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Abstract: Undercooled phase exists behind glass phase with superheated medium-range order 

between Tg and Tn+ > Tm. The ordered volume fraction stays equal to the percolation threshold 

F  0.15 of broken bonds up to Tn+. The difference Tg between Tg(bulk) of films with thickness 

(h > h0) and Tg(h) of ultrathin films of thickness (h < h0) is a linear function of (h-ho). Dense 

layer with minimum thickness hr is grafted against substrate by isothermal annealing, rinsed to 

reduce film thickness below hr/F, and finally dewetted at Tg. Similar thickness prepared and 

annealed near Tm and heated above Tm contains residual crystallized layer dewetting at Tn+. The 

prefrozen layer reproduces the glassy grafted layer in a crystallized state up to Tn+. Melting heat 

and melting temperature Tm are linear functions of h for h < h0. Prefrozen layers are due to melt-

memories leading to new scenarios of crystallization.  

 

Keywords: melt-memory, glass phase, prefreezing, grafted polymers, undercooling, 

superheating, percolation threshold. 

 

  

Introduction 
 

The development of nanoscale devices increases the need of stable ultrathin films. 

Recent works shows the formation of residual films of polymers with uniform surfaces and 

thicknesses below 7 nm after submitting thicker films to various solvent rinsing [1-3]. This is 

important for many applications in nanoelectronics [4,5], biomedical [6], tissue engineering [7], 

coatings [8] but also for fundamental research. These ultrathin films are stable up to a dewetting 

temperature Tw where they are transformed in liquid polymer islands below the melting 

temperature Tm of polymer.  

The glass transition temperature of any film depends on the substrate nature, the polymer 

thickness h and the annealing temperature used to graft the film before rinsing [3]. The 

temperature Tg (bulk) is decreased from its value in bulk materials for film thicknesses h smaller 

than h0, the thickness limit h0 being of the order of several tenths of nanometers depending on 

substrate and polymer natures [4,9,10]. A linear relation given in (1) between h and the 

temperature Tg(h) is observed for h < h0 leading to the conclusion that a simple theoretical 

picture is possible to describe these phenomena [11]: 

 

𝑇𝑔 (h) =  𝑇𝑔 (𝑏𝑢𝑙𝑘) × [1 −
(ℎ0−ℎ)

𝑑
].        (1) 
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 where d is a correlation length quantifying the influence of free surface or substrate; for free 

surfaces of polystyrene, h0 = 69 and d = 213 nm [11]. For polystyrene deposited on silicon oxide 

and annealed at 130°C, h0 = 67 and d = 97 nm [10]. 

The average adsorbed layer thickness of polystyrene depends on the temperature of 

grafting and varies from 1.4 nm without annealing films deposited on silica to 5.2 nm after 7 

hours at Ta = 423 K (150 °C) [9]. A 24-hour annealing at Ta = 433 K (160 °C) of films deposited 

on silicon also increases the average residual thickness from 2 to 5.2 nm [3]. 

In parallel to these studies, the formation of crystallized layers of polyethylene above 

Tm = 108 °C has been observed. Here, the substrate influence induces a first-order transition 

giving rise to a wetting temperature Tw > Tm by cooling and a dewetting by heating the films at 

the same temperature. The film thickness of polyethylene varies from 1.5 to 2.7 nm using 

substrates of MoS2 and HOPG (highly oriented pyrolytic graphite) respectively. Here, the 

influence of substrate is apparently important. In fact, the temperature was raised during 30 mn 

to Ta = 160°C for thin films deposited on MoS2 and Ta = 150°C for thin films deposited on 

HOPG and then slowly cooled to room temperature. The influence of the annealing temperature 

Ta and of all thermal history is more important than the nature of the substrate because Tw varies 

from 155 °C with Ta = 160 °C to 124 °C with Ta = 150 °C [12,13]. The annealing at Ta = 150 

°C has lowered the wetting temperature while that at Ta = 160 °C is not changed because of the 

first order transition at Tw = 155 °C. These recent results have to be compared with the previous 

finding that the prefrozen layer persists, at least up to 150 °C, after 24 hours of annealing at Ta 

= 150°C, followed by quenching to room temperature [13].   

The interface-induced crystallization of polycaprolactone on graphite via first- order 

prewetting of the crystalline phase has been observed at 82 °C with Tm = 62 °C after 30 mn of 

annealing at 85 °C followed by a slow cooling. The prefrozen layer has a thickness of 4.3 nm 

at the dewetting temperature of 82 °C with a thickness increase up to 13 nm at 64 °C, thickness 

now equal to that of the initial film [14].  

An interface of a solid material can initiate crystallization in liquids by heterogeneous 

nucleation or prefreezing [15-18]. The formation of prefrozen layer through a first-order 

transition is viewed as being due to the interfacial energy difference between that of substrate-

melt and those of substrate-crystal and crystal-melt favorizing crystallization [19]. 

Nevertheless, the calculated value of h0 = 1.17 nm deduced from this model for polyethylene     

[12] is too low when compared to experimental values of 69 nm observed for polystyrene 

[10,11]. An absence of tiny crystals in the melt above Tm is always assumed because the 

classical nucleation equation has fixed this rule which is not respected by melts [20,21]. The 

prefrozen layer is due to the presence of surviving crystals having radius smaller than the critical 

one assembled on the substrate to reduce their surface energy. This phenomenon of dewetting 

is due to the melting of the prefrozen layer leading to an unstable liquid film above Tw. 

Consequently, the linear law (1) with high d values exists instead of an exponential law used to 

predict the stability of liquid thin films [19-22]. It is the purpose of this paper to present this 

alternative. 

 

2- New approaches 

 

The glass transition is not always viewed as a freezing phenomenon in the potential 

energy landscape. Two other approaches exist: 1- The liquid-to-glass transition results from 

percolation phenomenon of atom groups formed above Tg during cooling [23-25]. A deep 

thermodynamic transition from the glass toward liquid state results from the percolation of 

broken bonds (configurons) between atoms [26-28]; 2- Two liquids 1 and 2 give rise after the 

first cooling, to an intermediate Phase 3 below T3 < Tg respecting the entropy constraints [29-
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31]. The negative activation energy shows that Phase 3 is hidden behind the glassy phase acting 

as an intermediate invasive phase during the second cooling [32].  

Following Angell ideas of configurons in covalently-bonded materials [33] extended to 

metallic systems via Egami’s approach on bonds [34,35], it is assumed that the system of bonds 

has two states, namely, the ground state corresponding to unbroken bonds and the excited state 

corresponding to broken bonds. It has been described by the statistics of two-level systems 

separated by the energy interval Gd. The two approaches converge because the Gibbs free 

energy of Phase 3 is equal to Gd. Phase 3 is, in fact, the configuron phase which survives above 

Tm in a liquid with medium -range order up to a temperature Tn+. The transition temperatures 

Tg and Tn+ accompanied by enthalpy or entropy changes of Phase 3 are predicted in many cases: 

annealing above and below Tg, vapor deposition, formation of glacial and quasi-crystalline 

phases in perfect agreement with experiments. Any transformation of Phase 3 changes the initial 

liquid enthalpy and rejuvenation at Tg < T < Tn+ does not lead to the enthalpy of the initial liquid 

[32]. 

