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THE VELOCITY OF PROPAGATION OF ULTRASONIC
WAVES AND THE FORM OF THE MOLE-
CULES OF HIGH POLYMERS*

Givnio NaTra axD Maxio BACCAREDDA

IntsiiTo Di CHInNica INDUSTHRIALE DEL PoLtTeenico Anp tine CENTHO DI STUDIO PER LA
CuiMICA INDUSTRIALE DFEL C. N. R., Minavo, Itany

In earlier and what was preliminary work?, the present authors observed
that the velocity of propagation of ultrasonic waves in liquids of high molecular
weight or in solutions depends on the form of the molecule and particularly on
the frequency and length of side chains. 1t was also observed, in a study of a
series of hydrocarhons and of certain polyethers, that the ratio of the velocity
of propagation and the density of homologous polvimers increases with increase
in the molecular weight of chain compouuds with no side chains or with but
jew side chains, that the ratio remains practically constant for compounds
containing closely spaced side methyl or ethyl groups, and that it decreases
with increase in the molecular weight of compottnds eontaining closely spaced
side groups of larger size.

In addition it was found in the earlicr work that, in the case of substances
of low molecular weight, the adiabatic compressibility depends on the form of
the molecule.

The veloeity of propugation w of witrasonic waves in a liquid is related to
the adinbatic compressibility B and to the density p by the known equation:

w2
B

As has been shown by one of the present authors?, the adiabatic com-
pressibility for various series of liquid isomers of low molecular weight is
related directly to the molecular structure, provided that the isomers are ut
the particular temperatures at which their densities are the same. Under
such conditions, for example, the sreater the number of side chains in the
molecules of the nine isomeric heptanes, the greater is their adiabatic com-
pressibility, and various isomeric ethylenes are mnore compressible in the cis-
form than in the trans-form,

Other authors, for example, Frenkel?, had assumed previously from other
considerations that the molecules of « liquid are not to be regarded as “rigid”
but rather as appreciably compressible. Furthermore, the variations in the
molecular refraction observed in some gases at high pressures, e.g., carbor
dioxide, have been explained by De Groot and Seldam® as the effect of varia
tions in the molecular radius as a function of the pressure. In view of thes
hypotheses we could only conclude that the spatial structure influences th
compressibility.

We have now extended the study to numerous substances of high molecula

! *Transiated for Rinuer Crevieeny AND Treennovoay by Alan Davis from the Gazzetis Chimic
taliana, Vol. 79, No. 5, pages 364-368, May 1918,
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weight, and have been able to establish a clearer dependence between the
velocity of the propagation of ultrasonic waves on the form of the molecule
by comparing experimental velocities with those which can be theoretically
predicted by empirical formulas already known and fairly well verified for
compounds of low molecular weight. :

As we shall see later, we have defined as the form factor the rutio between
the experimental velocity and the calculated velocity, because this ratio has
been found to be related to the form of the molecule.

Let us examine how this definition of the form factor was derived.

According to Rao®, the velocity of propagation of ultrasonic waves in an
unassocinted liquid can be calculated on the basis of the nature of the atoms
which make up the molecule by means of the empirical relation which he
established between the cube root of this velocity u and the molecular volume:

u_—lg =R =Y mR;

where M is the molecular weight and p is the density. R is independent of
the temperature for every unassociated liquid, and appears as an additive
constant. It can, in fact, be calculated as the sum of the partisl constants R;,
each one relating to every atom contained m; times in the molecule, or better,
can be referred to the different valence bonds present in the molecule. Obtain-
ing thus the value of R, the value of u at any temperature can be calculated
from the above equation by introducing for p the value of the density at the
same temperature. If the law of additivity assumed by Rao for the I con-
stants, based on the partial R; values relative to the individual atoms com-
pusing the molecule, were strictly valid, it would obviously be incompatible
with the dependence, already demonstrated by us, of the velocity of propagation
of ultrasonic waves on the structure of the molecule of various series of isomers.

