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Active deicing of technical surfaces, such as for wind turbines and heat exchangers,

currently requires the usage of heat or chemicals. Passive coating strategies that

postpone the freezing of covering water would be beneficial in order to save costs

and energy. One hypothesis is that pyroelectric active materials can achieve this

because of the surface charges generated on these materials when they are subject

to a temperature change. High-quality poly(vinylidene fluoride-co-trifluoroethylene)

(P(VDF-TrFE)) thin films with a high crystallinity, prefererd edge-on orientation,

low surface roughness, and comprised of the 𝛽-analogous ferroelectric phase were

deposited by spin-coating. Freezing experiments with a cooling rate of 1 K min−1 were

made on P(VDF-TrFE) coatings in order to separate the effect of different param-

eters such as the poling direction, film thickness, used solvent, deposition process,

underlying substrate, and annealing temperature on the achievable supercooling.

The topography and the underlying substrate significantly changed the distribution

of freezing temperatures of water droplets in contact with these thin films. In con-

trast, no significant effect of the thickness, morphology, or pyroelectric effect of the

as-prepared domain-state on the freezing temperatures was found.
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1 INTRODUCTION

The ferroelectric properties and pyroelectrically generated sur-

face charges of poly(vinylidene fluoride-co-trifluoroethylene)

(P(VDF-TrFE)) have created interest in their application in aqueous

surroundings. It is assumed that the surface charges generated due

to the combination of the pyroelectric effect and a temperature

change can influence processes in the electrochemical double layer

(EDL) (Figure 1) and, therefore, result in thermally switchable sur-

Abbreviations: AFM, atomic force microscopy; CH, cyclohexanone; DC, dip-coating; DSC, differential scanning calorimetry; EDL, electrochemical double layer; IQR, interquartile range;

IRRAS, gracing incidence infrared reflection absorption spectroscopy; MEK, butan-2-one; n, number of independent droplets; PMMA, polymethylmethacrylate; P(VDF-TrFE), poly(vinylidene

fluoride-co-trifluoroethylene); Ps , spontaneous polarisation; p, pyroelectric coefficient; Ra , arithmetic average of the roughness profile; SC, spin-coating; T, temperature; Tc , Curie

temperature; Tm , melting temperature; THF, tetrahydrofuran; 2D-GIWAXS, two-dimensional gracing incidence wide angle X-ray spectroscopy

face chemistry.1,2 Using P(VDF-TrFE) thin films as active materials in

aqueous environments is expected to enable new applications, such

as passive anti-ice surfaces,3-5 pyrocatalytic materials,6 and materi-

als affecting cell proliferation.7 The surface charge generated by the

pyroelectric effect during a temperature change might postpone the

freezing of water droplets on technical surfaces. This would be ben-

eficial in order to save costs and energy in applications such as for

wind turbines and heat exchangers. P(VDF-TrFE) is a semicrystalline

thermoplastic random copolymer comprised of vinylidene fluoride and
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FIGURE 1 Model of the processes in the electric double layer
adjacent to a positively (z+) and negatively (z-) polarised pyroelectric
surface as reaction to the surface charges generated during a change
in temperature ΔT

trifluoroethylene units that spontaneously crystallize in its ferroelec-

tric and, therefore, pyroelectric phase for a TrFE content of between

0.18 ≤ x ≤ 0.45.8 The positively charged hydrogen and negatively

charged fluorine atoms form molecular dipoles with two possible

but opposing alignment directions when the material is below its

Curie temperature Tc. The Curie temperature Tc marks the transition

between the ferroelectric phase of P(VDF-TrFE) at lower tempera-

tures and the paraelectric phase at higher temperatures. Cooling a

ferroelectric material below its Curie temperature results in a ran-

domly oriented multidomain state. A poling treatment is required in

order to align the direction of the spontaneous polarisation of the

domains perpendicular to the substrate surface to achieve positively

or negatively polarised surfaces during ΔT. The poling treatment ori-

ents the dipoles according to the direction of an externally applied

electric field when the field strength is above the material-specific

coercive field. The pyroelectric effect,9 inherent to all ferroelectric

materials, is defined as the change of the spontaneous polarisation

ΔPS due to a change in temperature ΔT multiplied by a factor called

the pyroelectric coefficient p according to Equation (1).

