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CHAPTER I

INTRODUCTION AND POLYMERIZATION METHOD

Introduction

The field of polyurethanes is rapidly growing in commercial impor-

tance, especially in foam and elastomer applications. This group of

polymers includes a very broad range of chemical structures and molecular

weights. In many cases polyurethanes are synthesized from a, oj poly-

ester glycols or a, oj polyether glycols and diisocyanates so that the

urethane groups are fewer in number than other functional groups (ester

groups or ether groups) . This method of synthesis leads to a very wide

range of polymer properties, adding interest to the studies of the rela-

tionship between structure and properties.

Though a considerable number of publications dealing primarily

with the properties of urethane polymers have appeared, few of them have

contributed to a fundamental understanding of the relationship between

those properties and the corresponding polymer structure.

Within the last few years reliable data have become available, and

Saunders^* has established semi-quantitative relationships by the use of

those data. He discussed in his reports general considerations concerning

structure-property relationships

.

The term "polyurethane" is more one of convenience than of accuracy

since these polymers are not derived by polymerizing a monomeric urethane

molecule. They include those polymers which contain a significant number

of urethane groups, regardless of what the rest of the molecule may be.

Usually these polymers are obtained by a combination of a polyisocyanate

1 fuu^ ci*»ir«i © ^fmv



with reactants which have at least some hydroxyl groups, e.g., polyethers

and simple glycols. Thus, a typical "polyurethane" may contain, in addi-

tion to urethane groups, aliphatic and aromatic hydrocarbon, ester, ether,

amide and urea groups.

Polyurethane materials are being used in many ways, for example

as plastics, fibers, flexible foams, elastomers, coating materials and

so on. By varying the nature of the polyester and the isocyanate com-

ponent as well as the NCO/OH ratio, a wide range of properties is obtained

ranging from very flexible elastomers to hard brittle films.

Instead of the polymerization method mentioned above, using the

prepolymer and diisocyanate to obtain elastomer, another method was

developed to obtain hard polyurethane materials of high molecular weight.

2
In 1937, Bayer indicated the preparation of high molecular weight poly-

urethanes. These polymers, made by reacting a diisocyanate with a glycol,

were later the basis for the preparation of urethane fibers. The simplest

high molecular weight urethane polymer is a linear chain with urethane

linkages periodically situated in the skeleton, arising from the polyconden-

sation reaction of a difunctional hydroxy-containing molecule and a di-

functional isocyanate monomer. The linear urethane polymer is soluble

in suitable solvents and may be molded by the application of heat and

pressure

.

Polymerization techniques and physical properties of "soft 11 poly-

3
urethane materials were summarized in the textbook written by Saunders .

Also, synthetic methods and physical properties of "hard" type of poly-

4
urethanes have been reported in detail by Lyman . Though many reports



have been published on polymerization techniques, fundamental studies of

polyure thane chemistry, especially of homopolymers
, lagged behind these

developmental studies largely because of the commercial development and

success of other synthetic plastics and fibers such as the polyamides,

the polyesters and polyacrylonitriles . Lack of a good versatile technique

for preparing polyurethanes having a wide variety of structure also con-

tributed heavily to their slow development. It became apparent, however,

to some researchers from their growing knowledge of relationships between

molecular structure and polymer properties that linear polyurethanes had

a large, unrealized potential for giving polymers with a new and unique

combination of properties

.

Studies of physical properties and structural analysis of polyure-

thane materials have been developed in parallel with the developments of

synthetic methods as follows.

Studies of x-ray analysis of samples prepared by polymerizing

hexame thylene diisocyanate and 1,4-butanediol were first reported by

Zahn, et.al.^ They calculated the unit cell constants of the polymer and

concluded that the backbone chain is in the planar zigzag conformation.

