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[CONTRIBUTION FROM THE RESEARCH LABORATORY OF THE GENERAL ELECTRIC CO. ] 

Electrical Properties of Solids. XII. Plasticized Polyvinyl Chloride1 

BY DARWIN J. MEAD, ROBERT L. TICHENOR AND RAYMOND M. FUOSS 

Introduction 

Most linear polymers of high molecular weight 
are hard brittle solids at room temperatures. 
On heating, they soften and gradually become 
more and more flexible and plastic. This prop
erty is, of course, the one which makes them use
ful for molding and extrusion. The flexibility at 
room temperatures can be increased by the addi
tion of materials of relatively low molecular 
weight, called plasticizers. With increasing 
amount of plasticizer, a given polymer becomes 
softer and more flexible and elastic, going through 
a rubber-like stage. As more and more plasticizer 
is added, the material becomes weaker mechani
cally, soft gel-like substances being produced, and 
finally (assuming complete miscibility), viscous 
liquids are obtained. The plasticization of a poly
mer by a given compound is as specific as solu
bility relationships among compounds in the or
dinary range of molecular weights; as a matter of 
fact, the two processes of solution and plasticiza
tion have many other points of similarity. 

In covering the whole range of compositions in 
the system polymer-plasticizer, many decades of 
viscosity are spanned, going all the way from the 
enormous viscosities characteristic of glasses to the 
relatively low ones of liquids. If polar constitu
ents are present in the plasticized system, we are 
provided with a tool for investigating the internal 
dynamics of the system, through its response to an 
electrical field of variable frequency. Eventually 
a correlation should be found between the inter
nal dynamics measured through molecular re
sponse and the bulk mechanical properties such 
as elasticity, plasticity, tensile strength and the 
like. 

A knowledge of the generalized dielectric con
stant 

£ = £ — Ii (1) 

where e' is the dielectric constant and e" the loss 
factor, furnishes a complete description of the 
electrical properties of a system. Considered as a 
vector, « has two components, e' which is 90° out 
of phase with the field, and measures the capacity 
of a unit cube, and e" which is in-phase with the 
field, and measures the energy dissipated as heat 

(1) Paper Xl , T H I S JOURNAL, «S, 2832 (1941). 

per cycle in a unit cube. For the 2-component 
polymer-plasticizer system, we may write 

e = e(f,T,c; oi,. .a„; bu. . .,b„) (2) 

where / is the frequency of the applied field, T 
the temperature, c the composition, and the <z,-'s 
and the &*'s are molecular parameters characteris
tic of polymer and plasticizer. In previous papers 
of this series, we have presented the results of 
systematic investigations of the dependence of e 
on frequency2-7 and temperature3-6 for several sys
tems, and a few data on variable composition2,3,4,7 

have been given. 
It is the purpose of this paper to present the re

sults of an investigation in which polyvinyl chlo
ride was plasticized with a fairly wide variety of 
compounds: that is, we are primarily interested 
here in the variables c and b\, . . ., bn of Eq. (2). 
Measurements were made at 40 and 60° and at 
60, 600 and 6000 cycles, over the concentration 
range 8-30 weight per cent, plasticizer. The 
measuring temperatures were kept fairly low in 
order to minimize the uncertain corrections due 
to direct current conductance. 

In the pure polymers, at ordinary temperatures, 
probably crystallized regions8 and amorphous 
regions are both present. On account of the high 
viscosity, the time of mechanical relaxation is very 
great, and hardly any readjustment or further 
crystallization in quenched polymers is possible. 
At low or room temperatures, the electrical re
sponse of linear polymers like polyvinyl chloride, 
acetate and chloroacetate1 is very similar to that 
reported9 for crystallized polyesters. As the tem
perature is lowered, the similarity of the audio
frequency properties of the linear polymers dis
cussed here to the high frequency properties of the 
crystalline polyesters becomes steadily more 
marked. In the pure polymers or in those con
taining only a small amount of plasticizer, the 

(2) Fuoss, ibid., 61, 3257 (1939). 
(3) Fuoss, ibid., 63, 369 (1941). 
(4) Fuoss, ibid., 63, 378 (1941). 
(5) Fuoss and Kirkwood, ibid., 63, 385 (1941). 
(6) Fuoss, ibid., 63, 2401 (1941). 
(7) Fuoss, ibid., 63, 2410 (1941). 
(8) Mark, J. Phys. Chem., 44, 764 (1940); Bekkedahl and Wood, 