ΔPS = p · ΔT. (1)

Highly crystalline P(VDF-TrFE) has a pyroelectric coefficient of -31

μC m−2 K−1 at room temperature.10 Ideal pyroelectric behaviour of

thin P(VDF-TrFE) films is only achieved when the polymer chains are

oriented parallel to the underlying substrate, the so-called edge-on

orientation (Figure 2). Since the molecular dipoles are oriented approx-

imately perpendicular to the polymer chain, the edge-on orientation

will result in the highest possible surface charge during ΔT.

The freezing of water to ice Ih occurs, due to supercooling, below

the thermodynamic phase transition temperature of 0 ◦C . Without

any foreign surfaces or vibrations, a supercooling of -37 ◦C is possible

before the water freezes spontaneously11 (homogeneous nucleation).

The achievable supercooling of water droplets in contact with a foreign

surface is usually smaller (heterogeneous nucleation).

There are ongoing discussions as to what extent certain parameters

affect the freezing temperatures of water in contact to different sur-

faces and how to design efficient anti-ice coatings.12-18 Furthermore,

most studies focus only on a single parameter and not on the effect

size of different parameters. Parameters with a small effect on the

achievable supercooling might be masked by parameters that strongly

affect the freezing temperature distribution. The goal of this study

is to quantify the effect of different film parameters on the achiev-

able supercooling of water droplets on top of P(VDF-TrFE) thin films,

such as the poling direction, film thickness, solvent used during the

deposition process and underlying substrate.

2 MATERIALS AND METHODS

2.1 Materials

Granules of P(VDF-TrFE) with a ratio of 70:30 of the co-monomers

(Solvene Powder from Solvay) and 99.9 wt% pure tetrahydrofuran

(THF), butan-2-one (MEK) or cyclohexanone (CH) (Fisher Scientific)

were used to prepare spin- and dip-coating solutions with polymer

concentrations of between 0.1 and 10 wt%. The Curie temperature

Tc=108.5 ◦C and melting temperature Tm=143.8 ◦C of the granules

was determined by differential scanning calorimetry (DSC) using a

DSC Q 2000. The majority of the freezing experiments were done

on P(VDF-TrFE) thin films that were deposited on Silicon substrates

(Silicon Materials p/Bor, polished) after a cleaning step with oxygen

plasma and ultrasonic cleaning three times in ethanol for 10 min each

time. For the purpose of comparison, thin P(VDF-TrFE) films were

deposited on stainless steel and aluminium sheets polished with 1 μm

diamond paste as well as microscope glass slides and sand-blasted

titanium samples.

2.2 Thin film fabrication and characterization

For the spin-coating a spin-coater (PoloSpin150i), a maxiumum spin

speed of 2500 r min−1 and acceleration of 1000 r min−1 s−1 for 10

s was used. A withdrawing speed of 1.2 mm s−1 was used for the

dip-coated samples. The polymer film thickness varied from 5 to 500

nm as a function of the concentration and parameters of the deposi-

tion processes and was measured on Si substrates with an ellipsometer

SE 402. The coating procedure was directly followed by an annealing

step for 1 h in a cabinet dryer under slight vacuum using different tem-

peratures below and above the Curie Tc and melting temperature Tm.

The crystallinity index and orientation of the polymer chains inside the

thin films was estimated by 2D- gracing incidence wide-angle X-ray

spectroscopy (2D-GIWAXS) and gracing incidence infrared reflec-



1152 APELT ET AL.

tion absorption spectroscopy (IRRAS) with an incidence angle of 80◦.

Surface morphology images and phase images were recorded simul-

taneously with an atomic force microscope (AFM) Dimension 3100

nanoScope IIIa and V, and the roughness Ra was determined using the

images with a 10 μm edge length. Poling experiments were performed

with a voltage of 5 kV or -5 kV on P(VDF-TrFE) thin films deposited

on Al substrates and placed inside a capacitor setup4 with a small air

gap between the surface of the thin film and the counter electrode to

prevent possible damage of the films. The poling was done inside the

cabinet dryer whilst the samples cooled down from an annealing step

at 140 ◦C in order to ease the polarisation.

2.3 Freezing experiments

For the freezing experiments, a LINKAM LTS 350 cooling chamber

with LINKAM TMS 94 and LINKAM LNP subunits were used. The

P(VDF-TrFE)-coated specimen were placed directly on top of the

cooling stage inside the chamber and one to three drops of 10 μl deion-

ized water were deposited on the sample surface using a METTLER

TOLEDO pipette. A thermocouple was placed inside an additional

droplet of water on the specimen to record the temperature close

to the solid-liquid interface. The distance in between the droplets,

and between the droplets and the samples edge, was at least one

droplet diameter. The specimen inside the closed LINKAM chamber

was cooled to 5 ◦C and held for 10 min before the experiment started.