In fact, on the basis of the formuls of Rao, the velocities of propagation in .

various isomers at the same temperature would have to be proportional to the
third power of the density, and this does not agree with faects, as is evident
when one considers, for example, such a case as the isomeric heptanes men-
tioned above. ‘

Lagemann and Corry® have proposed to caleulate the R constauts, not as
the sum of the constants rveluting to the single atoms, but rather as the sum
of the values correspunding to the various bonds contained in the molecule
and have thus intreduced the concept of “bond veloeity”.

The values proposed by Lagemann and Corry for the bonds which are
involved in the products studied in the present work are given below:

C—H 95.2 0O—H 99.0
c—C 4.25 c—C 129
Cc—-0 34.5 C—0 186

Such a method of calculation should give, according to the authors, results
which would appear to be in better accord with experimental data than were
those of Rao. Nevertheless, even this method necessarily disregnrds the
influence on the velocity of propagation of the form of the molecule when
isomers containing the same chemical bonds or cis- and trans-isomers are
involved.

We propose, therefore, to introduce a definite form factor for every liquid
compound as the ratio of the velocity of propagation found experimentally at
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a definite temperature to the calculated velocity of propagation at the same
temperature, based on the atoms or on the component chemical bonds and on

the relation:
w = (B
=7

The form factor is found to be independent of the temperature.

The velocity of propagation of the ultrasonic waves was measured by the
method of Hiedemann, which is applicable only to transparent substances and.
to the liquid state. The same method was also used for substances which are
solid at ordinary temperature. When the substances melted at temperatures
helow 100°, the measurements were made at different temperatures above those
of the melting points. On the other hand, in the case of substances fusible
with difficulty or which were extremely viscous even at a high temperature
(the coefficicnt of absorption of the ultrasonic waves is proportional to the
coeflicient of viscosity), various measurements were made on solutions close to
the point of saturation and also on solutions of lower concentration. In such
a case the velucity of propagation as determined experimentally was assumed
to he that obtained by extrapolation of the velocities of propagation of solu-
tions of increasing concentrations to a concentration of solute of 100 per cent,
and introducing, to calculate the velocity of propagation by the formula of
Rao, the density for the hypothetical superfused liquid state deduced in a
similar way from the densities of the solutions.

Such extrapolations give values which are in satisfactory agreement, even
in the case of limited solubility, only when the solutions conform approxi-
mately to the laws of additivity of specific volumes, or when ideal solutions are
involved; in such a case, in fact, while the denxity p. of the mixture appears to
be a lincar function of the concentration by volume ¢, thé velocity of propa-
gation ., as has been already shown by the present authors?, can be expressed
hy the formula: ‘

where iy and wa nie the veloeities of propagation in the two pure components,
or rather if it s desired to refer to the concentration by weight x, by the
formuln: ’

My = o

P
(o)
uipr Uepr

where 5 and w, are the densities of the pure components in the liquid state;
v, and p, are the velocities of propagation and density of the mixture of con-
centration r, respectively.

Fither of these two equations can be =olved with respect to the unknown
u, (velocity of propagation determined experimentally in the solid considered
as in the superfused liquid state) when the values of all the other factors
contained in the equation are known.

¢ r

YU = e B e S
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The value of p, = 22— g:c_(L_jL)

for the calculation of the theoretical velocity of propagation expressed as

is also introduced into the formula of Rao

~ R L . . . .
u = Hm) in all those cases in which direct measurement of the density

of the polymer in the liquid state is not possible. The values of the densities
of the products calculated in this way are affected by errors the magnitudes
of which are greater the less the concentration of the solute and the greater
the deviation of the solution from the ideal.

