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Molecular Flow and Lanthanum - 
Catalyzed Bond Interchange in Sodium 
Phosphate Polymers" 

AD1 EISENBERGT and SHOW SAITOS 
Department of Chemis t ry  
University of California 
Los Angeles, California 

It is observed that sodium phosphate polymers, in which some 
of the Na+ ions have been replaced by La3+ ions, a r e  subject to both 
simple molecular flow and to bond interchange in the glass  transi-  
tion region. These two relaxation mechanisms a r e  separated, and 
their relative contributions to the shear viscosity a r e  calculated. 
I t  is shown that the bond-interchange mechanism is subject to an 
activation energy of ca. 50 kcal, while that of the molecular flow is 
of the order  of 200 kcal a t  Tg + 30°C; the latter is of the WLF form. 
It is further shown that the La3+ ions act  as cross-links, at  least  a t  
low concentrations, and that bond interchange occurs a t  the si te of 
the La3+ ions rather than a t  random along the polymer chain. 

INTRODUCTION 

A wide range of inorganic ionic glasses possess many of the 
structural  characterist ics of the classical organic polymers, par-  
ticularly with regard to linearity of the backbone chain. These 
materials include not only the well-explored polyphosphates [l-61, 
but presumably also the si l icates over a wide range of composi- 
tions [7,8], and possibly also vanadates and arsenates [9]. When 

*Paper 6 in a ser ies  on the viscoelastic relaxation mechanisms 
in inorganic polymers. Contribution No. 1956,Department of 
Chemistry, University of California, Los Angeles, Calif. 

T Present address:  McGill University, Montreal, Canada. 
$ Present address:  Japan Electrotechnical Laboratory, Tokyo, 

Japan. 

799 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



800 A. Eisenberg and S .  Saito 

subjected to s t r e s s ,  the noncrystalline linear organics relax (in the 
absence of chemical degradation) by a simple molecular -flow 
mechanism [lo, 113; occasionally bond interchange is encountered, 
for instance in the polysulfides [lo] or the polyurethanes [12], but 
in these materials i t  occurs far above the glass transition tempera- 
ture. By contrast, some linear inorganic glasses have been found 
in which bond interchange is a major contributing relaxation mec- 
hanism in the glass transition region [13], and in which the bond- 
interchange process  is catalyzed by specific cations. It is therefore 
of interest  to inquire to what extent the relative contributions of 
these two mechanisms can be determined i f  their relaxation times 
a r e  comparable and, furthermore,  i f  any ideas can be gained about 
the kinetic parameters  and the mechanism of the bond-interchange 
process. In this paper, specifically,we wish to report  a study of 
lanthanum-catalyzed bond interchange in a linear sodium phosphate 
polymer, in which a preliminary study [13] has shown that both 
mechanisms were present. An attempt is made not only to deter-  
mine the relative contribution (for instance to the viscosity) of 
each of the mechanisms, but also to find out whether lanthanum 
catalyzes the reaction directly or only indirectly by increasing the 
glass transition temperature. Furthermore,  the techniques will be 
described not only for quantitative estimations mentioned above, 
but also for a very rapid determination of the existence of two simul- 
taneous mechanisms in the flow region. 

The materials employed here consisted of polymeric sodium 
phosphate (NaPO,), to which various amounts of [La(PO,),], were 
added. The samples may thus be regarded as counterion copolymers, 
since the backbone remains identical with only the relative counter- 
ion concentrations varying. The concentrations of lanthanum, ex- 
pressed as (3La/P) x 100 to indicate the percentage of repeat units 
neutralized by the lanthanum, were 6.0,lO. 5 ,15.3,22.5,30.3,  and 
39.0. Higher concentrations were too difficult to prepare by our 
techniques; the method of preparation, incidentally, was described 
elsewhere 1141, and consisted in adding to the NaPO, melt enough 
LaPO, and P,05 to achieve the desired compositions. A predeter- 
mined amount of excess P,O, had to be added to compensate for 
losses  due to volatilization. The viscoelastic properties of the 
22.5% sample were described in a preliminary fashion before [13], 
as were also the flass transition temperatures of all the samples 
[14]. The glass transition values a r e  also listed in Table 1. 

briefly preceding work done on the viscoelastic properties of poly- 
m e r s  subject to multiple relaxation mechanisms, as well as pre-  
vious solution studies of phosphates in the presence of lanthanum. 

