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Synopsis

In this paper we define a new structural parameter of polymers, and show how this
may be employed. This parameter, for which only the structure and the density are
needed, is the relative number of network bonds per unit volume; it is written N,
(basis 1 em?), and it is used in conjunction with the average connectivity or connection
number CN of the network atoms, where the word connection also refers only to net-
work bonds. The relationship of these two numbers makes it possible to present a
unified picture of all polymers, organic and inorganic, including such highly condensed
networks as diamond. By plotting N, against CV, the region in which inorganic and
organic polymers occur can be seen. This is called the polymer zone, and it is evident
that carbon polymers occupy only a small part of it. From this graph, an arbitrary
measure of bond packing efficiency can be deduced for carbon polymers. In addition,
the process of graphitization and carbonization can be followed graphically within the
polymer zone. N, is also related to certain physical properties such as bulk modulus,
hardness, and cubical coefficient of expansion, which depend (among other things) on
the tightness of bond arrangement. The resultant correlations can be used to predict
the value of N, required to achieve given values of these properties for the more rigid
structures.

INTRODUCTION

In previous papers,'!—2 one of us has proposed the use of the average con-
nectivity and the relative number of network bonds per unit volume, for
deriving additional information about polymers if the structure and density
are known. The more detailed discussion of the interrelationship of these
two numbers CN and N, was left over for a later oceasion, since N, was
given only brief mention before.?

It is clear that little use is being made of the simplest physical property—
density—in any discussion on polymers, whereas in fact this is a very re-
vealing and basic number. Even a cursory examination of the literature
reveals that density is often not quoted for new polymers. This is high-
lighted by van Krevelen and Hoftyzer! in a recent publication. We hope
that the importance of density will emerge from what follows.

The average connection number and the relative number of network
bonds would be expected to relate to certain physical properties. The
average connection number provides a measure for the extent to which a
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140 HOLLIDAY AND HOLMES-WALKER

network is interconnected in space. Clearly a large number of three-di-
mensional interconnections should provide a stiffening or braecing effect
which would be greatest when the covalent bond lengths are shortest, i.c.,
when the structure is most compact. This picture is complicated by other
factors, of course, since the valence angle, deformability, and other mecha-
nisms of deformation, will also play a part, as discussed in a recent review
by Holliday and White.> The relative number of network bonds per unit
volume should also be related to certain physical properties. Although
this number tells us nothing about the configurational aspects of the net-
work, it does reveal how many network bonds there are to perform a given
task, e.g., to resist deformation.

Thus the two numbers CN and N,,, taken separately or together, may
correlate to some extent with a property such as bulk modulus. Bearing
in mind the slender amount of information upon which these numbers are
based (the chemical structure and one physical property—density), it
would not be surprising if the relationships are approximate.

THE CALCULATION OF CN AND N,

Both carbon polymers and inorganic polymers are included in the follow-
ing discussion.

To form g polymer, each atom in the chain or network must be connected
to at least two other atoms by directional covalent bonds (the special case
of ionic polymers such as silicates containing ionic as well as covalent bonds
is omitted at this stage). In some cases, like graphite, each atom is con-
nected to three other atoms. Thus, a chain carbon atom in polyethylene is
2-connected or has a connection number CN of 2; in graphite the carbon
atom has a connection number of 3; and in diamond, of 4. Many carbon
polymers, for instance, thermosetting resins, contain both 2-connected and
3-connected carbon chain atoms, in which case it is possible to caleulate an
average connection number that will be between 2 and 3, depending on the
relative number of 3-connections. One of us has shown in a previous paper?
that there is a relationship between the average connection number of car-
bon polymers and their density. On that occasion, internal chain connec-
tions such as occur in a ladder polymer were excluded, on the grounds that a
ladder polymer is effectively a one-dimensional structure. It will be shown
that this view is unduly restrictive.

The purpose of this paper is to consider a further but related point. The
structure of a polymer molecule is such that every chain or network atom
has a connection number >2 (apart from terminal atoms, which can be
neglected in a long chain), but this implies little or nothing about how
tightly the network bonds are arranged in space. It might be anticipated
on a priori grounds that the tightness of packing would be related to certain
physieal properties such as stiffness.