The results of the x-ray analysis for the urethane polymer having an odd

number of methylene sequences in the diol part which was prepared from

hexamethylene diisocyanate and 1 , 5-pentanediol were reported by Saito,

et.al.^ They proposed a crystal structure which indicated deviation

from the planar zigzag conformation with twisting in the left and right

hand sides to form complete hydrogen bonding similar to the y-form of

nylon materials. Also, two modifications similar to the a- and y-forms

(



found in polyamides have been observed by Lyman, et.al.
7

using polyure-

thane materials prepared from nonamethylene diisocyanate and ethane-

glycol. They mentioned that the relative amount of each form present

appeared to depend on temperature and degree of draw.

As discussed above, the "hard" polyurethane materials prepared from

diisocyanates and diols show crystalline regions as detected by x-ray

diffraction. The next problem is to define the crystal morphology.

There are many types of morphological entities observed in bulk polymeric

materials, e.g., spherulites, hedrites, dendrites and extended chain

g
structures. Eppe, et.al. , indicated that the material crystallized

from the glassy state of polyurethane materials by annealing had a fib-

rillar structure. These workers found that polyurethanes can be quenched

to a glassy state with spherulites developing during subsequent annealing

similar to the case of poly (ethylene terephthalate) . Also, they have

shown that the discrete small angle x-ray diffraction maxima develops

during the annealing of glassy polyurethanes coincidentally with develop-

ment of crystallinity . From these results they concluded that the spheru-

lites of polyurethanes found during annealing might be composed of fib-

rous or ribbonlike structures.

Q
Kern, et.al. , has investigated the internal structure of the

crystalline regions using oligomers of polyurethanes crystallized from

solution. They found that the small angle x-ray diffraction long period

at first increases with increasing molecular weight and then remains

constant. The results were interpreted as indicating that molecules

greater than a certain critical length form chain folded structures.



It is well known that interchain interaction forces, including

hydrogen bonding, affect many physical properties of urethane elastomers

3to a considerable extent . The polyethers and esters from which urethane

elastomers can be obtained vary in structure and consequently they can

contain different proton-acceptor groups. Also, the hydrogen bonding

formation plays a very important role in the determination of the chain

allignment as shown for the a- and y- forms in polyamides. Boyarchunk,

10
et.al. , studied the mechanism of hydrogen bonding formation in ure-

thane elastomers based on polyesters and polyethers and suggested the

conclusion that in polyester-urethanes the main type of hydrogen bonding

is the bond between the NH group and the C=0 of the ester group and in

poly(ether urethanes) it is the bond between the NH and CO groups of

the urethane unit.

Studies of the viscoelastic properties of polyurethanes have been

more extensive than other investigations. Results of dielectric studies

of the samples prepared from hexamethylene diisocyanate and 1,4-butane-

diol have been reported by Hirata, et .al . They observed two loss peaks

which located around 1 Hz and 10~* Hz at 64°C and suggested that the high

frequency dielectric loss is related to the mechanical loss which is the

a relaxation process due to the segmental motion in the amorphous region

and also the low frequency loss peak would be a manifestation of a cer-

tain kind of molecular motion in the crystalline regions.

Polyurethanes prepared from hexamethylene diisocyanate and 1,4-butane

12 13
diol have been studied mechanically by Becker, et.al. , Illers, et.al.

and Jacobs, et.al.
14

Jacobs and Jenckel found three relaxation



regions labeled a, 3 and y respectively for four polyurethanes prepared

from hexamethylene diisocyanate and 1,4-butane, 2,5-hexane, 1,6-hexane

and 1,10-decanediol . They interpreted the results of the mechanical

property studies as follows: the a relaxation is probably related to

the amorphous glass transition, the B relaxation involves absorbed water

molecules, and the y relaxation is probably associated largely with

motions of the (CH^)^^ sequences in the diols

.

The literature discussed above summarizes earlier work concerning

the studies of thermal, dielectric and mechanical properties and x-ray

analysis of "hard" polyurethane materials. In order to further eluci-

date the relationships between these properties and the chemical struc-

tures of "hard 11 polyurethanes, some samples of "hard 11 polyurethanes were

chosen for investigation in this thesis . Several techniques have been

used in this study . These are the dynamic mechanical , dielectric
,
x-ray

,

differential thermal scanning calorimetry, infrared, electron microscope

and dilatometry techniques.