J. Chem. Phys., 9, 193 (1941). 
(9) Yager and Baker, "Symposium on Electrical Insulation Ma

terials," Atlantic City meeting of the American Chemical Society, 
Sept. 11, 1941. 
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individual dipoles are not free to move, and the 

broad low absorption band is probably due to the 

electrical response of the crystallites. As the 

temperature is raised, or as the plasticizer content 

is increased, the crystalline regions disappear 

(melt or dissolve) and with increasing internal 

mobility, the relatively sharp high peak in absorp

tion characteristic of the dipoles on the polymeric 

chain appears. With further increase of plasti

cizer, the dipole maximum shifts to higher fre

quencies, corresponding to the decreased time of 

relaxation of the polar groups. These considera

tions dictated the choice of our concentration 

range; less than about 8 % plasticizer gives 

plastics which a t convenient working tempera

tures are largely mixtures of amorphous and 

poly crystalline phases: and at more than about 

• >0% plasticizer, the dipole peak in which we are 

a t present particularly interested, has shifted be

yond our working frequency range (60 cycles to 

10 kilocycles). 

Experimental Details 

The polyvinyl chloride was a sample from which the low-
molecular weight components were extracted with warm 
acetone, by the same procedure which was used to prepare 
sample Ao for some of the earlier work.6" Based on its 
intrinsic viscosity, the weight-average molecular weight is 
about 98,000.'" 

Some of the compounds used for plasticizers were redis
tilled under low pressure or recrystallized, but most of 
them were as-received good grade c. i>. chemicals. As the 
work presented below will bear out, the electrical proper
ties of plastics are not very sensitive to small quantities of 
impurities (other than electrolytic, of course) in the plas-
ticizer. 

The plasticizers were dissolved in petroleum ether or in 
diethyl ether, and added to the polymer. (It was rather 
interesting to note that diethyl ether swells polyvinyl 
chloride, while petroleum ether merely wets it.) After 
stirring until nearly all the solvent had evaporated, the 
drying was completed in a vacuum oven at 60-100°, de
pending on the vapor pressure of the plasticizer. Then the 
powders were placed in a mold at 120°, and after standing 
closed for two minutes under contact pressure to heat the 
eoinpound, full pressure was applied for three minutes, 
after which the mold was cooled (two to three minutes) to 
room temperature. For the harder samples, 6000 lb./sq. 
in. were used; this was decreased to 3000 as the plasticizer 
content in a series increased. The disks were 5 cm. in 
diameter and 2-3 mm. thick. Measurements at 40 and 
00° were made at: 60 and 600 cycles, using the Schering 
bridge and at 6 kilocycles using the parallel bridge. Cells 
and other details of technique already have been described 
in previous papers of this series. 

The densities of the samples were determined by weigh 
ing under water before Uu; uqttadag electrodes wen 

M ' I J 2,i,-^l ..a,t l - ' u . . - . : u . . - | . . ! . - . > • : . A i . 6 4 , :'.:"• .l'i-ij: 

painted on. (The temperatures of the density determina
tions ranged from 25 to 28°; the appropriate water value 
was always used, of course. No correction was made, to 
the density of the plastics, however, because they have 
fairly small expansion coefficients in this range of tempera
tures: for example, for polyvinyl chloride, v(3Q°) =• 
0.7 brio and i'(o0:') = 0.7155.) The cell constants were 
then calculated from the weight, density and diameter of 
the. disks. The 40° data were first obtained, and then the 
60°; since only four measurements (3 a.c. and 1 d.c.) were 
made, the samples were in the baths only a short time 
(approximately thirty minutes) and warping and distortion 
of the sample was practically negligible. 

In order to make uncertainties due to the d.c. conduc
tance as small as possible, 0.5% lead oxide by weight was 
added in each sample. This amount was sufficient to com
bine with the hydrogen chloride released by pyrolysis dur
ing the pressing, and except in a few cases where the plas
ticizer contained some electrolytic impurity, the d.c. con
ductances at 60= were of the. order of 10~11 to K)'1 2 . The 
observed d.e. conductance KD in mhos was calculated to an 
equivalent loss factor e"r> for each frequency / by the rela
tionship 

f"o = 0 X K ) 1 V o / (3) 

I1 or example, a d.c. conductance of 10~" gives a correction 
«-"(, = 0.3 at. 60 cycles, 0.03 at 600 and 0.003 at 6000. This 
quantity was subtracted from the total observed a.c. loss 
factor in order to obtain the loss factor t" for the purely a.c. 
response. 

