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Isothermal enthalpy recovery As a showcase, DSC heating scans
recorded after different aging times at 248 K are shown in Figure
1. A pronounced broad overshoot, increasing in intensity with
the aging time, is evident. The inset of Figure 1 shows the aging
time dependence of the recovered enthalpy and the correspond-
ing values of Tf . At the longest aging times the amount of recov-
ered enthalpy is about 23 J/g. In such time scale, that is, several
days, this amount is considerably larger than normally observed
in conventional glasses. Tf reaches a plateau value of 295 K, after
the longest aging time.

Fig. 1 Heat capacity as a function of temperature for 30 nm PS films
annealed at 248 K at the indicated aging time. The reference curve
corresponds to a sample heated up just after cooling. The inset shows
the resulting recovered enthalpies (right axis) and Tf (s) (left axis) as a
function of the aging time.

Specific heat: 30 nm films vs. bulk An important aspect of
the present study regards the equivalence of the equilibrium ther-
modynamics of 30 nm PS films with the bulk polymer. Hence, in
order to define the thermodynamic diagram when cooling 30 nm
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PS films at 20 K/min, the specific heat was determined. This is
shown in Figure 2 (brown line) after correction of the baseline.
The experimental specific heat is compared to the glass and melt
specific heats reported in the ATHAS databank1, also shown in
Figure 2 (blue and red lines respectively). As can be seen, once
the specific heat of the present study of the glass and the melt are
taken at sufficiently low and high temperatures respectively (be-
low ∼ 260 K and above ∼ 355 K), the 30 nm thick sample exhibits
melt and glass specific heats equal to those of bulk PS. The former
result agrees with previous studies showing that the equilibrium
thermodynamics is essentially bulk-like for freestanding films as
thin as 30 nm2–6.

Fig. 2 Heat capacity as a function of temperature of 30 nm thick PS
films cooled down at 20 K/min (brown line), melt (red line) and glass
(blue line) bulk PS.

Two steps recovery of equilibrium The presence of two
molecular mechanisms driving the 30 nm thick PS toward equi-
librium and its analogy with bulk glass formers constitutes a cru-
cial ingredient to achieve the ideal glass transition. In bulk glass
formers, this has been recently found studying the isothermal en-
thalpy recovery in several polymers7. Achieving information on
the presence of multiple mechanisms, and their corresponding
thermodynamic states in metastable equilibrium, generally re-
quires experimentally demanding observation time scales. How-
ever, there exist numerous experimental studies on the enthalpy
recovery of different glasses, showing a plateau with partial re-
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covery8–16. In all these cases, the amount of recoverable en-
thalpy, determined from the knowledge of the melt and glass spe-
cific heats − providing the specific heat jump − and the distance
from the glass transition (Tg − Ta), is always considerably larger
than the enthalpy actually recovered at a plateau. Importantly,
this is the case even in one study where the total amount of re-
coverable enthalpy is erroneously evaluated11 due to an under-
estimation of the specific heat jump: ∆Cp = 0.475 J/gK versus a
value of 0.625 J/gK reported by Wunderlich and co-workers17,
on the basis of several estimations meeting the standards of ac-
ceptable data. Furthermore, several studies exist on both poly-
meric18,19 and non-polymeric glass formers20,21 showing the ex-
istence of intermediate plateaus before total recovery of equilib-
rium is achieved.

Here, the analogy between 30 nm thick PS and the correspond-
ing bulk polymer for what concerns how the two mechanisms
of equilibration act is presented showing unpublished results on
isochronal enthalpy recovery experiments on bulk PS (5 days ag-
ing) at different temperatures. These data are plotted in Fig. 3
together with analogous data for 30 nm thick PS films aged for
480 min at different temperatures (already shown in the inset of
Fig. 2 of the main manuscript). In both cases, the presence of
two maxima in the plot of the recovered enthalpy as a function
of temperature is indicative of the presence of two mechanisms
of relaxation. However it is worth of remark that: i) the time
scale of observation to achieve separation of the two time scales of
equilibration is significantly larger for bulk PS than 30 nm films;
ii) even with such a difference in the time scales of observation,
the separation of the two maxima in the enthalpy is considerably
more marked in the 30 nm thin films than in bulk PS.
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Fig. 3 Recovered enthalpy as a function of aging temperature for 30 nm
thick PS films and bulk PS aged for 480 min and 5 days, respectively.
Dashed lines are guides to the eye

References

1 M. Pyda, ATHAS Data Bank, 2003,
http://web.utk.edu/ athas/databank/intro.html.

2 S. Peter, H. Meyer and J. Baschnagel, J. Pol. Sci., Part B: Pol.
Phys., 2006, 44, 2951–2967.

3 P. Z. Hanakata, J. F. Douglas and F. W. Starr, J. Chem. Phys.,
2012, 137,.

4 J. Sarabadani, A. Milchev and T. A. Vilgis, J. Chem. Phys.,
2014, 141,.

5 R. P. White, C. C. Price and J. E. G. Lipson, Macromolecules,
2015, 48, 4132–4141.

6 R. Inoue, K. Kawashima, K. Matsui, T. Kanaya, K. Nishida,
G. Matsuba and M. Hino, Phys. Rev. E, 2011, 83, 021801.

7 D. Cangialosi, V. M. Boucher, A. Alegría and J. Colmenero,
Phys. Rev. Lett., 2013, 111, 095701.

8 C. Bauwens-Crowet and J.-C. Bauwens, Polymer, 1986, 27,
709 – 713.

9 J. M. G. Cowie, S. Harris and I. J. McEwen, J. Polym. Sci. Pol.
Phys., 1997, 35, 1107–1116.

10 J. M. M. Duenas, A. V. Garayo, F. R. Colomer, J. M. Estelles,
J. L. G. Ribelles and M. M. Pradas, J. Polym. Sci., Part B: Polym.
Phys., 1997, 35, 2201–2217.

11 J. M. Hutchinson and P. Kumar, Thermochim. Acta, 2002, 391,
197 – 217.

12 L. Andreozzi, M. Faetti, M. Giordano and D. Palazzuoli, J.
Non-Cryst. Solids, 2003, 332, 229–241.

13 E. A. McGonigle, J. M. G. Cowie, V. Arrighi and R. A. Pethrick,
J. Mater. Sci., 2005, 40, 1869–1881.

14 V. M. Boucher, D. Cangialosi, A. Alegria and J. Colmenero,
Macromolecules, 2011, 44, 8333–8342.

15 H. Zhao, Y. Koh, M. Pyda, S. Sen and S. Simon, J. Non-Cryst.
Solids, 2013, 368, 63 – 70.

16 Y. Tanaka, S. Kashiwabara and Y. Okuya, Pol. Eng. Sci., 2016,
56, 561–565.

17 U. Gaur, B. B. Wunderlich and B. Wunderlich, J. Phys. Chem.
Ref. Data, 1983, 12, year.

18 R. Wimberger-Friedl, and J. G. de Bruin, Macromolecules,
1996, 29, 4992–4997.

19 C. L. Buquet, F. Hamonic, A. Saiter, E. Dargent, D. Langevin
and Q. Nguyen, Thermochim. Acta, 2010, 509, 18–23.

20 R. S. Miller and R. A. MacPhail, J. Chem. Phys., 1997, 106,
year.

21 R. Golovchak, A. Kozdras, V. Balitska and O. Shpotyuk, J.
Phys.: Cond. Matt., 2012, 24, 505106.

2 | 1–2Journal Name, [year], [vol.],


