molar concentrations of dendrimers or at concentrations required to achieve equal 

amount of –NH2 groups in the systems. In addition, in order to explore tunability of the 

gelation temperature through varying the amount of G3 crosslinker, PVA98 gels were 

prepared with different concentrations of G3 (0.6, 0.75, 1, 1.5, 2, 2.5, 3, 7 and 10 wt%). 

The systems were stirred at 70 oC for 3 hours to ensure homogenous mixing of PVA98, 
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LNH, and dendrimer crosslinkers, and cooled down to the ambient temperature to induce 

gelation.  

2.4. Fluorescent labeling of PVA 

 PVA was labeled with FITC by using the modified method of de Belder and 

Granath.46 First, 150 mg of PVA were dissolved in 4 mL of DMSO by stirring and heating 

at 70 oC. Then, trimethylamine (25 µL), dibutyltin dilaurate (10 mg) and FITC (25 mg) 

were added consecutively to the polymer solution. The solution was stirred for 2 h at 95 

oC to complete the reaction and purified from the unreacted dye by repeated precipitation 

in butanol. Fluorescently labeled PVA (PVA*) was then dried in the oven at 80 oC, 

dissolved in water and further purified from the unreacted FITC by extensive dialysis 

against water in a 5 L container for about a month. The water was refreshed daily during 

the first week, and then every 3 to 4 days. The external and internal solutions were 

periodically analyzed for the presence of free FITC, and the dialysis was terminated when 

no free fluorescent labels were detected in the internal or external solutions using FCS. 

The degree of labeling was determined by measuring the fluorescent intensities of 1 mg/ml 

PVA* aqueous solutions and comparing them against a calibration curve obtained with 

aqueous solutions of FITC of known concentrations (Figure D-2). This analysis yielded 

the labeling degree of approximately one label per 45 monomer units for PVA* of all 

molecular weights. 
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Figure 2-1. PVA labeling reaction. 

 

 

 

2.5. Characterization methods 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). 

ATR−FTIR measurements were performed using a Nicolet 380 FTIR spectrometer, 

equipped with a single-reflection diamond ATR attachment. D2O was used instead of H2O 

in all systems to provide a spectroscopic window that enables the observation of 

vibrational bands associated with stretching vibrations of −OH groups of PVA. Spectra 

were collected in the 400−4000 cm−1 range with a 4 cm−1 resolution using 64 scans. 

Deconvolution was performed by Origin 8.5 software assuming Gaussian band shapes and 

keeping the peak position fixed at the values previously reported in the literature.47-49 

 

Thermal analysis. The melting temperatures and heat of fusion of PVA-based gels were 

determined by Differential scanning calorimetry (DSC) using a TA Instruments Q2000. 

Measurements were conducted at a 10 °C min-1 temperature ramp under nitrogen gas 
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purging at a flow rate of 50 ml min-1. DSC samples were prepared by putting 10-20 mg of 

salogels into Tzero aluminium pans that were hermetically sealed prior to measurements.   

 

Wide-angle X-ray diffraction (WAXD). The sample was placed in the sample holder of 

a two circle goniometer, enclosed in a radiation safety enclosure. The X-ray source was a 

1 kW Cu X-ray tube, maintained at an operating current of 40 kV and 25 mA. The X-ray 

optics was the standard Bragg-Brentano para-focusing mode with the X-ray diverging 

from a DS slit (1 mm) at the tube to strike the sample and then converging at a position-

sensitive X-ray detector (Lynx-Eye, Bruker-AXS). The two-circle 218-mm diameter 

goniometer was computer controlled with independent stepper motors and optical 

encoders for the  and 2 circles with the smallest angular step size of 0.0001o 2. 

 

Dynamic light scattering (DLS). DLS experiments were conducted with PVA/LNH gel 

in 12 mm × 12 mm cuvettes using a custom-made instrument. The laser light with the 

wavelength of 532 nm and the scattering angle was 90o. The temperature was controlled 

by customizable Peltier-based temperature-controlled cuvette holder with four optical 

ports (Luma 40TM, Quantum Northwest). The tempeture control accuracy was ±0.2 °C. 

The sol–gel transition temperature was determined by performing sequential 

measurements in the temperature range between 55 °C and 19 °C starting from the highest 

temperature and allowing 20 minutes equilibration at each temperature. Hydrodynamic 

size measurements were also carried out by DLS. To that end, PVA/H2O and PVA/LNH 

mixtures at four different concentrations of 0.5, 0.75, 1 and 1.5 wt% were tested at 23 °C. 
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Rheological measurements. Rheological measurements were performed using an Anton 

Paar stress-controlled rheometer (MCR 301) equipped with a Peltier stage that enabled 

controlling the temperature within ±0.5 °C. All measurements, including viscosity 

measurements of high viscosity solutions, were performed using a parallel plate with a 50 

mm diameter and the gap of 1 mm. For low viscosity solutions, the viscosity was measured 

using a double-gap geometry. The system was equipped with a solvent trap to prevent 

sample dehydration during measurements. To determine limits of the linear viscoelastic 

regime (γL), oscillation amplitude sweep tests were conducted at 25 °C within a strain 

range of 0.1-100 % using a frequency of 10 rad s-1. For the temperature sweep 

experiments, the samples were equilibrated at 55 oC for 10 minutes to remove a prior 

thermal history before cooling down to lower temperatures. Chapter 5 measurements were 

performed by a TA rheometer (DHR-2) using a cone and plate geometry (cone angle = 2o, 

diameter = 40 mm).  

  

1H-NMR, GPC and Mass spectroscopy. Dendrimers were characterized using 1H-NMR 

(Varian Mercury 300 MHz), GPC and electrospray ionization mass spectrometry (EIS-

MS, Thermo Scientific LCQ-DECA). Agilent GPC equipped with two liner Styragel HR 

4 columns at a flow rate of 0.2 mL min-1 and a temperature of 30 oC was used for GPC 

characterizations. The formation of full generation dendrimers by amidation reaction was 

confirmed by the disappearance of ester signal around 3.6 ppm in the 1H-NMR spectra.50 

G1, G2 and G3 dendrimers contained 4, 8 and 16 amino groups, were 1.5, 2.2 and 2.9 nm 
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in diameter, respectively,51,52 and had polydispersities of 1.09, 1.15 and 1.08, as measured 

by GPC in this work. The molecular weights of G1, G2 and G3 dendrimers determined 

using a positive-ion-mode ESI-MS technique were 517, 1756 and 3831 g mol-1. These 

values are within <10% deviation from the theoretical molecular weights of 572, 1598 and 

3705 g mol-1 for these dendrimers, respectively.51,53   

 

Fluorescence correlation spectroscopy (FCS). FCS experiments were conducted using 

a custom-made setup which includes a World Star Tech laser, TECBL-488. A 488-nm 

beam was reflected from a mirror after filtering with Thorlabs NE10B and passing through 

an attenuator. Upon reflection, laser irradiated the back aperture of an Olympus 60× oil 

immersion objective, N.A. 1.45 to reach to the sample. The emission was collected after 

filtering with a Semlock 474/25 narrow-band filter and sent to an Excelitas SPCM-AQRH-

14-FC photon detection counting module. A custom-made glass cell was used to hold 

sample solutions. Time fluctuations of intensity were collected for 30 minutes for each 

sample, and results were averaged over three repeated measurements. In FCS, diffusion 

coefficients of the fluorescently-labeled molecules are determined from the intensity 

correlation function (ICF), which is defined as:54,55 

2
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I t

  


  
                                                                                               (2-1) 

where τ is the decay time, and 𝛿I(t) = I(t) ‒ <I>t where <I>t is the time-averaged intensity.  

In the case of translational diffusion of monodispersed fluorescent species, the ICF is 

related with the diffusion coefficient through the following equation:56 
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where ωxy and ωz are the radii of the laser excitation volume in xy and z directions, N is 

the average number of fluorescent particles in the excitation volume and D is the 

coefficient of transitional diffusion. Calibration of the FCS setup was performed by 

measuring the diffusion time of a fluorescent dye with known D. FITC dye with D ~ 425-

490 µm2/s at 22 oC 57-58 for calibration gave a beam waist (ωxy) of 0.323 µm (Figure D-3).  

 

7Li Nuclear Magnetic Resonance (NMR) Spectroscopy. 7Li NMR experiments were 

acquired at room temperature (22 oC) on a Bruker Avance III spectrometer at a field of 

11.7 T with the 7Li Larmor frequency of 194.4 MHz. The 90° pulse length was 2 s. The 

recycling delay was 10 s. 7Li chemical shift was referenced to 1M LiCl at 0 ppm. Spectra 

were processed and analyzed using Topspin 4.0.5. 
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3. A TEMPERATURE-RESPONSIVE POLY (VINYL ALCOHOL) GEL FOR 

CONTROLLING FLUIDITY OF AN INORGANIC PHASE CHANGE MATERIAL1   

 

3.1. Introduction 

With the developing global energy crisis, the search for sustainable energy 

resources and ways to minimize and recover waste heat become increasingly important. 

Latent heat storage systems based on phase change materials (PCMs) present an attractive 

way of storing solar thermal energy or recovering industrial waste heat. In order to be used 

in efficient and practical energy storage devices, PCMs generally require a high heat 

storage density and a narrow temperature range for the phase transition (typically melting 

and freezing).4,59 

Several inorganic hydrated salts (IHSs) meet these requirements.4,60-62 In 

particular, lithium nitrate trihydrate (LNH), with a large specific heat of fusion of 287 ±7 

J/g and a near-room temperature melting point (i.e. 30.1 °C) is considered a promising 

PCM for a number of energy storage and thermal management applications. However, as 

a PCM, LNH also suffers from fairly large volume change upon melting/freezing (∆V/V 

~ 10%) and high fluidity after melting that may lead to redistribution within a heat 

exchanger module.7,60-62 Therefore, shape stabilization of inorganic PCMs could offer 

significant practical advantages.  

                                                 

1 Reprinted with permission from “A temperature-responsive poly (vinyl alcohol) gel for controlling fluidity 

of an inorganic phase change material” by Parvin Karimineghlani, Emily Emmons, Micah Green, Patrick 

Shamberger, and Svetlana A. Sukhishvili, 2017 Journal of Materials Chemistry A, 5, 12474-12482, 

Copyright 2017 by Royal Society of Chemistry.   
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Incorporating PCMs inside 3D networks has recently been explored to overcome 

the leakage of PCM during phase transition and protect it from the environment.13,63,64 

Several types of materials, such as a silica matrix4,15,17,65-67 or polymers,1,13,64 including 

block copolymers13,14 have been used for thickening and shape stabilization of PCMs. 

While these materials provide shape stabilization, and in some cases such as a silica gel 

matrix, also increase thermal conductivity of organic PCMs,66 they are not designed to be 

environmentally responsive, easily fillable and removable from a used PCM device in 

order to be replaced with a new material. To allow for such a material property, a new 

functionality should be introduced in the material, which enables on-demand construction 

and destruction of 3D matrices for PCMs. This work presents the first step towards 

realization of such a function in an inorganic PCM.   

Specifically, we explore the use of a physical polymeric gel as a temperature-

responsive matrix for LNH. Similar to other matrices for PCMs, such a gel should 

incorporate LNH salt during melting and crystallization, prevent leakage of melted 

LNH and protect it from the environment. However, in contrast to other PCM 

matrices, the gel should be easily filled in a heat-exchange module, reversibly 

decomposed in order for a PCM to be removed by heating and replaced with a new 

material after the PCM becomes unusable.  

The realization of such a behavior with polymer gels in high-salt aqueous 

environments is challenging. Most known polymer systems form physical gels in 

water upon an increase rather than a decrease in temperature. One well-known 

example of  this category is the systems in which sol-gel transitions correlate with 
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their lower critical solution temperature (LCST).68,69 However, the presence of high 

concentration of salt, i.e.~ 55 wt% calculated for polymer-free LNH, drastically 

changes the temperature response of aqueous polymer systems.70 In particular, several 

reports describe the loss gelation if the inorganic salt content is high.71-73 The strong 

effect of inorganic ions on polymer gelation stems from competition between ions and 

polymers for water in the hydration shell and/or direct interaction of ions with 

functional groups of polymers, among other factors.22-24 For example, salt-induced 

dehydration and precipitation of polymer chains included in the micellar coronae 

suppress polymer gelation which is driven by the formation of micellar networks. In 

this extreme salinity explored in this work, a competition for hydration water occurs 

between salt ions and polymer chain, resulting in a dramatic effect of salt on the 

polymer solubility and gelation. This work addresses, to our knowledge for the first 

time, the temperature-responsive gelation of polymers in high-salinity environment of 

inorganic PCMs. 

Here, we focus on poly (vinyl alcohol) (PVA) - a nontoxic, biocompatible 

polymer which is commonly used in the preparation of hydrogels.18-21 Given that PVA 

is prepared from the polymerization of vinyl acetate, the final product possesses a 

portion of hydrophobic acetate groups. Hydrolysis percent determines the extent of -

OH groups in the PVA backbone. In its highly hydrolyzed form, water prevents 

formation of physical gels even at high concentration of the polymer, and an 

additional step of cyclic freeze-thaw process is required to produce strong PVA 

gels.27,28 By this method, PVA gels are formed through water-crystallization-
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enhanced intermolecular hydrogen bonding between PVA chains which is further 

strengthened by the PVA micro crystalline domains.25,26 

 In this study, temperature-responsive gelation of PVA in hydrated salt is explored. 

