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Preface

THis volume is the second in a series in which I am undertaking to develop the
consequences that necessarily follow if it is postulated that the physical universe is
composed entirely of motion. The characteristics of the basic motion were defined
in Nothing But Motion, the first volume of the series, in the form of seven
assumptions as to the nature and interrelation of space and time. In the subsequent
development, the necessary consequences of these assumptions have been derived
by logical and mathematical processes without the introduction of any
supplementary or subsidiary assumptions, and without introducing anything from
experience. Coincidentally with this theoretical development, it has been shown
that the conclusions thus reached are consistent with the relevant data from
observation and experiment, wherever a comparison can be made. This justifies the
assertion that, to the extent to which the development has been carried, the
theoretical results constitute a true and accurate picture of the actual physical
universe.

In a theoretical development of this nature, starting from a postulate as to the
fundamental nature of the universe, the first results of the deductive process
necessarily take the form of conclusions of a basic character: the structure of matter,
the nature of electromagnetic radiation, etc. Inasmuch as these are items that cannot
be apprehended directly, it has been possible for previous investigators to formulate
theories of an ad hoc nature in each individual field to fit the limited, and mainly
indirect, information that is available. The best that a correct theory can do in any
one of these individual areas is to arrive at results that also agree with the available
empirical information. It is not possible, therefore, to grasp the full significance of
the new development unless it is recognized that the new theoretical system, the
Reciprocal System, as we call it, is one of general application, one that reaches al/
of its conclusions all physical fields by deduction from the same set of basic
premises.

Experience has indicated that it is difficult for most individuals to get a broad
enough view of the fundamentals of the many different branches of physical science
for a full appreciation of the unitary character of this new system. However, as the
deductive development is continued, it gradually extends down into the more
familiar areas, where the empirical information is more readily available, and less
subject to arbitrary adjustment or interpretation to fit the prevailing theories. Thus
the farther the development of this new general physical theory is carried, the more
evident its validity becomes. This is particularly true where, as in the subject matter
treated in this present volume, the theoretical deductions provide both explanations
and numerical values in areas where neither is available from conventional sources.

There has been an interval of eight years between the publication of Volume I
and the first complete edition of this second volume in the series. Inasmuch as the
investigation whose results are here being reported is an ongoing activity, a great
deal of new information has been accumulated in the meantime. Some of this
extends or clarifies portions of the subject matter of the first volume, and since the
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viii  Basic Properties of Matter

new findings have been taken into account in dealing with the topics covered in this
volume, it has been necessary to discuss the relevant aspects of these findings in
this volume, even though some of them may seem out of place. If, and when, a
revision of the first volume is undertaken, this material will be transferred to
Volume L.

The first 11 chapters of this volume were published in the form of reproductions
of the manuscript pages in 1980. Publication of the first complete edition has been
made possible through the efforts of a group of members of the International
Society of Unified Science, including Rainer Huck, who handled the financing,
Phil Porter, who arranged for the printing, Eden Muir, who prepared the
illustrations, and Jan Sammer, who was in charge of the project.

D. B. Larson
December 1987



CHAPTER 1
Solid Cohesion

THE consequences of the reversal of direction (in the context of a fixed reference
system) that takes place at unit distance were explained in a general way in chapter 8
of Volume I. As brought out there, the most significant of these consequences is
that establishment of an equilibrium between gravitation and the progression of the
natural reference system becomes possible.

There is a location outside unit distance where the magnitudes of these two
motions are equal: the distance that we are calling the gravitational limit. But this
point of equality is not a point of equilibrium. On the contrary, it is a point of
instability. If there is even a slight unbalance of forces one way or the other, the
resulting motion accentuates the unbalance. A small inward movement, for
instance, strengthens the inward force of gravitation, and thereby causes still further
movement in the same direction. Similarly, if a small outward movement occurs,
this weakens the gravitational force and causes further outward movement. Thus,
even though the inward and outward motions are equal at the gravitational limit, this
is actually nothing but a point of demarcation between inward and outward motion.
It is not a point of equilibrium.

In the region inside unit distance, on the contrary, the effect of any change in
position opposes the unbalanced forces that produced the change. If there is an
excess gravitational force, an outward motion occurs which weakens gravitation
and eliminates the unbalance. If the gravitational force is not adequate to maintain a
balance, an inward motion takes place. This increases the gravitational effect and
restores the equilibrium. Unless there is some intervention by external forces,
atoms move gravitationally until they eventually come within unit distance of other
atoms. Equilibrium is then established at positions within this inside region: the
time region, as we have called it.

The condition in which a number of atoms occupy equilibrium positions of this
kind in an aggregate is known as the solid state of matter. The distance between
such positions is the inter-atomic distance, a distinctive feature of each particular
material substance that we will examine in detail in the following chapter.
Displacement of the equilibrium in either direction can be accomplished only by the
application of a force of some kind, and a solid structure resists either an inward
force, a compression, or an outward force, a tension. To the extent that resistance
to tension operates to prevent separation of the atoms of a solid it is commonly
known as the force of cohesion.

The conclusions with respect to the nature and origin of atomic cohesion that
have been reached in this work replace a familiar theory, based on altogether
different premises. This previously accepted hypothesis, the electrical theory of
matter, has already had some consideration in the preceding volume, but since the
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new explanation of the nature of the cohesive force is basic to the present
development, some more extensive comparisons of the two conflicting viewpoints
will be in order before we proceed to develop the new theoretical structure in greater
detail.

The electrical, or electronic, theory postulates that the atoms of solid matter are
electrically charged, and that their cohesion is due to the attraction between unlike
charges. The principal support for the theory comes from the behavior of ionic
compounds in solution. A certain proportion of the molecules of such compounds
split up, or dissociate, into oppositely charged components which are then called
ions. The presence of the charges can be explained in either of two ways: (1) the
charges were present, but undetectable, in the undissolved material, or (2) they
were created in the solution process. The adherents of the electrical theory base it
on explanation (1). At the time this explanation was originally formulated, electric
charges were thought to be relatively permanent entities, and the conclusion with
respect to their role in the solution process was therefore quite in keeping with
contemporary scientific thought. In the meantime, however, it has been found that
electric charges are easily created and easily destroyed, and are no more than a
transient feature of matter. This cuts the ground from under the main support of the
electrical theory, but the theory has persisted because of the lack of any available
alternative.

Obviously some kind of a force must hold the solid aggregate together. Outside
of the forces known to result directly from observable motion, there are only three
kinds of force of which there has heretofore been any definite observational
knowledge: gravitational, electric, and magnetic. The so-called “forces’ which play
various roles in present-day atomic physics are purely hypothetical. Of the three
known forces, the only one that appears to be strong enough to account for the
cohesion of solids is the electric force. The general tendency in scientific circles has
therefore been to take the stand that cohesion must result from the operation of
electrical forces, notwithstanding the lack of any corroboration of the conclusions
reached on the basis of the solution process, and the existence of strong evidence
against the validity of those conclusions.

One of the serious objections to this electrical theory of cohesion is that it is not
actually a theory, but a patchwork collection of theories. A number of different
explanations are advanced for what is, to all appearances, the same problem. In its
basic form, the theory is applicable only to a restricted class of substances, the so-
called “ionic” compounds. But the great majority of compounds are “non-ionic.”
Where the hypothetical ions are clearly non-existent, an electrical force between
ions cannot be called upon to explain the cohesion, so, as one of the general
chemistry tests on the author’s shelves puts it, “A different theory was required to
account for the formation of these compounds.” But this “different theory,” based
on the weird concept of electrons “shared” by the interacting atoms, is still not
adequate to deal with all of the non-ionic compounds, and a variety of additional
explanations are called upon to fill the gaps.

In current chemical parlance the necessity of admitting that each of these different
explanations is actually another theory of cohesion is avoided by calling them



Solid Cohesion 3

different types of “bonds” between the atoms. The hypothetical bonds are then
described in terms of interaction of electrons, so that the theories are united in
language, even though widely divergent in content. As noted in Chapter 19, Vol. I,
a half dozen or so different types of bonds have been postulated, together with
“hybrid” bonds which combine features of the general types.

Even with all of this latitude for additional assumptions and hypotheses, some
substances, notably the metals, cannot be accommodated within the theory by any
expedient thus far devised. The metals admittedly do not contain oppositely
charged components, if they contain any charged components at all, yet they are
subject to cohesive forces that are indistinguishable from those of the ionic
compounds. As one prominent physicist, V. F. Weisskopf, found it necessary to
admit in the course of a lecture, “I must wamn you I do not understand why metals
hold together.” Weisskopf points out that scientists cannot even agree as to the
manner in which the theory should be applied. Physicists give us one answer, he
says, chemists another, but “neither of these answers is adequate to explain what a
chemical bond is.™

This is a significant point. The fact that the cohesion of metals is clearly due to
something other than the attraction between unlike charges logically leads to a rather
strong presumption that atomic cohesion in general is non-electrical. As long as
some non-electrical explanation of the cohesion of metals has to be found, it is
reasonable to expect that this explanation will be found applicable to other
substances as well. Experience in dealing with cohesion of metals thus definitely
foreshadows the kind of conclusions that have been reached in the development of
the Reciprocal System of theory.

It should also be noted that the electrical theory is wholly ad hoc. Aside from
what little support it can derive from extrapolation to the solid state of the conditions
existing in solutions, there is no independent confirmation of any of the principal
assumptions of the theory. No observational indication of the existence of electrical
charges in ordinary matter can be detected, even in the most strongly ionic
compounds. The existence of electrons as constituents of atoms is purely
hypothetical. The assumption that the reluctance of the inert gases to enter into
chemical compounds is an indication that their structure is a particularly stable one
is wholly gratuitous. And even the originators of the idea of “sharing” electrons
make no attempt to provide any meaningful explanation of what this means, or how
it could be accomplished, if there actually were any electrons in the atomic
structure. These are the assumptions on which the theory is based, and they are
entirely without empirical support. Nor is there any solid basis for what little
theoretical foundation the theory may claim, inasmuch as its theoretical ties are to
the nuclear theory of atomic structure, which is itself entirely ad hoc.

But these points, serious as they are, can only be regarded as supplementary
evidence, as there is one fatal weakness of the electrical theory that would demolish
it even if nothing else of an adverse nature were known. This is our knowledge of
the behavior of positive and negative electric charges when they are brought into
close proximity. Such charges do not establish an equilibrium of the kind
postulated in the theory; they destroy each other. There is no evidence which
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would indicate that the result of such contact is any different in a solid aggregate,
nor is there even any plausible theory as to why any different outcome could be
expected, or how it could be accomplished.

It is worth noting in this connection that while current physical theory portrays
positive and negative charges as existing in a state of congenial companionship in
the nuclear theory of the atom and in the electrical theory of matter, it turns around
and gives us explanations of the behavior of antimatter in which these charges
display the same violent antagonism that they demonstrate to actual observation.
This is the kind of inconsistency that inevitably results when recalcitrant problems
are “solved” by ad hoc assumptions that involve departures from established
physical laws and principles.

In the context of the present situation in which the electrical theory is challenged
by a new development, all of these deficiencies and contradictions that are inherent
in the electrical theory become very significant. But the positive evidence in favor
of the new theory is even more conclusive than the negative evidence against its
predecessor. First, and probably the most important, is the fact that we are not re-
placing the electrical theory of matter with another “theory of matter.” The Reci-
procal System is a complete general theory of the physical universe. It contains no
hypotheses other than those relating to the nature of space and time, and it produces
an explanation of the cohesion of solids in the same way that it derives logical and
consistent explanations of other physical phenomena: simply by developing the
consequences of the basic postulates. We therefore do not have to call upon any
additional force of a hypothetical nature to account for the cohesion. The two
forces that determine the course of events in the region outside unit distance also
account for the existence of the inter-atomic equilibrium inside this distance.

It is significant that the new theory identifies both of these forces. One of the
major defects of the electrical theory of cohesion is that it provides only one force,
the hypothetical electrical force of attraction, whereas two forces are required to
explain the observed situation. Originally it was assumed that the atoms are
impenetrable, and that the electrical forces merely hold them in contact. Present-day
knowledge of compressibility and other properties of solids has demolished this
hypothesis, and it is now evident that there must be what Karl Darrow called an
“antagonist,” in the statement quoted in Volume I, to counter the attractive force,
whatever it may be, and produce an equilibrium. Physicists have heretofore been
unable to find any such force, but the development of the Reciprocal System has
now revealed the existence of a powerful and omnipresent force hitherto unknown
to science. Here is the missing ingredient in the physical situation, the force that
not only explains the cohesion of solid matter, but, as we saw in Volume I,
supplies the answers to such seemingly far removed problems as the structure of
star clusters and the recession of the galaxies.

One point that should be specifically noted is that it is this hitherto unknown
force, the force due to the progression of the natural reference system, that holds
the solid aggregate together, not gravitation, which acts in the opposite direction in
the time region. The prevailing opinion that the force of gravitation is too weak to
account for the cohesion is therefore irrelevant, whether it is correct or not.
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Inasmuch as the new theoretical system applies the same general principles to an
understanding of all of the inter-atomic and inter-molecular equilibria, it explains the
cohesion of all substances by the same physical mechanism. It is no longer
necessary to have one theory for ionic substances, several more for those that are
non-ionic, and to leave the metals out in the cold without any applicable theory.
The theoretical findings with respect to the nature of chemical combinations and the
structure of molecules that were outlined in the preceding volume have made a
major contribution to this simplification of the cohesion picture, as they have
eliminated the need for different kinds of cohesive forces, or “bonds.” All that is
now required of a theory of cohesion is that it supply an explanation of the inter-
atomic equilibrium, and this is provided, for all solid substances under all
conditions, by balancing the outward motion (force) of gravitation against the
inward motion (force) of the progression of the natural reference system. Because
of the asymmetry of the rotational patterns of the atoms of many elements, and the
consequent anisotropy of the force distributions, the equilibrium locations vary not
only between substances, but also between different orientations of the same
substance. Such variations, however, affect only the magnitudes of the various
properties of the atoms. The essential character of the inter-atomic equilibrium is
always the same.