The relative number of covalent network bonds per unit volume (for
convenience 1 em?) can easily be calculated for any polymer, organic or in-
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organic. We call this number N, where subscript ¢ stands for covalent and
r for relative. A network bond 1s defined as a covalent, i.e., directional,
bond along the copolymer chain, whether it be in a one-dimensional (linear),
two-dimensional (sheet), or three-dimensional (space network) configura-
tion. Bonds connecting side atoms or groups to the main chain are there-
fore excluded from consideration if they are short in comparison with the
main chain. Since many covalent bonds are partially ionic, it is sometimes
difficult to say whether they can truly be regarded as directional, but in
practice this is not a major difficulty, as the following picture indicates.

We show in Appendix I how the average connection number (CN) and
relative number of network bonds per em?® (N,,) are calculated for three
simple polymers: (i) poly(dimethylsiloxane), (ii) poly (ethylene terephthal-
ate), and (iil) diamond. It is unnecessary to give further examples. The
calculations are straightforward, although with complicated structures they
arc more laborious. Expressed algebraically, the two parameters are
described as follows:

 2a + 3b + 4c

CN = a+b+c¢ )

where & = number of 2-connected, b = number of 3-connected, and ¢ =
number of 4-connected atoms in repeat unit.

N, = £XE0 )
Y

where p = density of polymer, x = number of network atoms in the repeat
unit, and y = molecular weight of repeat unit.

Where the structure is not exactly known, as with the PF, UF, and MF
resins, we have used a reasonable estimate of the structure, but the figures
remain subject to some degree of uncertainty. Appendix II contains data
on CN and N, for a wide range of inorganic and organic polymers.

What conclusions ean be drawn from this information? We first con-
sider some structural features and later the physical properties—bulk
modulus, Young’s modulus, hardness, and cubical coefficient of expansion.

THE RELATIONSHIP BETWEEN CN AND N,,

In Figure 1 we plot N.. against CN and show part of this on a larger
scale in Figure 2. In this way it is possible to represent all polymers, in-
organic and organic, in a single picture. They fall within a relatively nar-
row area as shown, bounded by the lines AB and CD. We call this the
polymer zone.

1. For a given value of CN there is a spread in N.,. Two-connected
polymers vary from about 0.012 (polyvinylearbazole) to 0.090 (poly-
formaldehyde); 3-connected polymers vary from 0.106 (red phosphorus) to
0.33 (hexagonal boron nitride and boron, the latter assumed trivalent);
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4-connected polymers vary from 0.15 (germanium) to 0.58 (diamond).

Polymers of intermediate connectivity fall within these limits, as shown.
Restricting the discussion to synthetic carbon polymers for the moment,

the range within which they are to be found is relatively narrow. It is
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Fig. 1. Average connection number CN of polymers plotted against N,. Numbers

refer to carbon polymers, letters refer to inorganic polymers listed in Appendix II.
Shaded area contains carbon polymers.
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Fig. 3. Efficiency of packing of network bonds plotted against CN, upper bound.

contained in the area AXYED in Figure 1 and forms only a small part of
the total area. For this reason, points within this area have been omitted
on Figure 1 and are only included in Figure 2, which is drawn to a larger
scale. Although the value of CN varies from 2 to 2.76 (the latter point
number 30 derives from a structure given by Standage for cyclized and
oxidized polyacrylonitrile),® the overall range for N, is only from 0.012 to
0.14, i.e., one decade. Since carbon polymers fall within the narrow region
shown, it can be tentatively concluded that the “efficiency” of bond packing
is relatively poor in these materials. In order to be able to assess the pic-
ture quantitatively, we arbitrarily assign a value for this efficiency by con-
sidering line CD as 1009,. Thus, oxidized polyacrylonitrile can now be
given a packing efficiency E, of

