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ABSTRACT: Analogue calorimetry for blends of poly(vinyl ester)s and polyacrylates has been studied.
Hydrogenated monomers were used as analogues of the corresponding polymers. It is found that isomeric
esters differing only in the orientation of the COO group mix with only small heat change, which can be
positive or negative. The values of the interaction energy density, By, (in cal/cm?®), are —0.045, 0.031,
and —0.076, respectively, for the following binary mixtures; ethyl acetate + methyl propionate, n-propyl
propionate + ethyl butyrate, and phenyl propionate + ethyl benzoate. The negative heat of mixing for
the two pairs of very similar liquids, although unexpected, explains why the corresponding polymers are
miscible. The small positive heat of mixing for the other pair is sufficient to predict demixing of the
corresponding polymers, viz., poly(n-propyl acrylate) and poly(vinyl butyrate), which contradicts the
observation of their homogeneous mixing. This suggests that hydrogenated monomers are not always
the proper analogues for vinyl polymers for the prediction of the interaction energy. A novel flow
calorimeter is also described. HE and VE data for binary mixtures of the above esters are presented.

Introduction

Miscibility in polymer—polymer systems is principally
governed by the heat of mixing because of a vanishingly
small gain in combinatorial entropy in high polymer
mixtures. An exothermic mixing outweighs the unfa-
vorable equation-of-state effect on the thermodynamics
of mixing.! Miscible polymer blends are therefore
usually encountered when there exist specific interac-
tions between the components. There are, however,
some miscible polymer blends reported in the literature
for which specific interactions are neither apparent nor
proved.2=20 It has been presumed that for such mix-
tures the like and unlike contact energies are nearly
equivalent so that the van der Waals interaction energy
and the heat of mixing are negligible. The very close
similarity in chemical structure between the compo-
nents also ensures that the equation-of-state effect
would be small so that it is outweighed by the combi-
natorial entropy.”812-14.15-19

However, for some similar polymer blends, e.g., poly-
isoprene (7—15% 3,4 linkage) + polybutadiene (12—28%
1,2 linkage)?-22 and cis-1,4-polyisoprene (PIP) + poly-
(vinylethylene) (PVE),?® SANS study revealed that y <
0. For the former system, the result was attributed to
a subtle balance of intramolecular and intermolecular
interactions as in copolymer blends. For the latter
system, cross-polarization solid state NMR study re-
vealed a closer spatial contact between the components
which strengthens the van der Waals dispersion inter-
action resulting in exothermic mixing.2* More recently,
a two-dimensional nuclear Overhauser effect spectro-
scopic study suggested that the component moieties are
orientationally ordered such that the methyl group in
PIP is closest to the vinyl side chain of PVE, which
reflects some weak specific interaction between the two
groups.?®

With regard to the miscibility of similar polymer pairs
comprising poly(vinyl ester)s and polyacrylates, miscible
blends are obtained only if their repeating units are
isomeric differing only in the orientation of the COO
group.2=415-19 The following polymer pairs were proved
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to form miscible blends: poly(methyl acrylate) (PMA)
+ poly(vinyl acetate) (PVAC); poly(ethyl acrylate) (PEA)
+ poly(vinyl propionate) (PVPr); poly(n-propyl acrylate)
(PPrA) + poly(vinyl butyrate) (PVBu); poly(phenyl acry-
late) (PPA) + poly(vinyl benzoate) (PVBz). However, if
the repeating units differ by only one CH, group, the
respective polymers become immiscible. For example,
PEA is immiscible with PVAc, PMA with PVPr or PEA,
and PVAc with PVPr. It was suggested that for the iso-
meric polymer pairs the heat of mixing as well as the
equation-of-state effect is vanishingly small.1>-19 How-
ever, in view of the exothermicity of the similar polymer
blends discussed above it is of interest to have some esti-
mate of the heats of the mixing of the present systems.
This paper represents an attempt in that direction.