The high-frequency dynamic behavior of polymers possessing 
various side groups and exhibiting a multiplicity of transitions and 
relaxations has been the subject of a recent symposium (see Ref. 

Before concluding the introduction, i t  is advisable to review very 
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Relaxation Mechanisms in Inorganic Polymers. 6 

[13]). Prior  to that, Fer ry  and co-workers [15] investigated the 
viscoelastic properties of a ser ies  of methacrylates and found that 
in certain regions time-temperature superposition did not apply 
due to side-chain motion occurring with an activation energy dif- 
ferent from that of the main chain. They were able to separate these 
two types of motions and to determine the activation energies and 
relaxation spectra due to each. To distinguish the two, they refer-  
red to backbone motion as the a mechanism, while the side-chain 
motion was called the /3 mechanism. 

lanthanum hydroxide promotes the hydrolysis of a-glyceryl phos- 
phate; subsequently, Butcher and Westheimer [17] investigated the 
promotion of the hydrolysis of phosphate es ters  by lanthanum hydrox- 
ide gel and found a more than thousandfold increase in the rate. 
They also proposed a mechanism for the reaction which, however, 
involves water. 

The last two investigations mentioned above, in addition to the 
known effect of transition metal ions in accelerating some biological- 
ly important phosphate reactions, prompted us  tochoosethe NaP0,- 
La(PO,), system for our first  investigation of bond interchange in 
polyanionic inorganic glasses in which simple molecular motion was 
probably also important. For the sake of simplicity, relaxation by 
molecular (diffusional) flow, which leaves the backbone intact, will 
be referred to as the a mechanism in accordance with the usage 
proposed by Fer ry  et  al., while the bond-interchange reaction, owing 
to its chemical nature, wil l  be referred to as the x mechanism. 

801 

In  a completely unrelated development, Bamann [16] showed that 

EXPERIMENTAL RESULTS AND INTERPRETATIONS 

Phenomenology of Multiple Mechanism Relaxation and Separation 
of the Mechanisms 

All the primary experimental data were obtained by the tech- 
nique of str-ess relaxation. Since the primary curves (before shift- 
ing) show no unusual features, they wil l  not be reproduced here. 
The characteristics of multiple relaxation do become evident, how- 
ever,  when an attempt is made to construct a master curve [lo]. 
It i s  observed that while in the glassy and transition regions the 
behavior is completely normal, in the flow region superposition is 
impossible. This manifests itself in a number of ways, two of which 
can serve as indicators of multiple mechanism relaxation, provided 
the material is in the region of linear viscoelasticity. 

found was the nonlinearity of the plot of the shift factor, (at), versus 
the maximum relaxation time,  as shown in Fig. 1. The shift 
factor here refers  to the horizontal shift needed to bring into coin- 

Qne of the noteworthy characteristics of these materials that was  
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Fig. 1. Shift factor versus maximum relaxation time (sec) for  Na+- 
La3+ phosphate counterion copolymers. 
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cidence the s t r e s s  relaxation curves obtained a t  various tempera- 
tures ,  with the curve obtained a t  T = Tg used as the reference,  while 
the maximum relaxation time ( T ~ )  refers to the "equivalent ulti- 
mate Maxwell element" and is obtained from a plot of log E versus  
time. If only one mechanism is operative, then the plot should be 
linear with a slope of 45", since the short-time (% 10 sec) and long- 
time (= 1000 sec) behavior are governed by the same  kinetic factors.  
On the other hand, if more than one mechanism is present,  each of 
which is subject to different kinetic parameters ,  then the short-time 
relaxation behavior (related to a t  if superposition is attempted in the 
short-t ime region) should be subject to different kinetic parameters  
than the long-time relaxation behavior (related to Tm), and there- 
fore  linearity is not to be expected. 

