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ABSTRACT: Dynamic mechanical studies have revealed a large class of internal motions having activation 
entropies close to  zero which appear to involve well-defined structural units acting in a noncooperative manner. 
Examples include rotations of methyl groups, certain side-group motions, and local-mode relaxations which 
are restricted to  short polymethylene sequences. Other cases, including grain boundary relaxations in metals, 
are associated with crytalline phases. 

Introduction 
The relationship between the frequency and the tem- 

perature of  a viscoelastic relaxation can be expressed as 
an Arrhenius equa t ion :  

An alternative re l a t ionsh ip  is  derived f r o m  the t h e o r y  of 
absolute reac t ion  rates. 

f = A e - E a / R T  (1) 

f = - e - A H H ' / R T e A S ' / R  k T  
2xh 

The relationship between the Arrhenius activation energy, 
E,, and the ac t iva t ion  e n t h a l p y ,  AH*, is 

0024-9297/88/2221-1798$01.50/0 0 

E, = AH* + R T  

E, = R T [ 1  + In ( k T / 2 a h f l ]  + T A S  

(3) 

(4) 

If the activation e n t r o p y ,  AS', is zero, the relationship 
between the act ivat ion energy and T', the temperature at 
wh ich  the f r equency  of  the relaxat ion is 1 Hz, becomes 
E,  = RTT1 + In (kT' /2xh)]  = RT'(1n T'+ 22.922) (5) 

If the ene rgy  difference between the potential minima 
is small, there c a n  be an add i t iona l  term of up to RT'ln 
2.' T h i s  is roughly equ iva len t  to the w i d t h  of the points 

1988 American Chemical Society 

From eq 2 and 3, it follows that 
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Table I 
@-Relaxation in Poly(methy1 methacrylate) 

freq, Hz at tan A,,, at E",,,,, freq, Hz at tan A,,, at E",,, 
temp, 'C temp, "C 

0.033 6 -3 3 51 
0.1 25 10 10 
0.33 18 30 
1.0 43 24 

Temperature,"C 
60 50 40  30 20 10 0 

2t  

44 
56 
64 

1 

r 
0 

- 0  

-1 

-2 

- 

3.0 3.2 3.4 3.6 
1 0 3 1 ~  

Figure 1. Arrhenius plot for the p-relaxation in poly(methy1 
methacrylate): (0) tan 6ma; (0) E'Lar 

in Figures 2, 3, and 6 and is thus within the range of 
experimental uncertainty.' 

We have found2 that eq 5 pretty well defines a lower 
limit for the activation energies of viscoelastic relaxations. 
In earlier work,2 relaxations having activation entropies 
close to zero were called simple relaxations, and those 
having large positive activation entropies were called 
complex relaxations. It is believed that large activation 
entropies and energies reflect cooperative effects among 
the moving segments. Glass transitions which frequently 
have apparent activation energies greater than the strength 
of a primary chemical bond are striking examples of these 
characteristics. Therefore, relaxations which have acti- 
vation entropies close to zero will now be referred to as 
noncooperative relaxations. Relaxations attributed to 
motions of methyl groups are examples of this categorya2 
Several other classes of noncooperative relaxations have 
now been identified. 

Side Group Relaxations 
The p-relaxations in acrylic and vinyl polymers are 

widely attributed to the local motions of ester side groups? 
Recently, the methods of molecular mechanics have been 
applied to  this phenomenon in poly(methy1 meth- 
a c r ~ l a t e ) . ~ ? ~  

We studied the &relaxation in PMMA using the Poly- 
mer Laboratories dynamic mechanical thermal analyzer 
(DMTA) at  seven frequencies from 0.033 to 30 Hz. The 
temperatures of the maxima in tan 6 and the loss modulus, 
E", are given in Table I and presented in an Arrhenius plot 
in Figure 1. The activation energy and temperature at  
f = 1 Hz are 18.1 kcal/mol and 315 K for the data at  tan 
a,,,,, and 17.2 kcal/mol and 302 K for the data at E'&,,,. 
Both of these conditions correspond to AS' = 0 within 
experimental uncertainty. Cowie and Ferguson4 calculated 
energies in this range for rotation about the bond con- 
necting the backbone to the carbonyl group provided that 
the adjacent ester side groups are allowed to undergo 
torsional oscillations of f16' and the main-chain carbon 

