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Abstract 

Cangialosi and coworkers found two steps in the enthalpy recovery deep in the glassy state of high 

and low molecular weight bulk polystyrene(PS). We attribute the first step to the segmental -

relaxation and the second step to the sub-Rouse modes, and explain the observed two-step enthalpy 

recovery by the dynamic properties of the two processes in bulk PS in the framework of the 

Coupling Model (CM).  The two-step enthalpy recovery also was found recently in nanometer thin 

films of polystyrene (PS). On decreasing film thickness, the first step was shifted to much lower 

temperature than the second step, and the effect is explained by the segmental -relaxation shifting 

to lower temperature on decreasing film thickness much more than the sub-Rouse modes, which 

is predicted by the CM. Furthermore, the dependences of the faster and slower processes of the 

two-step enthalpy relaxation on film thickness are exact analogues of two effects observed on 

decreasing the thickness h of freestanding polystyrene films. One effect is the observation of two 

transitions by ellipsometry. There we associated the lower transition at 𝑇𝑔
𝑙(ℎ) with the segmental 

-relaxation and the upper transition at 𝑇𝑔
𝑢(ℎ)  with the sub-Rouse modes, and successfully 

explained the experimentally observation of 𝑇𝑔
𝑙(ℎ)  decreasing more rapidly than 𝑇𝑔

𝑢(ℎ)  on 
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decreasing h also by the CM. The other effect is the rubbery stiffening observed by creep 

compliance measurements on decreasing h of freestanding films in many polymers including PS. 

This effect was satisfactorily explained by the additive contributions to compliance from the sub-

Rouse modes and the segmental -relaxation, and the more rapid decrease of the segmental -

relaxation time (T,h) with decreasing h than the sub-Rouse relaxation time sR(T,h), again using 

the CM. These two analogues of the two-step enthalpy recovery in bulk and nanometer PS thin 

films strengthen the common CM explanation of the first step by the segmental -relaxation and 

the second step by the sub-Rouse modes. 

 

*Corresponding author email: kiangai@yahoo.com, kia.ngai@pi.ipcf.cnr.it 

 

1. Introduction 

Starting in 2011 Cangialosi and coworkers1,2 studied the kinetics of enthalpy recovery of 

three polystyrene samples with different molecular weights at temperatures significantly below the 

nominal glass transition temperature (Tg) by physical aging for aging times up to one year. In a 

2013 publication2, they showed this intermediate aging plateau separates two relaxation 

mechanisms, one faster and the other slower, in high and low molecular-weight polystyrene and 

polycarbonate. This two-step process of enthalpy recovery with an intermediate plateau is a novel 

finding and interesting, but is at odds with the monotonic decrease of departure from equilibrium 

with increasing logarithm of aging time ta to reach equilibrium observed by Kovacs in his classical 

volume recovery experiments3, and in the volume and enthalpy recovery studies of others3-10, and 

also with the current theories of structural relaxation that involve only one characteristic rate or 

change in the relaxation time with the fictive temperature and time. The existence of intermediate 
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aging plateau led Koh and Simon11 to make in 2013 their independent study enthalpy recovery at 

an aging temperature 15 °C below the nominal Tg, for aging times up to 1 year, on a bulk 

polystyrene sample with number-average molecular weight of 92 800 g/mol and a weight-

average molecular weight of 221 000 g/mol. The intermediate plateau was not found, and the 

results indicate that the equilibrium liquid enthalpy line can indeed be reached for aging at 15 K 

below Tg. Thus a controversy was created but there was no resolution since Cangialosi and 

coworkers maintained their findings in several reviews, the last one was in 2016.12,13,14 However, 

the controversy may not be real because the experimental conditions in the studies of the two 

groups are different. For example, Cangialosi et al. used a monodisperse high molecular weight 

PS, while Koh and Simon used a polydisperse one. The differences in the samples and other 

experimental conditions may be the cause of not observing the same result. 

