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INFLUENCE OF CHEMICAL STRUCTURE ON
THE PROPERTIES OF POLYMERS

A. A. ASKADSKII
Institute of Element-organic Compounds of Acad. of Sciences USSR, Vavilov's streetB-312, Moscow, USSR

Abstract—The influence of chemical structure of the amorphous polymers of different classes on the physical
properties (density, coefficient of thermal expansion, glass transition temperature, refractive index, optical-
sensitivity index, solubility parameter) has been studied. Relations enabling the calculation of these properties
exclusively on the basis of the chemical structure of the repeating unit are proposed.

At present the problem of synthesis of polymers with
desired properties has become more acute due to a greatly
increased range of chemical compounds involved in
polymerization and polycondensation processes. Among
these properties are the glass transition temperature, the
density and the coefficient of thermal expansion, the
refractive index, etc. Of special importance is the problem
of polymer solubility, i.e. the prediction of solubility of
the polymer, in a particular solvent. The aforesaid
properties of polymers are the most important, and they
largely determine all other properties. It is shown in this
paper that all the above-mentioned characteristics can be
determined prior to polymer synthesis exclusively on the
basis of the chemical structure of the repeating unit.

We will first discuss the problem of the packing of the
macromolecules in the monolithic polymers and then pass
to the calculation of their density.

1. PACKING OF MACROMOLECULES AND
DENSITY OF POLYMERS

The coefficient of packing k representing the ratio of
the van der Waals volume of atoms and atom groups
included in the molecule to the true volume determined
from the experimental data is taken as the measure of
density.'-3 In calculations of the coefficient of packing of
polymers we will proceed from the molar volumes of the
repeating unit. Then

NAJAVi
k=

Mid

where A V1 are the increments of the van der Waals
volumes of the atoms of the repeating unit of the polymer,
M: the molecular weight of the repeating unit, d: the
polymer density, and NA: the Avogadro number. For the
calculation of the coefficient of packing, k, the volume
increments, A V, were calculated for a large number of
atoms valency-connected with a variety of atoms.

Since we may further need the A V1 values for
calculating not only the density but also all the other
polymer characteristics, they are listed in detail in Table 1.

Independent of the chemical structure of the polymer,
the coefficients of packing of amorphous monolithic
polymers proved to be approximately the same and equal

O•681 at T = 20°C. In order to illustrate this experimen-
tal fact, Fig. 1 shows the dependence of the density of
structurally different polymers on MINA A V,. It is clear

that this is a linear relationship, and that the experimental
d values fit it well. The slope of the line represents the
coefficient of packing, k = 068l. Because the k value in
the first approximation represents the constant of the
amorphous monolithic polymers, the polymer density can
be calculated from the chemical structure of the repeating
unit alone. For this purpose we rewrite the relation (1) as
follows:

d= kavM
NAAV

(2)

where kay = 068l.
Our calculations showed that the density of an

amorphous polymer could be calculated, as a rule, within
0.01 g/cm.

It should be noted at once, that the coefficients of
packing of crystalline polymers are dependent on the
chemical structure of polymers, and their values lie in a
broad range.

In this study we calculate the coefficients of packing of
the crystalline polymers using the crystallographic values
of density defined from the X-ray analysis data proceeding
from the volume of the elementary cell and the mass of
the atoms included in it. The calculations were made for
80 polymeric systems with very different chemical
structures. The crystalline polymers were found to have a
rather broad curve of distribution of the coefficients of
packing (Fig. 2). Figure 2 shows a similar curve for the
amorphous polymers. It is clearly seen that the curve of k

(1)
distribution for amorphous systems is rather narrow.

