
Structural recovery in isotropic and smectic glasses 

Abstract 

The pcnk shift method 1x1s been used to dcrivc p;rmmctcrs lhat charactcrisc tlw glass 
transitinn of an isotropic and iI smcctic side chain liquid crystak-w poiymcr. Rcsulls show 
mow the universality of glass-formation bchnviour rilthcr than the influence or structural 
diffcrcnccs. 

tNTRODtJC?-ION 

The ageing of glasses is of both practical and theoretical importance. For 
many years one of the preferred methods of investigating the phenomenon 
has been to study dimensional changes using dilatometry or a related 
parameter such as the refractive index [l j 21. This is an ideal way to follow 
relatively sIow changes under either isothermal conditions (after quench- 
ing, for example) or during a slow programmed change of temperature, 
perhaps some degrees per hour. More recently, it has beconie possible to 
investigate the behaviour of glasses formed under a much wider range of 
conditions by using differential scanning calorimetry (DSC). The very &all 
samples required (of the order of milligrams} permit measurements to be 
made during heating and cdoling at rates of up to perhaps one hundred 
degrees per minute. In DSC, the signal is related, not to the specific 
enthalpy (the thermodynamic arialogue of the specific volume of dilatom- 
etry), but to its temperature derivative, the specific heat capacity c,,. DSC 
curves must therefore be integrated to observe the approach of a gIass to 
an equilibrium state (“enthalpy relaxation”) but against this minor 
inconvenience (with modern computing far,ilities).n:tist be set the wealth of 
additional information that may be obtained from the DSC curve of the 
glass transition region. Depending on conditions, the heatirig curve, for 
exampIe, may show a simple stepwise increase, as translatidnal degrees of 
freedom are activated, or fine structure in the form of minima or, more 
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Fig. 1. The q: region for a glass formed by cooling from the melt at 0.3125 K min. ’ and then 
hcatcd at the rates shown (K min .‘I. PS724: lower CUWCS. GN3/8: upper curves (displaced 
upwards by 05 J g ’ K ‘1. The quantities 7;. 7& and Aru are indicntcd. 

frequently, peaks may be superimposed (Fig. 1). This additional structure is 
related both to the previous thermal and/or mechanical history and to the 
conditions of the DSC experiment itself. The study of these phenomena has 
b&en especitilly actively pursued by research groups associated with the 
names of KOVCS 131 and of Moynihan [4] and phenomenological models 
have been developed which satisfactorily reproduce the observed 
behaviour.. 

Development of the models of refs. 3 and 4 is based on similar basic 
slsstimptions and physical meanings have been ascribed to the several 
parameters. In particular, a partitioning factor X (0 <x G 1) defines the 
relative contributions of temperature and structure (as reflected by the 
fictive temperature TJ to the retardation time zr,. 

‘r,, = A exp[x Ah/RT + (1 -x) Ak/RT,j (1) 

where A is a frequency factor, Air an activation enthalpy and R is the gas 
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constant IS]. A/z may be found from the variation of Tg (the Iimiting, Iow 
temperature value of T,) with cooling rate [6] but x is normally obtained by 
a curve-fitting operating involving x, A and an additional parameter b that. 
is inversely reiated to the breadth of the spectrum of relaxation times [7,8]. 
It has bken shown [9] how both Ah and x may also be obtained by a “peak 
shift” method that, because only one parameter at a.time is determined, 
should be a more reliable approach than the alternative curve-fitting 
procedure. The method is so called because changes in the peak 
temperature Tp in the Tg region (Fig. 1) are followed as functions of a 
particuIar variable (cooling q_, or heating, q+, rate, annealing time and/or 
temperature) whilst the others are held constant. 

In this paper the peak shift method is used to compare the behaviour of 
two very different &lass-forming polymers (isotropic and liquid crystal) to 
see if there is evidence that any structural significance can be ascribed to Ah 
or x. 