As far as substances of low molecular weight are concerned, the influence
of the molecular structure on the form factor is evident by an examination of
Table 1, which gives the velocities of propagation of the nine isumeric heptanes

Tasre I
Vxperimental u
at 20° Calculated =
(Freyer, Hubbard at 20° C

and Andrews) (Rao) Form
Hydrocarbon (m. sen."t) (m. ser.7t) factor
n-Heptane 1154 1170 0.985
2-Methylhexane 1120 1158 0.065
3-Methylhexane 1135 1205 0.940
3-Ethylpentane 1169 1260 0.925
2,2-Dimethylpentane 1080 1123 0.960
2,3-Dimethylpentane 1148 1238 0.931
2,4-Dimethylpentane 1083 -1143 0.947
3,3-Dimethylpentane 1129 1234 . 0.913
2.2,3-Trimethvibutane 1101 1225 0.900

already determined at 20° C by Freyer, Hubbard and Andrewss, the velocities
calculated by the equation of Rao, on the basis of the values of the bond
velocities of Lagemann and Corry, and finally the form fuctors derived from
them. ,

An examinuation of Tuble I makes it evident that the furm factor decreases
with increase in the length and number of side chains and with increase in the
symietry of the molecule.

A detailed examination of these factors for substances of low moleenlar
weight will be the object of a further paper. In the present work we wish to
refer to the results already obtained in the determination of the forin factor
of substances of high molecular weight.

it should be noted in the first place that, if the luw of Rao holds true, the
velocity of propagation of the ultrasonie waves for members of a series of
homologous polymers ought to be propaortional to the cube of the density and
be independent of the molecuiar weight.

In fact, if 7 is the degree of polymeriaation, ne is the weight of the bhase
molecule, and 7 the relutive constant of Rao, then for degrees of polvmerization
which are sufficiently high to reduce the influence of the terminal groups:
e* fr

3
R=nr 1(1'-‘——3=( )P’""“ﬂ‘

M=nm P

m
For very high molecular weights, p also tends toward s constant limiting

value, and the same should be true for the velocity of propagation.
Consequently, the form factor, which is the ratio of the two velocities of

propagation, also should tend, at sulficiently high molecular weights, toward a
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imiti which is independent of the molecular.we_ight and therefore. is
g:;;:::igerrta:)‘ﬁy on the form lt))f the molecule. The expenmenta} results Vfﬁxgh
the present authors have already obtained confirm these deductions, as will be
mel‘ll?:m;‘nethod proposed, notwithstanding the low st:,ability of th;{ larf'e
molecules with respect to ultrasonic waves r(_acently pointed out bby ar X
can be applied to the study of substances 9f high molecula.r w'elghg ecause i

is possible to avoid practically any apprecna.ble depolymerization by ugxngt;n
apparatus of small power and reducing the time necessary for carrying out the

measurements.
EXPERIMENTAL PART

results so far obtained in determining the velocity .of propagation of
ultrr:e::)enic waves in different series of high pol}'mers, bqth in the fused stafoﬁ
and in solution, and in the calculation of their respective form factors, wi
ined. ) )
HOWT"’:’; i?:}::imental determination of the veloeity of propal%atlon was.f(iza(;nle;d
oub with the method of Bache, lHeidemaﬂn and Ashach®, as modified by
i ini, and described in an carlier work'.
(’m'(i‘ol:](:ll':ilél?-l}:eguency oscillator (4MHz) was deiigl‘led and coua:truct(I:{i at thﬁ
National Institute of Electro-Acoustics of the ';\z_xtxopal. Council OfR' eseahrc)
(IIstituto Nazionale di Elettroacustica del Qonsngho l\az19nale delle 1cer;: e).
For the products in the liquid state wl}xch were examl_ne(l at temp:ra ures
other than room temperature and for solutions, the uppr()\'un:\tmnvof t ‘e n;e:};s—
urements can be controlled within 42 meters per secomd; the K alues o A e
extrapolated velocities for the solutes are, on the other hand, subjeet to greater

errors, particularly in cases where it is necessary to earry out measurements on

solutions of low concentrat

are not transparent. ' ' .
The experimental velocities were compared with the calculated velocities,

i -elocity” proposed by Lagemann and Corry;
sing the values of the “bond velocity” proposed by |
}l(:r :,zhe bonds C—N and N-—II, which were not studle('i by Lagemann and
Corry, we carried out corresponding determinations with carefully chosen

ion and on solutions which are extremely viscous or

compounds. "
'I;‘)he densities of the solutions and of the fused products which were not