Salt-induced polymer gelation has been extensively studied in other systems29-31 but never 

in the extreme salinity environment provided by LNH. We explore expansion of PVA 

chains in LNH solutions, gelation and the sol-gel transition in this system, and focus on 

the mechanism by which salt environment affects the formation and temperature-triggered 

destruction of the PVA physical network. 

 

3.2. Results and Discussion 

3.2.1. Gel formation 

Figure 3-1a shows that while PVA98 aqueous solutions (15 wt%) easily flowed at 

25 °C, PVA98/LNH samples gelled. While the melting temperature of LNH is 31 oC, no 

crystallization of salt is observed in LNH solution (Figure 3-1a, right) because of the 

supercooling effect (crystallization temperature normally observed with LNH salt in the 

absence of nucleating agent is ~ -10 °C). Indeed, when PVA98/LNH (15 wt%) mixtures 

were heated to ~ 80 °C and then slowly cooled down to 25 °C, clear gels were formed. 

Rheological experiments were performed to better understand the behavior of PVA98 in 

aqueous and LNH media. Prior to oscillatory shear experiments, the strain sweep at a 

frequency of 10 rad/s was carried out to determine the linear viscoelastic regime. The 

maximum value of strain at which the storage modulus remains independent of the strain 

rate was determined as γL and kept constant for all further experiments. The strain sweep 
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data are presented in Figure A-1. Figure 3-1b shows the oscillation shear measurements 

for PVA98/H2O and PVA98/LNH systems. The logarithmic plots of dynamic storage 

modulus (G’) and loss modulus (G”) as a function of angular frequency are shown in 

Figure 3-1b. PVA98 aqueous solutions at 25 °C demonstrate predominantly liquid-like 

behavior with G” exceeding G’ over the whole range of frequencies. In contrast, 

PVA98/LNH system exhibits larger and closer values of G’ and G”. The proximity of G’ 

and G” indicates that the gel is close to the sol-gel transition temperature.74 

We then aimed to explore the effect of polymer concentration and the hydrolysis 

percentage of PVA on gelation of PVA/LNH solutions. Figure 3-2a shows the oscillatory 

shear results for PVA98/LNH system containing 6, 10 and 15 wt% of the polymer. It is 

seen that at PVA98 concentrations below 10 wt%, the system exhibited liquid-like behavior 

(G” > G’). In the concentration range between 10 and 15 wt% of PVA, the PVA/LNH 

system showed a crossover between G’ and G” over the frequency sweep which is 

characteristic of viscoelastic fluid. Starting from 15 wt% of PVA98 in LNH at room 

temperature, the polymer gelation occurred as indicated by the absence of flow of the 

materials using the tilting method (Figure 3-1a, right). Previously, physical gels of PVA 

were reported for aqueous solutions only when the intermolecular hydrogen bonding 

between –OH groups of PVA and crystallization of PVA were enhanced by the freeze-

thaw technique.25 Additional insights into the role of -OH functional groups in the PVA 

gel formation were obtained in the experiments with varied degree of hydrolysis. Figure 

3-2b shows that PVA98/LNH and PVA87/LNH systems containing 15 wt% of PVA 

exhibited significant differences in rheological behavior. While PVA98/LNH system 
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becomes more elastic at higher frequencies, PVA87/LNH samples remain viscous, with G” 

exceeding G’ over the whole frequency range. In addition, values of G’ were higher in the 

PVA98/LNH system than those in PVA87/LNH system. These results are consistent with 

our initial hypothesis that -OH functional groups play a major role in the gelation of PVA, 

and an increase in the density of –OH groups within a polymer chain increases the 

probability of the gel formation. 

 

 
Figure 3-1. (a) Photographs of 15 wt% PVA98 solutions in H2O and LNH; (b) and 

frequency dependence of G’ and G” in the PVA98/H2O and PVA98/LNH systems (15 wt%) 

at 25°C. The measurement was performed at γL = 5%. Reprinted from [10] with 

permission from the Royal Society of Chemistry. 

 

 

Figure 3-2b additionally shows that complex viscosity decreased with frequency 

for both PVA/LNH samples, indicating non-Newtonian and shear thinning behavior. The 

complex viscosity substantially decreases with the frequency, reflecting structural 
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breakdown at higher angular frequencies. Importantly, for more hydrolyzed PVA, both 

the magnitude and the slope of the complex viscosity during shear thinning experiments 

were higher than that for less hydrolyzed PVA, indicating formation of a stronger physical 

network in the former case. While a similar trend was reported for viscosity of PVA of 

varied hydrolysis degrees in aqueous solution,75 this work provides first insights on 

gelation of PVA in LNH as a solvent. 

 

 

Figure 3-2. Frequency dependencies of G’ and G” in (a) PVA98 /LNH system at selected 

polymer concentrations, and in (b) PVA98/LNH  and PVA87/LNH systems containing 15% 

wt% of PVA of varied degrees of hydrolysis, with η*(ω) also shown on the second axis. 

Temperature was 25 °C. The measurement was performed at γL = 1%. The data for 

additional polymer concentrations are shown in Figure A-2. Reprinted from [10] with 

permission from the Royal Society of Chemistry. 
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3.2.2. Effect of LNH on PVA hydrodynamic size 

It has been reported experimentally that the onset of physical gelation 

concentration for polymeric gels correlates with the overlap concentration of polymer in 

the solvent.76,77 Therefore, we aimed to determine the overlap concentration in solutions 

of PVA in LNH and compare these data with those measured in aqueous solutions of the 

polymer. These experiments have been performed with PVA98 dissolved at varied 

concentrations in LNH and water. In order to find C*, the viscosity of polymer solutions 

was measured using double gap and parallel plate geometries when used with low- and 

high-viscosity solutions, respectively. A log-log plot of specific viscosity versus PVA98 

concentration (Figure 3-3a) clearly exhibits two regions with slopes of 1.5 and 3.5 that are 

in good agreement with those reported for aqueous solutions of a different polymer, i.e. 

polyacrylamide-butyl methacrylate copolymer.78 The cross-section of the linear curves 

indicates the transition between dilute and semi-dilute solution, i.e. the onset of the 

polymer chain overlap (C*).79 The value of C* was significantly lower for PVA98 in LNH 

than in water (1.25 wt% vs. 2.5 wt%, respectively), indicating a significant expansion of 

PVA98 chains in LNH as compared to water which has been reported to be a good solvent 

for highly hydrolyzed PVA98.
80 DLS data conducted with PVA98 concentrations lower 

than C* (Figure 3-3b) confirm PVA chain expansion in the presence of salt. The 

hydrodynamic diameter of PVA98 coils in water was ~ 20 nm, which is in good agreement 

with the value previously reported for PVA of similar molecular weight.81 An increase of 

hydrodynamic diameter of PVA coils to ~ 30 nm occurred in LNH solutions. 
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Expansion of PVA chains in LNH could be explained by coordination of lithium 

ions with PVA –OH groups that was reported earlier.82-84 If one assumes such a scenario, 

chain expansion is analogous to the well-known salting-in effect, i.e., an increase of 

polymer solubility in the presence of salts.85 Further evidence of Li+ ion complex 

formation with –OH groups will be discussed later in this manuscript. 

Taken together, these results show that LNH is a better solvent than water for PVA 

chains. The LNH-induced chain expansion can contribute to an enhanced gelation of PVA 

in LNH solutions observed at high PVA concentrations. 
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Figure 3-3. (a) Specific viscosity in PVA98/LNH solutions as a function of PVA 

concentration; (b) hydrodynamic diameter as determined by DLS in dilute solutions of 

PVA98 (0.5, 0.75, and 1 wt%) in LNH and water at 23 ᵒC. Reprinted from [10] with 

permission from the Royal Society of Chemistry. 
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3.2.3. Gelation mechanism 

ATR-FTIR spectroscopy was applied to probe the effect of a hydrated salt solvent 

on the PVA chains interactions at the molecular level. To avoid spectral overlap of 

vibrational modes of hydroxyl groups of PVA with those of water, D2O rather than H2O 

was used in these studies. PVA98 solutions (15 wt%) were prepared using D2O and lithium 

nitrate tri-deuterium (LND) at three different D2O-to-LND mass ratios of 23/1, 4/1, and 

1.5/1.  

 Figure 3-4a shows infrared spectra of PVA98 dissolved in D2O/LND mixtures of 

varied composition. A broad peak at 3000-3600 cm-1 occurs due to the stretching 

vibrations of -OH groups of PVA, while the one at 2000-2800 cm-1 is associated with the 

-OD stretching and bending vibrations of D2O. In the spectrum of LND, a strong vibration 

band occurs at 1328 cm-1 due to antisymmetric stretching vibrations of nitrate ions.86,87 

The spectral position of this band is not significantly affected by the addition of PVA. The 

most pronounced trend observed in the series of these experiments is that with a gradual 

increase of the content of LND, the peak associated with -OH stretching vibration in PVA 

is shifted to higher values. This shift was obvious in the 3000-3600 cm-1 range (Figure 3-

4a, inset). When comparing the absorption peaks for PVA dissolved in D2O and LND, a 

large shift of 40 cm-1 of the -OH band of PVA was observed (Figure 3-4b). This shift is 

likely due to disruption of hydrogen bonding between -OH band of PVA and water 

molecules in the polymer hydration shell.88 In the case of solvent-free PVA, a similar blue 

shift in the -OH stretching vibrational band was observed as a result of binding of Li+ ions 
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with lone electron pair of oxygen in -OH groups in PVA.83 In our system, the -OH groups 

of PVA are hydrogen-bonded with D2O in the hydration shell, exhibiting a band at 3390 

cm-1. Upon gradual addition of LND, a competition for the scarce amount of water 

between LND and PVA chains occurs, resulting in significant dehydration of PVA chains, 

disruption of hydrogen bonds with water and the corresponding blue shift of PVA’s –OH 

stretching vibrational band to 3430 cm-1 (Figure 3-4b). An increase in the asymmetry of 

the -OH absorption band in LND-rich solutions might be due to residual hydration of PVA 

chains.  

 Figure 3-4c,d show enlarged spectral features in the 2000-2800 cm-1 D2O 

vibrational region. Spectral deconvolution using Origin 8.5 software was applied in this 

region; Gaussian band shapes were assumed. The peak positions were fixed at 2395, 2479 

and 2587 cm-1 corresponding to bending (δ), symmetric (ν1) and non-symmetric (ν2) 

stretching vibrations in D2O, respectively.2 The positions and the relative intensities 

(symmetry) of contributing D2O bands drastically differed for D2O and LND solutions. 

The presence of PVA in either D2O or LND did not significantly affect the vibrational 

spectra of D2O. However, lithium nitrate drastically changed vibrational features of D2O 

as a result of onset of D2O binding with lithium nitrate species. These interactions caused 

a remarkable changes in asymmetry of the D2O vibrational band and a shift of a ν1 

stretching vibrational frequency of -OD groups from 2497 to 2505 cm-1. Taken together, 

the above results suggest that the mechanism of PVA gelation in LNH can be due to a 

combined effect of dehydration of PVA chains and lithium ion coordination. Unlike its  
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Figure 3-4. (a) ATR-FTIR spectra of 15 wt% PVA98 in D2O, LND and their mixtures. 

Inset shows changes in the –OH region of PVA; (b) Wavenumber of the maximum of the 

–OH vibrational band of PVA in various solvents (c), (d) Enlarged -OD vibrational region 

of PVA98 in D2O and LND, respectively. Reprinted from [10] with permission from the 

Royal Society of Chemistry. 

 

 

aqueous solution, dehydrated PVA is capable of forming intermolecular hydrogen 

bonds.89 In addition, Li+ ion is capable of coordinating with four –OH groups90 and 

therefore can bridge between PVA chains. Figure 3-5 summarizes the proposed 

mechanism for PVA gelation in LNH.  
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Figure 3-5. Schematic illustration of gelation in PVA/LNH system that involves PVA 

intermolecular association through hydrogen bonding between -OH groups (a), 

coordination of Li+ ions with PVA’s -OH groups without or with the involvement of water 

molecules (b and c, respectively). Reprinted from [10] with permission from the Royal 

Society of Chemistry.  

 

 

 

3.2.4. Gelation as a function of temperature 

Temperature is expected to affect the secondary molecular interactions by 

modulating the strength of intermolecular interactions. To test the hypothesis that gelation 

of PVA is primarily driven by the hydrogen bonding between hydroxyl groups of PVA, 

we aimed to explore temperature dependence of PVA98 gelation in LNH. To that end, we 

have employed rheological and DLS techniques which have been widely used to monitor 

the viscoelastic and chains dynamic properties during sol-gel transition, respectively.91-95 

These techniques have obvious advantages over the tube tilting method 74,96-98 as they are 

capable of  probing macro-, micro- and molecular-scale, structural and dynamic events 

that accompany sol-gel transitions.  

Figure 3-5a shows oscillation shear measurements performed with PVA98/LNH 

gels over the temperature range of 10 to 30 °C in a heating-to-cooling thermal cycle. Upon 
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heating to temperatures above 25 °C, the storage modulus (G’) became smaller than the 

loss modulus (G”), indicating a liquid-like state. A hysteresis of about 3 °C was observed 

upon cooling, and the crossover between G’ and G” occurred at ~ 20 °C, indicating the 

sol-gel transition.98-102 Note that the simple tilting technique gave a similar transition 

temperature of 21 ± 1 °C (Figure 3-5a, inset).  