At high heating rates, the volume fraction of Phase 3 associated with medium-range 

order remains equal to the percolation threshold F = 0.15 ± 0.01 up to Tn+ when crystallization 

does not occur. There is no more medium-range order above Tn+. The transition at Tn+ produces 

an exothermic latent heat and the liquid is now ready for high undercooling rates.  

At low heating rates, crystallization occurs at Tx < Tm followed by melting at Tm. The 

crystallized phase still contains either 15% of melt or give rise to 15% of tiny and surviving 

crystals. Depending on these two assumptions, the latent heat at Tn+ would be endothermic for 

the case of the presence of tiny crystals in the melt or exothermic at Tn+ for the case of residual 

liquid droplets of ordered Phase 3. Two experiments show that the latent heat at Tn+ is 

endothermic. The melting of Phase 3 in Zr41.2Ti19.8Cu12.5Ni10Be22.5 is observed by measuring the 

FWHM of the first peak of S(Q) and the endothermic latent heat at the same temperature [36].  

This event occurs at Tn+ = 1116 K [30]. An undercooling of 220 K observed for CoB eutectic 

liquid is followed by crystallization and melting at Tm = 1406 K [37]. An endothermic heat is 

still observed at 1656 K corresponding to the melting of a small fraction of surviving tiny 

crystals. In this example, the liquid has not been cooled below its glass transition because the 

cooling rate is too weak. Only a small fraction of surviving crystals far below 15% is formed 

during supercooling.  

The surviving crystal fraction is equal to F between Tm and Tn+ when Phase 3 has been 

formed below T3 and is crystallized after slow heating. A second melting temperature called Tn+ 

exists in these conditions [29-31,38]. In this case, crystallization occurs at Tm when cooling 

starts from Tm < T < Tn+ and is the result of percolation of surviving crystals at Tm.  In the 

absence of Phase 3, cooling from T > Tn+ leads to crystallization after a deep undercooling. 

There is a need of new experiments devoted to crystallization by taking the existence of Phase 

3 into account up to the temperature Tn+.  

Melting and “crystallization” of polymers exhibit reversible features which could be 

related to Phase 3 [39]. An abundant literature is devoted to the observation of two melting 

temperatures of crystallized polymers. An example of this phenomenon leads to the melting of 

phase 3 in semicrystalline polyimide based on 1,3-bis (4-aminophenoxy) benzene (TPER) and 

3,3’, 4,4’-benzophenonetetracarboxylic dianhydride (BTDA). There is no crystallization of the 

bulk liquid and only that of phase 3, starting with Tg = 224 °C, crystallizing at 347 °C and 

melting at Tn+ = 394.5 °C [40, Figure 8.5a]. The exothermic and endothermic latent heats are 

equal as expected. 

A theory of melt-memory in polymer crystallization refers to details of crystallization 

processes at the crystallization temperature from a melt kept initially at the melt temperature 

Tm which deeply depend on the nature of initial melt state and accompanied by memory 

effects. An intermediate inhomogeneous melt state is already invoked in the pathway between 
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the melt and crystalline states [41]. Phase 3 with its volume fraction F  0.15 is this 

intermediate phase which remains crystallized up to Tn+. 

 

3- Application of new approaches to polymer thin films 

 

3-1 Equations 

 

The main observed phenomenon is the dependence of the glass transition temperature 

Tg with the thickness h and the grafting temperature Ta. The heat capacity jump is equal to 

1.5×Hm/Tm in polymers as shown in 1960 by Wunderlich [42] and confirmed for many 

molecular glasses [43] (where Hm/Tm = Sm is the crystal melting entropy).  

 

The latent heat coefficient  associated with a transition at T  Tg is calculated using 

the following equations (2-5) predicting two reduced homogeneous nucleation temperatures of 

fragile Liquid 2 resulting from the completed classical nucleation equation [29,31]: 

 

  𝜃𝑛− = (−3 ± [9 − 4(2 − 휀𝑔𝑠0 − ∆휀) 휀𝑔𝑠0 𝜃0𝑔
2 ]⁄

0.5
) 𝜃0𝑔

2 2휀𝑔𝑠0⁄      (2) 

 

where     휀𝑔𝑠(𝜃) = 휀𝑔𝑠0(1 − 𝜃2 × 𝜃0𝑔
−2) + ,       (3) 

 

휀𝑔𝑠(𝜃 = 0) = 휀𝑔𝑠0 = 1.5𝜃2 + 2 = 1.5𝜃𝑔 + 2,       (4) 

 

𝜃0𝑔
2 =

8

9
휀𝑔𝑠0 −

4

9
휀𝑔𝑠0

2 ,          (5) 

 

where  = (T -Tm)/Tm. 

 

For a latent heat coefficient  = 0, n- = g = (Tg-Tm)/Tm while there are two homogeneous nucleation 

temperatures n- for the same value of  and gs0, one above g leading to an increase of Tg = Tn- even 

to glacial phase transitions for high values of  and a decrease symmetrical from the first one with 

regard to Tg [31]. The equation (2) can also be applied with an increased or a decreased value of gs0, 

leading to changes of g and 0g
2.  

     

 

The heat capacity jump of 1.5×Sm is predicted for many liquids [44] having an enthalpy 

coefficient ls () for fragile Liquid 1 respecting (6-8) and a = 1:  

휀𝑙𝑠(𝜃) = 휀𝑙𝑠0(1 − 𝜃2 × 𝜃0𝑚
−2 ),                   (6) 

 

  휀𝑙𝑠(𝜃 = 0) = 휀𝑙𝑠0 = 1.5𝜃1 + 2 = 𝑎𝜃𝑔 + 2,                 (7) 

 

 𝜃0𝑚
2 =

8

9
휀𝑙𝑠0 −

4

9
휀𝑙𝑠0

2 .                    (8) 

 

The enthalpy value is obtained by multiplying the enthalpy coefficient by the melting heat Hm. 

The enthalpy coefficient lg of Phase 3 obeys (9): 

 

  ∆휀lg(𝜃) = 휀𝑙𝑠 − 휀𝑔𝑠 = 휀𝑙𝑠0 − 휀𝑔𝑠0 + ∆휀 − 𝜃2 (
휀𝑙𝑠0

𝜃0𝑚
2⁄ −

휀𝑔𝑠0

𝜃0𝑔
2⁄ ).              (9)        

 

 

3-2 Application to polyethylene 
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The glass transition temperature of polyethylene is Tg = 256 K and the melting 

temperature Tm = 381 K [45,46]. The enthalpy coefficients ls of Liquid 1, gs of Liquid 2, and 

lg of Liquid 3 are determined using (4-9) and given in (10-12) for bulk films. 

