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Abstract

The peculiarities of polymers as objects of calorimetric studies were discussed and the calorimetric apparatus used at
author’s laboratory was characterized. Some main results of calorimetric studies of heat capacity, temperatures and enthalpies
of physical transitions in polymers as well as thermodynamic parameters of polymerization reactions were reported. ( 1997

Elsevier Science B.V.

1. Introduction

The fact that the conversion of many up-to date
monomers into the corresponding polymers is not
thermodynamically favourable is not obvious, and
therefore, the investigation of polymerization should
be started, in principle, from a thermodynamic ana-
lysis [1-3]. An important goal of such analysis is to
establish a principal feasibility of the conversion of a
monomer into a polymer and its degree under parti-
cular physicochemical conditions. A spontaneous
transformation of the monomer into the polymer is
only possible provided a decrease of Gibbs function,
Apo1GP<0, or at its standard values characterizing an
equilibrivm Ap;G°<40 kJ mol ™! [4]. The thermody-
namic analysis also allows one to obtain the thermo-
dynamic parameters of polymerization reactions, viz.
enthalpy APO,HO, entropy Apo,SO, thermodynamic
constant of polymerization—depolymerization equili-

brium K3, equilibrium monomer concentration M
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in an equilibrium reaction mixture and limiting poly-
merization temperatures 7o, and TV . The availabil-
ity of temperature dependences of heat capacity,
temperatures and enthalpies of physical transitions
of monomers and the corresponding polymers in a
wider temperature range the lower limit of which close
to 0 K is also of importance. The total combination of
these data is the thermodynamic principles of polymer
production technology. It is clear that the results cited
can be obtained only by using a complex of various
calorimetric apparatus.

2. Experimental

2.1. Peculiarities of polymers as objects of
calorimetric studies

As objects of calorimetric studies, polymers show a
number of known peculiarities {3,5]: they are a mix-
ture of macromolecules of different size mass; mono-
meric units in the macromolecules can differ in the
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type of their bonding (“head-to-tail”, ‘head-to-
head’). If multiple bonds are available in the macro-
molecules, cis- and trans-units are present at various
ratios. Depending on the kind of catalysts used in the
polymer synthesis, the polymers can exhibit a differ-
ent microtacticity. The variation in units is possible,
the polymers are, as a rule, either amorphous or
partially crystalline. All the above should be taken
into consideration in the course of calorimetric stu-
dies. To make direct calorimetric measurements of
polymerization enthalpies it is necessary to estimate
thoroughly a conversion degree of the monomer into
the polymer and to identify a final state of the polymer.

2.2. Calorimetric apparatus

To measure the temperature dependence of heat
capacity, temperatures and enthalpies of physical
transitions in the range of 5- 340 K vacuum adiabatic
calorimeters TAU-1 (completely automatic) and an
UNTNT calorimeter (semi-automatic) described in
detail in [6,7] were employed, and between 220 and
700 K an ADKTTM automatic differential calori-
meter operating by the principle of triple thermal-
bridge was used [8].
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Fig. 1. Heat capacity of poly-2,2-dimethyltrimethylene carbonate:
ABC, crystalline; AB, glassy; ML, high-elasticity; AS, mixture of
48% crystals and 52% glass; UF, mixtures of crystals and polymer
in high-elasticity state in the above ratio; FRN, apparent heat
capacity in melting interval; NP, liquid.

Enthalpies of monomer polymerization were mea-
sured in a differential automatic microcalorimeter
DAK-1-1 [9] and a calorimeter of Mathews type with
boiling carbon tetrachloride [10].

Combustion energies of monomers and polymers
were measured in an improved calorimeter V-08 with
an isothermal shield and a static bomb [11]. From
calibration and test data, maximum errors of experi-
mental values were found to be for Cg about 1% in the
range 5-30 K, 0.5% from 30-50 K, 0.2-0.3% between
50 and 330 K and 0.5-2.5% in the interval 330-700 K;
for Tﬁ 0.01 K from 0 to 330 K, 0.1 K between 330 and
700 K. As to uncertainties of A H°, they were esti-
mated to be 0.3 and 0.8% in the same temperature
ranges, respectively; with A ,,uU, an error was 0.02—
0.04% at 298.15 K and for A, H° 1-2% between 298
and 350 K.