H i ; al balance with a cylinder,
seous were determined by means of a \.\ estphal L .
;’;Z;{-Z(;:t;o;led to within #0.1° C; the densities of the highly viscous products

were determined by means of a volumometer.

HYDROCARBONS OF HIGH MOLECULAR WEIGHT

i : camined: an ordinary grade of
In this group three hydrocarhons were examined: : :

paraffin with a melting point of 60° C, a paraffin obtained with the Fxschc;r—
Tropsch process having a melting point of 90° C, and polyethylene from the

ial Chemical Industries. ] ' )
Im!')l(?;l: first two products were examined in the .fused state, tl_le third was
examined in a hot xylene solution and in 2 solution in paraffin having a melting
int of 60° C, likewise at elevated temperature. ) .
P In Table iI are reported the velocities of propagation of the ultrgsop(;c
waves and the experimental densities at varinus' temperatures of the llqulf 8
examined, as well as the velocitics of pmpngat!on that were culculated. or
polyethylene in the superfused state by extrapolating the values of the solutions
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in xylene or in paraffin, on the assumption that these solutions are ideal.  The
Jensities of the solutions of polyethylene in xylene are obviousty equal to those
of the pure solvent, which shows that, at the temperatures at which the experi-
ments were carried out, the polyethylene in solution had practically the same
density as the solvent.

In the same table are also recorded, for the three products examined, the
velocities of propagation, calculated by the method described, which is based
u exptl.

u caled.

For all three of the products examined, these latter are close to unity, and,

as was foreseen, do not vary appreciably with changes in temperature.

on the equation of Rao and the relative form factors: f =

TasLe 11

Experi- Caleu- .
°C_ mentaly n Tatod u_ g Sxvorimental u
Substance (£0.1°) (m.mec.™) (. por ec.) {mn, nec. ") calculnted u

Paraflin with melting point 60.0 1293 0.78140.001 1278 1.0l
70.0 1261 0.770+0.001 1250 1.01
5.0 1179 0.763+0.001 1193 o0
90.0 1165 0.7610.001 1179 0.499
Paraffin (Fischer) (m.p.90°C) 08.0 1221 0.7640.001 1196 1.01
1003 1217 0.763+0.001 1190 1.01

Solutions of polyethylenc:
(1) Xylene solutions

(5.52% by wt.) 75.0 1120 0.819£0.001 -
80.0 1107 0.81540.001 - -
2) Xylene 200 1340 0.865::0.0002 = -

75.0 1107 0.819+0.001 -—-
R0.0 1087  0.815+0.001 - -
13) Solution in paraflin
(m.p. 60° C)
(5.87%% by wt.) 45.0 1189 0.765£0.001 - -
99.0 1175 0.763x0.001 —_ -
() Polyethylene in

xylene in paraflin 750 L1480 0.819£0.010* 1472 100
®0.0 1450 0.815x0.010* 1750 1.00

095.0 1420 0.80140.010° 13495 1.02

99.0 1380 0.800+0.010* 1372 30N

* Values of the tll'l‘la"_\' in the superfused rinte caleninted from the density of the sobitmon. m wlene
assumed to be idenl

In seldition, there were examined not only o triksobutylene which the
present anthors prepared, but ako a series of polvizobutylenes (Oppmnol-Boof
the 1-G. Farbenindustrie) of different meteenltr weights (3000, 60000 15,000
and 200,000), a sample of Butyl rubber (isobutyiene copoivierized with 12
per cent of isoprene), a polymer of a-butylene prepared in the inboratar s o the
present authors, and o eopolymer obtained from a mintnre of 79 per cent o
a-butylene and 21 per cent of Prtadiens by the aetion of dduminuns Tk
The relative results are reportesd in Table 1T ’

\ Of these produets we were able to examine direetly the first and the last

fwo st more or less clevated temperatures; the polyisobutylenes with higher
degrees of polvmerization were examined in a solution in normal heptane at
20° (%, and the Butyl rubber was examined in solution in cyclohexane.

