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Importance of Boscovich’s theory of natural philosophy for polymer
science”

Summary — It has been generally accepted that the macromolecular hypothesis was for the first time
presented by H. Staudinger (1920). It is shown in this article, however, that Roger Boscovich, in his
monumental work “Theory of natural philosophy”, as early as in the 18th century, pointed out that the
spiral atomic chains could be formed. He also pointed that the shape of the chain could be markedly
changed due to slight changes of the distances among the atoms. The elastic properties of the chains
have been stressed. The author of this article also presented some examples of the applications of
Boscovich’s theory for the interpretation of free-radical polymerization of compressed ethylene gas
and liquid methyl methacrylate. The priority of Boscovich’s macromolecular hypothesis is doubtless
and his theory is still applicable in the current polymer science.
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sure polymerization of ethylene, polymerization of methyl methacrylate.

ZNACZENIE TEORII NATURALNE] FILOZOFII BOSCOVICHA DLA WIEDZY O POLIMERACH
Streszczenie — Na podstawie przegladu literatury z okresu XVIII—XXI wieku wykazano, ze Roger
Boscovich, autor fundamentalnej teorii filozofii (rys. 1), juz w XVIII w., w ramach tej teorii, jako
pierwszy przewidzial mozliwosé formowania sie spiralnych taiicuchéw atomowych — ktérych
ksztatt w znacznym stopniu zalezy od bardzo niewielkich zmian odlegtosci pomiedzy atomami —
a takze mozliwos¢ wystepowania elastycznych wtasciwosci takich taficuchéw (rys. 2—D5). Przedsta-
wiono réwniez niektére potwierdzone przez zesp6t Autora niniejszego artykutu przyklady owocnych
zastosowan teorii Boscovicha do interpretacji wynikéw rodnikowej wysokoci$nieniowej polimeryzacji
gazowego etylenu oraz polimeryzacji ciektego metakrylanu metylu (rys. 9—11). Priorytet makromole-
kularnej hipotezy Boscovicha nie podlega zadnej watpliwosci a jego teoria moze wciaz jeszcze znajdo-
wac zastosowanie w interpretacji osiagnie¢ wspodlczesnej nauki o polimerach.

Stowa kluczowe: Roger Boscovich, teoria filozofii naturalnej, hipoteza makromolekularna, wysoko-

ci$nieniowa polimeryzacja etylenu, polimeryzacja metakrylanu metylu.

The hypothesis that high polymers are composed of
covalent structures many times greater in extent than
those occurring in simple compounds, and that this fea-
ture alone accounts for the characteristic properties
which set them apart from the other forms of matter, is in
large measure responsible for the rapid advances in the
chemistry and physics of these substances observed in
recent years. It is generally accepted that the macro-
molecular hypothesis was presented for the first time by
Hermann Staudinger in 1920 [1]. »Dear Colleague, leave
the concept of large molecules well alone... there can be
no such things as a macromolecule« was a comment on
Staudinger’s evidences on the macromolecule concept

A part of the article has been presented on the conference “The past
and the future of polymer en§ineering, technology, and science” or-
ganized on the occasion of 70" birthday of Prof. Igor Catig, Society of
Plastics and Rubber Engineers, Zagreb (Croatia), April, 27—28th, 2006.

[2]. This elementary concept did not gain widespread
acceptance before 1930, and vestiges of contrary views
remained for more than a decade thereafter.

In this article, however, we would like to show that
Roger Boscovich (1711-1787) was very first one who an-
nounced a macromolecular hypothesis in his famous
“Theoria philosophia naturalis” [3] as early as in 1758.
Hence, an outline of his theory and its confirmation by
contemporary science achievements, the macromolecu-
lar hypothesis of Boscovich as well as some our applica-
tions of the theory are presented here.