As indicated in the original discussion of gravitation, even though the various
aggregates of matter do not actually exert gravitational forces on each other, the
observable results of their gravitational motions are identical with those that would
be produced if such forces did exist. The same is true of the results of the
progression of the natural reference system. There is a considerable element of
convenience in expressing these results in terms of force, on an “as if” basis, and
this practice has already been followed to some extent in the previous volume.
Now that we are ready to begin a quantitative evaluation of the inter-atomic
relations, however, it is desirable to make it clear that the force concept is being
used only for convenience. Although the quantitative discussion that follows, like
the earlier qualitative discussion, will be carried on in terms of forces, what we will
actually be dealing with are the inward and outward motions of each individual
atom.

While the items that have been mentioned add up to a very impressive case in
favor of the new theory of cohesion, the strongest confirmation of its validity
comes from its ability to locate the point of equilibrium; that is to give us specific
values of the inter-atomic distances. As will be demonstrated in Chapter 2, we are
already able, by means of the newly established relations, to calculate the possible
values of the inter-atomic distance for most of the simpler substances, and there do
not appear to be any serious obstacles in the way of extending the calculations to
more complex substances whenever the necessary time and effort can be applied to
the task. Furthermore, this ability to determine the location of the point of
equilibrium is not limited to the simple situation where only the two basic forces are
involved. Chapters 4 and 5 will show that the same general principles can also be

applied to an evaluation of the changes in the equilibrium distance that result from
the application of heat or pressure to the solid aggregate.
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Although, as stated in Volume I, the true magnitude of a unit of space is the
same everywhere, the effecrive magnitude of a spatial unit in the time region is
reduced by the inter-regional ratio. It is convenient to regard this reduced value,
1/156.44 of the natural unit, as the time region unit of space. The effective portion
of a time region phenomenon may extend into one or more additional units, in
which case the measured distance will exceed the time region unit, or the original
single unit may not be fully effective, in which case the measured distance will be
less than the time region unit. Thus the inter-atomic equilibrium may be reached
either inside or outside the time region unit of distance, depending on where the
outward rotational forces reach equality with the inward force of the progression of
the natural reference system. Extension of the inter-atomic distance beyond one
time region unit does not take the equilibrium system out of the time region, as the
boundary of that region is at one full-sized natural unit of distance, not at one time
region unit. So far as the inter-atomic force equilibrium is concerned, therefore, the
time region unit of distance does not represent any kind of a critical magnitude.

As we saw in our examination of the composition of the magnetic neutral
groups, however, the natural unit as it exists in the time region (the time region
unit) is a critical magnitude from the orientation standpoint. An explanation of this
difference can be derived from a consideration of the difference in the inherent
nature of the two phenomena. Where the inter-atomic distance is less than one time
region unit, the rotational forces are acting against the inward force of the
progression of the reference system during only a portion of the unit progression.
Similarly, where the inter-atomic distance is greater than one time region unit, the
unit inward force is acting against only a portion of the greater-than-unit outward
rotational forces. The variations in distance thus reflect differences in the
magnitudes of the rotational forces. But the orientation effect has no magnitude. It
either exists, or does not exist. As we have noted in the previous discussion,
particularly in connection with the structure of the benzene molecule, this effect, if it
exists, is the same regardless of whether it acts at short range or at long range. The
essential requirement that it must meet is that it must be continuously effective.
Otherwise, the orientation is destroyed during the off period. Where the rotational
forces extend beyond one time region unit, so that the unit orientation effect is
coincident with only a portion of the total rotational forces, the orienting effect is
not continuous, and no orientation takes place.

In this chapter we are dealing mainly with what we are calling “rotational
forces.” These are, of course, the same “as if”” forces due to the scalar aspect of the
atomic rotation that were called “gravitational” in some other contexts, the choice of
language depending on whether it is the origin or the effect of the force that is being
emphasized in the discussion. For a quantitative evaluation of the rotational forces
we may use the general force equation, providing that we replace the usual terms of
the equation with the appropriate time region terms. As explained in introducing the
concept of the time region in Chapter 8 of Vol. I, equivalent space 1/t replaces space
in the time region, and velocity is therefore 1/t2. Energy, the one-dimensional
equivalent of mass, which takes the place of mass in the time region expression of
the force equation, because the three rotations of the atom act separately, rather than
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jointly, in this region, is the reciprocal of this expression, or t?. Acceleration is
velocity divided by time: 1/t3. The time region equivalent of the equation F =ma is
therefore F = Ea = t2 x 1/t3 = 1/t in each dimension.

At this point we will need to take note of the nature of the increments of speed
displacement in the time region. In the outside region additions to the displacement
proceed by units: first one unit, then another similar unit, yet another, and so on,
the total up to any specific point being n units. There is no term with the value n.
This value appears only as a total. The additions in the time region follow a
different mathematical pattern, because in this case only one of the components of
motion progresses, the other remaining fixed at the unit value. Here the
displacement is 1/x, and the sequence is 1/1, 1/2, 1/3...1/n. The quantity 1/n is the
final term, not the total. To obtain the total that corresponds to n in the outside
region it is necessary to integrate the quantity 1/x from x = 1 to x =n. The result is
In n, the natural logarithm of n.

Many readers of the first edition have asked why this total should be an integral
rather than a summation. The answer is that we are dealing with a continuous
quantity. As pointed out in the introductory chapters of the preceding volume, the
motion of which the universe is constructed does not proceed in a succession of
jumps. Even though it exists only in units, it is a continuous progression. A unit
of this motion is a specific portion of this continuity. A series of units is a more
extended segment of that continuity, and its magnitude is an integral. In dealing
with the basic individual units of motion in the outside region it is possible to use
the summation process, but only because in this case the sum is the same as the
integral. To get the total of the 1/x series we must integrate.

To evaluate the rotational force we integrate the quantity 1/t from unity, the
physical datum or zero level, to t:

F=) =t (1-1)

If the quantity In t is below unity in any dimension there is no effective outward
force in that dimension, but the natural logarithm exceeds unity for all values of x
above 2, and the atoms of all elements have a rotational displacement of 2
(equivalent to t = 3) or more in at least one dimension. Consequently, all have
effective rotational forces.

The force computed from equation 1-1 is the inherent rotational force of the
individual atom; that is, the one- dimensional force which it exerts against a single
unit of force. The force between two (apparently) interacting atoms is |

F=Int,Int, (1-2)
For a two-dimensional magnetic rotation this becomes
F=In2t, ll’lz"{a (1'3)

. As we found in Chapter 12, Vol. I, the equivalent of distance s in the time region
is s?, and the gravitational force in this region therefore varies inversely as the
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fourth power of the distance rather than the square. Applying this factor to the
expression for the force of the two-dimensional rotation, together with the inter-
regional ratio, the ratio of effective to total force derived in the same chapter, we
obtain the effective force of the magnetic rotation of the atom: v

F, = (0.006392)* s* In? t, In?ty (1-4)

The distance factor does not apply to the force due to the progression of the
natural reference system, as this force is omnipresent, and unlike the rotational
force is not altered as the objects to which it is applied change their relative
positions. At the point of equilibrium, therefore, the rotational force is equal to the
unit force of the progression. Substituting unity for F,, in equation 1-4, and solving
for the equilibrium distance, we obtain

5o = 0.006392 In"2t, In"2 4y (1-5)

The inter-atomic distances for those elements which have no electric rotation, the
inert gas series, may be calculated directly from this equation. In the elements,
however, t, =tz in most cases, and it will be convenient to express the equation in
the simplified form:

So = 0.006392In t (1-6)

The values thus calculated are in the neighborhood of 10-# c¢m, and for
convenience this quantity has been taken as a unit in which to express the inter-
atomic and inter-molecular distances. When converted from natural units to this
conventional unit, the Angstrom unit, symbol A, equation 1-6 becomes

So=29141ntA (1-7)

In applying this equation we encounter another of the questions with respect to
terminology that inevitably arise in a basically new treatment of any subject. The
significance of the quantity t as used in the foregoing discussion and in the
equations is obvious from the context—it is the magnitude of the effective
rotation—but the question is: What shall we call it? The basic quantity with which
we are dealing, the rotational speed displacement, does not enter into the equations
directly. The mathematical structure of these equations requires us to enter them
with values that include the initial unit which constitutes the natural zero datum.
Furthermore, each double vibrational unit rotates independently, and when the rota-
tion extends to a second such unit the increment in the value of t is only one half
unit per added unit of displacement. Under these circumstances, where the relation
of the term t to the displacement is variable, it seems advisable to give this term a
distinctive name, and we will therefore call it the specific rotation.

As brought out in the discussion of the general characteristics of the atomic
rotation in Chapter 10, Vol. I, the two magnetic displacements may be unequal, and
in this event the speed distribution takes the form of a spheroid with the principal
rotation effective in two dimensions and the subordinate rotation in one. The
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average effective value of the specific rotation under these conditions is (t;2 t;)s. In
this case we are dealing with the properties of a single entity, and the mathematical
situation seems clear. But it is not so evident how we should arrive at the effective
specific rotation where there is an interaction between two atoms whose individual
rotations are different. As matters now stand it appears that the geometric mean of
the two specific rotations is the correct quantity, and the values tabulated in
Chapters 2 and 3 have been calculated on this basis. It should be noted, however,
that this conclusion as to the mathematics of the combination is still somewhat
tentative, and if further study shows that it must be modified in some, or all,
applications, the calculated values will be subject to corresponding modifications.
Any changes will be small in most cases, but they will be substantial where there is
a large difference between the two components. The absence of major discre-
pancies between the calculated and observed distances in combinations of atoms
with much different dimensions therefore gives some significant support to the use
of the geometric mean pending further theoretical clarification.

The inter-atomic distances of four of the five inert gas elements for which
experimental data are available follow the regular pattern. The values calculated for
these elements are compared with the experimental distances in Table 1.

Table 1: Distances — Inert Gas Elements

Atomic Element Specific Distance

Number Rotation Calc. Obs.
10 Neon 33 321 3.20
18 Argon 4-3 3.74 3.84
36 Krypton 44 4,04 4.02
54 Xenon 4241, 4.35 441

Helium, which also belongs to the inert gas series, has some special characteris-
tics due to its low rotational displacement, and will be discussed in connection with
other elements affected by the same factors. The reason for the appearance of the
44, value in the xenon rotation will also be explained shortly. The calculated
distances are those which would prevail in the absence of compression and thermal
expansion. A few of the experimental data have been extrapolated to this zero base
by the investigators, but most of them are the actual observed values at atmospheric
pressure and at temperatures which depend on the properties of the substances
under examination. These values are not exactly comparable to the calculated
distances. In general, however, the expansion and compression up to the
temperature and pressure of observation are small. A comparison of the values in
the last two columns of Table 1 and the similar tables in chapters 2 and 3 therefore
gives a good picture of the extent of agreement between the theoretical figures and
the experimental results.

Another point about the distance correlations that needs to be taken into account
is that there is a substantial amount of variation in the experimental results. If we
were to take the closest of these measured values as the basis for comparison, the
correlation would be very much better. One relatively recent determination of the
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xenon distance, for example, arrives at a value of 4.34, almost identical with the
calculated distance. There are also reported values for the argon distance that agree
more closely with the theoretical result. However, a general policy of using the
closest values would introduce a bias that would tend to make the correlation look
more favorable than the situation actually warrants. It has therefore been
considered advisable to use empirical data from a recognized selection of preferred
values. Except for those values identified by asterisks, all of the experimental
distances shown in the tables are taken from the extensive compilation by
Wyckoff.2 Of course, the use of these values selected on the basis of indirect
criteria introduces a bias in the unfavorable direction, since, if the theoretical results
are correct, every experimental error shows up as a discrepancy, but even with this
negative bias the agreement between theory and observation is close enough to
show that the theoretical determination of the inter-atomic distance is correct in
principle, and to demonstrate that, with the exception of a relatively small number
of uncertain cases, it is also correct in the detailed application.

Turning now to the elements which have electric as well as magnetic displace-
ment, we note again that the electric rotation is one-dimensional and opposes the
magnetic rotation. We may therefore obtain an expression for the effect of the
electric rotational force on the magnetically rotating photon by inverting the one-
dimensional force term of equation 1-2.

F.=1/(nt’, Int) (1-8)

Inasmuch as the electric rotation is not an independent motion of the basic
photon, but a rotation of the magnetically rotating structure in the reverse direction,
combining the electric rotational force of equation 1-8 with the magnetic rotational
force of equation 1-4 modifies the rotational terms (the functions of t) only, and
leaves the remainder of equation 1-4 unchanged.

In2tyIn2 5
F = (0.006392)* (1-9)
s4 In t’A Int’y

Here again the effective rotational (outward) and natural reference system
progression (inward) forces are necessarily equal at the equilibrium point. Since the
force of the progression of the natural reference system is unity, we substitute this
value for F in equation 1-9 and solve for s,, the equilibrium distance, as before.