The forin faetors of the polyisobutylenes were practically independent of
the molecular weight, and equal to 0.80; the form factor of Butyl rubber
(dlizsolved in eyclohexane) was 0.G5. The polymer of a-butylene showed a form
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TasrLE III
Temp. n]1: );,p':?- Caleu- experimental u
e u
Bubstance (£01°) (w.sec.™) (g. per cc.) (o) = alcuinted u
Triisobutylene 20 123741 0.759 =+0.001 1360 0.91
Polyisobutylene )
{(mo!. wt. 3000) 65 13502  0.860 +0.001 1700 0.80
Polyisobutylene (mol. wt. ‘
6000) in heptane
(10.80% by wt.) 20 11732 0.704 +0.001 — —
Heptane 20 1153=+1 0.6831+0.0002 1170 0.983
Polyisobutylene (mol. wt.
6000 20 146010 0.884 +0.002 1853 0.79
Polyisobutylene (mol. wt.
15000) in heptane
&14.0% by wt.) 20 11802 0.709 +0.001 — —
Polyisobutylenc (mol. wt.
20 1485410 0892 +£0.002 1900 0.79
Polyisobutylene (mol. wt.
200,000) in heptane
35._10% by wt.) 20 117142 0.693 +£0.001 - —
Polyisobutylene (mol. wt.
200,000 20 1848425 0.953 +0.010* 2318 0.80
Butyl rubber in cyclo-
hexane (5.57% by wt.) 20 1286+2  0.784 £0.00! — —
Cyclohexane 20 12811  0.777 £0.0002 1259 0.01
Buty! rubber 20 1395410 0.930 £0.005* 2152 0.65
Poly-a-butylene 45 132042  0.842 +0.001 1620 0.82
50 130642  0.840 +£0.001 1600 0.82
) 533 129142 0.837 +0.001 1575 0.82
Copolymer of 799,
a-butylene and 219, )
butadiene 80 123842 0.846 £0.001 1630 0.76
Polystyrene in styrene
. (6.50% by wt.) 20 1364+2 0.898 +0.001 — —
Styrene (monomer) 20 13541  0.887 0001 1360 1.00
Polystyrene in benzene
(19.889% by wt.) 20 13462 0913 +0.001 — —
Benzene 20 13231 0.879 +0.001 1310 1.01
30 12751 0.869 40.001 1265 1.01
Polystyrenc in styrene 20 1524425  1.093 +0.020* 1832 0.83
Polystyrene in benzene 20 1470410  1.093 £0.005* 1790 0.82

* Values of the density in the superfised state caleuluted froni assumed ideal solutinns.

factor of 0.52, and the form factor of the copolymer with butadiene was lower,
mz., .76,

Table 111 also wives data on ~olutions of a polystyrene obtained by spon-
Laneons polvmerization of the monomer in stytene and in benzene at ordinary
temperatieo. ad the corvesponding forme £ tor, which wus calenlated as
0.82- 11843,

In furtiver oxperiments, samples o natutai rubber and masticated rubber,
a sample of Buna-32, and another sonple of Buna-32 completely hydrogenated
in our laboratory, were examined.  All the products were examined in normal
heptane solutions at 20° C except the naturul rubber, which was examined at
elevated temperature in solution in paraflin huving a melting point of 60° C.
The results nre reported in Table IV.

