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Spin probe investigations on the molecular motions in the glass transition range are reported. Within the 
free volume approximation, a Fox-Flory dependence of the narrowing temperature on the molecular 
masses is derived. The experimental results support this theoretical prediction. The glass transition 
temperature is estimated from the spin probe data, within various approaches, and compared to the results 
obtained by differential scanning calorimetry. 
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Introduction 

The spin probe method involves the introduction of a 
small amount (10’~ IO3 ppm in weight)‘-I4 from a stable 
free radical whose electron spin resonance (e.s.r.) 
spectrum exhibits a resolved hyperfine structure (usually 
nitroxide-like free radicals), within the diamagnetic 
matrix of a polymer. In the glass transition range, a 
correlation between the narrowing temperature TN 
(defined as the temperature at which the extreme 
separation parameter W equals 5mT) and the glass 
transition temperature, Tg, has been suggested by several 
authors4-’ ’ . using various approaches. 

1. The polynomial method3,4.6,7. According to this 
empirical method, developed in the earlier stages of spin 
probe investigations on the glass transition process, the 
relation between TN and Tg may be written as follows: 

TN = CU;( T,)' 

where aj are the polynomial coeficients. 
2. The graphical method6%’ is another empirical 

approach, in principle reducible to the previous one, 
allowing the estimation of Tg, if TN is known, from a 
graph of Tg versus TN. 

3. The activation energy approach has been suggested 
by Kumler and Boyer7 supposing an Arrhenius-like 
dependence of the relaxation times on temperature, in 
the glass transition range. Within this description, the 

relation between Tg and TN is expressed by the relation7: 

TV = rp 
1 - RT,(ln aT/Ha) 

where 

4(Tg) _ 40 
“‘=o(TN)-m, 

@(TN) is the segmental jump frequency at TN (corre- 
sponding to W = 5 mT), #I( Tg) is the segmental jump 
frequency q and H, is the activation enthalpy. 

Usually, in the case of the spin probe method, if 
nitroxide-like free radicals are used, it is supposed that 
lnaT = 13.816 (ref. 9). 

The main weakness of this approach is associated with 
the hypothesis of an Arrhenius-like dependence of the 
relaxation times on temperature, within the glass 
transition range. This assumption is at variance with 
both theoretical and experimental data, which are 
consistent with a Williams-Landel-Ferry (WLF) depen- 
dence of the relaxation processes on temperature, in the 
glass transition range15-20 (or with a temperature 
dependent activation energy”). 
4. The Braun-Tormala-Weber (BTW) approach* is in 

fact an improvement of the activation energy approach, 
in which a new empirical parameter, the critical 
temperature T,, is introduced by the relation: 

TN - Tp = Tg 

exp(T,lT,) 

*To whom correspondence should be addressed Accordingly. the activation enthalpy may be estimated 
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using the equation: or 

H, = RT,[l +exp(T,/T,)]lnaT (5) 

However, the physical significance of T, remains 
obscure. 

As in the previous case, the Arrhenius-like dependence 
of the relaxation processes on temperature in the glass 
transition range remains the most important weakness of 
this description. 

For an infinite polymeric chain, the following relation 
between TN and Tg holds: 

5. Kusomoto et al.‘s9 description is the first tentatively 
to explain the relation between Ts and TN within the free 
volume approximation: 

where the following relations have been used: 

Vfg = Gg big 

vrn = CI,Vfg 

,f = vp/vm = v;/v; 

TN = Tg + Czg $$ 
T(l -lnf’)- l I 

(61 

where C,, and CJg are constants related to the WLF 
equation and f IS the ratio between the spin probe 
volume and the segmental one. 

6. Bullock and co-workers”O.‘l approach has also been 
developed within the free volume approximation, leading 
to the following relation between T, and TN: 

TN = Tg + Czg ,n aT (sLl) 

Bullock et al. have derived a formula in which appears a 
factor equal to 2.303 as they used the logarithm to base 
10, whereas in equation (7) the natural base is utilized. 
Analogous equations have also been reported in refs 12 
and 13. 

Theory 
In order to derive an equation for the dependence of 

the narrowing temperature on the molecular masses 
(numerical average M,) within the free volume approx- 
imation, we may use the following expression for the 
jump frequency 4, of a molecule of volume VP dissolved 
in an amorphous q$Fer built up of segments specified 
by the volume V,,, ’ : 

4 = 40ev{- [P* +WW$J (v,*/vf) - ~,/~,I 

(8) 

where V, is the microscopic free volume and V,,, is the 
occupied volume. 