(In¥2 tylnv2tg)
sp = 0.006392 (1-10)

(Invat’, In¥at’)

Again simplifying for application to the elements, where A is generally equal to B,

s = 0.006392 In ¢/Inv2t’ (1-11)
In Angstrom units this becomes
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So =2.914 In t/Inv2 1" A (1-12)

As already noted, when the rotation is extended to a second (double) vibrational
unit, to vibration two, we may say, each added displacement unit adds only one
half unit to the specific rotation. Inasmuch as 8 electric displacement units
distributed three-dimensionally bring the rotation to a new zero point, and cause the
rotational motion to revert to the translational status, the change to vibration two in
the electric dimension rmust take place before the displacement reaches 8. Specific
rotation 8 (displacement 7) is therefore followed by 82, 9, 92, etc. But the first
effective rotational displacement unit is necessarily one-dimensional, and the linear
equivalent of the 8-unit limit is 2 units. Thus this first unit has already reached the
one-dimensional limit. The succeeding displacement units have the option of
continuing on the one-dimensional basis and extending the rotation to vibration two
rather than extending it into additional dimensions. The change to vibration two
therefore may take place immediately after the first displacement unit. In this case
specific rotation 2 {displacement 1) is followed by 2V, 3, 3%, etc. The lower value
is commonly found where it first becomes possible; that is, displacement 2
normally corresponds to rotation 22 rather than 3. The next element may take the
intermediate value 3'2, but beyond this point the higher vibration one value
normally prevails.

In the first edition it was indicated that the one or two vibrational diplacement
units being rotated did not necessarily constitute the entire vibrational component of
the basic photon, inasmuch as these one or two units are capable of being rotated
independently of the remaining vibrational units, if any. Further consideration now
leads to the conclusion that one or two units of a multi-unit photon frequency can,
in fact, be set in rotation independently, as previously indicated, and that the
original photon may have had an excess of vibrational units, but that in such an
event the rotating portion of the photon begins moving inward, whereas the non-
rotating portion continues moving outward by reason of the progression of the
natural reference system. The two portions therefore separate, and the rotating
portion retains no non-rotating vibrational component.

The general pattern of the magnetic rotational values is the same as that of the
electric values. The tendency to substitute specific rotation 2v: for 3 applies to the
magnetic as well as to the electric rotation, and in the lower group combinations
(both elements and compounds) that follow the regular electropositive pattern the
specific magnetic rotations are usually 2v2-2%2 or 3-2u2, rather than 3-3. But the
upper limit for specific magnetic rotation on a vibration one basis is 4 (three
displacement units) instead of 8, as the two-dimensional rotation reaches the upper
zero level at 4 displacement units in each dimension. Rotation 414 therefore follows
rotation 4 in the regular sequence, as we saw in the values given for xenon in Table
1. It is possible to reach rotation 5 in one dimension, however, without bringing
the magnetic rotation as a whole up to the 5 level, and 5-4 or 5-4v. rotation occurs

in some elements either in lieu of, or in combination with, the 4%2-4 or 4Y2-4Y,
rotation.



CHAPTER 2
Inter-atomic Distances

AS equation 1-10 indicates, the distance between any two atoms in a solid
aggregate is a function of the specific rotations of the atoms. Since each atom is
capable of assuming any one of several different relative orientations of its
rotational motions, it follows that there are a number of possible specific rotations
for each combination of atoms. This number of possible alternatives is still further
increased by two additional factors that were discussed earlier. The atom has the
option, as we noted in Chapter 10, vol. I, of rotating with the normal magnetic
displacement and a positive electric displacement, or with the next higher magnetic
displacement and a negative electric increment. And in either case, the effective
quantity, the specific rotation, may be modified by extension of the motion to a
second vibrating unit, as brought out in Chapter 1.

It is possible that each of these many variations of the magnitude of the specific
rotation, and the corresponding values of the inter-atomic distances, may actually be
realized under appropriate conditions, but in any particular set of circumstances
certain combinations of rotations are more probable than the others, and in ordinary
practice the number of different values of the distance between the same two atoms
is relatively small, except in certain special cases. As matters now stand, therefore,
we are able to calculate from theoretical premises a small set of possible inter-atomic
distances for each element or compound.

Ultimately it will no doubt be advisable to evaluate the probability relations in
detail so that the results of the calculations will be as specific as possible, but it has
not been feasible to undertake this full treatment of the probability relationships in
this present work. In an investigation of so large a field as the structure of the
physical universe there must not only be some selection of the subjects that are to be
covered, but also some decisions as to the extent to which that coverage will be
carried. A comprehensive treatment of the probability relations wherever they enter
into physical situations could be quite helpful, but the amount of time and effort
required to carry out such a project will undoubtedly be enormous, and its contri-
bution to the major objectives of this present undertaking is not sufficient to justify
allocating so much of the available resources to it. Similar decisions as to how far to
carry the investigation in certain areas have had to be made from time to time
throughout the course of the work in order to limit it to a finite size.

It might be well to point out in this connection that it will never be possible to
calculate a unique inter-atomic distance for every element or combination of ele-
ments, even when the probability relations have been definitely established, as in
many cases the choice from among the alternatives is not only a matter of relative
probability, but also of the history of the particular specimen. Where two or more
alternative forms are stable within the range of physical conditions under which the

12
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empirical examination is being made, thc treatment to which the specimen has
previously been subjected plays an important part in the determination of the
structure.

It does not follow, however, that we are totally precluded from arriving at
definite values for the inter-atomic distances. Even though no quantitative evalua-
tion of the relative probabilities of the various alternatives is yet available, the nature
of the major factors involved in their determination can be deduced theoretically,
and this qualitative information is sufficient in most cases to exclude all but a very
few of the total number of possible variations of the specific rotations. Further-
more, there are some series relations by means of which the range of variability can
be still further narrowed. These series patterns will be more evident when we
examine the distances in compounds in the next chapter, and they will be given
more detailed consideration at that point. '

The first thing that needs to be emphasized as we begin our analysis of the
factors that determine the inter-atomic distance is that we are not dealing with the
sizes of atoms; what we are undertaking to do is to evaluate the distance between
the equilibrium positions that the atoms occupy under specified conditions. In
Chapter I we examined the general nature of the atomic equilibrium. In this and the
following chapter we will see how the various factors involved in the relations
between the rotations of the (apparently) interacting atoms affect the point of
equilibrium, and we will arrive at values of the inter-atomic distances under static
conditions. Then in Chapters 5 and 6 we will develop the quantitative relations that
will enable us to determine just what changes take place in these equilibrium
distances when external forces in the form of pressure and temperature are applied.

As we have seen in the preceding volume, all atoms and aggregates of matter are
subject to two opposing forces of a general nature: gravitation and the progression
of the natural reference system. These are the primary forces (or motions) that
determine the course of physical events. Outside the gravitational limits of the
largest aggregates, the outward motion due to the progression of the natural
reference system exceeds the inward motion of gravitation, and these aggregates,
the major galaxies, move outward from each other at speeds increasing with
distance. Inside the gravitational limits the gravitational motion is the greater, and
all atoms and aggregates move inward. Ultimately, if nothing intervenes, this
inward motion carries each atom within unit distance of another, and the directional
reversal that takes place at the unit boundary then results in the establishment of an
equilibrium between the motions of the two atoms. The inter-atomic distance is the
distance between the atomic centers in this equilibrium condition. It is not, as
currently assumed, an indication of the sizes of the atoms. )

The current theory which regards the inter-atomic distance as a measure of “size”
is, in many respects, quite similar to the electronic “bond” theory of molecular
structure. Like the electronic theory, it is based on an erroneous assumption—in
this case, the assumption that the atoms are in contact in the solid state—and like the
electronic theory it fits only a relatively small number of substances in its simple
form, so that it is necessary to call upon a profusion of supplementary and
subsidiary hypotheses to explain the deviations of the observed distances from what
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are presumed to be the primary values. As the textbooks point out, even in the
metals, which are the simplest structures from the standpoint of the theory, there are
many difficult problems, including the awkward fact that the presumed “size” is
variable, depending on the nature of the crystal structure. Some further aspects of
this situation will be considered in Chapter 3.

The resemblance between these two erroneous theories is not confined to the lack
of adequate foundations and to the nature of the difficulties that they encounter. It
also extends to the resolution of these difficulties, as the same principles that were
derived from the postulates of the Reciprocal System to account for the formation of
molecules of chemical compounds, when applied in a somewhat different way, are
the general considerations that govern the magnitude of the inter-atomic distance in
both elements and compounds. Indeed, all aggregates of electronegative elements
are molecular in their composition, rather than atomic, as the molecular requirement
that the negative electric displacement of an atom of such an element must be
counterbalanced by an equivalent positive displacement in order to arrive at a stable
equilibrium in space applies with equal force to a combination with a like atom. As
we saw in our examination of the structural situation, electropositive elements are
not subject to this restriction, but in many cases the molecular (balanced orientation)
type of structure takes precedence over the electropositive structure by reason of
collateral factors that affect the relative probability. Because of this fact that the
distances follow the structural pattern, the various ways of orienting the atomic
rotations that were discussed in Chapter 18, Vol. I, with a few modifications due to
the special conditions that exist in the elemental aggregates, determine the manner in
which the atoms of an element are able to combine with each other, and the effective
values of the specific rotations in these combinations. »

In the electropositive elements the specific rotations are based, in the first
instance, on the rotational displacements as listed in Chapter 10, Vol. I. Where the
inter-atomic orientation is the normal positive arrangement, the displacements as
listed are translated directly into specific rotations by addition of the initial unit and
reduction of the incremental values where the rotation extends to vibration two.

Except for the elements of group 2A, which, as already noted, are subject to some
special considerations because of their low magnetic displacements, the elements of
Division I all follow the regular electropositive pattern of specific rotations. The
only irregularities are in the electric rotations of the second and third elements of
each group, where the point of transition to vibration two varies between groups.
The inter-atomic distances in this division are listed in Table 2.

The regular electropositive pattern is also applicable in Division II, and a number
of the Division II elements of Group 3A crystallize on this basis, with inter-atomic
distances determined in the same manner as in Division 1. As noted in Volume 1,
however, the Division II elements generally favor the magnetic type of orientation
in chemical compounds because the normal positive orientation becomes less
probable as the displacement increases. The same probability considerations
operate against the positive orientation in the elements of this division, but instead
of employing the magnetic orientation as the alternate, these elements utilize a type
of orientation that is available only where all rotations of each participant in a
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combination are identical with those of the other. This arrangement reverses the
effective directions of the rotations of alternate atoms. The resulting relative rotation
is a combination of x and 8-x (or 4-x), as in the neutral orientation, and the effective
specific rotations are 10 for vibration one and 5 for vibration two. A combination
value 5-10 is also common.

Table 2: Distances — Division 1

Group Atomic Element Specific Rotation Distance
Number Magnetic Electric  Calc. Obs.
2B 11 Sodium 3-212 2 370 371
33
12 Magnesium 3-212 2i2 3.17  3.21
13 Aluminum 3212 3 2.83 2.86
3A 19 Potassium 4-3 2 449 450
20 Calcium 43 22 400 3.98
21 Scandium 4-3 4 3.18 3.20
22 Titanium 4.3 5 295 292
3B 37 Rubidium 44 2 485 4.87
38 Strontium 44 22 432 428
39 Yttrium 44 32 364 3.63
40 Zirconium 44 5 318 3.23
4A 55 Cesium 4y,4y, 2 523 5.24
56 Barium 5412 3 436 4.34
57 Lanthanum dudy2 4 370 3.74
58 Cerium 54112 5 3.61 3.63
4B 89 Actinium 4y2-5 4 379 3.76*
90 Thorium 4112-5 5 3,52 3.56

This reverse type of structure makes its appearance in body-centered cubic
crystal forms of chromium and iron which coexist with the regular positive
hexagonal or face-centered cubic structures. Vanadium and niobium, the first
Division II elements of their respective groups, combine the positive and reverse
orientations. Beyond niobium the positive orientation does not appear in the
common Division II forms of the elements, the structures to which the present
discussion is limited, and all elements take the reverse orientation, except europium
and ytterbium, which combine it with a unit specific rotation; that is, no electric
rotational displacement at all, as in the inert gas elements.

On the basis of the considerations discussed in Chapter 1, the average effective
specific rotation for such rotational combinations has been taken as the geometric
mean of the two components. Where the orientations are the same, and the only
difference is in the magnitude, as in the 5-10 combination, and in the combinations
of magnetic rotations that we will encounter later, the equilibrium is reached in the
normal manner. If two different electric rotations are involved, the two-atom pairs
cannot attain spatial equilibrium individually, but they establish a group equilibrium
similar to that which is achieved where n atoms of valence one each combine with
one atom of valence n.
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The Division II distances are shown in Table 3.

Table 3: Distances — Division IT

Group Atomic Element Specific Rotation Distance

Number Magnetic Electric  Calc. Obs.

3A 23 Vanadium 43 6-10 262 262
24 Chromium 43 7 2.68 272

43 10 246 249

25 Manganese 4-3 8 259 258

26 Iron 4.3 82 256  2.57

"4-3 10 246 248

27 Cobalt 43 9 252 251

28 Nickel 43 912 249 249

3B 41 Niobium 44 6-10 283 285
42 Molybdenum 44y, 10 272 272
43 Technetium 44, 10 273 2.73*

44 Ruthenium 441, 10 2.73 2.70

45 Rhodium 44 10 266  2.69

4-4112 10 273 276

46 Palladium 4417, 10 273 274

4A 59 Praseodymium 5-4172 5 361 364
60 Neodymium 5412 5 3.61 3.65
62 Samarium 542 5 3.61 3.62*

63 Europium 41/2-5 1-5 396 3.96

64 Gadolinium 5-412 5 361 362

65 Terbium 54t 5 361 359

66 Dysprosium 5412 5 361 3.58

67 Holmium 412-5 5 352 3.56

68 Erbium 4112-5 5 352 3.53

69 Thulium 412-5 S 352 352

70 Ytterbium 4242 1-5 386 3.87
71 Lutetium 42-5 5 352 3.50*
4B 91 Protactinium 41/2-5 5-10 322  3.24%
92 Uranium 424y, 10 287 285
93 Neptunium 442§ 343  3.46*
94 Plutonium 4242 5-10 3.14 3.15*
95 Americum 24y, 5 343 3.46*
96 Curium 4124y2  5-10 3.14 3.10*
97 Berkelium 4242 5 3.43 3.40*

Because of the greater probability of the electropositive types of combinations, the
characteristics of Division II carry over into the first elements of Division III, and
these elements, nickel, palladium, and lutetium, are included in the table. Some
similar modifications of the normal division boundaries have already been noted in
connection with other subjects.