As is clearly seen in Fig. 1, the line for pure sodium phosphate is 
linear,  indicating the presence of only one relaxation mechanism, or 
possibly of two mechanisms with identical kinetic parameters ,  which 
is highly unlikely; a previous investigation [6], as a matter of fact, 
failed to reveal any indication of a mechanism other than (Y in pure 
sodium phosphate. On the other hand, upon addition of varying 
amount of lanthanum, marked deviations from linearity are observed, 
as will be discussed later;  the slope of these plots is related to the 
ratio of the activation energies of the two processes,  while the cur-  
vature is related to the change in the activation energy with tem- 
perature for  the LY mechanism, which, in turn, can be expressed b y  
the WLF equation [18]. 

Another very significant characterist ic of multiple mechanism 
relaxation is the pronounced change of the shape of the spectrum of 
relaxation t imes with temperature. As was pointed out in the pre-  
liminary publication [ 131, with increasing temperature the relaxation 
spectrum not only shifts to short  time values, but a dip appears and 
deepens, indicating increased separation with temperature of those 
pa r t s  of the spectrum due to the different mechanisms. The high 
temperature o r  long-time par t  of the spectrum consists, for  all prac-  
tical purposes, of a single line; i.e., i t  is Maxwellian. The change of 
the spectrum with temperature reflects itself in the failure of t ime- 
temperature superposition, which can be seen in Fig. 2a for  the 30.3% 
sample in s t r e s s  relaxation and in Fig. 2b upon recalculation of the 
relaxation data into creep compliance by the methods suggested by 
Tobolsky and Aklonis [191; that recalculation was performed because, 
as was indicated by F e r r y  e t  al .  [15],if a material  is subject to two 
mechanisms, then the observed creep compliance is a sum of the 
creep compliances due to the individual mechanisms. Following 
F e r r y  e t  al.'s procedure, we ascr ibe the lower envelope of points on 
the creep master  curve (obtained by superposing the curves obtained 
a t  short  t imes) to one of the mechanisms,while any deviation is as- 
cribed to the second mechanism. This is also shown in Fig. 2b; i t  is 
particularly noteworthy that the calculated points due to second 

A .  Eisenherg and S. Sailo 
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Fig. 2. (a) Stress relaxation master curve for the 30.3% sample. 
Log G,(t) versus log t. (b) Creep compliance master curve for the 

30.3% sample. Log J(t) versus log t. 
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806 A. Eisenberg and S. Saito 

mechanism fall on a straight line of a slope of 45" on a log J versus  
log t plot, indicating that only irrecoverable compliance is involved 
here.  This  feature,  coupled with the activation-energy arguments to 
be presented in the next section, suggest that the lower envelope of 
points is due to the (Y mechanism, while the deviations are due to the 

mechanism. 

Activation Energies of the Two Processes  and Identification of the 
Mechanisms 

of the two processes ,  since the identification of the mechanism is 
based to a large extent on this factor: a study of all the stress re- 
laxation curves has revealed that within experimental e r r o r  time- 
temperature superposition is valid above a modulus of los  dynes/cm2, 
and that the shift factors are of the WLF form. These shift factors 
(at) are shown in Fig. 3; i t  should be pointed out that the shift factors 
f o r  the s t r e s s  relaxation curves a r e ,  as might be expected, identical 
to those of the compliance curves,  an example being shown in Fig. 4.  
Since these shift factors a r e  of the WLF form,we can determine the 
constants of the WLF equation 

An attempt will now be made to determine the activation energies 

log aT  = C,(T - Tg)/C2 + T - Tg) 

and the constants are listed in Table 1. Also in the same  table are 
the values of the activation energy for  the process (a) which is 
governed by these shift factors,  calculated for T = T 

