10 VAN DER WAALS' FORCES AND PRIMARY BONDS

Molecular Weights of Polymers.

On progressive growth of linear macromalecules we have scen that
the van der Waals’ forces increase, true molecular dispersion in any solvent
becomes more diffieuit and the tendency for micelle formation increases.
Application of the usual celligative methods for determination of the
molécular weight is thus rendered difficult, for extremely dilute solutions
must be employed. If chemical methods are employed based upon
analysis of the end groups it is impertant to ensure that no cross-linkage
can occur. When the macromolecule is of the order of 000 or more
meonomeric units the presence of one part in a thousand of an impurity
capable of forming a eross-link could evidently link the macromolecules
to each other and, if no statistical distribution of the molecules of impurity
occurred, the whole system would be locked up inte oue chemical uait,
Such a system would be relatively unstable and easily broken down,
and the true molecular weight would vary with the mechanical treatment
to, which the material had been subjected before examination, the
isolated macromolecular units being ultimately obtained. When
viscosity methods are employed for determining molecular weight we
must ensure not only that the solution is sufficiently dilute to disperse
all micelles to single macromolecules, but also that the macrémolecules

-are capable of rotational movemeat in the solution without interference.

If we take the case of a eucolloid of a polyprenc of molecular weight
100,000 the spiral cylinder of length about 1000 A.U. will require a volume
of 4 X 10° A.U.%for each molecule, so that we see that the dilutipn would

have to be.some 25 X 108 litres per gm. mol., f.e. about 10-% molar

for such measurements.

THE INFLUENCE OF VAN DER WAALS' FORCES
AND PRIMARY BONDS ON BINDING ENERGY,
STRENGTH AND ORIENTATION, WITH

SPECIAL REFERENCE TO SOME ARTIFICIAL

RESINS.
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Part 1.- The Calculation of Sublimation Energies.

1. The Expression for the Van Der Waals Reciprocal Energy.

The general forces of cohesion, or van der Waals' forces, play an
immiportant part in the building up of natural as well as artificial resins.
Investigations carried out during recent years have greatly deepened
our insight inte the nature of the van der Waals forces. In particular,
the mutual attractive forces between two or more electrically neutral
and dipole-free atoms or molecules have in many cases become admis-
sible of calailation,

Owing to the short-period movement of the electrons in the atoms
and .molecules, which exist ever at absolute zero, there exist in all atoms
dipeles, which change continually in magnitude and direction. Althotigh

* Translated from the manuscript by Mrs, H. E. Teves-Acly.
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the atoms o molecules under consideration are electrically neutral and
metrical on the whole over 2 given period of time, the continually
changing dipoles induce dipoles in other neighbouring atoms and vice
versa, in such a way_that at.each moment an attractive force results
{rom the recii cal action between the induced and the inducing dipoles,
The reciprocal energy between an induced dipole in.an atom having a

pola_risability. « and, the inducing dipole with a momeat g situated in
’ 2

another atom at a distance R from the first, is proportional to %. We

may, therefore, also expect that the binding energies due to wvan der
Waals' forces will vary in inverse proportion to R _

In this article we shatl make use of the. following expression for. the
reciprocal binding energy due to van der Waals’ forces: -~ L

L
E=—ﬁ’

where £ repre:éen-ts_ a constant, Whir;g._may ‘be evaliiated;m two ways,

¢ may be calculated from the approximation formula 'of London : 1
C = §ohvy
in which e« is the polarisability, and hvy a characteristic amount of energy,

™

which corresponds to the chief specific frequency vy -taken from "the
dispersion equation of the atom under consideration {in many cases the
ionisation energy or 2 slightly higher energy value). C may also be
calculated by means of the a.pprox_ima‘.ti_on formula of Slater and
Kirkwood : 2 |

C = 1-36nta®*ag**Eq, el w
where # is the number of electrons in the outermost shell of the: atom’
under consideration, dg is the-radius of 2 (053 A}, and
E, is the energy of a hydrogen atmsindts cording’
Eqis expressed in ergs per maolecule; i
molécule, the reciprocal enefgy is Tepres
formulz tespectively : o

. e — k32 -
__u 25 X }12(: i3 -ergsfmolecule,

707 X 10~ ke ®®
o

. electron volts

—12y¥q302 :
= — IMI___—-}W; kg. cal. jgram-molecule.

2. Orientation caused by Van Dér Waats® Forces.

 The magpitude of the van der Waals forces is in the first instance
indepéndént of the direction. The sralue-of tht_:.-:-n_:cip__r_o.calf energy of a:
given atom with.respect to a large pumber of other atoms can be obtained
by simply adding the reciprocal energi€s “with respect to each of these
other atoms individually. Because of its great dependence on distance,
the magnitude. of the reciprocal engrgy-will be determined chiefly by
those atoms, which can make the closest zpproach to _the atom under.
discussion. Because of this <ircurastanice, o, molecules, which attract
1F. London, Z. Physih, 19305 6 s Z."physikal. Chem., Y93%i 7B,

222 Dat e

*J.C.Slater and J. G. Kirkwood; Physic, Ben.s 1931, 37 682.




1z VAN DER WAALS' FORCES AND PRIMARY BONDS
edch other by means of van der Waals’ forces will always have a tendency
to orient themselves into such a position, that the largest possible number
of atoms are in contact with each other. Thus hydrocarbon chains
will show a-tendency to be oriented so that their long axes are parallel
and two benzene molecules will prefer to lie with their flat sides together:
Very many molecules are anisotropic as regards their polarisability,
and, in general, the direction of the greatest polarisability corresponds
to that of the axis of length of the molecule. In the case of the mole-
cules of special interest to us at this moment, this is found t6 be true:
with the hydrocarbon chains the direction of the greatest polardsability.
is the same as of the axis of the molecule. In the case of berizene the
polarisability in the direction perpendicular to the plane of the ring is
the smallest; and it is greatest in the plane of the ring. In general, this
anisotropy opposes the above-mentioned orientation due to the tendency
of the atoms to seécure as many neighbours as possible. If anisotrepy
should exist in the case of spherical molecules, so that the polarisability
in one direction were greater than in the other two perpendicular dirsc-
tions, then twe such molecules would have a tendency to orient each
other in such a way that the directions of the greatest polarisability
would form a straight line, since in that position the mutual energy is
greatest. A dipole with a moment p attracts an atom with a polaris-
ability &, 4t a distance R in such a way that the mutual energy is: -

— EB st g sin? g2

E= 2R8

in which ¢ is the angle which the dipole makes with the line joining it to
to the

. ﬂé = 900)1 Y :

-dipole also lies perpenidicular
to that line (¥ig. 1), and.
the mutual energy E eqpals_ -
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Fi1e. 1a—One dipole inducing another dipole
‘on an atom at 9 distance B, ¢ being the
angle which the original dipole makes
with the line jolning it to the atom.

Fic. 1h—When ihe inducing dipole is per-
pendicnlar to the line joining it to the
atom, then the induced dipole also lies
perpendicular to that line.

Frc. 16,—When. the inducing dipole lies in
the same direction as the line joining it
to the atom, then the induced dipole
has the same direction,

2 :

— 26 If the direction of
2R

the inducing dipole iz the

same as that of the line

joining the two atoms, then

the induced dipole has the

same direction (Fig. 1c) also _

and the reciprocal energy.E
. Horp? - e
is — % In the case of

binding by means of van der
‘Waals’ forces we are con-

cerned with alternating: in-
ducing dipoles whereby - all:
possible  directions occur.

Those directions which are the same as the line joining the atoms give
tise to energies which are four times as great as the values due to dipoles
perpendicular to the joining line. With infinite anisotropy, therefore, an
orientation whereby the directions of greatest polarisability lie in each
other’s extensions, would give a van der Waals’ reciprocal energy which is
four times as great as that arising from an orientation whereby the direc-

;
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tion of greatest polarisability of both atoms is perpendicular to the line

In the-case of the fnolecules of interest to us at present, the'orientation
caused by the tendency of the atoms to gather as many neighbours as
possible domninates OVer the effect of the anisotropy. We shall illustrate

“his more clearly with reference {o the recipracal energy between two

henzene molecules.

3. The Reciprocal Energy between Two Benzene Molecules;
Orientation of the Benzene Molecules.

The average polarisability of a benzene molecule &y is 10°3 X 102,
he anisotropy is fairly great, the polarisability perpendicular te the
plane of the 1ing &, (see Fig- 2}1s 6-35 X 107
'nd in the plane of the ring ke

g = oy = 123 X 10-%89

In calculating the reciprocal energy, 2
penzene molecule should not be considered as

a single centre of attraction ; the action of : s
the six = CH groups must be inves_t;gated
separately. The following polarisabilities may

be credited to these = CH groups, whose
¢ Fic. 2.—Co-ordinates are

centies of gravity lie at the centres of th_f_zﬂ C S o iheee diections
.o o Tt Y W . sen i 3

atoms: g == 171 X 10” R o, == 106 X 107 Oa, Ob and O, in order
x, = O == 2°05 X 107 to take into account the

Let us consider first two benzene molecules anisotropy of the polar-
with respect to each other, as is represented isability. '
in Fig. 3 (case 1). Onthe basis of the known .
data about organic molecules we 12y assume that the mutual distance
between the two closest C atoms { Sund by van der Waals’ forces) will
be about 35 -A. The reciprocal energy is obtained by adding the

mutual epergies of all the centres of the one molecule with those of all
the centres of the other molecule :

c
&:Z—ﬁ

1n the case represented in Fig. 3, R

varies from thevalue 3-5 A. {between

the atoms 1 and 1) to 859 A. (be-

iween. the atoms 4 and 3). The

F16. 3.—TIwo benzene molecules i i :
lying in the same plane. summation gives -
Ey = — 00026 X 10%8C.

i Let us now consider two benzene rmolecules sifuated at a distance of
35 A. from each other, with the planes of the rings parallel as in Fig. 4

, PH. A Stuart, Molehitlstrukiur, Berlin; 1034, p- 225 H. A Stunart and H.