On the other hand, Simon and coworkers15,16 reported the study of the structural recovery 

of a film of monodisperse polystyrene (Mn = 1,998,000 g/mol, PDI =1.02) at aging temperatures 

from 50.5 to 100.5 °C using flash DSC for a high fictive temperature glass obtained after cooling 

at 1000 K/s. The departure from equilibrium decreases smoothly and approximately linearly with 

logarithmic aging time without any evidence of intermediate plateau. However the aging time scale 

accessed15,16  is less than 105 s, which could be too short to reach the first plateau and to observe 

the second decay, and the reason of the difference from the results of Cangialosi and coworkers.  

The impasse for resolving the controversy may be mitigated by considering new result 

from the study of enthalpy recovery in stacked glassy polystyrene (PS) films with thickness from 

30 to 95 nm over a wide temperature range below Tg,
17,18 and in polystyrene (PS) nanospheres19. 

It was shown that the time evolution toward equilibrium is composed of two steps17,18, analogous 

to bulk PS. In comparison to bulk PS, the time scales of the two relaxations of recovery are 
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considerably shorter and decreasing with the film thickness. The fast process, allowing partial 

enthalpy recovery toward equilibrium, displays Arrhenius temperature dependence with low 

activation energy, whereas the slow process follows pronounced super-Arrhenius temperature 

dependence. Moreover, the fact that the fast process was found to be effective in inducing 

significant densification at temperatures far below Tg is interesting and revealing.  

In this paper we make good use of the results of enthalpy recovery in the nanometer thin 

PS films 17,18, nanospheres19, and bulk PS 2 to identify the two molecular mechanisms for the fast 

and the slow processes therein theoretically in the framework of the Coupling Model (CM)20 

specialized to polymer viscoelasticity21,22,23,24,25,26,27,28. We show the fast process comes from the 

segmental -relaxation well known to be responsible for glass transition, while the slow process 

originates from the sub-Rouse modes,21,22,23,24,25,26,27,28,29 which is slower than the segmental -

relaxation, but faster than the better known entropic Rouse modes. Thus naturally the sub-Rouse 

modes constitute the viscoelastic mechanism to account for the slower decay in the two-step 

enthalpy recovery, since the faster decay is generally agreed to come from the segmental -

relaxation,   

In this paper, we consider the experimental results of Cangialosi and coworkers and 

provide the two mechanisms for the two-step enthalpy relaxation in bulk and nanometer thin films 

of PS. Notwithstanding, some of the works carried out in the past by others may not be at odds 

with the two-step decays because the experiments were carried out for times too short, or not 

enough far below Tg (for instance in ref.10), where at best one can see the first decay. Moreover, 

the work of Andreozzi and co-workers6 and other authors showed that a plateau with partial 

enthalpy recovery is attained in the experiments, compatible with the existence of a second decay 
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at longer times. Also the analysis of data by Hutchinson and Kumar7 shows at the lowest aging 

temperatures investigated the partial enthalpy recovery to a plateau is attained. 

2. The segmental -relaxation and the sub-Rouse modes for the 2-step enthalpy recovery         

The sub-Rouse modes in polymers were first revealed by combined creep compliance and 

stress relaxation experiment, and by light scattering experiments on polyisobutylene in 1995.21,22,23 

Since then, the general existence of the sub-Rouse modes in other polymers has been confirmed 

and their properties brought out by various experimental studies24,25,26,27,28,29. In this section we 

invoke the properties of the sub-Rouse modes supported theoretically by the Coupling Model (CM) 

to justify that they are responsible for the slower process in the two-step enthalpy recovery 

observed by Cangialosi and coworkers1,2,17,18,19. Deduced from experiments, these properties of 

the sub-Rouse modes as well as the theoretical justifications from the CM have been well 

documented in publications in archival journals. Therefore we just state these properties, but do 

not duplicate the details and theoretical rationalization involved to arrive at each of these properties. 

Nevertheless, references are given following the cited property for anyone interested to retrieve 

the details.    