The chamber was then cooled with 1 K min−1 to at least -25 ◦C, and

the temperature shown from the thermocouple was noted when each

of the three measurement droplets changed completely from trans-

parent to opaque, signalling the occurrence of the freezing event. The

experiment was repeated five times with the same set of droplets,4

and the freezing temperatures of each droplet were averaged.

The graphs in the result section show experiments on comparable

samples where only one parameter was varied at a time with the

others remaining the same. The distribution of the averaged freezing

values of independent droplets is shown as box plots where the box

encloses the upper and lower quartiles and is horizontally divided at

the median value. The upper and lower whiskers mark the highest and

lowest of the averaged freezing temperatures within a distance of 1.5

times the interquartile range (IQR) from the box boundaries. Values

above or below these are classified as outlier. The arithmetic mean of

the averaged freezing temperatures is marked with a diamond.

Statistical tests were performed on the averaged values of the

freezing temperatures in order to decide whether a parameter has a

significant influence on the distribution of the achievable supercool-

ing on the P(VDF-TrFE) films or not. The Anderson-Darling normality

test was used to evaluate the probability for a normal distribution

of the samples of averaged freezing temperatures on each sur-

face. A probability of 0% was frequently found for the samples and

therefore nonparametric rank sum tests were used to test the null

hypothesis H0 (all freezing temperatures are from the same statis-

tical population, and the parameter does therefore not affect the

freezing behaviour). For the comparison of only two treatments, the

Mann-Whitney U-Test, and for the comparison of three to five differ-

ent treatments, the Kruskal-Wallis H-Test were used. The number of

averaged freezing values for each test as well as the resulting p val-

ues are noted inside each graph. Significant effects are marked with

*for p<0.05, ** for p<0.01, and * * * for p<0.001, according to their

significance level 𝛼.

3 RESULTS AND DISCUSSION

Heterogeneous freezing experiments were performed for a variety of

different parameters of the P(VDF-TrFE) thin films. It was confirmed

in preliminary tests with 2D-GIWAXS and IRRAS that the annealing

temperature affects the orientation of the polymer chains inside the

P(VDF-TrFE) thin film. Both solvent-based deposition processes result

in an edge-on orientation of the polymer chains (Figure 2) and high

FIGURE 2 Poly(vinylidene
fluoride-co-trifluoroethylene) (P(VDF-TrFE)) thin
films with the orientation of the polymer chains in
parallel to the substrate surface (edge-on) are
preferential for pyroelectric applications
compared to thin films with the polymer chains
oriented perpendicularly to the substrate (face-on)
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FIGURE 3 (a) Result of the heterogeneous freezing experiments with a cooling rate of 1 K min−1 on poly(vinylidene
fluoride-co-trifluoroethylene) (P(VDF-TrFE)) thin films that were annealed at different temperatures; Room temperature AFM phase image of
P(VDF-TrFE) annealed for 1 h at (b) 130 ◦C and (c) 150 ◦C. The digit below the box plot indicates the number of independent measured droplets,
each of which underwent five repetitive freezing measurements that were averaged to one freezing value

FIGURE 4 Results of the heterogeneous freezing experiments with a cooling rate of 1 K min−1 on poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDF-TrFE)) thin films that were (a) repetitively measured, (b) deposited by dip-coating from CH onto different substrates, (c) spin-coated from
different solvents, (d) dip- or spin-coated from CH to the same thickness, and (e) polarised inside a capacitor setup during cooling from 140 ◦C.
The digit below each box plot indicates the number of independent measured droplets, each of which underwent five repetitive freezing
measurements that were averaged to one freezing value

crystallinity of the P(VDF-TrFE) films. Both properties are slightly

enhanced during an annealing step below Tc = 108.5 ◦C and greatly

enhanced after annealing the films at temperatures between the

Curie temperature Tc and the melting temperature Tm = 143.8 ◦C.

