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Abstract

While the behavior of polyelectrolyte chains in aqueous salt solutions has been extensively 

studied, little is known about polar polymer chains in solvents with extremely high 

concentrations of inorganic ions, such as those found in ionic liquids (ILs). Here, we report on 

expansion, solvation and diffusion of poly (vinyl alcohol), PVA, chains in dilute solutions of a 

hydrated inorganic IL phase change material (PCM), lithium nitrate trihydrate (LNH). This solvent 

has an extremely high concentration of inorganic ions (�18M) with a low concentration of water 

molecules largely forming solvation shells of Li+ and NO3
- ions, as shown using ATR-FTIR 

spectroscopy. Diffusion and hydrodynamic size of PVA chains of different molecular weights in 

this unusual solvent were studied using fluorescence correlation spectroscopy (FCS). A higher 

scaling exponent obtained from the molecular weight dependences of the diffusion coefficients 

of PVA chains as well as a lower overlap concentration (c*) of PVA in LNH solutions as measured 

by FCS suggest an expansion of the polymer coils in this solvent. We argue that enhanced 

solubility of PVA in LNH solutions are likely a result of increased rigidification of polymer chains 

due to the binding of solvated Li+ ions, which is demonstrated using 7Li NMR spectroscopy. We 

believe that an understanding of solvation and ion-binding capability can offer crucial insight into 

designing polymer-based shape stabilization matrices for inorganic PCMs. 
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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.1 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.2, 3 One specific representative of inorganic PCMs D lithium nitrate trihydrate 

(LNH) D 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).4 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  

D called �salogels� D 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.5 We also explored the role of physical crosslinkers in gelation 

and studied the viscoelasticity of shape-stabilized salogels.6, 7 However, the factors that 

contribute to the gelation of PVA in LNH, as opposed to water remain unexplored.

In salt-free aqueous PVA solutions, polymer chains are solubilized, and no gelation occurs 

even at high polymer concentrations. Gelation can be induced, however, through inter- and 

intramolecular polymer-polymer hydrogen bonding between crystallized PVA domains that 

emerge as a result of freeze-thawing,8 or can be mediated by multivalent organic9 or inorganic 
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salt ions, such as borate10-12 or vanadate.13 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.12  

Gelation of PVA occurs much more readily when water is replaced with a different solvent 

K 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, behavior of polymer coils in 

organic ILs has been considerably explored because of the relevance of these systems for 

applications in solar cells and lithium batteries.14, 15 Both experimental16 and theoretical17-19   

studies emphasized significantly different interactions of polymer chains with organic ILs from 

those found in typical polymer solvents. In the case of poly(ethylene oxide) (PEO) solutions in 

imidazolium-based ILs, for example, enthalpically favorable and entropically unfavorable 

hydrogen bonding between oxygen and imidazolium-hydrogen of an IL were found to play a 

major role in expansion of PEO coils and the emergence of LCST behavior. Recent simulations 

predicted, for example, an expansion of PEO coils in an imidazolium-based IL with a mass scaling 

exponent of ~ 0 .56.20 Strong interactions between polymer units and ILs were also shown to 

affect the sol-to-gel transition of poly (N-isopropylacrylamide), PNIPAM,21 as well as improve the 

thermal stability of PVA.22 Experimentally, altering anion basicity and cation alkyl length of ILs 

(e.g. 1,3-dialkylimidazolium tetrafluoroborate) also had a significant impact on PEO coil 
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dimensions.14 In contrast to typical ILs, in which the polymer solvation can occur only through 

cation/anion interactions with polymer chains, hydrated inorganic ILs, always contain water in 

the amount incorporated in the crystalline lattice of the hydrates in their solid form. In the case 

of liquid LNH, water amounts for 3 molecules per 2 inorganic ions, and this solvent can be viewed 

as an aqueous solution with an extremely high )M�30, concentration of inorganic ions. In such a 

solvent, water is scarce and largely utilized for solvation of ions, and polymer chains 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.23 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.24-27 For polymer chains with increased excluded volume interactions, 

however, draining of polymer coils was theoretically predicted.28-31 These models were further 

developed and experimentally tested for the case of rigid-chain polymers, such as DNA dissolved 

in water.32 The effects of hydrated inorganic IL solvents on the hydrodynamics of polymer chains 

remain largely unexplored, however. In particular, it is unclear if the Flory exponents are the 
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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 a polar flexible polymers in a hydrated inorganic IL 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.33 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.24, 34, 35 Here, 

we explore the diffusion of PVA chains and the overlap concentration (c*) in a molten hydrated 

inorganic IL, LNH, and demonstrate strong chain solvation results. 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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Experimental Section