We start with the existence of the sub-Rouse modes in bulk polymers in general including 

polystyrene of high21,21,22,25.26,27,28,29,30  and low molecular weights24 was demonstrated before by 

experiments. Their contribution to the creep compliance is known and delineated from that of the 

segmental -relaxation and Rouse modes30,31,32. The sub-Rouse modes shift to longer times on 

elevating pressure like the segmental -relaxation.33,34,35,36,37,38,39 The activation volumes for the 

two processes are very similar, and their relaxation times, sR and , are functions of the combined 

variable, T/, with the same  where  is the density. Thus like the segmental -relaxation, the 
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sub-Rouse modes are coupled to density and respond to physical aging40,41. Heat capacity 

spectroscopy from the 3 method was applied to measure the product of thermal conductivity , 

density , and heat capacity Cp, and the frequency dispersion was assumed to come only from 

𝐶𝑝
∗(𝜔, 𝑇) = 𝐶𝑝

′ (𝜔, 𝑇) − 𝑖𝐶𝑝
" (𝜔, 𝑇).42,43 The isochronal data of 𝐶𝑝

" (𝜔, 𝑇) of PS show not only the 

prominent loss peak contributed by the segmental -relaxation but also an excess loss at high 

temperatures.42,43 The latter is possibly the contribution from the sub-Rouse modes, and thus the 

enthalpic nature of the sub-Rouse modes is revealed by heat capacity spectroscopy.  One should 

not directly compare the sizes of the responses from segmental -relaxation and sub-Rouse modes 

from linear response measurements, as those in the specific heat capacity measurements in refs.42 

and 43 at 1 Hz to 1 kHz where only the reversing specific heat is recorded, with those carried out 

in the non-linear regime of enthalpy recovery experiment at much longer times. In the latter, the 

magnitude of the enthalpy recovered is the non-reversing specific heat and the total specific heat.   

 

2.1 Enthalpy recovery in bulk PS  

It is generally agreed experimentally and theoretically that the segmental -relaxation 

makes contribution to enthalpy relaxation and recovery and volume 3. Therefore, the segmental -

relaxation should be the more prominent one of the two relaxations in the 2-step enthalpy recovery 

of PS. Likely it is the mechanism responsible for the faster process observed to have the larger 

enthalpy recovered. The nature of the slower process had not been identified before by Cangialosi 

and coworkers1,2,17,18,19. We suggest that it originates from the sub-Rouse modes, which are slower 

than the segmental -relaxation, and their relaxation times sR are coupled to density. Our 

suggestion would have a problem if we accept totally the equilibration times eq,1 and eq,2 claimed 
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by Cangialosi et al.2,17 to correspond to the first and the second plateaus, and identify them with  

and sR respectively. This is because the eq,2 in their2 Fig.3 has the Vogel-Fulcher-Tammann (VFT) 

temperature dependence much stronger than the approximately Arrhenius temperature dependence 

of eq,1, but instead we know that sR has weaker temperature dependence than 

.21,22,23,24,25,26,29,30,31,32,33,34,35,36,37,38,39,40,41,44 However, upon closer examination of the time 

evolution of the recovered enthalpy at different temperatures for the high molecular weight 

polystyrene with Mn=85 kg/mol (PS85k), the presence of second plateau in their2 figure 2a at 363 

K and 358 K used to obtain eq,2 and deduce its VFT dependence is not evident, and therefore may 

not be used to deduce that eq,2 has the strong VFT temperature dependence below Tg. To show 

this, we have reproduced the data at the two lowest temperatures 363 K and 358 K in Fig.1, and 

shift the data at 363 K to coalesce its first plateau with that of the data at 358 K. The enthalpy 

recovery data for the low molecular weight PS with Mn=7 kg/mol (PS7k) are presented in Fig.2, 

together with the data 356 K shifted to coalesce with the data at 353 K in same manner as in Fig.1. 

The overlap of the shifted 363 K data with the 358 K data in Fig.1 and the overlap of the shifted 

356 K data with the 353 K data in Fig.2 at times past the first plateau suggests the changes of the 

equilibration times of the faster and slower enthalpy recovery processes with the change in 

temperature are not too different and are not diverging at lower temperatures, in contrast to that 

suggested in Fig.3 in ref.2. With this modification of the temperature dependence of eq,2, the data 

of Cangialosi and coworkers are consistent with the known relation between the temperature 

dependences of  and sR as well as our identification of the faster and slower processes as the 

segmental -relaxation and the sub-Rouse modes respectively.  