 While rheological experiments unravel the “macroscopic” gel point, DLS probes 

gelation at a microscopic level. The use of DLS to determine the gelation points is based 

on the fact that gelation substantially affects dynamics of system. During gelation, fractal- 

like hierarchical structures can form and transitional diffusion of clusters can be 

suppressed, affecting the shape of the intensity correlation function (ICF) (where τ is the 

decay time and q is the wave vector).93 Specifically, a transition from exponential to power 

law ICF is correlated with the onset of gelation.93  In the sol phase, fast diffusion of clusters 

gives rise to the exponential form of ICF (Eq.3-1):93-95 

𝑺(𝒒, 𝝉) ≈ 𝑨 𝐞𝐱𝐩(−𝝉/𝝉𝒄) + 𝑩                                                                                       (3-1) 

where A is the amplitude of correlation function, and B and τc are the intercept and 

characteristic decay time of the correlation function, respectively. However, in the gel 

state, the following power law function with no characteristic decay time describes  

dynamics of  the system:94 

𝑺(𝒒, 𝝉) ≈  𝝉−(𝟏−𝒖)                                                                                                          (3-2)    

where u is the fractal dimension of ICF.  
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Figure 3-6. (a) Temperature-dependent G′ and G” of PVA98/LNH gel measured at an 

angular frequency of 10 rad/s, γL= 10%, and a heating-cooling rate of ±1 °C/min. Images 

show PVA98/LNH (15 wt% of polymer) system above and below the gel transition 

temperature. (b) Temperature-dependent ICFs of PVA98/LNH gels measured by DLS 

during gelation process at the scattering angle of 90°. Inset shows the characteristic decay 

time of the slow mode versus temperature. Reprinted from [10] with permission from the 

Royal Society of Chemistry. 

 

 

In order to obtain the microscopic sol-gel transition temperature for PVA98/LNH 

gels, DLS measurements have been performed at varied temperatures when the sample 

was gradually cooled from 55 °C. Figure 3-5b shows that both slow and fast relaxation 

modes are seen in the data. The fast mode corresponding to the β relaxation, i.e. side group 

and other localized motions of PVA chains, were observed at temperatures between 21 

and 55 °C. The slow mode (α relaxation), which corresponds to motions of the entire 
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polymer chain,103 was analyzed to determine the sol-gel transition temperature. The 

characteristic decay time (τc) calculated after fitting the data with Eq. 1, increased at lower 

temperatures diverging to infinity at about 20 °C (inset in Figure 3-5b). The fact that the 

data could be well fitted with the exponential function (Eq. 1) at all temperatures 

exceeding 21 °C, and with the power law function at 21 and 19 °C was used to determine 

the sol-gel transition temperature of 20 ± 1 °C. This value is in good agreement with the 

gelation point of ~20 °C determined by rheology (Figure 3-5a). Similar agreement 

between these two techniques in determining the gelation temperature was found in other 

systems.95,104 Thus, in this system, the gelation point is slightly below the equilibrium 

melting point of pure LNH (30.1 °C). 

 

3.2.5. Stability of PVA/LNH gel 

Finally, we have assessed PVA/LNH gels from the standpoint of LNH 

performance during multiple cycles of heating/cooling. Figure 3-6 shows the DSC analysis 

to study thermal stability of PVA/LNH gels during phase change transition in the 

temperature range of (-30 to 50) °C. While large undercooling (about 35 °C) occurs in 

both systems with comparable ∆T, we did not aim to reduce its magnitude by adding 

inorganic nucleators,5 but rather aimed to explore thermal stability of PVA gels. 

Importantly, the melting and crystallization temperatures were highly reproducible during 

10 cycles of melting/crystallization of LNH salt. A decrease in the LNH latent heat from 

287 J/g for polymer-free LNH to 215 J/g for LNH entrapped within 15 wt% PVA matrix 

comprises a 25% reduction. Such an effect cannot be explained solely by the contribution 
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of the weight of PVA to the PVA/LNH sample, and is likely to contain contributions from 

binding of Li+ ions and water molecules to –OH groups on PVA backbone. Association 

of Li+ ions with PVA also resulted in broadening of melting transition and lowering the 

Tm of LNH. These processes could also interfere with crystallization of the inorganic 

hydrated salt. This kind of reduction has been previously observed for hydrated salts 

incorporated inside silica composites.63 Figure 3-7 demonstrates the LNH salt melting 

with and without any polymeric matrix. The melting process was tracked at different times 

on a hot plate  

 

 

Figure 3-7. Melting behavior of LNH and PVA/LNH gel (15 wt% of polymer) on the 

heater kept at 35 °C. Images were taken during melting process at different time scales. 

Reprinted from [10] with permission from the Royal Society of Chemistry. 

 

 

keeping at 35 °C. Figure 3-7 clearly shows that LNH was melted after 30 min and it totally 

became liquid and LNH spreads onto the hot plate surface. However, PVA networks are 

highly viscous at this temperature and obviously the polymer matrix could inhibit salt 
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fluidity after melting and no water leakage was observed around the gels. This means that 

PVA/LNH gel keeps good form-stable performance. The complex viscosity of this gel 

also was measured during LNH melting (Figure A-3). It was shown that at 50 °C, the gel 

vsicosity is about 300 Pa.s which is ~ 75,000 times of LNH viscosity reported at this 

temperature (3.96 mPa.s).11 It is important to note that in the PVA/LNH system, the 

observed gelation point of ~ 20 °C falls near the onset of melting of the system (20.5 °C). 

Thus, this point represents a transition from a metastable liquid to a metastable gel. 

 

3.3. Conclusion 

We have demonstrated that PVA is a promising thermoreversible matrix for shape 

stabilization of an inorganic PCM. LNH was found to be a good solvent for PVA chains, 

which resulted in polymer chain expansion. Moreover, the solvent induced dramatic 

dehydration of PVA chains, promoting PVA gelation due to direct hydrogen bonding 

between hydroxyl groups of PVA and/or additional Li+ ion-induced crosslinking between 

PVA chains. DLS and rheology consistently indicated the occurrence of sol-gel transition 

in this system, and DSC showed high robustness of salt phase transitions in the PVA-LNH 

shape-stabilizing matrix during repetitive heating-cooling cycles. This study is the first 

step towards designing efficient temperature-controlled matrices for high-heat-storage-

density inorganic phase change materials.  
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4. SELF-HEALING PHASE CHANGE SALOGELS WITH TUNABLE GELATION 

TEMPERATURE2 

 

4.1. Introduction 

Hydrogels105-107 and organogels108,109 are important classes of soft materials that 

entrap large amounts of water and organic solvents, respectively, whose tunable 

mechanical properties make them attractive for a variety of applications. In contrast, this 

work is focused on a new category of gels, salogels, which include fluid inorganic salt 

hydrates as the solvent. In general, gelation occurs when super-molecular networks are 

formed as a result of either physical or chemical interactions. Contrary to chemically 

crosslinked gels, which have permanent networks of irreversible chemical bonds,110 

physical gels can reconfigure through dissociation of prior and formation of new 

secondary bonds. Various secondary interactions such as van der Waals, hydrophobic, 

hydrogen bonding, Columbic, and dipole-dipole can act individually or jointly to form 

physical networks.105 Reversibility of the secondary bonds provides an important property 

of physical gels to self-heal the damaged areas.111 Moreover, in certain cases non-covalent 

crosslinks can be formed and dissociated on demand in response to external stimuli such 

as temperature,112 ionic strength,113 pH,114 solvent type,115 or light.116 As reconfigurable 

                                                 

2 Reprinted with permission from “Self-healing phase change salogels with tunable gelation temperature” 

by Parvin Karimineghlani, Anbazhagan Palanisamy, and Svetlana A. Sukhishvili, 2018. ACS Applied 

Materials & Interfaces, 10, 14786-14795, Copyright 2018 by American Chemical Society.  
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materials, physical gels find applications in tissue engineering, drug delivery and 

sensing.117,118 

Polymer gels and composites are also beneficial in solar energy storage or 

industrial waste heat recovery applications, where they provide shape stabilization of 

phase change materials (PCMs) 1,3,13 above their melting point.4 In these cases, polymers 

are exposed to a medium quite different from that in hydrogels, i.e. instead of water, they 

are dissolved in organic (often liquid paraffin)119 or inorganic (typically in inorganic salt 

hydrates) solvents.10 In comparison to their organic counterparts, inorganic PCMs possess 

higher volumetric thermal storage density, good thermal conductivity, and low 

flammability.5,6 Lithium nitrate trihydrate (LNH) is one of the most promising types of 

inorganic phase change materials. Specifically, LNH’s low melting point of 30.1 °C and 

high volumetric latent heat storage capacity (≈ 400 MJ·m−3) which is twice as high as that 

of organic PCMs (128-200 MJ·m−3),11,12 make this inorganic PCM a promising candidate 

for the use in energy storage and thermal management systems, especially as compact 

thermal buffers in the aerospace applications. 11,120,121 However, the use of inorganic 

PCMs, including LNH, in heat-exchange device applications is largely aggravated by 

leakage of highly fluid molten salt hydrates from the heat exchanger modules, leading to 

corrosion1 and high maintenance costs. 1,7-10 Specifically, viscosity of molten LNH is ~ 5 

mPa·s at 35 oC, which is only 7-fold higher than that of water at the same temperature. To 

overcome the leakage problem, several types of inorganic matrices15-17 and polymer 

networks1,13,14,122 have been developed. However, these permanently crosslinked materials 
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do not enable easy replacement of used PCMs within heat exchange modules, specifically 

in those designed to have a small gap (<1 mm) in between thermally conductive fins.  

In a recent paper, we introduced the use of temperature-responsive polymer 

network as a thermo-reversible decomposable matrix for shape stabilization of LNH.10 

The network was formed by polyvinyl alcohol (PVA) dissolved at high polymer 

concentrations in LNH (≥ 15 wt%). However, the previously reported gels exhibited a 

relatively low gel-sol transition temperature (20 oC) that was below LNH melting point 

(30.1 °C) and were weak, i.e. did not possess sufficient mechanical strength to maintain 

their shape when liquid LNH was trapped within these matrices.11 In this study, we report 

on a new type of salogels with shapeable and self-healing capabilities with the precise 

control of the gelation temperature achieved by the use of amine-terminated dendrimers 

as versatile physical crosslinkers. Self-healing capability of PCM is desired since it 

provides easy curing of possible defects in a PCM material confined within the heat-

exchange device and thus improves the PCM life cycle. This problem is specifically 

relevant for LNH that suffers from a fairly large volume change upon melting/freezing 

(ΔV/V ∼ 10%) and prone to the subsequent damage caused by the induced strains. 27-28, 123 We 

found that the use of molten LNH as a solvent provides a unique environment that 

obstructs hydration of PVA chains and favors hydrogen bonding between polymer chains 

and the crosslinkers. The cooperative hydrogen bonding between –OH groups of PVA and 

amino groups of dendrimers yielded strong yet reversible binding of crosslinkers with the 

polymer network. As a result, salogels were able to maintain their macroscopic shape, but 

at the same time exhibited robust self-healing behavior and could be reversibly 
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decomposed by an increase in temperature. Most importantly, we demonstrated that the 

gel-sol transition temperature can be precisely tuned within a range between 35 and 62 °C 

by controlling the crosslinker binding energy and density enabled through selection of 

different generations and concentrations of dendrimers. To our knowledge, this is the first 

report of self-healing physical gels with highly controlled gelation temperature formed in 

the high salinity (17.3 M of LiNO3) environment. 

 

4.2. Results and Discussion 

4.2.1. PVA/dendrimer gelation in a liquid salt hydrate 

A series of physically crosslinked PVA gels can be prepared by a facile addition 

of a certain amount of dendrimers (G1, G2, or G3, Figure 4-1a) to a PVA solution in LNH 

by mixing at 70 oC for 3 hrs. Figure 4-1b illustrates that the procedure resulted in the 

formation of robust gels with strong capability of holding the liquid salt hydrate. These 

gels are reminiscent of much better known hydrogels106,107 and organogels,124,125 but retain 

the liquid salt hydrate rather than water or organic solvents. LNH is composed of 56 wt% 

of inorganic ions, which supply extremely high (~17.3 M) concentration of inorganic ions 

in water. In such a high-salinity environment, solvation water is scarce, and solubility and 

gelation of polymers will be largely determined by interaction of salt with polymer chains 

and polymer-salt competition for the hydration water. We then were seeking to better 

understand the solvation state of PVA chains in LNH as an unusual solvent, and relate the 

overlap of the polymer chain with the formation of PVA/dendrimer/LNH salogels. While  
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Figure 4-1. (a) Chemical structures of G1, G2 and G3 dendrimers; (b) Illustration of 

gelation in PVA/LNH system induced by the addition of G3 dendrimer at 70 oC. Reprinted 

from [185] with permission from American Chemical Society. 

 

 

 

physical gelation usually occurs above the critical overlap concentration (c*) of the 

polymer chains,126 further increase to the critical polymer entanglement concentration (ce) 

results in an improved mechanical strength of physical networks.127,128 Figure B-1, 

appendix B, shows the log-log plot of specific viscosity versus PVA concentration 

measured in LNH solutions at 23 ᵒC. The distinct slopes in the curve suggest the existence 

of three different solution regimes, corresponding to the dilute (c < c*), semi-dilute (c* < 

c < ce), and the highly entangled solutions (c > ce).
129 The concentration for the onset of 

entanglements in PVA/LNH solutions, ce, as determined from Figure B-1, was ~ 3.5  0.5 
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wt%. Therefore, a concentration of PVA of 5 wt%, i.e. above the onset of PVA 

entanglements was chosen and used in all further experiments.   