Let us now analyse the temperature dependence of the
coefficient of packing. This was calculated from the

E

Fig. 1. Dependence of the density of amorphous and amorphous-
crystalline polymers of the ratio MINA Al'.
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Table 1. Van-der-Waals volumes
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viTg

determination of the glass transition temperature. Accord-
ingtoeqn(1), kg/ko = V0/V,where V0isthespecificvolume
ofthepolymerat T0. Takingthis relationinto consideration,
as well as the equation V = V0[1 +a0(1 T0)}
V0(1 + aGT) we can write:

l+aaTg (5)

or

Tko/kl (6)

Due to the additivity of the volume, the coefficient of
thermal expansion, a, can naturally be considered as

k
Fig. 2. Curves ofdistributionofpackingcoefficientforamorphous a (7)

(l)andcrystalline(2)polymers.
G

formulae (3) and (4) which were directly derived from eqn
(1): where a is partial coefficient of thermal expansion of the

N 'V v. i-atom or the atom group of the repeating unit of the
kT' =

A

T< T '' polymer, zV—the volume increment of the i-atom or the' I MV[l + a0(T —
Tg)}

' g J) atom group.
The starting equation relating T to the structure of the

NA LV,
repeating unit is obtained by substitution of (6) for (7):

T>T (4)

where Vg S' the specific volume of the polymer at glass (8)

transition temperature, T ; aG and aL are the coefficients
of thermal expansion of the polymer before and after where
glass transition temperature, respectively. Calculations K = a.I(ko/kg

—
1). (9)

from the formulas (3) and (4) show that the temperature
dependences of the coefficient of packing for polymers The values of K1 characteristic of each atom and each
have a form given in Fig. 3. A noteworthy property of this type of intermolecular interaction were determined by
temperature dependence is that the coefficient of packing, means of statistical treatment of the experimental data by
in the first approximation, is the same for all polymers at the method of "least squares". These data are given in
any temperature below the glass transition temperature. Table 2.
In the second, more accurate approximation, the coeffi- Let us now relate the coefficients a, of the eqn (9) to the
cient of packing is the same for each polymer at its glass parameters of intermolecular interaction (the inter-
transition temperature and equals kg = O667. molecular bond energy and the distance between the

At low temperatures (T0 6°K) the coefficients of interacting atoms). It is known that the coefficient of
packing of polymers are also approximately the same and, thermal expansion can be represented as follows:
as shown by our calculations, are equal to k0 = 0731. - 10

2. CALCULATIONS OF THE GLASS TRANSITION
a1 —

TEMPERATURE OF POLYMERS

Let us now derive a calculation scheme for the where f3 is the coefficient of anharmonism, f3 =
'y, is the harmonic force constant,

0701 _______________________________________ = (3co/a)IO1; r0, is the equilibrium distance between
I the given i-atom and the adjacent atoms, 'p is the

interaction potential of the i-atom with the adjacent.

ojand
determination

where D if the bond energy (the depth of the potential
Q600 I I I I well), r0—the equilibrium distance between the atoms,

-100 -50 0 50 100 ISO 200 250

T, C 72D, 666D,yj=—--; $=—----; (11)
Fig. 3. Temperature dependence of coefficient of packing for the Toi Toi

polymers: l-poly(n-butyl methacrylate), 2-poly(n-propyl methac- and
rylate), 3-poly(ethyl methacrylate), 4-polystyrene, 5-poly(methyl a = D — . - 12

methacrylate),6-polycarbonateof4,4-diphenylpropane. 16 D,'
—

16 a
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Table 2. K, a, and D, constants for different atoms and interactions

Atom and
interaction type Symbol

K • l0
(deg1)

a l0
(deg')

D
(cal/mo!)

C K 0021 — —

O (backbone) Ko,b 2295 221 039
o (side group) K0, 703 068 128
H KH 1998 192 045
N (backbone) NN,b 862 083 104
N (side group) KN,S 635 061 143
Cl K 401 039 225
S (backbone) K,, 353 034 256
Dipole—dipole interaction Kd 55.73
Hydrogen bond:

aliphatic polyamides K —20678
all other cases Kh — 1396

Coefficient of symmetryt 14 —90.5
Coefficient for polydienes K 9222

tUsed when all aromatic main-chain cycles are substituted in p-position.

An evaluation of the D, value for bonds of various
types shows that the bond energy values resulted from the
handling of the experimental data conform to the energies
of intermolecular interaction (rather than to chemical
bonds).