The densities were corrected for the. lead oxide present, 
but the. effect of the lead compounds on a.c. properties will 
tie neglected, because they amount to only 0.06% by vol
ume 

After the electrical measurements were completed, three 
samples from each series were analyzed for total solids. 
For the non-volatile plasticizers, the composition deter
mined by analysis always checked that determined by 
initial weights of polymer and plasticizer; in a few cases, 
however, some plasticizer was lost during the vacuum dry
ing, and then the analysis gave the composition of the com
pound actually measured. From the three analyses, a 
density-composition plot was constructed, and then com
positions of the. other samples in a given plasticizer series 
were, determined by interpolation. 

For analysis, about 2-gram samples were taken from the 
disks, and cut into pieces a few millimeters square. After 
weighing to rag., the samples were dissolved in 20 cc. of 
cyelohexanone by warming on the steam-bath. After 
diluting io 1% by the addition of 80 ec, of acetone, the 
polymer was precipitated by carefully adding 200 cc. of 
methyl alcohol, with constant stirring. After standing 
overnight to degelatinize, the supernatant liquid (usually 
perfectly clear and transparent) was decanted through a 
weighed funnel carrying filter plug of glass cotton in a con
striction at the top of the stem. The precipitate (poly
vinyl chloride plus lead oxide and chloride) was put to 
soak several hours more with 100 cc. of fresh methyl alco
hol, Io complete, the degelatinizing, and was then trans
ferred quantitatively to the funnel with the aid of more 
methyl alcohol. After drying three to four hours in a 
vacuum oven (0.5 cm.) at 80-85°, the funnels containing 
Ui,L precipitate-, were weighed, and then as a check were re 
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heated and weighed again. Control analyses showed that 
the procedure was quantitative to 0.1%. The plasticizer 
content was determined by difference. 

Experimental Results 

In Fig. 1 are given graphs showing the depen
dence of specific volume v on composition p for 
some of the plasticizers studied, where p is 
weight per cent, of plasticizer in the plastic. 
(The ordinate scale is displaced vertically 0.01 
cc./g. for successive plots; the scale given is for 
dibenzyl phthalate.). In almost every case, the 
curve seems to be made up of two straight line 
segments, with a break around 20% plasticizer. 
The low concentration segment extrapolates to 
the volume of unplasticized polyvinyl chloride, 
while the high concentration one goes to the vol
ume of the plasticizer. The initial slopes, Av/ Ap 
are summarized in Table I, along with the values 
for diphenyl4 and tricresyl phosphate.2 

TABLE I 

INITIAI. VOLUME CHANGE ON PLASTICIZATION 
No. Plasticizer 100 As/Ai> 

1 Dibenzyl phthalate 0.099 
2 Dibenzyl maleate .116 
3 Dibenzyl succinate . 125 
4 Tricresyl phosphate . 149 
5 1-2 Diphenoxyethane . 170 
6 Diphenyl . 187 
7 Dibenzyl ketone . 188 
8 Dibenzyl sebacate . 194 
9 Diphenylmethane . 247 

10 a-Methylstyrene dimer . 254 
11 Dibenzyl .255 
12 Styrene dimer .264 
13 Tetralin .278 
14 Dioctyl phthalate .282 
15 Amylnaphthalene . 283 
16 Diphenylmethylmethane .290 
The key numbers in the first column of Table I will be 

used to refer to the plasticizers in subsequent tables and 
figures. 

If plasticization took place without volume 
change, the v-p plot would, of course, be a straight 
line connecting the volumes of the polymer and 
plasticizer, and Av/ Ap would numerically equal 
the difference in specific volumes of the two com
ponents. In Table I, it will be seen that a marked 
contraction appears for the first four esters and 
also for diphenyl and for dibenzyl ketone. As 
the polar content of the plasticizer molecule de
creases, Av/ Ap increases, i. e., there is less con
traction on mixing. This observation suggests 
that plasticization depends on an interaction of 
the fields of the chain dipoles of the polymer and 

0.79 

0.77 

0.75 

0.73 

0.71 L 

Fig. 1.—Specific volumes as functions of weight per
centage for polyvinyl chloride plasticized with dibenzyl 
phthalate (1), dibenzyl maleate (2), dibenzyl ketone (7), 
dibenzyl sebacate (8), and dibenzyl (11). 

the dipoles of the plasticizer molecule. On this 
basis, those plasticizers which show the greatest 
contraction would be most firmly held in the 
plastic. Qualitative experiments show that the 
partial pressure of diphenyl in Ph2-PViCl systems 
at low concentrations is much less than that cal
culated by Henry's law, while that of tetralin or 
amyl naphthalene is not nearly as much reduced. 
This is, of course, in line with general solution 
theory; when there are forces between the mole
cules of the components, the solution is not ideal. 