The edge-on orientation is preferred for a good polarisability of the

pyroelectric polymer,19,20 but this orientation is lost after an annealing

above the melting temperature.21 Figure 3a shows that no difference

in freezing temperatures was found between the two edge-on oriented

samples (annealed at 70 ◦C and 130 ◦C), but the water droplets on the

samples annealed above Tm froze at significantly higher temperatures

(the median temperature is 1.5 K higher). It is therefore assumed

that the freezing temperature is either affected by the polymer chain

orientation or by the change in surface roughness accompanying

the annealing. The roughness changes from Ra(70 ◦C) = 0.62 nm to

Ra(130 ◦C) = 1.45 nm and increases significantly to Ra(150 ◦C) =
9.85 nm (Figure 3bc). The recrystallisation after cooling the polymer

from the melt state might create a topography that provides nucleation

sites preferable for viable ice nuclei.22
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Performing repetitive freezing experiments on the same sam-

ple results in higher median freezing temperatures as a function

of the run number (a more than 0.5 K higher median tempera-

ture after each run, see Figure 4a). The samples were blown dry

in between the experiments before a fresh droplet of deionized

water was deposited. Possible explanations for the deteriorated

anti-ice performance are the swelling23 of the polymer film when

in contact with water or the deposition of dust particles or other

contamination during the handling in air that provide additional

nucleation sites themselves. Another parameter that was identi-

fied during the experiments to significantly affect the freezing

temperature is the substrate beneath the P(VDF-TrFE) film during

dip-coating (the median temperature on P(VDF-TrFE) on glass is more

than 3 K higher than the median temperature on P(VDF-TrFE) on

Al, see Figure 4b). The different surface energy and roughness of

the substrates might result in a different wetting behaviour during

the dip-coating process, since the P(VDF-TrFE) films for this part

of the experiment had a film thickness well below 100 nm. Partial

de-wetting might result in additional three-phase boundaries between

the polymer, water, and substrate material and might provide addi-

tional nucleation sites with a varying probability for heterogeneous

nucleation. Microscopy images of de-wetted glass surfaces can be

seen in Spitzner et al.4

The solvent used during the deposition process was found to not

significantly influence the film properties in such a way that the freez-

ing behaviour of water on these films (Figure 4c) is affected, when

P(VDF-TrFE) is dip-coated on polished Al substrates to the same thick-

ness of about 150 nm. The deposition process was also found to not

significantly influence the heterogeneous freezing, shown here for 130

nm films spin- and dip-coated from solutions of P(VDF-TrFE) in THF

onto polished steel substrates (Figure 4d). High-quality P(VDF-TrFE)

films with smooth surfaces were achieved by dip- and spin-coating

in a broad thickness range. Changing the thickness of the polymer

film was found to not influence the heterogeneous freezing of water

significantly (Figure 4e). However, films well below 100 nm and well

above 1 μm thickness resulted in a broader distribution of the freezing

temperatures.

In contrast to the results from Ehre et al3 and Spitzner et al,4 the

polarisation direction and, therefore, the sign of the surface charge

generated during the cooling process has no significant effect on

the heterogeneous freezing (Figure 4f). Neither a significant differ-

ence between a positive and negative polarised pyroelectric film nor

between a polarised and nonpolarised film was found in our experi-

ments. A possible explanation could be that the coercive field required

to completely align the dipoles of the spontaneous polarisation per-

pendicular to the substrate was not reached inside the P(VDF-TrFE)

film during the polarisation treatment. The result would be an imper-

fect domain-state in contrast to the single domain thick-films used

by Ehre et al.3 However, the results might as well be caused by the

negligible effect of the pyroelectrically generated surface charges on

the heterogeneous freezing process when a successful polarisation is

assumed. The maximum temperature change during the cooling pro-

cess is ΔT=20 K, resulting in a change of the spontaneous polarisation

according to the equation for the pyroelectric effect (Equation (1)) of

the following:

ΔPS = ΔT · p = 20 K · −31 μC m−2 K−1

= −620 μC m−2 = −0.062 μC cm−2.

(2)

It is expected that the value of the surface charge actually gener-

ated during the cooling is less, since the pyroelectric coefficient of

P(VDF-TrFE) decreases strongly with decreasing temperature24 below

Tc. In contrast, the surface charge built up on common surfaces such

as metal oxides25,26 and minerals27 in contact with low molarity elec-

trolytes is typically between 1 and 20 μC cm−2 and therefore many

orders of magnitude higher. It is therefore assumed that any effect

of pyroelectric generated surface charges might be usually masked28

by parameters that were found to much stronger affect the dis-

tribution of freezing temperatures on solid substrates, such as the

topography/roughness17,22 and possible contamination.

