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Interdependence of Primary and Johari-Goldstein Secondary Relaxations in Glass-Forming Systems K. Kessairi, S. Capaccioli,* D. Prevosto, M. Lucchesi, S. Sharifi, and P. A. Rolla Polylab (CNR-INFM) and Physics Department, Pisa UniVersity, Largo PontecorVo 3, I-56127 Pisa, Italy ReceiVed: January 25, 2008; In Final Form: March 11, 2008



We report evidence from broadband dielectric spectroscopy that the dynamics of the primary R- and secondary Johari-Goldstein (JG) β-processes are strongly correlated in different glass-forming systems over a wide temperature T and pressure P range, in contrast with the widespread opinion of statistical independence of these processes. The R-β mutual dependence is quantitatively confirmed by (a) the overall superposition of spectra measured at different T-P combinations but with an invariant R-relaxation time; (b) the contemporary scaling of the isothermal-pressure and isobaric-temperature dependences of the R-and β-relaxation times as plotted versus the reduced variable Tg(P)/T where Tg is the glass transition temperature. These novel and model-independent evidences indicate the relevance of the JG relaxation phenomenon in glass transition, often overlooked by most current theories.



In recent years, the possibility that the secondary relaxation, together with the much slower primary structural, R-, relaxation, has a role in the glass formation phenomenon has been investigated. Such a possibility was suggested by relations found among various properties of secondary and R-relaxations.1-7 Among secondary relaxations, those originated by intramolecular transitions naturally bear no relation to the structural relaxation. However, some relation may be expected for intermolecular secondary relaxations,1-3 originated by local motions of the entire molecule.4,8,9 These processes, possibly relevant for the glass transition, are now referred to as the Johari-Goldstein (JG) secondary or JG β-relaxation to honor their discovery of secondary relaxation even in totally rigid molecules without internal degrees of freedom.8 JG β-relaxation can be considered an universal feature of glassy dynamics, as shown by its ubiquitous presence in different classes of glass-forming materials.1,10-12 Nevertheless, only a few theories or models assume or discuss explicitly the correlation between R- and JG β-relaxation to account for glass-forming dynamics.13-15 Very recently, an NMR study3 found direct evidence that R- and JG β-relaxations are correlated. Our present work is motivated by the idea, suggested in ref 3, that the dynamic coupling of the two processes is demonstrated only if an external induced change of the overall time scale distribution of one relaxation process reflects directly on the other. In this letter, we show by broadband dielectric spectroscopy, DS, that the R-, τR, and β-, τβ, relaxation times, as well as the dispersion of the two processes, are strongly coupled. The evidences were obtained for the JG β-relaxation and the R-relaxation of a neat system and of guest rigid polar molecules in mixtures with apolar host molecules. In the latter systems, only the motions of the guest molecules are selectively observed by DS because of the weakness of the dipole moment of the host molecules. Compared to previous investigation on R-β dynamics in similar sys* Corresponding author. Simone Capaccioli ([email protected]).
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tems,16,17 the present experiment extends the investigation to the high-pressure P range. Such an experimental approach belongs to a long-lasting tradition, following the pioneering work of Williams18 that first used a wide range of frequency, temperature, and pressure to study R- and β-relaxations in polymeric materials. Usually, elevated pressure slows down the R-relaxation and increases τR, but this increase can be compensated by raising temperature, T. Naturally, widely different combinations of P and T can be found to have the same value of τR but determining different values of density. Under merely this condition, we found a remarkable quantitative relation between the JG β- and the R-relaxation: namely, τR and the most probable JG β-relaxation times τJG are invariant for all these combinations of P and T. Thus, this quantitative relationship between τJG and τR lends strong support to the interdependence of the JG β- and R-relaxations. Other remarkable correlations of properties between these processes are found and will be pointed out in the course of presenting the experimental data as follows. We investigated the dynamics of mixtures containing the rigid polar molecule quinaldine (QN) (obtained from Aldrich, Tg ) 180 K) and tristyrene (obtained from PSS, Tg ) 234 K), with concentration ranging from 5 to 100 wt %. Tristyrene mixes well with QN and is ideal for use as the nonactive component in dielectric measurements because of the weak dipole moment of the repeat unit. Moreover, the neat system poly(phenyl glycidyl ether) (PPGE) (Aldrich, Tg ) 262 K) was also investigated. Experimental details can be found in refs 19 and 20. A JG β-relaxation is observed in the spectra of mixtures in the range 5-40 wt %, due to the motion of QN molecule as a whole. Representative dielectric loss, ′′(ν), spectra of 5% QN in tristyrene measured at P ) 0.1 MPa and different T, and those measured at constant T ) 255 K and different P are shown in Figure 1a,b, respectively. We claim that the observed secondary relaxation is of the JG type because of the rigid © 2008 American Chemical Society
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Figure 1. Dielectric loss spectra for the mixture 5% QN in tristyrene at (a) P ) 0.1 MPa and different T and (b) T ) 255 K and different P.



