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Highlights 

 

 PVP and PVA as additives in glycerin –water solutions were froze and  

investigated by DSC.  

 

 The solution nucleation temperature was found to be 216.61 K at PVA concentration 

of 3 wt%.  

 

 RDF and MSD was established by molecular dynamics simulation for the solution 

system. 

 

 For PVA concentration of 3 wt%, the phase transition temperature was predicted to 

be 213.15 K-218.15 K ,which is in close agreement with the experimental results. 

 

 

Abstract: In order to find effective anti-ice nucleation agents, polyvinyl pyrrolidone 

(PVP) and polyvinyl alcohol (PVA) as additives in glycerin – water solution was froze 
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and investigated by Differential Scanning Calorimeter (DSC). The results show that 

PVA has stronger inhibition effect than PVP, and the effect can be enhanced with 

increasing of the additive concentration. The solution nucleation temperature was found 

to be 216.61 K at PVA concentration of 3 wt%. Radial distribution function (RDF) was 

established by molecular dynamics simulation to find that PVA molecule forms stronger 

and more stable hydrogen bonds with water molecules than PVP. Therefore, the PVA 

performs better in decreasing nucleation temperature than PVP. For PVA concentration 

of 3 wt%, the phase transition temperature was predicted to be 213.15 K-218.15 K 

based on the value of mean squared displacement (MSD). This is in close agreement 

with the experimental results. 

 

 

Nomenclature 

Tn nucleation temperature [K] 

TnG nucleation temperature of glycerin [K] 

TnW nucleation temperature of water [K] 

Tonset onset nucleation temperature [K] 

L latent heat of crystallization [J·g-1] 

ρ density of the simulation system [g·(cm3)-1] 

r distance between atoms [Å] 

g(r) radial distribution function 

T total time of calculation [ns] 

t time of calculation [ps] 

r(t) the position of the particle at time t  

δr  distance difference 

r(0) position of particle at the initial time  

D diffusion coefficient [cm2·s-1] 

W watt [J·s-1] 

wt% percent of mass concentration  
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Xn degree of polymerization 

Subscript  

N atom number  

i atom i 

j atom j 

G glycerin 

W water 

 

Keywords: Anti-ice nucleation agents; Nucleation temperature; Radial distribution 

function; Mean squared displacement; Molecular dynamics simulation 

 

1. Introduction  

In deep refrigeration and cryopreservation, prevention of water freezing on the surface 

of heat transfer units is important for the system to operate properly. It is well known 

that under atmospheric pressure, the nucleation temperature of water is 273.15 K, 

however, the nucleation temperature for uniform ice formation of pure water was 

determined by differential scanning calorimetry (DSC) to be 259.15 K [1]. When the 

solution temperature is lower than the ice nucleation temperature, many small ice 

crystal nuclei appear in the solution, which, under given conditions, join together and 

grow to form larger ice crystals. In order to lower this nucleation temperature and thus 

prevent the ice formation and growth, anti-ice nucleating agents (anti-INAs) can be 

added to the solution[2],[3]. 

DeVries and Wohlschlag [4] first discovered antifreeze protein (Antifreeze proteins, 

AFPs) from the blood of Antarctic fish, which lowers the nucleation temperature in 

cells, inhibits ice nucleation, and allows organisms to survive at low temperatures [5],[6]. 

Synthetic high molecular polymers, such as polyvinyl alcohol (PVA) and polyglycerin 

(PGL), have also been tested as an alternative to AFPs [7]. It is reported that trehalose 

and alginate oligosaccharides can also significantly enhance ice inhibition [8],[9]. The 

effects of a polymer additive on the supercooling of water were experimentally 

investigated by Kumano and his colleagues [10]. Inada and Lu [11] revealed that PVA 

molecules in a polymer solution inhibited ice growing on specific surfaces. Wang et al. 
[1] have shown that the addition of PVA in a solution can not only effectively inhibit ice 

nucleation, but also inhibit ice nuclei growth. Ogawa et al. [12] demonstrated that the 

Jo
ur

na
l P

re
-p

ro
of



4 

 

concentration of PVA greatly affects the ice nucleation temperature. In order to 

investigate the ice nucleation and crystallization process with application of anti-ice 

nucleating agent differential scanning calorimetry (DSC) method have been used [13],[14]. 

Vitrification of solution has also been applied to avoid icing, thereby achieving 

cryopreservation [15]. Zhou and his colleagues [16] proposed a novel microfluidic system, 

which is proven to be a promising approach for improving vitrification cryopreservation. 

Furushima et al. [17] analyzed the glass transition in polyvinylpyrrolidone aqueous 

solutions using Couchman’s approach. Inaba et al. [18] studied the glass 

formation/crystallization phenomena in water and glycerin mixtures. It is also found 

that during warming stage, fast heating rates are required to avoid crystallization [19]. 

Other methods can also be used to achieve the effect of suppressing ice nucleation, such 

as the supercooling and freezing method [20],[21].  

For understanding the ice nucleation and crystallization process, the principle of 

hydrogen bond has been applied to determine the relationship between inhibition of ice 

nuclei formation and ice core inhibitors [22][23]. Hydrogen bond and thermodynamic 

properties can be calculated by molecular dynamics simulation[24][25]. Okawa et al. [26] 

investigated the heterogeneous nucleation of water using molecular dynamics 

simulation, in which the hydrogen bonding in liquid alcohols was investigated. From 

the model simulation, the radial distribution functions for atom pairs potentially related 

to C–H …O and O–H … O hydrogen bonds were determined [27],[28]. Wu [29] analyzed 

the hydrogen bonding between polymer and water molecules from an atomic 

perspective.  