Materials

Anhydrous lithium nitrate (purity > 99%), butanol, dimethyl sulfoxide (DMSO) and triethylamine 

were purchased from Alfa Aesar and used as received. Four PVA samples with a hydrolysis degree 

of 99% were synthesized using a previously described procedure.36 Gel permeation 

chromatography (GPC) traces for the PVA samples are shown in Figure S1. The molecular weights 

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

were obtained from Sigma Aldrich and used without further purification. 

LNH was prepared by mixing anhydrous lithium nitrate with stoichiometric amounts of deionized 

water. Polymer solutions in LNH were prepared by adding PVA to molten LNH, heating and 

stirring solutions at 80 °C for 6 hrs, followed by cooling to the ambient temperature.  Aqueous 

solutions of PVA were prepared by heating and stirring at 90 °C for 24 hrs. 

Table 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

Fluorescent Labeling of PVA. PVA was labeled with FITC by using the modified method of de 

Belder and Granath.37 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 
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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:38, 39

                                                                                                             (1)2
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where U is the decay time, and I(t) = I(t) D <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:40
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where Xxy and Xz 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 22oC 41-42 for 

calibration gave a beam waist )Xxy) of 0.323 µm (Figure S3). 

Viscosity Measurements. Viscosity measurements were carried out using a TA Instruments 8�6�� 

rheometer equipped with a double-gap geometry attachment. Water and LNH dynamic 

viscosities measured by this technique were 1.05 and 6.91 mPa.s at 22 oC, respectively. 
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Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). A Nicolet 380 

FTIR spectrometer with a single-reflection diamond ATR was used to perform ATR-FTIR 

measurements. A drop of a molten salt hydrate was carefully put on the crystal to measure the 

corresponding spectrum. In order to eliminate the overlap of the %&' stretching vibrations bands 

of PVA and water, D2O was used instead of H2O for FTIR measurements. The spectra were 

collected at a 4 cmK� resolution using 64 scans. Deconvolution was performed by Origin 8.5 

software assuming Gaussian band shapes and keeping peak positions fixed at the values which 

were previously reported in the literature.43-45

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.

Results and Discussion

Fig. 1 illustrates the effect of a solvent (LNH vs. water) on gelation and rheology of PVA solutions. 

While gelation occurred in 15 wt% PVA3 (Mw = 107,000 g/mol) solutions in LNH, aqueous 

solutions with the same concentration of the polymer had a significantly lower viscosity and 

easily flowed (Fig. 1a).5 Fig. 1b shows that while the relative viscosity of aqueous PVA solutions 

was weakly dependent on the shear rate K a behavior close to that of a Newtonian fluid K the 

gelled samples exhibited strong shear-thinning behavior, typical of associating liquids. Note that 
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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 systems48 � should be 

especially strong. The intricate solvation structure of the LNH can be revealed through FTIR 

analysis of vibrational bands associated with different types of noncovalent intermolecular 

bonding.

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.5 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 of water within the solvation shell of Li+ and NO3
- ions. Similarly, lower hydration of PVA 

and chitosan was also reported for typical ILs, which can bind with water stronger than with 

polymer units.49, 50 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.

Fig. 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 

Page 11 of 25 Physical Chemistry Chemical Physics



12

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. 51, 52 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.43, 53 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.43-45 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 peaks shifted to higher wavenumbers (Fig. 2, b), suggesting a 

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 (Fig. 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 
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three water molecules being available for a pair of Li+-NO3
- ions. The data in Fig. 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 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; 54, 55 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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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 / 6 RH. This equation applies regardless of the strength of the �� 

hydrodynamic interactions, but the �non-draining� limit of strong hydrodynamic polymer-

polymer interactions mediated by the solvent is often assumed. 