It is important to note that the salogels shown in Figure 4-1b formed exclusively 

in LNH rather than aqueous environment. In a control experiment, gelation was attempted 

using the same ratio of PVA and dendrimer as used for salogels shown in Figure 4-1b, but 

with water rather than LNH as a solvent. No gelation occurred in these conditions, and 

PVA/dendrimer/water system remained fluid at room temperature, as followed from both 

visual observations and measurements of the oscillation shear moduli which revealed that 

loss modulus (G”) exceeded storage modulus (G’) over a wide range of frequencies ω 

(Figure B-2). In addition to LNH, the presence of a dendrimer as a crosslinker was central 

to the efficient gelation in PVA/LNH solutions. Inset b in Figure B-2 shows that in the 

absence of dendrimers, PVA/LNH solutions also remained highly fluid, exhibiting the 

scaling of the elastic and loss moduli with the angular frequency which is typical for a 

viscous fluid (G’~ ω2 and G” ~ ω, respectively).130 
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`  

Figure 4-2. The frequency dependencies of G’ and G” of PVA/GX/LNH salogels 

containing (a) equal number of GX molecules or (b) equal number of –NH2 groups in the 

system. Measurements were performed at 1.5 wt% concentration of G2 dendrimers and a 

temperature of 25 °C. The bar charts illustrate the oscillatory rheological properties 

achieved for the above systems at a constant frequency ω of 10 rad s-1 and a strain γL of 

5%. Reprinted from [185] with permission from American Chemical Society. 

 

 

The role of dendrimers in the formation of salogels was further explored in the 

experiments with various generations of dendrimers. In two series of experiments, either 

molar concentration of dendrimers or total number of –NH2 groups were matched and 

compared for different dendrimer generations. Viscoelastic behavior of these two systems 

was studied in rheological measurements under oscillatory shear mode. Figure 4-2a and b 

show that in both cases, G’ increased with dendrimer generation number. However, an 
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increase in number of amino groups from 4 to 8 and 16 in G1, G2, and G3, respectively at 

a constant number of dendrimer crosslinks (Figure 4-2a) did not cause a proportional 

increase in the elastic and loss moduli. Specifically, samples prepared with G1 did not 

form salogels, exhibiting the typical viscous fluid behavior (G” > G’), while G2 and G3 

dendrimers lead to the formation of salogels with similar viscoelastic properties, possibly 

because not all G3 amino groups participate in hydrogen bonding with PVA. Moreover, 

G1 crosslinkers were not able to form robust salogels and exhibited the incipient behavior 

(G’ = G”) in a wide range of frequencies (Figure 4-2b) even when their concentration was 

significantly increased to match number of –NH2 groups in G2- and G3-containing 

salogels. The dramatic differences in the behavior of G1 versus G2 and G3 crosslinkers 

can be attributed to the differences in the dendrimers binding energy and/or size. The 

average binding energy per crosslinker (proportional to number of amino groups in 

individual dendrimers) should reach a critical value in order to provide efficient binding 

between polymer chains and support elastic behavior of PVA networks. This critical 

binding energy was exceeded for G2 and G3, but not for G1 dendrimers. Another possible 

explanation is that the size of dendrimer is also a critical parameter for bridging between 

the polymer chains. If the polymer chains in 5 wt% PVA solutions are considered to be 

rod-shaped, the average interchain distance of ~ 2 nm would be larger than the diameter 

of G1 of ~ 1.5 nm, but comparable with diameters of G2 and G3 (~ 2.2 nm and ~ 2.9 nm, 

respectively).51,52 Therefore, for these purely geometric reasons, G1 might not be efficient 

in binding PVA chains within a continuous network. The viscoelastic properties of 
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PVA/LNH system with G1, G2 or G3 crosslinkers at a constant frequency of 10 rad s-1are 

also compared in Figure 4-2a and b, bottom panels.         

We were then seeking to better understand molecular origin of gelation, i.e. 

identify the roles of hydration of PVA and ions in LiNO3 medium, as well as explore the 

competitive hydrogen bonding between polymers, dendrimers, and water molecules. To 

that end, an ATR-FTIR spectroscopy was used. As mentioned in the Experimental 

Section, to enable separate observation of –OH groups in PVA and water molecules, D2O 

was used in place of H2O. This strategy has allowed us to prevent an overlap of spectral 

bands associated with stretching vibrations of –OH groups in water molecules with the 

ones in PVA. A deuterated analogue of LNH prepared by mixing D2O and anhydrous 

lithium nitrate at a 3:1 molar ratio is abbreviated as LND. This salt was further diluted 

with D2O and used as a solvent to study the effect of salt ions at different concentrations. 

In addition, dendrimer-free PVA/LND and PVA aqueous solutions were prepared as 

controls. Figure B-3 shows a set of infrared spectra of PVA/G2/D2O/LND system in a 

wide range of wavenumbers. Vibrational features of PVA in the –OH stretching region 

for various compositions of PVA/dendrimer/solvent compositions, when the solvent was 

systematically varied from LND to D2O, are shown in Figure 4-3a and b.  

In these experiments, concentrations of PVA and G2 were fixed at 5 wt% and 1 

wt%, respectively. As seen in Figure 4-3, complete replacement of LND with D2O caused 

a large, ~ 63 cm-1 shift of the –OH stretching band of PVA to lower wavenumbers. The 

large red shift in the –OH stretching band of PVA is attributed to the formation of the  
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Figure 4-3. (a) ATR-FTIR spectra in the region of –OH stretching vibrational bands and 

(b) spectral shifts of the –OH vibrational bands for PVA in D2O, LND, or LND/D2O with 

or without the addition of a dendrimer crosslinker. (c) Schematic representation of the 

dendrimer-assisted gelation of PVA in LNH. Numbers in the abbreviations indicate molar 

percentages of D2O and LND, respectively. Reprinted from [185] with permission from 

American Chemical Society. 

  

 

 

hydration shell of PVA in D2O thorough hydrogen bonding between –OH groups of PVA 

and –OD groups of heavy water, and a dramatic dehydration of PVA when LND used as 

a solvent. This observation is reminiscent of the previously reported blue shifts of the –

OH band of PVA when the polymer became gradually dehydrated upon drying.88 Li+ is a 

strongly water-binding cation, which is usually solvated by four or five water 
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molecules.131 In LiNO3 hydrate melt, solvation water is scarce and water molecules are 

preferably coordinated with the salt, leaving PVA largely dehydrated. 

The addition of a dendrimer to PVA/LND solution (see Figure 4-3c for illustration 

of gelation), caused a significant shift of –OH vibrational band of PVA from 3458 to 3452 

cm-1, suggesting formation of hydrogen bonds between PVA and the dendrimer. However, 

as the content of D2O in the solvent increased above that supplied by LND, PVA chains 

became increasingly hydrated by the extra water, and hydrogen bonds were formed 

between –OH of PVA and D2O. The vibrational frequencies of the PVA –OH band 

gradually decreased, reflecting the enhanced PVA hydration. Figure 4-3c illustrates that 

such a replacement of LNH with water molecules was accompanied by solvation of PVA 

chains and loss of gelation ability. This schematic clearly shows the crucial rule of molten 

salt hydrate as a solvent in the salogel formation. 

 

4.2.2. Thermal behavior of shape-stabilized LNH 

For realistic applications of the developed PVA/GX/LNH salogels, it is important 

to assess the performance of these matrices during multiple melting/freezing cycles. DSC 

analysis of PVA/G3/LNH salogels in the temperature range between -30 and 50 °C is 

shown in Figure 4-4a and b. DSC is known as one of the most sensitive indicators for the 

chemical purity of the system11,132 and has been earlier applied to detect interactions of 

other types of PCM materials with stabilizing matrices.133 Comparison of the thermal 

performance of LNH entrapped within the salogel with that of the pure LNH shows that 

the presence of polymer/dendrimer matrix had only a slight effect on the overall thermal 



 

44 

 

performance of LNH, and that the performance was highly repeatable for at least 10 

melting/freezing cycles. A ~ 3 °C lowering of the melting temperature of LNH trapped 

within the polymer/dendrimer matrix and a change in the shape of LNH melting peak all 

point toward a possibility of interactions of LNH with the polymer matrix. An analogy 

can be driven with the earlier reports on interaction of Li+ ions with the –OH groups of 

PVA134 and binding of –OH groups of silica matrices with Na+ of hydrated salts crystal 

(Na2SO4·10H2O, a commonly used inorganic PCM). The effect of polymer matrix has 

also manifested itself in lowering the crystallization temperature of LNH confined within 

salogels as compared to pristine LNH (Figure B-4).  

 

 

Figure 4-4. (a, b) DSC studies of the temperature transitions in PVA/G3/LNH salogel 

upon heating at a rate of 10 oC min-1 under a nitrogen atmosphere. (c) WAXD patterns of 

crystallized LNH within PVA/G3/LNH matrix, as well as those for control PVA/LNH and 

pure LNH samples at 20 oC. Concentrations of PVA and G3 were 5 and 1 wt%, 

respectively. Reprinted from [185] with permission from American Chemical Society. 
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Crystallization of LNH within polymer/dendrimer matrices induced by low 

temperatures was confirmed by X-ray diffraction (XRD) studies. Figure 4-4c shows the 

main characteristic peaks of crystalline LNH, PVA/LNH, and PVA/G3/LNH salogel as 

well as pure PVA powder (the inset). The characteristic sharp diffraction peaks observed 

for LNH are clearly visible in the PVA/G3/LNH diffraction patterns confirming the native 

crystalline nature of LNH after inclusion in the polymer matrix. Note that a new peak at 

2θ = 33.7° appeared in the salogel and PVA/LNH samples that was not observed in pure 

LNH. This peak, also observed earlier by others,135 is seen in the WAXD data of the PVA 

powder (inset in Figure 4-4c) and indicates the presence of crystalline domains of PVA in 

PVA/G3/LNH matrix.  

 

4.2.3. Controlling gelation temperature of salogels 

For an efficient control of fluidity of LNH and on-demand destruction of the 

polymer matrix for its replacement, the gel-sol transition temperature (Tgel) of the polymer 

matrices should be higher than the melting point of LNH (30.1 oC), and should be 

programmable to a desired temperature for easy replacement of a PCM matrix. In the case 

of hydrogels and organogels, either polymer 136,137 or crosslinker concentration138 can be 

used to tune the gelation temperature. In this work, we were concerned with preserving 

the large latent heat storage capacity of LNH in the shape-stabilized PCM, and therefore 

aimed to keep the polymer concentration low. The lower limit of PVA concentration was 

determined by the onset of entanglements that assisted in enhancing the salogel 
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mechanical strength. Therefore, the amount of G3 dendrimer was varied at a fixed (5 wt%) 

concentration of PVA in LNH.  

To determine the ‘true’ gelation temperature, temperature sweep rheological 

measurements were conducted at different frequencies. Tgel was chosen as a temperature 

point at which the loss tangent, tan δ (G”/G’) became frequency-independent. This 

approach, introduced by Winter et al.139 as the robust way to define the gelation 

temperature.74,140,141 It considers the following power law relationships between the 

oscillation moduli and frequency at the gelation point (Equation 4-1), with the equality 

between the elastic and viscous moduli achieved when the relaxation exponent (n) is equal 

to 0.5 (Equation 4-2):141 

 

G’~ G”~ ωn , (0 < n < 1)                                                                                                (4-1) 

G”/G’ = tan δ = tan (nπ/2),                                                                                            (4-2)  

 

where δ is the phase angle between stress and strain. The value of n is dependent on the 

molecular structure of the system and an exponent of n = 0.5 can be found only in few 

systems such as stoichiometrically balanced networks. In other systems, the G’- G” 

crossover is frequency dependent and does not allow exact determination of the gelation 

point.141  

Figure 4-5 shows the dependences of tan δ vs. temperature for several frequencies 

in PVA/G3/LNH system. The loss tangent decreased in the entire temperature range upon 

cooling for all the frequencies, reflecting an increased dominance of the elastic modulus 
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as the system was cooled. The crossover points of these dependences for frequencies of 3, 

6 and 10 rad s-1 gave the reliable crossover points indicative of Tgel. The value of n was 

estimated from log-log plots of G’ and G” vs. frequency at the gel point (insets in Figure 

4-5). The relaxation exponent was close to 0.5 for all concentrations of the dendrimers, 

demonstrating insensitivity of the gel structure to the crosslinker concentration. Therefore, 

in this salogel system, the gelation points could be simply determined from the crossover 

of G’ and G” measured at a single frequency of 10 rad s-1 as illustrated in Figure B-5. The 

frequency sweep experiments at the gelation temperature confirmed this conclusion, 

showing the relaxation exponents n = 0.5 for salogels prepared with varied dendrimer 

content (Figure B-5, inset).  
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Figure 4-5. The temperature sweep experiments in PVA/G3/LNH system at multiple 

frequencies performed with a temperature ramp of ±1 oC min-1 and a strain amplitude γL 

of 10%. Concentrations of G3 were (a) 0.75%, (b) 1%, (c) 3%, and (d) 10%. Insets show 

the oscillation shear moduli versus frequency at the gelation point. Reprinted from [185] 

with permission from American Chemical Society. 

