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ABSTRACT: Inastudy of the surface morphology of com-
mercial poly(vinyl acetate-co-vinyl alcohol) (ACA copoly-
mer) with different percents of hydrolysis, different struc-
tures like fibrils, spherulites, micelles, vesicles, and sphe-
roids were seen. The copolymer was crystallized by
annealing at two different temperatures. The morphology of
the polymer after crystallization and also without crystalli-
zation was studied. A decrease in the melting temperature
just by heating to the melting temperature was observed,

and for a detailed study, repetitive heating of the copolymer
was carried out and changes in the mass and heat of fusion
after every heating was recorded. The morphology of the
copolymer after repetitive heating was studied. © 2002 Wiley
Periodicals, Inc. ] Appl Polym Sci 86: 1211-1218, 2002
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INTRODUCTION

Block copolymers self-assemble in selective solvents.
They form micelles in bulk consisting of an inner core
composed of solely insoluble segments and an outer
shell of soluble segments swollen by the solvent. De-
pending on the composition of the block copolymers,
the micelles can be distinguished into two types: star
and crew cut. There is no sharp boundary between the
two classes of aggregates. The former is usually made
from a block copolymer in which corona-forming
blocks are longer than are the core-forming blocks,
while the latter is made from a copolymer in which the
core-forming blocks are much longer.! The thermal
analytical technique has been widely used to charac-
terize the comonomer sequence distribution in the
poly(vinyl acetate—co-vinyl alcohol) (ACA) copoly-
mer.>> The micelle formation in ACA copolymers was
observed by thermogravimetric and X-ray analyses.?

Amphiphilic copolymers are an important mate-
rial in the fields of natural science and biochemistry
as well as in the industrial field. They have a variety
of applications, such as in emulsifiers, colloid stabi-
lizers, and drug-delivery systems. The ACA copol-
ymer has a very large number of industrial applica-
tions including use as a protective colloid in emul-
sion and suspension. The ACA copolymer can be
prepared by hydrolysis or saponification of poly(vi-
nyl acetate) (PVAC) and by reacetylation of poly(vi-
nyl alcohol) (PVA).*” The total degree of hydrolysis
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and sequence distribution of monomer units in the
copolymer regulate the properties of these copoly-
mers, such as the degree of crystallinity and the
melting temperature. The copolymer composition,
sequence length, and block character of residual
vinyl acetate units that affect mainly the structure-
property relationship can be quantitatively mea-
sured by '*C-NMR spectroscopy.®

In this article, different morphologies of the ACA
copolymer at the equilibrium melting temperature,
after a standard thermal history and also without it,
are discussed in the Results and Discussion section. A
continuous decrease in the melting temperature of the
copolymer, regardless of the vinyl acetate and vinyl
alcohol content in the copolymer, was observed and
the morphologies after repetitive heating to the melt-
ing temperature were studied.

EXPERIMENTAL

ACA with different percents of hydrolysis, such as A
= 97-99%, B = 87-89, C = 97-98%, and D = 94-96%,
from Poly Chem. India (Mumbai, India) were use for
the study.

DSC analysis

The melting temperature of the polymer is dependent
on several experimental factors: One of the factors is
the rate at which the polymer is heated and another is
the thermal history of the sample. All the samples
were crystallized by annealing at two different tem-
peratures, 120 and 160°C, after heating to 320°C and
holding this temperature for 10 min to establish the
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TABLE 1
Melting Temperature, Heat of Fusion, and Mass After Repetitive Heating

No. times Melting temperature Heat of fusion Weight of the sample after
heated (°Q) J/g) crimping in the pan (g)
1 230.1 80.42 0.032803276
2 227.7 69.85 0.032400038
3 227.1 66.77 0.032403237
4 2243 62.46 0.032203225
5 224.5 58.45 0.032203218
6 223.7 58.37 0.032103208
7 223.6 52.89 0.032103207
8 2215 53.24 0.032003203
9 221.5 47.06 0.031903187
10 218.8 46.79 0.031803180
11 217.9 43.71 0.031703175

Net weight of the sample taken in a pan was 8.2 mg. These values were noted for 97-99%

hydrolyzed ACA copolymer.