3. Results and discussion
3.1. Heat capacity

In Fig. 1 a typical temperature dependence of heat
capacity is shown for a partially crystalline polymer.
In Cg = f(T) curves the glass transition of an amor-
phous polymer fraction and the fusion of crystalline
ones are distinctly seen. For a number of polymers we
established transitions of ‘“‘order= disorder” and
“crystal = crystal” types.

From the experimental data it is followed that in the
temperature range from 60 K to the temperature of
devitrification beginning C0 of polymers is a linear
function of temperature CO T-!. Besides, at T
below T3 the C) values of polymers in glassy, partially
crystallme and crystallme states coincide within mea-
surement errors, i.e. they do not practically depend
upon the crystallinity degree o and only at very low
temperatures a noticeable relation between heat capa-
city and « is observed [12]. The dependence of CO on
o shows itself markedly in the range TO Ths- For
polymers in liquid and overcooled llqu1d states the
variation of Cg with 7 is close to linear. The heat
capacities of cis- and trans-isomers and stereoisomers
in the same physical states are similar: the differences
do not usually exceed 1-2%. The heat capacity of
deuteropolymers is always larger than that of the
corresponding hydrogen analogs (in the case of a
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complete substitution of hydrogen for deuterium it is
greater by 15-20%).

3.2. Thermodynamics of fusion

A stable equilibrium, when the formation of perfect
crystals of a certain kind occurs, the chemical poten-
tial of which is influenced only by 7 and p, is not
achieved for kinetic reasons on the polymer crystal-
lization. As a result, a set of various metastable
crystalline formations of ultramicroscopic and micro-
scopic sizes with different chemical potentials is
formed. In this case the Gibbs function G of crystal
surface is a substantial part of their total Gibbs func-
tion. At a temperature below a thermodynamic-equi-
librium melting temperature G(cr) < G(1) and at the
melting temperature AG=(. This condition is realized
for crystals of different size at various temperatures:
the smaller the crystals are the lower their 72 This
leads to a nonisothermality of fusion that is observed
in experiments on the measurement of fusion pro-
cesses. It was revealed that for many polymers the
fusion begins practically at once after the devitrifica-
tion of an amorphous fraction of a sample and takes
place in a wide temperature interval (up to 100 K). In
Fig. 2 are shown typical integral and differential
curves of fusion reflecting the crystal distribution
by melting temperatures. It is seen that the fusion
of most mass of crystals (about 70%) occurs in a
relatively narrow temperature range: for a sample of
polytetrahydrofuran (PTHF) of 54% crystallinity in
12 K interval and of 65% crystallinity polymer in 4 K
range. Temperatures of the beginning and the end of
fusion and the temperature at which a maximum
quantity of crystals melts are similar for both samples
of PTHF.

For a lot of polymers studied by us the plots T2
vs. F~' are straight lines well described by the
equation

R=T -F YT -T), )

where T is thermodynamic-equilibrium melting tem-
perature at the polymer fraction melted F; T3 and T}
are thermodynamic-equilibrium melting temperatures
of the sample under study and a hypothetical perfect
crystal of the same polymer for F'=1 and F'= 0,
respectively.
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Fig. 2. Integral (a) and differential (b) curves of melting of
polytetrahydrofuran: 1 and 1’- sample of 54% crystallinity; 2 and
2'- of 65% crystallinity.

The molar enthalpies of melting Aﬁ,SHO (c) for the
polymer samples studied were measured by the
method of continuous energy input [3], usually in
three and more experiments. The average obtained
was re-calculated for 100% crystallinity by the equa-
tion

AgsH (@ = 100) = 100A5,,H () / cx. (2)

The entropy of melting Ag,S°(cr=100) was esti-
mated from the values of A, H(@=100) and T2,. An
increase in the heat capacity at 75, on the polymer
transition from a crystalline state to a liquid one was
determined graphically (section CL, Fig. 1).