Sample Preparation

Three different diisocyanates (hexamethylene-, 4,4 '-methylene-

diphenyl- and 4-methyl meta-phenylene diisocyanates) were reacted with

the various diols which have numbers of methylene units from n=2 to

n=10. The diisocyanates and diols were polymerized by the method of

step-growth polymerization described by L>man^ in a mixed solvent of

me thyl isobutyl ketone (MIBK) and dimethyl sulfoxide (DMSO)
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The structures of the repeat units of the polyurethanes are

H Series

0 H H 0

C-N(CH ) N-C-O(CH-) 0
^ o 2 n n=2-10

DP Series

OH HO
11 1 ^ 1 11

C-N-( 0)-CH -<o)-n-C--0(CHJ 0
N— £ N— 2 n

n=2-10

AM Series

H 0

0 H

-C-N-(^Oj)-CH

N-C-0(CH.) 0-
/ 2 n

n=2-10

The polymerization processes are described in detail in the following

section.

A. Polymerization Method .

Diisocyanate (0.1021 mole) was mixed with 40 ml of MIBK in the

vessel in which the air was displaced by nitrogen. The reactor was a

three-necked, round-bottomed flask with ground glass joints, equipped

with a thermometer, an agitator sealed to prevent access of air, a

Friedrich condensor with a drying tube on the outlet and a heating mantle

Forty ml of DMSO were added to the mixture of MIBK and diisocyanate and

gentle agitation was started and the mixture heated to about 20°C below

reflux temperature as listed in Table I-I. Diol was added to the
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mixture volumetrically from a hypodermic syringe calibrated in 0.1 cc

divisions

.

The mixture was heated to the reflux temperature and maintained

for the time listed in Table I-I after the diol was added. After the

time listed in Table I-I, the solution became cloudy, indicating separa-

tion of polymer. Heating was continued for 10 to 60 min at the reflux

temperature after the cloudiness first appeared. During this time the

polymer precipitated. One or two drops of methyl alcohol was added to

the slurry to terminate the reaction. The slurry was poured into water

to precipitate the polymer while it was at a temperature above 70°C.

The polymer precipitated in the water was filtered using a Bucher funnel.

It was then washed twice with water and methyl alcohol to flush out most

of the remaining solvent and monomer. The slurry was agitated to pre-

vent bumping and foaming, and the reactor was heated at 100°C for 1 hr

to remove the remaining solvents and monomers by steam distillation.

The polymer was dried under a pressure of about 30 mm Hg at 75°C for

24 hrs.

B. Notes for Polymerization .

1. Diisocyanates and solvents were purified by distillation

under the following conditions

.

Boiling Point

hexamethylene diisocyanate 113 - H4°C/5 mm Hg

4, 4' -methylene diphenyl diisocyanate 110°C/4.3 mm Hg

4-methyl meta-phenylene diisocyanate 70.3°C/0.6 mm Hg

MIBK 113.1 - 113.4°C/760 mm Hg

DMSo 60 - 61°C/55 mm Hg



A slight excess, corresponding to NCO/OH=1.02, was used to make up

for slight but inevitab le losses of diisocy anate functions by reaction

with moisture. The stoichiometric amount produces a polymer with lower

melting point

.

2. The reactor components were dried at 110°C for at least

1 hr, then quickly assembled while hot and flushed with dry nitrogen to

displace the air in the system.

3. Monomers were stored in the refrigerator under vacuum.

4. The solvent was dried by distillation just before use.

5. The diol must be anhydrous. The diols from 1,2-ethane-

diol to 1,7 heptanediol and the three diisocyanates were purified by

vacuum distillation. 1 , 8-octanediol to 1 , 10-decanediol were purified

by recrystallization from hexane. The conditions for purification of

diols are listed in Table I-II, including the weights corresponding to

0.1021 mole.

6. The solubilities of polyurethanes are tabulated in

Table I-III.

C . Sample Identification .