  

 

 

Figure 4-6 shows the dependence of Tgel versus G3 for the low content of 

dendrimer (≤ 2 wt%) in PVA/G3/LND system. An increase in G3 concentration up to 2 

wt% results in a linear increase in the gelation temperature. Thus, the gelation transition 

can be efficiently controlled in a wide temperature range between 35 and 62 oC by a facile 

increase in the concentration of G3. The linear dependence was observed till the ratio of 

number of –NH2 groups in the dendrimers to –OH groups in PVA increased from 1:100 
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to 1:10 at 0.5 and 2 wt% of G3, respectively. Note that at higher G3 concentrations, a 

decrease in the gelation temperature occurred (Figure B-6), probably due to a transition 

from random distribution of the crosslinking molecules to crosslinker clustering, as was 

also observed with other physical gels.142-145 

 

 

Figure 4-6. (a) The effect of G3 concentration on the gelation temperature (main panel) 

and the fraction of elastically effective chains (inset) in PVA/G3/LNH salogels, as 

determined from the rheological experiments conducted at 25 oC and a frequency of 10 

rad s-1. (b) Tunability of gelation in PVA/G3/LNH system containing varied amount of 

G3. Reprinted from [185] with permission from American Chemical Society. 

 

 

 

An analogy with a chemically crosslinked network was then drawn, and G’ values 

were used with the classical rubber elasticity theory developed by Flory146 to estimate 

number of elastically effective chains ν as G = νRT , where R is the gas constant, and T is 

the absolute temperature. The fraction of elastically effective chains f can be then 
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determined from the experimental measurements of G’ by dividing ν to the chain molar 

density. The calculated fraction of elastically active chains as a function of G3 

concentration is shown in inset in Figure 4-6a. Figure 4-6b shows that the transition 

temperature was highly tunable and could be precisely controlled by the fraction of 

hydrogen-bonding dendrimer crosslinkers. 

Figure 4-7 demonstrates that PVA/G3/LNH matrix efficiently entrapped molten 

LNH, completely inhibiting its leakage at 35 oC. In comparison, pure LNH is highly fluid 

in its molten state due to its low viscosity (only seven times higher than that of water).11 

The robust entrapping of LNH and retention of the salogel shape persisted within the 

temperature range between the melting temperature of LNH (30.1 oC) and the gelation 

temperature of the salogels (41 oC for the system shown in Figure 4-7). When further 

heated to higher temperatures, the system exhibited plastic flow, highly desirable for 

removal of these matrices from the heat-exchange devices after PCM becomes unusable.  

 

 

Figure 4-7. Melting of LNH as pure salt hydrate or after entrapping within PVA/G3/LNH 

salogel (3 wt% of G3) when heated to 35 °C for 2 hours on a hot plate. Reprinted from 

[185] with permission from American Chemical Society. 
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4.2.4. Self-healing of salogels 

The ability to self-heal is an intrinsic property of physical gels that arises from the 

transient nature of reversible crosslinks.111,147-150 To explore whether dendrimer-

crosslinker salogels exhibit self-healing properties, rheological experiments on recovery 

of mechanical properties after network rupture were performed. First, a simple strain 

amplitude test was conducted on PVA/G3/LNH gels to find the highest and the lowest 

strain magnitude limits for the network breaking and recovery, respectively (Figure 4-8a). 

Then step-strain measurements were performed between 10% and 300% strain (i.e. far 

beyond the linear viscoelastic regime) to explore the rupture and recovery of the shear 

moduli of the salogels (Figure 3-8b). Figure 4-8c illustrates rapid and complete recovery 

of viscoelastic properties of the PVA/G3/LNH salogels after three cycles of network 

breaking and recovery. 

The results of similar experiments conducted with PVA/GX/LNH systems 

prepared with G1 and G2 with equal total number of -NH2 groups of dendrimers are shown 

in Figure B-7. The gels prepared with G1 crosslinkers were significantly weaker, and 

showed faster recovery time as compared with G2- and G3-containing systems. For all the 

systems, the recovery of the viscoelastic properties occurred just within 10-15 seconds 

after breaking, and was repeatable within at least three cycles of step-strain measurements, 

confirming the robust dynamic nature of salogels. The highly dynamic, reconfigurable 

nature of the hydrogen-bonded PVA/GX/LNH networks could be further visualized in a 

simple experiment shown in Figure 4-8d-f. In good agreement with rheological studies in 
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Figure 4-8. Self-healing and shapeability of PVA/G3/LNH salogels: (a, b) strain 

amplitude sweep (ω =10 rad s−1) and step-strain measurements; (c) the recovery rate of G’ 

and G’’ over three cycles of braking and recovery; (d-f) illustration of self-healing and 

shapeability of the salogels at ambient temperature. In (d), the salogels were held together 

side by side for 2 minutes prior to stretching. Temperature was 25 oC. Reprinted from 

[185] with permission from American Chemical Society. 

 

 

Figure 4-8a-c, PVA/G3/LNH salogels were able to heal within 2 min at ambient 

temperature, exhibiting a strong healed interface when stretched up to ~ 200 %.  

 The rate and extent of recovery reflect the reversible and robust nature of the 

physically crosslinked salogels. Self-healing behavior of the salogels is likely related to 

dynamic nature of hydrogen bonds between hydroxyl groups of PVA and amine groups 

of dendrimers. Upon breaking of PVA-dendrimer bonds, free dendrimer molecules can 

diffuse in the material and form hydrogen bonds with new PVA chains. In the 

PVA/G1/LNH system which had the lowest G’ and Tgel values among all the salogels, the 
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low activation energy associated with breaking of these hydrogen bonds enabled faster 

molecular diffusion and self-healing rates.  

While the self-healing properties of PVA-based hydrogels have been reported in 

the literature,151-153 this is the first demonstration of the self-healing capability of shape-

stabilized salogels containing an inorganic PCM.  

 

4.3. Conclusion 

In summary, temperature-responsive, shapeable, and self-healing salogels were 

demonstrated for reversible shape stabilization of a molten inorganic salt hydrate PCM, 

LNH. The salogels are based on physical networks of PVA enhanced by hydrogel-bonding 

dendrimer crosslinkers and function exclusively in a high-salinity environment (17.3 M) 

created by liquid LNH. These thermoresponsive salogels enable on-demand removal and 

replacement of the PCM from the heat exchange devices, and offer a capability of 

programming the gel-sol transition temperature within a wide range above the LNH 

melting point. In addition, the self-healing capability of PCM matrices can improve its life 

cycle via curing defects that might occur during multiple phase change cycles. This work 

explored the unique features of molten LNH as a solvent, and showed that the low degree 

of PVA hydration in the water-scarce LNH environment is critical for establishing strong 

hydrogen bonding network with dendrimer molecules. This insight provides a guideline 

for future design of environmentally-responsive matrices for a broad range of inorganic 

PCMs. Importantly, strong gelation capability in this system allows minimizing the 

amount of organic components in order to preserve the high latent heat performance of 
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LNH. The straightforward method of the salogel preparation leading to unprecedented, 

temperature-controlled shape retention capability makes this systems promising for 

applications in solar thermal energy storage or recovering industrial waste heat devices. 

Furthermore, tunability of viscoelastic properties above the melting temperature of LNH 

might be useful for the development of shape-conformable energy storage consumer 

products, such as thermo-regulating packs and pillows. Future work focused on improving 

the heat conductivity of the salogels matrices and addressing the supercooling issue can 

further advance performance of these materials. 
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5. ACTIVATION ENERGY FOR DISSOCIATION OF HYDROGEN-BONDING 

CROSSLINKERS IN PHASE-CHANGE SALOGELS: DYNAMIC LIGHT 

SCATTERING VS. RHEOLOGICAL STUDIES3 

 

5.1. Introduction 

Physical gels present an important class of polymer networks which are formed 

via noncovalent binding, such as hydrophobic154,155 and/or van der Waals interactions,156 

metal-ion coordination,157,158 or hydrogen bonding.159,160 In contrast to permanent 

chemical crosslinks, physical bonds are dynamic and can be dissociated under the 

influence of increased thermal energy or a mechanical force. It is widely accepted that 

dissociation energy of dynamic bonds can be probed in rheological experiments by 

measuring the terminal relaxation time.161   

Determining the activation energy of dissociation of physical bonds can be a 

challenging task, however, because of the multiple hierarchical length and time scales 

involved in the polymer chain relaxation, as well as diverse contributions of crosslinkers 

of varying functionality and binding strength to network dynamics.162-167  

Rheology has been proven to be a powerful technique that is uniquely suited for 

studying viscoelasticity and dynamic bonding in physical gels. Specifically, in rheological 

studies, temperature dependences of the time-temperature shift factor161,168,169, zero-shear 

                                                 

3 Reprinted with permission from “Activation energy for dissociation of hydrogen‐bonding crosslinkers in 

phase change salogels: dynamic light scattering versus rheological studies” by Parvin Karimineghlani and 

Svetlana A. Sukhishvili, 2019. Macromolecular Chemistry and Physics, 220, 1900329, Copyright 2019 by 

Wiley. 
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viscosity170,171, and macroscopic relaxation time of the transient network38,39-32-37 have 

been all used to calculate a flow activation energy (Ea). Dynamic light scattering (DLS) is 

another useful technique for probing different relaxations, which detects fluctuations in 

concentration or mobility of polymer clusters at the length scales comparable to q-1, where 

q is the scattering vector.40 This technique can probe a variety of molecular motions of 

polymer chains including transitional, rotational diffusion and/or intermolecular 

relaxation. DLS relaxation spectra of dynamic networks typically include two dominant ‒ 

fast and slow ‒ relaxation modes.172 It is generally accepted that the fast mode emerges as 

a result of cooperative diffusion of network strands at the time scale at which the whole 

network can be assumed to be immobile.173 The origin of the slow mode, however, is still 

a subject of a scientific debate, 174 with some theories suggesting its origin in the relaxation 

of the elastic stress generated by viscoelastic network deformation caused by 

concentration fluctuations. 41,172,175,176 

Correlating rheological and DLS data on polymer chain dynamics has been a focus 

of several studies.43,172,177-179 In concentrated solutions and physical gels, relaxation 

processes observed by DLS and rheology could be related to the same fundamental 

phenomena of disentanglement and bond dissociations.180 Tanaka et. al studied thermally 

excited displacement fluctuations in polyacrylamide gels using quasi-elastic light 

scattering and developed a theory that relates the intensity correlation function (ICF) of 

the scattered light with viscoelastic properties of the gels.41 In particular, it has been shown 

that ICF and the stress relaxation shear modulus are related via a cooperative diffusion 

coefficient and longitudinal bulk modulus of a polymer network. 41-43  
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While there is a sizable body of literature on the rheology-based studies of the flow 

activation energy, 160,162,163,166,169,181 only a few studies assessed the activation energy of 

dissociation of physical networks from the temperature dependence of the DLS slow 

mode.182-184 This study aims to explore the role of the hydrogen-bonding crosslinkers of 

varied functionality on gelation of a new family of physical gels ‒ phase change salogels, 

recently developed in our group.185 The specific focus is on making a head-to-head 

comparison of the flow activation energies in these systems as independently determined 

by rheology and DLS. Phase change salogels are formed by a physically crosslinked 

polymer, i.e. PVA, which shape-stabilizes a liquid inorganic phase change material (PCM) 

‒ lithium nitrate tri-hydrate (LNH). 185 Salogel networks can be strengthened by the use 

of a physical crosslinker whose amine groups form hydrogen bonds with –OH groups of 

PVA.185 In LNH, hydration of PVA chains was suppressed and –OH groups were available 

for hydrogen bonding with a crosslinker. From the application perspective, entrapping a 

molten salt hydrate PCM within a thermo-responsive polymeric matrix prevents leakage 

of molten LNH and enables easy replacement of used PCMs within heat exchange 

modules. 185 

 

5.2. Results and Discussion    

PVA salogels were prepared with two crosslinkers of varied molecular 

architecture, i.e. with linear DETA and an 8-arm G2 dendrimer. Tgel was first determined 

to quantify and compare the gelation strength of these physical crosslinkers and enable 

measurements of the activation energy of the salogels at T < Tgel. For a constant PVA 
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concentration of 0.1g/ml, a crosslinker concentration was gradually increased, and Tgel 

was determined in rheological experiments. Figure 5-1 shows the dependencies of Tgel on 

the molar concentration of crosslinkers for DETA, G2, as well as for a 16-arm G3 

crosslinker explored in our previous publication.185 To find Tgel, we followed the Winter-

Chambon’s theory.139 According to this theory, Tgel is characterized by the frequency-

independent tan 𝛿 and can be determined from the crossover point of G’ and G” in the 

temperature sweep experiments, providing that the relaxation exponent is equal to 0.5. 

Because of the earlier confirmed ~ 0.5 value of the relaxation exponent for the salogels 

prepared with dendrimers, 185 and also determined for DETA-based salogels in this work 

(data shown in Figure 5-2), a simple crossover of G’ and G” in the temperature sweep 

experiments yielded reliable values of Tgel.  