The method of determining the activation energy 6r the second 
mechanism is the following. As can be seen in Fig. 2b, the deviations 
of the individual curves in the high compliance region f rom the 
lower envelope of points is quite 1arge;on a plot of the s t r e s s  relaxa- 
tion modulus, this discrepancy appears even larger ,  as can be seen 
f rom Fig. 2a (the lower envelope of points on the compliance curve 
corresponds to the highest s t r e s s  relaxation curve). Thus we can be 
quite sute that the maximum relaxation time T~ (obtained f rom a 
plot of log E versus  time), while containing some contribution from 
the f i r s t  mechanism (tentatively identified as a, see  discussion below), 
will reflect primarily the second, o r  x, mechanism. Therefore,  a plot 
of log Tm versus 1/T should give the activation energy for that pro- 
cess. The plots a r e  shown in Fig. 5,plotted both a s  log T~ versus  
1000/T and ve r sus  (1000/T) - (lOOO/Tg); the significance of the 
second plot will be discussed la ter .  Over the narrow temperature 
range over which the T~ values can be obtained, the plots are prac-  
tically l inear,  the activation energy averaging ca.  50 kcal, much 
lower than for  the f i rs t  mechanism. It should be pointed out that in 
the case of sulfur cross-linked with arsenic,  linearity in the plot of 
log T~ ve r sus  1000/T is observed over four o rde r s  of magnitude 
of T ~ ,  supporting the linearity observed here.  

+ 30. 
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There is one other method of determining the activation energy 
for the second process.  From the compliance curves due to the 
mechanism, we can calculate the viscosity as a function of tempera- 
ture. A plot of the viscosity as a function of temperature (log v 
versus 1/T) shown in Fig. 6 shows a much higher activation energy 
than 50 kcal. This is not surprising, however, because for a relaxa- 
tion mechanism of the type encountered here,  77 = Gr, where 7 is the 
relaxation time and G the shear  modulus of the system. Since i t  is 
the relaxation time which gives a direct  clue as to the kinetics and 
activation energy of the processes,  it is more meaningful to obtain 
the activation energy from a plot of log vX/E, (or Gm), the modulus 
corresponding to that mechanism. These plots, shown in Fig. 7, 
indicate again an activation energy of ca. 50 kcal, the value of the 
relaxation time being much higher, however. One possible reason 
for this will be given later.  

We are now ready to attempt the identification of the two mec- 
hanisms. This identification is based on the following points. 

1. The shift factors corresponding to the f i rs t  mechanism are of 
the WLF form,  giving an activation energy for  the process a t  T = Tg 
+ 30 ranging from 150 to 230 kca1,values typical of the (Y mechanism 
in linear organic polymers. 

2. The shift factors and activation energies for the first mechan- 
i s m  a r e  very much in line with those observed for pure sodium 
phosphates, in which no evidence for bond interchange has been found. 

3. The activation energy for the second mechanism is ca. 50 kcal. 
4. The variation of the maximum relaxation t ime with tempera- 

5. The compliance resulting from the second mechanism is 
ture  indicates that the rate  constant is of the Arrhenius type. 

strictly irreversible,  as shown by the linearity of the difference plot 
in Fig. 2b and the slope of 45". 

Therefore, the f i r s t  mechanism is identified as (Y mechanism, 
while the second is assigned to the 
the log T~ versus 1000/T or (1000/%) - (lOOO/Tg) plots is believed 
to be particularly significant, indicating that the s ize  of the reacting 
group does not change with temperature, in contrast to molecular 
motion (the a mechanism), which is governed by the WLF relation. 
The second plot indicates that the glass transition temperature is a 
reference temperature, with the ra tes  of interchange for all 
materials being identical a t  identical reduced temperatures, a t  least 
within experimental e r r o r .  