4 CONCLUSIONS

We were able to successfully quantify the effect of different parame-

ters of P(VDF-TrFE) thin films on the achievable supercooling of water

droplets in contact with these surfaces. The loss of the preferred

edge-on orientation after annealing above the melting temperature

Tm results in a higher freezing temperature of water droplets com-

pared to the edge-on oriented films. Higher freezing temperatures

are also found for repetitive runs of the freezing experiments on the

same samples. The strongest effect was seen by using different sub-

strates beneath the P(VDF-TrFE) thin films that can result in a more

than 3 K higher median freezing temperature, possibly caused by a

de-wetting effect that has occurred during the dip-coating process. In

summary, the highest supercooling of water droplets in contact with

P(VDF-TrFE) thin films and therefore best anti-ice performance is

achieved on clean and edge-on-oriented P(VDF-TrFE) films with a low

surface roughness deposited on Al or Si substrates. The polarisation

direction of the as-prepared domain state of the pyroelectric polymer

was not able to significantly change the median freezing temperatures

in our experiments. This contradicts the results found in the literature

where negatively charged pyroelectric materials were able to post-

pone the heterogeneous freezing of water. The film thickness and

the deposition process were additionally shown to have no significant

effect on the freezing behaviour of water on thin P(VDF-TrFE) films.

The occurrence of topographic structures that promote the formation

of viable ice nuclei have been suggested to be the main parameter

affecting the heterogeneous freezing of water on foreign surfaces.

ACKNOWLEDGEMENTS

This work was supported by Germany's Federal Ministry for Educa-

tion and Research (BMBF) under the grant number 03SF0475A. The

authors thank C. Böhm for the preparation of the P(VDF-TrFE) films,

H. Kettner for the AFM measurements, M. Göbel and D. Jehnichen

for the GIWAXS measurements, M. Malanin and K.-J. Eichhorn for the

IRRAS measurements, and Liane Häußler for the DSC measurements,

all at the Leibniz Institute of Polymer Research Dresden. In addition,

they thank G. Wiemann for the capacitor setup, S. Gersdorf for the

execution of the freezing experiments, and R. A. Boucher for the help-



APELT ET AL. 1155

ful discussions at the Institute of Materials Science IfWW, Technische

Universität Dresden.

FINANCIAL DISCLOSURE

None reported.

CONFLICT OF INTERESTS

The authors declare no potential conflict of interests.

ORCID

Sabine Apelt https://orcid.org/0000-0001-5121-5974

Petra Uhlmann https://orcid.org/0000-0001-9298-4083

Ute Bergmann https://orcid.org/0000-0002-8740-8310

REFERENCES

1. Zhang Z, Gonzalez R, Diaz G, et al. Polarization mediated

chemistry on ferroelectric polymer surfaces. J Phys Chem C.

2011;115:13041-13046.

2. Kakekhani A, Ismail-Beigi S. Ferroelectric oxide surface chemistry:

water splitting via pyroelectricity. J Mater Chem A. 2016;4:5235-5246.

3. Ehre D, Lavert E, Lahav M, Lubomirsky I. Water freezes differently on

positively and negatively charged surfaces of pyroelectric materials.

Science. 2010;327:672-675.

4. Spitzner D, Bergmann U, Apelt S, Boucher RA, Wiesmann H-P.

Reversible switching of icing properties on pyroelectric polyvenyli-

dene fluoride thin film coatings. Coatings. 2015;5(4):724-736.

5. Goldberg P, Apelt S, Spitzner D, et al. Icing temperature measure-

ments of water on pyroelectric single crystals: impact of experimental

methods on the degree of supercooling. Cold Reg Sci and Technol.

2018;151:53-63.

6. Gutmann E, Benke A, Gerth K, et al. Pyroelectrocatalytic disinfection

using the pyroelectric effect of nano- and microcrystalline LiNbO3 and

LiTaO3 particles. J Phys Chem C. 2012;116(9):5383-5393.

7. Toss H, Sani N, Fabiano S, Simon DT, Forchheimer R, Berggren M.

Polarization of ferroelectric films through electrolyte. J Phys-Condens

Mat. 2016;28(10):105901.

8. Gregorio Jr. R, Cestari M. Effect of crystallization temperature on the

crystalline phase content and morphology of poly(vinylidene fluoride.

J Polym Sci Pol Phys. 1994;32:859-870.

9. Lang SB. Pyroelectricity: from ancient curiosity to modern imaging

tool. Physics Today. 2005;58(8):31-36.

10. Ibos L, Bernés A, Lacabanne C. Annealing or storage influence on

pyroelectricity of ferroelectric PVDF and P(VDF-TrFE) copolymer.

Ferroelectrics. 2005;320(1):15-21.

11. Murray BJ, Broadley SL, Wilson TW, et al. Kinetics of

the homogeneous freezing of water. Phys Chem Chem Phys.