MATERIALS 

The anionic polystyrene was an n-butyl-terminated oligomer (Polymer 
Laboratories) with a number average molar mass of 724 (A&/M, c 1.10, 
degree of polymetisation DP, 7). Thermodynamic properties have already 
been reported [II]. This particular rM, was chosen to give a Tg close to that 
of the smectic polymer (Structure 1). 

Structure 1. GN3/8. 

The preparation of the smectic side chain poIysiloxane GN3/8 has been 
described 110, sample ID]. GPC analysis of the original poly(hydrogen- 
methylsiloxane) (Dow Corning DC1 107) gave M,/M, = 99$0/3100 = 3.2; 
NMR end group analysis gave M, = 2560 (DP = 40 &3); the same 
distribution and DP were assumed to characterise GN3/8. The glass 
transition was about 270 K (further discussion forms the body of this 
paper). On first heating GN318 in the DSC there were transitions at 320 
and 364 K (enthalpy changes 1.3.and 3.1 3 g-l, respectively). The latter was 
the reversible smectic/isotropic transition. The event at about 320K did 
not reappear and ivas probably due to partial crystallisation of t!le side 
groups; it was not observed in ref. 10 but the present sample had been 
stored at ambient for a much longer period. 



CALORIMETRY 

All measurements were made using 
with an Olivetti microcoinputer. The caldrimeter tias cooled using an 
Intracoolcr 2 to give a minimum convenient working temperature of 220 K. 
Measurements were always made in the specific heat mode [I21 with a 
temperature calibration that allows for the finite size of the sampIe [13]. 
Because temperature plays such an important role in the final data analysis, 
it is discussed in more detail in a later section. Samples usually had a mass 
o.f about 10 mg, although for the two slowest heating rates (1.25 and 
2.5 K min-‘) this was increased to 30 mg to give a reasonable signal size; 
some runs were also made on these larger samples at higher rates as part of 
the investigation into thermal lag. 

The experimental procedure involved a series of controlled cooling and 
heating cycles that could also include a period of isothermal annealing. 
Cooling at different rates and/or isothermal annealing gives a series of 
glasses, the behaviour of which on subsequent heating is a function of the 
total the,rmal history (Figs. l-3). Cooling rates cl._ used in this work ranged 
from 0.312520K min-’ and heating rates q., from 1.25-40 K min-‘. To 
save time, experiments at the slower rates covered the range from 
240-300 K with the remainder extending from 220-340 K. lt was essential 
to ensure that the sample was “stable” at 240 K on the time scale of the 
experiment [9]: samples were always reheated as soon as they came to 
equilibrium after cooling <2 min); no changes were observed in subsidiary 
izxpcriments when this period was increased to 15 min; conversely, cooling 
was always started well above TS (=27c) K) to ensure that programmed 
conditions had been attained in the sample before Tg was reached. 
Isothermal annealing was used to produce a well-stabilised glass: samples 
were cooled at 20 K min-’ from 320 to 250 K and he13 there 64.25 h. (More 
rapid cooling gave an ill-defined product because the instrument lost 
control in the middle of the r, region.) 

RESULTS 

The effect of q .+ on a particular glass (formed by cooling through TR at 

Q- = (1.3125 K min-‘) is shown in Fig. 1 for both PS724 and GN3/8 and the 
reverse situation, varying q- and constant q+., is shown in Fig. 2. In all the 
examples of Figs. 1 and 2 the specific heat capacity in the low (c,,~? glnss) and 
high (c,,,> liquid) temperature regions varied linearly with temperhture and 
cIlp also appeared to be independent of thermal history. All curves therefore 
had ,conimon cIlr and c,,~ regions, the effect of thermal treatment being 
limited to changes in the location and geometry of the transition region. 
Figures I and 2 show the heating portion of what have been called “intrinsic 
cy&s” 1141 for which the minimum temperature is low enough to prevent 
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Fig. 2. As Fig. 1 hut &~scs formcc! by cooling through T,, at the rates (K rnin ‘) shown. All 
haling rates 10 K min ‘. 

any isothermal relaxati,on. either deliberate or accidental. Figure 1 shows 
how r and TP are defined and it is just possible to see (Fig. 2) how q, passes 
through a minimum with q_ when Q., = 10 K min.*‘. The effect is clearer at 
higher g, but at the lowest heating rate TP shows only an increase. This 
effect reflects the stability of the initial glass with respect to Q.+; at high 
values most are stable but when Q+ is low there are structural changes on 
the time scale of the DSC experiment [IS] and these are the cause of Ihe 
differing behaviour. 