mechanism. The linearity of 

Relative Contribution to Viscosity of Each of the Mechanisms 
Before attempting to separate quantitatively the effect of the two 

mechanisms on the viscosity, i t  should be recalled that in doing so  
an experimental creep compliance curve is subtracted from the lower 
envelope of points, the deviation being ascribed to the mechanism. 
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This works very well for  all curves except those obtained a t  the 
highest temperatures.  The highest temperature curve sti l l  reflects 
the 
not reach high enough temperatures or  low enough moduli to obtain 
a curve in which the a, mechanism predominates. To obtain the vis- 
cosity due to the mechanism, we simply r e so r t  to the subtracted 
curves,  but for the a mechanism we need the complete (Y curve, 
which we do not have, a t  least not for the longest t imes,  which have 
the highest influence on the viscosity. Therefore,  although we can 
obtain the viscosity due to the mechanism (17 ) and the total vis-  
cosity (vtotal) as a functipn of temperature,  we cannot obtain qa, 
with any degree of precision. Incidentally, vtotal is obtained simply 
f rom the relationship 

mechanism, because with our experimental techniques, we could 

X 

co 
= H ( ~ ) d r  

0 

An example of such a separation is shown in Fig. 8 for  the 1 5 . 3 %  
sample. 

anism curve, i t  is probable that the viscosity due to the a, mechanism 
is somewhat underestimated,and thus that due to the x mechanism 
also. The inaccuracy in the value of the viscosity may have caused 
the discrepancy in the values of rm obtained by the two methods. 

It i s  interesting to observe that the total viscosity is lower than 
that due to either the (Y o r  the 
derstandable, because if two independent flow mechanisms are ac- 
cessible to the sample, the resulting viscosity should be lower than 
either of the two alone, a situation analogous to the total resistance 
of two r e s i s to r s  connected in parallel. 

Having addressed ourselves to the problem of the detection of 
the presence of multiple mechanisms, their activation energies, and 
the determination of their relative contributions to the viscosity, we 
can now attempt to answer some detailed mechanistic questions, 
such as: 

A s  a result  of the fact  that we do not have the complete a-mech-  

mechanism alone. This is quite un- 

1. Does the La3+ serve as a cross-link? 
2. Does i t  s e rve  as a bond-interchange catalyst (this question is 

relevant because the bond interchange above Tg might be due to the 
increase of T with increasing La3+ ) and, if so, what is the detailed 
mechanism ofinterchange; do bonds interchange a t  random o r  only 
a t  the cross-links? 

of the experimental data. 
W e  shall  now attempt to answer these questions within the l imits 

La3+ as a Cross-Linking Agent 

then the "rubbery" modulus of the material  should not necessarily 
If La3+ ac t s  merely to  increase the glass transition temperature, 
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T -  Tg ("C) 

20 30 40 50 
I 

3 La/P = 15.3% 

330 340 350 360 

Temp. ("G) 

Fig. 8. Relative contributions to the viscosity of the mechanisms 
and the total viscosity of the 15.3% sample. Log (poise) versus  

T - Tg. 

change; i f ,  on the other hand, i t  does cross-link the material ,  then the 
rubbery modulus should change in a manner predicted by the kinetic 
theory . 

Unfortunately the materials do not have a sufficiently well- 
developed rubbery modulus for  use in calculations. We therefore 
r e so r t  to the equivalent "ultimate .Maxwell element" f rom which the 
maximum relaxation time was computed, and utilize the modulus 
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corresponding to that ultimate element for subsequent computations. 
Table 2 l i s t s  these moduli,as well as a number of other values des- 
cribed below. Now i f  La3+ ions ac t  as cross-links,  then the E m  
values should be directly proportional to their concentration, c, since 
both Em and c are inversely proportional to the molecular weight 
between cross-links,  Mc. The former relationship is due to  the kin- 
etic theory of rubber elasticity (Em = Q 3 pRT/Mc, where ip is the 
front factor,  p is the density, and R the gas constant), and the latter 
to simple stoichiometry (c = p/2Mc) for  trifunctional cross-l inks.  
A plot of Em versus c is shown in Fig. 9, both for La3+ and for  
C a 2 + ,  indicating that both ions act  as cross-links,  at least  a t  low con- 
centrations and only for  the "ultimate Maxwell element." 