The interaction between PVA and water molecules through hydrogen bonding can be 

analyzed based on the state of water: (1) Free water, which has the same crystallization 

temperature and melting temperature as ordinary water; and (2) Bound water, which is 

bond with other substances through hydrogen bonding, resulting in much lower 

crystallization temperature and higher melting temperature than the free water [30]. The 

lifetimes of hydrogen bonds between water molecules and those of additives have been 

analyzed by molecular dynamics model simulations [31]. 

From a molecular point of view, liquid-icing phase transition is a process in which 

molecules are re-arranged with changes in temperature. In recent years, research on 

cryopreservation of biological materials has attracted great interest. The formation of 

ice crystals can be inhibited by the addition of an inhibitor, which is rapidly cooled 

down to bring the solution to a state between the crystal and liquid. 

The objectives of this study were to investigate the effectiveness of polyvinyl 

pyrrolidone (PVP) and polyvinyl alcohol (PVA) as anti-ice nucleation agents in 
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glycerin-water solutions, and to develop mechanisms for better understanding of their 

anti-icing performance. Differential scanning calorimetry (DSC) was used for the 

experimental studies and molecular dynamics model simulation was applied for the 

fundamental investigation.  

2. Materials and Methods 

2.1 Material  

Solution preparation: PVA and PVP were used as additives, separately, to glycerin-

water solutions at concentrations of different proportions. The mass fraction (wt%) was 

used as a measuring standard of the concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt% 

and 3 wt%, respectively. For each solution, 50 g was prepared in which glycerin 

concentration as a cryoprotectant was maintained at 35 wt% and the remaining was 

water (distilled). The required qualities of the distilled water, glycerin, PVP or PVA 

were weighed by using an electronic balance with accuracy of ±0.0001 mg. PVA is 

insoluble in water at room temperature, therefore, it was first heated to 298.15 K in the 

distilled water, and then the mixture of PVA and water was placed in a water bath, at 

368.15 K for 1 h when the PVA was fully dissolved. After this, the weighed glycerin 

was added to the PVA-water solution and the mixture was placed in an ultrasonic 

apparatus for 1 h to make it homogeneously mixed. PVP solution was also prepared in 

a similar way but the initial heat-up step was not needed.  

2.2 Equipment, procedures and analysis method 

DSC (STA 449F3 Synchronous Thermal Analyzer, NETZ) was used to obtain DSC 

curves for each of the solutions prepared in the previous section. The DSC curves were 

then analyzed to determine the nucleation temperature, and the latent heat of 

crystallization of each solution during cooling processes. In each run of the experiments, 

20 mg (±3 mg) solution sample prepared was taken using a micro-pump and placed in 

Pt crucible which is commonly used in the synchronous thermal analyzers. Liquid 

nitrogen cooling system was used to reduce the solution temperature. High purity 

nitrogen was also used as a shield gas during the experiment. 

Before the experiment started, water at a constant temperature of 298.15 K was 

circulated through the experimental chamber to achieve and maintain the uniform 

temperature for the chamber. During the cooling process in the experiment, liquid 

nitrogen was used for cooling the solution in the furnace 298.15 K to 153.15 K at the 

cooling rate of 1 K·min-1. After that, the temperature inside the furnace was maintained 

at 153.15 K for 40 minutes.  

3. Results and Discussion  

In the experiments, DSC curves were obtained for each of the solution samples prepared 

with additive of PVP or PVA at concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 
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3 wt%, respectively. The thermodynamic properties, including nucleation temperature 

and latent of crystallization of the additive-glycerin-water solutions were determined 

based on the DSC curves.   

3.1 Analysis of DSC curves   
Fig. 2 shows the DSC curve of glycerin-water solution without additives in which two 

crystallization peaks are observed. It is known that during cooling process for a solution 

sample, when the sample reaches a critical state at a certain temperature, the molecular 

kinetic energy is not high enough to balance the non-bonding force between the 

molecules. At this point, the solution phase begins to crystallize, and the corresponding 

temperature is defined at the onset nucleation temperature which indicates the start of 

the phase transition peak in the DSC curve and is denoted by Tonset. On the other hand, 

the peak value at the crystallization peak is defined as the nucleation temperature and 

denoted as Tn.  

In Fig. 1, the peak I is the crystallization peak of water and the onset temperature of the 

water phase transition, Tonset, is found to be 264.55 K. The nucleation temperature of 

water, TnW, is found to be 259.26 K, which is much lower than that the nucleation 

temperature of the distilled water, 273.15 K. Peak II is the crystallization peak of 

glycerin, and the nucleation temperature, TnG, is found to be 245.28 K. According to 

the analysis, the latent heat of crystallization of the glycerin-water solution is 115.72 

J·g-1. 

 

 

Fig. 1. DSC curve and corresponding Tn and Tonset for the glycerin-water solution 

without additives. 
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Fig. 2. DSC curves for the glycerin-water solutions with PVP as additive at 

concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 3 wt%, respectively, during the 

cooling process. 

Fig. 2 shows the DSC curves of the cooling process of the glycerin-water solutions with 

PVP as additive at concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 3 wt%, 

respectively. In general, the peaks tend to become smaller with increasing the additive 

concentration from 0 to 3 wt%. It is also observed that when PVP was added as an 

inhibitor to the solution system, the nucleation temperature (Tn) decreased from 245.28 

K without PVP additive to 239.55 K at 3 wt% PVP additive. Note that the nucleation 

temperature of the solution without additive (245.28 K) is the same as that of Peak II in 

Fig.1.  