Calculations from the formula (12) shows that the
averaged bond energies, D1, have the values given in Table
2.

As, according to the data,5'6 the values of bond energies,
D0, for different atoms given in Table 2 are several time
as low as the found D values, it should be written

D1 = LD0 (13)

where L is the coordination number.
Then the starting eqn (8) can be written as

'where

1/Tg =4.5sR(y) (14)

yvi
The relation (14) for calculating Tg has a form similar to

that for definition of the Kuri temperature in ferromagne-
tics.

For calculating the glass transition temperature of
polymers, relation (8) is very useful. Checking of
eqn (8) for applicability showed that the calculated and
experimental glass transition temperatures agree well for
a great number of the investigated polymers with very
different chemical structures. Figure 4 shows the depen-

K

Fig. 4. Dependence of Tg on the ratio V/ Ki V.

dence of Tg on z V1/ K V for 80 polymers. In Fig. 4

a theoretical line adhering to eqn (8) is drawn, while
the points correspond to the experimental values of Tg. It
is seen that eqn (8) is valid over a very broad temperature
interval. Thus, it is possible to calculate the glass transition
temperature prior to synthesis independent of the class of
polymer.

The coefficient of thermal expansion, a, can simultane-
ously be calculated for an amorphous solid polymer from
eqn (7). For a number of polymers there is a
reasonable agreement between the calculated and experi-
mental data (Table 3).

Table 3. The coefficients of thermal expansion (aG) for some polymers

Polymer

i V,

(A3)

aEs V . iO

(As/grad)

aG 10
exp.

(deg1)

aG . 10

calc.
(deg1)

Poly(methyl methacrylate) 970 2085 215 273
Poly(ethyl methacrylate) 1144 3146 275 299
Poly(n-propy! methacrylate) 1315 4142 315 319
Poly(n-butyl methacrylate) 1486 5647 380 334
Poly(methyl acrylate) 796 2149 270 303
Polystyrene 1099 2747 250 234

750 -
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650 -
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Let us now ascertain the effect of changes in the density
of packing of the macromolecules on the melting point of
the polymer when passing from the amorphous to
crystalline state. It should be noted preliminary that, for
many polymeric systems, according to the Beaman data,7
the relation between the glass transition temperature, Tg,
and the melting point, Tm, is approximately constant
(TgITm O67). But a detailed analysis shows8 that this
common tendency is not always fulfilled. The relation
/3 = Tg/Tm can take on very different values (from O25 to
O97).

Our calculations showed that the /3 value depends on
the relation of the coefficients of packing for completely
amorphous and fully crystallized polymers, kam/kcr. This
dependence is shown in Fig. 5. It can be seen that with an
increase in kam /kcr the /3 value increases approximately
linearly. Consequently, the relation between the glass
transition temperature and the melting point depends on
the difference in densities of packing of the mac-
romolecules in the amorphous and crystalline state. A
higher density of packing on polymer crystallization
results in a more profound difference between the melting
points and glass transition temperature.

3. OPTICAL PROPERTIES

Among the parameters of optical properties the
refractive index, n, is the most important. For calculation
of this characteristic we derived a relationship based on
the Lorenz—Lorentz equation (2)

n2—l NALVi
=R=mAr, (15)

where kay is the mean coefficient of molecular packing
(for monolithic polymers kay = O68l, for films kay =
O695), R—the molar refraction, me—the number of the
i-type atoms in the repeating unit, r—the specific
refraction of the i-type atoms, A1—the atomic weight.

Our investigation pointed to a good agreement of the
calculated and experimental values for refractive index
examplified by aromatic systems (Table 4).

Another important parameter of the optical properties
of polymers is the optical-sensitivity index, C,,, which
represents the constant of proportionality between the
magnitude of birefringence, in, and the stress, o, that
gives rise to birefringence:

(16)

The coefficient C,, is rather sensitive to the chemical
structure of thepolymer. Ourinvestigationsshowedthatthe
optical sensitivity, for instance, of aromatic systems is
higher by one order than that of all polymers previously
studied. Table 5 gives, as an example, the values of C,, for
various classes of polymers. The high optical sensitivity of
aromatic systems results from a great amount of condensed
cycles characterized by considerable anisotropy of
polarizabiity. On the basis of a great number of
experimentaldata, we derivedarelationbetween C,, and the

Table 4. Refractive indicies of some aromatic polymers

Calc. Refractive index
density

Repeating unit (g/cm3) Calc. Exp.