 

휀𝑙𝑠(𝜃) = 1.67192(1 − 4.1019 × 𝜃2),       (10) 

 

휀𝑔𝑠(𝜃) = 1.50787(1 − 3.0321 × 𝜃2),       (11) 

  

휀lg(𝜃) = 0.16404 − 2.286 × 𝜃2 .         (12) 

 

 

 
Figure 1: Enthalpy coefficients of bulk polyethylene (1) and annealed at Ta = 313 K (2):  T3 = 

236.7 K,  Tg1 = 256 K,  Ta = 313 K (39.9 °C), Tg2 = 339.4 K, Tm = 381 K, and prefreezing 

temperatures Tn+ (2) = 397.1 K (124 °C), Tn+ (1) = 429.4 K (156.3 °C). Phase 3 enthalpy 

coefficient equal to -lg0 = -0.16404 below Ta.    
 

The enthalpy coefficient lg is represented in Figure 1 on Line 1 with Tg1 = 256 K. 

Phase 3 is formed at T3 = 236.7 K with an enthalpy coefficient equal to −lg0 = −0.16404 in 

(12). This phase survives above Tm up to the homogeneous nucleation temperature Tn+ = 429.4 

K (156.3 °C), obeying (13) and (9): 

 

𝜃𝑛+ = ∆휀𝑙𝑔(𝜃𝑛+)          (13) 

 

This value of Tn+ is equal to the dewetting temperature Tw1 = 155 °C measured by Tariq et al 

[12].  

Such film is grafted at Ta = 313 K during 30 mn leading to a new enthalpy coefficient 

lg = −0.16404 equal to that of initial Phase 3 at Ta represented along Line 2 in Figure 1 with 

g2 = −0.10928 (Tg2 = 339.4 K). The enthalpy coefficients of new liquids grafted at Ta = 313 K 

calculated using (4-9) are:  

 

휀𝑙𝑠 (𝜃) = 1.89072(1 − 10.89 × 𝜃2 ),       (14) 
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𝜖𝑔𝑠 (𝜃) = 1.83608(1 − 7.4761 × 𝜃2 ),       (15) 

  

∆𝜖lg(𝜃) = 0.054638 − 6.8632 × 𝜃2 .        (16) 

 

The enthalpy coefficient of this new Phase 3 is lg = −0.16404 at T = 313 K ( = -0.1785). 

 

The temperature Tn+ given by (13) is equal to Tn+ = 397.1 K (124 °C) in perfect agreement with 

Tw2 = 124 °C [12]. There is no effect due to the change of substrate nature in the two referred 

experiments. The new value of Tw is due to the glass transition temperature variation. 

The thickness of ultrathin crystallized films at Tw is 1.5 nm without grafting and 2.7 nm 

with grafting [12]. The initial thicknesses of films are calculated by dividing these thicknesses 

by the percolation threshold equal to 0.15 and then equal to 10 and 18 nm. 

The coherence lengths ratio toward T3 after grafting and before grafting leads to an increase of 

the prelayer thickness due to the increase of Tg following (17) [32]: 

 
′(𝑇𝑤2)

(𝑇𝑤1)
= (1 −

𝑇3(2)

𝑇𝑤2
)

−0.88

(1 −
𝑇3(1)

𝑇𝑤1
)0.88,      (17) 

 

where 


0

= (1 −
𝑇𝑐

𝑇𝑛+
)

−0.88

, Tc being a critical temperature equal to T3 (1) and T3 (2), and Tn+ = 

Tw1 or Tw2 or Tw3 because the volume fraction of surviving superclusters remains equal to the 

critical threshold up to Tn+. A coherence length ratio (Tw2)/(Tw1) = 2.46 is predicted while the 

experimental value is 2.7/1.5 = 1.8 [12].  

In conclusion, the dewetting temperature Tw of prefrozen layers is equal to the 

temperature Tn+ of bulk films (h > h0) where Phase 3 melts. The case of ultrathin films (h < h0) 

is discussed in Chapter 4. 

 

3-3 Application to poly (-caprolactone)   
 

The glass transition temperature of polycaprolactone is Tg1 = 213 K [47] and the melting 

temperature Tm = 335 K [14,19]. The enthalpy coefficients ls of Liquid 1, gs of Liquid 2, and 

lg of Liquid 3 are determined using (4-9) and given in (18-20): 

 

휀𝑙𝑠 (𝜃) = 1.63582(1 − 3.3769 × 𝜃2 ),       (18) 

𝜖𝑔𝑠 (𝜃) = 1.45373(1 − 2.8333 × 𝜃2 ),       (19) 

  

∆𝜖lg(𝜃) = 0.18209 − 2.0594 × 𝜃2 .        (20) 

 

The enthalpy coefficient lg is represented in Figure 2 on Line 1 with Tg1 = 213 K. 

Phase 3 is formed at T3 = 193.9 K with an enthalpy coefficient equal to −lg0 = −0.18209 in 

(20). This phase survives above Tm up to the homogeneous nucleation temperature Tn+ = 382.3 

K (111 °C), obeying (13). The dewetting temperature Tw is expected to occur at Tn+ for a sample 

which is not grafted. 

A thin film of polycaprolactone would be grafted at Ta = 262.2 K to obtain Tw = 353.2 

K (80.2 °C) as observed by AFM [14]. Its enthalpy coefficient is represented along Line 2 with 

g2 = -0.1403 (Tg2 = 288 K). Its value at Ta is equal to that of initial Phase 3 (lg = -0.18209). 

The enthalpy coefficients would be given by (21-23): 

 

 휀𝑙𝑠 (𝜃) = 1.8597(1 − 8.6236 × 𝜃2 ),       (21) 
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𝜖𝑔𝑠 (𝜃) = 1.78955(1 − 5.9744 × 𝜃2 ),       (22) 

  

∆𝜖lg(𝜃) = 0.070149 − 5.3457 × 𝜃2 .       (23). 

 

The annealing at Ta = 262.2 K (-10.9 °C) increases Tg up to Tg2 = 288 K. One more time, 

Tw is determined by the glass transition temperature. Here too, the phase transition at Ta leads 

to the Phase 3 enthalpy coefficient −lg0 = −0.18209 in (23). The thickness also increases from 

2.36 nm without grafting to 4.2 nm with grafting [14]. Equation (17) applied with T3 (2) = 280.7 

K, Tw2 = 353.2 K, T3 (1) = 193.9 K, Tw1 = 382.3 K leads to (Tw2)/(Tw1) = 2.17.  
 
 

_ 

Figure 2: Enthalpy coefficients of bulk poly(-caprolactone)(1) and  annealed at Ta = 262.2 K 

(2): T3 = 193.9 K, Tg1 = 213 K, Ta = 262.2 K (-10.9 °C), Tg2 = 288 K, Tm = 335 K, and 

prefreezing temperatures Tn+ (2) = 353.2 K (80.1 °C), Tn+ (1) = 382.3 K (111 °C). Phase 3 

enthalpy coefficient equal to -lg0 = -0.18209 below Ta.    