The change in slope around 20% may mean that 
the internal solution of the plasticizer in the poly
mer (which locally acts in many ways like a liquid 
of low molecular weight) becomes saturated at 
that concentration, and above there, the plastic 
is something like a two-phase two-component 
system. For the cases in which the plasticizers 
were solids at room temperatures, the plastics 
below the critical concentration were transparent, 
and above it were opaque-white, although at 
higher temperatures they again became trans
parent. The break in the curve may well indicate 
the saturation concentration; it would be interest
ing to study these curves as functions of tempera
ture, in order to obtain the solubility coefficient 
and the heat of plasticization (or solution). 
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There is a very definite correlation between the 
structure of a given compound and its ability to 
plasticize polyvinyl chloride.11'35 Broadly speak
ing, esters, organic phosphates, aromatic hydro
carbons, ketones, ethers and halogenated corn-
pounds are plasticizers, provided they do not 
contain too many aliphatic groups. Aliphatic 
hydrocarbons, alcohols, phenols, amines, amides, 
aldehydes, acids and acid anhydrides are in general 
non-plasticizers; that is, the presence of some 
polar or polarizable groups is a necessary but not 
a sufficient condition for plasticization. There 
are also intermediate cases, such as the benzyl 
esters of long chain latty acids (oleates, etc.), 
which plasticize when hot, but which exude from 
the plastic on standing at room temperature. 
Alkyl esters of aliphatic, acids are non-plasticizers, 
while aryl esters of the same acid may plasticize; 
the plasticizing action can be intensified by mak
ing, say, the dibeazyl ester of dibasic acids. A 
quantitative stud}' of the poiymer-plastieizer re
lationships, along the lines suggested by Br0n-
sted's work13 would be a valuable contribution to 
our knowledge of these systems. 

Typical data showing the dependence of elec
trical properties on concentration for two of the 
plasticizers studied are given in Tables II and III. 
In order to save space here, the data for the. others 
have been filed as Document 1G02 with the Ameri
can Documentation Institute.14 

Further examples are given in Figs. 2 and 3. 
Figure 2 shows dielectric constant (ordinates 
upper left) and loss factors (ordinates lower right) 
for dioctyl phthalate as plasticizer at 40° (black 
points) and 60:' (open circles) at. IiO and 6000 
cycles. This plasticizer gave the lowest and 
broadest (•.''--p curve, obtained in this series of 
compounds; it also gives a very blunt absorption 
curve with a low maximum on a frequency14 

or 
temperature1 l ie. Figure <i give: s the same set 
of curves for dipheuylmethylmethane, which gave 
the sharpest maxima in this series of plasticizers. 

Figure 4 gives e' and e" for the dibenzyl phthal
ate series at 40 and 60° and GOO cycles; two sets of 
samples are. shown. The first set of disks (open 
circles) were prepared as described in the previous 

-(I J - impubiiF-bed work in th i s (1.1) :M. M , SatTop.l 
i'.a.boratoi'y, 

(12) J. J. Russe l l , IJ. S. P a t e n t 2,227,154, December 3 1 . 1940. 
(13) Brimsted, Comp. rcud. trav. Lab. Cartsberg, 22, 99 (1937). 
(14) F o r a copy of these d a t a , order D o c u m e n t 1G02 from t h e 

Amer ican D o c u m e n t a t i o n I n s t i t u t e , Offices of Science Service, 2101 
Cons t i t u t i on Ave. , W a s h i n g t o n , B . C 1 remitting 30 cents for micro-
nfm or SO cen t s for pho tocop ies readable without optical aid. 

•IS) tS(.vi? Miller iKd Busse , T H I S JOURNAL, 63, 361 (1041). 

