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ABSTRACT: The if xtric relaxation of mats of a-TPI solution crystallized lamellas, suspension-epoxi- 
dized lamellas, and solution-crystallized block copolymer lamellar structures was obtained in the 100-320 
K range at frequencies from 0.01 to 10 000 Hz. Two relaxation processes were detected for each of the 
three samples and apparent activation energies obtained. Both of these processes are located in the fold 
surfaces for the TPI lamellas and suspension-epoxidized lamellas and in the folds and interlamellar traverses 
in the crystallized block copolymer. The most prominent of these processes in each sample is associated 
with the glass transition, but the subglass processes can be well characterized also. 

Introduction 

Precipitation of trans-1,4 polyisoprene, TPI, from solu- 
tion by cooling yields semicrystalline single lamellas or 
lamellar structures in one of two different crystal modi- 
fications depending on the crystallization 
Various properties of these preparations have been stud- 
ied including the m~rphology,'-~ ~ r y s t a l l i n i t y , ~ . ~ ' ~ - ~  ther- 
mal dynamic mechanical behavior," and 
chemical reactivity in suspension using carbon-13 
NMR.s,1','2 Chemical modification in suspension leads 
to  segmented block copolymers and supplies quantita- 
tive information regarding the crystalline stem length and 
the average fold length in the original TPI structures. 
Segmented block copolymers containing TPI and epoxi- 
dized TPI sections have been found from differential scan- 
ning calorimetry to crystallize from the melt" and from 
~olution; '~ the morphology, crystallinity, and average crys- 
talline and noncrystalline lengths of solution-crystal- 
lized segmented block copolymer samples have recently 
been studied.13 Multilamellar structures with TPI crys- 
tal cores and a surface component containing both epoxi- 
dized TPI and TPI units result under the crystallization 
conditions used to date. 

Three mechanical relaxations at 110 Hz were exhib- 
ited by pressed solution-grown lamellar TPI  mats hav- 
ing a crystalline component in either the a or /3 form." 
Upon epoxidation in suspension of a-form containing 
lamellas the mechanical relaxation process related to the 
glass transition was observed to shift by 55 deg to higher 
temperatures. To  date dielectric relaxation measure- 
ments have not been reported for solution-grown TPI 
lamellas or segmental block copolymers of TPI. How- 
ever, some dielectric results for lamellas from solution of 
lightly oxidized polyethylene14 and for melt-crystallized 
segmented polyether/polyurethanes have appeared.15 In 
the study of polyethylene lamellas a low-temperature relax- 
ation associated with the folds was reported, and in the 
other investigation the crystallizing polyurethane seg- 
ments were shown to affect the polyether chain mobil- 
ity. 

Due to the polarity of the epoxy group, dielectric mea- 
surements appear to be particularly appropriate for study- 
ing the behavior of epoxidized TPI. In the present work 
the dielectric relaxation of three solution crystallized sam- 
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ples was investigated. These were (1) a-TPI solution- 
crystallized lamellas, (2) suspension-epoxidized solution- 
crystallized a-TPI lamellas (from l), and (3) solution- 
crystallized segmented block copolymer (from 2). The 
frequency/ temperature behavior of the relaxation pro- 
cess associated with the glass transition depended on the 
sample; a secondary process was apparent for each of the 
three materials. 

Experimental Section 
Samples. Unfractionated synthetic TPI (Polysciences, Inc.) 

was used as received (M,  = 35 000, M J M ,  = 4.8, trans con- 
tent = 99 %). The crystallization procedure involves dissolu- 
tion in a hexane mixture (0.5% w/v) and filtration at 68 "C, 
precipitation at 0 "C, slow heating to the temperature of redis- 
solution (34 "C), and isothermal crystallization at 20 "C. The 
characteristics of this single lamella preparation are given in 
the first line of Table I; details of the methods used and a dis- 
cussion of the results for this particular sample were given 
previ~usly.~ A segmented block copolymer containing TPI and 
epoxidized TPI sections was prepared by reaction with an excess 
of m-chloroperbenzoic acid at 0 "C dissolved in 2-ethoxyetha- 
no1 with the hexane-grown TPI lamellas in suspension for 20 
days.13 The reaction product was washed repeatedly with 2- 
ethoxyethanol and then with ethyl ether, filtered, and dried at 
0 "C. The procedure used leads to lamellas with completely 
epoxidized TPI surfaces as evidenced by the agreement within 
experimental error of the fraction epoxidized from carbon-13 
NMR measurements (0.41) and the amorphous fraction from 
infrared spectroscopy measurements (0.44) and by the com- 
plete disappearance of the infrared bands characteristic of amor- 
phous TPI.13 The segmented block copolymer was subse- 
quently dissolved in 2-pentanone at about 44 O C ,  the solution 
filtered, and precipitation carried out at 0 "C. The character- 
istics of this preparation are shown on line 2 of Table I; these 
are discussed ~eparate1y.l~ 