  

 

3-4 Application to polystyrene 

 

The average glass transition temperature is 373 K, and the specific heat jump Cp at Tg 

is 30.7 J/K/mole [48]. The melting entropy Sm per mole is equal to Cp (Tg)/1.5 = 20.47 

J/K/mole. This entropy Sm at Tm is not observed, up to now, in atactic polystyrene, because the 

annealing time at T < Tm is much too long to obtain it. The glass transition temperature of bulk 

polystyrene is chosen equal to Tg1 = 379.5 K [49,50] and the melting temperature Tm = 548 K 

[51]. The melting heat Hm at Tm is equal to 20.47×548 = 11218 J/mole/K instead 20.47×516 = 

10562  10000 J/mole/K as already proposed [48]. For very thin thickness (7 nm and less) 

deposited on Pt heater, the overheating peak, resulting from an annealing at 140 °C, is not 

observed indicating that Phase 3 and configuron phase cannot be formed [52]. The observed 

glass transition is broadened because broken bonds are formed without attaining their 

percolation threshold. The thicknesses are too weak. The critical thickness hc of a film 

authorizing the formation of Phase 3 is obtained dividing the smallest thickness of the adsorbed 

layer by  = 0.15. For hc  7 nm, the residual thickness would be 7×F  1.05 nm. The thinnest 
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thicknesses of the absorbed layer on Si substrate without grafting are 1.3 and 1.5 nm [3, Table 

3-1] leading to hc  10 nm.  

Two temperatures (150 °C and 160 °C) of drafting (annealing) are used for films 

deposited on silicon substrates [ 2,3,11].  The annealing time is varying from 0.5 to 20 hours. 

For Ta = 150 °C, 6 hours are needed to attain the maximum thickness of 5.2 nm of adsorbed 

layer [11]. For Ta = 160 °C, the average value is 4.9 nm after 24 h of annealing [3, Table 3-1].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

The critical thicknesses hc are equal to 35 nm for Ta = 150 °C [9] and 33 nm for Ta = 

160 °C [3]. The residual thickness increases from 1-1.5 to 4.9-5.2 nm with Ta increasing from 

0 to 160 °C while the critical thickness hc increases from 7-10 to 36 nm.  

 

 
Figure 3: Enthalpy coefficients of bulk polystyrene (1) and annealed at 150 °C (2) and 160 °C 
(3): T3 = 353.4 K, Tg1 = 379.5 K, Ta = 423 K, Ta = 433 K, Tg2 = 457.5 K, Tg3 = 468.1 K, Tm = 548 K, 
and prefreezing temperatures Tn+ (3) = 578.9 K, Tn+ (2) = 583.1 K, Tn+ (1) = 613.3 K. Phase 3 

enthalpy coefficient equal to -lg0 = -0.15374 below Ta.    

 
 

In Figure 3, bulk Phase 3 along line 1 without grafting disappears at Tn+ = Tw1 = 613.3 

K while along Line 2, it disappears at Tn+ = Tw2 = 583.1 K after annealing at Ta = 423 K (150 

°C) and along Line 3 at Tn+ = Tw3 = 578.9 K after annealing at  Ta = 433 K (160 °C). 

The enthalpy coefficients ls of Liquid 1, gs of Liquid 2, and lg of liquid 3 are 

determined using (4-9) and given in (24-26): 

 

휀𝑙𝑠 (𝜃) = 1.69252(1 − 4.3234 × 𝜃2 ),       (24) 

𝜖𝑔𝑠 (𝜃) = 1.53877(1 − 3.1703 × 𝜃2 ),       (25) 

  

∆𝜖lg(𝜃) = 0.15374 − 2.4392 × 𝜃2 .         (26). 

 

The enthalpy coefficient lg is represented in Figure 3 on Line 1. New Phase 3 is formed 

at T3 = 353.4 K with an enthalpy coefficient equal to −lg0 = −0.15374. This phase survives 
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above Tm up to the homogeneous nucleation temperature Tn+ = 613.3 K (340.2 °C), obeying 

(26). The dewetting temperature Tw is expected to occur at Tn+ for a sample which is not grafted. 

A thin film of polystyrene is grafted at Ta = 423 K (150 °C) leading to Tn+ = Tw = 583.1 

K (310 °C). The new enthalpy coefficients are calculated with g2 = −0.16513 (Tg2 = 457.5 K) 

using (4-9, 26) to obtain the enthalpy coefficient lg = −0.15374 of initial Phase 3 at Ta. They 

are given by (27-29): 

 

휀𝑙𝑠 (𝜃) = 1.83487(1 − 7.4258 × 𝜃2 ),       (27) 

𝜖𝑔𝑠 (𝜃) = 1.7523(1 − 5.1838 × 𝜃2 ),       (28) 

  

∆𝜖lg(𝜃) = 0.08257 − 4.5418 × 𝜃2 .         (29). 

 

The enthalpy coefficient lg is represented in Figure 3 on Line 2. New Phase 3 is formed 

at Ta = 423 K with an enthalpy coefficient equal to −lg0 = −0.15374 in (26). This phase 

survives above Tm up to the homogeneous nucleation temperature Tn+ = 583.1 K (310 °C), 

obeying (29). The dewetting temperature Tw is expected to occur at Tn+. 

A thin film of polystyrene is grafted at Ta = 433 K (160 °C) leading to Tn+ = Tw = 578.9 

K (305.8 °C). The enthalpy coefficients are calculated with g3 = −0.14573 (Tg3 = 468.14 K) 

using (4-9) to still obtain lg = −0.15374 at Ta. They are given by (30-32): 

 

휀𝑙𝑠 (𝜃) = 1.85427(1 − 8.3265 × 𝜃2 ),       (30) 

𝜖𝑔𝑠 (𝜃) = 1.78141(1 − 5.778 × 𝜃2 ),       (31) 

  

∆𝜖lg(𝜃) = 0.072865 − 5.1465 × 𝜃2 .        (32). 

 

The enthalpy coefficient lg is represented in Figure 3 on Line 3 with Tg3 = 468.1 K 

(195 °C). This phase survives above Tm up to the homogeneous nucleation temperature Tn+ = 

578.9 K (305.8 °C), obeying (32). The dewetting temperature Tw of prefrozen layer is expected 

to occur at Tn+. 

A relative increase of (Tw2)/(Tw1) = 1.83 is predicted applying (17) comparing the 

increase of coherence lengths when Tw varies from 613.3 K to 578.9 K. This value is about the 

same than that obtained for polyethylene and is much weaker than those obtained after long 

annealing times of grafting which are equal to about 4. This thickening could result from the 

increase of 0 in (17) and be due to annealing of too-long duration below Tm which induces 

more short-range order. 

 

 4- Variation Tg/Tg proportional to (h-h), Tm/Tm and Sm/Sm for h < h0. 