N, X 100 _0.14 X 100
intercept on line CD for CN of 2.76 0.28 B

In a similar way we assign a packing efficiency for the polymer at point 1
(see Fig. 2) of
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In Figure 3 we plot this measure of packing efficiency of network bonds
against CN for the highest value of E, for synthetic carbon polymers, which
we take to be represented by line DEY. The significance of this line is
that it refers to the most condensed structures of normal carbon polymers
obtainable by current methods of synthesis. It should not represent an
upper limit, since higher figures could doubtlessly be obtained with more
regular three-dimensional arrays of network atoms if synthetic routes to
such structures were obtainable. However, the curve in Figure 3 takes on
additional significance if it can be shown that there is a relationship be-
tween N, and some important physical property such as stiffness, of such a
nature that one wishes to maximize N, for a given value of CN. This
point is dealt with later.

2. The relatively poor packing of those synthetic linear carbon poly-
mers with a CN of 2 and a low value of N,, can be ascribed to bulky side
groups (although in the case of polymeric sulfur—point {—which also has
a CN of 2, it is probably due to the helieal conformation of the chains.

For polymers with CN values larger than 2, two explanations for low
values of N, are possible, depending upon the type of polymer. For resins
such as PF, UF, and MF, the explanation lies in the fact that the network
has a random structure. Most of the polymers shown, however, are ladder
or ring-in-chain polymers, and it appears that the individual molecules,
which are stiff, do not pack easily. However, marked differences in values
of N, between polymers of the same CN can nonetheless be seen.

A related point is the optimum use of functionality of monomers. There
is an obvious relationship between CN and functionality. In certain cases,
one may wish to maximize N, for a given value of CN, or minimize CN for
a given value of N,,. 'Within limits this freedom exists, and since monomers
of higher functionality are generally speaking more expensive, it may be im-
portant in certain circumstances to make the best use of the functionality
available.

3. A revealing use of this relationship between CN and N, illustrates
the process of graphitization or carbonization of a polymer. Since the
starting polymer and graphite lie within the polymer zone (as also do the
disordered carbons), and since intermediate products are polymeri¢, we
might expect this process to be represented by a straight or monotonically
curved line joining the starting material to the graphite point at b, that is to
say, the intermediate products of this process should fall on such a line.

Support for this suggestion is found in the dotted line joining W, X, Y,
and Z, for the case where polyacrylonitrile is the starting material. This
line conneets the points for polyacrylonitrile (W), cyclized polyacryloni-
trile (X), the oxidized version of the (Y; for structure see ref. 6), and
graphite (Z).

4. The polymer zone in Figures 1 and 2 bounded by lines AB and CD
falls into two regions. Generally speaking, above the line corresponding to
a CN of 2.66 (on which lie SiS, and the various forms of Si0O,), the polymers
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are prepared by high-temperature reactions involving solids that are them-
selves polymers. Below this line, the polymers are made by the normal
routes to synthetic carbon polymers, i.e., modest conditions and wet
chemistry. There are, of course, exceptions to these generalizations.

q A A Iy A A
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Fig. 4. Bulk modulus K plotted against N, for inorganic and organic polymer systems.
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THE RELATIONSHIP BETWEEN N, AND BULK MODULUS

Bulk modulus, which is the inverse of compressibility, is an important
mechanical property which might be related to the relative number of net-
work bonds per unit volume. The justification for considering bulk
modulus to begin with, rather than Young’s modulus, is that, to some ex-
tent, the former takes care of any anisotropy in the material. The mea-
surement of Young’s modulus depends on the direction of test for aniso-
tropic materials, in contradistinetion to bulk modulus. Unfortunately,
accurate data on compressibility is scarce for polymers and covalent solids.
The results of plotting bulk modulus K against N, are shown in Figure 4.
It can be seen that a very reasonable relationship emerges for values of
N, > 0.1, these being the more condensed networks. The line drawn to
connect the data points represents a trend rather than a unique relationship
between N, and K. The carbon polymers for which values of bulk modu-
lus are available have values of N, < 0.1, and these show a considerable
scatter. This is rfot unexpected, since the bulk modulus is determined in
the case of carbon polymers more by the secondary interchain forces than
by the primary intrachain or valency forces.5?