The net total rotation of the material atom is a motion with positive displace-
ment—that is, a speed less than unity—and as such it normally results in a change
of position in space. Inside unit space, however, all motion is in time. The orien-
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tation of the atom for the purpose of the space-time equilibrium therefore exists in
the three dimensions of time. As we saw in our examination of the inter-regional
situation in Chapter 12, Volume I, each of these dimensions contacts the space of
the region outside unit distance individually. To the extent that the motion in a
dimension of time acts along the line of this contact it is a motion in equivalent
space. Otherwise it has no spatial effect beyond the unit boundary. Because of the
independence of the three dimensions of motion in time the relative orientation of
the electric rotation of any combination of atoms may be the same in all spatial
dimensions, or there may be two or three different orientations.

In most of the elements that have been discussed thus far the orientation is the
same in all spatial dimensions, and in the exceptions the alternate rotations are
symmetrically distributed in the solid structure. The force system of an aggregate
of such elements is isotropic. It follows that any aggregate of atoms of these
elements has a structure in which the constituents are arranged in one of the
geometrical patterns possible for equal forces: an isometric crystal. All of the
electropositive elements (Divisions I and II) crystallize in isometric forms, and,
except for a few which apparently have quite complex structures, each of the crystal
forms of these elements belongs to one or another of three types: the face-centered
cube, the body-centered cube, or the hexagonal close-packed structure.

We now turn to the other major subdivision of the elements, the electronegative
class, those whose normal electric displacement is negative. Here the force system
is not necessarily isotropic, since the most probable arrangement in one or two
dimensions may be the negative orientation, a direct combination of two negative
electric displacements, similar to the all-positive combinations. It is not possible to
have negative orientation in all three dimensions, and wherever it does exist in one
or two dimensions the rotational forces of the atoms are necessarily anisotropic.
The controlling factor is the requirement that the net total rotational displacement of
a material atom as a whole must be positive. Negative orientation in all three
dimensions is obviously incompatible with this requirement, but if the negative
displacement is restricted to one dimension the aggregate has fixed atomic positions
in two dimensions, with a fixed average position in the third because of the positive
displacement of the atom as a whole. This results in a crystal structure that is
essentially equivalent to one with fixed positions in all dimensions. Such crystals
are not usually isometric, as the inter-atomic distance in the odd dimension is
generally different from that of the other two. Where the distances in all
dimensions do happen to coincide, we will find on further investigation that the
space symmetry is not an indication of force symmetry.

If the negative displacement is very small, as in the lower division IV elements, it
is possible to have negative orientation in two dimensions if the positive displace-
ment in the third dimension exceeds the sum of these two negative components, so
that the net result is still positive. Here the relative positions of the atoms are fixed
in one dimension only, but the average positions in the other two dimensions are
constant by reason of the net positive displacement of the atoms. An aggregate of
such atoms retains most of the external characteristics of a crystal, but when the
internal structure is examined the atoms appear to be distributed at random, rather
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than in the orderly arrangement of the crystal. In reality there is just as much order
as in the crystalline structure, but part of the order is in time rather than in space.
This form of matter can be identified as the glassy, or vitreous, form, to distinguish
it from the crystalline form.

The term “state” is frequently used in this connection instead of “form,” but the
physical state of matter has an altogether different meaning based on other criteria,
and it seems advisable'to confine the use of this term to the one application. Both
glasses and crystals are in the solid state.

In beginning a consideration of the structures of the individual electronegative
elements, we will start with Division III. The general situation in this division is
similar to that in Division II, but the negativity of the normal electric displacement
introduces a new factor into the determination of the orientation pattern, as the most
probable orientation of an electronegative element may not be capable of existing in
all three dimensions. As stated earlier, where two or more different orientations are
possible in a given set of circumstances the relative probability is the deciding
factor. Low displacements are more probable than high displacements. Simple
orientations are more probable than combinations. Positive electric orientation is
more probable than negative. In Division I all of these factors operate in the same
direction. The positive orientation is simple, and it also has the lowest displacement
value. All structures in this division are therefore formed on the basis of the posi-
tive orientation. In Division II the margin of probability is narrow. Here the
positive displacement x is greater than the inverse displacement 8-x, and this
operates against the greater inherent probability of a simple positive structure. As a
result, both the positive and reverse types of structure are found in this division,
together with a combination of the two.

In Division II the negative orientation has a status somewhat similar to that of
the positive orientation in Division II. As a simple orientation, it has a relatively
high probability. But it is limited to one dimension. The regular division III
structures of Groups 3A and 3B are therefore anisotropic, with the reverse
orientation in the other two dimensions. A combination of these two types of
orientation is also possible, and in copper and silver, the first Division III elements
of their respective groups, the crystals formed on the basis of this combination
orientation have cubic symmetry. As in Division II, the elements of Division III in
Groups 4A and 4B crystallize entirely on the basis of the reverse orientation. Table
4 lists what may be considered as the regular inter-atomic distances of the elements
of Division III.

Although the probability of the negative orientation is greater in Division IV than
in Division III, because of the smaller displacement values, this type of structure
seldom appears in the crystals of the lower division. The reason is that where this
orientation exists in the elements of the lower displacements, it exists in two dimen-
sions, and this produces a glassy or vitreous aggregate rather than a crystal. The
reverse orientation is not subject to any restrictive factor of this nature, but it is less
probable at the lower displacements, and except in Group 4A, where it continues to
predominate, this orientation appears less frequently as the displacement decreases.
Where it does exist it is increasingly likely to combine with some other type of
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orientation. As a result of these limitations that are applicable to the inherently more
probable types of orientation, many of the Division IV structures are formed on the
basis of the secondary positive orientation, a combination of two 8-x displace-
ments.

Table 4: Distances — Division II11

Group Atomic Element Specific Rotation Distance

Number Magnetic  Electric Calc.  Obs.

3A 29 Copper 4-3 8-10 2.53 255

30 Zinc 4-4 7 290 291

44 10 2.66 2.66

31 Gallium 4.3 6 279 2.80

4-3 10 246 244

3B 47 Silver 4-5 8-10 287 2.88
48 Cadmium 54 7 3.20  3.26*

54 10 294 297

49 Indium 54 6 333 337

54 6-10 321 324

4A 72 Hafnium 441 5 326 332

73 Tantalum 424y, 10 287 2.86

74 Tungsten 441/, 10 273 274
75 Rhenium 4-41, 10 2.73 2.77*

76 Osmium 441, 10 2.73 2.73

77 Iridium 4412 10 2.73 271

78 Platinum 44y, 10 273 277

79 Gold 4124y2 10 2.87 2.88

80 Mercury 44172 5-10 298  3.00

424y, § 343 347

81 Thallium Q242§ 3.43 3.45

The secondary positive orientation is not possible in the electropositive divisions,
as 8-x is negative in these divisions, and like the negative orientation itself, an 8-x
negative combination would be confined to a subordinate role in one or two
dimensions of an asymmetric structure. Such a crystal structure cannot compete
with the high probability of the symmetrical electropositive crystals, and therefore
does not exist. In the electronegative divisions, however, the 8-x displacement is
positive, and there are no limitations on it, aside from those arising from the high
displacement values.

The effective displacement of this secondary positive orientation is even greater
than might be expected from the magnitude of the quantity 8-x, as the change of
zero points for the two oppositely directed motions is also oppositely directed, and
the new zero points are 16 displacement units apart. The resultant relative
displacement is 16-2x, and the corresponding specific rotation is 18-2x. In
Division IV the numerical values of the latter expression range from 10 to 16, and
because of the low probability of such high rotations, the secondary positive
orientation is limited to one or one and one-half dimensions in spite of its positive
character. In Division III the 8-x displacements are lower, but in this case they are
too low. A two-unit separation of the zero points (16 displacement units) cannot be
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maintained unless the effective displacement is at least 8 (one full three-dimensional
unit). The secondary positive orientation is therefore confined to Division IV.

A special type of structure is possible only for those electronegative elements
which have a rotational displacement of four units in the electric dimension. These
elements are on the borderline between Divisions III and IV, where the secondary
positive and reverse orientations are about equally probable. Under similar condie
tions other elements crystallize in hexagonal or tetragonal structures, utilizing the
different orientations in the different dimensions. For these displacement 4 ele-
ments, however, the two orientations produce the same specific rotation: 10. The
inter-atomic distance in these crystals is therefore the same in all dimensions, and
the crystals are isometric, even though the rotational forces in the different dimen-
sions are not of the same character. The molecular arrangement in this crystal
pattern, the diamond structure, shows the true nature of the rotational forces. Out-
wardly this crystal cannot be distinguished from the isotropic cubic crystals, but the
analogous body-centered cubic structure has an atom at each corner of the cube as
well as one in the center, whereas the diamond structure leaves alternate corners
open to accommodate the abnormal projection of forces in the secondary positive
dimension.

In those of the lower elements of Division IV that are beyond the range of the
inverse type of orientation, there is no available alternative for combination with the
secondary positive orientation. The crystals of these elements therefore have no
effective electric rotation in the remaining dimensions, and the relative specific
rotation in these dimensions is unity, as in all dimensions of the inert gas elements.
The most common distances in the aggregates of the Division IV elements are
shown in Table S.

Up to this point no consideration has been given to the elements of atomic
number below 10, as the rotational forces of these elements are subject to certain
special influences which make it desirable to discuss them separately. One cause of
deviation from the normal behavior is the small size of the rotational groups. In the
larger groups the four divisions are distinct, and, except for some overlapping, each
has its own characteristic force combinations, as we have seen in the preceding
paragraphs. In an 8-element group, however, the second series of four elements,
which would normally constitute Division II, is actually in the Division IV position.
As a result, these four elements have, to a certain extent, the properties of both
divisions. Similarly, the Division I elements of these groups may, in some cases,
act as if they were members of Division III.

A second influence that affects the forces and the crystal structures of the lower
group elements is the inactivity of the rotational forces in certain dimensions that
was mentioned earlier. A specific rotation of two units produces no effect in the
positive direction. The reason for this is revealed by equation 1-1. By applying
this equation we find that the effective rotational force (In t) for t = 2 is 0.693,
which is less than the opposing space-time force 1.00. The net effective force of
specific rotation 2 is therefore below the minimum value for action in the positive
direction. In order to produce an active force the specific rotation must be high
enough to make In t greater than unity. This is accomplished at rotation 3.
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Table 5: Distances — Division IV

Group Atomic Element Specific Rotation Distance
Number Magnetic  Electric Calc.  Obs.
2B 14 Silicon 33 5-10 2.31 2.35
15 Phosphorus 33 10 219 22
34
34 1 3.46  3.48*
16 Sulfur 33 10 2.11 2,07
3.3 1 3.21 3.27*
17 Chlorine 33 16 1.92 1.82
3-3 1-16 248  2.52
3A 32 Germanium 4-3 10 246 243
33 Arsenic 4-3 12 237  2.44*
43 10 246 2.51
34 Selenium 4-3 14 232 232
34 1 346 346
35 Bromine 4-3 16 225 227
34 1 346 330
3B 50 Tin 424 10 280 2.80
5-4 5-10 322 317
54 10 294 3.2
51 Antimony 54 12 283 2.87
54 4-10 334 336"
52 Tellurium 5-412 14 282 2.86
541/ 1-10 3.71 3.74
53 Todine 54 16 268 270
54 1-16 354 354
54 1 446 441%
4A 82 Lead - 4124y 5 343 3.49
83 Bismuth 41241, 5 343 347*
4124172 5-10 3.14 3.10
84 Polonium 411241/, 5 3.43 3.40*

The specific magnetic rotation of the 1B group, which includes only the two
elements hydrogen and helium, and the 2A group of eight elements beginning with
lithium, combines the values 3 and 2. Where the value 2 applies to the subordinate
rotation (3-2), one dimension is inactive; where it applies to the principal rotation
(2-3), two dimensions are inactive. This reduces the force exerted by each atom to
2/3 of the normal amount in the case of one inactive dimension, and to 1/3 for two
inactive dimensions. The inter-atomic distance is proportional to the square root of
the product of the two forces involved. Thus the reduction in distance is also 1/3
per inactive dimension.

Since the electric rotation is not a basic motion, but a reverse rotation of the
magnetic rotational system, the limitations to which the basic rotation is subject are
not applicable. The electric rotation merely modifies the magnetic rotation, and the
low value of the force integral for specific rotation 2 makes itself apparent by an
inter-atomic distance which is greater than that which would prevail if there were no
electric displacement at all (unit specific rotation).



22 Basic Properties of Matter

Theoretical values of the inter-atomic distances of the lower group elements are
compared with measured values in Table 6.

Table 6: Distances — Lower Group Elements

Group Atomic Element Specific Rotation Distance
Number Magnetic  Electric Calc.  Obs.
1B 1 Hydrogen 3(1) 10 0.70  0.74*
2 Helium K'¢)) 1 1.07  1.09
*A 3 Lithium 2v2-212 2 3.05 3.03
4 Beryllium 32 22 2282 2.28
5 Boron 32 5 1.68  1.74%*
33 10 211  2.03*
6 C (diamond) 32 5-10 1.54 1.54
C (graphite) 32 1 1.41 1.42
33 1 321 340
7 Nitrogen 3(1v2) 10 1.06 1.06
3-3 1 321  344*
8 Oxygen 3(1v2) 10 1.06 1.15%
33 1 321 3.20%
9 Fluorine 32
10 1.41 1.44*

The figures in parentheses in column 4 of this table indicate the effective number
of dimensions. Thus the notation 3(1) shown for hydrogen means that this element
has a specific magnetic rotation of 3, effective in only one dimension.