An elemental analysis for carbon, hydrogen and nitrogen was

carried out and theoretical values for these elements calculated on the

assumption that the repeat units are exactly as depicted in the Introduc

tion and that no chain branching occurred due to allophanate formation

or the presence of impurities. The results are given in Table I-IV and

it may be seen that the agreement is good. The deviations noted for

hydrogen in the case of the 4M series probably arise from the presence

of absorbed water as this series is extremely hydrophilic.
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The viscosity average molecular weights, are listed in

Table I-V
1

using the following relationships.

where

[n] = K

K = 5.52 x 10
4

a = 0.66

The values of K and "a" used were calculated on a polymer containing

polycaprolactam and dissolved in DMF at 25°C
16

.

Experimental

A. Sample Preparation .

1. The H and DP series samples were compression molded into

films suitable for mechanical testing at 10°C above their melting point.

The films were allowed to cool in air to room temperature or they were

quenched to various temperatures by plunging them into liquid nitrogen.

2. The 4M series samples were compression molded into films

at temperatures approximately 50°C in excess of their T
T

s.

3. Annealing was carried out in an oil bath with the samples

enclosed in a sealed tube under dry nitrogen.

A. The solution grown samples in the H series were prepared

by crystallization in cyclohexanone at 65°C for 24 hrs.
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B. Measurements .

1. X-Ray. A continuous radial scanning technique was used

with a molybdenum source. The degree of crys tallinity was calculated

from the ratio of the area of the
,
crys talline peaks to the area of the

amorphous peak. Only the H and DP series showed evidence of crys tallinity

by the x-ray method. In the case of the DP series, it was possible to

obtain completely amorphous material by quenching into a dry ice-alcohol

mixture. In the H series, completely amorphous polymers were not obtain-

able in this way and so the measurement of the area of the amorphous peak

had to be carried out by heating the polymers above their melting points.

2. Dynamic Mechanical Measurements. All measurements were

carried out using a Vibron Dynamic Viscoelastometer (Toyo Measuring

Instrument Company), Model DDV II. The temperature range was from -190°C

to 200°C and the samples were heated at 1 to 2 degrees per minute under

dry nitrogen. The frequencies of measurement were 3.5, 11 and 110 Hz.

3. Dielectric Relaxation. Measurements were carried out with

a mutual inductance bridge similar to the Cole-Gross bridge. The appara-

tus was constructed with three terminal electrodes in order to avoid edge

and surface effects as well as the stray capacity effect. Samples were

sputtered with silver on both surfaces and were kept sealed under dry

nitrogen to avoid absorption of water. The temperature range used was

from -190°C to -20°C and all measurements were carried out at 100 Hz.

4. Thermal Analysis. Measurements were carried out by Differ-

ential Scanning Calorimetry (DSC, Perkin Elmer Model IB). The scanning

speed was 10°C per minute in all cases.
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5. Infrared Analysis. Measurements were carried out on a

Grating Infrared Spectrophotometer (Perkin Elmer 257). The characteris-

tic frequencies lie in the infrared frequency range between 4000 cm"
1

and 200 cm . The sample thickness used for this purpose ranged between

20 to AOp.

6. Volumetric Measurements. The dilatometric technique was

used for this measurement. The sample was sealed under vacuum in the

sample chamber and after 2 hrs under vacuum, mercury was poured into the

chamber. The heating rate was 0.5°C per minute and the relative volume

increase was read as the height of mercury using cathetometer

.

—> Vacuum
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7. Electron Microscope. The surface replica technique was

adopted for this purpose using cellulose acetate to take the replica.

The cellulose acetate was coated by carbon vapor to remove the mirror

image on the carbon-coated substrates. The electron microscope pictures

of the replica were taken by a Hitachi HU-11 electron microscope at

78kv and at the beam current of 10 to 20pA.
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CHAPTER II

THE LOW TEMPERATURE RELAXATION

(Y RELAXATION) IN POLYURETHANES

Results

The temperature region investigated encompasses the so-called y

relaxation region for all three series of polyurethanes . Figure 1 gives

the temperature dependence of the mechanical loss tangent, tanS , for the

AM series. It is seen that for AM-1,2 and 1,3, there is a small, very

low temperature relaxation peak (to be discussed later), but the main y

peak is absent at 110 Hz. There is some evidence for a small y peak in

AM-1,3 at 11 Hz. It is at once apparent from inspection of Figure 1

that the magnitude and temperature location of the y relaxation is sen-

sitive to n, the number of methylene units in the diol part of the repeat

unit. This behavior is general for all three series and forms the basis

for the molecular interpretation of the y relaxation in the polyurethanes

investigated

.