Fig. 3 shows the DSC curves of the cooling process of the glycerin-water solutions with 

PVA as additive at concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 3 wt%, 

respectively. Similar to the solution with PVP additive, when no additive was added, 

the nucleation temperature of the glycerin-water solution was found to be 245.28 K, 

and this was decreased with addition of PVA. However, for the solution with PVA 

concentration of 1 wt%, the nucleation temperature of the solution was decreased less 

significantly than that of higher PVA concentrations. The nucleation temperature was 

reduced to 242.72 K and 240.95 K for PVA concentrations of 0.5 and 1 wt%, 

respectively, whereas with the PVA concentrations increasing to 2 and 3 wt%, the 

nucleation temperature decreased to 217.12 K and 216.61 K, respectively. Jo
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Fig. 3. DSC curves for the glycerin-water solutions with PVA as additive at 

concentrations of 0 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 3 wt%, respectively, during the 

cooling process. 

It is interesting to notice that PVA had more significant effect on crystallization 

inhibition than that of PVP. For example, at additive concentration of 1 wt%, the 

solution nucleation temperature was 240.98 K for PVA- glycerin-water solution while 

that for the PVP-glycerin-water was 242.27 K. At additive concentration of 3 wt%, the 

difference was more pronounced with 216.61 K for the PVA- glycerin-water solution 

and 239.55 K for the PVP- glycerin-water solution. 

In terms of latent heat of crystallization of the solution, the effects of additive PVA and 

additive PVP had the opposite trends. When no additive was added, the latent of 

crystallization of the solution system was found to be 115.72 J·g-1. When PVA was 

added to the solution, the latent heat of crystallization decreased linearly with increase 

of PVA concentration in the solution. At PVA concentration of 3 wt%, the latent heat of 

crystallization was reduced to 60.70 J·g-1. However, the latent heat of crystallization of 

the PVP-glycerin-water solution was increased with the PVP concentration in the 

solution. At PVP concentration of 0.5 wt%, the latent heat of crystallization of the 

solution system was increased to 181.53 J·g-1. When the PVP concentration was 3 wt%, 

the latent heat of crystallization of the solution system was increased to 216.42 J·g-1. 

Overall, the latent heat of crystallization of the solution system with PVP additive is 

significantly higher than that of the PVA solution system. 

Fig.3 also shows that with the increase of the concentration of PVA, the exothermic 

peak gradually decreased, indicating that the fraction of water frozen in the solution to 

form ice crystals gradually decreased. This is consistent with the decrease in latent heat 

of crystallization and nucleation temperature. This further confirms that PVA has 

obvious inhibitory effect on nucleation temperature, compared with PVP.  
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4. Molecular dynamics model simulation 

In order to examine the effect of PVA and PVP on the thermodynamic properties of 

glycerin-water solution system at the microscopically level, molecular dynamics 

simulation was carried out with the periodic boundary conditions. The simulations are 

based on thermodynamic equilibrium theory in which molecular structures of water, 

glycerin, PVA and PVP were modelled and the model was solved for structure 

optimization to achieve the lowest energy level. The field parameters are assigned to be 

the correspond atoms based on the COMPASS (Condensed-phase, Optimized 

Molecular Potential for Atomistic Simulation Studies) force field [32],[33]. In the 

geometrical optimization of the molecular structure, the structural anisotropy was 

eliminated, so that the entire molecular structure could reach the lowest energy state. 

Fig.4 shows the results of molecular geometry and force field parameters for the 

molecular dynamics model simulations in which the electrostatic potential distribution 

of each molecule is also illustrated. The molecular electrostatic potential (ESP) refers 

to the energy of moving a unit positive charge from infinity to a certain position in a 

chemical system [34]. The charge distribution at different positions in the molecule and 

the electronegativity of the atom also helps reveal the nature of the interaction of non-

covalent molecules. ESP in different regions of the molecular structure is shown to be 

negative or positive, which means that the region exhibits electrophilic ability. If the 

polarity of the ESP between the molecules is the same, there will be a repulsive 

interaction. Otherwise, there will be an attractive interaction. It is a common practice 

that coloring isosurface graphs of electrostatic potentials are used to clearly visualize 

the charged areas of molecules. In Fig.4, the coloring isosurface graphs, respectively, 

show the water molecule, PVP monomer molecule, PVA monomer molecule and 

glycerin molecule. In these coloring isosurface graphs, the positive and negative 

potential regions are depicted by the different colors. Dark blue is symbolized of the 

most negative potential and dark red is symbolized of the most positive potential. The 

negative potentials are mostly located at the oxygen atom, the potential distribution of 

hydrogen atom on hydroxyl shows the positive potentials. 

 

Fig. 4. Molecular structures and force field parameters of water molecule, glycerin 

molecule, for geometry optimization. The carbon atom is in light gray, the hydrogen 
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atom is in white, the oxygen atom is in red, and the nitrogen atom is in blue. 

Based on the above concept and approach, a model simulation system for PVA-

glycerin-water (3 wt% PVA) and PVP-glycerin-water (3 wt% PVP) have been 

established, Fig. 5 shows the modeling process and kinetic equilibrium results of the 

PVP-glycerin-water simulation system. Smart minize algorithm was used to minimize 

the system energy, so that the molecular structures of solution reached the most stable 

state. The system was pre-equilibrated with 500 ps and the total time for the simulation 

was set to be 2 ns under the constant- NPT (number of particles, pressure and 

temperature) condition. The Berendsen method involves the system performing heat 

exchange with a thermal bath to maintain the molecular dynamics process at a stable 

temperature[35]. Therefore, the thermostat-Berendsen temperature control algorithm and 

the Berendsen pressure control algorithm are used to control the temperature and 

pressure of the solution system, and the time constants are 1 ps and 2 ps respectively. 