Except where the crystals are isometric, there is still much uncertainty in the
distance measurements on these lower group elements, and many other values have
been reported in addition to those included in the table. This situation will be
discussed at length in Chapter 3, where we will have the benefit of measurements
of the distances between like atoms that are constituents of chemical compounds.

As indicated in the introductory paragraphs of this chapter, we are not yet in a
position where we can determine specifically just what the inter-atomic distance will
be for any given element under a given set of conditions. The theoretical
considerations that have been discussed actually do lead to specific values in many
cases, but in other instances there is an uncertainty as to which of two or more
theoretically possible rotational arrangements corresponds to the observed crystal
structure. Continuing progress is being made in both the experimental and the
theoretical fields, and it can be expected that these uncertainties will gradually
diminish toward the irreducible minimum that was mentioned earlier. In the course
of this process there will necessarily be some changes in the identifications of the
observed inter-atomic distances with the theoretically possible structures. A
comparison of Tables 1 to 6 with the corresponding tabulations of the first edition
should therefore be of interest as an indication of the nature and magnitude of the
changes that have taken place in our view of this inter-atomic distance situation in
the last twenty years, and by extension, an indication of the amount of change that
can be expected in the future.
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Such a comparison shows that the modifications of the original conclusions that
now appear to be required, in the light of the additional information that has been
made available, are confined almost entirely to those which have resulted from a
better theoretical understanding of the behavior of the specific magnetic rotation
above an effective value of 4. Few changes are required in either the magnetic or
electric values in those rotational combinations where the specific magnetic rotation
is 4-4 or less.

One of the puzzling features of the rotational situation as it appeared at the time of
the original publication was the apparent retrograde progression of the specific
magnetic rotation in Groups 4A and 4B. It was recognized at that time that both the
4, and 5 values of the specific rotation correspond to the same displacement, 4, the
difference being that in the case of the 42 value the rotation extends to two units of
vibration, and the last increment of specific rotation in this case is only half size.
The next half unit increment, if such an increment were possible, would bring the
4v, rotation back to the 5 value. It would therefore appear that the sequence of
specific rotations beyond 4v:-4 should be 4¥2-4v2, 5-412, 5-5, and so on. But the
tendency is in the opposite direction. Instead of moving toward higher values as
the atomic number increases, there is actually a decreasing trend. This was already
evident at the time of publication of the first edition, as the low inter-atomic
distances of the series of elements from tungsten to platinum could not be accounted
for unless the specific magnetic rotation dropped back to 4-4v. from the higher
levels of the preceding elements of the 4A group. This decreasing trend has
become even more prominent as distances have become available for additional
elements of Group 4B, as some of these values indicate specific magnetic rotations
of 4-4, or possibly even 4-3va.

As it happens, the continuation of the trend toward lower values in the more
recent data has had the effect of clarifying the situation. It is now evident that the 5-
5 specific rotation is not reached within the accessible portion of Groups 4A and
4B. (Considerations that will be discussed later show that the specific rotation of 5-
5 would be unstable.) The lower values in the 4A and 4B groups do not result
from a decrease in the magnetic displacement, but from a shift of the existing
displacement units from vibration one to vibration two, a process which reduces the
specific rotation of the units by one half. On a vibration one basis, rotational
displacements 4-3 correspond to specific rotations 5-4. Conversion of successive
units of displacement to vibration two, without change in the number of
displacement units, results in a series of specific rotations, 5-4, 4v>-4, 4-4i,, 4-4,
and so on. A similar series with one additional displacement unit goes through the
values 5-4Vv2, 41v2-5, 415-4',, 44,-4, and then follows the same route as the series
with the lower displacement.

The modifications that have been made in the theoretical rotational values
applicable to the elements of these two highest rotational groups since the publi-
cation of the first edition are the result of a review of the situation in the light of this
new understanding of the trend of the specific rotation. The general pattern in
group 4A is now seen to be that of the series from 5-4V to 4-4v,, with a return to
4'%2-4'% in the lower electronegative elements. So far as can be determined at this
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time, Group 4B follows the same pattern one step farther advanced; that is, it
begins with 4Y2-5 rather than 5-4v,.

The difference in the inter-atomic distance corresponding to one of the steps in
this conversion process is relatively small, and in view of the substantial variation
in the experimental values it has not appeared advisable to take into account the
possibility of combinations such as 4¥:-5 specific rotation of one atom of a pair and
424y, in the other. It seems clear that such combinations do exist in some of the
lower group elements, sodium, for example, and they probably play some part in
the higher groups. Most of the reported distances for holmium and erbium, for
instance, agree more closely with a combination of 5-42 and 4v2-5 than with either
individually. However, all of these values are theoretically possible, and the only
question at issue in this and many other similar cases is which theoretical value
corresponds to the observed distance. Definitive answers to identification questions
of this kind will have to wait until the theoretical probabilities are specifically
evaluated, or the experimental uncertainties are resolved.

Many questions concerning alternate crystal structures will also have to wait for
more information from theory or experiment, particularly where crystal forms that
exist only at high temperatures or pressures are involved. There is, however, a
large body of information already available in this area, and it can be tied into the
theoretical picture as soon as someone has the time and the inclination to undertake
the task.



CHAPTER 3
Distances in Compounds

THUS far in the discussion of the inter-atomic distances we have been dealing with
aggregates composed of like atoms. The same general principles apply to aggre-
gates of unlike atoms, but the existence of differences between the components of
such systems introduces some new factors that we will now want to examine.

The matters to be considered in this chapter have no relevance to direct combi-
nations of electropositive elements (aggregates of which are mixtures or alloys,
rather than chemical compounds). As noted in Chapter 18, Vol. I, the proportions
in which such elements can combine may be determined, or limited, by geometrical
considerations, but aside from such effects, unlike atoms of this kind can combine
on the same basis as like atoms. Here the forces are identical in character and con-
current, the type of combination that we have called the positive orientation. The re-
sultant specific electric rotation, according to the principles previously set forth, is
V(t,t,), the geometric mean of the two constituents. If the two elements have diffe-
rent magnetic rotations, the resultant is also the geometric mean of the individual
rotations, as the magnetic rotations always have positive displacements, and these
combine in the same manner as the positive electric displacements. The effective
electric and magnetic specific rotations thus derived can then be entered in the
applicable force and distance equations from Chapter 1.

Combinations of unlike positive atoms may also take place on the basis of the re-
verse orientation, the alternate type of structure that is available to the elemental
aggregates. Where the electric rotations of the components differ, the resultant
specific rotation of the two-atom combination will not be the required neutral 5 or
10, but a second pair of atoms inversely oriented to the first results in a four-atom
group that has the necessary rotational balance.

As brought out in Volume I, the simplest type of combination in chemical com-
pounds is based on the normal orientation, in which Division I electropositive
elements are joined with Division IV electronegative elements on the basis of
numerically equal displacements. The resultant effective specific magnetic rotation
can be calculated in the same manner as in the all-positive structures, but, as we
saw in our consideration of the inter-atomic distances of the elements, where an
equilibrium is established between positive and negative electric rotations, the
resultant is the sum of the two individual values, rather than the mean.

When this arrangement unites one electropositive atom with each electronegative
atom the resulting structure is usually a simple cube with the atoms of each element
occupying alternate corners of the cube. This is called the Sodium Chloride struc-
ture, after the most familiar member of the family of compounds crystallizing in this
form. Table 7 gives the inter-atomic distances of a number of common NaCl type
crystals. From this tabulation it can be seen that the special rotational characteristics
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Table 7: Distances — NaCl Type Compounds

Compound Specific Rotation Distance

‘ Magnetic Elec. Calc.  Obs.
LiH 32 32) 3 204 204
LiF 32 32 3 2.04 2,01
LiCl 32 3232 4 257 257
LiBr 32) 44 4 2.77 2.75
Li 32 54 4 296  3.00
NaF 3212 32) 4 2.26 231
NaCl 322 3uz3v2 4 2.1 2.81
NaBr 3212 4-4 4 2.94 298
Nal 33 54 -4 3.21 3.23
MgO 3-3 32) 542 215 210
MgS 33 32342 Sz 260 259
MgSe 33 44 52 276 272
KF 4-3 3(2) 4 2.63 2.67
KC1 4-3 3232 4 311 3.14
KBr 43 44 4 3.30 3.29
KI 4-3 54 4 347 3.52
CaO 4-3 3(2) 5v2 238 240
CaS 4-3 3up3v2 Sz 2.81 2.84
CaSe 4-3 44 5Y2 298 295
CaTe 4-3 54 Stz 3.13 3.17
ScN 4-3 3(2) 7 222 222
TiC 4-3 3(2) 8Y2 212 216
RbF 4-4 3(2) 4 277 282
RbCl1 4-4 3u2-32 4 324 327
RbBr 44 44 4 3.43 3.43
Rbl 44 54 4 3.61 3.66
SrO 44 3(2) 5Y2 251 2.57
SrS 44 32 S 292 293
SrSe 44 44 Sz 3.10 3.11
SiTe 44 54 5y, 326 324
CsF 5-4 3(2) 4 296  3.00
CsCl 54 4-3 4 3.47 3.51
Ba0O 54y, 3(2) 5Y2 272 276
BaS 541, 4-3 542 3.17 3.17
BaSe 541, 44 5v2 330 331
BaTe 541, 54 5Y2 347 3.49
LaN 54 3(2) 6 2.61 2.63
LaP 54 4-3 62 2.99 3.01
LaAs 54 44 7 3.04  3.06
LaSb 5-4 54 7 320 324
LaBi 5-4 5-4Y2 7 3.24 3.28

which certain of the elements possess in the elemental aggregates carry over into
their compounds. The second element in each group shows the same preference for
rotation on the basis of vibration two that we encountered in examining the struc-
tures of the elements. Here, again, this preference extends to some of the following
elements, and in such series of compounds as CaO, ScN, TiC, one component
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keeps the vibration two status throughout the series, and the resulting effective rota-
tions are 5v,, 7, 8y,, rather than 6, 8, 10. The elements of the lower groups have
inactive force dimensions in the compounds just as in the elemental structures pre-
viously examined. If the active dimensions are not the same in both components,
the full rotational force of the more active component is effective in its excess
dimensions, the effective rotation in an inactive dimension being unity. For exam-
ple, the value of In t for magnetic rotation 3 is 1.099 in three dimensions, or 0.7324
in two dimensions. If this two-dimensional rotation is combined with a three-
dimensional magnetic rotation x, the resultant value of In t is (0.7324 x)"2, the geo-
metric mean of the individual values, in two dimensions, and x in the third. The
average value for all three dimensions is (0.7324 x2)"s,

This dimensional inactivity in the lower groups plays only a minor rolg in the
structures of the elements, as can be seen from the fact that it did not need any
attention until almost the end of Chapter 2. In the compounds, however, it is very
significant, because the compounds that contain lower group elements (below
atomic number 10) constitute the great bulk of all chemical compounds.

Except for certain types of crystals that are essentially interchangeable, the struc-
tures of the elements are determined almost entirely by the nature of the orienta-
tions. In compounds there is another active factor: the relative proportions of the
components. Where two atoms of one kind form a compound with one atom of
another on the basis of the normal orientation, the unequal proportions make the
NaCl arrangement impossible, and instead the crystal has the Calcium Fluoride
structure, which is also cubic but has a different atomic arrangement. Inter-atomic
distances for a number of common CaF, type crystals are listed in Table 8.

Table 8: Distances - CaF, Type Compounds

Compound Specific Rotation Distance
Magnetic Elec. Calc. ©~ Obs.
Na0 3-2Y2 3(2) 32 2.39 2.40
Na,S 3-2U2 43 4 2.83 2.83
Na,Se 3-22 44 4 2.94 2.95
Na,Te 324, 54, 4 3.13 3.17
Mg,Si 33 4-3 S 2.73 2.77
Mg,Ge 3-3 44 5Y2 2.76 2.76
Mg,Sn 33 54 5Y2 2.90 2.93
Mg,Pb 3-3 541 SY2 2.94 2.96
K,0 43 3(2) 342 2.79 2.79
K,S 43 4-3 4 3.17 3.20
K,Se 4-3 44 4 3.30 3.33
K,Te 4-3 5412 4 3.51 3.53
CaF, 4-3 32 542 2.38 2.36
Rb,0 44 3(2) 32 2.94 292
Rb,S 44 4-3 4 3.30 3.31
StF, 44 3(2) SY2 2.50 2.50
SrCl, 44 43 Stz 2.98 3.03
BaF, 54 312 SY2 2.68 2.68

BaCl, 542 4-3 542 3.17 3.18%
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The compounds of lithium with valence one negative elements follow the regular
pattern, and were included in Table 7, but the compounds with valence two ele-
ments are irregular, and they have therefore been omitted from Table 8. As we will
see in Chapter 6, the irregularity is due to the fact that the two lithium atoms in a
molecule of the CaFv: type act as a radical rather than as independent constituents of
the molecule.