Figure 2 shows the dependence of the temperature of the y peak

maximum on n. The temperatures of the E" and tan5 maxima are both plotted

and both show the same trends. With the exception of AM-1,2, both the

AM and DP series show the same behavior which is a gradual decrease in

peak temperature as n increases. AM-1,2 displays a peak with a maximum

at the anomalously low value of -160°C, much lower than that observed

for any of the other polymers in any series. The H se-ries exhibits a

small increase in temperature in going from H-1,2 to H-1,4 and then the

same general trend as the DP and AM series for the higher values of n.
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For the sake of comparison are also plotted temperatures of the peak

maxima for the polyethers
17

poly (ethylene-oxide)
, [-0CH„CH o0-] , and poly

2 2 n

(tetramethylene oxide), [-OCh^CH^h^CH^-] 17
, as well as the temperature

of the peak maxima of a series of poly (methylene terephthalates)

,

0

^

' / x ] 8
-C- (OJ -0(CH ) -0 for x=5-10 . The comparisons are somewhat sus-— ^ x n

pect in that the frequencies at which the measurements on these polymers

were made were somewhat different from those used in the present work.

However, the assumption was made that the y peak had an activation energy

comparable to that observed for the polyurethanes and the peak tempera-

tures were thus adjusted to 110 Hz on this basis. It can be seen that

the polyether data corresponds quite closely to the DP and 4M series

while the poly (methylene terephthalates) show peak temperatures higher

than those observed in the polyurethanes. The poly (methylene terephtha-

lates) show tendencies for the peak temperatures to decrease with increasing

n in a similar manner to the behavior of the DP, H and AM series.

The activation energy of the y process for the three series is

plotted as a function of n in Figure 3. These values are obtained in

the usual manner, i.e., from the slope of the line resulting from a plot

of the logarithm of frequency versus the reciprocal of the absolute tem-

perature- of the peak maximum at the corresponding frequency as given by

the next equation

i d log f

AHr = 2.303 R —
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Although the points are somewhat scattered, it can be seen that the acti-

vation energy shows a general increase with increasing n for the DP and

AM series. There is no apparent regular trend in the case of the H

series. As the basis for comparison may be cited the dielectric studies

19
of Michailov who investigated the activation energy of the y process

for a series of poly(n-alkyl acrylates) of varying side chain lengths.

It was found that the activation energy remained constant at a value of

9 kcal mole \ independent of the length of the side chain. The y pro-

cess in the polyacrylates is thought to arise from local motions of

three or more methylene units in the side chain. It would thus appear

that the main chain y process in the polyurethanes differs in its mecha-

nism from the side chain relaxation in the poly(alkyl acrylates)

.

Figures A and 5 show the dependence of the magnitude of the tan<5

peaks and the E
n peaks on n for the various series at 110 Hz. The y

peak is essentially absent for values of n less than A at 110 Hz for both

the DP and AM series while it is present for all values of n in the case

of the H series. (For the moment, the peak occurring at -160°C for

AM-1,2 and AM-1,3 is not included in the discussion.) In all series,

the magnitude of the peaks show a tendency to increase with increasing

n, although this is much less marked in the H series than in the AM and

DP series.

A,' The Effect of Thermal History on the y Relaxation .

Figures 6 and 7 show the temperature dependence of tan6 and

E" in the y region for H-1,2 and H-1,5 respectively as well as the effect

of various thermal treatments on the shapes of these peaks. It can be
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seen from Figures 6 and 7 that the y relaxation for the H series consists

of three different overlapping peaks. These $re labeled y^ Y
2

and y
3

in order of decreasing temperature and are most clearly evident in the

case of the E" plots for the annealed samples. Figure 8 shows the be-

havior of DP-1,5 under the same conditions, and it can be seen that there

now appear to be only two overlapping peaks, labeled and in the

figure. In this case the two peaks are most clearly evident in the

quenched tan6 plot. The 4M series behaves in a similar manner to the DP

series as shown in Figure 9, except that, for 4M-1,5, which is chosen for

purposes of illustration, the two overlapping peaks are best distinguished

in the annealed E" plot.