Cruz et al.?® suggested that polymer blend miscibility
can be reasonably well correlated with the heat of
mixing of analogous small molecular weight compounds.
They showed that polyester—polycarbonate blends whose
small molecular weight analogues exhibit exothermic
mixing are miscible whereas those whose analogues ex-
hibit endothermic mixing are immiscible. Exceptions
do indeed exist. Thus, although diphenyl carbonate
(DPC), an analogue of polycarbonate (PC), exhibits a
small exotherm on mixing either with ethyl benzoate
or with dimethyl orthophthalate, analogues of poly(eth-
ylene terephthalate) (PET), PC and PET are only par-
tially miscible. Exceptions not withstanding, analogue
calorimetry finds general acceptance as a means of
estimating the enthalpy of polymer—polymer mixing.26—38

The heat of mixing of the small molecular weight
analogues of similar polymers is expected to be very
small. To measure such small heats of mixing, elimina-
tion of vapor space is necessary. To this end, we
designed and fabricated a flow calorimeter in which
differential change of temperature is measured by a
Hewlett-Packard quartz thermometer probe. In this
work, we describe the calorimeter and present the
results of analogue calorimetry for the blends of poly-
(vinyl ester)s and polyacrylates.

Experimental Section

Materials. Analytical reagent grade benzene (BE) (E.
Merck), toluene (TE) (E. Merck), ethyl acetate (EtAc) (SD)
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ethyl propionate (EtPr) (E. Merck), and ethyl benzoate (EtBz)
(BDH) were dried and fractionally distilled using a 1 m long
fractionating column packed with 3 mm porcelain rings.
Methyl propionate (MePr), propyl propionate (PrPr), ethyl
butyrate (EtBu), and phenyl propionate (PhPr) were prepared
in the laboratory by following standard procedures. The
products were dried and fractionally distilled.

Material Characterization. All esters were characterized
by GLC and 'H NMR spectra recorded using a Varian T-60
instrument at room temperature. The GLC (Hewlett-Packard
5730A) analysis showed that all the esters are more than
99.5% pure. The liquids were also characterized by measuring
their densities using a Picker dynamic flow densimeter (Model
03D, Sodev Inc.) calibrated with dry nitrogen and double-
distilled water at 25 °C. The accuracy of the densimeter was
+0.1%. The densities of BE, TE, AN, MePr, EtAc, EtPr, EtBu,
PrPr, EtBz, and PhPr were measured to be 0.8731, 0.8620,
0.7763, 0.9099, 0.8945, 0.8843, 0.8737, 0.8767, 1.0420, and
1.0438 gm/cm? at 25 °C, respectively. The excess volumes of
the mixtures were calculated from density measurements with
a Picker flow dynamic densimeter at 25 °C. The measurement
has an accuracy better than four decimal places.

Fabrication of a Flow Calorimeter. A simple flow
calorimeter was designed and fabricated to measure the
enthalpies of mixing. The calorimeter is of the isothermal twin
differential type, and the temperature difference between the
mixing cell and reference cell is measured witha 1 x 1074 °C
accuracy by incorporating two probes of a Hewlett-Packard
quartz thermometer (Model 2804A) in the two cells. Both the
cells are identical glass tubes 8 cm long and having a 1.8 cm
i.d. Each is a part of a unsilvered Dewar vessel and contains
two thin-walled flow tubes (stainless steel tube) leading to a
small mixing vessel where walls are corrugated to accomplish
vortex mixing. The mixture comes out of a third thin-walled
tube and spirals around the thermometer probe to exchange
the heat produced to the highly conducting thermometric fluid,
mercury, kept in the cell and comes out as waste. A calibrating
heater of 7.5 Q resistance and made of manganin wire is
wrapped around the probe. Power is supplied to the heater
from a stabilized variable-power supply, and the current and
voltages are measured by a 4/, digit digital multimeter. The
twin calorimeter is suspended from the brass lid, which is
especially made to fit the lower part of a thick-walled glass
bottle of 1000 cm? capacity. The bottle is filled with mercury,
which acts as a constant-temperature bath without any
stirring. The bottle in turn is kept in a cardboard box lined
with polystyrene foam. In this form, the calorimeter is always
at ambient temperature, which can be monitored before and
after an experiment and is always ready for measurement.
Alternatively, the bottle can be kept inside a constant-
temperature bath.

The liquids are pumped by a bent axis peristaltic pump
(Model P-DB, Sodev Inc.) which contains two pairs of pro-
grammable pumps. One of the liquids is mixed with itself in
the reference cell with one pair of pumps while two different
liquids are mixed in the mixing cell with the other pair. The
liquids are sent to the calorimeter through 1.65 mm o.d. Teflon
tubes and then through a 1 m long thin-walled stainless
steel tube of similar outer diameter immersed in the mer-
cury pool in order to attain the temperature of the calorimeter.
A schematic diagram of the flow calorimeter is shown in
Figure 1.