All samples were first obtained as cylindrical filtered mats 
1-2 mil in thickness. Specimens for dielectric measurements 
were prepared by pressing a stack of these mats together using 
a pressure of 2000-5000 psi giving an average thickness of 10- 
13 mil. After coating with gold, cylindrical samples of about 
30-mm diameter were cut with a cork borer. A guard ring was 
scribed in the gold coating on one side. 

Dielectric Measurements. The measurements were made 
isothermally in the time domain by using a dielectric spectrom- 
eter manufactured by the IMASS Co. of Hingham, MA. This 
instrument is closely based on an instrument designed at the 
National Institute of Standards and Technology by Mopsik.ls 
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Table I 
Sample Chara~ter is t ics 'J~ 

% crystallinity 
sample cryst solv T,, "C T,, "C cryst form FTIR density NMR ( A ) b  (B)' 

TPI hexane 20 56 a 56 54 59 14., 10 
block coplymD 2-pentanone 0 44 cy 32 33 11 22 

a Segmented block copolymer prepared by suspension epoxidation of TPI lamellas. * Average crystalline stem length in repeat units from 
Average noncrystalline traverse length in repeat units from epoxidation/carbon-13 solution NMR. epoxidation/carbon-13 solution NMR. 
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Figure 1. Dielectric constant versus temperature for a-TPI 
lamellas a t  six decade frequencies from 0.01 Hz to 1 kHz plus 
8 kHz. 

It measures the charging curve in response to a step voltage 
that then remains constant over the course of the measure- 
ment. Fourier t ran~formation '~ of the charging curve to pro- 
duce the frequency-dependent complex dielectric constant is 
carried out on a computer local to the instrument immediately 
on termination of accumulation of the charging curve. Atten- 
tion has been given to  the special characteristics of dielectric 
charging curves in the Fourier transformation a l g ~ r i t h m , ' ~  and 
the resultant complex dielectric constant can be measured from 
a high frequency (10 kHz) dependent on the step voltage rise 
time to a low frequency dependent on the length of the charg- 
ing process (up to 3000 s for Hz). In the present work the 
charging was terminated at 30 s or -0.01 Hz. 

The sample was supported's by the measuring electrodes that 
had the form of two opposed small cylindrical rods normal to 
the sample surfaces. One of these is spring loaded and thus 
serves to hold the specimen. The guard ring connection was 
made by means of a small alligator clip on the edge of the spec- 
imen. The sample was housed in the controlled temperature 
chamber supplied with the instrument. The chamber is con- 
trolled by the instrument's computer, and a series of isother- 
mal measurements a t  programmed temperatures was made. 

Although the data were taken in isothermal mode and the 
transforms made, to give dielectric constant and loss output, a t  
seven frequencies per decade, for display purposes in the present 
case, it is more informative to plot the data isochronally a t  var- 
ious selected frequencies as a function of temperature. 

Results 
Plots of the dielectric constant and dielectric loss ver- 

sus temperature at  five frequencies from 0.1 to 1000 Hz 
are given in Figures 1 and 2 for the pressed a-TPI lamel- 
lar mat sample. Two loss processes are apparent. The 
dielectric constant at  100 K was 2.78 to 2.79, depending 
on the frequency; in conjunction with the process start- 
ing around 200 K, an increase in the dielectric constant 
with temperature to 2.81-2.85 and then a decrease to 2.80- 
2.81 was observed. 