The value of the furm factor is 0.89-0.90 for natural rubber; 0.80 for rubber
masticated 10 minutes, and 0.82-0.94 for Buna-32, whether hydrogenated
or not.
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Tasre IV

Tgmp. “l;::np&n; » ‘(.::c‘:’u; s experimental v
Substance (20.1°) (m.pee.”t) (g. por ec.) (m. sec.”) calculuted u
Natural rubber in paraffin
(melting point 60° C)
(see Table 1I)
(7.439%, by wt.) 70 12732 0.78340.001 -— -
75 12562 0.7804:0.001 — -
Natural rubber 70 1465420 0.8800010* 1635 0.90
75 143520 0.876+0.010* 1610 0.8¢9
Masticated rubber in
heptane (see Table I11)
(6.64% by wt.) 20 116642 0.696 4-0.001 — ——
Rubber masticated 10
l;ninutes 20 1387420 ~0.9040.010* 1730 0.80
Buna-32 in heptanc
(11.45% by wt.) 20 11702 0.708 +0.001 — —
Buna-32 20 1435£10  0.906£0.002** 1710 0.84
Hydrogenated Buna-32 in .
heptane (20.60%, by wt.) 20 12002 0.71740.001

Hydrogenated Buna-32 20 1330410  0.885£0.002** 1870 0.82

* Density values in the superfused state caleuinted from the density of assumed ideal volutions.
*+ Values calculated by extrapolations from determinations nt higher temperatures.

The comparison between the form factors of the hydrocarbons of high
molecular weight with those of hydroearbons of analogous constitution but of
low molecular weight is of particulur interest.

*In this cunnection Table V shows, both for compounds of low molecular
weight and for those of high molecular weight which were examined, the form
factors in relation to the ratio ¥ hetween the number of side chains and the
number of atoms in the principal chain.

An examination of Table V shows that, both with products of high molecu-
lar weight and with those of low moleculsr weight, the more. frequent and the

Tanne V
lydrocurbonn of low molecular woight [ydrocarbons of hish mnolerular \huighl-
'—" T T, { i Type of
’!I(,reo n!vl"!
Subatanco ) 4 chaina s Substance [2 rhains J
Normul heptune 0 -—  0.985 Normal parafling
Methylhexanes . and p(;\ycthylenc 0 . 1.00
(2-'and 3-) 0.167 CH, 0.952 Natural rubber 025 Cl, 0480
Fithylpentane 0.2 i, 0.925 golly—a-hutylcnes g.’; g‘,% {5 ggé
Dimethylpentanes olystyrenes K; Tty .
¥ Polyisobutylenes 1 CH, 0.80

{2,2-; 2,3-; 2,4+
3,3-) 0.4 CH, 0937
Trimethyibutane 075 Cl I, 0.900

more extensive are the side chains, the ~maller is the form factor; and further-
‘more that, for products of high molecular weight, the influence of the side
ohains of the molecules is somewhat mare sensitive than in prodnets of low
molecular weight.

The cffect of the side chains of the molecule on the form factor is evident
also from conclusions which ean be drawn from the results in the preceding
tables. Thus the lowest value of f {(01.76) shown by the copolymer ohtained
from a mixture of 79 per cent of a-butylene and 21 per cent of butadiene, hoth

in comparison with the polymer of a-butylene (see Table TI1) antd in com--
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parison with Buna (see Table IV), is explained by the formation of bridges and
consequent increase in the degree of branching of the molecules. 1t should
be poted also that this effect is even more marked in Butyl rubber (copolymer
of isobutylene with 1-2 per cent of isoprene), which has a form factor of 0.65
(see Table III).

The lowest form factor of rubber masticated for 10 minutes (0.80) in com-
parison with that of natural rubber (see Table IV) can be explained on the
basis of the hypothesis advanced by Staudinger'?, according to which not only
does depolymerization occur during mastication, but the form of the molecules
changes in the sense of more extensive branching by formation of oxygen
bridges.