As a general rule, inspection of Figures 6-9 reveals that the

overall magnitude of the y relaxation peak is decreased by annealing.

Also, the y^ process becomes relatively less prominent on annealing.

Annealing has two effects: it increases the degree of crys tallinity as

measured by the x-ray method in the case of the H and DP series, and it

increases the amount of hydrogen bonding for all three series. (The 4M

series remains completely amorphous as determined by x-rays regardless

of the thermal history.) The decrease in the magnitude of the overall y

process with annealing is thus indicative of an amorphous phase origin

for the process and/or an association with hydrogen bonded groups.

B. ' The 6 Relaxation .

Figure 10 shows the temperature dependence of E" in the region

of -180°C to -100°C for several members of the AM series. It is readily

seen that 4M-1,2 does not exhibit any well defined peak in the y region
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of the -140°C to -120°C. Rather, a small peak with a maximum at -160°C

is noted. This is labeled <5 and is seen to persist for the higher mem-

bers of the AM series in the form of a shoulder on the y relaxation peak.

The anomalous temperature of the peak maximum of the 6 peak relative to

the "normal" y peak temperature of the other members of the AM series

has already been noted, as well as the absence of this peak in the DP

and H series. It is thus proposed that the 6 relaxation arises from a

separate and distinct molecular mechanism that is different from the y

relaxations observed for all three series.

C . The Dielectric y Relaxation .

Figures 11 and 12 show the temperature dependence of the dielec-

tric loss, e", for two members of the AM series and two members of the H

series, respectively. The higher temperature peak located in the -A0°C

to -60°C range is apparently connected with absorbed water and is the

subject of a subsequent publication. It will not be discussed further

at this time except to note the fact that this peak overlaps the dielec-

tric y relaxation quite severely in all three series. In the case of the

AM series, Figure 11 shows that the dielectric y relaxation behaves in a

similar manner to the mechanical y relaxation insofar as an increase in

magnitude occurs with increasing n. However, the dielectric y relaxation

is not completely absent for AM-1,2 as it is in the mechanical case, but

rather a
1 small peak is discernible at -110°C, although precise location

is difficult because of the overlap of the water peak^ In contrast to

the mechanical results, the dielectric data shows no trace of the 6

relaxation peak. Turning to the H series, Figure 12 shows that the dielec-

tric y relaxation for H-1,2 is much smaller in magnitude than the mechanical
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Y relaxation for the same polymer. H-1,5 exhibits an asymmetric dielec-

tric y peak which appears to consist of two overlapping peaks in contrast

to the three overlapping peaks of the mechanical y relaxation.

Discussion

In the light of the results presented above, it is possible to pro-

pose molecular mechanisms responsible for the loss peaks observed in the

low temperature region. Each relaxation will be discussed in turn starting

at the low temperature end.

A. The 6 Relaxation .

It has already been suggested in the results section that the

6 relaxation arises from a mechanism distinct from that of the y relaxa-

tion. Inasmuch as this relaxation occurs only in the 4M series, it is

reasonable to suspect it to be associated with a structural feature

occurring in the 4M series but absent in the DP and H series. The 4M

series possesses the unique structural characteristics of having a methyl

group attached to the 4 position of the benzene ring (see the structure

of the repeat unit given in the Introduction). In the case of poly(methyl

methacrylate) a loss peak assigned to the rotation of the a methyl group

20 21
has been observed by mechanical measurements * and by NMR line width

22 o
studies . This loss peak occurs at a temperature of ~173°C at 1 Hz.