Dielectric results for the pressed mat of lamellas after 
surface epoxidation are given in Figures 3-5. Two dielec- 
tric processes are also observed for this specimen. How- 
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Figure 2. Dielectric loss versus temperature for a-TPI lamel- 
las: (a) filled squares, 1 Hz; open squares, 100 Hz; (b) filled tri- 
angles, 0.1 Hz; open triangles, 10 Hz; filled squares, 1 kHz. 

ever, the dielectric loss maxima for both processes are 
about an order of magnitude larger than those found for 
the TPI mat. A shift of the loss maximum for the more 
prominent process by about 70 deg and the secondary 
process by about 30 deg to higher temperatures is also 
seen. Following crystallization of the surface epoxidized 
material from 2-pentanone at  0 "C, dielectric measure- 
ments gave the results in Figures 6-8. Two processes 
are again evident in these data. Comparison of these 
results with those obtained from the suspension-epoxi- 
dized lamellas before crystallization show a shift of the 
more prominent process to lower temperatures by about 
16 deg after crystallization and little change in the tem- 
perature position for the secondary process. 

To aid in the interpretation, relaxation strengths and 
width parameters were determined for the primary pro- 
cesses in the surface-epoxidized a-TPI lamellas and sur- 
face-epoxidized a-TPI lamellas recrystallized from solu- 
tion by fitting the Cole-Cole equation" to complex plane 
plots. In order to give a more complete arc, two nearby 
temperatures were used for each plot and it was assumed 
that over the small temperature interval the parameters 
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Figure 3. Dielectric constant versus temperature for surface- 
epoxidized a-TPI lamellas at 7 decade frequencies from 0.01 
Hz to 10 kHz. 
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Figure 6. Dielectric constant versus temperature for surface- 
epoxidized a-TPI lamellas, subsequently crystallized from 2- 
pentanone at 0 O C ,  at 0.02,0.1, 1, 10, 200, 1000, and 8000 Hz. 
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Figure 4. Dielectric loss versus temperature of the surface- 
epoxidized a-TPI lamellas of Figure 3 plotted in the secondary 
loss region. Shown are five decade frequencies from 0.1 Hz to 
1 kHz. 
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Figure 5. Dielectric loss versus temperature of the surface- 
epoxidized a-TPI lamellas of Figure 3 plotted in the primary 
loss region. Shown are six decade frequencies from 0.1 Hz to 
10 kHz. 

could be considered as temperature independent. The 
fits are shown in Figures 9 and 10 along with the param- 
eters determined. 

Kirkwood-Onsager "g" factorslg were calculated from 
the relaxation strengths in Figures 9 and 10. In accom- 
plishing this, the specimen values reported in Figures 9 
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Figure 7. Dielectric loss versus temperature in the secondary 
loss region for the surface-epoxidized a-TPI lamellas, subse- 
quently crystallized from 1-pentanone at 0 "C, of Figure 6 at 
0.02, 0.1, 1, 10, 200, and 1000 Hz. 
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Figure 8. Dielectric loss versus temperature in the primary 
loss region for the surface-epoxidized a-TPI lamellas, subse- 
quently crystallized from 1-pentanone at 0 "C, of Figure 6 at 
0.02, 0.1, 1, 10, 200, and lo00 Hz. 

Temperature K 

and 10 were used to calculate amorphous phase dielec- 
tric constants using mixture bounding equations for lamel- 
lar morphologies.20 The crystal-phase dielectric con- 
stant was assumed to be the same as the unrelaxed dielec- 
tric constants of the specimens, and the degrees of 
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Figure 9. Complex plane plot of dielectric loss and constant 
in the primary loss region for surface-epoxidized a-TPI lamel- 
las at 290 (open squares) and 310 K (filled triangles). The curve 
is calculated from the Cole-Cole width parameter, 0.251 (= 1, 
single relaxation time; cR = 3.97 and tu = 2.72. 
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Figure 10. Complex plane plot of dielectric loss and constant 
in the primary loss region for surface-epoxidized a-TPI lamel- 
las, subsequently crystallized from 2-pentanone at 0 "C, at 277 
(open squares) and 281 K (filled triangles). The curve is calcu- 
lated from the Cole-Cole width parameter, 0.270 (= 1, single 
relaxation time); cR = 4.70 and tu = 2.89. 