The simulation system was kept at constant temperature and pressure for dynamic 

simulation. The initial velocity was determined using the Boltzmann random 

distribution method [36]. Van der Waals and Coulomb forces were calculated using an 

atom-based and Ewald method respectively. After this, the system constant temperature 

was changed to 213.15 K,223.15 K, 233.15 K, 243.15 K, 253.15 K, 263.15 K, 273.15 

K and so on. 

 

Fig. 5. Simulation system for PVP- glycerin-water at the temperature of 243.15K.  

In the molecular dynamics simulation, it is found that system was closer to equilibrim 

state with longer calculating time step. The values for energy and temperature of the 

system are used to check whether the simulated system reaches equilibrium when the 

calculation time changes. Taking the PVP-glycerin-water system as an example, the 

simulation results at the temperature of 243.15 K are shown at in Fig. 6, the simulation 

system temperature floats within 243.15 K±5 K, which indicates that the system has 

reached equilibrium state.  
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Fig. 6. The temperature fluctuations of the PVP-glycerin-water system over time at a 

temperature of 243.15 K.  

4.1 Mean Squared Displacement Calculation 

Liquid molecules do not stay in a fixed position, but move continually，which is 

different from crystals. In order to study the motion state of molecules in the solution 

simulation system, the mean square displacement (MSD) analysis was conducted. For 

a system in equilibrium, the particles will move in accordance with the force field and 

the particles tend to diffuse away their initial position in general [37]. The average of the 

square of the particle displacement is called MSD, as shown in Eq. (1): 

 

2
( ) ( ) (0)MSD R t r t r  

 

(1) 

( ) (0)r t r  indicates the vector distance traveled by particle, and the squared magnitude 

of this vector is averaged over many time intervals, which is denoted by angular bracket. 

The molecular motion state in the simulated solution system is further studied by 

calculating the MSD of water molecules, PVA molecule and PVP molecule, respectively. 

When the state of simulated system is liquid, the value of the MSD is linear over time. 

Moreover, its slope has the following relationship with the diffusion coefficient D of 

atom: 

 
21

lim ( ) (0)
6t

D r t r
t

   (2) 

When the state of system is solid, there is an upper limit on the value of the MSD[38][39]. 

For the molecule of solid system, the value of MSD gradually stabilizes as time 

increases, indicating that the simulation system at this time has been crystallized. 

Velocity-Verlet algorithm is used to solve the motion equation, the time step is set to 
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1fs, and the sampling interval is 2ps. Firstly, the pre-equilibrium simulation calculation 

of the system with a time length of 500 ps is carried out, and the solution system is 

relaxed. After that, the equilibrium simulation of the solution system with a simulation 

time of 2ns is performed. Among them, the first 1ns is used for the balance calculation 

of the system, and the calculation result of the last 1ns is used for the statistical 

calculation of MSD. The MSD analysis results of were shown in Fig. 7. 

 

Fig. 7. MSD of different simulation systems 

Fig. 7(a) shows MSD of PVA molecule in the PVA-glycerin-water system. It can be 

seen that when T=203.15 K, the value of MSD increases with time and finally stabilizes 

around 3.11 Å. When T = 213.15 K and 218.15 K, the corresponding value of MSD at 

this temperature tends to be around 5.72 Å. The higher the temperature is, the larger the 

value of MSD is, but it tends to one fixed value finally, which indicates that the system 

has become a crystallized state at the corresponding temperature. With the lower the 

temperature, the less the kinetic energy of the molecules is, the smaller the value of 

MSD is, and the diffusion coefficient is to be changed decreases. As the temperature 

continues to decrease, the solution changes from the state of liquid to the state of crystal, 

then the phase change occurs, and the phase transition temperature of the system is 

between 213.15 K and 218.15 K throughout the cooling process. Fig. 7(b) shows that 

the trend of the value of MSD of the PVP molecule in the PVP-glycerin-water system. 

When T = 213.15 K, and T = 223.15 K, the value of MSD increases with time and 

stabilizes around 2.17 Å finally. It can be inferred that the simulation system shows the 

characteristic of crystal at this time. When T = 243.15 K, it can be seen that the value 

of MSD is stable around 8.44 Å. It can be concluded that the phase transition 

temperature of the PVP-glycerin-water system is between 238.15 K and 243.15 K.  

At the temperature of non-phase changed, MSD has a decreasing trend with the 

temperature decreasing. The energy of molecules is too small to break the hydrogen 
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bonds at the lower temperature. When the solution reaches the state of crystallization, 

the value of MSD reaches the upper limit. At this time, the value of MSD of PVP is 

greater than the value of MSD of PVA, indicating that the movement of PVP is greater 

than the PVA. 

4.2 Radial distribution function 

Molecular dynamics simulations are used to calculate the distance between atoms, and 

from which the radial distribution function (RDF) of different types of atoms is obtained 

to determine the critical distance between the corresponding pairs of atoms. RDF, 

expressed as g(r) ,can be defined as[40]: 

   2( )4g r r dr dN    (3) 

A ‘reference molecule’ in the solution system is chosen and then the number of 

molecules between distance r and r+dr from the "reference molecule" is assumed to be 

dN. The total number of molecules in the system can be determined from integral of dN 

as follows: 

 
2

0 0

( )4

N

g r r dr dN N 


    (4) 

RDF, g(r) in the above equation, can be understood as the ratio of the local density to 

the bulk density of the system. When the value of r is small, the local density near the 

reference molecule is different from the bulk density of the system. However, when the 

value of r is sufficiently large, RDF is close to 1, indicating that the local density is 

close to the bulk density.  