Within the glass transition range, the temperature 
dependence of V,, for a polymer characterized by the 
molecular mass M,, is9,‘5-20: 

Vf = Vfs + V,,Acr(T - T,,) + A/M,, (9) 

where Vfg is the free volume at Tg, Vms is occupied 
volume at Tg, QI is the difference between the volume 
thermal expansion coefficient, above and below Tg’ Tgcy 
is the glass transition temperature for a polymer with an 
infinite molecular mass. A is a constant, related to the 
constant K appearing in the Fox-Flory equation’6p’g, 
concerning the dependence of the glass transition 
temperature Tg,, (associated with a polymer with the 
molecular mass M,) on M,: 

Tgn = Tgm - K/M,, (10) 
From these equations for a polymer characterized by 

M,, we obtain the equation 

TN” - Tgcc = c2g - 1 -& (11) 
I n 

TN~ - Tgn = CQ -1 1 (12) 

TN% = gm 
T = C& ‘do* -In,/-) _ , 

In UT -.f I (13) 

(14) 

(15) 

(16) 

K = A/( J’,,Acx) (17) 

The approximation suggested by Kusumoto et n1.9 is 
consistent with the following assumptions: 

(a) W&/40) ?f 
(b) p’ = 1 
(c) CZg = 52 K, C,, = 40 
(d) $. = lOI Hz, & = lO*Hz, 1naT = 13.816 

leading to: 

TN, - Tgn = TN, - gx T =52[2.9,f(l-In,f)- I] 

(18) 

The a 
workers’Ijl’ 

roximation proposed by Bullock and co- 
may be obtained supposing that: 

(a) p* = 1 
(b) 1n.f’ = 0 (orf M 1 .O) 
(c) In 40/h = In aT >> .f 

Under these conditions the following equation is 
obtained: 

and 

TN, _ Tgx = CT _qf& 1) -6 (20) 

From these equations, in both free volume based 
approaches the dependence of the narrowing tempera- 
ture on the molecular masses is expressed by: 

TN~ = TN, - K/Mll (21) 
In conclusion, the dependence of the narrowing 

temperature on molecular masses obeys a Fox-Flory 
equation and accordingly the constant K may be 
estimated solely from spin probe data. In a representa- 
tion Tgn =.fi(M[‘) and TN,, =,f(M;‘) two parallel 
straight lines are expected. In this contribution we 
focus our attention on the information obtained from 
the temperature dependence of the extreme line separa- 
tion. The connection between the narrowing and the 
glass transition temperature is studied in detail. 

Experimental 
Samples of polyepichlorohydrin (PECH) of different 

molecular masses (Table I) were investigated using the 
spin probe method. The spin probe (Tempone) was 
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Table 1 Experimental data of polyepichlorohydrin samples 

Molecular mass +” 

Sample (Mll) (6 

PI 55&00 248 
P2 660 000 250 
P3 1400 000 252 
P4 I 900 000 253 
P5” infinite 255 
Kh 3.5 
COR‘ 0.98 ___ I______ 

TN” 

W 

291.0 
292.0 
294.5 
296.0 
297.5 
3.64 
0.99 _ 

iI Theoretical values obtained using a Fox-Flory dependence, for an 
infinite polymer 
‘The slope of the Fox-Flory equation, in lo6 K 
” The correlation coefficient for a linearized Fox-Flory dependence, 
using the least-squares approximation 

dissolved in toluene and the polymer was dissolved in 
tetrahydrofuran, then the solutions were mixed and 
homogenized. The solvent was removed by evaporation 
in vacuum, at 50°C for several days. 
concentration was about lo2 ppm. 

The spin probe 

The e.s.r. spectra were recorded using a JES-ME-3X 
spectrometer, operating in the X-band (9GHz). The 
temperature dependence of resonance spectra, in the 
temperature range from -160 to 50°C was investigated 
using a JES-VT-3X variable temperature accessory. 
Additional data concerning the molecular masses and 
the glass transition temperatures were obtained by 
viscosimetry, gas permeation chromatography (g.p.c.) 
and differential scanning calorimetry (d.s.c.), respectively 
(see Table I ). 

Experimental data were analysed by linear regression, 
using a program written in BASIC within the least 
squares approximation. 

Results 
The e.s.r. spectra of doped PECH exhibit the usual 

triplet hyperfine structure (Figures la-ld), ascribed to 
the delocalization of the uncoupled electronic spin 
(,S = l/2) over the nitrogen nucleus (I = l), correspond- 
ing to the following spin Hamiltonian2’: 

Y? = g,PeHS + giflH1 + SAI (22) 

where g&HS is the electronic Zeeman term, gi@lHI is 
the nuclear Zeeman term (usually neglected in the e.s.r. 
spectroscopy) and SAI is the hyperfine splitting term. 