crystallinity were taken from Table I. In this way, amor- 
phous-phase relaxed dielectric constant values of 6.7 and 
6.1 were determined for the epoxidized and solution- 
crystallized epoxidized materials, respectively, and used 
with low-temperature specimen values of 2.45 and 2.65, 
respectively, for the unrelaxed amorphous-phase con- 
stants. The density of the amorphous phase was esti- 
mated to be 1.1 g cm-3 by assuming no change in molar 
volume of TPI  on epoxidation. The latter has an amor- 
phous density of 0.905?l The zero change in volume seems 
reasonable as the change in molar volume of liquid pro- 
pylene on epoxidation is slightly negative. A dipole 
moment of 1.95 D, derived from ethylene and propylene 
oxides," was adopted. The above values in the Kirkwood- 
Onsager equation resulted in g = 0.49 at 300 K for the 
amorphous phase in epoxidized lamellas and g = 0.37 in 
the solution-crystallized epoxidized lamellas. 

A composite plot of In frequency versus the reciprocal 
of the temperature a t  the loss process maximum for the 
three samples investigated is given in Figure 11. Acti- 
vation energies for the processes observed are given in 
Table 11; the values for the block copolymer, before and 
after crystallization from 2-pentanone, are from 30 to 60% 
larger than those for unreacted TPI. 
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Figure 11. Loss map (In j,, versus l/T) for a-TPI lamellas 
(filled triangles are primary process and open are secondary), 
surface-epoxidized a-TPI (filled squares are primary process 
and open are secondary), and surface-epoxidized a-TPI lamel- 
las, subsequently crystallized from 2-pentanone at 0 O C  (filled 
circles are primary process and open are secondary). 

Table I1 
Activation Energies for Dielectric Processes 

E*, kcal/mol 
sample secondary primary 

TPI 10 50 
block copolymer 15 84 
recrystallized block copolymer 13 82 

Discussion 
Dielectric measurements were made on three related 

but different TPI containing preparations. The first of 
these is a-TPI lamellas crystallized from solution with a 
crystalline stem length of 14., monomer units and an aver- 
age fold length of 10 monomer units.' This average fold 
length suggests that at  the lamellar surfaces a signifi- 
cant proportion of either loose adjacent reentry folding 
or of nearby nonadjacent reentry folding occurs? The 
second sample was derived from the a-TPI lamellas by 
a surface reaction, retaining the morphology. It is known 
that segmented block copolymers are formed upon reac- 
tion of m-chloroperbenzoic acid in solution with sus- 
pended TPI lamellas.8'" A product in which the fold 
and lateral surfaces are epoxidized and the crystal core 
is unreacted, as shown by agreement between the frac- 
tion reacted from carbon-13 NMR and the noncrystal- 
line fraction obtained before reaction by FTIR, can be 
obtained by careful choice of reaction conditions and post- 
reaction p~rification. '~ A third sample, having a differ- 
ent morphology and properties, is obtained by crystalli- 
zation of the reacted lamellas. The crystallization pro- 
cedure used yields multilamellar sheafs of folded chain 
lamellas in the a-TPI form with average stem lengths of 
11 monomer units and average noncrystalline traverse 
lengths of 22 monomer units. The noncrystalline traverses 
are expected to include interlamellar tie chains as well 
as folds and chain ends. Agreement in the FTIR and 
carbon-13 solution NMR crystallinities show that all of 
the epoxidized blocks are rejected from the crystal core 
and that the noncrystalline traverses contain both TPI 
and epoxidized TPI units.I3 The increase in the average 
noncrystalline traverse length for the crystallized seg- 
mented block copolymer from that for the parent TPI  
lamellas cannot be explained only in terms of the decrease 
in the crystalline stem length since this would lead to a 
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Figure 12. Schematic diagram of changes in a-TPI lamellas 
due to (a) epoxidation in suspension followed by (b) segmented 
block copolymer dissolution and (c) crystallization. 