Using a numerical method, RDF can be calculated according to the following equation, 

 
1 1

2

( )
1

g( )
4

T N

t j

N r r r

r
r r N T



  

 

  






 

(5) 

RDF can be used to identify the distance associated with the nearest interaction, and 

can provide important information about the polar interactions between water and 

polymer networks, such as hydrogen bond[41]. The abscissa of the first wave trough of 

RDF curves is used as the critical distance between the corresponding pairs of atoms. 

The ordinate of the first wave crest of the RDF curves represents the strength of 

molecular interaction. In general, if the first peak is high and climaxed, the combination 

between the atoms is tight and the distribution of the atoms is regular.  
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Fig. 8. Five types of hydrogen bonds among hydrogen-oxygen atoms 

（OPVPHW, OGHW, OWHG, OPVAHW and OWHPVA） 

As for the alcohols aqueous solutions, W-W (water-water) type hydrogen bonds provide 

the power for the formation of ice crystals, while the exist of W-A (water-alcohol) type 

hydrogen bonds reduces the probability of forming W-W type hydrogen bonds. In the 

solution system, there are mainly two forms of hydrogen bonds: strong hydrogen bond 

O-H...O, weak hydrogen bond C-H...O. According to previous studies, it has been 

found that O-H ... O hydrogen bond plays a leading role [30]. In this study, five types of 

hydrogen bonds are considered in the form of O-H...O, which are shown in Fig. 8. Water 

molecules form hydrogen bonds with the hydroxyl groups of the PVA molecule and 

glycerin molecule, respectively.  
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Fig. 9. Radial distribution function between different types of oxygen and hydrogen 

atoms 

Fig. 9 shows the values of RDF as a function of r between the above five types of atom 

pairs at the different temperature of T = 213.15 K, 223.15 K and 253.15 K for PVA-

glycerin-water solution and PVP-glycerin-water solution, respectively. It can be seen 

from the Fig. 9 that the temperature affects the peak value of the corresponding wave 

crest. Generally, the peak value of RDF curves is reduced with the increase of 

temperature, and this trend is more apparent for the PVP-glycerin-water solution. It is 

also shown that when the distance between the two atoms is sufficiently large, such as 

when r is equal to 10 Å, the value of RDF approaches 1.0. When beyond this distance, 

local inhomogeneity disappears and the system has reached a steady state.  

For the PVA-glycerin-water system, there are four types of hydrogen bonds, i.e., 

OWHPVA，OWHG，OPVAHW，OGHW. Fig.9 (a), (c) and (e) show that the peak intensity 

is weaken sequentially following the order of OWHPVA>OWHG> OGHW > OPVAHW, 

which is closely related to the electronegativity between hydrogen atom and oxygen 

atom. The charge of the oxygen atom in the water molecule is -0.82e, the charge of the 

oxygen atom in the glycerin is -0.57e, and the charge of the oxygen atom in the PVA is 

-0.437e. These results indicate that oxygen atoms in water molecules are easier to form 

hydrogen bonds with hydrogen atoms in PVA molecule and glycerin molecules. The 

OWHPVA hydrogen bond strength is stronger and more stable compared with other 
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hydrogen bonds.  

For the PVP-glycerin-water system, PVP contains a lactam group which forms a 

hydrogen bond with water molecules. There only exist three types of hydrogen bond , 

namely OWHG，OPVPHW，OGHW. Fig. 9 (b), (d) and (f) show that the first peak intensity 

of RDF for the three hydrogen bonds following the order of OWHG>OGHW >OPVPHW. 

The oxygen atom charge in PVP molecule is -0.45e, the charge of the oxygen atom in 

the glycerin is -0.57e, which shows that water molecules are easier to form hydrogen 

bonds with glycerin molecules than PVP molecule. This indicates that the hydrogen 

bond strength between the water molecule and the glycerin molecule is stronger than 

hydrogen bonds between others molecules in this solution system. At the same time, it 

can be seen that RDF of the OPVPHW atom pair begins to oscillate at the second wave 

crest, and the hydrogen bond of the OPVPHW type is less stable.  

For PVP-glycerin-water system, the abscissa of the first wave trough of RDF curves 

maintain about at 2.45 Å at different temperatures, indicating that the O-H...H hydrogen 

bond length is 2.45 Å. This is close to the value as the reported by Padró et al. [27]. For 

PVA- glycerin-water system, the abscissa value of the first wave trough of RDF curves 

less than 2.45 Å. Such as, the abscissa value of the first wave is 2.35 Å when T=213.15K 

in Fig. 9(a), which indicates that the distance between the water molecules and the PVP 

molecule is closer than that of the PVP molecule, indicating that the length of hydrogen 

bond is shorter. Molecules tend to be ordered orientation under the effect of hydrogen 

bonds. This is consistent with reported results by Sun and Xue [42]. Hydrogen bonds 

between the water molecules and PVA molecule is directional, and can promote the 

alignment of the water molecules and the PVA molecule, the hydrogen bond system 

between water molecules is destroyed, which induces the reduced number of hydrogen 

bond between the water molecules (W-W). The content of free water in solution is 

reduced, resulting that the nucleation temperature of solution added PVA is decreased. 