The resonance spectra are sensitive to the sample 
temperature. As may be noticed from Figure 2, the 
extreme line separation parameter W, has a sigmoidal 
dependence on temperature, from which the narrowing 
temperature may be estimated4-14. 

Starting from the narrowing temperatures TNn, 
measured for samples of PECH, of various molecular 
masses M,, the glass transition tern 

P 
eratures 

evaluated by various approache& 2. 
Tgn may be 

1. The glass transition temperatures, 7$) have been 
estimated using the polynomial approximation’, for 
samples of different molecular masses, using the relation: 

TN = -773.1 + 12.66 T$) - 5.98 x 1O-2 (Ti;‘)2 

+ 1.306 x 1O-4 (Ti;‘)3 - 1.055 x 1O-7 (T,$‘)4 

(23) 

Figure 1 The e.s.r. spectra of polyepichlorohydrin doped with 
TEMPO, at various temperatures: (a) -120°C; (b) -75°C; (c) -50°C; 
(d) 0°C 
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Figure 2 The temperature dependence of the extreme line separation 
parameter. W 

As may be noticed from Table 2, this empirical method 
leads to higher glass/transition temperatures, T$) than 
the experimental data, denoted as T$). The value 
obtained for the slope K is significantly higher than & 
estimated from the dependence of T.$ on MC’. 

2. The graphical method leads to lower glass transition 
temperatures, T.$. The discrepancies between the glass 
transition temperatures estimated using these empirical 
methods and the experimental values are within 10%. 
Both Tii) and T$) exhibit a linear dependence on M;’ 
(Fox-Flory equation16-20 ) with high correlation coeffi- 
cients (COR), as may be noticed from Table 2. The slope 
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Table 2 Glass transition temperature of polyepichlorohydrin estimated using various empirical approaches 

T:n”! p’1 
!P 

(K) (K) 

PI 265.7 228 249.0 248.0 249.0 304.4 304.2 112.5 265.3 

P2 267.3 230 249.8 249.2 249.7 305.4 305.2 276.4 266.2 

P3 271.5 233 251.6 252.1 251.5 307.9 307.7 278.8 268.4 

P4 274.0 236 252.6 253.8 252.6 308.4 309.2 280.3 269.1 

P5 276.5 238 253.8 255.5 253.7 310.1 310.7 283.0 271.0 

Kh 6.04 5.47 2.67 4.19 2.65 3.1 I 3.64 5.24 3.20 

COR’ 0.98 0.97 0.99 0.99 0.99 0.99 0.98 0.96 0.99 

“Theoretical values obtained using a Fox-Flory dependence, for an infinite polymer 
h The slope of the Fox-Flory equation, in lo6 K 
‘The correlation coefficient for a linearized Fox-Flory dependence, using the least-squares approximation 

Table 3 Activation enthalpies, critical temperatures and f ratios for 
polyepichlorohydrin rubbers 

Hi” Ha!’ Tc, 
Sample (Ja;fmol-I) (J kmol-‘) (K) fi” 

Pl 192.7 192.7 141.5 0.2745 0.6310 0.5575 
P2 199.5 196.6 140.2 0.2695 0.6244 0.5492 
P3 200.5 200.6 141.6 0.2720 0.6277 0.5533 
P4 199.9 202.6 142.8 0.2745 0.6310 0.5575 
P5a 204.9 206.7 142.3 

“Theoretically estimated values, using a Fox-Flory equation, for a 
polymer with M, + cc 

of the Fox-Flory equation is Ki = (6.04 + 0.02) x lo6 K 
and K2 = (5.47 + 0.02) x IO6 K, for the case of poly- 
nomial and graphical approximations, respectively. 
However, these values are larger than K,, given in 
Table 1. 

3. The activation energy approach allows the estima- 
tion of the activation enthalpy H,, supposing that the 
glass and narrowing temperatures are known. From the 
e.s.r. and thermal analysis data, using T$) and TNn, we 
have estimated Hi!,) using relation (24) (see Table 3): 

(24) 

A slight increase of Ha(rt) with M, is noticed. Supposing 
that H, is almost independ;yt of the molecular masses, it 
is possible to est&ate Tgn using in equation (19) an 
average value, H, 

T(“) = H(‘) TN” a 
g” 

Ha’) + RTN, lnar 
(25) 

In this case, although there is a good correlation with the 
experimental data (Tgi)) the slope of the Fox-Flory 
equation is too low (X3 = (2.67 + 0.02) x lo6 K) in 
comparison with the experimental value. 