Despite the consistency of our explanation with the two-step enthalpy recovery data in bulk 

PS, it is not sufficient for the verification, and more evidences are needed to complete the proof. 
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These evidences are provided in the following section by the drastic changes of the two-step 

enthalpy recovery in nanometer PS thin films on decreasing the film thickness. The proof comes 

from the fact that these drastic changes in nanoconfinement are explainable by the corresponding 

changes of segmental -relaxation and the sub-Rouse modes as predicted by the CM31,32,40,41. 

Further support comes from two effects in nanometer PS thin films that are analogues of the two-

step enthalpy recovery, and have been successful explained by the segmental -relaxation and the 

sub-Rouse modes. One effect is the observation of two transitions by ellipsometry in freestanding 

nanometer PS thin films, and the other is the rubbery stiffening observed by creep compliance 

measurements on decreasing the thickness of freestanding films of many polymers including PS. 

These two effects and the explanations by the CM are discussed in the following section in 

conjuction with our current explanation of the two-step enthalpy recovery experimental data.   

      

Figure 1. Time evolution of the recovered enthalpy at 363 and 358 K for PS85k. Additionally, the 

data at 363 K have been shifted horizontally and vertically to coalesce its first plateau with that of 

the data at 358 K. The purpose of superposing the two sets of data is to show the temperature 
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dependences of the equilibration times of the faster and slower enthalpy recovery processes are 

not very different and not diverging at lower temperatures, in contrast to that suggested in Fig.3 in 

ref.2.    

 

 

Figure 2. Time evolution of the recovered enthalpy at three temperatures for PS7k. Additionally, 

the data at 356 K have been shifted horizontally and vertically to coalesce its first plateau with that 

of the data at 353 K.  

 

2.2 Nanometer thin PS films 

Based on the Coupling Model (CM) and the argument of the coupling parameter n of 

segmental -relaxation is larger than nsR of the sub-Rouse modes, we have explained the weaker 

temperature, pressure, and TV dependences of the latter than the former 24,25,30,31,32,33,37,38,39,40-. By 
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the same reasoning, the reduction of the -relaxation time  on decreasing the thickness of 

freestanding polymer thin films is much more than that of the sub-Rouse (sR) relaxation times 

sR.31 This result derived from the CM leads to larger difference between sR and  or increased 

separation of the α-relaxation from the sub-Rouse modes, and the difference/separation 

respectively increases with decreasing film thickness31. The resultant effect was observed 

experimentally in creep compliance measurements by the rubbery-like stiffening behaviors for 

many polymer thin films by McKenna and coworkers45-51, and others52. The CM explanation of 

the effect was bolstered by the strong correlation of the rubbery stiffening index with n found 

when considering the results from 8 different polymers including PS, PC, and PIB.    

 This effect found by McKenna and coworkers in creep compliance of nanometer thin 

polymer films, and explanation by the CM is relevant to our explanation of the two-step enthalpy 

recovery of Cangialosi and coworkers. This can be inferred from the similarly much larger 

decrease of the enthalpy equilibration time eq,1 of the faster () process than eq,2 of the slower 

(sR) process with decrease of PS films thickness down to 30 nm observed by Boucher et al.17,18. 

The trend can be seen from Fig.4 of Boucher et al.17, where the increasing separation of the 

logarithm of the equilibration times of the first and the second decays with decreasing thickness is 

evident by inspection of the data of bulk, 95 nm, 67 nm and 30 nm PS films. We have taken from 

this figure the two equilibration times eq,1 (open squares) and eq,2 (closed squares) of the 30 nm 

thin film and the eq,1 (open blue circles) of bulk PS, and reproduce them in our Fig.3. 
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Figure 3. The equilibration times eq,1 and eq,2 of the 30 nm thin film (purple open and closed 

squares respectively), and eq,1 of bulk PS (open blue circles) from Boucher et al.17.  The segmental 

relaxation time, (T), measured by PCS on a 22 nm freestanding PS film (black filled triangles)60. 