The data in Table IV also give further confirmation that the polymerization
of butadiene to Buna does not take place, at least not mainly, in the 1,4-
position; in fact the values of f for Buna and for the product obtained by the
hydrogenation of this same Buna are equal to 0.82-0.84, i.e., equal to the form
factor found for the polymers of a-butylene, which is but slightly different
from the form factors of polyisohutylene; this polymerization must, therefore,
take place for the most part either in 1,2-position or in 2,3-position. This
is in agreement also with the recent results of Homson and Halverson®, which
are derived from the roentgenographic examination of samples of Buna stretched
at a low temperature.

POLYVINYL ESTERS AND POLYVINYL ETHERS

With a view to a more therough study of c¢hain compounds with branchings
and in some cases where these side chains in turn contain branchings, a sample
of polymethyl acrylate, a sample of polymethyl methaerylate, and a sample of
polyvinyl isubutylene ether (Oppanol-C of the I.-G. Farbenindustrie) were
examined. These products were examined in solutions of methylene chloride,
of henzene, and of carbon disulfide at room temperature. The results are
summarized in Table VI, which also contains data on monomeric methyl
methacrylate.

The form factor, which is close to 1 for the monomers, is 0.89 for polymethyl

TasLE VI
Temp. Experi- Calen- .
) °C  meotal u 0 lated u  ; $Xperimental u
Substunce {40.1°) (m.sca.™") fr. per e fm. see. ) calenlated u

Polymethaeryiate in

niethviene chloride

(5.20° ¢ by wt) 30 105842 1.305 +=0.001 - -
Methylene chloride 30 1050+2 1.312 30.001 - - -
Polymethaerylute ' 20 1257420 1150 40.010* 1408 0.84
Methy! methacrylate

(monomer) 300 117542 0.929 +0.001 1227 0.96

40 11324+2 0918 +0.001 1184 0.96

Polymethyl methacrylate

in acetone

(5.13% by wt.) 20 11972 0.820 +0.001
Acetone 20 11921 0.7927+£0.0002 1158 1.03
Polymethyl methacrylate 20 126520 1.220 £0.010* 2008 0.62
Polyisobutyl ether in

carbon disulfide :

(4.017 by wt.) 20 115742 1.246 £0.001
Carbon disulfide 20 1157+1 1.264 +0.001 - -
Polyvinylisobutyl ether 20 116020 0925 £0.010* 1470 0.78

* Datr obtsined feom solutions assurned to be idval,
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acrylate and 0.63 for polymethyl methacrylate; the latter has two side chains
for every two atoms of carbon in the main chain. The form factor of poly-
vinylisobutyl ether is also low (0.78), and this compound contains for every
two carbon atoms in the main chain, a side chain which is, in its turn, branched.

POLYOXYMETHYLENES, POLYETHYLENE OXIDES, AND POLYAMIDES

Finally a polyoxymethylene obtained by spontaneous polymerization at
room temperature of concentrated aqueous solutions of formaldehyde free of
methanol, a polyethylene oxide obtained likewise by spontaneous polymeriza-
tion of the monomer at room temperature, and a sample of Nylon 6-6, were
oxamined. The first two products were examined in ethyleneglycol solution,
the third in formic acid solution.

In addition, a sample of caprolactam was examined in the fused state!* with
the object of calculating the form factor for Nylon, since the part played by
the C—N and N—H bonds in the constant R of Rao was not calculated by
Lagemann and Corry®. ) .

At a temperature of 70° C, fused caprolactam showed a u value of 1450
and a p value of 1.022; at 80° C a u value of 1418 and a p value of 1.017. From

the mean vulue of B = —\Z—;—‘ M calculated from such data (1250) und from the

summation of R relative to the remaining bonds constituting the molecule of
caproluctamn (1159) caleulated on the basis of the values of Lugemann and
Curry, the value of 91 was derived, corresponding to two C—N bonds and to
one N—1H bond.