structure of QN molecule, which prevents intramolecular motion. Since the R- and JG β-relaxation peaks are well-resolved, the most probable R-, νR, and JG, νJG, loss frequencies and hence the corresponding τR ) 1/(2πνR) and τJG ) 1/(2πνJG) were determined directly by the location of the maximum frequencies of the two loss peaks. Alternatively, τR and τJG were determined by using a superposition of an Havriliak-Negami (HN) function (for the R-relaxation) and a Cole-Cole (CC) function (for the JG β-relaxation). The differences of the results of the two methods are not much different, and either one can be used without altering the discussion to follow. The spectra of 10% QN in tristyrene are similar to Figure 1a,b and were subjected to similar analyses. The values of τR and τJG of 10% QN in tristyrene obtained from the spectra measured isobarically at two different pressures are plotted against 1000/T in Figure 2a, and those determined by spectra measured in isothermal condition at four different temperatures are plotted as a function of P in Figure 2b. For each isobar (isotherm) in Figure 2a (Figure 2b), we located the temperature (pressure) at which τR is equal to a certain value (0.67 s), and we determined the corresponding value of τJG that is the same in all the thermodynamic conditions (3.5 µs). It appears that the ratio τR/τJG is invariant to changes in the combinations of P and T that keep either τJG or τR constant. This remarkable interdependence of τJG and τR is also shown in Figure 3 in a model-independent way, by superimposing the spectra taken at the six different combinations of P and T corresponding to τR ) 0.67 s. The maximum loss of the R-relaxation differs so slightly in these six sets that no effort is made to adjust them to have exactly the same height. Thus, no horizontal or vertical shifts were



J. Phys. Chem. B, Vol. 112, No. 15, 2008 4471 applied to the data reported in Figure 3. It can be seen that the frequency location of the maximum loss of the JG relaxation, νJG, is almost unchanged. The height of the JG loss peak is slightly enhanced with increasing P and T, showing that the dielectric strength of JG relaxation changes differently with P and T than that of the R-relaxation. However, the loss spectra in Figure 3 are superimposing quite well, despite the wide range of temperatures and densities swept. This fact cannot be obtained if the R- and β-processes were independent and had originated by unrelated motions. Another interesting feature is the invariance of the frequency dispersion of the R-relaxation for different combinations of P and T that give the same τR: in Figure 3, it can be clearly observed for loss spectra having τR ) 0.67 s. This fact extends to the dynamics of guest molecules in binary mixtures, the result previously reported for many neat glassformers.21 The invariance of the ratio τJG/τR, as well as the invariance of the frequency dispersion of the R-relaxation to changes in the combinations of P and T, holds for other choices of constant value of τR than 0.67 s reported here, and it is also valid for isochronal spectra of the mixture 5% QN in tristyrene (see Figure 1). The T-P superposition (at constant τR) shown in Figure 3 is strong evidence of the interdependence between R- and JG β-relaxation via a model-independent procedure. It is noteworthy that a correlation between the invariance of the shape of the structural relaxation and the constant ratio τJG/τR is in agreement with the predictions of the coupling model.1,2 The T-dependence of τJG for T < Tg of the QN molecules is Arrhenius, i.e., τJG ) τ∞ exp(∆EJG/RT), as usually found for JG β-relaxations (see Figure 2a). Here, Tg is defined as T for which τR(Tg) ) 103 s. However, the same Arrhenius temperature dependence of τJG does not continue above Tg, where τJG exhibits a stronger T-dependence. This change in T-dependence of τJG crossing Tg is clearly established because the JG relaxation is well-resolved and τJG is determined unambiguously at some temperatures above Tg. This behavior mimics that observed for τR: it is known that the Vogel-Fulcher temperature dependence of τR, i.e., τR ) τ∞ exp[B/(T - T0)], does not continue at temperatures sufficiently below Tg. There, the glassy structure is frozen and τR assumes Arrhenius T-dependence. Such a property is mimicked by τJG, that, like τR, also changes from a milder Arrhenius dependence to a stronger Vogel-Fulcher dependence when the temperature is increased above Tg. A similar crossover for τJG(T) at Tg was observed in other glassforming mixtures,17 as well as for the JG relaxation of sorbitol and xylitol, well-resolved above Tg at very high pressure.22 This feature can then be considered as a general property of secondary JG relaxation. Furthermore, the data in Figure 2b of τJG show a similar crossover from a stronger to a weaker pressure dependence when the pressure decreases below Pg, the glass transition pressure at which τR(Pg) ≈ 103 s (the locations of Pg are indicated by vertical arrows in Figure 2b). A similar change of P-dependence of τR is expected as a change in compressibility because of vitrification when P > Pg. These findings are another indication of the interdependence of τR and τJG. The invariance of the ratio τR/τJG to changes in the combinations of P and T maintaining τR constant is the most important property presented in this letter. We found the same property in other polar rigid guest molecules including picoline and bromonaphthalene in tristyrene or in polystyrene (data not shown). Similar findings were obtained also in neat glassformers, as di(propylene glycol) dibenzoate and poly(phenyl glycidyl ether)-co-formaldehyde (PPGE). For economy of space, only the P- and T-dependences of τJG and τR of PPGE are presented here, in a single plot against T scaled by Tref(P) (Figure
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Figure 2. Relaxation map for the mixture 10% QN in tristyrene. (a) Isobaric data: 0.1 MPa (stars), 380 MPa (circles). (b) Isothermal data: 238 K (stars), 253 K (circles), 263 K (squares), 278 K (triangles). Closed and open symbols are for τR and τJG, respectively. Continuous lines through the τR data represent Vogel-Fulcher fits in (a) and linear fits in (b). The dashed-dotted line through τJG in (a) is an Arrhenius fit to the ambient pressure data at T < Tg, and the dashed curves in (b) are guides for eyes in following its P-dependence. Upper and lower horizontal dotted lines indicate log(τR) ) -0.17 (i.e., τR ) 0.67 s) and log(τJG) ) -5.46 (τJG ) 3.5 µs); vertical dotted lines mark the corresponding x-axis values. Vertical arrows correspond to the values of the x-axis for which log(τR) ) 3 and mark the change of dynamics for τJG.