The comparison of the thermodynamic quantities of
fusion of various polymers shows that there is no

correlation between T2 and A, H(=100). A num-

fus
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ber of high-fusible polymers have small values of
melting enthalpy and, on the contrary, polymers with
a low melting temperature possess relatively large
values of melting enthalpies. It follows that 70

fus
determined both by A H(a=100) and
AsusS2(a=100).

3.3. Parameters of glass transition and other
relaxation transitions

Parameters of glass transition and glassy state are

a temperature range of glass transition,

AC% ), the increase in heat capacity on devitrifica-

tion, Sfonf, a configurational entropy, Sg(0), a zero

entropy, H)(0) — Ho,(0), differences in enthalpies of

the polymer in glassy and crystalline states at 0 K and
T?, Kauzman temperature.

Because of high sensitivity of adiabatic vacuum
calorimeters one succeeds in registering accurately the
beginning and the end of devitrification from the
change in the heat capacity. As a rule, ATS lies in
the range 20-60 K that 2--3 times as large as the values
recorded by other methods. The glass transition tem-
perature Tg approaches usually an average tempera-
ture of a glass transition range. The most precise
methods of Tg estimation are the determination of
an inflection point of a plot CO = f(T') or abend of plot
S°=f(T) in the glass transmon range. It should be
noted that due to a relaxation character of the glass
transition process and a difference of time scales of
experimental methods, slightly distinguishing values
of Tg are obtained. The increase in heat capacity on the
devitrification is determined graphically (section BM,
Fig. 1). The value of AC)(T}) is included in the
expression for the re-calculation of a configurational
entropy of glass 2 [13]

Sgonf = ACS(TS)IHTS/T;)’ (3)
where 72 is Kauzman temperature, i.e. a hypothetical
temperature when on cooling an amorphous polymer,
an equilibrium glassy state whose entropy is equal to
that of a crystalline-state polymer can be achieved. T3
is determined from an entropy diagram (Fig. 3) or the
ratios 7*;/73 =~ 1.30 and Tg — T2 =~ 55 [13]. Besides,
§9 . is an important value since its magnitude is close

con.

to the zero entropy Sgl (0) of the glassy polymer. The
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Fig. 3. Entropy diagram of polybutene-1: 1’ - entropy of crystalline
polymer; 2’ - glassy; 3 - high-elasticity; 4 - liquid, 5 - entropy of
melting.

evaluation of Sg‘(O) makes it possible to calculate
absolute values of entropies of amorphous polymers.
The calculations of Sg,(O) from the calorimetric data
are made by using the equation

T
$3(0) = [1c8len) - ChadinT
0
+ AgsS® (0 = 100), 4)

where Cp(cr) and C)(a) are temperature-dependent
heat capacities of crystalline (cr) and amorphous (a)
polymers (curves AC and ABMLNP, respectively,
Fig. 1). The substantiation of the calculation proce-
dure is reported earlier [14]. An error of the S%(0)
values is within £2J K ' mol™'. Until now S‘El(O)
was estimated for approximately 70 polymers distin-
guished by the composition and structure. The values
of §9,(0) were found to be 3-100 J K~' mol . In most
cases the 5% (0) values are about 10% of $°(298.15 K)
of the corresponding polymers in the amorphous state
or from 10 to 80% (more often not 50%) of the melting
entropy of the corresponding 100% crystalline poly-
mers.

From the same experimental data the difference in
enthalpies of polymers in glassy and crystalline states
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HO

a(0) — H?(0) is calculated by using the equation

n

- [i%en -
0
+ AnsH (o = 100) 3)

The values of H(g’l(O) — H2(0) are known for about
70 polymers of various composition and structure and
they lie in the interval from 2.8 to 31 kJ mol ', their
error being about 10%. The glassy polymers, in prin-
ciple capable to crystallize, are in the metastable state
due to a large energy of rearrangement activation and
prolonged relaxation times associated with this. It is
suggested that a difference in the Gibbs functions of
glassy and crystalline states G0 \(T) ~ G(T) =
AG(a;cr) is the estimation of the amorphous poly-
mer metastability under given conditions. From the
values of Hy(0) — He:(0) and $9,(0) and the relations
of Cy(cr) and C)(a) against T the values of AG%a;cr),
AH(?(a ;cr) and ASO(a cr) were calculated for 20 poly-
mers at temperatures from 0 to Tg,s As an example,
the calculation results are given for poly-£-caprolac-
tone (Fig. 4).