Fig. 4 shows the diffusion coefficients (D) of PVA* 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 S5. 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.59, 60 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 (Fig. 4). This result is in a good agreement 

with the scaling exponents of PEO in IL of 1-butyl-3-methylimidazolium tetrafluoroborate 

(BMIM+BF4K) and water which reported to be 0.5620 and 0.518, respectively. However, no strong 

conclusions regarding 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.14 

An attempt to re-calculate hydrodynamic radii (RH) of PVA* chains using the Stokes-

Einstein equation, D = kB T / 6 RH is shown in Figure S6. The hydrodynamic sizes in aqueous �� 

PVA* solutions agreed well with prior reports and can be interpreted using the non-draining 

polymer coil model.61 However, hydrodynamic radii of PVA* chains in LNH were lower as 

compared to those in water, which were consistently observed for polymers of all molecular 
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weights. 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 (Fig. 

S7). These concentrations fell within the dilute solution regime (Fig. S8), considering that c* of 

17.3 mg/ml was reported for PVA for the molecular weight of 166,000 g/mol, 8 which is higher 

than all the molecular weights of PVA studied here (see Table 1). One explanation for a smaller 

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 (Figs. 4, S6, S7). The results can be also 

lightly interpreted as an indication of draining of polymer coils in LNH solvent. A possibility of 

draining of polymer coils was already taken into account in earlier models by Flory62 and 

Kirkwood and Riseman63 and  suggested by experiments performed with rigid chains in a good 

solvent.32, 64-66 More recently, Mansfield et al. performed hydrodynamic modeling of duplex DNA  

and found evidence of weak hydrodynamic interactions and significant draining of DNA coils for 

this semi-flexible polymer.32 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. It is also likely 

that hydrodynamic radius of polymer coils cannot be determined in highly charged inorganic ILs 

using the Stocks-Einstein equation or intrinsic viscosity measurements, due to strongly correlated 

ion motions in these solvents � an argument similar to that previously made for typical ILs.67 
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D ~ M �0.45 ± 0.10
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Figure 4. Molecular weight dependences of FCS diffusion coefficients of PVA* measured in 10-4 

mg/ml aqueous or LNH solutions at 22 oC.

Finally, assessing the chain overlap concentration value c* in these two solvents and 

comparing these values with mass scaling exponents measurements can provide another piece 

of evidence related to the solvent quality for polymer chains. 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.33 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 with 

the average molecular weight Mw of 69,700 g/mol and polydispersity of 1.39. 
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concentrations 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*. In the dilute regime (c << c*), diffusion coefficients are expected to be 

independent on polymer concentration because of the separation of individual polymer coils.60, 

68 Above the overlap concentration, the scaling of D vs. c-1/2 was predicted for c* < c < ce (the 

Rouse-like regime),69 where ce is the entanglement transition concentration. The data in Fig. 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 a 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 the higher mass scaling values discussed above in the paper, the extension of physical chain 

dimensions of PVA in LNH, as shown by a decrease in c*, as compared to water are suggestive of 

the overall a better solubility of PVA chains in LNH in comparison to water.

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 a 

better solvent quality for the polymer chains. The intricate details of interactions of ions and 

water molecules with hydrophilic polymer chains in the water-scarce environment of LNH 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 
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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. 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website. This file 

includes viscometry data used to determine the intrinsic viscosity, FCS calibration curves used to 

determine the diameter of the excitation beam, UV data to measure the degree of PVA labeling, 

and 7Li NMR spectra of LNH and 15 wt% PVA-LNH solutions. 
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Solvation and Diffusion of Poly (vinyl alcohol) Chains in a Hydrated Inorganic 

Ionic Liquid 

Parvin Karimineghlani,1 Jin Zheng,2 Yan-Yan Hu,2,3 and Svetlana Sukhishvili1*

TOC

Studies of the behavior of poly(vinyl alcohol) in a hydrated inorganic ionic liquid revealed good 
solvent conditions for polymer chains.
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