+ basic requirement of the peak shift method of determining x is a family 
of DSC curves, at various Q _,., for a given well-stabilised, or enthalpy- 
relaxed, g&s and these are shown in Fig. 3 for material annealed at 250 K 
for 64.25 h (iti Figs. I-3 the common L;,~ and c,>~ regions have been omitted). 

Linear c,,- T regions were fitted by least squares procedures and 
smoothed values compared. AlI agreed to within ~1% even though 
individual values at the slowest heatmg rates (which gave only small “c,,‘. 
signals) varied by up to 3%. Data tiere combined to give the generalised 
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Fig. 3. T,hc cflcct of heating ralc (shown in K min ‘) on PS724 glass anncalcd for 64.25 h 81 
250 K. (Inset: anncalcd glass (q , = 20 K min ‘) showing also the glass after cooling and 
rerunning, alt at 20 K min ‘.) 

equations of Table 1 which lead to c,,~ = I.109 J g-l K-’ (250 K) and 
C,,l = 1.664.l g-’ K-’ (300 K) for PS724 and these agree wt:ll with earlier 
reported values 1111 of 1 .114 and 1.674, respectively (note that table 1 of 
ref. 11 has numerical errors in the fourth column; for PS62$3/724/840 “A” 
should be 0.744/0.732/0.705 respectively). 

TABLE I 

Specific heat capacity of PS724 artd GN3/8 in J fi ’ K- ’ 

Sample Glass c,,~ =u+hT Liquid c,,, =n+sr 

u h(XlV) A B(X HI>) 

PS724 -0.174 5.13 Cl.740 3.08 
GN3/8 0.011 4.75 1.237 1.67 



TABLE 2 

Glass transition temp&raturcs in K after annealing al 250 K few 64.25 h 

Sample q , /K min -’ 

1.25 2.5 s 10 20 40 

PS724 265.0 265.1 265.6 265.6 265.8 266.7 
GN3/ H 267.6 267.1 267.3 267.8 267.4 267.4 

Conventional constructions that are supposed to give Tg from a DSC 
curve lead, in reality, to temperatures that are complex functions of the 
total thermal history (including q+) of the sample. This is clearly incorrect if 
TR is to be used to characterise a particular glass rather than the conditions 
of measurement. There is no reason to expect that different methods of. 
measurement will give identical vaIues of T,; as a gEass falls out of, or 
relaxes towards, equilibrium many processes are deactivated or activated 
and their detection is a function of the technique used, but this should still 
give consistent results. The point is emphasised when it is noted that 
well-anneaIed glasses appear to have higher Tg than quenched material (see 
inset, Fig. 3 where any characteristic point (T, TV, etc.) on the unannealed 
curve lies below the corresponding point for the more stable material), The 
problem van’ .::es when , the correct definition of Tg as the point of 
intersection of enthalpy curves for the glassy and liquid regions is taken 
[16]. When this procedure is adopted TF_ becomes independent of q+ and 
decreases for improved annealing conditions (low q- and/or isothermal 
treatment). The accuracy of Tg did not appear to be significantly affected by 
the final heating rate: the glasses of Fig. 3 (which should have a common TG) 
gave the values indicated in TabIe 2. Because of this, a simple average was 
taken (Fig. 4) for each of the several thermal histories used in this work. 
Figure 4 shows that for PS724 and GN3/& Tg &creases by 3.1 and 2.3 5.1 
respectively, per decade decrease in cooling rate. Each Tg shown in Fig. 4 is 
the mean of at least six values (4,. = 1.25, 2.5, . . . , 40 K min-‘) for which 
the usual uncertainty was a few tenths of a degree, but for which there were 
occasional larger deviations (e.g. 266.7 K for PS724, Table 2) of random 
sign; these were included in the averaging procedure. 