 

Ultrathin films (h < h0) are submitted to a decrease Tg of the glass transition temperature 

depending on h = (h-h0). The reduced temperature n+ is equal to (–0.38742×g) [29, Equation 

28] and Tn+ does not vary with h as shown in chapter 3 using the same thermal history. The 

variation Tg is due to change of Tm. Consequently, the relation (33) is obeyed because Tg and 

Tm are bound by linear relation: 

∆𝑇𝑔

𝑇𝑔 (𝑏𝑢𝑙𝑘)


∆𝑇𝑚

𝑇𝑚(𝑏𝑢𝑙𝑘)
𝑓(∆ℎ 𝑑⁄ ), (33) 

The melting entropy and enthalpy variations depend on Tm and then (34) is respected: 
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∆𝑆𝑚/𝑆𝑚 = ∆𝐻𝑚/𝐻𝑚 + ∆𝑇𝑚/𝑇𝑚 (34) 

The changes Sm and Hm, being proportional to the number of involved atoms and 

consequently to h, leads to (35) in agreement with (1) [11]: 

∆𝑇𝑔

𝑇𝑔 (𝑏𝑢𝑙𝑘)


∆𝑇𝑚

𝑇𝑚(𝑏𝑢𝑙𝑘)


∆𝑆𝑚

𝑆𝑚


∆ℎ

𝑑
 (35) 

The melting temperature Tm and melting entropy Sm depend on h [50,52] and respect (35) 

for h < h0 because Tn+ = 0 whatever h may be as shown in Figure 4. 

 

 
 

Figure 4: Ratio -Tm/Tmbulk plotted versus Tg/Tgbulk = (h0-h)/h for polystyrene (Tmbulk 

= 548 K, Tgbulk = 379.5 K), polyethylene (Tmbulk = 381 K, Tg(bulk) = 256 K) and poly(-

caprolactone) (Tmbulk = 335 K, Tgbulk = 213 K). Slope (1) = 0.1934; slope (2) = 0.1876; slope 

(3) = 0.1775.  

 

The slopes Tm/Tm bulk versus (h0-h)/d = Tg/Tg bulk are weakly varying with the material. 

The average slope is 0.186. The temperatures Tg and Tm are calculated using (4,7), n+ = 

−0.38742×g [29] and fixing Tn+(1) = 613.3, Tn+(2) = 429.4, Tn+(3) = 382.3 K. Figure 4 is 

represented for Tg/Tm > 0.5 because the strong liquid state takes advantage on the fragile one 

below 0.5. There is no solution for the homogeneous nucleation temperature of fragile liquid 1 

for ls0 < 1.5 and (7) cannot be applied [43, equations 24-26].  

The ratio ho/d obtained for free surfaces of polystyrene is equal to 69.1/213 = 0.324 [11] 

and to the maximum value of Tg /Tg represented in Figure 4. Substrate nature and annealing 

temperature modify the value of h0/d without changing Tn+. The prefrozen layer results from a 

surface energy reduction of tiny crystals surviving at the distance h0, deposited on the substrate, 

melted at Tn+, rebuilt at the same temperature during cooling thanks to a first-order transition      

[14] and melted at Tm giving rise to an adsorbed layer during cooling. Rinsing of films 

eliminates the weakly bound polymer and reveals the presence of this absorbed polymer phase, 

tightly bound to the substrate. 
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This dense phase, having a thickness depending on the annealing temperature and on the 

formation time of Phase 3, acts as a second substrate, adding second values of h0/d equal to 

h’0/d’ and of Tg for h < h’0 < h0 as shown in chapter 6.  

The melting temperature Tm and melting entropy Sm depend on h [53-55] and respect (35) 

for h < h0 because n+ = 0 whatever h may be. 

 

 

 

5. Film thickness dependence within configuron percolation theory  

 

Phase transformations are typically described by the concept of symmetry changes e.g. 

changes of crystalline structures are accompanied by changes of symmetry of atomic 

distribution in space whereas melting of crystalline solids is accompanied by the reduction of 

symmetry to a translation invariance of atomic distribution. The glass transition occurs in a non-

equilibrium system of atoms disorderly distributed in space and has a dynamic character with 

the temperature of transformation dependent on cooling rate. Nevertheless, in terms of 

Ehrenfest classification the glass transition is a typical second-order transformation as it has no 

latent heat and the first derivative of free energy has no discontinuities whereas the transition is 

continuous and the second derivative of free energy of system is discontinuous at the glass 

transition. Indeed, thermal expansion and heat capacity of amorphous materials show a sudden 

change at the glass transition temperature which enables accurate detection using differential 

scanning calorimetry measurements. Moreover, namely the discontinuity of second derivative 

is the basis of standardized test protocols to determine the temperature of glass transition such 

as the test protocol ASTM D3418 - 15 Standard Test Method for Transition Temperatures and 

Enthalpies of Fusion and Crystallization of Polymers by Differential Scanning Calorimetry.  

Despite of drastic changes of materials properties at the glass transition the structural 

changes are extremely difficult to reveal directly. This became possible on utilising 

sophisticated AFM techniques [25], analysis of fifth order susceptibility [56], and analysis of 

X-ray pair distribution function [35] whereas the theoretical treatment in terms of structural 

changes are mainly dealt in works that consider association of species i.e. clustering behaviour 

[26-31]. Structural changes become most evident on analysing the bond system of materials as 

first proposed by Angel-Rao [33]. We have used the set theory which is a branch of 

mathematical logic that studies abstract sets as collections of objects. In our case we applied set 

theory to the set of chemical bonds which can be either intact or broken due to thermal 

fluctuations. We can focus on just broken bonds termed configurons revealing that at absolute 

zero T=0 there are no broken bonds at all whereas on increase of temperature more and more 

broken bonds are formed although up to the glass transition temperature Tg. They are point-like 

objects and do not form extended associations – clusters. The situation changes drastically when 

a macroscopic cluster made of broken bonds (configurons) is formed for the first time which 

penetrates the whole bulk of material. That occurs at the temperature Tg found from the 

condition of formation of the percolation cluster made of broken bonds. The configuron 

percolation theory gives for the glass transition temperature the dependence Tg = Hd/{Sd + 

R·ln[(1 − c)/c]}, where Hd and Sd are the enthalpy and entropy of the configuron (broken 

bond) formation, c is the percolation threshold, which determines when the first time a 

percolation cluster made of broken bonds configurons is formed [26].  

The Hausdorff dimension D of the set of chemical bonds at the glass transition changes 

suddenly as change the material properties. The Hausdorff dimension in our case is equivalent 

to the simpler Minkowski–Bouligand dimension based on box-counting which is defined as the 

limit  



12 
 

𝐷 = lim
→𝑎

𝑙𝑜𝑔𝑁( )

log (
1

𝜀
)

           (36) 

where N(ε) is the number of boxes of side length ε required to cover the set of bonds. In 

counting procedure, we start with macroscopic large lengths diminishing them step by step to 

microscopic scales. In mathematics the limit is formally drawn to zero whereas we accounted 

that the minimal length is equal to the bond size a = l/2 i.e. half of interatomic distance l. The 

set of broken bonds thus has D = 0 below the Tg, and D = 2.55±0.05 above [26]. 