Calibration of the Flow Calorimeter. A standard
system, benzene + toluene, is used to calibrate the calorimeter.
A base line | is obtained when one of the liquids is mixed with
itself in the mixing cell, as shown in Figure 2. When the base
line is established, one of the inputs is replaced by the other
liquid to obtain a constant deflection (base line Il). The
difference, 11—1 = AX, represents the heat of mixing at that
composition. A known amount of heat per second is then
generated by the heater and added to the mixing cell with the
liquids still flowing. This produces a third baes line, base line
11 (as shown by the AT(K), Treference cell — Tmixing cett, VS time
plot in Figure 2). The difference I11—11 = AY represents the
known amount of power delivered by the heater. From this
value the heat evolved per second per cubic centimeter during
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Figure 1. Schematic diagram of the flow calorimeter: 1,
Dewar vessel for mixing cell; 2, Dewar vessel for reference cell,
3, Hewlett-Packard quartz thermometer probe; 4, vortex
mixing chamber; 5, spiral steel tube; 6, heater; 7, thin-walled
steel tube; 8, Teflon tubes; 9, Teflon rings; 10, rubber O-rings;
11, thermometric fluid mercury; 12, mercury inside the cell;
13, thick-walled glass vessel; 14, cardboard box with PS foam.
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Figure 2. Change of temperature vs time plot during heat of

mixing measurement by flow calorimeter: (a) endothermic
system; (b) exothermic system.

mixing can be estimated, yielding the heat of mixing per mole
of the mixture if the flow rate and densities are known. The
flow rates are measured during each experiment by measuring
the time taken by the liquids to fill a calibrated volume. The
densities of the mixtures were measured by a Picker flow
densimeter (Model 03D, Sodev Inc.) with an accuracy better
than four decimal places.

We find that heats of mixing of benzene + toluene measured
in this way are always smaller than the standard literature
value by a certain factor.*® This factor, an instrument calibra-
tion factor (K) is the ratio between the actual and measured
heats of mixing. It is subsequently used to correct the heats
of mixing of other systems. The necessity of the factor (K)
arises because the calibrating heater is too large to be placed
into the flowing liquids inside the tiny mixing chamber. We
measured the heat of mixing of toluene + acetonitrile at
various compositions, compared the results with those obtained
by Orye and Prausnitz*® at 30 °C, and obtained agreement
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Figure 3. Heat of mixing of toluene and acetonitrile vs mole
fraction of acetonitrile. The solid curve represents flow
calorimeter experimental data. The dashed curve represents
the calculated AH,, data of Orye and Prausnitz*° at 30 °C.
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Figure 4. Heat of mixing for (1) ethyl propionate + ethyl
acetate vs Xewr, (2) ethyl propionate + methyl propionate vs
Xeter, (3) propyl propionate + ethyl butyrate vs Xprpr, (4) methyl
propionate + ethyl acetate vs Xvepr, and (5) phenyl propionate
+ ethyl benzoate vs Xphpr.

within 4% as shown in Figure 3. Repeated experiments at
fixed conditions showed that the heat of mixing (AHw), i.e.,
excess enthalpies of mixing (HE), data were reproducible within
+1%.

Results

The results of the heats of mixing for the various
binary mixtures are shown in Figure 4. With regard
to the PMA—PVACc blend, their hydrogenated mono-
mers, MePr and EtAc, yield a small negative heat of
mixing over the entire composition range. Since the
hydrogenated monomers for both PEA and PVPr are
identical, i.e., EtPr, the heat of mixing of their hydro-
genated monomers is zero. For the PPrA and PVBuU
blend system, the hydrogenated monomers, PrPr and
EtBu, yield positive (although small) heats of mixing

VE (¢cm¥/ mole)
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Figure 5. Excess volume for (1) phenyl propionate + ethyl
benzoate vs ¢pner, (2) propyl propionate + ethyl butyrate vs
derer, @and (3) methyl propionate + ethyl acetate vs ¢mepr-

Table 1. Binary Interaction Energy Densities (B12)