Table I1 
$-Relaxation in Poly(viny1 acetate) 

temp, O C  temp, O C  

freq, Hz at tan a,,,,, at E",, freq, Hz at tan A,,,,, a t  E",,, 
0.33 -116 -116 10 -96 -97 
1.0 -103 -107 30 -88 -9 1 
3 -102 -99 90 -80 -79 

' O I  25 

Q) - ; 20 

0 '5 

> 
0 

Y 

W 

10 

5 

0 
100 150 200 250 300 350 

Temperature, K, at 1Hz 

Figure 2. Side-group relaxations: (0) tan 6"; (0) E",,,; line, 
AS* = 0; vertical bars, range of literature values. 

and its attached methyl group are allowed to relax. The 
methyl group relaxation has been assigned to a loss peak 
occurring a t  a lower temperatureS2d Heijboer and co- 
workers5 computed an energy of 16.5 kcal/mol for rotation 
about the main-chain carbonyl bond when appropriate 
constraints were applied to the main-chain torsion angles. 

Data for the dependence of the /3-relaxation in polytvinyl 
acetate) on temperature and frequency are given in Table 
11. The activation energy of about 9.3 kcal/mol and a 
temperature of about 168 K at  f = 1 Hz correspond to AS* 
= 0. 

In polystyrene, the 0-relaxation was observed at  52 "C 
(f = 1 Hz) with an activation energy of 38 kcal/mol. This 
relaxation clearly has cooperative character. The small, 
low-temperature y-relaxation is more difficult to define. 
Data taken at 3-90 Hz indicate an activation energy of 7 
kcal/mol and a temperature of 156 K at  f = 1 Hz. An 
activation energy of 8.7 kcal/mol was expected for AS* = 
0. 

The situation for these side-group relaxations is sum- 
marized in Figure 2. Our data lie on or close to the line 
for noncooperative relaxations for which AS* is zero. The 
range of literature values for the activation energies is 
indicated by vertical bars. The condition, AS* = 0, is close 
to the lower limits for the reported values. A rather wide 
range of values has been reported for the 6-relaxation in 
PMMA. Our vlaues of 17-18 kcal/mol agree with those 
of McCrum and Morris: Hoff and Reddish? and Heijboer.8 

The conclusion that the &relaxations in PMMA and 
poly(viny1 acetate) involve noncooperative motions of the 
ester side groups is supported by the effect of absorbed 
solvents such as toluene and acetone. As shown in Table 
111, these additives cause the glass transition to shift to 
markedly lower temperatures, the typical effect of plas- 
ticizers. However, the temperatures and peak heights of 
the p-relaxations are unchanged even up to 6% additive. 
These observations are in line with dielectric studies by 
Mikhailov et al. on PMMA containing up to 25% dibutyl 
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B% LDPE 

- E / V A ( 9 7 / 3 )  o 

0 
Dry Nylon66 o 

0 E/P(56/44)  
E / V A ( 3 9 / 6 1 ) 0  

Table I11 
Effect of Absorbed Solvents on the Temperatures of 

Relaxations Measured at 1 Hz 

5 -  

glass temp, "C temp of p-relaxtn, "C 
additive at tan 6,,, at E",,,,, at tan 6,- at E",,, 

.06 

.05 

.04 
UJ 

C 0 
e 

.03 

.02 

.01 

none 
0.30% toluene 
0.87% toluene 
1.37% toluene 
3.21% toluene 
1.06% acetone 
2.03% acetone 
4.35% acetone 

- 

- 

- 

- 

- 

- 

Poly(methy1 methacrylate) 
122 108 23 
90 88 29 
84 78 22 
71 66 22 
54 51 
83 82 30 
85 '76 25 
49 43 29 

av 26 f 4 

23 
25 
20 
18 
11 
16 
19 
22 
19 5 4 

Poly(viny1 acetate) 
none 56 49 -107 -107 
2.2990 toluene 19 -100 -107 
4.42% toluene 15 -105 -105 
1.34% acetone 18 -102 -102 
2.29% acetone 17 16 -100 -100 
6.24% acetone 15 8 -100 -100 