 

The configuron percolation theory envisages the size dependence of glass transition 

temperature as follows [57]: 

 

𝑇𝑔(ℎ) = 𝑇𝑔(𝑏𝑢𝑙𝑘)[1 − (
𝛼𝑐𝑝𝑡

ℎ
)

𝛿

]      (37) 

 

where 𝛼𝑐𝑝𝑡= 0[7.843RTg(bulk)/Hd], 0 is a certain elementary length of the order of the bond 

length,  =1/, and  = 0.88 is the critical exponent. As emphasized above (see i.e. equation 

(1)), the glass transition temperature of solid ultrathin films Tg(h) reduces from its value in bulk 

materials Tg(bulk) with the reduction of film thickness h. Reference [11] gives the linear 

dependence given by equation (1) while earlier [58], it was suggested the non-linear relationship 

(37) of measured glass transition temperature Tg(h) for a polystyrene film of thickness h by 

equation :  

 

𝑇𝑔(ℎ) = 𝑇𝑔(𝑏𝑢𝑙𝑘)[1 − (
𝛼

ℎ
)

𝛿

]      (38) 

 

with best fit parameters describing the data  = 320 nm, and  = 1.8. The configuron percolation 

theory of glass transition gives as we see a smaller  = 1.136 close to experiment size 

dependence of glass transition temperature for h > 15 nm with h0  50 nm. Equation (37) can 

be linearised for thicknesses h << h0 as follows:  

 

𝑇𝑔(ℎ) = 𝑇𝑔(𝑏𝑢𝑙𝑘) {[1 − (
𝛼𝑐𝑝𝑡

ℎ0
)

𝛿

] − 𝛿 (
𝛼𝑐𝑝𝑡

ℎ0
)

𝛿 ℎ0−ℎ

ℎ0
}   (39) 

 

The linear law below h0 is needed to explain that the melting temperature Tn+ of bulk materials 

does not vary for thickness as thin as 6 nm [12].  

 

6- The double glass transition of ultrathin films of polystyrene 

  

Double glass transition temperatures are observed in four ultrathin films deposited on 

silicon with thicknesses between 7.9 and 11.85 nm after rinsing with various solvents and 24 

hours of post-annealing at 120 °C [3, Tables 5-2 and 5-7]. The two glass transition temperatures 

are 85.1 and 127.2 °C for a thickness h of 7.9 nm, 89 and 132.7 °C for h = 7.97 nm, 93.7 and 

133.5 °C for h = 8.66 nm and 97.6 and 138.9 °C for h = 11.85 nm. The thickness of residual 

layer hr equal to Fh  0.15h is plotted versus the lowest value of Tg in Figure 5. The residual 

thickness cannot be lower than 1.2 nm and then hc  8 nm. 

These films, annealed 24 hours at 120 °C, have a calculated glass transition temperature 

Tg (bulk) = 424.6 K, lowest limits for Tg equal to 356 K as shown in Figure 5, 395 K as shown 

in Figure 6, Tg/hr  8.15 and Tg/(h-1.2) = 1.598. The two thicknesses defining the effective 

interaction ranges are h’0 = hr = Tg/8.15 = 68.4/8.15 = 8.39 nm with d’ = h’0×Tg/Tg = 

8.39×424.6/68.4 = 52 nm and (h0-1.2) = Tg/1.598 = 29.6/1.598 = 18.5 nm with d = 
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18.5×424.6/29.6 = 265 nm using the two values of Tg for each film deposited on the silicon 

substrate and on the adsorbed layer (inside the uncertainty on h and Tg). Other values of Tg (h) 

confirm an increase of Tg/h for h < 10 nm [59] in agreement with a change of h0/d. The same 

phenomenon of two glass transition temperatures has been attributed to a layer tightly bound to 

the substrate and to a weakly bound film [60]. The adsorbed layer acts as a true phase having 

an interface energy which is distinct from the bulk amorphous phase and is the melted prefrozen 

layer below Tm [14]. The prefrozen layer could remain a dense liquid phase 3 above Tm without 

being crystallized in atactic polystyrene, a 2D nanoconfinement being responsible of its 

formation. 

 

 

 
 

Figure 5: Lowest glass transition temperatures of residual polystyrene layer deposited on 

silicon substrates [3] versus its thickness hr obtained applying hr (nm) = F.h  0.15 h, h being 

the film thickness. Tg = [8.15hr + 83.1] above Tg = 93.7 °C. 
 

 
 

Figure 6: Highest glass transition temperatures of ultrathin films with a thickness equal to (h-

1.2) nm beyond the residual layer thickness hr = 1.2 nm for h < 12 nm. Tg (°C) = [1.627(h-1.2) 

+ 121.5] above Tg = 132.7 °C. 

 

7- Melting of grafted layers at Tg (h < 8 nm) 

 

Uniform ultrathin layers are rinsed at room temperature to obtain grafted layers after 

elimination of the weakly bound polymer covering them. They are prepared below Tg with 

thicknesses smaller than the critical one hc  8 nm. These glassy grafted layers melt at T = Tg 

and form a liquid phase without Phase 3 because this configuron phase is formed above Tg in 

these polymers. The specific heat jump is broadened because the critical phenomenon 
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associated with the formation of configuron thermodynamic phase at Tg has disappeared. The 

melting of grafted layers is accompanied by dewetting as observed at Tn+ because the liquid 

films are unstable. Table 3-1 in [3] lists wetting and dewetting after post-annealing at 120 °C 

of polystyrene films with h = 7 nm. All films having Tg > 120 °C are not dewetted because they 

contain Phase 3 while those with Tg < 120 °C, are dewetted. 

 

8- Melting of ordered ice in nanotubes  

 

Equation (13) predicts the melting temperature Tn+ of surviving crystals above Tm in all 

overheated liquids including ice when Phase 3 is first formed at lower temperatures [31]. These 

entities represent about 15% of the liquid volume after supercooling below Tg and reheating 

above Tm. The formation of prefrozen layers on various substrates through first-order transitions 

above Tm results from nanoconfinement occurring in bulk liquid at interface proximity [12-14]. 

Ice in bulk water has a temperature Tn+ equal to room temperature 295 K. Ice prefrozen layers 

are expected to be formed below Tn+ and melted above. There are several observations and 

simulations of “ordered water monolayer that does not completely wet water” showing that 

water droplets cover the ordered monolayer [61]. A phase diagram of ice in single-walled 

carbon nanotubes at atmospheric pressure summarizes melting points as a function of diameter 

up to 1.7 nm. The highest melting point 290 K for a diameter of 1.08 nm is nearly equal to Tn+. 

The predicted melting points are represented for several diameters in Figure 7 [62]. Phase 

transitions in ordered hexagonal ice structure which is considered as representative of confined 

2D water at low density is still investigated by molecular-dynamics simulations.  For bilayer 

hexagonal ice, a first-order transition is predicted in the temperature range between 290 K and 

300 K in agreement with Tn+ = 295 K [63]. The temperature Tn+ is evaluated for various 

diameters of nanotubes and compared with simulation results of [64] in Figure 7.  

 

 
Figure 7: Ice melting in nanotubes. Melting and glass transition temperatures versus nanotube 

diameters in Angströms. The maximum values at 295 K characterize the prefrozen layer while 

minimum values are obtained for Tn+ = Tm = Tg  186 K. Circles representing molecular -

dynamics simulations from [62]. Model predictions of Tn+, Tm, and Tg are represented by 

continuous straight lines. 