On studying the temperature dependence of heat
capacity of glassy polymers it was established that

Hy (0) — HY,(0) Cp(a)ld7
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Fig. 4. Enthalpy (1), entropy (2) and Gibbs function (3) of
transformation of amorphous poly-e-caprolactone into crystalline.

some of them have relaxation transitions. For exam-
ple, in the range of 15-20 K polyvinylbenzyldimethyl-
silane has an endotherm with maximal heat capacity at
17 K, transition enthalpy A H°=1057J mol ', transi-
tion entropy AS*=59 I K ' mol™! that is close to
RIn2=5.76 J K~ ' mol~'. It was attributed by us to
transitions of ‘“‘order = disorder” type with the num-
ber of statistic disordering N=2 (in a given case,
probably, because of benzyl radical position).

For poly-1,1,3-trihydrotetrafluoropropyl-a-cyana-
crylate the endothermic transformation of the same
type was observed in the temperature interval of 384—
525 K. The maximum heat capacity CO =
3400 JK 'mol™!  at 70 =480 K, At, 69
kimol™!, AS’= 144JK~ mol '" This transition
is associated with the formation (on cooling) or
destruction (on heating) of mesomorphic structure
of the polymer [15,16].

3.4. Thermodynamic functions

From the data on the temperature dependence of
heat capacity, temperatures and enthalpies of physical
transitions of polymers the thermodynamic functions
H()-H%0), $°(1), GX(T)-H"(0) were calculated for
the amorphous and crystalline states in the range from
0 to (340-700) K, e.g. for poly-2,2-dimethyitrimethy-
lene carbonate from the curves Cg = {(T) (ABMLNP
and ABC, respectively, Fig. 1). The extrapolation
of experimental data of relation Cg = f(T) from (5~
10) K to 0 K was made by the Debye function for heat
capacity Cg =nD(Op/T), where n and Op, are spe-
cially selected parameters. The equation describes the
experimental data in the range 5-20 K within 0.5-
1.0%. The entropy of amorphous polymers was esti-
mated with taking into account Sy (0). To evaluate the
thermodynamic functions of the polymer having any
crystallinity degree «v, the method of linear extrapola-
tion was used. For example, for the heat capacity

Cyla) = Co(a = 100) + [C(a = 0)
— C(a = 100)] - (100 — o) /100.

3.5. Enthalpy of combustion and thermochemical
parameters of formation

In an isothermal calorimeter with a bomb the
combustion energies of polymers with crystallinity
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degree a, A ompU(ax), were measured at T=298.15 K
and then they were recalculated for the standard
pressure to obtain AcombU%a). From the latter the
combustion enthalpies AcompH"(r) were estimated at
the same temperature and pressure and further re-
calculated for the polymers in the crystalline and
amorphous states with using the data on C‘g =f(T)
relation of polymers in the above physical states and
their melting enthalpies re-calculated from T3, to
T=298.15K. The values of A.mpH(cr) and
AompH’(a) were taken to estimate the enthalpies of
polymer formation AHO%cr) and A¢H%(a) at the same
Tand p. Then after the entropies of formation AgS° (cr)
and AS%a) at T=298.15 K and p=101.325 kPa were
obtained, the Gibbs functions of polymer formation
AGO%cr) and AG%a) were calculated for the same
physical conditions. The calculation procedure and
several results are published in [11].