" {n the ease of polyethylene oxide and of Nylon 66, the form fuctors are
close to unity, which is in accord with an absence of branchings in their mole-
cules. The results obtained with solutions of polyoxymethylene in glyeol are
not reported, but polyoxymethylene has a form factor greater than unity,
because the viscosities of the solutions are irregular, and it is suspectea that a
reaction between solvent and solute, with possible formation of acetals, may
have taken place. .

In Table VII, which has been compiled by the same metholds used for
Table V. the data given in Tables VI and VII are compared with the form
factors of produets of similar structure and of low molecular weight.

In these cases too, the form factors of products of low molceular weight,
although indicating a slight dependence on the side chains of the molecule,

Tanre VI
Temp. fixperi- Culru-
e miental » latedd v pRaeree '_"__“.:'_
~phetanre (4017 mseeD et e DRCTPRSCIN crteniared
Polvethylene oxide in
ethylene plyeol
(11,187, by wt.) 40 RN IR 11002 40,001
’ 50 1500-£2 1001 200010
Fthylene glveol 20 16742 1.112.£0.001 152 o
10 16192 1.090 4:0.001 1540 AN
500 159442 1.092 £0.001 a7 106
Polvethylene oxide 40 1565+ 10 1117 £0.005* 1531 1.02
50 1560 £10 1.1104:0.000* 1502 1.01

Nylon 6-6 in formic acid

(666" by wt.) 30 137942 LGN £0.000
Formie aeid (~807¢) 30 13552 1,175 £0.001 :
Nvlon 6-6 30 1710420 1.085 +0.010* 1735 1.on

* 1ata ealeulated frow svlutions assnmed to be idenl.

PROPAGATION OF ULTRASONIC WAVES IN POLYMERS

TaBLE V]I
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do not deviate more than a few per cent from unity, whereas producta of high
molecular weight show f values which are lower than those of compounds with
branched chains. A comparison of these values themselves with those given
i Table V confirms the dependence of the form factors of the high polymers on
the frequency of the branchings, on the length of the latter, and, finally, on the
secondary branchings.

In conclusion, the results of the determinations of ultrasonic wave velocities
in substances of high molecular weight, where the concept of the form factor,
defined as the ratio between the experimental velocity and the calculated
velocity, is introduced, make it possible to draw important deductions con-
cerning the degree of branching of the molecules of high polymers. It appears,
therefore, that this method can be applied, in addition to the other methods
previously mentioned, to the study of natural and synthetic products of high

molecular weight.
SUMMARY

"The velocity of propagation of ultrasonic waves in numerous substances of
high molecular weight was determined. For substances not fusible at tem-
peratures below 100° C, this velocity was determined by extrapolation from
solutions considered ideal.

For linear macromolecules without side chains, the ultrasonic velocity
appears to he practically equal, within the limits of experimental error, to that
caleulated by the formula of Rao and on a basis of the additive values of the

- bond veloeity of Lagemann and Corry.

For molecules which have many side chains, the velocity is lower than the
¢alculated value, whereas for compounds of low molecular weight this deviation
i relatively small, viz., less than 10 per cent; it becomes much higher, vz,
almost up to 40 per cent, for macromolecules.

The form factor is defined as the ratio of the velocity determined experi-
mentally to the velocity calculated by the formuln of Rao. This form factor
is equal to 1 for polymers without side chains or with very few side chainy,
such as paraffins, polyethylenes, Nylon, polyethylene oxides, and polyoxy-
methylenes; is only 0.89-0.90 for natural rubber; only 0.82-0.54 for Buna
and for hydrogenated Buna, poly-a-butylenes, and polystyrenes; only 0.79-
0.80 {or pulyisobutylenes; only 0.89 for polymethacrylates; only 0.78 for poly-
vinylisobutyl ethers; only 0.65 for Butyl rubber; and only 0.63 for polymethyl
methacrylates. :

The form factor is thus affected by the frequency’ and length of the side
chains, and by any secondary side chains which may be present.
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