Figure 3. Superposition of loss spectra for 10% QN in tristyrene measured for different T and P combinations but the same τR ) 0.67 s. The line is a Fourier transformed Kohlrausch function fit with βKWW ) 0.5.



4c). Here, Tref(P) is defined as the temperature at which τR obtained at any value of P reaches 10 s. The same rescaled plot is reported for 10% QN and 5% QN in tristyrene (Figure 4a,b). The fact that for each system all the data taken at different P and T fall onto two separate master curves, one for τJG and one for τR, is another indication that by fixing τR or τJG the ratio τR/τJG is invariant to changes in the combinations of P and T. One can observe from Figure 4c that the master curve of τJG of PPGE does not extend much beyond Tref(P)/T ) 1, in contrast to the mixtures (Figure 4a,b). This is because the JG



and the R-relaxation are not as widely separated in neat glassformers, and cannot be resolved when Tref(P)/T is significantly less than one (i.e., in the supercooled liquid state). The advantage of probing guest polar molecules at lower concentrations in hosts with higher Tg is thus clear, permitting a clear investigation of both the R- and JG β-relaxation for T > Tg. Finally, it is remarkable that a master curve is obtained also for Tref(P)/T > 1, i.e., near and within the glassy state. This is possible since the activation energy ∆EJG of JG relaxation changes with P proportional to Tref(P) ∼ Tg(P). For PPGE, for instance, while
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J. Phys. Chem. B, Vol. 112, No. 15, 2008 4473 Goldstein secondary relaxations of glass-formers are interdependent for wide ranges of temperature and pressure. For several different systems, clear evidence for such interdependence of R- and β-dynamics emerges when the data are plotted versus the reduced variable Tref(P)/T. Our results are in excellent agreement to what was recently found by Mierzwa and co-workers25 for high-pressure dielectric measurements of binary mixtures. All these results, in accord with a recent NMR study,3 are in contrast to the widely used assumption that R- and β-processes are statistically independent. This interdependence suggests that one must consider jointly these two processes in order to realize a full description of the glass transition phenomenon. Acknowledgment. The authors wish to thank gratefully Kia Ngai and Marian Paluch for helpful and stimulating discussions. Financial support by MIUR-FIRB 2003 D.D.2186 grant RBNE03R78E is kindly acknowledged. References and Notes



Figure 4. Values of log(τR) plotted vs Tref(P)/T for (a) the mixture 10% QN in tristyrene (same data and symbols as in Figure 2); (b) 5% QN in tristyrene; and (c) PPGE. The inset in (a) shows the pressure dependence of Tref for the mixture 10% QN in tristyrene.



Tref goes from 262 to 326 K in the range 0.1-500 MPa, ∆EJG increases by 25%: the ratio ∆EJG/(RTg) ∼ 22 is almost constant over the whole pressure range, while density is increased by almost 8%. So, the activation energy of this intermolecular secondary process in the glassy state is scaling with the glass transition temperature, that is characteristic of the primary relaxation in the supercooled liquid. It is noteworthy that a slightly constant ratio between the activation energy ∆EJG and Tg was previously noticed for several glass-forming systems but at ambient pressure only.23,24 In summary, we have demonstrated by several general properties that the dynamics of the primary and Johari-
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