The large red diamond and red star with coordinates (1000/𝑇𝑔
𝑙(h) , 2.76) where 𝑇𝑔

𝑙(h)  is the lower 

transition temperature from ellipsometry measurements53 for film thickness that is approximately 

the same as h=22 and 33 nm respectively40,41. The red multiplication sign with coordinates 

(1000/ 𝑇𝑔
𝑢(h)   , 2.85), where 𝑇𝑔

𝑢(h)   is the upper transition temperature from ellipsometry 

measurements for film thickness approximately the same as h= 33 nm.53 The two black filled 

diamonds are the primitive relaxation times 0 of bulk PS at Tg calculated by the CM equation with 

n. The solid black line is supposed to be an estimate of 0 of bulk PS for T Tg. The broken blue 

line on top is (T) of bulk PS calculated by the CM equation. The green triangles are 0 of bulk 

PS calculated from eq,1 of bulk PS (open blue circles).   
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Ellipsometry measurements of freestanding high molecular weight polystyrene (PS) films 

with thickness less than 70 nm showed the presence of two glass transitions originating from two 

distinctly different and simultaneous mechanisms to reduce the glass transition temperature53. The 

lower transition at temperature 𝑇𝑔
𝑙(h) is the same as found before in freestanding PS films by 

others54,55,56, and can be explained by the large enhancement of mobility of the segmental -

relaxation due to the free surfaces, finite size effects,57 and induced orientations of the PS chains58. 

The upper transition at a higher temperature 𝑇𝑔
𝑢(h) is novel.53 The two transitions cannot be 

explained by segmental -relaxation alone simply by occurence at two different locations of the 

film as discussed in 32,40,41. This is because this hypothesis implies the difference, 𝑇𝑔
𝑢(h) -𝑇𝑔

𝑙(h), 

would decrease as film thickness decreases, which is opposite to the increase observed 

experimentally53. Therefore, the upper transition must come from another viscoelastic mechanism 

other than the segmental -relaxation of PS. The sub-Rouse modes have been suggested to give 

rise to the upper transition and the suggestion was justified from the properties of these 

modes32,40,41. Physical aging was observed at a temperature below the upper transition, but above 

the lower transition.59 This result was interpreted as indicative of the upper transition being an 

actual glass transition associated with the -relaxation 59, and not the sub-Rouse modes32,40,41. Such 

an interpretation was based on lack of knowledge about the properties of the sub-Rouse modes, 

and it has been debunked in ref.40 after presenting evidences that the sub-Rouse modes do respond 

to physical aging. Anyhow, if according to the interpretation of the authors of ref.59 that both the 

upper and lower transitions are actual glass transition associated with the -relaxation,  the 

difference, 𝑇𝑔
𝑢(h) -𝑇𝑔

𝑙(h), should decrease as the two -relaxations tend to merge together as the 

film thickness decreases. This is opposite to the increase of the difference, which was observed 

experimentally53.  After having correctly identified the upper transition with the sub-Rouse modes, 
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the observation of physical aging at a temperature below the upper transition, but above the lower 

transition58 is a direct proof of the sub-Rouse modes do age with time.The  two transitions in the 

33 nm freestanding PS films with Mn=820,000 g/mol from study by ellipsometry53 are analogous 

to the two processes in stacked 30 nm PS freestanding films from enthalpy recovery17,18. Therefore 

it is natural to compare the enthalpy equilibration times eq,1(T) and eq,2(T) of the 30 nm thin film 

with (T) and sR(T) both assumed equal to 100 s at 𝑇𝑔
𝑙(h) and 𝑇𝑔

𝑢(h) respectively of the h=33 nm 

freestanding film from ellipsometry53. The values of 𝑇𝑔
𝑢(h) and 𝑇𝑔

𝑙(h) for h=33 nm were deduced 

from the ellipsometry data before40,41, and the coordinates (1000/𝑇𝑔
𝑙
 , 2.76) and (1000/𝑇𝑔

𝑢
 , 2.85) 

for log(𝑇𝑔
𝑙) and logsR(𝑇𝑔

𝑢) respectively of the 33 nm film are entered into the relaxation map of 

Fig.3 as the cross and the star respectively. As can be seen by inspection, the value of eq,1(T) at 

T=𝑇𝑔
𝑙
 = 290 K is about one order of magnitude longer than (𝑇𝑔

𝑙), and the same is true for eq,2(T) 

at T=𝑇𝑔
𝑢=350 K compared with sR(𝑇𝑔

𝑢). The values of (𝑇𝑔
𝑙) and sR(𝑇𝑔

𝑢) in Fig.3 were determined 

with the cooling rate q=0.5 K/min in the ellipsometry experiment53 by the relation =T/q according 

to Schmelzer.61 Thus, with the corroboration from the data of the two transitions observed by 

ellipsometry, we have strengthened the proposed identification of the segmental -relaxation and 

the sub-Rouse modes for the first and second processes in the two-step enthalpy recovery. 