The above simulation results show that PVP as an additive did not significantly affect 

the nucleation temperature of the glycerin-water solution. PVA as an additive to the 

glycerin-water system can significantly reduce the nucleation temperature. This is 

because the PVA molecule is tightly bound to the water molecule and forms the stable 

hydrogen bond (W-A), which induces the reduced number of hydrogen bond between 

the water molecules (W-W), and the nucleation temperature of the glycerin-water 

solution decreases. However, PVP as an additive has nearly no effect on hydrogen bond 

of glycerin-water solution, so the nucleation temperature of the glycerin-water solution 

added with PVP is not obviously reduced. The simulation results are in good agreement 

with the experimental results. 
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5．Conclusion 

Polyvinyl pyrrolidone (PVP) and polyvinyl alcohol (PVA) are used as additives to 

glycerin-water solutions for anti-freezing. Effects of additive type and concentration on 

nucleation temperature of glycerin-water solution have been investigated by using 

differential scanning calorimetry (DSC) technique. The DSC curves of the solution 

have been analyzed to determine the thermodynamic properties including nucleation 

temperatures and latent heat of crystallization. The results show that the PVA additive 

performs better than PVP in terms of reduction of nucleation temperatures and latent 

heat of crystallization. Based on molecular dynamics simulation, the effects of PVP and 

PVA as additives on the glycerin-water solution system are explained by the hydrogen 

bonding theory, and the following conclusions were obtained.  

(1) DSC can be successfully used for determination of nucleation temperature and latent 

heat of crystallization of the solution. PVA is the preferred additive which has a 

significant effect on reducing the nucleation temperature, which can be enhanced with 

increasing of PVA concentration. The nucleation temperature of the PVA-glycerin-

water solution is 216.61K at PVA concentration of 3wt%, and the latent heat of 

crystallization is 60.70 J·g-1. It can be seen from the simulation results that the hydrogen 

bond between the water molecule and the PVA molecule is tight, which greatly reduces 

the hydrogen bond between the water molecules, resulting in the reduction of free water 

in the system, thereby reducing the nucleation temperature and the latent heat of 

crystallization. 

(2) The radial distribution function between different atomic pairs of O-H was 

calculated based on molecular dynamics simulation. The results show that the critical 

value of r is maintained near 2.45 Å, which indicates the length of the O-H ... O 

hydrogen bond. The hydrogen bonds between PVP molecules and water molecules are 

weaker than that of PVA, and the binding effect on water molecules is less, resulting in 

a large amount of free water in the system. Therefore, the addition of PVP has little 

effect on the nucleation temperature of glycerin aqueous solution. 

(3) The solid-liquid phase temperature of the solution can be predicted by calculating 

the mean square displacement (MSD). For the PVA-glycerin-water system, when the 

PVA mass fraction is 3 wt%, the phase transition temperature is 213.15K and 218.15K. 

The phase change temperature measured by DSC is 216.61K. This is in close agreement 

with the experimental results. 

Author statement 

I have made substantial contributions to the conception or design of the work. 

Jo
ur

na
l P

re
-p

ro
of



18 

 

I have drafted the work or revised it critically for important intellectual content, 

and I have approved the final version to be published. 

All persons who have made substantial contributions to the work reported in 

the manuscript, have given their permission to be named. 

 

Conflict of interest statement 

We are submitting our manuscript entitled “Mechanism of Ice Nucleation Inhibition of 

PVA and PVP in Aqueous Glycerin Solution” for your kind consideration of its 

suitability for publication in Thermochimica acta. We declare that we have no financial 

and personal relationships with other people or organizations that can inappropriately 

influence our work, there is no professional or other personal interest of any nature or 

kind in any product, service and/or company that could be in connection with the work 

submitted. 

 

Acknowledgement 

 

This research work reported in this paper was supported by the Natural Science 

Foundation of Henan Province (No. 1623 00410112). 

References 

[1] Wang H.Y., Inada T., Funakoshi K., et al., 2009. Inhibition of nucleation and 

growth of ice by poly(vinyl alcohol) in vitrification solution. Cryobiology. 59, 83-

89. https://doi.org/10.1016/j.cryobiol.2009.04.013  

[2] Sheng W., Liu P.P., Dang C.B., et al., 2017. Review of restraint frost method on 

cold surface. Renewable Sustainable Energy Rev. 79, 806-813. 

https://doi.org/10.1016/j.rser.2017.05.088  

[3] Inada T., Koyama T., Goto F., et al., 2011. Ice Nucleation in Emulsified Aqueous 

Solutions of Antifreeze Protein Type III and Poly (vinyl alcohol). J. Phys. Chem. 

B. 115, 7914-7922. https://doi.org/10.1021/jp111745v  

[4] DeVries A.L., Wohlschlag D.E., 1969. Freezing Resistance in Some Antarctic 

Fishes. Science. 163, 1073-1075. 10.1126/science. https://doi.org/ 

10.1126/science.163.3871.1073     

[5] Hagiwara Y., Aomatsu H., 2015. Supercooling enhancement by adding antifreeze 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.cryobiol.2009.04.013
https://doi.org/10.1016/j.rser.2017.05.088
https://doi.org/10.1021/jp111745v
https://doi.org/163.3871.1073
https://doi.org/163.3871.1073


19 

 

protein and ions to water in a narrow space. Int. J. Heat Mass Transfer. 86, 55-64.  

https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.058 

[6] Inaba H., Inada T., Horibe A., et al., 2005. Preventing agglomeration and growth 

of ice particles in water with suitable additives. Int. J. Refrig. 28, 20-26. 

https://doi.org/10.1016/j.ijrefrig.2004.07.012  

[7] Elliott G.D., Wang S., Fuller B.J., 2017. Cryoprotectants: A review of the actions 

and applications of cryoprotective solutes that modulate cell recovery from ultra-

low temperatures. Cryobiology. 76, 74-91. 

https://doi.org/10.1016/j.cryobiol.2017.04.004  

[8] Zhang B., Zhao J., Chen S., et al., 2019. Influence of trehalose and alginate 

oligosaccharides on ice crystal growth and recrystallization in whiteleg shrimp 

(Litopenaeus vannamei) during frozen storage with temperature fluctuations. Int. J. 