4. Using the BTW approach’, the critical temperature 
Tc has been estimated, by interpolation, from TN, and 
T.$), using the relation: 

Ten = 
T.g 

ln[T$)/(TN - T.$‘)] 
(26) 

” 

As T,, > 0, it becomes obvious from equation (26) 
that this improvement of the a&pation energy approach 
may be used solely if TN, > T,, 

Because, in our case, TN,, > Tii’, the values of the 
critical temperatures are collected in Table 3. It is 
interesting to notice that T,, is almost equal to half of 
the glass transition temperature, Tgn. According to the 
values obtained for T,, it is possible to suppose that T, is 
almost independent of M, and to use an average value, 
T, (equal to 141.525 K) to estimate the activation 
enthalpy Hi:): 

H,‘,?’ = RT sn a-r[l +expF] (27) In 

As may be noticed from Tuble 3, the differences 
between HJ,f’ and Hai’ are within the experimental 
errors. In Table 2, T/i) has been estimated by interpola- 
tion using the average value of T, and TN,, according to 
the relation: 

Supposing that HJ,f) is almost independent of M, and 
using the average value Ha”‘, Tg(ns) has been evaluated by 
interpolation using the relation: 

TN, = Tgji) H?I(RTir? InaT) 

[HJ”/(RThns’ In ar)] - 1 
(29) 

Although T$’ and T$;i’ are close to T.$‘, we may 
notice from Table 2 that the slopes are different and 
exhibit large deviations from K,. 

5. Vogel-Fulcher-like dependences. Using the same 
method as Kumer and Boyer7, Georgescu et al.” have 
derived a relation between the glass and the narrowing 
temperatures, supposing a Vogel-Fulcher dependence of 
relaxation processes on temperature. Finally, the follow- 
ing relation between T$? and TNn has been derived: 

T(6) _ Ctg TN" + (TN~ + czg) In uT 
gn - Ci, + In UT (30) 

where Cr, = 40 and C = 52K9-~1~.15-20 
The glass transitio: temperatures T$ has been 

estimated supposing that C,, = 11.5 and Cls = 
24.1 Kz2. As may be noticed from Table 2, the differences 
between T$’ and T$) are negligible but the glass 
transition temperatures are higher than the experimental 
value. In general, the Vogel-Flucher (or the equivalent 
WLF) equation may be extended to include an 
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Table 4 Glass transition temperature, estimated using various 
approaches, based on the free-volume approximation 

Sample 

Pl 248.45 248.4 304.0 
P2 249.45 249.4 305.0 
P3 251.95 251.9 307.5 
P4 253.45 253.4 309.0 
P5 254.95 254.9 310.5 
Kh 3.64 3.64 3.64 
COR’ 0.99 0.99 0.99 

’ Theoretical values obtained using a Fox-Flory dependence. for an 
infinite polymer 
h The slope of the Fox-Flory equation, in IO6 K 
’ The correlation coefficient for a linearized Fox-Flory dependence, 
using the least-squares approximation 

Arrhenius-like term. Accordingly, T$’ has been calcu- 
lated using the expression: 

ln aT = TN,, - Tj;) 
Hai;) C’, 

(8) RT,, TN,, + TN, - T$’ + Czs 

(31) 
with C’s = 40 and Czg = 52K. 

The analogous values T$) have been derived for 
C’s = 11.5 and C,, = 24.1 K. 

As may be noticed from Table 2, the agreement 
between the experimental data and the theoretical 
predictions is improved taking into account the con- 
tribution of an Arrhenius term. The constants C’s = 11.5 
and C,, = 24.1 K lead to the best glass transition 
temperatures, estimated supposing a Vogel-Fulcher or 
WLF dependence of relaxation processes on temperature. 

6. Within the description proposed by Kusumoto et 
a1.9 it is possible to estimate the parameterf(‘) reflecting 
the ratio between the spin probe volume and the 
segmental one from TN and Tf’, using relation (24), 
by interpolation (Table 4). 

TN, - T$’ = 52 [2.9,fn(‘) (1 - lnf(‘)) - I] (32) 

We may notice that ,fi’) is almost independent of M, 
and consequent1 

C’x, 
we have estimated the glass transition 

temperature T,, , using in relation (32) the averagef,‘) 
value (f (I) - 0 2726) and the narrowing temperature - 
TN,. The glass transition temperatures estimated in this 
manner are close to the experimental values, T$‘. 
The linear relation between Tii”’ and Ml’ is 
characterized by the highest correlation coefficient 
and Klo is in good agreement with the values 
estimated from the dependence of the glass transition 
temperature on M, (K,). 