traverse length of only about 14 and a crystallity of about 
44%. The measured values of 22 for the.traverse length 
and 32-33% for the crystallinity suggest that some com- 
plete TPI blocks are present in the noncrystalline traverses 
of the crystallized block copolymers. Each complete TPI 
block present will be preceded and followed by an epoxi- 
dized TPI block giving an average length of about 39 mono- 
mer units for a traverse containing one complete TPI 
block. About a 50:50 mixture of traverses with lengths 
of 14 and 39 would correspond to an average of 22. How- 
ever, traverses containing two or more TPI blocks could 
also occur. A diagram showing reaction a t  a lamellar sur- 
face, subsequent dissolution, and crystallization is given 
in Figure 12. 

In the present work all preparations were subjected to 
pressures of 2000-5000 psi. I t  is known that pressures 
from small amounts up to 10 000 psi convert about 4- 
5% of the crystalline material to amorphous material in 
TPI and epoxidized TPI lamellas.' Therefore, the true 
crystallinity of the samples used can be as much as 5% 
lower than the values given in Table 1. 

Three dynamic mechanical processes a t  -118, -30, and 
45 "C (110 Hz) have been reported for a-TPI lamellas;" 
the positions and relative strengths of the two relaxation 
processes below room temperature are in general agree- 
ment with the results of the dielectric measurements. A 
shift in the -30 "C dynamic mechanical process to about 
20 "C is brought about by surface epoxidation of TPI  
lamellas; a similar effect on the analogous dielectric pro- 
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cess was observed in the present study. Glass transition 
temperatures from DSC of -60 "C for melt-crystallized 
TPI (P-form) and 32 OC for -100% epoxidized TPI  were 
reported." The relaxation process reported a t  45 OC was 
not investigated in the present work. 

From the In frequency versus 1/T plots (Figure 11) 
and the general shape of the dielectric loss peaks it appears 
reasonable to assume a correlation of the secondary pro- 
cess exhibited by surface-epoxidized a-TPI lamellas with 
that for the TPI lamellas. A similar correlation of the 
primary processes can also be made. The 10-fold increase 
in the maximum relaxation strength for the secondary 
(lower temperature) process and the 20-fold increase for 
the primary (higher temperature) process in the surface- 
reacted lamellas over the values found for the unreacted 
lamellas are brought about by the addition of the dipo- 
lar epoxy groups. Due to this increase in relaxation 
strength, the location of both processes in the modified 
lamellas, and therefore in the a-TPI lamellas as well, is 
believed to be the fold surfaces. The primary dielectric 
processes for the a-TPI lamellas and for the surface epoxi- 
dized lamellas have the high activation energy (Table 11) 
characteristic of glass t r a n s i t i o n ~ l ~ . ~  and are roughly cor- 
related with the glass transition temperatures for melt- 
crystallized P-TPI and - 100% solution-epoxidized TPI. 
The lower activation energies for the secondary pro- 
cesses suggests that the motion responsible is localized. 

I t  is pertinent to note that the characteristics of the 
primary glass transition processes in both the epoxi- 
dized lamellas and the solution-crystallized epoxidized 
lamellas are similar to those in typical melt-crystallized 
semicrystalline polymers. In totally amorphous poly- 
mers, the glass transition process studied dielectrically 
has a loss peak or complex plane plot that is skewed toward 
high frequency but is otherwise relatively narrow. In con- 
trast, in semicrystalline polymers, the process appears 
to be more symmetrical and much broader.'O As may be 
seen in Figures 9 and 10, this is the case here. The Cole- 
Cole symmetrical circular arc fits well, and width param- 
eters are quite small. The constraining effect of the crys- 
tal phase on the amorphous phase is often observed in 
the Kirkwood-Onsager correlation factor derived from 
the relaxation strength as Its value for otherwise 
uncorrelated dipoles is often diminished from unity. This 
has been attributed to the connections to the crystal inter- 
fering with the ability of amorphous chain dipoles to relax 
completely spatially. In the case here, the g values of 
0.49 and 0.37 found for the epoxidized lamellas and the 
solution-crystallized epoxidized lamellas are signifi- 
cantly less than one. Since there are three flexible bonds 
separating the dipoles, the intramolecular correlation 
should be modest and the small values for g may well 
reflect spatial hindrance. 