The following comments can be made about the points which lie sig-
nificantly off the full line:

1. Graphite, hexagonal boron nitride, and silica have low bulk modulus
values in relation to N.,. It is interesting to note that this is in agreement
with the paper of Barker?® dealing with the relationship between Young’s
modulus and linear coeflicient of expansion. He finds that quartz and
graphite deviate from what he calls the main sequence rule, which is dis-
cussed below. In Figure 4, the deviation of hexagonal boron nitride and
graphite can be aseribed to their layer structure. Their high compres-
sibility and therefore low bulk modulus stem from the ease with which the
layer planes can be squeezed together. The deviation of silica is much less
significant.

2. Boron nitride (zine blende structure). There is some doubt about
the measured value of bulk modulus for this diamond-like material. It is
reported to have a bulk modulus in excess of 10'2Nm—2, but we calculate a
value of 7.0XX10''Nm~?, using the method of Plendl et al.? based on cohe-
sive energy, which is much closer to that of diamond. This value is also
supported by hardness data as shown in Figure 6, where diamond and boron
nitride are seen to be very close.

3. The bulk modulus of antimony trisulfide is very high, taking the K
value given in the I.C.T." and the structure in Wells.!! We are led to
doubt the high K value as the most likely explanation of this anomaly.
The structure of this material quoted by Wells is as follows:

/S\S'b’s\slb/s\?b/

\Sb/s\sb/S\Sb/S\

S S S
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THE RELATIONSHIP BETWEEN N, AND YOUNG’S MODULUS

The plot of E against N, is shown in Figure 5. Bearing in mind the
problem introduced by anisotropy, the relationship is quite good. The
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Fig. 5. Young’s modulus E plotted against V.. for inorganic and organic polymers.

points plotted arc based on isotropie polyerystalline samples as far as pos-
sible, in order to average out the different E values for the different crystal-
lographic directions in the various materials. The points which fall off the
line are similar in Figures 4 and 5.
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For isotropic solids, the relationship between E, K, and » (Poisson’s
ratio) is as follows:

S
T 3(1 — 2v)

Although there is a broad correlation between N, on the one hand and
K and E on the other, as shown in Figures 4 and 5, the lines drawn in do not
represent unique functions. There is therefore no reason to expect any
obvious connection between N, and », and this is borne out in Appendix II.

It should be pointed out that accurate data on Poisson’s ratio are very
sparse, since little research has been done on this property, and that we
know little about the factors which control it. Furthermore, since it is an
elastic constant, like £ and K, anisotropic materials have more than one
value for Poisson’s ratio, while for viscoelastic solids Poisson’s ratio is time
dependent.!?

Nevertheless, we have thought it of interest to calculate a series of values
of » from Figures 4 and 5 for various values of N, using eq. (3). The re-
sults are shown in Table I; they are interesting because the valtues for bulk
and Young’s modulus in Figures 4 and 5 were determined quite inde-
pendently by a variety of workers.

K 3)

TABLE I
Poisson’s Ratio Calculated from Figures 4 and 5

K, Nm~™? E, Nm~—? Calculated
N,, (from Fig. 2) (from Fig. 3) from eq. (1)
0.05 2.5 X 10° 2.0 X 10° 0.36
0.1 2.2 X 10w 2.5 X 10w 0.31
0.15 6.8 X 101 8.0 X 10® 0.30
0.2 1.4 X 101 1.5 X 101 0.31
0.25 2.0 X 101 2.5 X 10n 0.29
0.3 2.7 X 10t 4.5 X 101 0.23
0.4 4.2 X 101 6.0 X 101 0.26
0.5 5.4 X 101 8.0 X 101 0.26

The calculated values of v fall within the range of 0.23-0.36 and are of the
same order of magnitude as the experimental values of Poisson’s ratio
shown in Appendix II, and they suggest that the lines in Figures 4 and 5
are correctly drawn.