standard thermal history. Sample A was heated to the
melting temperature and cooled to room temperature;
this procedure was carried out several times to ob-
serve the changes in the T,, and the heat of fusion. For
repetitive heating, after taking the neat weight of the
polymer, the pan was weighed after crimping along
with the sample. After each heating, the weight of the
pan was recorded, which is given in the Table I. The
equilibrium melting temperature was obtained in our
earlier work.? Differential scanning calorimeter (DSC)
data were obtained using a Perkin—Elmer DSC-7
equipped with a thermal analysis data station. A poly-
mer sample was run in aluminum pans with a sample
weight of 8—12 mg under a nitrogen atmosphere. In-
strument calibration was done using the indium stan-
dard. After observing the rate of heating on the T, all
the samples were run at 20°C min'. All the samples
were heated repeatedly, that is, a sample was heated
to the melting temperature and then cooled to room
temperature at a rate of 320°C min~ ' in all the cases
except for annealing. The repetitive heating was car-
ried out for 20 times; the change in the mass and heat
of fusion was recorded by heating 10 times.

SEM analysis

The morphology of all the samples was studied after
and before crystallization of the copolymer. SEM anal-
ysis was done by using a Leica Cambridge (Stereoscan
440) scanning electron microscope (Cambridge, 5000,
UK). A polymer specimen was coated with gold in an
automatic sputter coater (Polaron Equipment Ltd.,
scanning electron microscope coating unit E 5000,
UK). Photographs of representative areas of the sam-
ple were taken at different magnifications.

RESULTS AND DISCUSSION

Block copolymers composed of crystalline and amor-
phous blocks are interesting materials to study the

crystal structure, morphology, crystallization kinetics,
and dynamics. Microphase separation in the semicrys-
talline block copolymer was observed either by block
incompatibility or by crystallization of one or more
blocks. Prior work on the ethylene b (ethylene-alt-
propylene) system (E/EP) demonstrated that, when
the block incompatibility is small, crystallization pro-
ceeds from single-phase melt and alternating lamellae
microdomains result regardless of the copolymer com-
position.”

The melting temperatures provided by DSC analy-
sis were used to estimate the blockiness of the ACA
copolymer using the theories of Flory® or Baur.” Ther-
mal analysis is a more convenient tool experimentally
and can provide accurate results, provided that the
melting temperature (T,,) is consistent after annealing.

Flory related the melting point, T},, of a copolymer
to the homopolymer of the crystallizable monomer
T, by

(1/T,) —(1/T,)= — (R/AHw) In POH,OH (1)

where R is the gas constant; AHu, the molar enthalpy
of fusion per crystallizable monomer unit; and Pq-
H,0H, the probability that a crystallizable group (vinyl
alcohol) was joined to another like group. For a ran-
dom copolymer, Poyy oy = the mol fraction of crystal-
lizable units = (OH), the alternating copolymer of
Pop o < (OH). Baur’s theory yields the expression

X {In Popon — 2[1 — Pououl(OH)}  (2)

Flory assumed that longer sequences of crystallizable
monomer residues crystallize at higher temperatures
than do shorter sequences. Baur’s model postulates
that every sequence length can be found in the amor-
phous as well as in the crystalline regions of the solid
polymer.
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Figure 1 (la,b) Morphology of sample A, 97-99%, and B,
87-89% hydrolyzed. Samples were analyzed without crys-
tallization.

The sequence probability of noncrystallizable units,
Poacoacs can be defined™ as

p oacoac = 1 — [((OH) (1 — P, OH,OH)/ (CAQ)] (3)

Note that (OH) + (OAC) = 1, but Po oy + Poacoac
is not necessarily equal to 1). It is possible to determine
the number-average sequence length Ly by

Lon = (1 = Popon) 4)

Similarly, the blockiness factor, ), is defined as

n= (1- POH,OH) +(1- POAC,OAC) (5)

Equations (3) and (5) hold for both theories.

In our earlier work, the constant crystallization tem-
peratures of polymer samples were determined by
DSC. Subsequently, DSC results were analyzed by
Flory’s and Baur’s theories and then compared with
the NMR data.’

In the morphology studied after taking the equilib-
rium melting temperature, the establishment of an
ordered melt morphology is an added complexity for
semicrystalline block copolymers. With an increase in
the block incompatibility, microphase separation may
occur in the melt prior to crystallization. The presence
of melt microdomains affects the crystallization pro-
cess and the resultant morphology.'*=

The copolymer is of technological importance be-
cause covalent linkage prevents macrophase separa-
tion. Theoretical treatment of block copolymer micro-
structures were first developed for two limiting re-
gimes, designated strong and weak segregation
depending on whether or not the enthalpic terms
dominate the free energy. A wider variety of chemical
structures in both weak and intermediate segregation
regimes were reported with intriguing results.**