Volkmann, Z. Physik, 1933, 80, 107. o34 P 23 -

. Strietly speaking «, for a single = CH group is not equal to of of that

g::;?-’ as here, too, the polarisability in the direction pointing towards the neigh-

of th D%:-tomfs is somewhat greater than in the other directions lying in the plane
re benzerie ring. For the sake of simplicity, however, we may consider for

the individual = CH groups too o, = 6. )
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{case IL), then the summation gives :
Ep == — 00100 X 10%C,

a value almost four times the first, if € remains unchanged.

If the anisotropy with respect to the polarisability should be such
that for each pair of centres there was a polarisability only in the direction
of the joining line, then, as a consequence, the
valee of € in position I would be four times as
great as in position IL (see § 2), and because of
this there would be no preference for either
position. Because of the actual presence of an
anistropy the difference in energy between position
L and position 1L is, as 2 matter of fact, slightly
lessened, but in any case the energy content of
Fi6. 4.—Two benzene position IL. is always three times as great as of

molecules, lying in position |

parillel planes. We must therefore expect that benzene mole-

cules will exhibit a tendency to orlent each other
in the manner represented by position IL (Fig. 4). This agrees com-
pletely with the result obtained by Briegleb,® that benzene molecules {as
well as many other molecules for which similar considerations hold)
direct each other in such 2 manper that the axes of greatest. polarisability
lie parallel to each other.” This result also agrees with the conclusion,
which may be drawn from the X-ray analysis of liguid benzene, whereby
the observed periedicity of about 36 A, is correlated with a disk
crientation.®

In tifis connection it is interesting to point out that in artifictal resins:...
of the type phenol or cresol formaldehyde condensation preducts the

$ For the calculation of the values of G, instead of the formula mentioned in §r

C = }a® hv,, we use the expression C = agb(e,¥? + #,¥* -+ P R ’}%‘,

in which g, is the average polarisability and . ¢, and a, are the polarisabitities.
in the #, ¥ and z directions respectively, whereby the z direction is the same as
that of the line joining the atoms. (Cf. an article of G. Heller and J. H. de Boer,
to appear shortly in Physica). In case 1. we then obtain

Co = bl + 40577 + 237 20 = 258 by X 1072

and the energy content

Ey = — 00026 X 10% X 2:58 X 10~y = — 0-0067 hr,.
In case II. we calcnlate for the reciprocal energies of the combinations of atoms :
1-1’, 2-2°, 3-3°, etc. ' D

Gar = agh{ing + o3 £ 40850 = 168w x 0708,

while for the combinations : 1-2°, etc.,
C'm = Jotgthvg = 2-190vg X 1045

The summation gives
En = — (0-00328Cyy + 0-00675Cy"} X 10%% = — (0-0035 + 0'0148)kr, = — 0-0203kvy
an energy content three times as great as in case L

& G. Briegleb, Z. physikal. Chem., 1931, 148, 97 ; 1932, 16, 240.

¥ Briegleb concludes this from the decrease in the anisotropy of dipole-free
‘molecules during transition from the gaseous state to the liquid, and from the
decrease in. the molar Kerr constant with increasing concentration of dissolved
dipole-free molecules in a heptane solution. S

¥ ], Selman, Diss., Amsterdam, 1932, p- 105.
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same periodicity is again observed,® a fact which may indicate that in
the amorphous structure of these resins also a similar paraliel orientation
of benzene (or rather phenol) groups dften occurs.

IL)uld be such
 the direction
sequence, the
four times as
] because of  j
e -foreither

4. The Influence of Repulsive Forces.

In the bond between two or more atoms the distance by which they
remain separated from each other is determined by the equilibrium be-
tween attractive and repulsive forces. If the repulsive force is expressed
as an exponential function according to, Bom and Mayer,'® then the

ence 'of an expression for the mutual energy with van der Waals’ attraction becomes :
reen position c . = .
fact,. slightly E=— 76 4+ b

content of : _ . .
where & and p represent constants, of which p may be given the value

0-345 X 1078 em., at least in the case of the reciprocal action of the
binding forces (electrostatic and van der Waals’ together), which act in
the alkali halides. The constant & can be calculated from the equili-
brivm condition : :

R/r=rs R s’
{R, is the distance between the bound atoms, and therefore the value
of R at the minimum of energy). Then for the binding energy it follows

Ey=

(bE O 6C 1, R
— o

_ Lt ’
R\ TR,
With p = 0345 X 1078 cm. and R, about 3-5 A., this becomes

E, = (about) — 0-4_R%.

With the aid of the approximation formula for £ mentioned in § 1,
London M has calculated the sublimation energies of a great many gases
in the salid state, and obtained results which are in good agreement with
known experimental data, Loundon neglects, however, the repulsive
forces. Born and Mayer 2 point out that when account is taken of the
repulsive forces the agreement with experiment is much less exact. It
must here be noted that the approximation formula of Slater and
K-lrl_twood also gives good results for the sublimation epergies of molecular
lattlyes, when the repulsive forces are neglected. For example, the
sublimation energy for solid argon” according to London’s formuila is
found to be 2:08 kg. cal./mol.,; according to Slater and Kirkwood it is
2-35 kg cal.fmol., while the experimental value is 2-03 kg. cal. fmol. If
we choose another example from the hydrocarbons,"we find that the
sublimation energy of solid methane 12 according to London’s formaula is
23 kg. cal.mol., according to Slater and Kirkwood’s fermula it is 27
kg. cal./mol., while the experimerital value is 2-7 kg. cal./mol.- Such
eéxamples may be multiplied, so that it seems as if the potential contri-

' R. Houwink, Physikali ; ' ; -
Kﬂ’:itha.rzeu, Toiein, 11934' z;efk;7§=gsnsckaﬂm wund Feinbaw von Natur- und

,1.§f-gfrdn and J. E. Mayer, Z. Physik 1032, 75, .

1% The I:th(?n' gj.sgcysska(. Chem.: 1931, 118, 222. L A
€. H. H. Mooy, c;roc A?::tei?i;;h p fa.(;e-cengg%d ; n;ﬁie'athufrn - i.i_ltt;ce y f . {o&)d \
uSEd a SIightly’]()we:l; v'alue_. Gt} 193 0-34:_ * ¥ &, 93 » 12737 7' ndon

= — 00203k,

“of dipele-free
and.” . the
nof . dved
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bution of the repulsive forces is much smaller than the formula of Born
and Mayer would lead one to think. It may be that, at the relatively
great distances caused by van der Waals’ bonds, the repulsive forces
obey a different relation. One might be able to work formally with the
expression b/R%, often used previously, whereby very high values 13,14
would have to be ascribed to #.

Another possibility is that the approximation formule used give a
value for the van der Waals attraction;, which is tec small at the dis-
tances with which we are concemned. In a recent article Pauling
and Beach * calculate the van der Waals interaction of hydrogen atoms
and use not only the terms in 1/R% but also those in 1/R® and 1/R'.
A¥ a distance of 35 A. this further approximation gives an energy value
one and one-half times as large as that given by the previously used for-
mule. If this result is capable of generalisation, it means in the case we
are considering that the increase of energy given by the closer approxi-
mation is just about compensated for by the repulsive forces.

For the present we shall make use of the approximation formulz of
London or of Slater and Kirkwood for the calculation of the energy
magpitudes, without taking into account the repulsive forces, while in
the calculation of tensile strengths in Part II. we shall iriclude the re-
pulsive forces in our caleulations (in order to obtain a maximum in the
distancé“8tce curve), and thus have the assurance that our calculated

5. The Sublimation Energy of Benzene.

Since- the van der Waals binding energy of benzene molecules can throw,
light on the particular problems connected with the bond in many arti-
ficial resins, we shall in this section examine whether or not the result
obtainéd in the previous section is valid in the caléulation of the sublima-
tion energy of solid benzene, that is to say, whether or not the energy
value is adequately represented by the approximation formulz given
in § 1, ho account being taken of the repulsive forces. o

The erystal structure of solid benzene is not kmown with abselute
certainty : the structure as determined by Cox *® however, offers suffi-
cient points of contact for our calculations. The unit cell {at — 22° C.)
of the rhembicaily crystallising benzene contains four molecules, and
Has the. following dimensions: a=y4% A, b=06% A, ¢ =68 A
The position of the molecules is probably similar to that shown in. Fig.-5.
The shaded molecules lie at a distance bf2 below and above the plane of
the drawing. The distance between the centres of the molecules 4 and
Bis 504 A, that between A and C, 500 A, between 4 and D, 6-1 A,
and between A and A’, 6-8 A. The molecules make an angle of about
40° with the 100 plane. In the calculation we shall use 45°. The re-
spective positions of molecules 4 and B become those represented sche-
matically in Fig. 6. Molecule A is in this way sarrounded by four other
molecules. The CH centres T and 6’, and 2 and 3’ lie closest to each
other ‘&3-87 A)), the greatest separation is that of 4 and 6°, and 5 and 3*
{662 A.). The relative positions of 4 and € are then represented by,

13K, Woh), Z. physikal. Chem., 1931, 14B, 36. .

1 G. Heller mentioned the possibility that for atoms, like argon, where
ihe valence electrons have an orbital momentum, the valence forces give an
attraction rather than a repulsion at these distances.