Presented in Fig.3 is the value of (Tgl)=100 s at  𝑇𝑔
𝑙(h) for freestanding film with h=22 

nm deduced before from ellipsometry data40,41. Shown also are the few (T) data of the 

freestanding 22 nm PS film obtained from photon correlation spectroscopy60. The two black 

diamonds are the primitive relaxation time, 𝜏0
𝑏𝑢𝑙𝑘(𝑇𝑔

𝑏𝑢𝑙𝑘), of bulk PS at 𝑇𝑔
𝑏𝑢𝑙𝑘=373 K calculated 

by the CM equation20,24,25,26,27,29,-33,  
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𝜏𝛼(𝑇) = [𝑡𝑐
−𝑛(𝑇)

𝜏0(𝑇)]1/(1−𝑛(𝑇))        (1) 

by taking 𝜏
𝑏𝑢𝑙𝑘(𝑇𝑔

𝑏𝑢𝑙𝑘) = 102 or 103 s, (1-n) equal 0.36 from PCS measurement of bulk PS62, and 

tc=1 to 2 ps the value of which was determined by neutron scattering20. The two are good estimates 

of the shortest  that freestanding film may attain at the bulk 𝑇𝑔
𝑏𝑢𝑙𝑘  when the film becomes 

extremely thin, and n → 0. The line in Fig.3 connects the PCS (T) of the 22 nm freestanding 

film60, the (𝑇𝑔
𝑙)=100 s deduced from ellipsometry data for freestanding film thickness of 22 nm 

at T=𝑇𝑔
𝑙,40,41 and the primitive relaxation time of bulk PS 𝜏0

𝑏𝑢𝑙𝑘(𝑇𝑔
𝑏𝑢𝑙𝑘) at T=𝑇𝑔

𝑏𝑢𝑙𝑘. The fact that 

the three data points lie approximately on a straight line is no accident because in the ultrathin 22 

nm freestanding film cooperativity of the -relaxation is either totally or almost totally removed, 

and (T) becomes the same or almost the same as the primitive relaxation time  𝜏0
𝑏𝑢𝑙𝑘(𝑇) of the 

bulk glass-former at equilibrium at temperatures below 𝑇𝑔
𝑏𝑢𝑙𝑘, as discussed in more detail in ref.63. 

Thus the entire line in Fig.3 is a good approximation to the Arrhenius temperature dependence of 

the primitive relaxation time  𝜏0
𝑏𝑢𝑙𝑘(𝑇) for all temperatures below 𝑇𝑔

𝑏𝑢𝑙𝑘=373 K.  

Using eq.(1) once more and substituting this Arrhenius dependence of  𝜏0
𝑏𝑢𝑙𝑘(𝑇) into its right-

hand-side, the corresponding Arrhenius T-dependence of  𝜏𝛼
𝑏𝑢𝑙𝑘(𝑇) is represented by the broken 

line in Fig.3. There is approximate order of magnitude agreement of the calculated  𝜏𝛼
𝑏𝑢𝑙𝑘(𝑇) with 

eq,1 of the first step in enthalpy recovery17,18. Conversely, by substituting eq,1(T) data (blue open 

circles) into the left-hand-side of eq.(1) we calculated the primitive relaxation times  𝜏0
𝑏𝑢𝑙𝑘(𝑇) 

shown by green open triangles in Fig.3. There is also approximate agreement with the values of 

 𝜏0
𝑏𝑢𝑙𝑘(𝑇)  deduced by the other way (the two black diamonds). Consistency of the results 

substantiate that eq,1(T) has Arrhenius temperature dependence below 𝑇𝑔
𝑏𝑢𝑙𝑘 and not diverging58 
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in agreement with the conclusion of the same reached by McKenna and coworkers based on the 

study of million year old amber5,64 and aging of other polymers5,65,66.      