The morphology of the polymers without crystalli-
zation or without a standard thermal history are
shown in Figures 1(1a,b) and 2(1c,d) for samples A, B,
C, and D, respectively. Lamellae with disorders de-

(1c)

Figure 2 (1c,d) Morphology of C, 97-98%, and D, 94-96%
hydrolyzed. Samples were analyzed just after heating to the
melting temperature.
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Figure 3 (2a,b) Morphology of samples A and B after crys-
tallization by annealing at 120°C. Spherulites in 2a and
developing spherulites in 2b can be seen.

pending on the thermal history of the polymer can be
seen. Figures 3(2a,b) and 4(2c,d) show the morphology
after the equilibrium melting temperature. Lamellae,
developing spherulites, and vesicles were observed in
samples A, B, C, and D by annealing at 120°C. Big
vesicles, broken vesicles, and fibrillar structures were
observed by annealing at 160°C, shown in Figures
5(3a,b) and 6(3c,d). Repetitive heating for 2, 10, 11, and
20 times resulted in different morphological struc-
tures, such as fringed micelles, developing spherulites,
lamellae, and vesicles, which can be seen in Figures
7(4a,b) and 8(4c,d). Figure 9 shows a decrease of the
melting temperature after repetitive heating.

The different meanings attached by various authors
to the term micelle has given rise to a great deal of
confusion in some branches of colloid science. The
word micelle has been used for any polymolecular-
dispersed colloid particles of a crystalline nature, that
is, crystalline particles of a colloidal dimension no
matter if dispersed in a solution or if occurring in a
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coherent solid system. The conditions given below
must be fulfilled in order that a gel can be formed
from a solution: (1) A solid substance should separate
from the solution in a finely dispersed colloidal state.
(2) The separated solid particles should neither be
deposited by gravity nor remain in the colloidal sus-
pensions’ freely moving kinetic units, but they should
join together to form a continuous coherent frame-
work throughout the mass of the solution from any
process, virtually capable of producing the separation
of some solid phase either crystalline or amorphous,
from a solution or melt, or gel or micelle formation
may result. The condition of supersaturating is caused
either by a change of temperature, by evaporation, by
addition of another substance, or by a chemical reac-
tion that occurs at a first step, secondary formation of
a continuous pattern, or a framework of colloidal fine-

In the case of the ACA copolymer supersaturating
along with the change in temperature with evapora-
tion may lead to the formation of a continuous coher-

(2c)

Figure 4 (2c,d) Morphology of samples C and D after
crystallizing at 120°C. Lamellae, vesicles, and broken vesi-
cles can be seen in 2¢ and 2d.
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Figure 5 (3a,b) Morphology of samples A and B after crys-
tallizing at 160°C. Broken vesicles can be seen in 3a, while
disorder can be seen in the crystalline structure of 3b.

ent gel-like structure or big vesicles which can be seen
in the morphology of an annealed sample. One can see
the disorder in the structure and different morpholog-
ical structures, such as fibrils, spherulites, and sphe-
roids, for the sample, without a standard thermal his-
tory, which were not crystallized, as shown in Figures
1(1a,b) and 2(1¢,d). Lamellae with a structure disorder
depending on the thermal history can be seen in Fig-
ure 1(la). Broken vesicles are seen in samples an-
nealed at 160°C. Also, the sample with 20 times of
repetitive heating showed broken vesicles [Fig. 8(4d)],
whereas the sample with 11 times of repetitive heating
showed lamella with broken vesicles [Fig. 8(4c)]. In the
morphology, just after two or 10 times of repetitive
heating, lamellae with chain folding and radial growth
of lamellae can be seen.

There is much more appreciation of the variety of
morphological forms exhibited by lamellar crystals in
melt-grown polyethylene.***> The kinetic theory of
polymer crystallization with chain folding has had

considerable success in the understanding and inter-
preting of the data on melt-crystallized linear poly-
mers. In the kinetic nucleation theory of polymer crys-
tallization in regime I, which occurs nearest to the
melting point, the observable growth rate G is propor-
tional to the surface nucleation rate i, while in the
lower-temperature regime TI, it is proportional to i/
The shape of the spherulite or oxialite and the molec-
ular weight can be interpreted in quantitative terms,
and the values of the fold surface free energy and the
work of chain folding can be derived from these ki-
netic measurements, which are in reasonable accord
with independent theoretical and experimental deter-
mination of these quantities.*°

The net weight of the sample taken in a pan is equal
to 8.2 mg. These values were noted for a 97-99%
hydrolyzed ACA copolymer.