15 1. Panling and J. Y. Beach, Phkysic, Rev., 1935, 47, 686,
1% E. G. Cox, Proc. Roy. Soc., 1032, 1354, 491.
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rhe position shown schematically in Fig. 7, in which the molecule €’

must be imagined to lie 2-52 A_ above the plane of the drawing. The
<hortest distance between two centres is then 3-9 A. (1-5" and 2-4"). The
positions of A and ' are taken as representative also for Aand D in

Fic. 5—Diagram representing. the FIc. 6.—Relative Fic. #.—Relative posi-
erystal structure of solid benzene, positions of  tions of molecules A
according to E. G. Cox, Proc. Roy. melecules A and and € or A and D of
Sac., 1932, 1354, 491. B of Fig. 5. Fig. 5; the molecule

¢’ must be imagined

to lie 252 A. above

the plane of the
) drawing.

_Fi_g. 5. The relative positions of 4 and A’ are represented by Fig. 8,

in which molecule A° must bé imagined to lie 5-04 A above the plane

of the drawing. The shortest distance between two centres is then

566 A. (1-5" and 2-4"). Molecule Ais

thus surrounded by four molecules

whereby the. relative position is as of

A to B, by eight molecules with relative

position 4 to C*, by four with the re-

lative position 4 to A4, etc. The

mutual energy of the six. groups of

molecule .4 with respect to the groups of  Fic. 8.—Relative positions  of

1ghe: surrounding molecules is now added ﬂ;lolﬁcﬂlesii aid A’ ;’tf 3;15 5

or all ero thi : R the molecdle A7 mu e im-

o g e 6 L AT D
o o), and then the mutual energy  the plane of the drawing.

with respect to the remaining groups

is calculated by integration from 6-81 A. on

R 681 C 82N

Ea=—{ 2 £ BNC o xaom)

2, Btex e -

B 287
where N is the number of centres of attraction (— CH groups} per cm.®
{0-049 X 10%). The evaluation gives:

E, = — {0-02705C - 0.00064C} X 308 = — 00277 C X 10,

The value of C is calculated by means of the Slater-Kirkwood approxima-
tion formula mentioned in §1:
) € =163 X 107 %Ha®E,
in which n — 5 and o= 1-71 X 10°* (in this case, because of ‘the

relative. positions of the molecules no account need be taken of the
anisotropy).
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‘The sublimation energy § is equal to half the reciprocal energy of
one molecule with respect to the rest of the lattice, Thus we may write :

Ea
2

S=— 11-3 kg. cal fgram melecule.

_ 00277, _
== C=

The experimentally found value of the sublimation energy of solid benzene
at 0° €. is 1067 kg. cal fgram molecule, so that we see here again that
the approximation formula of Slater and Kirkwood gives a correct
result when the potential due to the repulsive forces is neglected.

Part II. The Tensile Strength and Van Der Waals* Forces
in Polymers.

6. The Tensile Strength of Sodium Chloride.

It is a well-known fact that the tensile strength of a crystal like that
of common salt is much smaller than the value calculated by means of
the lattice theory from the electrostatic forces, K the temperature is
chosen such that practically no plastic deformation occurs (in any case
below 200° C}, values of from 04 to 06 kg/mmm? are found for the
tensile strength, while the calculation by means of the lattice theory
gives a Vilee 17 of about 200 kg/mm.2. This great discrepancy bétween
the experimental and the theoretical values is ascribed chiefly to the
" notch effect,” which may arise from the presence of incidental small
cracks 18 on the surface, but which is dye especially to the more or less
regularly distributed defects of the crystal structure (Lockerstellen), 2
In particular, the investigations of Smela] 20 and his co-workers have
shown how many properties. of crystalline mattér are dependent- upoua
these internal defects of the crystal structure (properties sensitive to
structure). Zwicky 2 had previously given a possible explanation in his
conception of the mosaic structure of crystals. According to this con-
ception a “ secondary ” lattice is superposed on the * primary * lattice,
in such a way that lattice planes eccur at régular distances in the lattice
having a separation from the other planes differing from that between
the prifnary crystal planes. In this manner the erystal would be divided
into blocks with the dimensions in the three directions varying from 100
to 1000 times the separation of the ions. While these blocks may be
considered as ideal lattices, the forces which act between the blocks are,
kowever, much weaker than in the lattice. Although this concept has

experienced much opposition 2 it is nevertheless desirable, in studying -

the artificial resins, to find out what a calculation of the forces indicates
m this connection. If such a secondary structure actually existed, one
could assume that the electrostatic Teactions ameng the various blocks
would be neutralised, while the van der Waals forces would, however,

" ¥. Zwicky, Physikal. Z., 1923, 24, 131.

1*A, F. Jofté, The Physics of Crystals, New York, McGraw Hill, 1928,

¥ Cf. for exaniple, A. Smekal, Physikal. Z ., 1933, 34, 633, and also a very recent
survey by W. G. Burgers and J. M. Burgers, in the Firsi Report on Viscosity and
Plasticity, Royal Acad. Amsterdam, 1935.

2 Cf. for example, A. Smekal in Handb. 4. Physik 20 Aufloge, 1933, Band
24, 2, PP. 795-623, and also J. H. de Boer, Electron Emission and Adsorption
Phenomena, Cambridge, 935, chap, X.

R R, Zwicky, Helv. Physic. Acta, 1930, 3, 269, and more recent literature.,

* See, among others . E. Orowan, Z. Physik, 1632, 79, 573 ; Helv. Physica
Acia, 1933, 7, 285.
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continue to function. We must therefore investigate the influence of the

reciprocal energy o
van der Waals’ forces on the tensile strength.

‘Thus we may write

nfluence of Van Der Waals’ Forces on the ‘Tensile

i'n molecdl‘e; 7. The ¥

- . 3 Strength of Sodium Chloride. _

nergy of solid benzene In order to study the influence of van der Waals’ forces on the tensile
cessively calculate the tensile

strength of sodium chloride, we must suc
strength when {(g) only electrostatic forces and repulsive forces are

acting, {) when electrostatic, van der Waals' and repulsive forces act, and
{) when only van der ‘Waals’ and repulsive forces act.

¢ see here again tha

(a) Only ‘Electrostatic and Repulsive Forces.

Imagine a section through a. crystal of sodium chloride parallel to a
face of the-cube. The electrostatic -
.atiractive force which is experi- m
enced by an ion at a distance 7
from a 100 plane can be calculated
with the aid of a formula given.
by Hiickel : 2

2
Fd_=§* 7 X 168'_2"‘/22, 2001

of a crystal like tha
alculated by fmeans-oL
If the temperature is
n occurs (in-
m? are found f
. of the latticeth
t discrepancy b twé
scribed, chiefl

hee ¢ ~id nt

2

y which g is the lattice distance..
the distance between' two simi-,
. charged ioms, 5628 A} and
_the charge ‘on. anion..-This -
ecreases with increasing dis-
. “rapidiy that an‘ion ata
distance 7 = a experiences practi-
ca.lly 1o more attraction..- For the
ealculation of the tensile: strength, )
therefore, it is sufficient to take : 1 Lo
to gecount only the first layer 2 3 4 5 6 4
fond, which are situated at 2 FIG. 9.—Force in kgfmm.? between two

) 3 distance of r,=%a from the im- ‘halves of a NaCl crystal, separated
ctions varying il _ . [ . m L, SEp
le these blotks may Aginary plgne. . El?e gisizglcglgz:;v::naﬁf:s‘:gﬂm;f
between the blocks' The répulsive forces may be -when only electrostatic and repuI:
hough. this co cept. expressed by the following formula sive forces are acting.

desirable, according to Born and Mayer: ¢

of the forces i I, -7

: 5o Frep. = — ;be_ p,

where p — : : TR
: e p= 0345 X 107 cm. and 4 is a constant given by the equilibrium
tion {ry = 2-814 A): By q

(Fa. — Froplrore =0 = :—;211' X 163*"’"/'2’30 — :—)lie"%.

iMcG-ra.w Hill, ©
4, 633, and also 2 veryroc!
irst Report on Viscosity

¥ we substit -
ol titute the value of b thus obtained, we have for the total forc
Ncting upon on ion , atned, r the [ force

| _
ik 2° Awufiage, 1933
FkEmisst'a» and 7

E _ :_:2“ x 'Iﬁg_ﬂﬁ{eﬁ"\/ix .fa;f_ efn:f}. -

more recent li'te;:;tufgi _
32, 79, 573 Helv. By, ng ) )
E. Hickel, Adsorption und Kapillarkondensation, Leipzig, 1928, p- 125

—~ .
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The force acting over I cm.? is obtained ¥ by multiplying by N, the
number of ions per em.? (0126 X 10'%). This force Ny X F is repre-
sented in Fig. 9. It reaches a maximum at a distance Fpay, which is
given by the relation

oF .
Bf)f—rm =0

The calculation gives 7pge. = 3-27 A., while the maximum value of NoF,
that is of the tensile strength is found to be:

a value which agrees very well with that calculated by Zwicky.?®

{b) Electrostatic Attractive Forces, Van der Waals® Attractive
Forces and Repulsive Forces.

1f we again consider an ion opposite a 100 plane, the van der Waals
artractive force which is experienced by the ion due to the portion of
: the crystal limited by the 100
plane, is calculated by the addition
of the components of the van der
Waals forces perpendicular to the
plane, which forces are exercised by
the individual centres of attraction
of the portion of the crystal under
consideration {see Fig. 10):

- GC\ LoE T

Fic. Ilo.——%n ion‘opposit}t.; 1&0 a tif:i This' summation can be: carried
%ﬁg; A B e om that out in the case of sodium chloride,
trary ion of the portion of the but since, in a similar connection,
c limited by the 100 plane in the case of artificial resins the
aﬁggﬁfﬁ?f t:‘-)h:h:filg summation cannot be made because
s normal to the plane. ! of the unoriented amorphous char-

acter of the resins, we shall replace

+he summation in this case already by an integral

Fion = jj[%‘—g cos quadV:'_'-;—l;—*g, 3

in which expression Ny is the number of ions per em.? of sodium chloride
and R, the shortest distance from the ion under consideration to the
place. .