In all cases, the dependencies are bell-shaped with a maximum in Tgel, which likely 

corresponds to the optimum number of physical crosslinks in the network. Suppression of 

Tgel at higher than optimal crosslinker contents is likely attributed to the overloading PVA 

with crosslinker molecules. In the case of G2 and G3, Tgel is higher and gelation occurred 

at almost two orders of magnitude lower content of crosslinker molecules as compared to 

DETA-induced gelation. We attribute these observations to multiplicity of binding sites 

and geometry of dendritic crosslinkers as compared to the linear one. In particular, each 

G2 molecule carries 4 times more primary amino groups (which are mainly responsible 

for hydrogen bonding with PVA) than DETA. Interestingly, in the case of DETA, gelation 

occurs only when the molar ratio of crosslinker to PVA chains, X, exceeded 200, 

suggesting relatively weak binding of this crosslinker to polymer chains. It is possible that 
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the earlier suggested crosslinker clustering 160,181 occurring upon increased DETA content 

was required to induce gelation in this system. A higher number of amino groups in 

dendritic G2 and G3 crosslinkers dramatically changed this scenario and enabled gelation 

when X was as low as ~ 2-5. Interestingly, Tgel values overlapped between X = 2 and X = 

10 for G2 and G3, suggesting that even though G3 crosslinkers carry twice more amino 

groups than G2 (16 vs. 8, respectively), not every additional amino group efficiently 

contributed to binding with PVA. This is probably due to backfolding of functional 

groups, which was earlier reported for dendrimers of high generations. 186 

Figure 5-1 also shows a clear trend of a decrease in Tgel with a decrease in number 

of amino groups in a crosslinker, with an especially large difference between G2 and 

DETA. This finding is a direct effect of the increased binding energy of dendritic 

crosslinkers, which provided a larger number of hydrogen bonds with PVA chains. The 

higher affinity of branched crosslinkers to polymer chains in physical gels has been 

previously reported by several groups including ours.185,187,188 The sol-gel transition 

temperature is thermodynamically controlled, 187 with a competition between favorable 

enthalpy-driven hydrogen-bonding between polymer chains and crosslinkers, and an 

unfavorable entropy loss associated with immobilization of crosslinkers within the 

network. The observed trend in Tgel is indicative of a higher propensity of the branched 

crosslinkers for gel formation in comparison to the linear ones.  
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Figure 5-1. Variation of Tgel for linear and dendritic crosslinkers as a function of molar 

ratio of a crosslinker to PVA chains or units, X or X’, respectively. The data for G3-based 

salogels are replotted using the data in our previous publication 185 and are shown for 

comparison. Reprinted from [205] with permission from the Wiley. 

 

 

 

To gain deeper insight into salogel network dynamics, we investigated the 

activation energy of the network crosslinking dissociation using two independent 

techniques of DLS and rheology. First, DETA-based salogels with the maximum Tgel (X 

≅ 600, X’ ≅ 0.3) were chosen to measure the polymer/crosslinker dissociation activation 

energy using DLS. Our setup is able to probe the sample dynamics on length scales of 1/q 

≈ 35 nm. The outcome of DLS results is shown by ICF, which is defined as: 189 
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                                                                                          (5-1)   

 

 

where τ is the decay time, and I(q,t) is the scattering intensity at time t.  

 

 

Figure 5-2. DLS intensity correlation functions, ICFs (a), and rheology stress relaxation 

data (c) performed at different temperatures in DETA-based salogels (X≅ 600 in Figure 

5-1), along with Arrhenius plots of DLS slow mode characteristic time (b) and stress 

relaxation time (d). ICF decay exponents and stress relaxation exponents as a function of 

temperature are shown in insets of (a) and (c), respectively. Reprinted from [205] with 

permission from the Wiley. 
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The ICF shows a plateau region at t < 0.1 s, suggesting that no detectable dynamics 

existed at the length scale of our experiments (Figure 5-2a). However, at longer times (t > 

0.1 s), a noticeable and steep decay of ICF was observed, indicating significant 

microscopic rearrangement and chain relaxation occurring at this time scale. Note that 

while ICFs for the salogels in Figure 5-2 showed only the slow decay modes, both fast 

and slow decays were observed for weaker salogels prepared with < 0.5% concentrations 

of DETA (Figure C-1, appendix C). 

For the data in Figure 5-2a, by a decrease in temperature, the onset of the ICF 

decay shifted to the longer times. To quantify the relaxation kinetics, the decay regions of 

ICFs were fitted with the following function (Equation 5-2):  

, β >1                                                                                        (5-2) 

 where A, β and τ are the amplitude, the relaxation exponent and the decay time, 

respectively.  

Figure 5-2b shows the dependence of the decay time determined from the fit on 

the inverse temperature, following the Arrhenius behavior. The plot yielded the activation 

energy (Ea) of ~144 ± 6 kJ/mol. This value is about one order of magnitude higher than 

the activation energy for dissociation of hydrogen bonds in water of ~ 13 kJ/mol,190 and 

likely suggests the formation of crosslinker clusters also observed by others in hydrogen 

bonding hydrogels.160,181  

Similar experiments on the temperature dependence of the relaxation time were 

then performed by rheology (Figure 5-2c). For physical gels, stress relaxes through 

breaking and reforming of physical bonds.191,192 The data on the stress relaxation at 

1( ) exp[ ( / ) ]g t A t  
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different temperatures were fitted using the Kohlrausch’s stretched exponential relaxation 

model (Equation 5-3):193,194  

( ) exp[ ( / ) ]oG t G t   , 0 < β < 1                                                                               (5-3) 

                                                                                      

where τ is the characteristic relaxation time, Go is the plateau modulus and β is the 

relaxation exponent. The results show that the stress relaxation time followed the 

Arrhenius behavior (Figure 5-1d) with Ea of ~144 ± 4 kJ/mol as calculated using the 

following equation:     

                                                                                                   (5-4) 

Thus, the activation energies obtained in DLS and rheology studies are in good 

agreement. It is worth noting that the activation energies, determined by both techniques 

are in fact the apparent activation energy, since they only reflect the temperature 

dependence of τ rather than τ/τo.
195 The apparent values of the activation energies obtained 

by rheology can be corrected by subtraction of the activation energy of LNH of ~16 kJ/mol 

from rheology activation energy to obtain the true value of the rheological activation 

energy of ~128 kJ/mol (Figure C-2). However, determination of the solvent activation 

energy using DLS was not possible because of the insufficient sensitivity and lack of 

scattering contrast. Therefore, this manuscript compares the apparent activation energies 

obtained by the two techniques. Our finding is consistent with the theories that draw a 

correlation between the DLS slow mode decay time and the macroscopic relaxation time 

of viscoelastic networks. While this correlation has been previously reported,196,197 there 

ln[ ( )] ln a
o

E
T

kT
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is only one report on a temperature dependence for relaxation time obtained by these two 

techniques, with no attempts to quantify the activation energy of network dissociation.198 

It should be also noted that the relaxation exponents plotted for DLS and rheology data in 

insets of Figure 5-2a,c, respectively, showed no temperature dependence, but varied 

between the two techniques. The β value of DLS decay was found to be unusually large, 

~1.8-2, possibly due to light-induced heating which lead to acceleration of slow decay 

time during scattering. A similarly high relaxation exponent >1 has been previously found 

in DLS studies of physical gels by Ramos et al.178 At the same time, the relaxation 

exponent of ~ 0.5-0.6 measured by rheology was close to those previously reported by 

others and our group for PVA-based gels.185,199-201  

A similar comparison of the activation energy obtained by DLS and rheology was 

also performed for G2-based salogels (Figure 5-3). With the G2-based salogels at X≅ 20 

(see Figure 5-1), the apparent activation energies using DLS and rheology were ~ 129 ± 5 

and 129 ± 2 kJ/mol, respectively. Similar to DETA-based salogels, the relaxation 

exponents for this salogel, shown in insets of Figure 5-3a, c, were β ≅ 0.5, and 2 for 

rheology and DLS, respectively. It is important that the activation energies for dissociation 

of G2- and DETA-based salogels were very close in spite of dramatic differences seen in 

Figure 5-1 in gelation in these systems. These results confirm that for both types of 

salogels, the activation energy is likely associated with dissociation of -NH2...PVA 

individual bonds rather than with dissociation of an entire crosslinker molecule.  
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 Figure 5-3. DLS intensity correlation functions, ICFs (a), and rheology stress 

relaxation data (c) performed at different temperatures in G2-based salogels (X≅20 in 

Figure 5-1), along with the Arrhenius plots of DLS slow decay time (b) and stress 

relaxation time (d). ICF decay exponents and stress relaxation exponents as a function of 

temperature are shown in insets of (a) and (c), respectively. Reprinted from [205] with 

permission from the Wiley.  

 

 

5.3. Conclusion 

We have explored and compared the activation energies of physically crosslinked 

salogels formed with linear and branched crosslinkers using two different complementary 

techniques. We observed a higher affinity for branched crosslinkers in comparison to 

linear ones for hydrogen bonding with polymer chains, which manifested itself as gelation 
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within a wider temperature range caused by a smaller concentration of a crosslinker. To 

our knowledge, for the first time, we demonstrated that the apparent values of the network 

dissociation activation energies determined by DLS and rheology are in very good 

agreement. This result was valid for both linear and dendritic crosslinker geometries. We 

believe that this finding can significantly contribute to a better understanding of relaxation 

phenomena and chain dynamics in thermo-responsive physical networks.   

 



67 

 

6. SOLVATION AND DIFFUSION OF POLY (VINYL ALCOHOL) CHAINS IN A 

HYDRATED INORGANIC IONIC LIQUID  

 

6.1. Introduction 

Phase change materials (PCMs) possess the unique capability for 

absorbing/releasing large amounts of energy over a narrow temperature range associated 

with a phase transition and thus present promising and inexpensive solutions in thermal 

energy storage applications.202 In comparison to widely used organic PCMs, such as 

paraffins, inorganic PCMs offer several unique properties, including nonflammability and 

high levels of thermal conductivity and volumetric latent heat capacity.203,204 One specific 

representative of inorganic PCMs ‒ lithium nitrate trihydrate (LNH) ‒ is considered 

promising for energy storage applications because of its close-to-ambient melting 

temperature ( 30 oC) and high specific heat of fusion ( 290 J/g).11 However, because of 

the high fluidity of LNH in its molten state (viscosity as low as 5.71 mPa.s at 30 oC), 

incorporation of this material within a shape-stabilizing matrix is required to efficiently 

harness its thermal storage properties. In our prior work, we have introduced poly (vinyl 

alcohol), PVA, gel matrices  ‒ called ‘salogels’ ‒ as an efficient means to provide such 

shape stabilization, and then to remove and replace the used LNH after multiple 

heating/cooling cycles by a temperature-triggered dissolution of the salogel matrix. We 

also explored the role of physical crosslinkers in gelation and studied the viscoelasticity 

of shape-stabilized salogels.185,205 However, the factors that contribute to the gelation of 

PVA in LNH, as opposed to water remain unexplored. 
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In salt-free aqueous PVA solutions, polymer chains are fully solubilized as 

individual coils. Gelation can be induced, however, through intermolecular polymer-

polymer hydrogen bonding between crystallized PVA domains that emerge as a result of 

freeze-thawing, or can be mediated by multivalent organic206 or inorganic salt ions, such 

as borate207-209 or vanadate.210 Binding of multivalent ions with polymer chains was 

identified as the main reason for gelation in moderate ion concentrations. An increase in 

ion concentration beyond a certain value (~ 40 mM for borax), however, resulted in the 

emergence of a strong charge on PVA chains, a significant decrease in the number of 

crosslinks, and suppressed gelation.209   

Gelation of PVA occurs much more readily when water is replaced with a different 

solvent − a hydrated inorganic ionic liquid (IL), which also is used as a PCM. Unlike 

common ILs which are composed entirely of ions, these new solvents are made of salt 

ions which are hydrated by water molecules supplied by the crystalline frameworks of the 

hydrates. Little is known, however, about behavior of polymer chains in hydrated 

inorganic ILs. In contrast, much more is known about properties of polymer coils in 

organic ILs because of the relevance of these systems for applications in solar cells and 

lithium batteries.211-213 Simulations predicted, for example, an expansion of poly (ethylene 

oxide), (PEO), coils in an imidazolium-based IL and a scaling of the radius of gyration 

with molecular weight consistent with strong polymer-solvent interactions.214 

Experimentally, altering anion basicity and cation alkyl length of ILs (e.g. 1,3-

dialkylimidazolium tetrafluoroborate) had a significant impact on PEO coil dimensions.212 

Strong interactions between polymer units and organic IL were also shown to affect the 
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sol-to-gel transition of poly (N-isopropylacrylamide), PNIPAM,215 as well as improve the 

thermal stability of PVA.216 However, liquid LNH is a different kind of solvent with no 

organic ions and an extremely high (18M) concentration of inorganic ions. In such a 

solvent, water is scarce and largely utilized for solvation of ions, and polymer chains 

simultaneously compete with salt ions for solvating water.  

This work aims to understand the solvation of PVA chains in LNH solvent and 

compare it with what is observed in aqueous solutions. Polymer chain solvation and ion 

binding are important to understand physical gelation, in which polymer-polymer 

interactions are mediated by these parameters.217 At the same time, solvation of polymer 

chains also influences excluded volume and hydrodynamic interactions within the 

polymer coil and thus affects the degree to which polymer chains are permeable to a 

solvent. The simplest model of polymer chains with strong hydrodynamic interactions was 

often used to interpret the results of hydrodynamic measurements in polymer solutions. 

Specifically, the scaling of hydrodynamic radius, diffusion coefficient, intrinsic viscosity 

and sedimentation coefficient with polymer molecular weight was used to evaluate solvent 

quality based on the value of the mass scaling exponents associated with these 

properties.218-221 For polymer chains with increased excluded volume interactions, 

however, draining of polymer coils was theoretically predicted.222-225 These models were 

further developed and experimentally tested for the case of rigid-chain polymers, such as 

DNA dissolved in water having a significant concentration of salt so that charge 

interactions are largely screened.226 The effects of IL solvents on the hydrodynamics of 

polymers chains remain largely unexplored, however. In particular, it is unclear if the 
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Flory exponents are the same for polymers having long range dipolar interactions and it is 

unclear how strong solvation might alter the strength of polymer-polymer hydrodynamic 

interactions. Here, we investigate the hydrodynamic solution properties of polar flexible 

polymers in ILs to compare with the well-established phenomenology of neutral polymers 

in non-associating organic solvents. 