~ h t h a l a t e . ~  In a study of mechanical properties, Heijboer8 
also concluded that plasticizing PMMA with dibutyl 
phthalate does not change the location of the @relaxation. 
There was an increase in the maximum value of tan &lo but 
little effect on the loss modulus, which is proportional to 
the energy absorbed per cycle in an experiment using a 
defined strain a m p l i t ~ d e . ~  
Local-Mode Polymethylene Relaxations 

For many polymers, the local-mode relaxation has a large 
activation entropye2 However, for nylon 66, this quantity 
is much smaller than for polyethylene, poly(oxymethylene), 
or poly(tetrafluoroethy1ene). It is thought that the hy- 
drogen bonds between amide groups tend to restrict these 
motions to a narrow range of polymethylene sequences. 
Long ago, Willbourn" observed that a loss peak similar 
to the y-relaxation in polyethylene occurs in all polymers 
having sequences of four or more methylene units. We 
have examined a number of polymers having poly- 
methylene sequences close to this lower limit. 

The relationship between the activation energy and the 
temperature a t  f = 1 Hz for the polymethylene local-mode 
relaxation in various polymers is shown in Figure 3. The 
distance of a point above the line corresponding to AS' 
= 0 is equal to T A S .  While the activation entropy for the 
y-relaxation in dry nylon 66 is much lower than in poly- 
ethylene, it becomes essentially zero in wet nylon. The 
height of the loss peak also decreases and almost disap- 
pears as water is absorbed, and the modulus a t  low tem- 
peratures is increased.12 These effects are attributed to 
the formation of mechanically stable bridges between am- 
ide groups through water  molecule^.'^ This would limit 
the local-mode motions to the sequences of four or six 
methylene units in the acid and diamine moieties, re- 
spectively. In nylon 61, the polyamide derived from hex- 
amethylene diamine and isophthalic acid, the acid moiety 
is rigid, and AS'  for the y-relaxation is close to zero even 
in the dry state. 

At a frequency of 1 Hz, the dynamic mechanical prop- 
erties of polytbutylene terephthalate) are dominated by 
the a-relaxation at  57 "C and the @-relaxation at  -70 "C, 
which have activation energies of 152 and 26 kcallmol, 
respectively. On the low-temperature side of the @-peak, 
there is a shoulder which we attribute to a polymethylene 
relaxation. A master curve obtained by shifting tan 6 data 
along the log-frequency axis by using a reference tem- 
perature of -100 "C is presented in Figure 4. The points 

av -102 f 3 -103 i 3 

30 t 
251 f3 

HDPE 

01 I 1 I I 

130 140 150 160 170 1 
Tempetoture,K, at 1Hz 

IO 

Figure 3. Activation energies of local-mode relaxations: (0) tan 
hmu; (0) E",,,; line, A S  = 0. 

071 
I 
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s( 

+ vo 

-105 -115 -125'C 

h * X  0 V I  0 0  

0 '  I I I I I 
-2 -1 0 1 2 

log f 

Figure 4. Master curve for the polymethylene relaxation in 
poly(buty1ene terephthalate). 

along the abscissa indicate the position of log f = 0 in the 
original data. An Arrhenius plot of these shift factors is 
shown in Figure 5.  The slope for the tan 6 data taken at 
temperatures from -120 to -95 "C corresponds to an ac- 
tivation energy of 9.6 kcal/mol and an activation entropy 
close to zero at  the reference temperature. 

Some addition polymers having relatively short poly- 
methylene sequences were also examined. E/VA (39/61) 
is a copolymer of vinyl acetate with 17% ethylene by 
weight (39 mol%). More than half of the ethylene units 
are in sequences of one or two. As shown in Figure 3, the 
y-relaxation in this copolymer has a small but finite ac- 
tivation entropy. However, in E/VA (97/3), an ethyl- 
enelvinyl acetate copolymer containing 97 mol % ethylene, 
the activation entropy was almost as large as in low-density 
polyethylene. We also studied a copolymer of propylene 
with 56 mol % ethylene. In this case, the activation en- 
tropy for the y-relaxation was larger than in E/VA (39161) 
but smaller than in polymers containing higher levels of 
ethylene. 