3.6. Thermodynamic parameters of polymerization
reactions

Polymerization enthalpies AMHO of many classes
of monomers were measured by direct calorimetry
method or calculated from enthalpies of combustion
or formation of polymers and the corresponding
monomers. At other temperatures from 0 to (350
700) K the above values were determined from the
experimental values of ApolHO and temperature
dependences of heat capacities, temperatures and
enthalpies of physical transformations of reagents
by Kirchhoff’s formula. On analyzing the values of
ApolHO it was found that the polymerization enthalpy
can be represented as the sum of the following con-
tributions

Apo(HO(T) = AEa( + AEconj + AEq
+ A[H(T) — H°(0)] 6)

where AE,, is the difference of average energies of
atomic bonds breaking in the monomer and forming in
the polymer during the polymerization process;
AE o is the difference of energies of conjugation
or hyperconjugation of atomic bonds in the monomer
and the polymer; AE;, is the difference in energies of
intermolecular interaction in the monomer and poly-
mer at 0K; A[HYT)-H%0)] is the difference of
enthalpies of heating of the polymer and the monomer

from 0 K to 7. The importance of each term is con-
sidered in detail in work [3].

Depending on the physical states of the monomer
and the polymer formed, the values of ApolHO are
arranged in the following row: M(1)— P(gl)< M(gl)
— P(gl)< M(cr) — P(cr)= M(1) — P(gl) < M(l) —
P(cr) < M(g) — P(gl) < M(g) — P(l or h.e.) < M(g)—
P(cr), where M is a monomer, P - a polymer; in
brackets the physical states of reagents are given.

The polymerization entropy Apo]SO(T) was calcu-
lated from absolute entropies of monomers and cor-
responding polymers. It was turned out that Ap(,]SO D
depends relatively little upon composition and struc-
ture of reagents and is strongly influenced by their
physical states. In the polymerization of gaseous vinyl
monomers into amorphous polymers, the APOISO(T)
value is negative and varies from 160~
180 J K ! mol™!, of liquid monomers between 85
and 105 JK ' mol™! and of crystalline ones from
10-300 J K~ ' mol~'. On varying temperature from
0 to 450 K, the variation interval of Ap(,lSO for three
— eight-membered cyclic monomers with a different
composition is (96+4) J K™' mol™'. By the absolute
magnitude ApolSO is maximal for the processes
M(g)—P(cr). A detailed consideration of polymeriza-
tion entropies is made elsewhere [3].

The Gibbs function of polymerization at standard
pressure ApolGO(T) was calculated from the values of
ApolHO(T) and ApolSO(T). When the value of ApolGO is
mainly determined by the enthalpy contribution and
the role of the entropic factor T-ApolSO is relatively
small, the dependence of ApolGO upon composition
and structure of reagents is similar to that of Ay,H°.
On the polymerization of cyclic monomers, the
.A[,(,IG0 values have both positive and negative mag-
nitudes. Their dependence on temperature and physi-
cal states is described by Gibbs—Helmholtz equation

O ApotG®/T)/OT = — Aot H°/ T? (7)

The significance of this equation consists in that it
allows to predict from the reaction enthalpy-how the
increase in temperature affects the direction of reac-
tion and how much efficiently the variation of tem-
perature influences A, GP. It is clear that with large
values of ApolHO, the change in temperature effects
much the values of APO,GO; for exothermic reactions it
leads to the increase of ApolGo values and for
endothermic ones to their decrease.
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From the Gibbs functions of polymerization it is
easy to calculate the thermodynamic constant of poly-
merization—depolymerization equilibrium Kgo and

equilibrium concentrations of monomer [M], and

polymer [P]g in a reaction mixture at any temperature
ApiG® = ~R - T - InKpy (8)
[M]g = exP(ApolGO/RT)§ )]

with taking into account [M]0 = 1 /Kgol,

[PI2 =1 — exp(ApuG°/RT). (10)

The polymerization processes have more often a
ceiling limiting polymerization temperature T2,
rarely a lower limiting temperature T]%w or have
neither ceiling nor lower limiting temperature. They
are determined from the intersection point of plots
ApiH=f(T) and TA,uS°=f(T). At the limiting
temperature A,,;G"=0. Above the ceiling limiting
temperature a spontaneous polymerization is thermo-
dynamically prohibited and the polymer is stable
relative to depolymerization at T < T2, During the
polymerization in solutions 7., depends on an initial

monomer concentration [M]g [17] .

Tom = APOIHO(Tfeil)/{ApolSO(T?ei]) + RIn[M],}
(11)
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