1 we now consider the whole row of ions which lie a2long a single line
perpendicular to the 100 plane, then, in erder to calculate the van der
Waals force experieniced by the row of ions, we would have to make a
summation over the row

-r

Frow = ZFion:

2t We shall use Ny for the number of ions or atomis per c¢m. and N, for the
mamber of ions or atoms per cm.?

25 Tn this calculation and in the others further on in this paper we neglect the
small influence of the lateral contraction. ’
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In view of the calculations to follow in the case of artificial resins,
we again replace this summation by an integral
7
Frow= I"NSC Nld = "-——-———-A 3N16

2R, or®

:n which N, is the aumber of fons per cm. {of 2 ;row)_and 7 is the shortest
distance of the closest ion to the 100 plane. Since addition there are
N, of these rows per cm.?, we obtain for F,, the van der Whaals attractive
force p'erpendicular to a 100 plane between two halves of a crystal of

1 cm.® section:
oo aN, NN, C =11-N3’C
¥ 67® 673
cince Ny X Ny = Ng )
The total force per cm.? is nOW gIven by

2 ot , TNGFC -t
F:F;,,_+F,,-—FNP_SN2§§%><16¢ m“"'%‘”ﬁ"i“’ °

With the aid of the equilibrium condition
(Flrmr,=20
one can EXpress Nd in the other terms. The magnitude € is calculated
by means of the approximation formula of Slater and Kirkwood {§ 1) :
€ —= 1125 % 10-M ¥ adf® ergs X cm.® _
Again in order to allow analogy with the resins we use for oe.an average

‘éalue, ‘such as can be caleulated directly from the molar refraction of
godium chloride 28 .

3——"225 % 1072 = 1-6 X 107

while further i = 8. For ¢ we find
C = 64+5 X 10780 ergs X cm.®

lf_ we substitute this value as well as those for N, 7o, @ and p, and et
Ny = 00448 x 10?%, then we abtain for F: '

0-068 x 10712
—
— 3*86 % ol g—2an10% dynes ,ch.2

This function is of course zero when 7= o= 2:814 A., and reaches
2 maximum when r is about 3-25 A. The tensile strength is about 262
kg.jmm? The van der Waals forces have thus a not unimportant in-
fluence on the tensile strength ; actually their influence is still very much

greater since we have here integrated over regions where this is not per-
missible, and have used an average 27 value of o in the calculations. The

% Cf. J. H. de Boer and J. F. H. Custers, Z. physikal. Chem., 1934. 28B,

F = g13 X 10it g—15X10% 4

233

m“;’ Substitution of the average value of & by the true values of @ for the jons
&5 @ = 355 X 10-¥; Na+t:x =020 X 109, see A, E. van Axkel dnd J. H.
Bocr, Chemische Bindung, Leipzig, 1031, P- g1}, but retention of the inte-
gTation hils onty asslight influence. nstead of the value of € used {64'5 » 10—
".Cfg_' cm *) three values of € enter the calculations: Col-c1 = 221 X 10~%,

g !-:" = 3+03 ¥ 10-% and Cgl-Na = 259 X IO -89 and the van der Waals force
becomes 10 per cent. greater.




22 VAN DER WAALS FORCES AND PRIMARY BONDS

actual value of the van der Waals attractive forces at 3:25 A is even
gpreater 3 than 160 kg./mm.% so that the theoretical tensile strength of
sodium chloride is probably greater than 400 kg. jmm.® The origin of
this relatively great influence compared with that of the electrostatic
forces in the case of the tensile strength, notwithstanding the fact that
the infruénce of the van der Waals forces on the lattice energy is only
slight; may be ascribed chiefly to the circumstance that the electrostatic
forces to a great extent neutralise each other.?® ’

(c) Only Van der Waals’ Forces and Repulsive Forces.

Let us imagine that the electrostatic action between two 100 plages
in sodium chloride is completely neutralised. These twe planes will then
seek 2 new equilibrium position with respect to each other. The separa-
tion at equilibrium will become greater than 7o = 2814 A, since it would
be determined only by van der Waals’ and repulsive forces. If we
determine the shape of the function

F'=Fy,— Frep.
or in numerical vaiues

. —12
Fr= C_ﬂ_:;Ig_ — 386 X 10M e~ 29X dynes fem.?
we obtain the curve shown in Fig. 11. F’ = o when r = (about) 4-55 A,
and it reaches a maximum when
r — (about) 52 ‘Ax The two
‘planes under consideration would
thus be situated at about 4+535 A
- from-each other, -while foro
acting between jthe 3
the -crystal’ woul = rabott:
3-7 kg:/mm.? The force actually
prevalling’ is again very much
greater, since here again integras
tion gives much too small values *
and, moreover, at these relatively
great distances either the 'in:
fluence of the repulsive forces is’
probably much smaller than is
assumed in the calculdtion, or
here again the van der Waals
Fic. 11.—Force in kg/mm.* between two fc_)rce is much grea?e_r than 18-
halves of a NaCl crystal, separated  given by the approximation-for-
by & 100 plane, as a function of the - mulae (§4).-7 DT S
distance betweenthe,ﬁe halves, WI?_len If, a,ccqrdjng- to Zw.icky's. hy-
?;Ige::ﬁ: gg;jgvm and repulsive  pothesis, blocks exist between
T which smaller electrostatic forces

18 Ope arrives at this value if a summation is made separately. for the Na+
jons and the Cl- ions and if the a-values for these ions are nsed. - It is possible
that further approximation of the van der Waals reciprocal exergy would give
still greater values {see § 4)-

39The binding energy of an jom at a normal distance from a_1o0 plane is only
about 004 of the binding energy in a lattice ; of. for example, J. I. de Boer,
Electvor Emission and Adsorplion Phenomena, Cambridge, 1935, D 41.. .

ae 1f, for example, 1o integral is substituted for the spmmation for Frow, an
equilibrium distance is found at # < 45 A., 3 maxiroum at about 50 A., and
a force of abont 7-z kgfmm.? .
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qct, then these blocks must always rernain at a distance of <45 A.
fm;n each other owing to the van der Waals forces, while the force in
cvery case s 2 37 kg.fmm.2 In the occurrence of a rupture due to
rension in the case of cubic blocks the surface obfained per half crystal
may be up to0 three times the cross section, SO that a certain force
must be employed in order to slide the blocks along each other. The
jorce will probably be hereby increased by dbout 20 per cent., 50 that a
value for the tensile strength of certainly > 45 kg. jmm.? is obtained, and
i view of the method of calculation probably a value of > 20 kg./mm.?
An hypothesis of 2 regular division int¢ blocks cannot therefore explain

the low experimental values of the tensile strength.

8. Certain Numerical Values necessary for the Calculation of
the Tensile Strength of Phenol and m-Cresol Formalde-

hyde Condensation Products.

As examples of artificial resins whose tensile strengths we shall
calculate we are taking the phen_o_l-formaldehyde condensation
product and the m-cresol-formaldehyde condensation product, both of
which are resins which can react in three dimensions. We shall take as
«tructural unit of the phenél-’formaldehyde condensation product
C HsOH(CHy)gys, OF rather twice this unit, namely (C,H,)g(O}Dg(CHQS,
with an equivalent weight 3 of 224, Such a unit has 17 centres of
attraction {C, CH, CH, and OH groups), which can manifest themselves
in the van der Waals attractive forces. We shall only consider those of
the direct C—C linkages (* primary bonds ") between the phenyl groups
and the CH, groups since these are weaker than the ‘tbonds in the benzene
sing itself, and will therefore be the first to give way when & rupture takes
place. Table L contains the data necessary for the caiculations —

attempt €0

TABLE L

Prenol-Hormaldebyde m-cresol-formaldebyde
Condensation Product. Condensation Product.

(CoHi (O (CH)  (CH(CH):(OH)(CHL)e
17 9
6

Structural unit
Attraction centres per unit .
 Primary bonds * per nnit .
Dcnsity . . .
Equivalent weight . . 25%
Attraction centres per em.? .
(% ) - - ) 55 X 10
Attraction centres. per cm,? .
(N ) i - ] . :'[4.4 w 1o
Attraction centres per ci. (N} q 3-8 X xo7
Promary bonds ” per cm.® -6 67 X 10¥
index of refraction . 162
Equivalent refraction . . g 74
x per structural unit . . 4 29 % 1073
& perattractive centre . 1:53 X ro-3
# {xverage number of electrons ‘
for  the Slater-Kitkwood
tormulal . . .

-2

5

9. Theoretical Tensile Strength due to Primary Bonds.’’

’ Just as in the calculation of electrostatic bonds, the heat of combina-
ion cannot be taken as a measure of the strength of the bond, but the

K ® Cf R Houwwink, Physikalische Eigenschafien wnd FEeinbauw von Natur- wnd
unstharien, Leipzig, 1034, p. 118,
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Coulomb force itself must be calculated, so also in the case of the C—C
bond. In the carbon bond the starting-point is not the normal carbon
atom, but an excited
carbon atom with a high
energy. In the descrip-
tion of the change in
enetgy content, therefore,
one does not start from
the ground energy level,
but from a much higher
{7 to- 75 electren volts)
energy level. If the C—C
bond between two -ali-
phatic C atoms is con-
sidered by itself, the
energy conteat of the
bond ¥ is 695 electron
volts {160 kg. cal fgram
equivalent = 11 X 10712
ergfbond).