Calculated from Calorimetric Data

entry liquid pairs Bi2 (cal/cmd)
1 MePr + EtAc —0.45 + 0.001
2 PrPr + EtBu 0.031 + 0.001
3 PhPr + EtBz —0.076 + 0.001
4 MePr + EtPr 0.276 + 0.005
5 EtAc + EtPr 0.378 £+ 0.008

over the entire range of composition. Similarly, as
regards the PPA and PVBz blend system, the hydroge-
nated monomers, viz., PhPr and EtBz, yield a small
negative heat of mixing over the entire range of com-
position. Thus, the AH, values for the binary mixtures
of the hydrogenated monomers corresponding to the
three miscible blend systems discussed above, PMA +
PVAc, PPrA + PVBu, and PPA + PVBz, are small
negative or small positive.

The hydrogenated monomers of the immiscible poly-
mer pairs PMA + PVPr, PMA + PEA, PVAc + PEA,
and PVAc + PVPr are MePr and EtPr for the first
two pairs and EtAc and EtPr for the last two. Both
the above pairs of hydrogenated monomers mix with
positive heats of mixing which are much larger than
for the mixtures of isomeric esters discussed above.
Thus, for these four immiscible blend systems, the
analogue calorimetry results agree with the miscibility
results.

The excess volumes (VE) for the mixtures of isomeric
esters MePr + EtAc, PrPr + EtBu, and PhPr + EtBz
are shown in Figure 5. For MePr + EtAc, VE is negative
over the entire range of composition. However, for the
other two other mixtures, EtBu + PrPr and PhPr +
EtBz, VE is positive over the entire range of composition.

The binary interaction energy densities (B12) were
calculated from theheat of mixing of the esters, using

AH NV = B,¢0,0, 1)

where ¢; represents the volume fraction of the compo-
nent i and V is the volume fraction average molar
volume of the mixture. Thus, plotting AH,/V as a
function of ¢; and obtaining the best fit curve by least-
squares treatment, B, values are obtained and given
in Table 1.
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Table 2. Values of Free Energy of Mixing Parameters?

X2t X2Fv 15 XT2.crit
N N Vi Vi
blend systems X2 (J/lcm3) (mol/cm3) (mol/cm3) (mol/cm3) (mol/cm3)
PMA—PVACcP —0.188 —6.44 x 1075 9.1 x 1076 —5.53 x 1073 1.045 x 103
PPrA—PVBu 0.130 4.45 x 1075 1.102 x 1075

a Component 1 is poly(vinyl ester), and component 2 is polyacrylate. ° Equation-of-state parameters for this system were obtained

from ref 16.

In the following part, we have examined how good the
analogues are in supporting the miscibility results of
their corresponding polymers. In doing so, we have
calculated the interaction parameter, x%,, as defined by
Flory—Prigogine—Patterson.*1=46 The modified form of
the corresponding states theory of Patterson and Del-
mas* is given as

X1 = XT2ant T XT2pv (2)
X P¥ . ViR -1
R I AyMym NG
Vi V,RT "RT |V, V, V¥

Where V7 is the molar core volume of component 1, Xi»
is the exchange interaction parameter, V; and T; are
the reduced volume and reduced temperature of com-
ponent 1, respectively, V3 =1 + oT/3(1 + aT), and T
= (V8 — 1)V—43 where « is the coefficient of cubic
expansion. Equation 2 shows that x3, consists of two
terms: (i) interactional (x3;,,) and (ii) free volume
(2pv). For miscible polymer blends, y3 must be
lower than y*,, ir, Which is defined by!

Xocrie _ 1 1 112 @)
V¥ ) V.fllz V;‘l/z

In calculating the x3, values from eq 3, we have taken
the value of the X;, parameter equal to that of the
interaction energy density, By, of polymer analogues.
The values of the latter are given in Table 1.

The data for the characteristic equation-of-state pa-
rameters P*, V*, and T* for the polymer pairs under
investigation are not available in the literature. Hence,
X3, for all the polymer pairs could not be calculated.
The calculated values are given in Table 2.