DISCUSSION 

This important parameter may be determined by two quite independent 
methods involving either the change of T’ with 4_ or the shift in certain Tp 
with q+. 
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Fig. 4. Glass transition tcnlpcraturcs as a function of cooling rntc (lower plots). The 
dcpcnduncc of *ii, (64.25 II anncal at 250 K) on halting rate (upper plols). PS724: full lines: 
GN3/X: hrokcn lines. 

It was shown some time ago [6] that d In Iq _ l/dT;’ = -A/z/R and when 
the data of Fig. 4 are fitted in this way AIz = 440 and 610 kJ mol-’ for PS724 
and GN3/8, rcspcctively. The former value compares well with 
460 kJ mol-” previously reported for this molar mass [I I]: it should be 
emphasised that this refers to an oligomer; for conventional PS A/t may be 
more than twice as large [I 11. 

The alternative DSC approach to the derivation of A/7 is through the 
slope dT,/d In q., (EC?-‘) for intrinsic cycles with a. constant ratio &~_]/q.,. 
(=p) [14]. Here Tp must refer to the “upper peak” found for an unstabilised 
glass (approximately when p > 0.25) and under these conditions All/R = 
@T:. 
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Fig. 5. The 7;, region for IS724 glusscs for which IQ I/q , = p = 
in K min ‘. 

0.5. Hsuting ralcs arc shown 

Graphs for p = 0.5 are shown in Fig. 5 and the corresponding peak 
tempcratues are plotted in Fig. 4 which also gives the widths (Aw, Fig.. 1) as 
a function of log q , . The slight upturn in Aw was typical of all results for 
PS724 but for GN3/8 there was no discernible rate effect either for Aw or 
for the slope d7;,/d In cl+. The Iatter is shown in Table 3 for a range of p and 
the resultant A/z (assuming Tg= 270 K, Fig. 4) appear at the foot of this 
table. For both materials the T,-derived Ak values are only about 60% of 
the quantity obtained via TC. One possible cause of this difference may be 
thermal lag within the sample itself. Any such effect will obviously increase 
with 9 ,, and the second value of 8-l for PS724 given in TabIe 3 explores this 
possibility by restricting data to g,. =G 10 K min” for which thermal lag 
should, at leslst, be reduced; Table 3 shows that there is little change and 
this also holds for GN3/8. The restriction to g.,. s 10 K mine:’ ,was based on 
the sIight increase in Aw at higher rates (Fig. 6) which might imply that 
thermal lag was’ inadequately compensated at high q,.. This follows from a 
theoretical requirement [14] that, for a given p, a family of curves such as 
that in Fig. 5 should be superimposable by a simple shift. Although this can 
only be an approximation in a system for which the slopes of c,,~ and c{,~ 
differ, it formed the basis for the thermal lag correction when this method 
of .determining AII was first introduced [14]. Application of the procedure 
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Fig. 6. T, as a function of heating rate for p = 0.5 glasses fur PS724 (upper curve) and 
GN3/8 (lower curve). Aw is shown for PS724. 

of ref. 14 is somewhat artificial in the present case (for which a different 
type of correction has already been made, see below) but the calculations 
required can be made; again, the effect on 8-l is slight. 