In order tb ‘trace’the
potential curve of such
-5 .a bond use is made of
- the formula proposed by
FIG-flz-—I,’Ozenﬁal energy (in t;l:m ;%ﬂxg Morse,®™ which expresses

orce {in dynes) between - i : x
c_arboil atnms};.s “a. function of;;:he- distance: * wt‘hf.- energy ten eg[Q

“between. these. atorhs, ;. Aunctron
: , ontent ¢,

(=3

Oif_:_ofenfmf volts,

5]

L]

Fochy dynes x 101
By

mum of the potential curve, and of the distance 7.
Q = Qpe—20tr—r) _ ZQne—"{f—r.), |
in which 7 is the equilibrium distance, and a is a constant given by the

formula
— \fs‘"”fﬂwox.
@ = A==

In this formula ¢ is the velocity of light, i the so-called reduced mass,
w, the specific frequency of the bond, and x a so-called anharmonic factor.
In our case p = ¢-95 X 107 gram, w, = 810 cm.~? {01 electron volt),

2
while x follows from Morse's relation gy = i";, -and is found to be

36 x 10~%. "When ¢ and } are substituted, we obtain a = 1:025"><; 100
e, The curve which represents Q as a function of 7 is illustrated by
curve L in Fig. 12. The force between the two C atoms can be caleulated
from @,

FC-C = :gr—g = — ZG,QGE"%("—"II} —|— 24983"5{3‘—'!'.]:
Curve 1L in Fig. 12 gives F as a function of 7, the value is maximum for
a 7., value given by 1

AF

5= 0= 4 a*Que— 28{Ymar. ~ Ta) — 2020~ a(rm_—r,)'
¥

2R, Serber, J. Chem. Physics, 1935, 3, 81. The heat of combination cal-
cilated from heat of combustion is 71 kg. cal.fgram eguivalent.
a p, H, Morse, Physic, Rey., 1929, 34, 57.
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With the value of 2 caleulated above as 1-025 X 10% cra. ™ and the value
of ry= 135 X 107% cm. (the distance between two C atoms directly
bound) ene may calculate for 7.

Y aar. = 2°23 A

\With this value the force

— fp-m2___ p—2ZIn2 __‘LQE
(FC"*C)max-—_zaQo{e e~ % }”_ 5 7

or pumerically
(Fo—Omaz. = 3764 X 107% dynes.

If we now assume that the phenol-formaldehyde condensation pro-
duct and the m-cresol-formaldehyde condensation product are built
up entirely by ** primary bonds ** which have resulted wholly from con-
densation reactions, in other words, if we assume that an entire object
forms as it were 2 single large molecule (as may be done with an ideal
crvstal of common salt), then the tensile strength of phenol-formal-
dehyde condensation product is about 4300 kg./mm.2 and of m-cresol-
formaldehyde condensation product about 3800 kg. fmm?®.

The actual theoretical values are still somewhat higher, since in the
calculations in this sectiom no account has yet been taken of the van
der Waals forces. These latter raise the values in this case relatively .
ealy shightly.

. As appears from the communication of R. Houwink ® to this Discus-
sion the experimental values, in this case, just as in the case of sodium
chloride, are only of the order of magnitude of yglys of the theoretical.

10. Theoretical Tensile Strength Due to Van der Waals® Forces.

I the case of these artificial resins one may assume that the whole

1 built up of relatively large regions, within which the constituents
are bound by primary bonds, and which are themselves fastened to each
other by means of van der Waals' forces.® Apart from the irregular-
1ty of the “ blocks " in this case, the structure may to .a cerfain extent
e compared with that which was discussed in reference to sodium
vhloride 3. One may now ask whether or not the repulsive forces used
i the previous section which are valid for the direct C—C linkage, may
also be used here. With sodium chloride suck a inethod was applied
i § 7, but in that case the electrostatic as well as the van der Waals
forces prevailed for all ions and we were concerned with centres with
:v;pf‘trgtc shells of elf.:ctrons, which in a certain sense had maintained
mi:;r mdividuality with respect to each other. For the van der Waals
of t;i in a‘itlﬁCIal resins this is also the case, but. for the C—C linkages
o mu.np"e“o“ﬁ section it.is not so, since these latter occur only between
T atoms which possess common electrons. If, notwithstanding
o € apply the repulsive forces of the G—C linkages from the
previous section to all cases of van der Waals’ reciprocal action, we obtain

:: ii Hou_wink', This No., p. 123,
rqmmﬁ\;;ﬁaﬂ:}" in the case of the thermo-setting resins under consideration,
can dor o partially glued to each other by primary bonds, while in addition
9 esrml gils forces also act, ¢f. § r2. :
pecn S0l dm?‘., it could be compared with a crystalline conglomerate which has
red, see ¥ig. 5 of the communication of R. Houwink. This Ng., p- 129.
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an improbably great ‘““equilibrium distance ” for the van der Waals
bend, viz., about 6.A. - _

- Weé know from experience with organic molecular fattices and fluids,
that when there is 2 van der Waals linkage of aromatic remainders the
molecules remain apart by from about 3-5 to 3-7 A. The phenol and
cresol-formaldehyde condensation products as regards their X-ray
diagrams ® and their optical behaviour 37 correspond exactly to the
pheriol, so that it is permissible to apply the same distances for the van
der Waals boud between two individuals. For phenol-formaldehyde
condensation product we choose 35 A. and for m-cresol-formaldehyde
condensation product 3-6 A., on the basis of the X-ray diagrams for
these materials. L e _

On the basis of the results of Lemnard-Jones and of Wohl * the
repulsive forces will be taken into account by means of the usual formula

Frp.— 1%

where n is a number ® greater than 10. I we combine this with the
expression for the van der Waals forces derived in § 7, then we obtain
as force per cm?, o S -

Pt = (Fu) st = (Fim)

From' the equilibrium condition’

We are interested only in the’ maxithum value of this force ; concerning
this maximum we have :

?F _  3aNJPC  neNgECr—?

> o= T emEl

From this follows

or

For the maximum force per ‘em®. we therefore obtain

gy _mNC 3 '
Feaas. = Tz {1 — 2}

27 1, H. de Poer, R. Houwink and J. ¥. H. Custers, Rec. trav. chim, P.B.,
1933, 52, 790.

38 1. E. Lennard-Jones, Pros. Physic. Sve., 1931, 43, 461 and earlier Htersture.
K. Wahl, Z. physikal.- Chem. 1931, 14B, 36 ; Bodensiein Festband, 1931, p. 8o07.

#Cf also A E, van Arkel and J. H. de Boer, Chemische Bindung, Leipzig,
1931, p. 52 fl. in which eatlier literature, particularly that: of J..E. Lenhard-
Jones, is cibed. : R
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and fluids - (Femt} > 07 N
’ vy 3 F cm t
2in ders the \ mez. 61’1 -
P-l}'m‘}l and ° i and fas << 19 70
eir  X-ray E. )
ilv to the Therefore .
o : wN*C
for the van 3 (Fm*) maz. = 07 E—I—.I'—r'—s.
maldehyde § (1-1970)
maldehyde 3 The necessary data for the calculation of € are found in Table L
agrams for 3 For phenol-formaldehyde condensation ‘product C = 439 X 107%
: crgs cm® and for m-cresol-formaldehyde  condensation  product
Noht 38 the 3 € = 476 X 107% ergs cm®. Using these values we can calculate the
force per cm® for phenol-formaldehyde condensation product to be

pal formular:

creater than 8§ kg./fmm.? and for m-cresol-formaldehyde condensation
product, greater than 6-4 kg fmm?.

: For very many reasons the actual forces are still many times greater
- yhan those here proposed. As in the case of common salt the chief reason
is the substitution of an integral for the summation. With sodium
chloride a summation was possible, but not in this case. If we desire
to know the order of magnitude approximately, wWe may imagine the
mass of the artificial resin to be replaced by 2 point lattice, in which the

at a distance of KI,- from each other. If we

is with the]
» we obtain

centres of attraction lie

1 .
then calculate the force between two such lattice blocks situated at a
AiSTance foqe. = 1°197, from each other, after introducing the factor
&7 once more to account for the -x_'epulsive___force, we find

.....

"{Femd) maz- T cos é
the case of phenol-formaldehyde condensation produét this becomes
39 kg./mm? and for m-cresol-formaldehyde condensation product
32 kg./mm.? In every case the figures are many times greatet than
- 8 kg./mm®. and 6-4 kg./mm®. respectively.

. ‘0"7; by

In
concerning; ' Z_

1i. Comparison with Experimental Values.

Di As appears from the communication of R. Houwink 4° in this General
scussion, the values of the tensile strength are found experimentally
1@ be the following at liquid air temperature :

phenol-formaldehyde resin (€ stage) about 7-8 kg./mm®
m-cresol-formaldehyde 4 {C stage} about 3+8 kg. /mm?.

. Just as with sodium chloride, the experimental values of the tensile
lw are not only several orders of magnitude smaller than the
theoretical when it is assumed that work must be done against the
&f‘mry bonds, bu the experimental values are ol least one order of magni-
- hﬂm‘m&’ than the theovetical values assuming only van der Waals' forces
in sodin ‘0";8- Houwink therefore draws the conclusion that, just-as
the val m chloride and other crystal lattices of heteropolar structure,
ues here are also dominated by the notch effect, which arises

v, chim. P.B.

lier literafare

:‘: ﬁ.‘:liouwink. This vol., p. 126.
wata m‘;st.l‘?e remembered that the cresol resin consisted of about 6o per cent.
resin; the remainder being para and ertho.
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the material.