3. Discussion and Conclusion 

The two-step enthalpy recovery deep in the glassy state of high and low molecular weight bulk 

polystyrene(PS) found by Cangialosi and coworkers is explained by attributing the first step to the 

segmental -relaxation and the second step to the sub-Rouse modes, and justified by the dynamic 

properties of the two processes elucidated by the Coupling Model (CM). The observation of 

twosteps in enthalpy recovery of bulk polystyrene by Cangialosi and co-workers has not been 

observed before in conventional heat capacity and volume recovery experiments. However, the 

two-step enthalpy recovery was found at much longer time scales of weeks or months and at 

temperatures further down below Tg than the conventional measurements. Thus it should be 

distinguished from the majority of experiments carried out at nominal cooling rates and 

temperature not far below Tg. The  two-step enthalpy recovery also was found in nanometer 

freestanding PS thin films and nanospheres. The results from the PS thin films show on decreasing 

film thickness that the first step shifted to lower temperatures much more than the second step. 

These effects observed on the faster and slower processes in the two-step enthalpy relaxation bear 

strong resemblance to the behavior of the segmental -relaxation and the sub-Rouse modes in PS 

thin films, and hence support our explanation.  Additional support comes from the fact that the 

segmental -relaxation and the sub-Rouse modes were used before to explain successfully two 

other effects observed on decreasing the thickness h of freestanding polystyrene films. One is the 

rubbery stiffening effect in creep compliance measurements caused by much large reduction of 

segmental -relaxation time (T) than the sub-Rouse relaxation time sR(T). The other  is the 

increasing separation between the lower and upper transition temperatures, 𝑇𝑔
𝑙(ℎ) and 𝑇𝑔

𝑢(ℎ), on 
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decreasing h found by ellipsometry. Explained in the same way, these closely related effects  help 

to confirm our explanation of the first and second steps of enthalpy recovery originating from the 

segmental -relaxation and the sub-Rouse modes respectively.  

There are two very recent findings of a fast and a slow process in enthalpy relaxation. 

Although the two processes are not the segmental -relaxation and the sub-Rouse modes 

respectively in these cases, we mention them to contrast with the two-step enthalpy relaxation. 

One is from the differential scanning calorimetry study of several polymeric glasses aged over 

about 30 years well below their respective Tg when heated to the melt state67. The other is from 

fast scanning calorimetry study of the thermodynamic state attained after a given cooling rate and 

the molecular mobility of glassy poly(4-tert-butylstyrene) confined at the micrometer length 

scale68. The fast and slow processes observed in these two experiments are not the segmental -

relaxation and the sub-Rouse modes of bulk polymers, and the explanation we give in this paper 

should not be applied. We believe the fast and slow processes in ref.67 originate from the primitive 

relaxation/JG -relaxation69 and the segmental -relaxation respectively. This belief was made 

before in p.281 of ref.20, where cited are the enthalpy relaxation by DSC scan of the rapidly 

quenched glasses after annealing at temperature well below Tg apparently first applied by Chen 

and coworkers including polystyrene70, inorganic glasses (B2O3)
71, and metallic glasses72,73,74,75. 

Chen and coworkers emphasized their observed relaxation at temperatures well below Tg by calling 

it sub-sub-Tg relaxation. They also pointed out that the sub-sub-Tg relaxations of polystyrene, B2O3, 

and metallic glasses are qualitatively similar in properties despite great differences in structure and 

bonding. 

On the other hand, we believe the fast and slow processes in ref.68 originate from the 

segmental -relaxation at and near the surface and the bulk part respectively of the micrometer 
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confined polymer. Incidentally, possible connection of this fast process to the volume-sensitive 

secondary relaxations68 (this scenario is realized only when the length scales of confinement given 

by the volume-to-area ratio approach zero68) was made also by the authors of ref.68. The possible 

connection suggested68 makes sense since volume-sensitive primitive/JG - relaxations63 is related 

to the segmental -relaxation at the surface32,58,63. 
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