  

 

The glass transition temperature Tg is a linear function of Tm as shown in (4). It is also true for 

Tn+ which is a linear function of Tg as shown in (40) [29, equation 18]:  

 



15 
 

𝜃𝑛+ = −0.38742 × 𝜃𝑔.        (40) 

 

The maximum temperatures Tn+, Tm and Tg are equal to 295, 273.1, and 217.7 K, characterizing 

bulk water and Tn+ is the maximum melting temperature of prefrozen layer. This melting 

temperature Tn+ is the same in a nanotube of 1.08 nm and is strongly reduced to 186 K for 1.68 

nm. The temperatures Tn+, Tg, and Tm are minimum and altogether equal to  186 K as shown 

in Figure 7 by the fall of the melting temperature Tn+ below 1.08 nm. In this situation, the 

enthalpy coefficients are ls0 = gs0 = 2 and Tn+ obeys a linear law between 295 K and 186 K. 

The ratio Tm/Tm bulk is equal here to 2.2×Tg/Tg bulk and 0.862×Tn+/Tn+ bulk. Equation (1) is 

respected with h0 = 1.08 nm and d = 3.78 nm. Another melting-freezing transition of water 

monolayer confined between two non-flat phosphorene plates is expected at 230 K as the 

relative position of the two plates changes from 0.1 to 0.44 nm. In this case, the influence of 

these two plates is still stronger [64].  

  

Our model is based on the formation at Tn+, in a bulk liquid, of confined prefrozen layer without 

consideration of the solid layer structure and the nature of the substrate. Values of Tg, Tm and 

Tn+ compared with those of bulk materials depend on interface nature and thermal history. The 

crystallized layer, which is formed by heating the supercooled liquid, can stay crystallized down 

to the lowest temperatures after new cooling. A second heating melts it at the same temperature 

Tn+.  

 

 

9- Rejuvenation of crystallization scenario of plastic crystals in CCl4 and ethanol 

 

Plastic crystals are formed at a temperature T’m weaker or higher than the melting temperature 

Tm. Two examples are presented. 

 

9-1 Formation of plastic crystals above Tm in tetrachloromethane 

 

Crystalline tetrachloromethane CCl4 is viewed as plastic crystal because it undergoes two main 

transitions from solid-to-solid with high entropy and solid-to-liquid with low entropy [65]. The 

glass transition of samples rapidly cooled from the liquid state, starts at 78 K characterized by 

a specific heat jump [66]. This material has two melting temperatures Tm = 225.3 K and T’m = 

250.3 K [65] after slow cooling down to 17 K followed by slow heating. The glass transition 

temperature is fixed at Tg = 80 K as shown in Figure 8 to determine the enthalpy coefficients 

ls0, gs0 and lg0 of liquids 1, 2 and 3 respectively. The experimental points of heat capacity of 

Hicks et al are plotted in Figure 8 on Lines 3, 2 and 1. Line 1 is prolonged using (41) which 

leads to Cpl = 122.53 J/K/mole at Tg = 80 K:  

 

𝐶𝑝𝑙(𝐽 𝐾. 𝑚𝑜𝑙𝑒⁄ ) = 0.04283 × 𝑇(𝐾) + 119.12.      (41) 

 

The jump Cp (Tg) is equal to (122.53-58.63) = 63.9 J/K/mole with a heat capacity of crystals 

Cpc equal to 58.63 J/K/mole. The heat capacity excess Cp of Phase 3 is given by (42) and 

determines the melting entropy Sm from the knowledge of Cp at Tg which is equal to 63.9 

J/K/mole: 

 

∆𝐶𝑝 = 2𝜃𝑆𝑚(휀𝑙𝑠0 𝜃0𝑚
2⁄ − 휀𝑔𝑠0 𝜃0𝑔

2⁄ ).       (42) 
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The contribution of Phase 3 being proportional to  = (T-Tm)/Tm and equal to zero at Tm  = 

225.3 K is described by the difference between lines 1 and 2.  The straight line 2 extends from 

Cpc = 58.3 at Tg = 80 K to Cpl = 128.77 at Tm = 225.3 K. The lowest value of first-order transition 

temperatures is chosen for Tm because it is not possible to predict a value of Tg with that of T’m 

using our model and the entropy variation is much higher and involves more atoms. 

 

 
Figure 8: Heat capacity of CCl4: 1- liquid heat capacity; 2- The Phase 3 heat capacity 

contribution is defined at each temperature by the difference between Line 1 and Line 2; 3- 

Heat capacity of crystallized phase [65]. Recovered enthalpy H: H = 0 at Tg = 80, H = 4573 

at Tm = 225.3, H = 2513 at T’m = 250.3, H = 375? J/K/mole at Tn+ = 327.2 K.  

 

Liquids 1, 2 and 3 are strong because g = (Tg-Tm)/Tm = -0.64523 is smaller than -0.5. The 

parameters ls0 and gs0 at  = 0 are determined with (2) for  = 0 or with (43) and (44): 

 

휀𝑙𝑠0 = (3𝜃𝑔 + 2) (1 − 𝜃𝑔
2 𝜃0𝑚

2⁄ )⁄ ,       (43) 

 

휀𝑔𝑠0 = (3𝜃𝑔 + 2) (1 − 𝜃𝑔
2 𝜃0𝑔

2⁄ )⁄ ,       (44) 

 

where the VFT temperatures T0m and T0g of strong liquids 1 and 2 are chosen equal to Tm/3 = 

75.1 K and T0g = 0 K (g = −0.64523, −2
0m = 2.25, −2

0g = 1). 

The thermal variations of enthalpy coefficients are given in (45-47): 

 

휀𝑙𝑠 = 1.01634(1 − 2.25 × 𝜃2),       (45) 

 

휀𝑔𝑠 = 0.11018(1 − 𝜃2),        (46) 

 

∆휀𝑙𝑠 = 0.90616 − 2.1766 × 𝜃2,       (47) 

 

The experimental melting enthalpies at Tm and T’m are 4573 and 2513 J/K/mole. These two 

values are an average of measurements assembled by [65]. The theoretical melting entropy Sm 

= 22.75 J/K/mole and enthalpy Hm = 5127 J/mole deduced from (42) are comparable to the 
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experimental values. The enthalpy recovery at n+ = lg = 0.4552, calculated with (47) in the 

absence of phase transition at T’m, is 0.4552×Sm×Tm = 2334 J/mole (Tn+ = 327.2 K). The total 

enthalpy recovery is predicted equal to 5127+2334 = 7461 J/mole while the measured values 

are 4573+2513 = 7086 J/mole. An enthalpy of 375 J/mole is missing and could correspond to 

15% of the melting enthalpy at T’m. This quantity would be recovered by heating up to Tn+ 

which is smaller than the vaporization temperature at 348.5 K. Crystals surviving between T’m 

and Tn+ melts at Tn+. By cooling from T < Tn+, these crystals would grow and percolate at T’m 

inducing crystallization. There are other crystalline phases between Tm and T’m depending on 

other thermal history [67]. 