Table II.

VAN DER WAALS' FORCES AND PRIMARY BONDS
pérhaps from cracks in the surface, but especially from defects within

It is, however, very remarkable that the arrangement of the figures,
theoretical as well as experimental, is the same, as may be seen from

TABLE TI.

Tensile Strength in kgfmm,*

_ Theoretical
Theoretical far for .
Primary Bopds, | 10LYV.d. Waals

Forces only.

Experimental.

Sodivm chloride . .

Plenol forhaldehyde resin
m-Cresol formaldehyde resin .

400
4300
3%00

fibres at 800 kg, fmm?

: B
F = - £
Tipkn
Jikich
\..;l {;Juu
ﬂ‘
¢
~#4

Fie. 13, — Diagram
representing some
long chain mole-
cnles withafavour-
able mutual orien-
tation.

Possibly this means that in every case the arrangement of the strength
of the individual bonds of one single * centrum of attraction ™ is found,
as by working with the mechanism of the notch effect too these individual
bonds must be loosened.

K. H. Meyer and H. Mark % estimate the tensile strength of cellulose

Naturstoffe, Leipzig, 1930, p. 152 ff.

, assuming that primary bonds are actually broken.
In § 9 we saw the force to be overcome for one
primary bond is 564X 107* dyne. Since there are
4 X 10" primary bends per em?. in cellulose fibres,
the theoretical tensile strength may be calculated
to be 2260 kg /mm2  As Meyer and Mark, how-
ever; rightly remark, in this case also only the

van der Waals forces are overcome by the rupture,

The tensile strength is here composed of the force
necessary for tearing loose certain van der Waals
linkages and the force necessary to cause the
stretched molecules to slide over one another. If
thé maximum force is overcome in the process of
rupture, at that moment 4 X 10 atoms per cm®
are removed from the influence of van der Waals”
attraction, while in the most favourable case
2 X 10" chains are displaced over a certain dis-
tance along other chains. Only a small force is
necessary to cause one centre of attraction of a
given chain to slide along the surrounding chains,
since only enough ferce must be applied to shift
such a centre from place to place. Because of the
large number of centres of attraction in one chain,
which must all be displaced at the same time, a
large force is, however, necessary for the displace-

ment. As Meyer and Mark show, the greatest strength is obtained by the
favourable mutual orientation in the fibre.
necessary to tear loose an attraction centre A or B in Fig. 13 (the surface

We can estimate the force

K. H. Meyer and H. Mark, Der Adufbau der hochpolymeren organischen
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obtained by rupture.is indicated schematically by the dotted line) as of
the order of magnitude of 10~% dyne, while the force necessary to shift an
atom C will be of the order of magnitude of several times 1077 dyae (for
instance. 4 X 1077 dyne when each chain is surrounded by four others).
if the chains have the length of 300 centres of attraction, ¥50 of them
must be displaced in the most favourable case. Then we obtain for
the tensile strength 4 X ot X 1078 4 2 X 10% X 150 X 4 X 107~
dynefem®. = 4 X 108 4- 120 X 10% = 124 X 10° dynesfcm® The ten-
sile strength is thus estimated at about 124 kg./mm?®. in the case of the
most favourable orientation. In this case the observed tensile strength
is of the same order of magnitude and not, as in the cases of the phenol-
formaldehyde and the am.cresol-formaldehyde condensation products,

one order of magnitude lower.

12. The Modulus of Elasticity (Young’s Modulus).

We may now attempt to calculate Young's modulus on the basis
of the results in the previous sections. This value is given by the
following expression :

E= (%‘i)f_“ -1y X (L — 2m)

where m is Poissor’s ratio. 1 — 2w may have the value of about 0-4.
If the primary bonds considered in;§ 9 determine the elasticity, we obtain
in the case of phenol-formaldehydk resin the following result :

Y O U ke T
- (3, xm et 073 8yne per bond.

Multiplying this by the numiber of ;primary bonds per cm3., we obtain

for Young's modulus o

E =76 X 10M X 358 X 1074 X (1 —2m)

' =272 X 10'® X 0-4 dynesfcm®.

—= about 11,000 kg. fram®

 value which is much too high. :
In the case of the elasticity, the much weaker van der Waals linkages

too will be of importance. If we include in the calculations cnly the

nother.
process o van der Waals bonds, we obtain the following:
15 per cm? _ AF _ar2
der W E= () =>p-0T8ex el —am)
;rable casey .. . ¥ rare 6rg* -
ertain di in which we have used the > sign because the formula was obtained by
all force mtegration. Remembering that # > 10
iction of 2/
i i E>7X#g_336(1—-2m)
: L]

For phenol-formaldehyde condensation product this becomes
e tim ¥ E 3 114 X (1 — 2m) kg jmm?. = 3 45 kg./mm®.
-tli)];edisplZc 2 im:t tf‘c communication of R. Houwink # it appears that a value of
vined by t g Jm >‘95 kg.,-’m_mi. 18 fpu_n_d at room temperature, and about 1050
; ot in at — 186° C. From this figuré we may draw the conclusion
der w:a‘-;;cordance with Houwinks view, poth primary bonds and van
bonds play a rdle in the resins under consideration,

woory N © R. Houwink, Tyans. Fareday Sec. This No., p. 126.
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Part III. Some Remarks on the Mu_i:ual Qrientation of the
Benzene Nuclei in Polystyrene.

13.-The Formula of Polysiyrene.

The chemical formula of polystyrene is relatively simple, Apart
from the end groups the molecules are built up of structural units of the
formula CgH, . CH . CH,, so that the molecular formula may be schem-
atically written #

P

UL

This formula is in good agreement with the optical properties of poly-
styrene, especially with the absorption spectrum, which resembles that -
of an alkyl-benzene.® The long threadlike molecules are, according
to Staudinger, built up irregularly with respect to the distribution of
phenyl groups, a fact which he connects with the lack of a tendency to
crystallisation®® This irregular distribution depends upon the possibility
of various stereoisomers, a fact which is illustrated by the following

formula : _
u C.H; "(-‘fo-Hs' H cwﬁs S ,_-‘:M‘

In thé following séctions W' shall examine’ whether any cong
may be drawn as to the mutual orientation of the benzene nuclei

14. Potential Curves of Two Benzene Molecules.

In § 3 we saw that two benzene nuclei will try to orient each other by
means of van der Waalg® forces, that is to say, #we free benzene rings will
prefer to take up positions so that the rings are perpendicular to theidine
joining them (see Fig. 4). As is shown from the crystal structure, of
solid benzene (§ 5, Fig. 5), this position is changed when a large number
of benzene molecules come together; it may also change when the benzene
molecules are not entirely free to determine their mutual separations.
This latter is the case with polystyrene and we must-first find cut. the
- distance up to which two benzene radicals will be able-to approach:gach
other without mutual repulsion. In § 3 we assumed, with a .mutually
parallel orientation, a separation of 3-3 A. for the two benzene fings.
This distance, which is confirmed by the structural data of many aromatic
substances, results from the reciprocal influence of all the individual
CH groups on each other when the mutual influence of two individual
aromatic CH groups is such that their equilibdum position is at a
distance of 37 A from each other. In Fig. 14 curve a represents the
potential curve of two such CH groups, and it i5 so constructed. that the
value of the potential energy at the minimum is given by the van dér
Waals attractive energy (see § 4), while the right-hand braach of curve a

# (f H. Staudinger, Die hochmolehulaven ovgenischen F’arbiﬁuﬂgsﬂ,. Berlm,

1932, p- 163.
45 H_ Staudinger, loc. cit., %8, pp. 114, 165.
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rve (carve b) for the van der Waals attractive
4 A., and while further it is assumed,
data for other molecules 4 that, when the equilibrium

position of the potential
energy content is again zero at’
3 A. Inthe calculation {curve
b} the van det Waals reciprocal

c
energy 1s set equal to 2 whereby

€ is calculated according to the
Siater-Kirkwoo imati
formula when an avera;

= 17 X IO‘*‘istakenfor'the

pofantial Energy
R R R A8

miniaum lies at 37 A, the

Distance between CH-groups
5 ) 7

§

polarisability. Thus Iy

C =805 X 107% kg.cal. X cm.®.

I we let the two benzene
rings approach ach other along
a line perpendicular to bothrings
then the six CH groups which
are closest to each other (the

s 1— 1,2~ 2", etc. in Fi
with respect to the anisotro

kcal .

this into account, We se the formula ment:

€ = ol s+

D&hncenetwwm-wﬁao
4 5.6 I

¥io. “: 51:—Potenti§11- enérgy of two benzene
molecules, ying in paraliel planss, 29 a
ction - of the distance between the

m@ ules (curve B). Curve « represents

e reciprocal energy of he six pairs of

H groups which lic opposite each other.