The restrictions to q+ G 10 K min-’ and the forcing of Aw to a constant 
value discussed above should have had only the minimal effects described 

TABLE 3 

8” as a function of p = (q ._ l/q , 

Q, SlOKmin ’ 

0.03 125 
0.0625 

.0.125 
0.25 
0.5 
1 
2 
Average (p zz 0.25) 
Alt/kJ mol” 
(3ia T,) 

2.52 
2.12 
2.45 
2.28 
2.21 
2.14 
2.21 
2.21 

274 

2.31 
2.06 
1.93 
2.09 
2.21 
2.07 

293 
(440) 

1.59 
1.?6 
1.75 
1.75 
1.72 
1.77 
I.71 
1.74 

348 
(610) 
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because a correction for thermal lag has already be&n made: this is based on 
the rate of return to isoEherma1 conditions at the end. of a scanning 
experiment, a procedure that gives reaIist& changes in lag with sample mass 
and h’eating rate [13]: The correction is still, however, a single value that 
gives lag in the molten state whereas TV refers to an ill-defined region where 
one “steady-state” (the glass) is changing to another (the liquid). It could 
he argued that some average for the two phases is more relevant for Tp 
itself, but it was shown earlier [17] that there is not a great difference 
between the two quantities: lag in tl-k glass was 0.6 K greater than in the 
liquid for a 20 mg PS sample heated tit 20 K min:’ (the dominant influence 
is the additional pan/glass interface {above i; the liquid wets the pan) 
rather than changes in material properties). Subsidiary experiments on the 
1 Cl mg samples used here gave a difference in lag of 0.4 K. Uncertainties cf 
0.2 K have no significant effect on Ah. 

These “phase” uncerEainties probably only become important when very 
large samples are considered. The curves for 10 and 30mg were 
superimposable at 1.25 and 2.5 K min- l. At higher rates the heavier sample 
had increasingly broader curves so that at 40 K min-’ TF was 0.8 K above 
that for the IO mg sample. If simple proportionality is assumed, the “mass 
effect” implies that Tp shouid be reduced by 0.4 K for 10 mg at 
4+ = 40 K min-‘, once again a negligible correction. If there were sig- 
nificant problems in the definition of temperature in the transition region 
itself it would be expected that these would be emphasised for those cases 
featuring the greatest discontinuity, welI-annealed materials with large 
peaks (Fig. 3). It is clear from Fig. 4 that these give excellent linear T,-ln q+ 
curves. Here the definition of Tp is very clear and the apparent curvature in 
some of the results for p = I may be due to the greater difficulty in defining 
Tp for these curves. 

If, as the above discussion impIies, there are no major uncertainties in TV, 
could the discrepancy in Ah be due to errors in the determination of T,? 
This is found as the point of intersection of enthalpy curves from the glassy 
and liquid states. The transition region itself only influences the calculation 
through its (important) contribution to the total enthalpy change; the 
distribution with temperature does not matter provided all enthalpy is 
recorded. The calculation of Ts will be subject to a small error because a 
single, liquid-phase thermal lag was used whereas the “glassy state” 
extrapolation should have used. the slightly higher lag discussed above; 
Differences should be emphasised at higher heating rates but Table 2 shows 
no obvious rate effects and TR appears to characterise a particular glass tc5 
within a few tenths of a degree. At this stage, therefore, it appears to be 
impossible to reconcile the differences between Ak based on Tg or on TF .by 
appeal to experimental problems in determining one (or both) of these 
quantities. The two procedures should give equivalent resuIts for A/z; there 
are no fundamental differences in Eheir basic assumptions. 
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A common aspect is the higher value of AIz (however obtained) for 
GN3/8 relative to PS724 (the effect on TG is clearly shown in Fig. 4), but 
differences, based on the sparse information that is available 1111, are only 
what might be expected due to effects of molar mass rather. than the 
structural contrasts between smectic and isotropic glasses. Similar results 
(to be published) have also been found for Iow molar mass organic glasses, 
both isotropic and liquid crystal. 

This was obtained from the shift in peak temperature with heating rate 
for the glasses that had been well annealed by holding at 250 K for 64.25 h. 
The relevant equation is [9] 

8 d7Jd In q.,. - 1 = F(x) (2) 

where F(X) is a function of x that is little influenced by the form assumed 
for the retardation time, it is essentially independent of both shape and 
breadth. The relationship between F(x) and .Y is shown graphically in ref. 9. 
The relevant gradients (Fig. 4) are 3.41 and 2.95 for PS724 and BN3/8, 
respectively. Reduction of these to T=(X) requires a value for 8, and, as 
discussed above, this very much depends on the source, Tg or TL Using the 
data of Table 3 leads to the wide range for x given in Table 4. Irrespective of 
absolute values, the important conclusion is thzt there is little difference 
between the two materials. 