Among experimental techniques capable of validating the earlier polymer 

diffusion models and relating them to chain solvation, fluorescence correlation 

spectroscopy (FCS) is one of the most suitable ones. This technique has an extremely high, 

single-molecule sensitivity that allows easy access to extremely dilute solutions, where 

chain diffusivity becomes concentration-independent.227 At the same time, through using 

mixtures of fluorescently labeled and unlabeled polymer chains, FCS enables studies of 

chain motions in solutions at higher polymer concentrations. So far, applications of FCS 

to dilute aqueous polymer solutions generated sets of results that were consistent with the 

traditional model of non-draining polymer coils.218,228,229 Here, we explore the diffusion 

of PVA chains and the overlap concentration (c*) in a molten inorganic IL, LNH, and 

demonstrate that strong chain solvation results in an emergence of draining of polymer 

coils in this solvent. Finally, we show that enhanced solvation of the  polar PVA polymer 

chains in LNH involves binding of Li+ ions to polymer chains and suggest that such 

binding also contributes to the increased propensity of PVA to physical gelation in this 

solvent. 
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6.2. Results and Discussion 

Figure 6-1 illustrates the effect of a solvent (LNH vs. water) on gelation and rheology of 

PVA solutions. While gelation occurred in 15 wt% PVA solutions in LNH, aqueous 

solutions with the same concentration of the polymer had a significantly lower viscosity 

and easily flowed (Figure 6-1a). Figure 6-1b shows that while the relative viscosity of 

aqueous PVA solutions was weakly dependent on the shear rate − a behavior close to that 

of a Newtonian fluid − the gelled samples exhibited strong shear-thinning behavior, 

typical of associating liquids. Note that LNH did not crystallize at room temperature due 

to the supercooling effect, enanbling us to use it as a solvent without rising the 

temperature.11 

Physical gelation in polymer solutions is often related to poor solvation of polymer 

chains at the crosslink points, such as, for example, the association between PVA chains 

induced by freeze-thawing.25 However, polymers of all molecular weights studied here 

were readily soluble in LNH. To understand the nature of the gelation of PVA in LNH, 

we aimed to study the intricate details of the solvation of PVA chains and their interactions 

with the abundant LNH ionic species.  

Molten LNH salt is an unusual solvent, which presents an 18M aqueous solution 

of lithium nitrate salt. When compared to other organic ILs,230 LNH is unique in its role 

as a high-heat-capacity PCM. Water molecules in the high-salt environment of LNH are 

scarce and extensively used to solvate Li+ and NO3
- ions. In such a solvent, the effects of 

ion solvation on the solution properties – an effect only recently been developed 

theoretically for other systems231 – should be especially strong. The intricate solvation 
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structure of the LNH can be revealed through FTIR analysis of vibrational bands 

associated with different types of noncovalent intermolecular bonding. 

 

 

Figure 6-1. Digital images (a) and frequency dependence of the relative shear viscosities 

(b) of 15% PVA3 solutions in LNH and water at T = 22 oC. 

  

 

In the ATR-FTIR spectroscopy studies, replacing H2O with D2O has enabled us to 

avoid the overlap of -OH vibrational bands originating from PVA and LNH. Specifically, 

the use of fully deuterated lithium nitrate (LND) and D2O enabled the selective 

observation of -OD stretching vibrations in the 2000-2800 cm-1 region. The 3000-3300 

cm-1 -OH stretching region was examined in our previous paper, and a significant blue 

shift in the –OH vibrational frequencies of PVA was observed upon increasing salt 

concentration in aqueous solutions. This change indicated a weakening of hydrogen 

bonding between –OH groups of PVA and water when the concentration of salt ions was 

increased. We hypothesize here that lower hydration of PVA results from strong binding 
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of water within the solvation shell of Li+ and NO3
- ions. Similarly, lower hydration of 

PVA and chitosan was also reported for organic ILs, which can bind with water stronger 

than with polymer units.232,233 To better understand the binding of water with salt ions in 

LNH, we focused here on the –OD stretching (2000-2800 cm-1) vibration region which is 

sensitive to hydrogen bonding and structure formation in heavy water. 

Figure 6-2 shows that dramatic changes occurred in the overall peak shape in the 

–OD stretching vibrational region as D2O was gradually replaced with LND. Mixed 

solutions are abbreviated as D2O/LND (x/y), where x/y is the volume ratio of D2O to LND. 

In water, there exist a broad range of water-water hydrogen-bonded configurations that 

vary in both their energy and the binding angle between the donor (D) and acceptor (A) 

moieties of water molecules, but all can be grouped within two main types of weakly and 

strongly hydrogen-bonded water.234,235 In this work, we based the deconvolution 

procedure on the theoretical prediction of the existence of two additional sub-peaks of 

strongly and weakly hydrogen-bonded water.47,236 The peaks centered at 2336 cm-1, 2383 

cm-1, 2493 cm-1, 2580 cm-1, and 2648 cm-1 are assigned to –OD vibrations involved in the 

strongest DAA (single donor and double acceptor, symmetric stretching vibration) 

hydrogen-bonding, strong DDAA (double donor – double acceptor, symmetric stretching 

vibration) tetrahedral hydrogen bonding, weak DA (single donor–single acceptor, bending 

vibration) and another weak DDA (double donor–single acceptor, antisymmetric 

stretching vibration) hydrogen bonds, as well as to stretching vibrations of free –OD 

groups, respectively. For D2O, the wavenumbers of the contributing deconvoluted bands 

and their intensities were consistent with prior theoretical and experimental results.47-49 
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Deconvolution of the absorbance bands (see Experimental section for details) revealed 

significant changes in both positions and relative intensities of the contributing –OD 

bands. With increasing salt concentration, the positions of all the peaks shifted to higher 

wavenumbers (Figure 6-2, b), suggesting weakening of water-water hydrogen bonding in 

solutions with high concentrations of Li+ and NO3
- ions. At the same time, the fractional 

intensities of weaker H-bonds (DA and DDA) increased at the expense of intensities of 

the stronger DAA and DDAA hydrogen bonds (Figure 6-2, c). These results suggest that 

Li+ and NO3
- ions drastically changed the energy and structure of hydrogen-bonding 

networks of water molecules in the aqueous environment. Strong competition of inorganic 

ions and water-water hydrogen bonding occurred because of the scarcity of water in LNH, 

with only three water molecules being available for a pair of Li+-NO3
-
 ions. The data in 

Figure 6-2, therefore, illustrate breaking of the water-water hydrogen bonds which are 

abundant in salt-free water and emergence of weaker hydrogen-bonded water, which is 

included in solvation shells of Li+ and NO3
- 

ions.   

 Weaker hydration of PVA chains, resulting from competition for water between 

the polymer chains and LNH, reduced the number of hydrogen bonds between -OH groups 

of PVA and water. One can suggest that this could facilitate the formation of polymer-

polymer hydrogen bonding and thus contributing to gelation. Alternatively, gelation can  



 

75 

 

 

Figure 6-2. FTIR analysis of 2000-2800 cm-1 –OD vibrational region in LND, D2O, and 

D2O/LND mixed solvents (a), peak wavenumber (b) and fractional intensity (c) changes 

corresponding to the deconvoluted peaks of DAA, DDAA, DA, and DDA vibrations 

upon gradual transition from D2O to LND. 

 

 

 

be mediated through the binding of solvated inorganic ions. Li+ ions are known to 

coordinate with high-electron-density species, such as sulfur or oxygen atoms; 237,238 thus 

we hypothesized that Li+ ions can bind with -OH groups of PVA. To test this hypothesis, 

we have performed 7Li NMR studies of the mobility of Li+ ions in PVA-free and PVA-

containing LNH solutions.   
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7Li NMR spectra of LNH and PVA3/LNH solutions are displayed in Figure D-4. 

The 7Li NMR resonance of PVA3/LNH is significantly broadened compared to polymer-

free LNH, owing to the reduced Li+ ion mobility in the viscous PVA3 polymer matrix. To 

further investigate the effects of PVA on Li+ ion mobility, we performed  7Li NMR spin-

lattice relaxation time (T1) measurements which provide important clues in ion 

dynamics.239 Figure 6-3 shows that the initial 7Li NMR T1 in LNH of 3.6 s gradually 

decreases upon addition of PVA, reaching a value of 1.2 s in 15% PVA3/LNH solution. 

Spin-lattice relaxation is generally described by the Bloembergen, Purcell, and Pound 

(BPP) model240: 

1

T1
∝

𝜏𝑐

1+(𝜔0𝜏𝑐)2                                                                                                     (6-1) 

where c is the correlation time and 𝜔0 is the Larmor frequency. 

For smaller molecules at room temperature, such as LNH, ion dynamics falls in 

the fast-motion region, where 0c << 1. Under these conditions, a decrease in T1 indicates 

slowing down of ionic motions, 241 which in our system most likely occurred due to 

increased interactions between Li+ ion and PVA chains. 
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Figure 6-3. 7Li spin-lattice relaxation time (T1) as a function of PVA3 concentration in 

LNH measured at 22 oC.   
 

 

After demonstrating strong solvation of inorganic ions in LNH and binding of Li+ 

ions with PVA, we sought to explore the effect of these interactions on hydrodynamic 

properties of the polymer coils. To that end, we employed the FCS technique that is 

capable of probing polymer dynamics with single-molecule sensitivity (see Experimental 

section for details). Using fluorescently tagged PVA* chains of four different molecular 

weights with relatively narrow molecular weight distributions (Table 2-1), we first 

explored hydrodynamic properties of PVA coils in the dilute regime using LNH and water 

as solvents. In the dilute regime, polymer chains do not overlap, and hydrodynamic radius 

(RH) of the polymer coils can be determined using the Stokes-Einstein equation, D = kB T 

/ 6𝜋η RH. This equation applies regardless of the strength of the hydrodynamic interaction, 

but the “non-draining” limit of strong hydrodynamic polymer-polymer interactions 

mediated by the solvent is often assumed.  
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Figure 6-4 a,b show the diffusion coefficients (D) and RH  of PVA* calculated 

using the Stokes-Einstein equation as a function of polymer molecular weight. 

Representative intensity correlation functions (ICFs) for the diffusion of PVA4* in 

aqueous and LNH solutions are shown in Figure D-5. For flexible chains in theta and good 

solvents, diffusion coefficients for non-draining polymer coils are expected to scale as D 

~ M-1/2 and D ~ M-3/5, respectively.146,242 Here, for solutions of PVA* in LNH and water, 

the diffusion mass scaling exponents were 0.6 ± 0.1 and 0.45 ± 0.10, respectively (Figure 

6-4a, b). No strong conclusions with regard to solvent quality can be made here, 

considering the relatively narrow range of molecular weights, moderate polydispersity of 

the samples, and the experimental error of the measurements. Prior publications by others 

have also advised caution in interpreting the mass scaling exponents as direct measures of 

the equilibrium size of polymer chains in solution.211 

More instructive were unexpectedly low values of the hydrodynamic radii of 

PVA* chains in LNH as compared to those in water, which were consistently observed 

for polymers of all molecular weights. At the same time, the hydrodynamic sizes of 

aqueous PVA* solutions agreed well with prior reports and can be interpreted using the 

non-draining polymer coil model.243 The smaller hydrodynamic diameters of the polymer 

chains in the PVA/LNH system were also confirmed by the measurements of intrinsic 

viscosity with 2 to 10 mg/ml PVA solutions (Figure 6-4c). These concentrations fell within 

the dilute solution regime (Figure D-6), considering that a c* of 17.3 mg/ml was 

determined for PVA with molecular weight of 166,000 g/mol,244 which is higher than all 

the molecular weights of PVA studied here (see Table 2-1). One explanation for a smaller 
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hydrodynamic sizes of PVA chains in LNH could indicate partial collapse of the polymer 

coils in a solvent, but this explanation is inconsistent with the high exponents in the 

molecular mass dependences of D, RH and intrinsic viscosity of PVA in LNH (Figure 6-

4). The lower calculated hydrodynamic size of polymer coils, taking together with the 

higher values of diffusion and intrinsic viscosity mass scaling exponents of PVA in LNH 

as compared to those in water indicate likely draining of PVA coils in the LNH solvent.  

 

 

Figure 6-4. Molecular weight dependences of FCS diffusion coefficients (a) and 

hydrodynamic radii (b) of PVA* measured in 10-4 mg/ml aqueous or LNH solutions at 22 
oC, as well as intrinsic viscosities of PVA in aqueous and LNH solutions at 35 oC as a 

function of polymer molecular weight (c). 
 

 

Note that earlier models by Flory245 and Kirkwood and Riseman246 already took into 

account the possibility of draining of polymer chains, for example by introducing the 

partial draining parameter h. Draining of a solvent through the polymer coils was also 

suggested by experiments performed with rigid chains in a good solvent, which showed 

deviation from the impermeable sphere model.226,247-249 More recently, Mansfield et al. 

performed hydrodynamic modeling of a biological molecule – duplex DNA – and found 
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evidence of weak hydrodynamic interactions and significant draining of DNA coils for 

this semi-flexible polymer, consistent with extensive measurements of transport properties 

in DNA solutions.226 While DNA molecules are highly charged, the measurements 

described here are performed for polymer chains in a solvent with extremely high salt 

concentrations for which the charge interactions have been largely neutralized. Yet the 

DNA solutions resemble the PVA solutions of the present work in that the polymer chains 

are highly solvated so it is perhaps unsurprising that they exhibit a similar pattern in the 

solution hydrodynamic properties in which hydrodynamic interaction strength is relatively 

weak.  