These two normal orientation tables, 7 and 8, provide an impressive confir-
mation of the validity of the theoretical findings. One of the problems in dealing
with the inter-atomic distances of the elements is that because of the relatively small
total number of elements, the number to which any particular magnetic rotational
combination is applicable is quite small, and consequently it is rather difficult to
establish a prima facie case for the authenticity of the rotatiomal values. But this is
not true of the normal type compounds, as they are more numerous and less
variable. There are two elements in these tables, sulfur and chlorine, that have
different magnetic rotations under different conditions. These elements have 4-3
rotation in the CaF, type crystals, and in the NaCl type combinations with elements
of group 4A. In the other compounds of the NaCl type they take the 312-3v,
rotations. There are also two more elements, each of which, according to the
information now available, deviates from its normal rotations in one of the listed
compounds. Otherwise, all of the elements entering into the 60 compounds in the
two tables have the same specific magnetic rotations in every compound in which
they participate.

Furthermore, when the inherent differences between the elemental and com-
pound aggregates are taken into account, there is also agreement between these
rotations in the compounds and the specific rotations of the same elements in the
elemental aggregates. The most common difference of this kind is a result of the
fact that the Division IV element in a compound has a purely negative role. For this
reason it takes the magnetic rotation of the next higher group. In the elemental
aggregates half of the atoms are reoriented to act in a positive capacity. Con-
sequently, they tend to retain the normal rotation of the group to which they actually
belong. For example, the Division IV elements of Group 3A, germanium, arsenic,
selenium, and bromine, have the normal specific rotation of their group, 4-3, in the
crystals of the elements, but in the compounds they take the 4-4 specific rotation of
Group 3B, acting as negative members of that group.

Another difference between the two classes of structures is that those elements of
the higher groups that have the option of extending their rotation to a second
vibrational unit are less likely to do so if they are combining with an element which
is rotating entirely on the basis of vibration one. Aside from these deviations due to
known causes, the values of the specific magnetic rotation determined for the
elements in Chapter 2 are also generally applicable to the compounds. This
equivalence does not apply to the specific electric rotations, as they are determined
by the way in which the rotations of the constituents of each aggregate are oriented
relative to each other, a relation that is different in the two classes of structures.

This applicability of the same equations and, in general, the same numerical
values, to the calculation of distances in both elements and compounds contrasts
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sharply with the conventional theory that regards the inter-atomic distance as being
determined by the “sizes” of the atoms. The sodium atom, or “ion,” in the NaCl
crystal, for example, is asserted to have a radius only about 60 percent as large as
the radius o the atom in the elemental aggregate. If this atom takes part in a
compound which cannot be included in the “ionic” class, current theory gives it still
a different “size”: what is called a “covalent” radius. The need for assuming any
extraordinary changeability in the size of what, so far as we can tell, continues to be
the same object, is now eliminated by the finding that the variations in the inter-
atomic distance have nothing to do with the sizes of the atoms, but merely indicate
differences in the location of the equilibrium between the inward and the outward
forces to which the atoms are subject.

Another type of orientation that forms a relatively simple binary compound is the
rotational combination that we found in the diamond structure. As in the elements,
this is an equilibrium between an atom of a Division IV element and one of Division
I1I, the requirement being that t, +t, = 8. Obviously, the only elements that can
meet this requirement by themselves are those whose negative rotational displace-
ment (valence) is 4, but any Division IV element can establish an equilibrium of this
kind with an appropriate Division III element.

Closely associated with this cubic diamond-like Zinc Sulfide class of crystals is
a hexagonal structure based on the same orientation, and containing the same equal
proportions of the two constituents. Since these controlling factors are identical in
the two forms, the crystals of the hexagonal Zinc Oxide class have the same inter-
atomic distances as the corresponding Zinc Sulfide structures. In such instances,
where the inter-atomic forces are the same, there is little or not probability
advantage of one type of crystal over the other, and either may be formed under
appropriate conditions. Table 9 lists the inter-atomic distances for some common
crystals of these two classes.

Table 9: Distances — Diamond Type Compounds

Compound Specific Rotation Distance
Magnetic Elec. Calc. Obs.
ZnS (Cubic) Class
AlP 34 3Y2-3Y¥2 10 232 2.35
AlAs 34 44 10 2.62 243
AlSb 34 541, 10 2.62 2.66
SiC 34 32 10 1.94 1.93*
CuCl 34 342-3Y2 10 2.32 235
CuBr 34 44 10 2.46 2.46
Cul 34 54 10 2.59 2.62
ZnS 34 3v2-3V2 10 2.32 2.36
ZnSe 34 44 10 2.46 2.45
ZnTe 34 54Y2 10 2.62 2.63*
GaP 34 342-3Y2 10 2.32 2.36
GaAs 34 44 10 2.46 243
GaSb 34 541, 10 2.62 2.65

Agl 44 54 10 280 281
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Compound Specific Rotation Distance
Magnetic Elec. Calc.  Obs.
CdS 44 32312 10 2.51 2.52
CdTe 44 54 10 2.80 2.78
InP 44 342-32 10 2.51 254
InAs 44 44 10 2.66 2.62
InSb 44 54 10 2.80 2.80
AIN 34 32 10 1.94 1.90
Zn0 34 30 10 1.94 1.95
ZnS 34 32-342 10 232 2.33
GaN 34 32 10 1.94 1.94
Agl 44 54 10 2.80 2.81
CdS 44 3v2-3v2 10 2.51 2.51
CdSe 44 44 10 2.66 2.63
InN 44 32 10 2.15 2.13

The comments that were made about the consistency of the specific rotation
values in Tables 7 and 8 are applicable to the values in Table 9 as well. Most of the
elements participating in the compounds of this table have the same specific
rotations as in the previous tabulations, and where there are exceptions, the
deviations are of a regular and predictable nature.

A feature of Table 9 is the appearance of one of the normally electropositive
elements of group 2B, aluminum, in the role of a Division III element. Beryllium
and magnesium also form ZnS type compounds, but like the lithium compounds
previously mentioned they are irregular, probably for the same reason, and have not
been included in the tabulation. The Division III behavior of these normally Di-
vision I elements is a result of the small size of the lower groups, which puts their
their Division I elements into the same positions with respect to the electronegative
zero point as the Division III elements of the larger groups. This relationship is
indicated in the following tabulation, where the asterisks identify those elements
that are normally in Division I.

Division III

Be* Mg* Zn
B* Al* Ga
C Si Ge
N P As
o S Se
F cl Br

None of the orientations thus far considered is applicable to compounds of the
Division II elements. The normal orientation does not exist above a specific rota-
tion of 5, as the higher value would put the relative rotation above the limiting value
10. The Zinc Oxide and Zinc Sulfide types of combination are electronegative
structures, and the reverse orientation of the Division II elemental structures is not
available for compounds with negative elements. The Division II elements there-
fore form their compounds on the basis of the magnetic orientation. This type of
structure is theoretically available for any element, but its use is limited by proba-
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bility considerations. It is utilized in many of the compounds of Divisions III and
IV, especially in the higher rotational groups, but rarely appears in Division I com-
binations because of the very high probability of the normal orientation in this
division.

Since the magnetic rotation is distributed over all three dimensions, its effective
component is not altered by a change in position, and has the same value in the
magnetic orientations as in the corresponding compounds based on the’electric
orientations. In order to establish the magnetic type of equilibrium, however, the
axis of the negative electric rotation has to be parallel to that of one of the magnetic
rotations, and it is therefore perpendicular to the axis of the positive electric ro-
tation. Consequently, the latter takes no part in the normal inter-atomic force equi-
librium, and it constitutes an additional orienting influence, the effects of which
were discussed in Volume 1. In these compounds of the magnetic type the dis-
placement of the negative component (-x) is balanced by a numerically equal posi-
tive displacement (x). Thus the magnetic orientation is somewhat similar to the
normal orientation. However, the magnetic rotation is opposite in vectorial direc-
tion to the electric rotation, and the resultant relative rotation effective in the dimen-
sion of combination is therefore one of the neutral values 10, 5, or a combination of
these two, rather than the 2x of the normal orientation.

Compounds based on the magnetic orientation occur in a variety of crystal
forms, the nature of which depends on the degree of force symmetry and the num-
ber of atoms of each kind in the equilibrium system. In some cases there is enough
symmetry to make isometric structures of the NaCl, CaF,, and similar types
possible. Other crystals are asymmetric. A common arrangement for the binary
compounds is the Nickel Arsenide structure, a hexagonal crystal in which the posi-
tive atoms occupy the face positions and the negative atoms are in the central posi-
tions, spaced alternately 1/4 and 3/4 along the c axis. Table 10 shows the inter-
atomic distances calculated for some NiAs and NaCl type crystals of binary
magnetic orientation compounds of Group 3A.

Almost all of the NiAs type compounds that have been examined in the course of
this present work take the vibration one value of the specific electric rotation: 10.
The magnetic orientation compounds with the NaCl structure are quite evenly divi-
ded between the 10 rotation and the combination 5-10 in the 3A group, but utilize
the 5-10 rotation almost exclusively in the higher groups. In order to show as wide
a variety of the features of these magnetic type compounds as is possible in the
limited amount of space that can be allotted to them, Table 10 has been restricted to
Group 3A compounds, and the following Table 11 gives the data for a representa-
tive sample of the compounds of the rare earth elements (from Group 4A), together
with a selection of compounds from Group 4B, in which the identical values of the
inter-atomic distance in the combinations of the elements of this group with the
Division IV elements of Group 2A are emphasized.

Thus far the calculation of equilibrium distances has been carried out by crystal
types as a matter of convenience in identifying the effect of various atomic characte-
ristics on the crystal form and dimensions. It is apparent from the points brought
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Table 10: Distances — Binary Magnetic Orientation Compounds

Compound Specific Rotation Distance

Magnetic Elec. Calc. Obs.
NiAs (Hexagonal) Class—Group 3A
VS 4.3 3Y2-3Y2 10 2.42 242
VSe 43 44 10 256 255
CrS 43 3Y2-3Y2 10 242 2.44
CrSe 43 44 10 2.56 2.54
CrSb 4-3 5-4Y2 10 2.73 2.74
CrTe 4.3 5-4Y2 10 2.73 2.77
MnAs 43 44 10 2.56 2.58
MnSb 4-3 5442 10 2.73 2.78
FeS 43 Y2342 10 242 245
FeSe 43 44 10 2.56 2.55
" FeSb 43 5-4 10 2.69 2.67
FeTe 34 54 10 2.59 261
CoS 34 3Y2-3Y2 10 2.32 2.33
CoSe 34 44 10 2.46 2.46
CoSb 34 54 10. 2.59 2.58
CoTe 34 54 10 2.59 2.62
NiS 3Y2-32 3Y2-3Y2 10 2.37 2.38
NiAs 342-342 4-3 10 242 2.43
NiTe 3Y2-3Y2 54 10 2.64 2.64
NaCl (Cubic) Class - Group 3A

VN 4-3 32 10 2.04 2.06
vO 4.3 3(2) 10 2.04 2.05
CrN 4-3 3(2) 10 2.04 2.07
MnO 3Y2-3Y2 3(2) 5-10 2.18 222
Mn$S 3423y, 3232 5-10 2.59 2.61
MnSe 3Y2-3Y2 44 5-10 2.75 2.72
FeO 34 3(2) 5-10 2.12 2.16
CoO 34 32 5-10 2.12 2.12

out in the discussion, however, that identification of the crystal type is not always
essential to the determination of the inter-atomic distance. For example, let us
consider-the series of compounds NaBr, Na,Se, and Na,As. From the relations
that have been established in the preceding pages we may conclude that these
Division I compounds are formed on the basis of the normal orientation. We
therefore apply the known value of the relative specific electric rotation of a normal
orientation sodium compound, 4, and the known values of the normal specific
magnetic rotations of sodium and the Group 3B elements, 3-3%2 and 4-4
respectively, to equation 1-10, from which we ascertain that the most probable
inter-atomic distance in all three compounds is 2.95, irrespective of the crystal
structure. (Measured values are 2.97, 2.95, and 2.94 respectively.)

The possible inter-atomic distances in the more complex compounds can be
calculated in a similar manner, without the necessity of analyzing the great variety
of geometrical structures in which these compounds crystallize. The usefulness of
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Table 11: Distances — Binary Magnetic Orientation Compounds

Compound Specific Rotation Distance
Magnetic Elec. Calc. Obs.
CeN 54 3(2) 5-10 2.52 2.50
CeP 54 43 5-10 2.94 2.95
CeS 54 32-3Y2 5-10 2.89 2.89*
CeAs 54 44 5-10 3.06 3.03
CeSb 54 54 5-10 3.22 3.20
CeBi 5-4 54 5-10 322 3.24
PIN 54 32 5-10 2.52 2.58
PrP 54 4-3 5-10 2.94 2.93
PrAs 4124 44 5-10 298 3.00
PrSb 4124 54 - 510 3.14 3.17
NdN 54 3(2) 5-10 2.52 2.57
NdpP 54 4-3 5-10 2.94 291
NdAs 4124 44 5-10 2.98 298
NdSb 4124 5-4 5-10 3.14 3.15
EuS 54 43 5-10 2.94 2.98
EuSe 5-4 44 5-10 3.06 3.08
EuTe 54 542 5-10 3.26 3.28
GdN 54 32 5-10 2.52 2.50*
YbSe 4124 44 5-10 2.98 2.93
YbTe 4124 54 5-10 3.14 3.17
ThS 41124112 3Y2-3Y2 5-10 2.85 2.84
ThP 41241, 4-3 5-10 291 291
uC 41124, 3(2) 5-10 247 2.50*
UN 4112412 3(2) 5-10 2.47 2.44*
uo 4l2-4Y2 32 5-10 247 2.46*
NpN 414112 3(2) 5-10 2.47 2.45*
PuC 442417, 32 5-10 2.47 2.46*
PuN 41241y, 32 5-10 2.47 2.45*
PuO 4Y2-4Y/, 3 5-10 2.47 2.48*
AmO 4115417, 30 5-10 247 2.48*

this procedure in application to compounds in general is limited, at the present stage
of the theoretical development, because we are not normally able to define the
specific rotations from theoretical premises as definitely as in the foregoing
illustration. It is of considerable value, however, in dealing with the lower electro-
negative elements, whose specific electric rotations are confined to the neutral
values, and whose variability in the magnetic dimensions is only in the number of
inactive dimensions (that is, dimensions in which the specific rotation is 2). The
elements involved are those of groups 1B and 2A; hydrogen, carbon, nitrogen,
oxygen, and fluorine, together with boron, one of the normally electropositive
elements of Group 2A. The other two positive elements of this group, lithium and
beryllium, are also two-dimensional under most conditions, but they take the
positive orientation, and have much greater inter-atomic distances.