I t  is now interesting to inquire about the efficiency of these c ros s -  
links; i.e., does every La3+ act  as a cross-link o r  are some lost, 
for instance in forming loops along the same  chain? Although we 
cannot answer the question unequivocally, we can obtain a rough 
guide by comparing the value of c calculated from the overall com- 
position with that calculated f rom the kinetic theory, i.e., that value 
of c which would ideally be needed to give the experimental Em 
(assuming @ = 1). These two values of c are also given in Table 2, 
as well as their ratio,  expressed as per  cent efficiency. The ef- 
ficiency value ranges around 20%, implying that either only one out 
of five La3+ ions fo rms  an effective cross-link, o r  that the front 
factor is ca. 0.2. At present, no decision can he made as to which of 

Table 1 

3La/P, o/o Tg, "C 

0.0 287 

6 294 

10.5 298 

15.3 308 

22.5 315 

30 .3  329 

39 353 

C, C, AH, , kcal/molea A H ,  kcal/moleh 

2 1  7 5  229 230 

20  88 207 48 

1 6  93 164 37 

15  104 150  47 

15 88  165 45 

15 104 160  56 

17 153 154 57 

aAH,,apparent activation energy (at Tg + 30°C) calculated from C, 
and C , .  

 AH, apparent activation energy from T ~ .  
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0 Ca 

La 

0 

0 5 10 15 20 
Concentration of Counterion of Higher Valence 

Fig. 9. Modulus corresponding to ultimate Maxwell element (Em) 
versus concentration Ca2+ o r  La3+ in a region of low coneentration. 
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these two possibilities is the correct one, although a front factor of 
1 is possible in view of the occurrence of bond interchange and the 
resultant ability of the chains to assume their "unperturbed" con- 
formations. 

817 

Site of the x Mechanism 

We must now inquire whether bond interchange occurs at  random 
or whether La3+ is involved in the reaction. A priori  we could 
assume that since glass transition temperature is raised in the La3+- 
containing materials as compared to pure (NaPO,),, the occurrence 
of bond interchange could be due only to this increase in tempera- 
ture. After all, we know that bond interchange occurs rapidly enough 
in the melt (above ca. 650°C) to make the viscosity practically in- 
dependent of the molecular weight. However, the work on [Ca(P03)2]x, 
the glass transition temperature of which i s  ca. 520"C, showed the 
absence of bond interchange in that material in the glass transition 
region and above; thus the slight increase in T of the La3+ systems 
cannot be held responsible for the bond-interckange reaction and the 
La3+ must be the catalyst. 

Another line of reasoning can be followed to arr ive at  the same 
conclusion, the reasoning being based on the correlation of the relaxa- 
tion time with the La3+ concentration. Again, we s tar t  with the con- 
sideration that bond interchange may occur either a t  random or a t  
the cross-links, i.e., the s i tes  neighboring the La3+ . How does each 
of these possibilities affect the maximum relaxation time, assuming 
that i t  alone reflects the x mechanism? The rate of s t ress  relaxation 
i s  directly proportional to the rate of interchange and also directly 
proportional to the chain length between cross-links; i.e., the fewer 
the network chains that support the s t ress ,  the faster the s t ress  will 
relax a t  a constant rate of bond interchange. If bond interchange 
occurs at random, then the rate of interchange is independent of the 
[La3+] (since i t  is not a catalyst) but does depend on Mc. The latter,  
in turn, is  inversely proportional to [La3+]. Thus the rate  of s t ress  
relaxation should be inversely proportional to [La3+ 1. On the other 
hand, i f  bond interchange occurs a t  the si te of the La3+, then the rate  
of bond interchange should' depend on [La3+ 1, owing to its action as 
a cross-linking agent; thus, since the inverse proportionality to 
[La3+] due to i ts  cross-linking effect st i l l  holds, the rate of s t ress  
relaxation should, if  the catalytic action is first  order,  be independent 
of [La3+]. Finally, i t  should be recalled that the rate  of stress re- 
laxation is related to the relaxation time by df/dt = f ( l / T ) ,  where f 
is the s t ress .  