It is known that the crystallinity and melting point
of the ACA copolymer varies with the distribution of
the residual acetyl groups. The lower the crystallinity

(3c)

Figure 6 (3c,d) Samples C and D analyzed after crystalliz-
ing by annealing at 160°C. Big vesicles and fibrillar structure
can be seen in 3c and 3d.
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Figure 7 (4a-d) Morphology of sample A after repetitive
heating, that is, 4a shows the morphology after two times of
heating and 4b after 10 times. Lamella, chain folding, and
developing spherules can be seen.

and the T}, the more random is the distribution of the
residual acetyl groups at equal concentration. The
structure of the ACA copolymer consists of pairs of
long-chain molecules held together by hydrogen
bonds. These double chains all lie along the fiber axis,
as determined from X-ray diffraction. The actual po-
sition of the hydrogen forming such bonds is not
subject to direct experimental methods. Using X-ray,
only their effect on the interactomic distances gives
evidence of their whereabouts.”® Schaerer Bayle and
Mazee analyzed the thermodynamic data for highly
purified n-paraffin in the series C,;—Cy,. They calcu-
lated the heats of fusion of the crystalline form stable
at low temperature, with their respective melting
points included in an appropriate manner and the
contribution due to the transition that occurs below
the melting temperature. It has been observed that the
melting temperature of a polymer is governed, to a
large extent, by its entropy of fusion. This behavior is
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characteristic of polymers because of the increased
configurational freedom gained by the chain segments
on melting.*!

There was a decrease in the melting temperature,
heat of fusion, and mass of the sample after repetitive
heating of the copolymer. Weight loss of about 1 mg
and a decrease of 20 J/g heat of fusion was observed
after 10-11 times of repetitive heating. The data ob-
tained are given in Table I. All these changes can be
attributed to thermal degradation or depolymeriza-
tion of the copolymer. Thermal degradation of the
copolymer can be divided roughly into two general
categories: random chain scission and depolymeriza-
tion. Random chain scission can be visualized as the
reaction sequence approximating the reverse of poly-
condensation; chain scission occurs at random points
along with a relatively high molecular weight. The
second type of degradation process is essentially a
depolymerization process in which monomer units
are released from the chain ends; such a process can be
viewed as the opposite of the propagation step in

(4c)
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Figure 8 (4c,d) Morphology of sample A after repetitive
heating: 4c after 11 times and 4d after 20 times heating.
Lamellae and broken vesicles can been seen.
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Figure 9 A decrease in the melting temperature of ACA copolymer with repetitive heating is shown.

addition polymerization. This process is encountered
most prevalently with vinyl polymers and polymers
produced from cyclic monomers. For a polymer dis-
tributed exponentially, it has been shown that, on the
assumptions used, the initial distribution survives any
amount of end-activated depolymerization. The na-
ture of the chain ends was also assumed to be invari-
ant. The mass decay due to monomer removal must
follow the first-order law.??

It is possible to distinguish between the production
of volatiles by inter- and intramolecular transfer from
the nature of the product themselves. If the nonmo-
nomeric fragments are produced by intramolecular
transfer near the chain ends, it follows that, since the
rates of both monomer and nonmonomer production
are proportional only to the concentration of long-
chain radicals, the ratio of a monomer to a nonmono-
mer should be constant throughout the reaction at any
fixed temperature.*

Futama and Tanaka used mass spectrometry to
identify the product of thermal treatment of PVA
films; water and acetaldehyde were found as the ma-
jor volatile products. Generation of the vapor fit the
first-order reaction, with the reaction constant k of the
order of 10™* min~ "%

CONCLUSIONS

In the ACA copolymer, after annealing the sample for
crystallization, vesicles and lamellar structures were
observed in the scanning electron micrographs. The
thermal history and presence of microdomains re-
sulted in different morphologies, like spheroids,

spherulites, lamellae, and micelles, in the sample
heated to the melting temperature and cooled to room
temperature without annealing. In the scanning elec-
tron micrograph of the sample annealed at 160°C,
broken vesicles were seen. Supersaturating along with
the change in temperature with evaporation may lead
to the formation of continuous coherent gel-like or big
vesicles. A decrease in the melting temperature after
repetitive heating can be attributed to a first-order
depolymerization reaction.

The author thanks Dr. B. D. Sarwade for the SEM analysis
and Dr. S. Sivaram, Deputy Director and Head, Polymer
Chemistry Division, National Chemical Laboratory, Pune,
India, for his encouragement.