Table 12 gives the theoretically possible inter-atomic distances of these lower

group elements, with some examples of the measured values corresponding to the
calculated distances.
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Table 12: Distances — Lower Negative Elements

Specific Rotation Distance
Magnetic Elec. n.u.
3D 3D 10 241 .70
3m 3(1v2) 10 317 .92
(N 3(12) 10 363 1.06
3 3(2) 10 406 1.18
3N 32 10 445 1.30
32 32 10 483 1.41
3 32 5-10 .528 1.54
Calc. Comb. Example Obs. Calc. Comb. Example Obs
.70 HH H, 74 1.30 HB B,H; 1.27
92 HF HF 92 C-O CaCoO, 1.29
H-C  Benzene 94 B-F BF, 1.30
H-O Formicacid .95 C-N Oxamide 1.31
1.06 HN  Hydrazine 1.04 C-F Cf,Cl 1.32
H-C  Ethylene 1.06 C-C Ethylene 1.34
C-N NaCN 109 141 C-C Benzene 1.39
NN N, 1.09 N-O HNO, 1.41
C-0 COs 1.10 C-C Graphite 1.42
118 CO Co, 1.15 C-N Dl-Alanine  1.42
C-N  Cyanogen 1.16 C-0 Methyl ether 1.42
HB  BH, 1.17 CF  CHF 1.42
N-N  CuN, .17 154 CC Diamond 1.54
N-O NO 1.19 C-C Propane 1.54
C-C  Acetylene 1.20 BC B(CH,), 1.56

The experimental results are not all in agreement with the theory. On the contra-
ry, they are widely scattered. The measured C-C distances, for example, cover
almost the entire range from 1.18, the minimum for this combination, to the maxi-
mum 1.54. However, the basic compounds of each class do agree with the theo-
retical values. The paraffin hydrocarbons, benzene, ethylene, and acetylene, have
C-C distances approximating the theoretical 1.54, 1.41, 1.30, and 1.18 respective-
ly. All C-H distances are close to the theoretical 0.92 and 1.06, and so on. It can
reasonably be concluded, therefore, that the significant deviations from the theo-
retical values are due to special factors that apply to the less regular structures.

A detailed investigation of the reasons for these deviations is beyond the scope of
this present work. However, there are two rather obvious causes that are worth
mentioning. One is that forces exerted by adjacent atoms may modify the normal
result of a two-atom interaction. An interesting point in this connection is that the
effect, where it occurs, is inverse; that is, it increases the atomic separation, rather
than decreasing it as might be expected. The natural reference system always
progresses at unit speed, irrespective of the positions of the structures to which it
applies, and consequently the inward force due to this progression always remains
the same. Any interaction with a third atom introduces an additional rotational
(outward) force, and therefore moves the point of equilibrium outward. This is
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illustrated in the measured distances in the polynuclear derivatives of benzene. The
lowest C-C distances in these compounds, 1.38 and 1.39, are found along the outer
edges of the molecular structures, while the corresponding distances in the interiors
of the compounds, where the influence of adjoining atoms is at a maximum,
characteristically range from 1.41 to 1.43.

Another reason for discrepancies is that in many instances the measurement and
the theoretical calculation do not apply to the same quantity. The calculation gives
us the distance between structural units, whereas the measurements apply to the
distances between specific atoms. Where the atoms are the structural units, as in
the compounds of the NaCl class, or where the inter-group distance is the same as
the inter-atomic distance, as in the normal paraffins, there is no problem, but exact
agreement cannot be expected otherwise. Again we can use benzene as an example.
The C-C distance in benzene is generally reported as 1.39, whereas the corres-
ponding theoretical distance, as indicated in Table 12, is 1.41. But, according to
the theory, benzene is not a ring of carbon atoms with hydrogen atoms attached; it
is a ring of CH neutral groups, and the 1.41 neutral value applies to the distance
between these neutral groups, the structural units of the atom. Since the hydrogen
atoms are known to be outside the carbon atoms, if these atoms are coplanar it
follows that the distance between the effective centers of the CH groups must be
somewhat greater than the distance between the carbon atoms of these groups. The
1.39 measurement between the carbon atoms is therefore entirely consistent with
the theoretical distance calculations.

The same kind of a deviation from the results of the (apparent) direct interaction
between two individual atoms occurs on a larger scale where there is a group of
atoms that is acting structurally as a radical. Many of the properties of molecules
composed in part, or entirely, of radicals or neutral groups are not determined
directly by the characteristics of the atoms, but by the characteristics of the groups.
The NH, radical, for example, has the same specific rotations, when acting as a
group, as the rubidium atom, and it can be substituted in the NaCl type crystals of
the rubidium halides without altering the volume. Consequently, the inter-atomic
distances have no direct significance in compounds containing these groups. It is
theoretically feasible to locate the effective centers of the various groups, and to
measure the inter-group distances that correspond to those calculated from theory,
but this task has not yet been undertaken, and it will not be possible at this time to
present a comparison between theoretical and experimental distances in compounds
containing radicals comparable to the comparisons in Tables 1 to 12.

Some preliminary results have been made, however, on the relation between the
theoretical distances and the .us density in complex compounds. There are a
number of factors, not yet investigated in detail, that have some influence on the
density of solid matter, and for that reason the conclusions thus far derived from
theory are somewhat tentative, and the correlations between theory and observation
are only approximate. Nevertheless, certain aspects of these tentative results are
significant, and are of enough interest to justify giving them some attention.

If we divide the molecular mass, in terms of atomic weight units, by the density,
we arrive at the molecular volume in terms of the units entering into the density
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measurement. For present purposes it will be convenient to convert this quantity to
natural units of volume. The applicable conversion factor is the cube of the time
region unit of distance divided by the mass unit atomic weight. In the cgs system of
units it has the numerical value 14.908.

In Table 13 the average volumes per volumetric group of a representative number
of inorganic compounds containing radicals (V), as calculated from the measured
densities, are compared with the cubes of the inter-group distances (s,3), as
calculated on the theoretical basis previously described.

Table 13: Molecular Volume

m d n V so® c ab, ab,
NaNO, 85.01 2261 2 1261 1241 4 33 4-5
KNO, 101.10 2,109 2 1608 1565 4 43 4-5
Ca(NOy, 164.10 236 3 1554 1565 4 43 4-5
RbNO, 14749 3.11 2 159 1.63 4 44 44
Sr(NO,), 21165 298 3 1585 1631 4 44 44
CsNO, 19492 3685 2 1774 1825 4 424 44
Na,CO, 106.00 2509 3 0944 0970 4 33 32342
MgCO, 8433 3.037 2 0931 0970 4 33 3l2-3Y2
K,CO, 13820 2428 3 1272 1222 4 43 342-32
CaCO, 100.09 2711 2 1238 1222 4 43 3232
BaCO, 197.37 443 2 1494 1532 4 4y, 442 323y,
FeCO, 11586 3.8 2 1022 0976 5 43 32-3y,
CoCO, 11895 4.13 2 0966 0976 5 43 3423y,
Cu,CO, 187.09 4.40 3 0950 0976 5 43 342-342
ZnC, 12539 4.44 2 0947 0976 S5 43 3Y2-3Y2
Ag,CO, 27577 6077 3 1015 109 5 44 342-32

The specific electric rotation (c) for the compounds with the normal orientation is
4, as in the valence one binary compounds. Those with the magnetic orientation
take the neutral value 5. The applicable specific magnetic rotations for the positive
component and the negative radical are shown in the columns headed ab, and ab,
respectively. Columns 2, 3, and 4 give the molecular mass (m), the density of the
solid compound (d), and the number of volumetric units in the molecule (n). Here,
again, as in the earlier tables, the calculated and empirical values are not exactly
comparable, as the measured values of the densities have been used directly, rather
than being projected back to zero temperature, a refinement that would be required
for accuracy, but is not justified at this early stage of the investigation.

In this table there are five pairs of compounds, such as Ca(NO,), and KNOQ,, in
which the inter-group distances are the same, and the only difference between the
pairs, so far as the volumetric factors are concerned, is in the number of structural
groups. Because of the uncertainties involved in the measured densities, it is diffi-
cult to reach firm conclusions on the basis of each pair considered individually, but
the average volume per group, calculated from the density, in the five two-group
structures is 1.267, whereas in the five three-group structures the average is 1.261.
It is evident from this that the volumetric equality of the group and the independent



Distances in Compounds 37

atom which we noted in the case of the NH, radical is a general proposition, in this
class of compounds at least. This is a point that will have a special significance
when we take up consideration of the liquid volume relations.

In closing the discussion in this chapter it is appropriate to reiterate that the
values of the inter-atomic and inter-group distance derived from theory apply to the
separations as they would exist if the equilibrium were reached at zero temperature
and zero pressure. In the next two chapters we will consider how these distances

are modified when the solid structure is subjected to finite pressures and tempe-
ratures.



CHAPTER 4
- Compressibility

ONE of the simplest physical phenomena is compression, the response of the time
region equilibrium to external forces impressed upon it. With the benefit of the
information developed earlier, we are now in a position to being an examination of
the compression of solids, disregarding for the present the question of the origin of
the external forces. For this purpose we introduce the concept of pressure, which
is defined as force per unit area.

P =F/s2 (4-1)

In many cases it will be convenient to deal with pressure on a volume basis
rather than on an area basis. We therefore multiply both force and area by distance,
s, which gives us the alternative equation:

P =Fs/s? =E/V (4-2)

In the region outside unit distance, where the atoms or molecules of matter are
independent, the total energy of an aggregate can thus be expressed in terms of
pressure and volume as

E=PV 4-3)

As we will find in the next chapter when we begin consideration of thermal
motion, a condition of constant temperature is a condition of constant energy, other
things being equal. Equation 4-3 thus tells us that for an aggregate in which the
cohesive forces between the atoms or molecules are negligible, an ideal gas, the
volume at constant temperature is inversely proportional to the pressure. This is
Boyle’s law, one of the well-established relations of physics.

For application to the time region in which the solid equilibrium is located, the
second power of the volume must be substituted for the first power, in accordance
with the general inter-regional relation previously established. The time region
equivalent of Boyle’s Law is therefore

PVZ=k (4-4)
In terms of volume this becomes
V =k/P"2 (4-5)

This equation tells us that at constant temperature the volume of a solid is
inversely proportional to the square root of the pressure. The pressure represented
by the symbol P in this equation is, of course, the total effective pressure; that is,

38
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the pressure equivalent of all of the forces acting in opposition to the rotational
forces of the atom. The force due to the progression of the natural reference system
opposes the rotational forces, and acts in parallel with the external compressive
forces, but it has the same magnitude regardless of whether or not any such external
forces are present. It therefore exerts what we may call an internal pressure, an
already existing level of pressure to which an external pressure becomes an
addition. In order to conform to established usage and to avoid confusion, the
symbol P will hereafter refer to the external pressure only, the total pressure being
expressed as Py + P. On this basis, equation 4-5 may be restated as

V =k/(P, +P)"2 (4-6)

Compression is normally expressed in terms of relative rather than absolute
volumes, the reference volume being the volume at zero external pressure, where
equation 4-6 has the form

Vo = k/P,'2 @7
Dividing the equation 4-6 by equation 4-7, and rearranging, we obtain

Vv P01/2
e —— 4-8)
Vo (@Po+P)n

As this equation brings out, the internal pressure, Po, is the key factor in the
compression of solids. Inasmuch as this pressure is a result of the progression of
the natural reference system which, in the time region, is carrying the atoms inward
in opposition to their rotational forces (gravitation), the inward force acts only on
two dimensions (an area), and the magnitude of the pressure therefore depends on
the orientation of the atom with respect to the line of the progression. As indicated
in connection with the derivation of the inter-regional ratio, there are 156.44
possible positions of a displacement unit in the time region, of which a fraction az
represents the area subjected to pressure, a and z being the effective displacements
in the active dimensions. The letter symbols a, b, and c, are used as indicated in
Chapter 10, Volume I. The displacement z is either the electric displacement ¢ or
the second magnetic displacement b, depending on the orientation of the atom.