Finally, assessing the chain overlap concentration value c* in these two solvents 

and comparing these values with the hydrodynamic size measurements can provide 

another piece of evidence related to the draining of solvent through polymer coils. The 

value of c* separates the dilute and semidilute solution regimes of polymer solutions and 

indicates the onset of the physical overlap of the polymer coils determined by their Rg. 

The transition can be probed by measuring polymer dynamics in a wide range of solution 

concentrations. When polymer concentrations exceed c*, chain diffusivity is slowed by 

the surrounding molecules.227 In this work, this transition was explored by FCS 

measurements of diffusion of PVA* chains in solutions containing increasing 

concentrations of unlabeled PVA molecules. These experiments were performed using 

PVA2 polymer with the average molecular weight Mw of 69,700 g/mol and polydispersity 

of 1.39. Figure 6-5 a,c show the representative fluorescence intensity correlation functions 

and the diffusion coefficients obtained for fluorescent PVA* chains which were added in 
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ultra-low concentrations to solutions of unlabeled PVA solutions which were 4-6 orders 

of magnitude higher that of the fluorescing species. An obvious shift of ICFs for diffusing 

PVA* to longer diffusion times was observed at high PVA concentrations. Figure 6-5b, d 

summarize the diffusion coefficients for PVA* in a wide concentration range of PVA for 

the two solvents. The region of a nearly constant D at low polymer concentrations is 

followed by a strong decrease in PVA* mobility above the overlap concentration c*. The 

independence of the diffusion coefficients on polymer concentration in the dilute regime 

(c << c*) is expected because of separation of individual polymer coils in this regime.242,250 

Above the overlap concentration, the scaling of D vs. c-1/2 was predicted for c* < c < ce 

(the Rouse-like regime),251 where ce is the entanglement transition concentration. The data 

in Figure 6-5 b,d yielded the scaling exponents of 0.55 ± 0.15 and 0.7 ± 0.1 above the 

overlap concentration for water and LNH, respectively. Most importantly, the PVA chain 

overlap occurred at twice higher concentration in water as compared to LNH (20 vs 10 

mg/ml, respectively), suggesting ~25% larger radial and ~ two-fold volume chain 

expansion of PVA in LNH solvent. Taken together with hydrodynamic measurements 

discussed above in the paper, the extension of physical chain dimensions of PVA in LNH 

with a simultaneous decrease of hydrodynamic dimensions as compared to water are 

suggestive of increased draining of polymer chains in the hydrated inorganic IL solvent. 
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Figure 6-5. FCS autocorrelation functions and diffusion coefficients in 10-4 mg/ml PVA2* 

solutions in water (a,b) and LNH (c, d), which also contained increasing amounts of 

unlabeled PVA2 with Mw of 69,000 g/mol. Temperature was 22 oC. 

 

 

6.3. Conclusion 

 In summary, here we explored the behavior of a neutral polar polymer in a hydrated 

inorganic IL, LNH, and found that binding of components of this solvent with PVA chains 

led to increased chain rigidification and decreased hydrodynamic interaction strength, 

resulting in draining of polymer coils. To the best of our knowledge, the draining of 

polymer coils caused by a hydrated inorganic IL has not been previously reported and can 

be a compelling subject for further studies. The intricate details of interactions of ions and 

water molecules with hydrophilic polymer chains in the water-scarce environment of LNH 
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raise new fundamental questions about the role of competitive hydration of polymers in 

ion-rich solutions. At the same time, these studies shed light on the mechanism of gelation 

of polymers in the highly ionic environments of LNH – a high-performance inorganic 

PCM whose applications demand controlled and efficient shape stabilization. We believe 

that an understanding of expansion and solvation of polymer chains in hydrated inorganic 

ILs can facilitate the development of new types of shape-stabilizing salogels for thermal 

storage applications. 

 

 

 

 

 

 

 

 

 



 

84 

 

7. CONCLUSIONS 

In this work, we have demonstrated that PVA-based physical gels are promising 

thermoreversible matrices for shape stabilization of an inorganic salt hydrate PCM. We 

explored two different approaches for development of these physical gels. First, we 

demonstrated crosslinker-free gelation of PVA in molten salt hydrate, i.e. LNH. Our 

experimental results confirmed that dramatic dehydration of PVA chains in the molten salt 

hydrate promoted PVA gelation due to either direct hydrogen bonding between hydroxyl 

groups of PVA and/or additional binding through Li+ ion.   

Secondly, we developed the temperature-responsive, shapeable, and self-healing 

gels based on PVA networks whose strength has been enhanced by incorporation of 

hydrogen-bonding dendrimer crosslinkers. The existence of hydrogen bonding and the 

importance of low-hydration state of PVA for the efficient gelation were experimentally 

confirmed. We demonstrated that in this system, the gel-sol transition temperature could 

be precisely controlled within a range of temperatures above LNH melting point by the 

choice of dendrimer generation and their concentration. The thermal behavior of PCM 

salogels was highly reversible and repeatable during multiple heating/cooling cycles. 

Using two complementary techniques − rheology and DLS – we determine the crosslinker 

dissociation activation energy for these networks, and show that the results obtained by 

both techniques are in good agreement for salogels with both linear and dendritic 

crosslinkers.  

To more explore the underlying reasons of PVA gelation in the high-salinity 

environment created by liquid LNH (~18 M), expansion and diffusion of PVA chains in a 
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very dilute solution of LNH was studied using FCS. The molecular weight dependences 

of the diffusion coefficients of the fluorescently tagged polymer revealed a larger value of 

the Flory exponent and lower hydrodynamic radii for PVA chains in LNH as compared to 

water, suggesting possible draining of polymer coils in LNH. A low overlap concentration 

(c*) of PVA in LNH measured by FCS, taken together with the intrinsic viscosity results, 

suggest expansion of polymer coils and weakened hydrodynamic interactions in this 

solvent. 

We believe that understanding solvation and ion-binding capability can offer 

crucial insights in designing polymer-based shape stabilization matrices for inorganic 

PCMs. Importantly, strong gelation capability in the crosslinker-based gel system allows 

minimizing the amount of organic components in order to preserve the high latent heat 

performance of PCM. Adding conductive nanoparticles to the system can improve the heat 

conductivity of these PCM materials, further enhancing their performance and making 

them suitable for of the use in heat exchangers. The facile method of the gel preparation 

leading to unprecedented, temperature-controlled shape retention makes these systems 

promising for applications in solar thermal energy storage or recovering industrial waste 

heat devices. Furthermore, the new feature of tunability of the viscoelastic properties of 

shape-stabilized salogels above the melting temperature of PCM offers new opportunities 

for the development of thermo-regulating consumer products, such as packs and pillows, 

of tunable softness. 
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APPENDIX A 

 

Figure A-1. Strain-dependent G’ for 15 wt% PVA solutions in LNH and H2O for 87% and 

98% degrees of PVA hydrolysis. Testing was conducted at a temperature of 25°C with an 

angular frequency of 10 rad/s. Reprinted from [10] with permission from the Royal 

Society of Chemistry.  

  

 

 

 
 

 

Figure A-2. Frequency dependencies of G’ and G” in PVA98/LNH system at different 

polymer concentrations. Temperature was 25°C. The measurement was performed at γL = 

1%. Reprinted from [10] with permission from the Royal Society of Chemistry.  
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Figure A-3. Complex viscosity of PVA/LNH gels measured versus temperature during 

cooling. Testing was conducted at an angular frequency of 10 rad/s and γL = 10%. 

Reprinted from [10] with permission from the Royal Society of Chemistry. 
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APPENDIX B 

 

 

Figure B-1 shows the log-log plots of specific viscosity versus PVA concentration 

measured in LNH solutions at 23 ᵒC. For the entangled regime, a dependence of η ~ c4.7 

for the θ-solvent conditions was previously reported.129,252-254   

 

 

Figure B-1. Specific viscosity of PVA/LNH solutions as a function of PVA concentration. 

Temperature was 23 ᵒC. Reprinted from [185] with permission from American Chemical 

Society. 
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Figure B-2. Frequency dependences of G’ and G” in the PVA/LNH (5 wt% polymer 

concentration, no crosslinker) and PVA/G2/H2O (10 wt% polymer concentration, 2 wt% 

G2) systems at 25°C. Measurements were performed at a strain γL of 1%. Reprinted from 

[185] with permission from American Chemical Society. 

 

 

Figure B-3a shows a set of infrared spectra of PVA/G2/D2O/LND system at a wide range 

of wavenumbers. The strongest absorption peaks occurred in the following regions: (a) 

2000-2800 cm-1 associated with -OD stretching vibrations; (b) 3000-3600 cm-1 due to the 

stretching vibrations of -OH groups of PVA; and (c) 1328 cm-1 due to the antisymmetric 

stretching vibrations of nitrate ions.10,86,87 No vibrational features associated with G2 are 

seen in the spectra because of a low content (1 wt%) of the dendrimer in the system. As 

shown in Figure B-3a, at higher weight fractions of LND, the shape of the 2000-2800 cm-

1 band significantly changed its shape, and the contributions of higher-energy intensities 

to this band increased, as shown by spectral deconvolution in Figure B-3b and c. At the 
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same time, the shape and position of the nitrate ion vibrational band at 1328 cm-1 did not 

change with the solvent composition (D2O/LND ratio), suggesting negligible contribution 

of these ions to gelation.  

 

 

Figure B-3. (a) ATR-FTIR spectra of PVA dissolved in D2O, LND and their mixtures 

with G2. (b, c) Spectral deconvolution of -OD stretching vibration peaks performed for 

PVA/G2/D2O and PVA/G2/LND systems. Reprinted from [185] with permission from 

American Chemical Society. 
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Figure B-4. DSC studies of temperature transitions in LNH and PVA/G3/LNH salogel 

upon cooling at a rate of 10 oC min-1 under a nitrogen atmosphere. Concentrations of PVA 

and G3 were 5 and 1 wt%, respectively. Reprinted from [185] with permission from 

American Chemical Society. 
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Figure B-5. Rheological measurements of the gelation temperature, Tgel, with 

PVA/G3/LNH salogels at various concentrations of G3 (0.6, 1.5, 2 and 7 wt%) conducted 

at a strain γL of 10%. Insets show the oscillation shear moduli versus frequency measured 

at the corresponding Tgel for each G3 concentration. Reprinted from [185] with permission 

from American Chemical Society. 
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Figure B-6. The effect of dendrimer concentration on the gel-sol transition 

temperature (Tgel) for PVA/G3/LNH salogels (main panel), as well as fraction of 

elastically effective chains (inset) determined based on rheological measurements 

performed at 25 oC and a frequency of 10 rad s-1. Reprinted from [185] with 

permission from American Chemical Society. 
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Figure B-7. Rheological experiments that demonstrate self-healing capability of 

PVA/GX/LNH salogels (ω =10 rad s−1, 25 °C): (a, b) strain amplitude sweep and 

corresponding step-strain measurements performed with salogels prepared with G1, 

G2 (top and bottom, respectively); (c) the recovery rate of G’ and G’’ after three 

repeated cycles of salogel breaking and recovery. In all experiments, the total 

number of –NH2 groups in systems containing G1 or G2 was matched. Reprinted 

from [185] with permission from American Chemical Society. 
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Figure B-8. 1H NMR of G2.5 dendrimer in CDCl3. Reprinted from [185] with permission 

from American Chemical Society. 

 

 

 

Figure B-9. 1H NMR of G3 dendrimer in CDCl3. Reprinted from [185] with permission 

from American Chemical Society.  
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APPENDIX C 

 

  

Figure C-1. DLS intensity correlation functions for DETA-based salogels with different 

crosslinker concentrations. Reprinted from [205] with permission from the Wiley. 

 

 

 

Figure C-2. Temperature dependence of LNH dynamic viscosity. Reprinted from [205] 

with permission from the Wiley.  
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APPENDIX D 

 

 GPC was performed using a TOSOH GPC system equipped with refractive index 

and UV detectors at ambient temperature. A TSK-GEL Super MultiporePW-M column 

with a particle size of 5 μm and different pore sizes was used for the characterization of 4 

mg mL−1 polymer solutions. Water was used as an eluent for the characterization of 

polymers. All solutions were eluted at a rate of 0.3 mL min−1, at ambient temperature.  

 

 

Figure D-1. GPC traces of 4 mg/ml aqueous solutions of PVA with different molecular 

weights. 
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Figure D-2. UV-vis calibration curves and determination of the labeling degree of PVA* 

with FITC: (a) UV-vis absorbances of aqueous solutions of FITC of known concentrations 

(pH =11); (b) the calibration curve for determining FITC concentration and (c) a UV-vis 

spectrum of 1 mg/ml aqueous solution of PVA3* after extensive dialysis. Only PVA3* 

results are shown here as an example.  

 

 

 

 
Figure D-3. FCS autocorrelation function and diffusion coefficient of FITC in aqueous 

solutions used for calibration of the excitation volume of the FCS setup. Temperature was 

22 oC. 
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Figure D-4. 7Li NMR spectra of a15 wt% solution of PVA in LNH, along with the spectra 

of LNH solvent. 

 

 

Figure D-5. FCS autocorrelation functions and diffusion coefficients of 10-4 mg/ml 

PVA4* solutions in water and LNH. Temperature was 22 oC. 
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Figure D-6. Intrinsic viscosity measurements for PVA in (a) LNH, and (b) aqueous 

solutions at a temperature of 35 oC. “H” and “K” refer to fitting using the Huggins and 

Kraemer equations, respectively. 

 

 