1314 1491 1493

1346 1553 1552

-g-O1-
1326 1516 1512



24 A. A. AsKADsKII

H3
CH2—C—

jjOCH30

CH3

—CH2—C—

CH3

Table S. Constants for different polymers

C.k0

2451 59.73 11O7 1112

—562 1508 1501

NA C, C. . 1O C. iO
Polymer (cm3/mol) (cm2/kg

cm3/mol
1O)

(cm2/kg
caic.)

(cm2lkg
exp.)

585 —2097 —3.99 —327

660 —2227 169 107

1039 34.54 220 245

1443 34.47 1155 1110

2347 —6311 855 927

—6356 870 9042377

2766
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0.5

am "or
Fig. 5. Dependence of TgIT,n Ofl ka,,jkcr.

chemical structure of the repeating unit of polymer:

ci
C,,= +11

NAVI

where C, are the increments characterizing the contribu-
tion of each atom and the type of intermolecular
interaction to the optical-sensitivity index; NA i V, is

the van der Waals volume of the repeating unit, NA —the
Avogadro number, H—the parameter universal for all
polymers.

The C values are given in Table 6. Using them the C,,
value can easily be calculated for many polymers.
Checking by means of (17) showed good agreement
between the calculated and experimental values of C,,
(Table 5).

Table 6. C, constants for different atoms and interactions

Atom and
interaction type Symbol

C, i0
(cm2/kg cal/mo!)

C C —20492
H CH —O5227
O (backbone) Co,,, 3198
O (side group) C0, —07568
N (backbone) CN,b 7175
N (side group) CN,S 1'303
C! C, —3476
S (backbone) CS,b —0790
Dipole—dipole interactiont Cd —2512
Hydrogen bond for
aromatic polyamides Ch —621
Coefficient of symmetryt C 6791
Universal constant II 03544

tWhen any atom has two polar groups only one it should be
used in calculating. For polystyrene and its derivatives C0=
—170.

Wsed when all aromatic main-chain cycles are substituted in
p-position.

tDeveloped together with L. K. Kolmakova, A. A. Tager, G. L.
S!onyuskii and V. V. Korshak.

(18)

(20)
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4. ENERGY OF INTERMOLECULAR INTERACTION
AND SOLUBILITYt

The density of cohesive energy equal to the energy of
intermolecular interaction of 1 cm3 of substance, El V, is
one of the most important parameters for evaluating the
intermolecular interaction in liquids. This parameter for
liquids is determined from the heat of evaporation, iHev,
and calculated by the formula

82 E/V= (L&Hev RT)IV

where S is the Hildebrandt solubility parameter, V—the
molar volume of liquid.

The value of EHev can be experimentally determined
only for low molecular weight substances capable of
evaporation without decomposition, which cannot natur-
ally be obtained for polymers. Some authors'2 have
attempted, therefore, to calculate the value of 8 by
separating the values E and V into component
increments; other approaches have also been proposed. It
is, however, evident that such a separation would not be
correct, because the volume occupied by the same atom
in different molecules would vary due to the difference in
the coefficient of molecular packing in liquids. The same is
valid for the cohesive energy, E.

The calculation of increments of the density of cohesive
energy by relating it, not to the molar, but to the van der
Waals atom volume, is in this case physically well-

(17) grounded. For this purpose, eqn(18) should be rewritten:

Ek = E*
(19)

NAJVI NAAVI

where k is the coefficient of molar packing in liquids,
zV1—the van der Waals volume of the molecule

composed from the van der Waals volumes of the atoms,
i 17,; NA—the Avogadro number. The value E* = Ek is
essentially the molar energy of cohesion of a liquid
decreased as low as the van der Waals molar volume of
the molecule in respect to the true molar volume. Let us
designate the value E* as the "effective molar energy of
cohesion" and represent it as E* = where LE? is

the contribution of each atom and the type of inter-
molecular interaction E*. Then

LIE?