Fic. I4.——Potentisl energy
matic CH groups as 2 function of the
Jistance between the groups (curve a).
Curve b gives the course of the van

der Waals _a.ttractive energy.-

of two ato-

will be In unfavourable positions
polarisability.
onedin§ 31

In order to take

) hy,
4“33’2) _82

for which we calculate hiwp BY substituting for ¢ the value of € according
' R the gpproximatioti formula
ot London, C-="1udve and
for.S the experimental value
(S = 1067 kg. cal.fmol) in
the expression

s=22% ¢ (cL83)

We thus obtain vy = 353
kg. cal. In Fig. 15 cutve &
represents the respective 7¢-
ciprocal energy of the six
pairs of CH groups which lie
oppusite each other, calcu-
jated with the aid of avalue
of C which takes into account
the anisotropy (€ = 592 X
yo#8 kg, cal X cm®.), while
curve & gives the total re-
ciprocal energy of both ben-
sene molecules, whereby, as
in § 3, no account is taken
of the anisotropy for pairs
do not

of CH groups, which

boe opposite o .
pposite each other (€' =770 X 1048 Lo, cal. % cm®). AIthough,
S tabled . -
£ tablein H, A Stuart's Molekalstrukin?, Beslin, 1934, pp- 36and 262
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therefore, at-distances slightly less than. 3:7 A. the pairs of CH groups
directly opposite each other are situated upon the repulsion branch of
the potential curve, the molecules taken as a whole nevertheless attracy
each other with increasing force until the potential minimum for the
whole molecules is reached at 3-3 A. It is evident, further, that at 4
mutnal separation of 3-2 A the energy content is still enly slightly
negative, while-at 3-1 A. the repulsion is already so great that 3 to 4 kg..
cal, -would be necessary to cause the molecules to approach to this
distance. .

Therefore, if two or more benzene rings in a molecule must be brought
so close to each other, this occurs at the cost of the energy content of
the miolecule. 1t may be that the easy dissociability of lexaphenyl-
ethane into two triphenyl-methy! radicals is partially due to_ this effect.
Tn this case the: energy of dissociation is about 12 kg.. cal,, while on the
contrary 71 kg. cal. are necessary to separate two normally bound
aliphatic carbon atoms.® We must keep this repulsion strictly in mind
in the discussion of the orentation in polystyrene.®®

15. 'Posiﬁﬁﬁs- of the Benzene Rings in Polystyrene, Assuming

.a_Structure of the Aliphatic Carbon' Chain like. that in
- I we ‘assume that the aliphatic carbon chain in polystyrenc has the
same structure as the 'z_ilipﬁ'a’tic chains"in ‘thé’ solid - paraffing, ~and=if ‘we

. . imagine the phenyl groups su
BT . onthe carbon atoms 0, 2,4, ste., then
n:the e e

second -and fourth carb
. _ situated oni- different
i carbon mym FFEE _
Fc. 16.—Parto tyiene mole-  Schematically in Tig. 710 1R uck
e :*Ele; the i(.la:}%:?};:oup on the the C¢Hs group on the 'second, and
second and the I atom on the the H atom ‘on’the fourth carbon
fourth carbon atom of the chain  atom must be imagined ito stick:out
stck ont from tho fignce; (0 from the figure,and the H on the
C,H, group on the fourth cazbon second and the CeHs on the fourth
atom lie behind the plane of the carbon atom must |
drawing. T lie behind the plané <
CAnLT : We -consider the
sitions under this case : T TR R o
{a) That in which both benzene rings lie perpenidicular to ‘the direc-
tion of the carbon chain (Fig. 17). . :
(5) That in which both benzene rings lie parallel to the direction
of the carbon chain (Fig. 18). L
(¢) That in which one of the benzene rings is perpendicular and one
parallel to the earbon chain {Fig. 19). L.

12 Tni the case of still Jarger aliphatic groups, naphthyl, etc., the dissociation ’
ig still easier. - . E - )
48 Additional pheno . connected with the repulsion hetween two-phenyl
onps which are very close to each other in the molecule, are the. siretched-out
form of -diphenyl, and the relatively large valence angle (147° £ 8% of diphenyl
ether. C :
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If we keep in mind that, in all positions (especially in position A ¢,
Fig. 10), the CH groups of the benzene rings which have approached
closest to each other, do not attract each other with the maximum force,

. but even repel each other appreciably, we come to the conclusion that

the bénzene rings attract each other in all three pesitions and that
binding energies are
Position A4 a about 24 kg. cal.
11 ‘4' b 1y 2.3 ”

d¢ , 18

”

¢ F16G. 17.—Part ofa polystyrene molecule; Fi. 18,—Part of a polystyrene mole-

positions asin Fig, 16; both benzene cule; positions as in Fig. 16;
rings perpendicular to the direction both benzene rings parallel to the
of the carbon chain. direction of the carbon chain.

I, furtheér, we remember that in position A ¥ the distance between
e H atom, which is also attached to carbon atom 4, and the closest
: Eonp of the benzene ring attached to carbon atom 2 i3 only about
A. {ealeulated to the nucleus’ of ‘the -C atom+6f the CH group. “H..
the ‘H atom is calculated separately the repulsion becomes still much
preater), we see that tlie combining energy in position A. ¢ and especially
an position A b will thereby be much 4 H
ﬂn‘dlcr than the abeve-mentioned quan-
tities indicate (the energy content of the

F#y#tem of two H atoms and two benzene

tadicais will probably even be positive
I these positions because of the strong
repulsion between the H atoms and

‘the closest CH groups of the benzene

Buclei} @
The differences in energy among the
- above-mentioned posttions there- gy ro_ Part of a polystyrene
come greater than the average molecule; positions as in
thar we arnive at the result that case rings parallel and the other

Aais not only by far the preferred one, ﬁ_o]' o ofdtlhe carbi(:)onf:];zjf::ec-

¢ baxtalso that the benzene radicals, in the

wanes of linkages whick fall under case A, will execute oscillations- about
pesation A g '

P
Up to now we have worked only with CH, CH,, etc., groups and not with"
t the & ‘We might continne this practice, and 'we must then say
o Gistance between the closest CH groups of the benzene radical attached
Teawn CIf xample (in position A bor A ¢) is only abont 2.6 A away
i BTOUD 4, so that these two groups will exhibit a strong repulsion.
2
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B. The phenyl groups attached to the second and fourth carbon
atoms are situated on the same side of the carbon chain. Since the
distance between carbon atoms 2 and 4 is only 2-54 A., all orientation
leads to repulsion, but that in which the benzene rings both lie perpen-
dicular to the direction of the carbon chain, to the smallest extent.
Qne might imagine that the angle at carbon atom 3 would be forced to
greater values than 110° by this repulsion. In the completely stretched
state, however, the second and fourth carbon atoms are still 3.1 A. away
from each other, so that with parallel orientation the phenyl groups
still repel each other slightly. In this latter case the energy content of
this grouping would be strongly positive because of the energy necessary
for the widening of the angle at carbon atom 3 (this energy would be of
the order 5 of magnitude of 15 kg. cal, while the repulsion would add
3 to 4 kg. cal. more).

C. The phenyl groups attached to the second and sixth carbon
atorns are situated on the same side of the carbon chain, The position
in which the benzene rings lie parallel to the carbon chain leads here
also to a repulsion, since the distance between the closest CH groups
is only 2-58 A. If both benzene ritigs are oriented perpendicular to the
carbon chain, they attract each other {binding energy about 1-1 kg. cal),
while the most favourable position is that in which one benzene ring 1s

-perpendicular and.the other paratlel to the carbon chain {binding encrgy

about 2-5 kg. cal). ~This position is, however, unfavoutsble as regards

the. phenyl group' attached to the intermediate- carbon: atom 4%gee

under A, _ : S

. Symmarising, we come to the conclusion that when  the aliphatic

carbon chain_js similar to that found in- the -solid paraffins,. the most
rablg. positio e-phenyl groups, s, thatin which they:lic al

theleft. of-theec ' :

Tomg e
dircction of the chatii: :

ct E 5.’is’.h°wede:r-m1 B o it e
equally possible stereoisomers cannot bg ‘formed: during: polymert
If these latter are formed, and if the chain form i$-also retained, then
the benzene rings certainly lic perpendicular to, the. direction: of the
chain, and a . weaker spot occurs at that point in the chain. - -

16. Positions of the Benzene Rings in Polystyrene, Assuming
Another Structure of the Aliphatic Carbon Chain.

Another possibility is, however, that-when the two phenyl groups
on carbon atoms 2 and 4 lie on the same side of the chain, the chain
will' take another form. I one rotates:the groups. attached to carbon.
‘atom 3 about the line joining.2 to 3 by 180°, for example, the configura-
tion of Fig. 20 results. In this case the groupsiattached to carbor atom
4" will be repelled by the two H atoms on carbon atom 1, but in any case
the benzene ring will again take up a position perpendicular to the
direction of the chain. L lwe

If only. these of all possible stereoisomers should. occur ;one. might
imagine a chiain as in Fig, 21.. The benzene rings'would certainly: all
be perpendicular to the direction of the cham (the closest CH groups
are then about 3-§ A. apart) so that a strong attraction prevails be-
tween the phenyl groups; the intermediate CH, groups, however,
exercise a strong repulsion). .

% Gf. . A, Stuart, Molelilstrukiur, Berlin, 1034, pp- 85, 86.
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Another possibility may also be reviewed, viz., that whereby the
cirbon chain is wound in a spiral, so that the seventh carbon atom
comes zbove the first, etc. Because of the van der _Waals reaction be-
cween the members of the chain thiemselves, they will have a tendency
to seek a mutual separation of about 4 to 5 .A. The benzene rings
must then be perpendicula.r to the axis of the spiral.

. zo—Part of a. poly-
styrene molécule ; when the

: two phenylgroups.on carbon |
: stoms 2 and 4 lie on the.

mme side of the chaim’ 7
snother form: of the chainis . .