However, equation (32) has been obtained by 
Kusumoto et aL9 using the universal values C2s = 52 K 
and C’s = 40. Recent data suggested for PECH are 
CZp = 24.1 K and Cl, = 11.5 (ref. 22). It is interesting to 
notice that for these values, no reasonable values 
Ct;l”’ > 0) have been obtained. 

7. Bullock et af.‘O have suggested an analogous 
relation between TN, Tg and f, also derived within the 
free volume approximation. 

TN” - Tgn - C2s (e) _ (s& I) (33) 

Figure 3 The dependence of the glass transition temperature r$’ and 
narrowing temperatures on ML’ 

Takmg for Cl, and CZg the same values as in the 
equation proposed by Kusumoto et al9 (C2s = 
52K, C’s = 40), we have estimated the ratio between 
the spin probe volume and the segmental one,f,(2), using 
TNn and TJi). Using the same relation, but with 
Cl, = 11.5 and C2s = 24.1 K, we have estimated s,(3) 
within the description proposed by Bullock et al. 

As may be noticed from Table 4, the parameter f is 
almost independent of molecular masses. Using the same 
self-consistent method, we have calculated the glass 
transition tern eratures T (’ ‘) and T (12) using the average 
values of f,czp and f,(3),Snrespecti%y. The agreement 
between the predicted values of the glass transition 
teE?eratures Tgn (“) (Table 3) and the experimental values 
Tg 1s very good. Also, the slope K” is close to K,. 
However, Tii2) is significantly higher than Tgde) although 
Klo,Kl’ and K12 are close to K,. Therefore, we may 
conclude that the descriptions based on the free volume 
approximation are more appropriate than the empirical 
models. 

As may be noticed from Table 1 as well as from Figure 
3, Tii) and TN, obey with high accuracy a Fox-Flory 
equation, with the same slope, in good agreement with 
the theoretical predictions. The free volume based 
models lead to reasonable values of the slope K, whereas 
in the case of the empirical descriptions large discrepan- 
cies between the values predicted for the slope of the 
Fox-Flory equation (Kl , K2, KJ) and the experimental 
value Kce) are noticed. 

However, our experimental data suggest that the main 
differences between the description suggested by Kusu- 
moto et 01.~ and the model proposed by Bullock and co- 
workers”,” are practically absorbed in the value of the 
ratio ,f‘. 

Conclusions 
From the experimental data obtained by the spin 

probe investigations of PECH rubbers we may conclude 
that both the polynomial and the graphical approaches 
lead to unrealistic values for the glass transition 
temperature. The activation energy approach improves 
significantly the correlation between the experimental 
data and the predicted values, although the constant K3 
is lower by 25% than K,. 
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The improved relation proposed by Braun, Tormala 
and Weber reduces the discrepancies between the 
predicted glass temperature and the experimental 
values. However, in this case K4 is overestimated by 
about 20%. No significant dependence of the activation 
enthalpy or of the critical temperature on M, have been 
noticed. Consequently, we have supposed that these 
amounts are constants. The activation energy approach 
is based on the unrealistic hypothesis of an Arrhenius- 
like dependence of relaxation processes on temperature. 

The free volume approaches lead to accurate K values 
and are characterized by a very good correlation among 
predicted glass transition temperatures and experimental 
data. 

However, in Bullock et al.‘s descriptions”,“, using 
for constants the values CZs = 24.1 K and Ct, = 11.5, 
an overestimation of 7’s is obtained (see r$lz) values in 
Table 4). 

In the description proposed by Kusumoto et a1.9 it is 
not possible to find an acceptable value forf (positive) if 
C2s = 24.1 K and Ct, = 11.5. 

Although, from this point of view, Bullock et al’s 
approach seems to be the best, the values of the ratiof,(‘) 
are too large, suggestin that the statistical segment is 
built up of about 2 mer$,23. 

The experimental data suggest that in all approaches 
based on the free volume approximation, the ratiof, is 
almost independent of M,. 

According to the theoretical description sketched in 
this contribution, the spin probe method allows the 
direct estimation of the Fox-Flory constant, K,, 
supposing that the molecular masses M, are known, 
within the free volume approximation. 

As may be noticed from Table 1 and Figure 3, both 
TN,, and T$) obey with high accuracy the Fox-Flory 
equations. The T$’ and TNn dependences on M, are 
parallel straight lines, as expected. 

Moreover, using the universal constants Ct, = 40 and 

Czg = 52 K, the approaches of both Kusumoto et al. and 
Bullock et al. are characterized by an excellent agreement 
between theoretically estimated glass transition tempera- 
tures and experimental data. 
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