Refrig. 99, 176-185. https://doi.org/10.1016/j.ijrefrig.2018.11.015  

[9] Zhang B., Cao H., Lin H., et al., 2019. Insights into ice-growth inhibition by 

trehalose and alginate oligosaccharides inpeeled Pacific white shrimp (Litopenaeus 

vannamei) during frozen storage. Food Chem. 278, 482-490. 

https://doi.org/10.1016/j.foodchem.2018.11.087  

[10] Kumano H., Hirata T., Kudoh T., 2009. Effects of poly-vinyl alcohol on 

supercooling phenomena of water. Int. J. Refrig. 32, 454-461. 

https://doi.org/10.1016/j.ijrefrig.2008.08.010  

[11] Inada T., Lu S.S., 2004. Thermal hysteresis caused by non-equilibrium antifreeze 

activity of poly(vinyl alcohol). Chem. Phys. Lett. 394, 361-365. 

https://doi.org/10.1016/j.cplett.2004.07.021  

[12] Ogawa S., Koga M., Osanai S., 2009. Anomalous ice nucleation behavior in 

aqueous polyvinyl alcohol solutions. Chem. Phys. Lett. 480, 86-89. 

https://doi.org/10.1016/j.cplett.2009.08.046  

[13] Desnos H., Baudot A., Teixeira M., et al., 2018. Ice induction in DSC experiments 

with Snomax. Thermochim. Acta. 667, 193-206. 

https://doi.org/10.1016/j.tca.2018.07.022  

[14] Matsumoto K., Shiokawa Y., Okada M., et al., 2002. Ice storage system using 

water–oil mixture Discussion about influence of additive on ice formation process. 

Int. J. Refrig. 25, 11-18.   https://doi.org/10.1016/S0140-7007(01)00024-X  

[15] Katkov I.I., Isachenko V., Isachenko E., et al., 2006. Low- and high-temperature 

vitrification as a new approach to biostabilization of reproductive and progenitor 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.058
https://doi.org/10.1016/j.ijrefrig.2004.07.012
https://doi.org/10.1016/j.cryobiol.2017.04.004
https://doi.org/10.1016/j.ijrefrig.2018.11.015
https://doi.org/10.1016/j.foodchem.2018.11.087
https://doi.org/10.1016/j.ijrefrig.2008.08.010
https://doi.org/10.1016/j.cplett.2004.07.021
https://doi.org/10.1016/j.cplett.2009.08.046
https://doi.org/10.1016/j.tca.2018.07.022
https://doi.org/10.1016/S0140-7007(01)00024-X


20 

 

cells. Int. J. Refrig. 29, 346-357. https://doi.org/10.1016/j.ijrefrig.2005.11.004  

[16] Zhou X.M., Liu Z., Liang X.M., et al., 2013. Theoretical investigations of a novel 

microfluidic cooling/warmingsystem for cell vitrification cryopreservation. Int. J. 

Heat Mass Transfer. 65, 381-388.  

https://doi.org/10.1016/j.ijheatmasstransfer.2013.06.022  

[17] Furushima Y., Ishikiriyama K., Ueno Y., et al., 2012. Analysis of the state of water 

in polyvinylpyrrolidone aqueous solutions using DSC method. Thermochim. Acta. 

538, 43-47. https://doi.org/10.1016/j.tca.2012.03.010  

[18] Inaba A., Andersson O., 2007. Multiple glass transitions and two step 

crystallization for the binary system of water and glycerol. Thermochim. Acta. 461, 

44-49. https://doi.org/10.1016/j.tca.2007.01.008  

[19] Wolfe J., Bryant G., 2001. Cellular cryobiology: thermodynamic and mechanical 

effects. Int. J. Refrig. 24, 438-450. https://doi.org/10.1016/S0140-7007(00)00027-

X  

[20] Saragusty J., Osmers J.H., T.B. Hildebrandt, 2015. Controlled ice nucleation-Is it 

really needed for large-volume sperm cryopreservation ?. Theriogenology. 85, 

1328-1333. https://doi.org/10.1016/j.theriogenology.2015.12.019  

[21] Kobayashi R., Kimizuka N., Watanabe M., 2015. The effect of supercooling on ice 

structure in tuna meat observed by using X-ray computed tomography. Int. J. 

Refrig.60, 270-277.  https://doi.org/10.1016/j.ijrefrig.2015.07.011  

[22] Zhao X., Jin H., 2019. Investigation of hydrogen diffusion in supercritical water A 

molecular ynamics simulation study. Int. J. Heat Mass Transfer. 133, 718–728. 

https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.164 

[23] Li W.Z., Gong P.J., Huang Y.J., et al., 2020. Influence of hydrogen bonding on the 

crystallization behavior of poly (ethylene oxide)/ionic liquids mixtures. Appl. Surf. 

Sci. 501, 144251. https://doi.org/10.1016/j.apsusc.2019.144251  

[24] Li C.Y., Strachan A., 2019. Prediction of PEKK properties related to crystallization 

by molecular dynamics simulations with a united-atom model. Polymer. 174, 25-

32. https://doi.org/10.1016/j.polymer.2019.04.053 

[25] Fakhri Z., Azad M.T., 2020. An experimental and molecular dynamics simulation 

study of the structural and thermodynamic properties of the binary mixtures of 

morpholine and propylene glycol. J. Mol. Liq. 302, 112584. 

https://doi.org/10.1016/j.molliq.2020.112584  

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.ijrefrig.2005.11.004
https://doi.org/10.1016/j.ijheatmasstransfer.2013.06.022
https://doi.org/10.1016/j.tca.2012.03.010
https://doi.org/10.1016/j.tca.2007.01.008
https://doi.org/10.1016/S0140-7007(00)00027-X
https://doi.org/10.1016/S0140-7007(00)00027-X
https://doi.org/10.1016/j.theriogenology.2015.12.019
https://doi.org/10.1016/j.ijrefrig.2015.07.011
https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.164
https://doi.org/10.1016/j.apsusc.2019.144251
https://doi.org/10.1016/j.polymer.2019.04.053
https://doi.org/10.1016/j.molliq.2020.112584