17. Conclusion. e T '
" __We may expect that various-configurations of ‘polystyrene occur due
v8¥#te various possible sterepisomers in different Jparts of ‘the carbon

_chain. Common to all these configirations;:hov ever, will be a preference

of the benzene ring to take up a position -.pe'tpén&iéul:ar. .to".-.th _-.'t:;a.}'bon'-‘
chain, or at least to execute oscillations about equilibrium. positions,
in which the benzene ring is perpendicular to that dirfectton-. I we:
remember that the polarisability of benzene in the _d'irectlon perpendic-
aler to the plane of the ring is only about half that in the plane of the
Mg, we see that an anisotropy will be present in the poI}rstgrt_:_m:a cha,x_n,_
which will completely dominate that of the carbon chain itself: The
earbon chain itself would cause an anisotropy such that the polarisability
8 the direction of the chain would bé greater than in the perpendicular
direction. Becanse of the benzene rings which lie perpendicular to the:
ehaia, however, the former anisotropy -of the chain '_'_1tse_1._f_w31§.'b,e____m_ore_
t‘;““ compensated for and we obtain t.he-snml_les.tf_:;pdansabx_hty_ _ln_'th_e__.-
ion of the chain, and therefore also the smallest index of _;'efra.ctlon_.
our opinion herein lies the explanation of the strongly megative double
he | on caused by flow of polystyrene,ﬂ which must be ascribed to.
e individual polystyrene molecules.”® - T
Y R. Signer, Z. physikal. . 1930, 1504, 257. ' .
B Hics D ochaften wnd. Feinbas vow Nour- und
- . Leipzig, 1934, pp. 255, 165

R




36 VAN DER WAALS FORCES AND PRIMARY BONDS

Summary.
PART L

The question of the mutnal orientation of molecules under the influence
of van der Waals’ fordes is discnssed. In general there are two opposing
factors, namely : the tendency of the atoms to gather as many neighbours
as possible, and the anisotropy of the polarisability. The first of these
tendencies practically always dominates over the second. This fact is
illustrated with reference to two benzene molecules. In the calculation
of the reciprocal energy in the equilibrinm state, good results are by chance
obtained when use is made of the approximation formula of London or
of Kirkwood and Slater, and when the influence of the repulsive forces is
neglected. The sublimation energy of benzene, for example, may be
satisfactorily calculated in this way.

PART II.

The theoretically ¢alculated value of the temsile strength of common
salt is very much greater than the value found experimentally. In the
theoretical calcnlation the influence of the van der Waals forces has been
thus far neglected, When this is not done, the theoretical value obtained:
is still much greater, abont 400 kg./mm.2 Tfa secondary structuiiis as-
sumed, such as has been proposed by Zwicky, and if it is likewise assuméd
that there afe no clectrostatic forces of any description betwéen the
 plocks,” the value obtained for the theoretical tensile strength is still
much too great. In this case the value obtained is > 20 kg, fumn.?, while
‘the ¢xperimental value 35 o-6 kg./mm.t. - This low éxperir T
mnst be asciibed 10 a potch effect atising from defectsinthe la :
not 1o a regular secondary structure. - T S

In the case of artificial resins of the phenol-formaldehyde type and the
m-cresol-formaldehyde type similar relations between calculated and
observed values are encountered. If such an artificial resin-is completely
polymerised throughout-its whole mass and all the € —C linkages possible
are-actually-formed, the theoretical fensile strength may be calculated to
be about 4000 kg.fmm.% i (irreguiar) * blocks " are assumed in this
case also, and if these blocks are assumed to cohere only by means of van
der Waals forces, then the theoretical value of the tensile strength is about
> 35 kg.fmm.2  The experimental value is, in this case as with sodinm
chloride, very munch smaller, giz., about 7-8 kg. /mm.* for the phenol-formal-
dehyde resin, so that here also an influence of a notch effect is probable.
On the other hand, in the case of well-oriented cellulose derivatives, the
correct order of magnitude for the tensile strength may be obtained by
theoretical calculations. )

Young’s modulus of elasticity is also dependent on the van der Waals
bonds present in the artificial resin. :

PART IIIL

The potential curve for the bond between two benzene molecules is
examined. on the basis of the effects due to the individeal CH groups.
When the minimura les at. 3-5 A., the energy content at a separation of
3-z A. is only slightly negative, while at 3-x A. the repulsion is already
so great that 3 to 4 kg. cal. would be necessary to cause the molecules to
approach to within this distance.

The relative positions of the benzene rings in polystyrene are n-
vestigated, and the conclusion may be drawn that there will be a preference
on the part.of the benzene xing to ke perpendicular to the direction of the
aliphatic carbon chain. This makes understandable the strongly negative
double refraction caused by fow.
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Many thanks are due to Mr. G. Heller for his valuable suggestions
concerning Part I Part IL owes its existence to several discussions
with Dr. R. Houwink, and I am greatly indebted to him for his kindness

in putting his experimental figures at my disposal.

v atuwrkundig Laboratorium. der N. V. Philips,
Gloeilampenfabrieken,
Eindhoven-Holland.)

GENERAL DISCUSSION

Professor J. E. Lennard-Jones (Cambridge) said : While I agree that
Van der Waals® fields play an important réle in the phenomena discussed
by Dr. de Boer and that it is very desirable to estimate their magnitude,
1 should like to ask the author whether he thinks the theory sufiiciently
developed at present to make reliable quantitative calculations, I think
the formala given by London was intended only for spherically symmetrical
systems and even for them it is only approximate. While it gives the right
order of magnitude for the inert gases, it is not yet certain that there is
pot an error by a factor of two. Dut the error may be greater in the case
of aromatic molecules owing to their lack of symmetry and to their special
slectronic structure in that they contain * pon-localised ** electrons. Isit
not likely that these will require special treatment L

Profeasor H. Staudinger {Freiburg i. Br.) said : The question whether
{n the polystyrene molecule, the single styrene molecules are linked accord-

|
CeHs ok ls *

= —CH, CH—CH—CH, —CH;—CH—CH—CH,—

e Lo L - - @
HCe  CeHy HCe Cells

gm. as is well known, depolymerises very easily, reforming chiefly
by monomer, but also some dimer, trimer and higher polymers. The vield
the latter products can be increased by performing the depolymerisation
. pacuo. The formula of the dimer is

CH,=C—CH,—CH,

| i . 3

Celly Cetiy
CH,:C,—CH,—CH——CH,—IllH,
CSHE (lj'lHi CIHB {4)

Ix follows that form.ula. I and not formula # must be attributed to poly-

:7:3-*‘- Decomposition products which should occur in the decomposition
_ uct of the formula 2 could not be observed.

- owever, as was originally supposed, the constitation of the polystyrenes

more complicated. According to viscosity measurements, products

b th m‘:‘?; the aid of catalysts have the constitution of formuia x, for

Vioaity 1o terminations of the molecular weights cryoscopically and by

Y jmeasurements agree well. The end groups of these molecules

- however, unknown. The meso- and eucolloidal polystyrenes

= o : . .
*mpare H. Staudinger and A. Steinhofer, Annalen, 1935. 517, 35-
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obiained by heat polymerisation have a more complicated structure than the
hemicolloidal ; the molecular weight determined by the viscosity method.is
smaller than thatgiven by Svedberg’s method,**and by the osmetie mcthod,
In this case unknown. branching muast have occurred in the formation of
the. high polymer. -By increased teraperature of polymerisation these side
reactions take place to a greater extent. For this reason it -will be difficult
to make final calculations on the relations between the size of the miolecules
and the tensile sizength, unless the structure of the molecales is previously
elacidated.

Professor K. H. Meyer (Gendve) said: De Boer has calculated the
modulus of elasticity of an artificial phenol- iormaldehyde resin with only
primary valencies. The value of 11,000 kg.fmm:2 found is far beyond the
observed value..

Lotmiar and I Ieoenﬂy cal¢ulated the modulus of a cellulose-chain
according to our spacial model, taking into account both the wvalency-
oscillations and the deéformation-oscillations (Kwickschwingung). The
calcnlated value was 10,000 + 2000 kg./mm.? "We measured the modulus
of well-orientated natural cellilose fibres by an acoustic method, and found
that all the fibres tend to a value of aboat 11,000 kg. jmm.* This experiment
is certainly the most direct proof in favour of the primary valency chain
formula of cellulose. _

Dr, J. H, De Boer (Eindhoven}, said, in reply to Professor J. E. Lennard-
Jones: “Itis perhiaps possible that soine other attractive forces are present
in the Teciprocal action’of two berizene molecules ; indeed benzenegmole-
cules aré not directly comparable with inert gas a.toms or with ahﬁha.tlc
hydrocarbons, asthey have one electronper C-atom left. But, on the other
hand, We see that the same procedure which leads to the right order of
ma.gmtude of the heats of sublimation of the inert gases; hydrogen, oxyge

- 1 bons sind the like, leads to the right value’ orthe

polystyrene ‘Tesulting from: i:he X-1a] mvest:ga.tlons of Dr. Katzhas puzzled
mte too, Perhaps it i3 relatéd to a distance bétween two different: poly-
styrene molecules in a-special ditection. In every case my steric formule;
supplerenting the formnla of Staudinger and based upon it, allow the
distance of 10 A. to'the same extent as the formula of Standinger does.
There are no argnments in favour of the formula :—

-~CH¢—CI-I—CH-—CH,——CH,—CH—CH—CH,
1o : . l
CuHs C._Hl CDHS SHl
In addition to the arguments in favour of the common formula :—
—CH-—CH,
I
CoH,
given above by Professor H. Staudinger, I mention the absorption spec-
trum * of polystyrene which is identical to that of @thyl benzene.

The remark of Professor X. H. Meyer is very valuable ; it shows that,
as also in the case of the tensile strength, the - experimental valdes found with
cellulose fibre fit very well with the values given by theory.

t Compare this vol., No_ 18 {R.. Signer).

5 Compare this vol., No. 6 (H. Staudinger).

* J. H. de Boer, R. I-Iouwmkand] F. H. Custers, Rec. #r. chim: P, B., 1933..
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