All of the data used to prepare Figure 3 were obtained 
in a similar manner by using the Polymer Laboratories 
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Temperature,'C 
-80 -100 -1 20 

I I I 

2.0 / 

-0,5. ol 
-1.0 I I 1 I 

5.0 5.5 6.0 6.5 7.0 
1 0 3 1 ~  

Figure 5. Arrhenius plot for the frequency-temperature shift 
factors for the polymethylene relaxation in poly(buty1ene tere- 
phthalate): (0) tan 6,,,; 0 E",,,. 

DMTA. The activation energies for the y-relaxation in 
polyethylene are larger than those reported e l s e ~ h e r e . ~ J  
We suspect that these differences reflect varying degrees 
of cooperative character which result from differences in 
sample history. 

Helfand has concluded that the y-relaxation involves the 
transformation of a TTT sequence to a GTG' ~equence.'~*'~ 
Related mechanisms have been offered by Boyer,16 
Schatzki,17 and Boyd and Breitling.ls In polymers con- 
taining sequences of only four to six methylene units, these 
motions must occur independently of one another. With 
longer sequences, all sorts of cooperative motions are 
possible. Since the y-relaxation in nylon 66 is dielectrically 
active, there must be some motion of the amide groups. 
There is, apparently, a limited degree of cooperation in the 
motion of the polymethylene sequences on both sides of 
an amide, unless the amides are immobilized by the for- 
mation of mechanically stable bridges through water 
molecules bonded to the carbonyl oxygens. The magnitude 
of the activation entropy is governed by the length of the 
polymethylene sequences. 

Crystalline Relaxations 
A few relaxations associated with motions in crystals 

have been found for which the activation entropy is close 
to zero. The first of these is the 7,-relaxation in poly- 
(chlorotrifluoroethylene).zJ9 This motion is associated with 
short-chain segments in the crystals. A possibly analagous 
process is the TI,,-relaxation in polyethylene.2,z0,z1 More 
recently, it has been found that the a-relaxation in poly- 
oxymethylene also has an activation entropy near zero.22 
This important process occurs a t  130 "C at  a frequency 
of 1 Hz and governs much of the viscoelastic behavior a t  
room temperature. 

The occurrence of noncooperative crystalline relaxations 
is not limited to polymers. According to K6,z3 polycrys- 
talline aluminum has a relaxation which is not present in 
a single crystal. A peak in tan 6 was reported at  285 " C  
a t  a frequency near 1 Hz. The activation energy of 32 
kcal/mol agrees with the relationship for AS*  = 0. Data 

60 
o A1 
0 cu 

50- A F e  
v Sn 

40 - 

O w 

0 200 400 600 800 1 C  
Temperature, K, at 1Hz 

30 

Figure 6. Activation energies for grain boundary relaxations in 
metals: line. AS* = 0. 

from the literaturez4 for the temperatures and activation 
energies for grain boundary relaxations in several metals 
are plotted in Figure 6. As is the case with several other 
kinds of relaxations, the lowest reported values for the 
activation energies correspond to activation entropies close 
to zero. Some metals have additional relaxations at  higher 
temperatures with large positive activation entropies. 

Conclusions 
Noncooperative relaxations, characterized by activation 

entropies close to zero, are thought to be the elemental 
components of internal motions. The class includes many 
kinds of moving units. A t  least in some cases, a fairly 
detailed mechanistic understanding is possible. 