BOSCOVICH’S THEORY OF NATURAL PHILOSOPHY

Boscovich held the matter to be discrete. The elemen-
tary particles of which matter is built were held to be
non-extended points. Depending on the distance be-
tween the points, there are the determinations between
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Fig. 1. General (a) and some particular (b, c) shapes of Bosco-
vich’s curves that present the attractive and repulsive forces
(bottom and upper ordinates, respectively) vs. distance (ab-
scissa) between the elementary points of matter [3, 4]

them to be attracted or repelled, i.e. there are the attrac-
tive or the repulsive forces. If the distance between the
points is very large there is an attractive force between
them. With the decrease in a distance, however, the re-
pulsion force appears, than the attractive force again and
thus several times (Fig. 1a) [3]. At very small distances
the force is repulsive and prevents a contact of the parti-
cles. The number of attractive and repulsive arches, their
height and shape can be different (Fig. 1b and 1c). These
curves were published by Boscovich for the first time [4]
in 1745 and explained in more detail [3] in 1758.

The elementary points are combined producing the
more complex particles of first order, the first order par-
ticles are combined producing the second order parti-
cles, etc. Then atoms, molecules, bodies are formed.
Whatever the level of the particles, the same force law
(Fig. 1) can explain the interaction between them.

Boscovich emphasized the importance of distances at
which the curve crosses the abscissa (E, G, I, L, N, P and
R), ie. the attractive and repulsive forces are equal.
Should the particle find itself at point R and recede a
little towards F, it would return towards R because it
would have found itself in a region where the force was
attractive. If, conversely, it recedes from R towards Q, it
will again return towards R because it is now in the
region of the repulsive force. The distances R, N, I and E
represent the stable positions, named by Boscovich as
the limits of cohesion.

The case of point P is different. Namely, if a particle at
P should recede towards Q, it would find itself in the
region of the repulsive force, and it would recede from P
and approach R. If it should recede from P toward O, it
would find itself in the region of the attractive force, and

would approach N. The distances P, L and G are the un-
stable positions, named by Boscovich as the limits of
non-cohesion.

REFLECTIONS OF BOSCOVICH’S NATURAL
PHILOSOPHY IN CURRENT SCIENCE

In 1902 Lord Kelvin noted that different properties of
the atom may be explained by Boscovich’s theory:
“..and as we are assuming the electrons to be all alike,
we must fall back on Father Boscovich, and require him
to explain the difference of quality of different chemical
substances by different laws of forces between the diffe-
rent atoms.” In 1907 Lord Kelvin was already quite sure
that Boscovich’s theory could be applied to explain phe-
nomena in the interior of the atom, and declared: “My
present assumption is Boscovichianism pure and sim-
ple” [5].

Joseph John Thompson (1856-1940) was inspired by
Boscovich’s theory to propose the structure of atom. If
Boscovich’s law of forces is applied on the atomic scale,
the electrons may find themselves at the distances from
the positively charged nucleus that will correspond to
the distances of Boscovich’s limits of cohesion. In those
cases the electrons will be in equilibrium with the nu-
cleus and will remain stable in the circular orbits. This
model of atom was experimentally confirmed in
1909—1911 by Ernest Rutherford and further developed
by Niels Bohr that also accepted the concepts of discrete
orbits of electrons. Accordingly, Kelvin’s and Thomp-
son’s hypothesis, based on Boscovich’s ideas, inspired
the studies and conclusions of Rutherford and Bohr. Bo-
scovich’s theory can thus be said to have indirectly con-
tributed to the development of modern concepts of elec-
tronic structure of atoms [5].

Fig. 2. Potential energy diagram that illustrates the depen-
dence of the potential energy E on the distance of separation r
of two atoms [8]. The bottom diagram is the corresponding
force F acting between the atoms, obtained from the relation
F =-0E/or
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Fig. 3. Change of potential energy o(r) as a function of the
distance r between two atoms of liquid sodium [9] (solid lines
are the theoretical calculations; the points are the experimental
values)
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Fig. 4. Curves of potential energy E;,; as a function of distance
R between two ethylene molecules [10] (the curves 1 and 2 are
theoretically calculated by two different methods); Ejy is in
atomic units (A.U.), where A.U. = 2.6253 - 10° kJ/mole; R s
in ag units, where ag = 5.2918 - 107 cm
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Fig. 5. Potential energy E as a function of the distance between
an adsorbate molecule from the surface, i.e. transition from the
physical to the chemisorption [11] (arbitrary units for E and
distance)

Numerous achievements of modern science show
that Boscovich was right in many respects, especially

where his curve of forces is concerning. New scientists
usually no longer mention Boscovich, and perhaps they
no longer find him a source of stimulation in their expla-
nations of specific phenomena, but there is no doubt that
their results can be remarkably related to Boscovich. Se-
veral dozens of examples have been presented [5—7] to
confirm the similarity of Boscovich curves (Fig. 1) with
the corresponding curves found in the literature pub-
lished in 20" and 21° century.