The results show that x3; . for PMA—PVAc blend is
negative and this added to yf, -, is less than y3, ..
The case for PPA—PVBz blend should be similar, where
Xi2.nt 1S Negative. For this system, however, y3, could
not be calculated using eq 3 because of the nonavail-
ability of the P* and V* data for the polymers concerned.
On the other hand, for the PPrA—PVBu blend, x5 | is
positive and it alone is greater than the y3; . The
analogue calorimetry results for this blend suggests that
the heat of mixing of the polymers has a small positive,
value, sufficient to make the system immiscible. This
contradicts the miscibility found experimentally. Thus,
hydrogenated monomers are not always proper ana-
logues for the corresponding vinyl polymers.

Discussion

The analogues used here are all esters. For the
aliphatic esters, there exists no specific interactions. For
the two aromatic esters PhPr and EtBz, however, one
can recognize sites of specific interactions, e.g., between
the  electrons of the benzene ring acting as the donor
and C=O0O group acting as the acceptor.*”*® The two

binary mixtures of isomeric aliphatic esters, MePr +
EtAc and PrPr + EtBu, represent van der Waals
mixtures and their heat of mixing should therefore be
positive.4~52 The magnitude of the heat change should
be small in view of the close similarity in the chemical
structure of the components. This is reflected in their
solubility parameters®3 [Omepr = 8.9, detac = 9.1, Sprpr =
8.5, Oewsu = 8.5] (in (cal/cm?3)Y2), which are very close
for the isomeric esters. The negative AH, for MePr +
EtAc is quite unexpected for a van der Waals mix-
ture.*9=52 However, Tomlin and Roland?® suggested
that van der Waals mixtures with nearly equivalent like
and unlike contact energies can give rise to exothermic
mixing if the unlike contacts are more closely spaced.
In conformity with this hypothesis, the mixtures of
MePr + EtAc have been found to have a negative VE.

For the mixture of the two isomeric aromatic esters
PhPr + EtBz, the specific interaction between the unlike
molecules may be stronger than between the like
molecules leading to exothermic mixing.

The large positive AH, for mixtures of nonisomeric
esters are quite expected for van der Waals mixtures
with components differing substantially in their inter-
molecular energies, as evident from their solubility
parameters [Omepr = 8.9, detpr = 8.4, Oetac = 9.1] for the
combinations MePr + EtPr and EtPr + EtAc.

References and Notes

(1) Patterson, D.; Robard, A. Macromolecules 1978, 11, 690.
(2) Kern, R. J. U.S. Patent 2 806 015, 1957.
(3) Kern, R. J.; Slocombe, R. J. Polym. Sci. 1955, 15, 183.
(4) Hughes, L. J.; Britt, G. E. 3. Appl. Polym. Sci. 1961, 5, 337.
(5) Bates, F. S.; Dierker, S. B.; Wignall, G. D. Macromolecules
1986, 19, 1938.
(6) Bates, F. S.; Wignall, G. D.; Koehler, W. C. Phys. Rev. Lett.
1985, 55, 2425.
(7) Zacharius, S. L.; ten Brinke, G.; MacKnight, W. J.; Karasz,
F. E. Macromolecules 1983, 16, 381.
(8) Saeki, S.; Cowie, J. M. G.; McEwen, I. J. Polymer 1983, 24,
60.
(9) Roe, R. J. Adv. Chem. Ser. 1979, No. 176, 599.
(10) Roland, C. M. Macromolecules 1987, 20, 2557.
(11) Roland, C. M. Rubber Chem. Technol. 1988, 61, 866.
(12) Trask, C. A.; Roland, C. M. Polym. Commun. 1988, 29, 332.
(13) Trask, C. A; Roland, C. M. Macromolecules 1989, 22, 256.
(14) Roland, C. M. Rubber Chem. Technol. 1989, 62, 456.
(15) Bhattacharya, C.; Mandal, B. M.; Bhattacharyya, S. N. Indian
J. Phys. 1989, 63A, 269.
(16) Nandi, A. K.; Mandal, B. M.; Bhattacharyya, S. N. Macro-
molecules 1985, 18, 1454.
(17) Bhattacharya, C.; Bhattacharyya, S. N.; Mandal, B. M. J.
Indian Chem. Soc. 1986, 63, 157.
(18) Bhattacharya, C.; Maiti, N.; Mandal, B. M.; Bhattacharyya,
S. N. Macromolecules 1989, 22, 4062.
(19) Maiti, N.; Dutta, S.; Bhattacharyya, S. N.; Mandal, B. M.
Polym. Commun. 1988, 29, 363.
(20) Sakurai, S.; Hasegawa, H.; Hashimoto, T.; Glen Hargis, I.;
Aggarwal, S. L.; Han, C. C. Macromolecules 1990, 23, 451.
(21) Hasegawa, H.; Sakurai, S.; Takenaka, M.; Hashimoto, T.
Macromolecules 1991, 24, 1813.
(22) Sakurai, S.; Jinnai, H.; Hasegawa, H.; Hashimoto, T.; Han,
C. C. Macromolecules 1991, 24, 4839.
(23) Tomlin, D. W.; Roland, C. M. Macromolecules 1992, 25, 2994.
(24) Roland, C. M.; Miller, J. B.; McGrath, K. J. Macromolecules
1993, 26, 4967.