From the principle of equivalence of natural units it follows that each natural unit
of pressure exerts one natural unit of force per of cross-sectional area per effective
rotational unit in the third dimension of the equivalent space. However, the
pressure is measured in the units applicable to the effect of external pressure. The
forces involved in this pressure are distributed to the three spatial dimensions and to
the two directions in each dimension. Only those in one direction of one
dimension—one sixth of the total—are effective against the time region structure.
Applying this 1/6 factor to the ratio az/156.444, we have for the internal pressure
per rotational unit at unit volume,

P, = az/938.67 (4-9)
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This expression may now be generalized to apply to y rotational units and V
units of volume, as follows:

P, = azy/(938.67 V) (4-10)

The force exerted by the progression of the natural reference system is indepen-
dent of the geometrical arrangement of the atoms, and the volume term in equation
4-10 refers to what we may call the three-dimensional atomic space, the cube of the
inter-atomic distance, rather than to the geometric volume. We will therefore
replace V by s¢3. This gives us the internal pressure equation in final form:

Py = azy/(938.67 s¢3) (4-11)

The value derived from this equation is the magnitude of the internal pressure in
terms of natural units. To obtain the pressure in terms of any conventional system
of units it is only necessary to apply a numerical coefficient equal to the value of the
natural unit of pressure in that system. This natural unit was evaluated in Volume I
as 5.282 x 10" dynes/cm?. The corresponding values in the systems of units used
in the reports of the experiments with which comparisons will be made in this
chapter are:

1.554 x 107 atm
1.606 x 107 kg/cm2
1.575 x 107 megabars

In terms of the units used by P.W. Bridgman, the pioneer investigator in the
field, in most of his work, equation 4-11 takes the form

P, = 17109 azy/s,? kg/om? 4-12)

The internal pressure thus calculated for any specific substance is not usually
constant through the entire external pressure range. A low total pressures, the
orientation of the atom with respect to the line of progression of the natural refe-
rence system is determined by the thermal forces which, as we will see later, favor
the minimum values of the effective cross-sectional area. In the low range of total
pressures, therefore, the cross-section is as small as the rotational displacements of
the atom will permit. In accordance with Le Chatelier’s Principle, a higher
pressure, either internal or external, applied against the equilibrium system causes
the orientation to shift, in one or more steps, toward higher displacement values.
At extreme pressures the compressive force is exerted against the maximum cross-
section: 4 magnetic units in one dimension and 8 electric units in another. Similar-
ly, only one of the magnetic rotational units in the atom participates in the radial
component y of the resistance to compression at the low pressures, but further
application of pressure extends the participation to additional rotational units, and at
extreme pressures all of the rotational units in the atom are involved. The limiting
value of y is therefore the total number of such units. The exact sequence in which
these two kinds of factors increase in the intermediate pressure range has not yet
been determined, but for present purposes a resolution of this issue is not
necessary, as the effect of any specific amount of increase is the same in both cases.
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Helium and neon, the first two of the inert gases, the elements that have no
effective rotation in the electric dimension, take the absolute minimum compression
factors: one rotating unit with one effective unit of displacement in each of the two
effective dimensions. The azy factors for these elements can be expressed as 1-1-1.
In this notation, which we will use for convenience in the subsequent discussion,
the numerical values of the compression factors are given in the same order as in the
equations. It should be noted that the absolute minimum compression, that
applicable to the elements of least displacement, is explicitly defined by the factors
1-1-1. The value of the factor a increases in the higher members of the inert gas
series because of their greater magnetic displacement.

Because of their negative displacement in the electric dimension, which, in this
context, is equivalent to the zero displacement of the inert gases, the electronegative
elements follow the inert gas pattern, taking the minimum 1-1-1 factors in the
lowest members of the lowest rotational groups, and values that are higher, but still
generally well below those of the corresponding electro-positive elements, as the
displacement increases in either or both of the atomic rotations. None of the
elements of the electronegative divisions below electric displacement 7 has the 4-8
az factors initially, although they are capable of these high levels, and can
eventually reach them under appropriate conditions.

All of the electropositive elements studied by Bridgman have the full 4 units in
one dimension; that is, a = 4. The value of z for the alkali metals is equal to the
electric displacement, one unit, and since y takes the minimum value under low
pressure conditions, the compression factors for these elements are 4-1-1. The dis-
placement 2 elements (calcium, etc.) take the intermediate values 4-2-1 or 4-3-1.
The greater displacements of the elements that follow have a double effect. They
increase the internal pressure directly by enlarging the effective cross-section, and
this higher internal pressure then has the same effect as a greater external pressure
in causing a further increase in the compression factors. Most of these elements
therefore utilize the full displacements of the active cross-section dimensions from
the start of compression; that is, 4-4-1 (az = ab, two magnetic dimensions) in some
of the lower group elements and the transition elements of Group 4A, and 4-8-1, or
4-8-n (az = ac, one magnetic and one electric dimension) in the others.

The factors that determine the internal pressures of the compounds that have
been investigated thus far fall mainly in the intermediate range, between 4-1-1 and
4-4-1. Na(l, for instance, has 4-2-1 initially, and shifts to 4-3-1 in the pressure
range between 30 and 50 M kg/cmz2. AgCl has 4-3-1 initially, and carries these
factors up to a transition point near Bridgman’s pressure limit of 100 M kg/cmz2.
CaF, has the factors 4-4-1 from the start of compression. The initial values of the
internal pressure of most of the inorganic compounds examined in this investigation
are based on one or another of these three patterns. Those of the organic
compounds are mainly 4-1-1, 4-2-1, or an intermediate value 4-1'~-1.

Compression is ordinarily measured in terms of relative volume, and most of the
discussion in this chapter will deal with the subject on this basis, but for some
purposes we will be interested in the compressibility, the rate of change of volume
under pressure. This rate is obtained by differentiating equation 4-8.



42  Basic Properties of Matter

1 dav P,z
S @-13)
v, dP 2(P, +P)72 ‘

The compressibility at Po, the initial compressibility, is of particular interest. For
all practical purposes it is the same as the compressibility at one atmosphere, this
pressure being only a small fraction of the internal pressure P,. The initial
compressibility may be obtained from equation 4-13 by letting P equal zero. The
result is

1 av 1
@-14)

Vo dP(P=0) 2P,

Since the initial compressibility is a quantity that can be measured, its simple and
direct relation to the internal pressure provides a significant confirmation of the
physical reality of that theoretical property of matter. Initial compressibility factors
derived theoretically for those elements on which consistent compressibility data are
available for comparison, the internal pressures calculated from these factors, and
the initial compressibilities corresponding to the calculated internal pressures are
listed in Table 14, together with measured values of the initial compressibility at
room temperature. Two sets of experimental values are given, one from Bridgman
and one from a more recent compilation. Values of s,3, except those marked with
asterisks, are computed from the inter-atomic distances (s,) in the tables of Chapter
2. Where the structure is anisotropic the s,3 value shown is the product of one of
the distances given in the earlier tabulations by the square of the other. The reason
for the occurrence of the indicated deviations from the Chapter 2 values will be
explained later.

Table 14: Initial Compressibility

Se? Comp. Factors P, Initial Compressibility x 10¢
a z y MMkg/cm? Calc. Obs.3 Obs.#
Li 1.151 4 1 1 59.5 8.42 8.41 8.46
Be 0.482 4 4 1 568 0.88 0.87 0.98
C(dia.) 0.147 4 6 1 2793 0.18 0.18 0.18
Na 2.048 4 1 1 33.4 1497 15.1 14.42
Mg 1.291 4 4 1 212 2.36 2.86 2.77
Al 0.915 4 5 1 374 1.34 1.30 1.36
Si 0.497 4 4 1 551 0.91 0.31 0.99
K 3.659 4 1 1 18.7 26.74  31.0 30.4
Ca 2.588 4 3 1 79.3 6.31 5.51 6.45
Ti 1.033 4 8 1 530 0.94 0.77 0.93
A 0.729 4 8 1 751 0.67 0.59 0.61
Cr 0.603 4 8 1 908 0.55 0.50 0.52
Mn 0.705 4 8 1 777 0.64 0.76 1.65
Fe 0.603 4 8 1 908 0.55 0.57 0.58
Co 0.603* 4 8 1 908 0.55 0.52 0.51
Ni 0.603* 4 8 1 908 0.55 0.50 0.53
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53 Comp. Factors P, Initial Compressibility x 106

a z y Mkg/em?)  Calc. Obs.3 Obs.#

Cu 0.652 4 6 1 630 0.79 0.70 0.72
Zn 0.903 4 4 1 303 1.65 1.64 1.64
Ge 0.603 4 4 1 454 1.10 1.33 1.27
Rb 4.616 4 1 1 14.8 33.78  38.7 314

Sr 3.268 4 3 1 62.8 7.96 7.9 - 846
Zr 1.306 4 6 2 472 1.06 1.06 1.18
Nb 0.921 4 8 12 892 0.56 0.55 0.58
Mo 0.764* 4 8 2 1433 0.35 0.34 0.36
Ru 0.764* 4 8 2 1433 0.35 0.34 0.31
Rh 0.764 4 8 2 1433 0.35 0.36 0.36
Pd 0.823 4 8 1z 998 0.50 0.51 0.54
Ag 0.956 4 8 1 573 0.87 0.96 097
Cd 1.118 4 4 1 245 2.04 1.89 2.10
In 1.165* 4 4 1 235 2.13 2.38
Sn 0.913* 4 4 1 300 1.67 1.64 0.80
Sb 1.325* 4 4 1 207 242 232 2.56
Cs 5.774 4 1 1 11.9 42.0 59.0 49.1

Ba 2.686* 4 2 1 51.0 9.80 9.78
La 2.044 4 4 1 134 3.73 3.39 4.04
Ce 1.893 4 4 1 145 3.45 3.45 4.10
Pr 1.758* 4 4 1 156 3.21 3.21
Nd 1.758* 4 4 1 156 3.21 3.00
Sm 1.758* 4 4 1 156 321 3.34
Gd 1.346% 4 4 1 203 2.46 2.56
Dy 1.346 4 4 1 203 2.46 2.55
Ho 1.346* 4 4 1 203 246 247
Er 1.346% 4 4 1 203 2.46 2.38
Tm 1.346* 4 4 1 203 2.46 247
Yb 2.167* 4 2 1 63.2 7.92 7.38
Lu 1.346* 4 4 1 203 2.46 2.38
Ta 1.027* 4 8 2 1066 0.47 0.47 0.49
W 0.953* 4 8 3 1723 0.29 0.28 0.30
I 0.823 4 8 3 1996 0.25 0.28
Pt 0.823 4 8 2 1330 0.38 0.35 0.35
Au 0.953 4 8 2 862 0.58 0.56 0.57
Tl 1.631 4 4 1 168 2.98 3.31 2.74
Pb 1.249*% 4 4 1 219 2.25 2.29 2.29
Bi 1.249 4 3 1 164 3.05 271 3.11
Th 1.758 4 8 1 311 1.61 1.81
U 0.984 4 8 1 556 0.90 0.94 0.99

In most cases the difference between the calculated and measured compressi-
bilities is within the probable experimental error. Substantial deviations from the
calculated values are to be expected in the case of low melting point elements such
as the alkali metals, unless corrections have been applied to the empirical data, as
there is an additional component in the initial volume of such substances. Else-
where, the differences between the calculated compressibilities and either of the two
sets of experimental values are, on the average, no greater than the differences
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between the experimental results. This process is repeated at successively higher
pressure levels until the maximum compression factors for the element are reached.
Because of the nature of this compression pattern, a convenient method of
analyzing the experimental values of the volume of various substances under
compression can be made available by expressing equation 4-8 in the form

(Vo/V)2 =1+ P/P, (4-15)

According to this equation, if we plot the reciprocals of the squares of the
relative volumes against the corresponding total pressure ratios we should obtain a
straight line intersecting the zero pressure ordinate at the reference volume 1.00.
The slope of the line is determined by the magnitude of the internal pressure, P,.
Fig 1(a) is a curve of this kind for the element tin, based on Bridgman’s experi-
mental values.

Figure 1: Compression Patterns
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(c) Potassium Chloride (D) Antimony
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Where there is a transition to a higher set of compression factors within the
experimental range, and the magnitude of P, changes, the volumes diverge from the
original line and follow a second straight line, the slope of which is determined by
the new compression factors. On preparing curves of this kind for the other
elements investigated by Bridgman, we find that about two-thirds of them actually
do conform to a single straight line up to the 30,000 kg/cm? pressure limit of his
earlier work. His studies of the less compressible substances, such as the higher
elements of the electropositive divisions, were not carried beyond this level, but he
measured the compression up to 100,000 kg/cm? on many other elements, and most
of them were found to undergo a transition in which the effective internal pressure
increases without any volume discontinuity. The compression curve for such a
substance consists of two straight line segments connected by a smooth transition
curve, as in Fig. 1(b), which represents Bridgman’s values for silicon.

In addition to the changes of this type, commonly called second order trans-
itions, some solid substances undergo first order transitions in which there is a
modification of the crystal structure and a volume discontinuity at the transition
point. The effective internal pressure generally changes during a transition of this
kind, and the resulting volumetric pattern is similar to that of KCl, Fig. 1(c). With
the exception of some values which are rather erratic and of questionable validity,
all of Bridgman’s results follow one of these three patterns or some combination of
them. The antimony curve, Fig. 1(d), illustrates one of the combination patterns.
Here a second order transition between 30,000 and 40,000 kg/cm? is followed by a
first order transition at a higher pressure. The numerical values corresponding to
these curves are given in the tables that follow.

The experimental second order curves are smooth and regular, indicating that the
transition process takes place freely when the appropriate pressure is reached. The
first order transitions, on the other hand, show considerable irregularity, and the
experimental results suggest that in many substances the structural changes at the
transition points are subject to a variable amount of delay due to internal conditions
in the solid aggregate. In these substances the transition does not take place at a
well-defined pressure, but somewhere within a relatively broad transition zone, and
the exact course of the transition may vary considerably between one series of
measurements and another. Furthermore, there are many substances which appear
to experience similar delays in achieving volumetric equilibrium even where no
transitions take place. The compression curves suggest that a number of the repor-
ted transitions are actually volume adjustments which merely reflect delayed res-
ponse to the pressure applied earlier. For example, in the barium curve based on
Bridgman’s results there are presumably two transitions, one between 20,000 and
25,000 kg/cmz2, and the other between 60,000 and 70,000 kg/cm2. Yet the experi-
mental volumes at 60,000 and 100,000 kg/cm2 are both very close to the values cal-
culated on the basis of a single straight line relation. It is quite probable, therefore,
that this element actually follows one linear relation at least up to the vicinity of
100,000 kg/cm2.

The deviations from the theoretical curves that are found in the experimental
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