These curves describe the interactions of particles ina
wide range of the hierarchy of matter: the interaction of
nucleons, the interaction of nucleon and lambda hy-
peron, the fission of heavy atomic nuclei, the chemical
(Fig. 2) and physical (Fig. 3) interactions of atoms, the
interactions of molecules (Fig. 4), the adsorption phe-
nomena (Fig. 5), the interaction of charged colloidal par-
ticles as well as the interaction of two clay particles, etc.
The similarity of the current interaction curves with Bo-
scovich’s curves (Fig. 1) is evident. The only difference is
that the energy (E) is presented on ordinates, instead of
force (F) as it was done by Boscovich. Knowing that
there is relation F = — 0E/dr, however, an energy curve
can be easily transformed to force curve: the minimum
and maximum values of energy curves correspond to
the limits of cohesion and non-cohesion on Boscovich’s
force curve (Fig. 2).

On the base of Boscovich’s theory the great contribu-
tions have been made in mathematics, astronomy, theory
of relativity, optics and physics of elementary particles
[5, 12], so it is quite reasonable to conclude that he was
the forerunner of modern physical theories, as it was
done by Gill [13].

MACROMOLECULAR HYPOTHESIS IN BOSCOVICH’S
THEORY OF NATURAL PHILOSOPHY

Having in mind his force-distance curves, Boscovich
suggested (paragraph 440 in ref. [3]) that the atoms
could be connected: “In such a way atoms might be formed
like spirals; and, if these spirals were compressed by a
force, there would be experienced a very great elastic force
or propensity for expansion.” Also, he wrote: “...by a very
slight change of each the distance in a very long series of
points there might be obtained a bending of the figure of
comparatively large amount, due to a large number of these
slight bendings.” (In these citations some words are in
italic given by the author of this text).

Let us consider some details of these Boscovich’s
statements. He suggested that long series of points could
be formed, the shape of which might be like spirals of
atoms. This is a macromolecular hypothesis, indeed. To-
day we know that such structures have been confirmed
in the natural and the synthetic polymers, too (Fig. 6).

Furthermore, the elastic properties as well as the pro-
pensity of expansion, suggested by Boscovich, are the well
known characteristics of some macromolecular mate-
rials.
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Fig. 7. Entropy (Sij) and enthalpy (Uij) changes with a dis-
tance (R) of two macromolecular chains (i and j) [14]

Aslight change of each distance and the slight bendings in
a very long series of points resulting in a bending of the figure
of comparatively large amount could be understood as a
change of macromolecular conformation due to the rota-
tion around chemical bonds in the macromolecular
chain backbone.

Thus, Boscovich suggested all the basic charac-
teristics of macromolecules: the chain structure, the pos-
sibility of spiral chain conformation, the change of the
conformation as a result of the slight bendings of chemi-
cal bonds and also the elastic properties of macro-
molecular materials. It had been done almost two centu-
ries before Staudinger launched his macromolecular hy-
pothesis.

But, how the interaction between the two macro-
molecular chains is explained by the current polymer
science? It is presented in Fig. 7. The current explanation

Poly-a-olefins

of interaction enthalpy and entropy is the same as Bo-
scovich’s curve (Fig. 1)!

OUR APPLICATIONS OF BOSCOVICH’S THEORY
OF NATURAL PHILOSOPHY

Several times we have applied Boscovich’s theory to
solve some problems of polymer science and practice.
Only a short outline of these applications will be pre-
sented here.