Macromolecules, Vol. 29, No. 5, 1996

(25)
(26)

@7
(28)
(29)
(30)
@1

(32)
(33)

34
(35)
(36)
@7
(38)
(39

Heffner, S. A.; Mirau, P. A. Macromolecules 1994, 27, 7283.
Cruz, C. A; Barlow, J. W.; Paul, D. R. Macromolecules 1979,
12, 726.

Walsh, D. J.; Higgins, J. S.; Zhikuan, C. Polym. Commun.
1982, 23, 336.

Zhikuan, C.; Ruona, S.; Walsh, D. J.; Higgins, J. S. Polymer
1983, 24, 263.

Walsh, D. J.; Cheng, G. L. Polymer 1984, 25, 487.

Barlow, J. W.; Paul, D. R. Polym. Eng. Sci. 1987, 27, 1482.
Harris, J. E.; Paul, D. R.; Barlow, J. W. Polym. Eng. Sci. 1983,
23, 676.

Woo, E. M.; Barlow, J. W.; Paul, D. R. Polymer 1985, 26, 763.
Brannock, G. R.; Barlow, J. W.; Paul, D. R. J. Polym. Sci.,
Polym. Phys. Ed. 1991, 29, 413.

Landry, C. J. T.; Teegarden, D. M. Macromolecules 1991, 24,
4310.

Landry, C. J. T.; Ferrar, W. T.; Teegarden, D. M.; Coltrain,
B. K. Macromolecules 1993, 26, 35.

Landry, C. J. T.; Teegarden, D. M. J. Polym. Sci., Polym.
Phys. Ed. 1994, 32, 1285.

Ruggeri, G.; Bertani, R.; Aglietto, M.; Delessio, A.; Benedetti,
E. Polym. Int. 1994, 34, 1.

Rana, D.; Mandal, B. M.; Bhattacharyya, S. N. Polymer, in
press.

Mathieson, A. R.; Thynne, J. C. J. J. Chem. Soc. 1956, 3708.

Calorimetry on Polymer Blends 1583

Orye, R. V.; Prausnitz, J. M. Trans. Faraday Soc. 1965, 61,
1338.

Prigogine, I. The Molecular Theory of Solutions; North-
Holland: Amsterdam, 1957; Chapter 16.

Patterson, D. Macromolecules 1969, 2, 672.

Flory, P. J. 3. Am. Chem. Soc. 1965, 87, 1833.

Flory, P. J. Discuss. Faraday Soc. 1970, 49, 7.

Patterson, D.; Delmas, G. Discuss. Faraday Soc. 1970, 49,
98.

Patterson, D. Pure Appl. Chem. 1972, 31, 133.

Foster, R. Organic Charge-Transfer Complexes; Academic
Press: London, New York, 1969; p 106.

Laszlo, P. Progress in Nuclear Magnetic Resonance Spectros-
copy; Emsley: Oxford, New York, 1969; Vol. 3, Chapter 6.
Hildebrand, J. H.; Scott, R. L. Regular Solutions; Prentice-
Hall: Englewood Cliffs, NJ, 1962.

Lewis, G. N.; Randal, M.; Pitzer, K. S.; Brewer, L. Thermo-
dynamics; McGraw-Hill: New York, 1961; Chapter 21.
Paul, D. R.; Newman, S. Eds. Polymer Blends; Academic
Press: New York, 1978.

Patterson, D. Polym. Eng. Sci. 1982, 22, 64.

Brandrup, J., Immergut, E. H., Eds.; Polymer Handbook; 2nd
ed.; John Wiley and Sons: New York, 1975; Chapter 4.

MA950954N