Allowing for the frequency difference of the measurement, this value is

quite close to the temperature of the 6 relaxation observed in the pre-

sent work. It thus seems reasonable to assign the 6 relaxation to the

rotation of the methyl group attached to the 4 position of the benzene

ring.
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23
It has been pointed out that the rotation of a methyl group can-

not give rise to mechanical loss if the potential energy as a function of

rotation angle is given by three energetically equivalent minima each

separated by 120° as has generally been supposed. It thus appears that

the potential energy must be some more complex function of the rotation

angle of the methyl group than would be expected on the basis of the sim-

ple rotational isomer model. In the case of the 4M series, it seems

reasonable to expect this behavior in view of the possibility of the

volume change originated by the rotation of the methyl group attached

to the benzene ring.

The absence of a dielectric 6 relaxation also lends support to the

assignment of the mechanical 6 relaxation to methyl group rotations.

Since such motions do not involve any dipole reorientations, they would

not be expected to give rise to a dielectric loss peak

.

B • The y Relaxation .

Since the y relaxation in the polyamides has been extensively

investigated, the findings will be used as a basis for the discussion of

the y relaxation in the polyurethanes studied here. The polyamides differ

structurally from the polyurethanes only in that the

HO HO

-N-C-0- group in the polyurethanes is replaced by the -N-C- group in the

polyamides. The following facts have been established concerning the y

, ,
23

relaxation in the polyamides

(1) The y relaxation in polyamides arises in part from the motion

of (CH
2

) units between amide groups with n _> 3.
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(2) The polar amide groups are partially responsible for the y

relaxation.

(3) The activation energy of the y relaxation is 9 - 10 kcal

,
-1

mole

Low temperature relaxations of the y type have been observed for

a great many polymers of different structural .characteristics. It has

24
been proposed, notably by Schatzki , that the mechanism of the y relaxa-

tion consists of the hindered rotation of a few methylene groups as a

unit. These groups may be located either in the main chain or in side

chains. The essential features of the model of Schatzki are that the

end bonds of the rotating unit of methylene sequences are colinear and

remain fixed. In order for this condition to be met, assuming tetrahedral

bond valence angles, equal bond lengths and the rotational isomer confor-

mation model, it must be that in the sequence -CH -{CH^-CCH^^-CH^^CH
,

n=4 or greater. Parenthetically, it should be noted that such a mecha-

nism must be operative in the amorphous phase since, in the crystal phase,

all the CH groups are in the trans conformation (0° rotational angle)

and this does not allow for the colinearity of the end bonds required by

Schatzki's mechanism. However, it has been shown, at least for the

cases of polyethylene
25

, an ethylene-methacrylic acid copolymer
26

and

2 7
polychlorotrifluoroethylene that the y transition arises partially from

the crystalline phase. Thus, a crystalline contribution to the y relaxa-

tion in the case of the polyure thanes cannot be entirely ruled out. Res-

tricting attention to the amorphous phase for the moment, and adopting

Schatzki type mechanisms for the y relaxation in the polyurethanes ,
the
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following sequential structures may be examined in addition to methylene

sequences alone

H H

-N^CH
2
-(CH

2
)
4
-CH

2
^N- (1)

Here the N-C bonds act as the rotation axis for the methylene se-

quence and it is presumed that the NH groups are fixed by intermolecular

hydrogen bonds. This case is thus really identical to the Schatzki model

and would be expected to be active in the H series only. Inasmuch as the

relaxation occurs only in the H series, it may reasonably be assigned

to the above type of motion.

The strict application of the above mechanism to the y^ process

would indicate the absence of a dielectric y^ Pea^ since, as in the 6

process, no dipole reorientation is involved. As will be discussed

shortly, the conclusion may also be reached that no dielectric y relaxa-

tion of any kind should be present for H-1,2. While it is true that the

dielectric y relaxation in H-1,2 is much smaller in magnitude than the

mechanical y relaxation in H-1,2, Figure 12 nevertheless reveals traces

of a y peak. A plausible explanation for this is that the y^ process

causes a certain amount of motion of the polar groups to take place.

This need not involve rotations but may only consist of vibrations or

r

torsional oscillations. The requirement of dipole reorientation would

obviously be satisfied by many types of motion of the polar groups.