Physical meaning of cohesion and non-cohesion
limits

It has been explained that Kelvin, Rutherford,
Thompson and Bohr accepted Boscovich’s law of forces,
applied it in the atomic scale and suggested that the elec-
trons may find themselves on the distances from the
positively charged nucleus that will correspond to the
distances of Boscovich’s limits of cohesion. This is physi-
cal meaning of cohesion limits on the intra-atomic scale.
Here we presented several examples (Fig. 2—5, 7) that
Boscovich curve is valid in the higher scales, too: inter-
atomic, molecular, supra-molecular and macromolecu-
lar scales. The examples for the lower then atomic scales
have been presented elsewhere [5—7]. There are also co-
hesion and non-cohesion limits in these scales. It was
quite reasonable for us to propose that these limits
should have some physical meanings, too.

We applied and adopted the theory of Savich-Kasha-
nin [15] to derive a very simple mathematical model for
the calculation of specific volume of matter whose mole-
cules were at the cohesion or at the non-cohesion limits
(Fig. 8) [16]. The left side of each step corresponds to
some cohesion, the right side — to some non-cohesion
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Fig. 8. Specific volume of matter which molecules are at the
cohesion and non-cohesion limits (Vy; — volume occupied by
molecule rotation, V- — critical volume, b, — hard sphere
volume, b — co-volume in the van der Waals equation of state,
Vis — volume of the solid phase at the triple point, Vo —
volume at absolute zero temperature) [16]

limit. We have proved for 92 substances that the outer-
most cohesion limit (position R in Fig. 1a) corresponded
to the volume at critical point (V). The other volumes
represent the characteristic volumes of a matter, i.e. in-
herent properties of a matter, which do not depend on
the pressure and temperature. It was proved for 143 sub-
stances that there was very good agreement of the em-
pirical values with calculated ones by the model pre-
sented in Fig. 8 [16].

Free radical polymerization of compressed ethylene
gas

Ethylene molecule has a double bond and can be po-
lymerized by a free radical mechanism producing low
density polyethylene (PE-LD): Re + CHy=CH, —
R-CH—CHje. This process was discovered in 1933 by
the ICI company. The peculiarity of this simple poly-
merization, however, is that it can be performed only if
the ethylene gas is compressed to a very high pressure.
A typical polymerization conditions in the industrial
plants are in the ranges of 1 000—3 000 bar and 150—
300 °C. Why it is necessary to have such high pressure
was an open question for the many decades after the
process has been discovered. It was noticed by Hunter
[17] that the density of ethylene gas at polymerization
condition was about 0.46 g/cm®. This value exceeds the
density of the randomly and loosely packed ethylene
molecules, i.e. 0.28 g/cm>. Hunter concluded that ethy-
lene molecules were regularly packed, properly oriented
and highly distorted at polymerization conditions. He
suggested that a supra-molecular organization of ethy-
lene is a prerequisite for polymerization.
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Fig. 9. Phase state (top) and supra-molecular species (bottom)
and their volumes (empirical values) of compressed ethylene
gas (molecular pair, bimolecule and oligomolecule, respec-
tively) [18—23]

There was no explanation, however, how the mole-
cules were packed, oriented and distorted. Usually, the
ethylene molecules interaction is presented by Lennard-
-Jones potential curve (published in 1924), which is simi-
lar to the curve presented in Fig. 4 and to the Boscovich
curve presented in Fig. 1b (published in 1745). The em-
pirical value of the distance between the ethylene mole-
cules at minimum potential energy is r, = 0.466 nm. At
lower distances, a high repulsive force is usually ex-
pected. The density of ethylene havmg the molecules
separated by 0.466 nm is 0.22 g/cm?. This value is two
times lower than the density at polymerization condi-
tions. It means that ethylene molecules could come at
distance lower than 0.466 nm. Hence, we proposed that
Boscovich’s curve presented in Fig. 1c or 1a should be
more appropriate. On the base of that proposal, the su-
pra-molecular particles of compressed ethylene were
suggested (Fig. 9). Their volumes were calculated by our
mathematical model (Fig. 8) and amount 127.6, 63.8 and
40 cm®/mole for the molecular pair, the bimolecule and
the oligomolecule, respectively. These values are very
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close to the empirical values for these particles: 127.6,
57.1 and 37.8 cm®/mole, respectively. The existence of
these particles and the higher order phase transitions in
compressed ethylene have been confirmed by the ther-
modynamic, physical and spectroscopic methods. The
effects of the supra-molecular particles on the mecha-
nism and kinetics of polymerization as well as on the
structure and properties of polyethylene have been pub-
lished by us in [18—23].