Before applying this relatively straightforward line of reasoning 
to the system under study, we must consider the effect of the prox- 
imity of the glass transition temperature on the process. While the 
bond-interchange process does contribute appreciably to the total 
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viscosity even a t  the glass transition temperature, the transition 
itself i s  undoubtedly due to very short range motions of the chain 
which leave the backbone intact. Thus the glass transition can be 
regarded as a temperature at  which the mobility of the chain seg- 
ments i s  approximately constant. Therefore, i n  attempting to de- 
cide whether rm is o r  is not dependent on La3+,  we have to use the 
glass transition temperature as a reference temperature (as was  
pointed out before), since the mobility of a polyphosphate chain in a 
sample will depend much more on i ts  distance from T, than on i ts  
absolute temperature. Thus, rather than plotting log T versus 1/T 
fo r  samples of various [La3+], we plotted log 7 versus (lOOO/T) - 
(lOOO/Tg). This was shown in Fig. 5 and clearly indicates that within 
experimental e r ro r  7 is independent of [La3+] (once the effect of 
[La3+] on T is removed), and that therefore bond interchange occurs 
at  the La3+ gites.  

A. Eisenberg and S .  Saito 

Rate Constant for the Interchange Reaction 

Having computed the activation energy of the interchange reac- 
tion and shown that it occurs at  the site of the La3+, it is of interest 
to compute the absolute rate constant for the reaction. The calcula- 
tion of ra te  constants from s t ress  relaxation data has been investi- 
gated extensively before for  completely cross-linked rubbery 
materials for a wide range of possible cases [lo, 20-231; however, 
since we a r e  not dealing with a rubbery material, we have to utilize 
the elastic modulus corresponding to the equivalent ultimate Max- 
well element, which was taken before to represent the total chemical 
activity or bond-interchange contribution in the material. The as- 
sumptions that have to be made in the derivation include the follow- 
ing: 

1. All the network chains a r e  of uniform length. 
2. The 

3. The "ultimate equivalent" Maxwell element reflects the entire 

Following the formalism of Tobolsky [lo, 231, we se t  the number 
of chains supporting the s t ress  at  t = 0 to n(O), the corresponding 
number at time t being n(t). Again, considering only the "ultimate" 
element, we assume that the s t ress  at  any time is proportional to 
the number of chains that still support the s t ress ,  i.e., n(t)/n(O) 
= f(t)/f(O), where f i s  the s t ress .  The identical assumption is made 
in the case of rubbery materials. Since we know experimentally that 
the stress decays exponentially, in complete analogy to a first-  
order reaction, it i s  reasonable to set  --dn(t)/dt = kn(t), i.e., the 
rate of s t ress  relaxation as proportional to the number of network 
chains still supporting the s t ress ,  k being the rate constant of the 
reaction. It should be borne in mind, however, that network inter- 

mechanism is a true bond-interchange process rather 
than an irreversible chain scission. 

mechanism. 
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change occurs  continuously at  a uniform rate ,  but that we detect by 
s t r e s s  relaxation only the interchanges of those cross-links which 
s t i l l  support the network and which existed since the imposition of 
stress, because cross-links reformed since then wouldbe formed soas 
not to introduce any new net stress. Thus the absolute ra te  of inter-  
change is given by the last equation for  t = 0, since at that point each 
cut is effective. 

Rewriting the las t  equation in the light of the preceeding one, we 
can say that -df(t)/dt = kf(o), which, in its integrated form becomes 
f(t) = f(o) exp(-kt), which is the equation for  Maxwellian decay. Thus 
k = l / ~ , a n d  the r a t e  constant a t  the glass  transition temperature 
for  all materials of a high enough La3+ content is k(Tg) = 1 x 
sec-l and changes with a n  activation energy of ca. 50 kcal/mole. 

It should be s t ressed that some assumptions have been made 
in the above derivation which make the results only first-order ap-  
proximations. Assumption 1, i.e., a uniform chain network, could 
have been substituted by a most probable distribution of lengths, 
which would have introduced an additional correction factor [22], 
which is small  compared to the inaccuracies inherent in the experi- 
ment and the other assumptions. Also, i t  is possible that a chain, 
once broken, does not necessarily reform in an unstrained state,  but, 
unfortunately, no quantitative corrections can be made for  this con- 
tingency since the degree of this frozen-in strain cannot be measured, 
owing to i t s  randomness. 
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