References

1. Price C. In Development in Block Copolymers; Goodman, I,
Ed.; Applied Science: London, 1982; Vol. 1, p 39; Sel, J.; Gallot,
Y. In Developments in Block Copolymers; Goodman, I., Ed.;
Applied Science: London, 1985; Vol. 2, p 27.

. Daniele, C.; Bugada, D.C.; Rudin, A. Polymer 1984, 26, 1759.

. Garnaik, B.; Thombre, S. ] Appl Polym Sci 1999, 72, 123-133.

. Poly(vinyl alcohol); Finch, C. A., Ed.; Wiley: New York, 1973.

. Pritchard, J. G. Poly(vinyl alcohol), Basic Properties and Uses;
Polymer Morphology, Vol. 4; Gordon and Breach: London,
1970.

6. Isasi, J. R.; Cestereo, L. C.; Katime, I. Macromolecules 1994, 27,
2200.

7. Rangrajan, P.; Register, R. A.; Fetters, L. ]. Macromolecules 1993,
26, 4640; Grassie, N.; Kerr, W. W. Trans Faraday Soc 1957, 234,
1662.

8. Flory, P. ]J. Trans Faraday Soc 1955, 51, 848.

9. Baur, H. Z. Kolloid 1966, 97, 212; Makromol Chem 1966, 98, 297.

10. Tubbs, R. K. J Polym Sci A 1966, 4, 623.

T = LW



1218

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

Ito, K.; Yamashita, Y. ] Polym Sci Part A 1965, 3, 2165.

Cohen, R. E,; Cheng, P. L.; Douzinas, K.; Kofinas, P.; Berney,
C. V. Macromolecules 1990, 23, 324.

Khandpur, A. K.; Macosko, C. W.; Bates, F. S. ] Polym Sci B
Polym Phys 1995, 33, 247.

Tepe, T.; Schulz, M. F.; Zhao, J.; Tirrel, M.; Bates, F. S.;
Mortensen, K.; Almdal, K. Macromolecules 1995, 28, 3008.
Ryan, A.].; Hamlay, I. W.; Bras, W.; Bates, F. S. Macromlolecules
1995, 28, 3860.

Rangrajan, P.; Register, R. A_; Fetters L. J.; Bras, W.; Maylar, S.;
Ryan, A. J. Macromolecules 1995, 28, 4932.

Sakurai, K.; Macknight, W.].; Lahse, D. J.; Schulz, D. N.; Sissano,
J. A. Macromolecules 1993, 26, 3236.

Schnablegger, H.; Rein, D. H.; Rempp, P.; Cohen, R. E. ] Polym
Eng 1996, 16, 1.

Robitaille, C.; Prud’homme, J. Macromolecules 1983, 16, 665.
Nojima, S.; Kato, K.; Vamamoto, S.; Ashida, ]. Macromolecules
1992, 25, 2237.

21.
22.

23.

24.
25.
26.
27.
28.

29.
30.
31.
32.
33.

THOMBRE

Seguela, R.; Prud’homme, J. Polymer 1989, 30, 1446.

Bates, F. S.; Schulz, M. F.; Khandpur, A. K.; Froster, S.; Rosedale,
J. H.; Khandpur, A. K.; Mortensen, K. ] Chem Soc Faraday
Discuss 1994, 98, 7.

Hermans, P. H. In Colloid Science, Vol 2; Kruyt, H. R.; Ed,;
Elsevier: New York, 1949, Chap. 12.

Hoffman, J. D. Polymer 1983, 24, 3.

Basset, D. C.; Hodge, A. M. Polymer 1978, 19, 469.

Keith, H. D.; Padden, F. J. Polymer 1984, 25, 28.

Basset, D. C.; Hodge, A. M. Proc R Soc A 1978, 399, 121.
Basset, D. C.; Hodge, A. M.; Olley, R. H. Discuss Faraday Soc
1979, 68, 218.

Basset, D. C.; Hodge, A. M. Proc R Soc A 1981, 377, 25, 39, 61.
Rose, C.; Mooney L. ] Am Chem Soc 1941, 159, 2828.

Quinn, F. A.; Mandelkern, L., Jr. ] Am Chem Soc 1958, 80, 3178.
Grassie, N.; Kerr, W.W. Trans Faraday Soc 1957, 234, 1662.
Futama, H.; Tanaka, H. J Phys Soc (Jpn) 1957, 12, 433.