Effect of pressure on melting temperature of low
density polyethylene (PE-LD)

Effect of pressure on melting temperature of PE-LD is
of a great importance for PE-LD processing. Knowing
the supra-molecular organization of compressed ethy-
lene gas it was possible to predict this effect by the law of
the continuity published by Boscovich [24] in 1754: the
phase transitions in compressed ethylene and in com-
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Fig. 10. Phase transitions in compressed ethylene gas (solid
line S/S. = 1) and in compressed polyethylene (points) [23]

pressed polyethylene should occur at the same pressure-
temperature conditions. This prediction has been con-
firmed by the empirical data (Fig. 10) [23].

Supra-molecular organization and polymerization of
liquid methyl methacrylate (MMA)

Free radical polymerization of liquid MMA has been
frequently investigated because of the very pronounced
auto-acceleration phenomenon known as the gel effect
or Norrish-Trommsdorff effect. Boscovich suggested
that the interactions of particles in a liquid should be
presented by curve presented in Fig. 1c. According to the
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Fig. 11. Fractions of ordered (line 1) and disordered (line 2)
domains of liqguid MMA at different temperatures predicted by
calculation; points experimentally determined by polymeriza-
tion [25]

present knowledge, a liquid consists of ordered and dis-
ordered domains. Knowing the specific volume of liquid
MMA and using the mathematical model presented in
Fig. 8, it was possible to calculate the fractions of ordered
and disordered domains in MMA (Fig. 11) [25]. Then we
polymerized MMA at different temperatures. According
to the theory of organized monomer polymerization
[26], initially the monomer molecules in disordered do-
mains should polymerize followed by polymerization of
monomer in ordered domains. We have proved experi-
mentally that the calculated fractions are equal to the
experimentally determined fractions of polymerized
monomer in ordered and disordered domains (points in
Fig. 11). In addition to that, some other characteristic
points at monomer conversion — time curve were theo-
retically predicted and confirmed experimentally.

CONCLUSION

It is shown in this article that Roger Boscovich, in his
monumental work “Theory of natural philosophy”, as
early as in the 18" century, pointed out that the spiral
atomic chains could be formed. He also pointed that the
shape of the chain could be markedly changed due to
slight changes of the distances among the atoms. The
elastic properties of the chains have been stressed. Fur-
thermore, the interaction between two polymer chains is
described by Boscovich’s curve. The priority of Bosco-
vich’s macromolecular hypothesis is doubtless and his
theory is still applicable in the current polymer science.

Here we presented only the scientific issues of Bosco-
vich’s theory and its importance for polymer science. His
theory is of the greatest significance for the other scien-
tific fields, such as the particle theory [27—29], the elec-
tric and magnetic field theory [30] and the quantum me-
chanics [31]. Very important is the philosophical back-
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ground of his theory. It is out of scope of this article to
brief on this issue. A good insight in Boscovich’s philoso-
phy has been presented elsewhere [32—34]. Attraction
and repulsion are the essence of the matter not only for
Boscovich, but for Kant, Hegel and Engels, too [35].

We would like also to mention that Werner Heisen-
berg in 1958 placed even greater emphasis on the impor-
tance of Boscovich’s ideas for 20 century science: “The
remarkable concept that forces are repulsive at small dis-
tances, and have to be attractive at greater ones, has
played a decisive role in modern atomic physics.” Hei-
senberg also stressed that the Boscovich’s ideas were still
present in modern science: “His main work, «Theoria
Philosophiae Naturalis», contains numerous ideas
which have reached full expression only in modern phy-
sics of the past fifty years, and which show how correct
were the philosophical views which guided Boscovich in
his studies in the natural sciences” [5].
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