Registry No. PMMA, 9011-14-7; PVAc, 9003-20-7; PS, 
9003-53-6; PE, 9002-88-4; (VA)(E) (copolymer), 24937-78-8 (P)(E) 
(copolymer), 9010-79-1; nylon 66 (SRU), 32131-17-2; nylon 61 
(SRU), 25668-34-2; nylon 61 (copolymer), 25722-07-0; Al, 7429-90-5; 
Cu, 7440-50-8; Fe, 7439-89-6; Sn, 7440-31-5; poly(buty1ene tere- 
phthalate) (SRU), 24968-12-5; poly(buty1ene terephthalate) (co- 
polymer), 26062-94-2. 
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ABSTRACT To extract the single-chain scattering function of polystyrene block chain in lamellar structures 
of styrene-2-vinylpyridine diblock copolymers, the method of "phase contrast matching" was studied for 
small-angle neutron scattering from blends of the deuterium-labeled and unlabeled block copolymers. The 
phase contrast matching is successfully applied for the samples with the lowest molecular weights (3.4 x lo4 
for the labeled portions) but not for the samples with the higher molecular weights (9.2 and 16.2 x lo4). It 
is concluded that the mismatching may be caused by concentration fluctuation in the mixture of hydrogenated 
and deuteriated polystyrenes in domains, as well as by nonuniform distribution of deuteriated species along 
the direction perpendicular to the lamellae due to the difference in lengths of the labeled and unlabeled blocks. 

Introduction 
The conformation of a single polymer chain in bulk can 

be determined by measuring small-angle neutron scattering 
(SANS) from a random mixture of deuterium-labeled and 
unlabeled polymers with the same chain length a t  any 
mixing ratio. The same method is applicable for deter- 
mining the conformation of a block chain of diblock co- 
polymer even in a microdomain structure, if strong dif- 
fraction intensities from the microdomain structure could 
be eliminated. Three methods were employed to eliminate 
the diffraction. In the first method a single-chain scat- 
tering function is obtained as the difference between the 
coherent scatterings from a blend of labeled and unlabeled 
block copolymers and its corresponding unlabeled block 
copolymer. This method is straightforward, but it is 
difficult to obtain reliable data for a single-chain confor- 
mation since the diffraction intensity due to the domain 
structure is much higher than the single-chain scattering 
and also identical domain structures are required for the 
both specimens in order to eliminate the scattering due 
to the domain structure. Richards and Thomason2 em- 
ployed this method to study styrene block dimensions in 
the spherical domain of styrene-isoprene block copolymer. 
Unfortunately, the chain lengths of the parent and deu- 
teriated samples were not the same and the measurements 
were carried out at a low content of deuteriated sample. 

The second method involves the utilization of anisotropy 
of a microdomain structure. If the plane of lamellar sur- 
face could be aligned perpendicular to the incident neutron 
beam, the diffraction due to the lamellar structure would 
not be observed and only a single-chain scattering from 
labeled and unlabeled blocks could be obtained. Hadzi- 
ioannou et al.3 and Hasegawa et al.4 investigated confor- 
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mations of polystyrene block in a lamellar structure of 
styrene-isoprene copolymers by this method. Since the 
orientation of lamellae was not perfect in their experi- 
ments, Hadziioannou et al.3 obtained a single-chain scat- 
tering at a particular azimuthal angle where the diffraction 
was not observed, while Hasegawa et al.4 subtracted the 
contribution of diffraction with the use of the scattering 
data from the parent block copolymer. 

In the third method, the diffraction is eliminated by 
matching the average scattering lengths between the two 
phases ("phase contrast matching") due to random mixing 
of labeled and unlabeled block chains. This method was 
first proposed for polymer blends by Jahshan and Sum- 
merfield5 and subsequently extended to block copolymers 
by Kobersteina6 According to their theory the coherent 
scattering intensity from a single chain in a microdomain 
structure of blend of labeled and unlabeled A-B diblock 
copolymers with the same chain length can be written as 

where ZL and Zu are the total scattering intensities from 
the labeled and unlabeled polymers, respectively, and the 
subscript B refers to the background mainly composed of 
incoherent scattering. In eq 1 the first term of the 
right-hand side is the total coherent scattering from the 
microdomain structure containing labeled block chains, 
and the second term is the contribution from the micro- 
domain structure itself. R in the second term is the 
magnitude of contrast between two phases such as 

R = [PB - X P A D  - (1 - X)PAH12/(PB - @AH)' (2) 

where PB, pAH, and PAD are the coherent scattering length 
densities of block B and hydrogenated and deuteriated 
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