THE RELATIONSHIP BETWEEN N, AND HARDNESS

Since the factors controlling hardness and elastic behavior are related, we
have plotted hardness (expressed in Nm=?) against N}, in Figure 6. In
order to cover the range of hardness values from diamond to rubbery poly-
mers, it was necessary to convert hardness data (from a number of sources
and measured by different techniques) to a self-consistent scale. In this
case we selected BHN values as being the most suitable (since the Brinell
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measurement is obtained through indentation and provides an approximate
mecasure of yicld strength) and constructed a conversion table. The rcla-
tionship between seratch and indentation hardness values has already been
reported by Tabor in 1954.1*  The range of hardness covered spans about
four decades, and the relationship obtained is surprisingly good.
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Fig. 6. Hardness plotted against N, for inorganic and organic systems.
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THE RELATIONSHIP BETWEEN CUBICAL COEFFICIENT OF
EXPANSION + AND N,

In considering the thermal expansion behavior of polymers, it seems in-
tuitively reasonable to suppose that the more tightly packed network will
have the lower coeflicient of thermal expansion. In order to investigate
this, we have selected the cubical coefficient of expansion for study, since

q b}
Enpacsa. |
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o |-
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o |-
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{o 1 £t s a2zl 1 [US S S AW | 1 R |
ool 6| i.o

Neo
Fig. 7. Cubical coeflicient of expansion plotted against N,,.

this is an overall property of a material which does not depend upon the
direction of test, and therefore makes an allowance for anisotropy. The
result of plotting coefficient of expansion against N, is shown in Figure 7 on
a log-log plot, and it can be seen that a reasonable correlation is obtained.
The greatest deviation from this is shown by vitreous silica.
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This result is in line with Barker’s findings.® In the first of these papers,
Barker put forward the following relationship, where £ is Young’s modulus
and a is linear coefficient of expansion:

Ea? = 150 dyn em—2 °IKK-2 4)

This applies within certain stated limits of accuracy for a wide variety of
solids. In the second paper, he suggests that a similar relationship may ap-
ply to bulk modulus and cubical coefficient of expansion, i.e.,

K~* = constant. 5)

If, as we find, K is related to N, then it is not surprising that v is also re-
lated to N, as shown in Figure 6.

CONCLUSIONS

We have shown that the average connectivity of the network atoms, CN,
and the relative number of network bonds per em?, N, are easily accessible
numbers which have interesting chemical and physical implications. The
plot of CN against N, throws light on the following: (a) the zone in
which polymers exist and the relationship between carbon polymers and
inorganic polymers; (b) the process of graphitization.

The structural parameter N, correlates reasonably well with these prop-
erties: (a) bulk modulus, (b) Young’s modulus, (c¢) hardness, (d) co-
efficient of expansion.

The parameters CN and N,, are single numbers which describe an aver-
age structural feature of a polymer, and this inevitably limits their useful-
ness. Nevertheless, they provide useful additional information about
polymers from existing data. Furthermore, within broad limits of accuracy
it is possible to use N, predictively to estimate the foregoing physical prop-
erties.

Appendix I
The Calculation of N..

(i)Poly (dimethylsiloxane)

CN = 2 (both the Si and O atoms are 2-connected in the chain):

CH;,

Molecular weight of repeat unit = 74
Network bonds per repeat unit = 2
Density = 1.1

1.1

or = =7 = 0.0
N 74X2 3
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(ii)Poly (ethylene terephthalate)

_ (10X 2) + (2 X3)
h 12

{—o—cnz—cnz—o—co—©—co—)-

Molecular weight of repeat unit = 192
Network bonds per repeat unit = 13
Density = 1.38

1.38
Nee = —— 13 = 0.094
192 x

CN = 2.16 (there are two 3-connected atoms per ten 2-con-

nected atoms):

(iii )Diamond
|
C

AN

CN =14

Molecular weight of repeat unit 2

= 2 (each bond is shared with another carbon

N | W

Network bonds per repeat unit

atom)
Density = 3.5

3.5
N = — X2 =058
12 X
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