NAV
Table 7. IE? constants for different atoms and interactions

Atom and
interaction type Symbol

iEt
(cal/mol)

C EE 55067
H LE 4771
0 iE 1426
N iE 12050
F zE 242
5 AE1 17500
Dipole-dipole interaction AE 16232
Dipole-dipole interaction
in dipolar aprotic solvents:
Solvents of DMFA-type 16232
Solvents of DMSO-type 26000
Hydrogen bond zE 39294
Aromatic cycle
Double bond

EEb
,

7131
—3232
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Table 8. Van der Waals volume (NA V) and solubility parameters (ô) of solvents and polymers

Solvents or
polymers

zE
(cal/mo!)

NA i V,

(cm3/mol)

5, caic.

(cal°5/cm'5)

8, exp.

(cal°5/cm'5)

cyclohexane 3876 618 79 82
n-octane 5264 901 76 755
n-decane 6656 1107 775 7.75
benzene 4303 531 9O 915
toluene 4949 633 88 89
styrene 5177 698 861 866
n-perfiuoropentane 3044 964 56 55
perfiuorocyclohexane 3578 994 60 60
glycol 9532 367 161 157
methanol 4814 220 148 145
n-proanol 6106 428 119 119

acetic acid 5307 335 126 126
ethyl formate 3847 451 92 94
ethyl acetate 4493 556 90 91
ethyl propionate 5139 659 88 89
methyl acrylate 4074 528 88 89
methyl methacrylate 4720 633 86 87
acetone 3704 395 9.7 100
acetamide 9984 358 166 167
dimethylformamide 6808 465 119 121
acrylonitrile 4084 374 107 1045
dimethyl sulfide 3183 393 89 90
diethyl sulfone 10,266 657 127 125
poly(methyl methacrylate) 5043 585 93 91; 95; 94
poly(ethyl methacrylate) 5689 690 91 895
poly(n-propyl methacrylate) 6335 793 89
poly(n-butyl methacrylate) 6981 896 88
poly(methyl acrylate) 4397 482 955 101

poly(ethyl acrylate) 5043 585 93 9.4
polystyrene 5500 660 91 91.; 86; 87
polyisobutylene 2584 416 7•9 785; 78; 805
polyacrylonitrile 4623 326 119
poly(ethylene terephthalate) 10,418 1024 101
nylon-6,6 18,210 1392 114

For calculation of the IXE values we used the 6 values
I I I I I

for low-molecular weight liquids available in the litera- ,'
ture.13 For this purpose we derived an excess system of
equations on the basis of (20) which was solved by the ' ,'
method of the "least squares" on an electronic computer
E3CM-4. For a more accurate calculation of solubility 0/0
parameters, 8, it proved to be necessary to introduce 12
increments IXE given in Table 7. Knowing the magnitude
of AE and V,, we defined the 6 value for 60 liquids
having various chemical structures. As an example, Table
8 shows the calculated and experimental 6 values t ji'
coinciding with a high degree of accuracy. S

Figure 6 represents theoretical dependence of 8 on the ç
ratio E''/NA Vj ; experimental points fit it well.

The above considerations permit to use this method for ,,'
calculating cohesive-energy density of polymers. It is
seen from Table 8 that the calculated 6 values for a

I I I

number of polymers agree with the available experimental r 9 I I 3 I 5 7
data. It should be noted, nevertheless, that the experimen ______________
tal methods are not quite accurate, and the calculated S ,/ E/N V , caf0/cm'5
values prove to be more reliable. ' I' A I

Since the increments IXE? and z V1 are known2'3 Fig. 6. Dependence of 8 on the ratio AE/NA V, for
practically for all atoms and atom groups included in

low-molecular weightliquids.
polymers with different structures, the proposed method
can be used for calculation of 6 for practically any polymer. REFERENCES
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