21 

 

[26] Okawa S., Saito A., Matsui T., 2006. Nucleation of supercooled water on solid 

surfaces. Int. J. Refrig. 29, 134-141. https://doi.org/10.1016/j.ijrefrig.2005.05.010  

[27] PadróJ.A., Saiz L., Guardia E., 1997. Hydrogen bonding in liquid alcohols: A 

computer simulation study. J. Mol. Struct. 416, 243-248. 

https://doi.org/10.1016/S0022-2860(97)00038-0  

[28] Chen C., Li W., Song Y., et al., 2009. Molecular dynamics simulation studies of 

cryoprotective agent solutions: the relation between melting temperature and the 

ratio of hydrogen bonding acceptor to donor number. Mol. Phys. 107, 673-684. 

https://doi.org/10.1080/00268970902852632  

[29] Wu C., 2010. Cooperative behavior of poly(vinyl alcohol) and water as revealed 

by molecular dynamics simulations. Polymer. 51, 4452-4460. 

https://doi.org/10.1016/j.polymer.2010.07.019  

[30] Daniliuc L., David C., 1996. Interrnolecular interactions in blends of poly (vinyl 

alcohol) with poly(acrylic  acid):  2. Correlation between the states of sorbed 

water and the interactions in homopolymers and their blends. Polymer. 37, 5219-

5227. https://doi.org/10.1016/0032-3861(96)00328-X   

[31] Chen C., Li W.Z., Song Y.C., et al., 2009. A molecular dynamics study of 

cryoprotective agent – Water–sodium chloride ternary solutions. J. Mol. 

Struct.Theochem. 916, 37-46. https://doi.org/10.1016/j.theochem.2009.09.007  

[32] Sun H., 1998. COMPASS: An ab initio Force-Field Optimized for Condensed-

Phase Applications-Overview with Details on Alkane and Benzene Compounds. J. 

Phys. Chem. B 102, 7338-7364.  https://doi.org/10.1021/jp980939v  

[33] Wei Q., Zhang Y., Wang Y., et al., 2015. Study of the effects of water content and 

temperature on polyacrylamide/polyvinyl alcohol interpenetrating network 

hydrogel performance by a molecular dynamics method. e-Polym. 15, 301-309. 

https://doi.org/10.1515/epoly-2015-0087  

[34] Li J.W., Zhang S.H., Gou R.J., et al., 2019. The effect of crystal-solvent interaction 

on crystal growth and morphology. J. Cryst. Growth. 507. 260-269. 

https://doi.org/10.1016/j.jcrysgro.2018.11.007 

[35] Alam M.S., Jeong J.H., 2018. Molecular dynamics simulations on homogeneous 

condensation of R600a refrigerant. J. Mol. Liq. 261, 492-502. 

https://doi.org/10.1016/j.molliq.2018.04.022  

[36] M.P. Tosi, 1964. Cohesion of ionic solids in the Born model. Solid State Phys. 16, 

1–120. https://doi.org/10.1016/S0081-1947(08)60515-9 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.ijrefrig.2005.05.010
https://doi.org/10.1016/S0022-2860(97)00038-0
https://doi.org/10.1080/00268970902852632
https://doi.org/10.1016/j.polymer.2010.07.019
https://doi.org/10.1016/0032-3861(96)00328-X
https://doi.org/10.1016/j.theochem.2009.09.007
https://doi.org/10.1021/jp980939v
https://doi.org/10.1515/epoly-2015-0087
https://doi.org/10.1016/j.jcrysgro.2018.11.007
https://doi.org/10.1016/j.molliq.2018.04.022
https://doi.org/10.1016/S0081-1947(08)60515-9


22 

 

[37] Sun D., Sun G., Zhu X., et al., 2018. 2018. Intrinsic temperature sensitive self-

healing character of asphalt binders based on molecular dynamics simulations. Fuel. 

211. 609-620. https://doi.org/10.1016/j.fuel.2017.09.089  

[38] Naik R.R., Gandhi N.S., Thakur M., et al., 2019. Analysis of crystallization 

phenomenon in Indian honey using molecular dynamics simulations and artificial 

neural network. Food Chem. 300, 125182. 

https://doi.org/10.1016/j.foodchem.2019.125182  

[39] Abbas H.G., Hahn J.R., 2020. Crystallization mechanism of liquid tellurium from 

classical molecular dynamics simulation. Mater. Chem. Phys. 240, 122235. 

https://doi.org/10.1016/j.matchemphys.2019.122235  

[40] Chen Z.L., Xu W.R., Tang L.D., 2007. Theory and practice of molecular simulation, 

first ed. Chemical Industry Press, Beijing, China. 

[41] Yin Q., Zhang L., Jiang B., et al., 2015. Effect of water in amorphous polyvinyl 

formal: insights from molecular dynamics simulation. J. Mol. Model. 21. 2. 

https://doi.org/10.1007/s00894-014-2551-7  

[42] Sun C., Xue D., 2014. Hydrogen bonding nature during ADP crystallization. J. Mol. 

Struct. 1059, 338-342. https://doi.org/10.1016/j.molstruc.2013.11.042  

 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.fuel.2017.09.089
https://doi.org/10.1016/j.foodchem.2019.125182
https://doi.org/10.1016/j.matchemphys.2019.122235
https://doi.org/10.1007/s00894-014-2551-7
https://doi.org/10.1016/j.molstruc.2013.11.042