2010;12:10380-10387.

12. Heneghan AF, Haymet ADJ. Liquid-to-crystal nucleation: a new gen-

eration lag-time apparatus. J Chem Phys. 2002;117(11):5319-5327.

13. Schutzius TM, Jung S, Maitra T, et al. Physics of icing and ratio-

nal design of surfaces with extraordinary icephobicity. Langmuir.

2015;31(17):4807-4821.

14. Kreder MJ, Alvarenga J, Kim P, Aizenberg J. Design of anti-icing

surfaces: smooth, textured or slippery? Nat Rev Mater. 2016;1:1-15.

15. Acharya PV, Bahadur V. Fundamental interfacial mechanisms

underlying electrofreezing. Adv Colloid Interface Sci. 2017;251:26-43.

16. Koshio K, Arai K, Waku T, Wilson PW, Hagiwara Y. Suppression of

droplets freezing on glass surfaces on which antifreeze polypeptides

are adhered by a silane coupling agent. PLOS ONE. 2018;13(10):1-15.

17. Zhang Z, Liu X-Y. Control of ice nucleation: freezing and antifreeze

strategies. Chem Soc Rev. 2018;47:7116-7139.

18. Wu X, Tang Y, Silberschmidt VV, Wilson P, Chen Z. Mechanically

robust transparent anti-icing coatings: roles of dispersion status of

titanate nanotubes. Adv Mater Interfaces. 2018;5(18):1800773.

19. Guo D, Setter N. Impact of confinement-induced cooperative molec-

ular orientation change on the ferroelectric size effect in ultrathin

P(VDF-TrFE) films. Macromolecules. 2013;46:1883-1889.

20. Mao D, Quevedo-Lopez MA, Stiegler H, Gnade BE, Alshareef

HN. Optimization of poly(vinylidene fluoride-trifluoroethylene) films

as non-volatile memory for flexible electronics. Org Electron.

2010;11:925-932.

21. Park YJ, Kang SJ, Park C, et al. Irreversible extinction of ferro-

electric polarization in P(VDF-TrFE) thin films upon melting and

recrystallization. Appl Phys Lett. 2006;88:242908.

22. Bi Y, Cao B, Li T. Enhanced heterogeneous ice nucleation by special

surface geometry. Nat Commun. 2017;8(1):1-7.

23. Jacobson PA, Rosa LG, Othon CM, et al. Water absorption and dielec-

tric changes in crystalline poly(vinylidene fluoride-trifluoroethylene)

copolymer films. Appl Phys Lett. 2004;84(1):88-90.

24. Mehner E, Jachalke S, Hanzig J, Leisegang T, Stöcker H, Meyer

DC. Anomalous ferroelectricity in P(VDF70 − TrFE30). Ferroelectrics.

2017;510(1):132-151.

25. Sprycha R. Electrical double layer at alumina/electrolyte inter-

face: I. Surface charge and zeta potential. J Colloid Interface Sci.

1989;127(1):1-11.

26. Brown MA, Abbas Z, Kleibert A, et al. Determination of sur-

face potential and electrical double-layer structure at the aqueous

electrolyte-nanoparticle interface. Phys Rev X. 2016;6:11007.

27. Tournassat C, Grangeon S, Leroy P, Giffaut E. Modeling specific pH

dependent sorption of divalent metals on montmorillonite surfaces. A

review of pitfalls, recent achievements and current challenges. Am J

Sci. 2013;313(5):395-451.

28. Wilson PW, Osterday K, Haymet ADJ. The effects of electric field on

ice nucleation may be masked by the inherent stochastic nature of

nucleation. Cryoletters. 2009;30(2):96-99.

How to cite this article: Apelt S, Höhne S,

Uhlmann P, Bergmann U. Heterogeneous freezing on

pyroelectric poly(vinylidene fluoride-co-trifluoroethylene)

thin films. Surf Interface Anal. 2020;52:1150–1155.

https://doi.org/10.1002/sia.6778

https://orcid.org/0000-0001-5121-5974
https://orcid.org/0000-0001-5121-5974
https://orcid.org/0000-0001-9298-4083
https://orcid.org/0000-0001-9298-4083
https://orcid.org/0000-0002-8740-8310
https://orcid.org/0000-0002-8740-8310
https://doi.org/10.1002/sia.6778

	Heterogeneous freezing on pyroelectric poly(vinylidene fluoride-co-trifluoroethylene) thin films
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Thin film fabrication and characterization
	Freezing experiments

	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