CONCLUDING REMARKS 

Full discussion of the significance of s as a structural parameter must 
await a better consensus of reported data. A major problem concerns the 
intermediate quantity A/z (or @) for which there is unfortunately little 
agreement even for so well-investigated a polymer as polystyrene [I I]. The 
ambiguities between Tg- atid TV-based data must be resolved before full 
advantage can be taken of the undoubted benefits of an independent (as 
o*posed to global curve-fitting) method for the determination of x; only 
then can an assessment be made of the value of_r for the characterisation of 
glasses. 

TABLE 4 

Structure parnmctcr 9 

PS724 GN3/8 

Using 8: via *I;! 0.36 0.29 
via q, OSh [I..54 



ACKNOWLEDGEMENTS 

The authors would like to thank the Science and Engineering Resetirch 
Council for a CASE award, with GEC Hirst Research Ccntre, Wembley, to 
GN. The GN3/8 polymer was made available through the courtesy of GEC. 

REFERENCES 

1 
2 
3 

4 

5 
6 
7 
H 
9 

I(1 
II 
12 

13 
14 
1.5 
I6 
17 

A.J. Kovacs. Fortschr. Hochpolym.-Forsch.. 3 (1963) 394. 
R.B. Bccvcrs and E-ET. White. Trans. Faraday Sot., 56 (1960) 744. 
A.J. Kovocs. J.J. Aklonis, J.M. Hutchinson and A.R. Ramos. J. Polym. Sci., Polym. 
Phys. Ed.. 17 (1979) lOY7. 
C.T. Moynihnn. P.B. Maccdo. C.J. Montrosc. P.K. Gupta, M.A. DcBolt, J.F. Dill. B.E. 
Dam, P.W. Drake, A.J. Eastcal, P.B. Eltcrmnn. R.P. Mocllcr, H. Sasabc and J.A. 
Wilder. Ann. N.Y. Acad. Sci., 279 (1979) 15. 
OS. Naraynnaswamy. J. Am. Ceram. Sot., 54 (1971) 49 1. 
C.T. Moynihan, A.J. EasteuI and M.A. DeBoIl. J. Am. Ccram. Sot., 59 (1976) 12. 
1-M. Hodgc and GS. Huvard. Macromolcculcs. 16 (19X3) 371. 
G.C. Stcvans and M.J. Richardson, Polym. Commun. 26 (1985) 77. 
J.M. Hutchinson and M. Ruddy, J. Polym. Sci.. Polym. Phys. Ed., 26 ( I WCr> 2341. 
G. Nest or, G.W. Gray, D. Laccy and K.J. Toync. Liq. Cryst., 6 (I 989) 137. 
L. Aras and M.J. Richardson, Polymer. 30 (1989) 2246. 
M.J. Richardson, in K.D. Maglic. A. CezairJiyan and V.E. Pcletsky (Eds.), Compendium 
of Thermophysical Properly Measurcmcnt Methods. Vol. 2, Plenum. New York, 1992, 
p. SI9. 
M.J. Richardson and N.G. SaviIl, Thermochim. Acra. 12 (1975) 213. 
J.M. Hutchinson, M. Ruddy and M.R. Wilson, PoIymcr. 29 (198X) 152. 
J.M. Hutchinson. Prog. Colloid Polym. Sci.. 87 (1992) 69. 
M.J. Richardson and N.G. Savill, Polymer, 16 (197.5) 753. 
M.J. Richardson, in G. AlIen and J.C. Bevington (Eds.). Comprehensive Polymer 
Scicncc Vol. 1, Pcrgamon, Oxford, 1989, p. 867. 