 

9-2 Formation of plastic crystals below Tm in ethanol  

 

Ethanol melting occurs at Tm = 152 K and extends up to 174 K. Heat capacities Cp are 

represented in Figure 9 along Line 1 for crystals, Line 3 for undercooled liquid and Line 2 for 

plastic phase using measurements of O. Haida et al [68]. The heat capacity is weaker along Line 

2 than along Line 3. The undercooled liquid and plastic crystal have the same glass transition 

temperature at Tg1 = 97 K. The heat capacity jumps are equal to the differences between Line 1 

and Line 3 along AB = 44 J/K/mole, and Line 1 and Line 2 along CB = 33.8 J/K/mole. Plastic 

crystals undergo a second glass transition temperature at Tg2 = T’m = 126 K.  

Latent heats of transformation at Tm = 152 K and T’m = 126 K are equal to 4458 along 

GH after correction (the measured value 4931 J/K/mole is overestimated because it includes 

enthalpy recovered at Tn+) and 663 J/K/mole along EF. The total latent heat is exothermic at 

T’m combining endothermic plastic crystal melting along FD and exothermic crystal formation 

along EF. This last crystal is fully melted along GH at Tm = 152 K.  

 

 
 

Figure 9: Heat capacity of ethanol reproducing measurements of [68]. 1- crystal, 2- plastic 

crystal, 3- undercooled liquid; Tg = 97 K, T’m = 126 K, Tm = 152 K, Tn+ = 173.3 K. Transition 

width of melting between Tm = 152 K and Tn+ = 173.3 K. 

 

The heat capacity jump at Tg is equal to 1.5Sm. The experimental amplitude of the jump at Tg1 

= 97 K is AB = 44 J/K/mole leading to Sm = 4458/152 = 29.33 J/K/mole. The transition of glass 

phase at Tg2 = 126 K toward the liquid phase induces an experimental jump Cp = DE  7.7 
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J/K/mole and a melting enthalpy of this intermediate glass phase equal to 7.7/1.5×126   647 

J/K/mole comparable to 663 J/mole. The heat capacity of two glassy phases along AE and CD 

are not separated by a constant value because a fraction f of plastic phase is crystallized and 

equal to ED/EF = 7.7/34.6 = 0.22. This fraction f increases the value of Cp at the point D and 

reduces ED.   

The configuron model predicts percolation at Tg of about 15% of sample volume occupied by 

superclusters. Here, these entities are crystallized in glass phase below 126 K and crystallized 

up to Tn+ = 173.3 K for n+ = lg = 0.1402 using (39) [29]. This enthalpy coefficient is nearly 

equal to the ratio of latent heats 663/4428 = 0.1487. Haida et al also observe that melting of 

crystals extends from 152 to 174 K and consequently up to Tn+ = 173.3 K [68].   

In conclusion of this chapter, this ethanol study shows, for the first time, that these crystallized 

entities induce, by heating, the full crystallization at the percolation threshold and build the 

glassy skeleton of the plastic phase below Tg2 = 126 K down to Tg1 = 97 K and 0 K. Any 

molecular compound seems to have a liquidus temperature equal to Tn+. The enthalpy recovery 

at Tn+ does not seem to be associated with a first-order transition because the enthalpy increases 

with temperature up to Tn+ without changing the entropy of fusion except for the first-order 

transition associated with the formation and melting of the prefrozen layer.  

  

Conclusions 

 

A new description of melt-memories is proposed using converging concepts of 1- 

broken bond percolation at Tg by heating amorphous phase through Tg and 2- presence of two 

liquids 1 and 2, describing formation of new thermodynamic phase called Phase 3 at T3 < Tg. 

These two thermodynamic phases (Phase 3 and configuron phase) are the same and give rise to 

an ordered liquid 3 from Tg to Tn+ > Tm involving a maximum volume fraction equal to the 

percolation threshold F = 0.15 ±0.01.  

A prefrozen crystallized layer is formed, melted at the temperature Tn+, depending on 

the annealing temperature Ta used to graft a dense layer on the substrate below Tm. After 

formation of Phase 3 by annealing at Ta and crystallization, tiny crystals, surviving above Tm 

between the substrate and a maximum thickness h0 above Tm are assembled in prefrozen layers 

of minimum thickness hr reducing their surface energy. This formation on various substrates 

through first-order transitions above Tm results from nanoconfinement occurring in bulk liquid 

at interface proximity for h < h0. The glass transition temperatures of ultrathin films of thickness 

h < h0 are linear functions of h = (h-h0)/d with h0/d depending on the substrate nature. Such 

simple law of variation is explained by the fact that a substrate or a free surface does not change 

the dewetting temperature Tw which remains equal to Tn+ whatever h may be. Liquid film wets 

prefrozen layer and does not wet substrate above Tn+. A long isothermal annealing above Tg 

leads, in all polymer examples, to the enthalpy of Phase 3, which can be hidden at high heating 

rate in the absence of annealing or formed above Tg at low heating rate without annealing. 

Thin films of various thicknesses are rinsed with solvents to obtain an ultrathin film 

deposited on substrates. Residual layer thickness hr depends on annealing temperature Ta and 

is glass phase below Tg, submitted to melting and dewetting at Tg, and restored when prepared 

near Tm as crystallized prefrozen layer above Tm for film thickness weaker than hc = hr/F  

hr/0.15. Melting of residual layer is expected to occur at Tg because Phase 3 is formed above Tg 

in polymers and is hidden below Tg in classical glasses. 

The predicted existence of a melting temperature Tn+ = 295 K of ice prefrozen layer in 

water is confirmed by various simulation studies already published by other authors.  

 The residual layer crystallizes by heating as prefrozen layer, disappearing at the melting 

temperature Tn+ of bulk Phase 3 because it has memorized the thermal history of Phase 3 before 

crystallization. Phase 3, after crystallization, gives rise to a residual volume fraction F  0.15 
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of tiny crystals melting at Tn+. The formation of plastic crystals in CCl4 and ethanol is 

reexamined using this finding. Islands of Phase 3, being formed during undercooling above Tg, 

gives rise to a fraction of surviving crystals weaker than F = 0.15 without phase transition at 

Tn+.  

The adsorbed layer acts as a second substrate below Tm and is the melted version of the 

prefrozen crystallized layer resulting from the first-order transition already observed at Tn+. 

Ultrathin films are divided in two distinct phases, each having its own Tg: the first one is the 

dense layer of thickness hr in contact with the substrate and the second one has a thickness (h-

hr).  

Description of materials crystallization must be revised. A second melting temperature 

can exist above Tm. Various scenarios, depending on the presence of ordered Phase 3 or only 

islands of Phase 3 in the melt, must be envisaged between Tm and Tn+. Absence of surviving 

crystals above Tm leads to crystallization or amorphous phase after deep undercooling. 

  The highest melting temperature Tn+ of prefrozen layer of films having a thickness h < 

h0 stays equal to that of bulk polymer after its thermal history at lower temperature and has for 

consequence that the relative variations of temperatures Tn+/Tn+ bulk, Tm/Tm bulk and of melting 

entropy Sm/Sm(bulk) for h < h0 are proportional to Tg/Tg bulk. 
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