It is of interest to compare the mechanical and dielec- 
trical responses. For the rimary or Tg p,rocess, in the 
dynamic mechanical casel'the most prominent effect is 
the shift in location to higher temperature occasioned 
by the alteration of chemical structure of the surface chains. 
The effect on intensity is more subtle and is compli- 
cated by which descriptor to use mechanically as a mea- 
sure of intensity. The dielectric investigations before and 
after surface reaction show the temperature shift with 
change in chemical structure but in addition show a dra- 
matic increase in intensity due to the introduced groups 
being polar. With respect to the secondary process, it is 
worth noting that there has been considerable discus- 
sion in the literature concerning the morphological loca- 
tion of sub Tg relaxation processes in semicrystalline 
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polymers'9120 and whether assignment to the amorphous 
fraction is appropriate. The mechanical studies were not 
able to address this since the introduction of the epoxy 
groups had only a minor effect on the measured charac- 
teristics of the process. However, in the dielectric case, 
which responds specifically to the introduction of polar 
groups, the effect is pronounced. A subglass process that 
can be well characterized is now observed. In view of 
the fact that the epoxidation only alters the chemical 
structure of the surface and not its organization, at the 
very least it may be said that the amorphous overlayer 
in single-crystal lamellas is the location of a well-devel- 
oped subglass relaxation process. This has not been an 
easy phenomenon to demonstrate experimentally, and the 
epoxidized specimens constitute an ideal system for accom- 
plishing this. 

Solution crystallization of the surface reacted lamellas 
under the conditions used in this work yields multilamel- 
lar structures with cores of a-TPI and noncrystalline 
traverses containing blocks of TPI  and epoxidized TPI, 
as described above. The lengths of the noncrystalline 
traverses are distributed about two or more different val- 
ues due to the exclusion of complete blocks of TPI or 
epoxidized TPI units from the crystal core. The change 
in morphology upon copolymer crystallization is accom- 
panied by a shift of the primary dielectric process to lower 
temperatures without a significant change in the activa- 
tion energy, suggesting some relaxation of restraints on 
the chain sections involved with little change in the energy 
barriers to motion. The secondary process for the seg- 
mented block copolymer appears to be less sensitive to 
the change in morphology which again suggests that a 
localized motion is involved for both  preparation^.'^ 
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Monte Carlo Studies of the Interface between Two Polymer Melts 

Johannes b i t e r ,  Gerhard Zifferer, and Oskar Friedrich Olaj' 

Znstitut fur Physikalische Chemie, Uniuersitat Wien, Wahringerstrasse 42, A-I090 Wien, 
Austria. Received November 15, 1988; Revised Manuscript Received June I ,  1989 

ABSTRACT By use of pseudokinetic rearrangements, the interface between two polymer melts that are 
mutually repulsive but otherwise identical is simulated on a five-way cubic lattice a t  a total volume frac- 
tion of unity. The position of the interface, which has been deliberately located a t  z = 0, remains stable if 
the repulsion energy is large enough and if it  is ensured in the algorithm that the ratio of the volume frac- 
tions of the two polymers is distributed sharply about unity. Conventional periodic boundary conditions 
were used in the x and y direction, while antiperiodic boundary conditions were introduced a t  z = -1, f 2 
and z = +1,/2 (1,  being the lattice dimension in the z direction). At such an antiperiodic boundary one 
kind of chain is continued as the other kind if the chain stretches across that boundary and nearest neigh- 
bors are counted as the same if they are different (and as different if they are the same), thus avoiding the 
need for a hard boundary. The interface appears to be thicker and local energies are lower than predicted 
by mean field theories. At the interface it is seen that chain ends and, in case of polydisperse polymers, 
smaller chains migrate preferentially into the opposite melt while chain dimensions perpendicular to the 
interface are decreased. 

1. Introduction a few Monte Carlo studies on bulk polymers near inter- 
faces. These investigations have recently been summa- 
rized by Madden' who simulated the melt-vapor inter- 
face of a polymer with a combination of pseudokinetic 

Although there is considerable interest in the behav- 
ior of macromolecules a t  interfaces there have been only 
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