TABLE Il 

ELECTRICAL PROPERTIES OP THE SYSTEM POLYVINYL 

CHLORIDE-DIPHENYLMETHANE 

00 600 S000 

t 40° 
7.31 
10.37 

13.36 
16.42 

19.76 
22.66 
25.76 
28.82 

7.31 
10.37 
13.36 
16.42 
19.76 
22.66 
25.76 
28.82 

3.22 
3.45 
4.13 
5.6.1 
6.93 
7.65 
7.73 
7.76 

4.85 
7.10 
8.20 
8.70 
8 56 
8.45 
8.14 
7.87 

0.057 
.148 
.454 
.880 
.841 
.633 
.456 
.303 

0.695 
1.124 
0.795 
.466 
.271 
.184 
.142 
.115 

3.15 
3.28 
3.61 
4.46 
5.58 
6.49 
6.88 
7.19 

= 60° 

4.05 
5.44 
6.71 

7.78 
8.02 
8.09 
7.88 
7.69 

0.048 
.105 
.280 
.626 
.857 
.854 
.697 
.497 

0.429 
0.952 
1.066 
0.827 
.533 
.361 
.264 
.180 

3.09 0 
3.13 
3.30 
3.64 
4.34 
5.03 
5.56 
6.16 

060 
080 
178 
408 
654 
830 
835 
743 

3.52 0.258 
4.20 
4.95 
6.07 1 

610 
926 
069 

6.78 0.883 
7.22 
7.22 
7.28 

682 
521 
364 

TABLE I I I 

ELECTRICAL PROPERTIES OF THE SYSTEM POLYVINYL 

CHLORIDE-DIBENZYL SEBACATE 

00 600 fiOOO 

7.91 
10.79 
13.83 
16.90 
20.06 
22.88 
25.96 
28.95 

7.91 
10.79 
13.83 
16.90 
20.06 
22.88 
25.96 
28.95 

3.32 
3.52 
4.06 
5.02 
6.03 
6.97 
7.47 
7.92 

4.47 
5.94 
7.24 
8.19 
8.58 
8.80 
8.75 
8.76 

0.046 
.115 
.305 
.579 
.740 
.736 
.638 
.540 

0.440 
.826 
.897 
,747 
.560 
.434 
.351 
.295 

t = 40° 
3.25 
3.38 
3.70 
4.29 
5.00 
5.82 
6.41 
7.00 

t = 60° 
3.95 
4.85 
5.87 
6.92 
7.58 
8.04 
8.17 
8.31 

0.043 
.088 
.211 
.418 
.611 
.735 
.740 
.676 

0.290 
.620 
.866 
.906 
.788 
.640 
.506 
.408 

3.17 
3.23 
3.40 
3.73 
4.14 
4.70 
5.2.5 
5.85 

3.57 
4.03 
4.63 
5.41 
6.11 
6.75 
7.11 
7.43 

0.05L 
.076 
.146 
.279 
.439 
.599 
.703 
.753 

0.183 
.410 
.646 
.843 

.854 

.736 

.626 

section. After the measurements on them were 
completed, the aquadag was scraped off, and the 
samples were thoroughly milled at 100°, after 
which they were re-pressed into 2" disks. A 
second series of measurements (black points) were 
made on the milled samples. The chief difference 
is that the milled samples show a somewmat 
broader and lower absorption curve, and a slightly 
less steep e'-p curve; no displacement along the 
p axis was noted. A possible explanation is that 
the unmilled polymer contained some clumps of 
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Fig. 2.—Electrical properties of polyvinyl chloride, 
plasticized with dioctyl phthalate, at 40° (•) and 60° (O), 
at 60 and 6000 cycles. 

Fig. 3.—Electrical properties of polyvinyl chloride, 
plasticized with diphenylmethylmethane at 40° (•) and 
60° (O), at 60 and 6000 cycles. 

tightly interlaced polymer or perhaps some crys
talline regions which were smeared out by the 
milling operation; either effect would broaden 
the distribution of relaxation times and lower the 

Fig. 4.—Electrical properties at 40° and 60° and 600 
cycles of polyvinyl chloride plasticized with dibenzyl 
phthalate, milled (•) and unmilled (O). 

maximum in e". A similar hint at a slight in-
homogeneity in polymers which were not dis
solved and reprecipitated was also observed in 
the viscosity work.10 

Discussion 

The general dependence of electrical properties 
on composition may be inferred from Tables II 
and III and Figs. 2, 3 and 4. At a given fre
quency and temperature, say 40° and 600 cycles, 
the loss factor and dielectric constant are low; 
with increasing plasticizer content, the loss factor 
goes through a maximum and the dielectric con
stant exhibits a sigmoid increase. With further 
increase of plasticizer,«" decreases and e' also goes 
through a maximum if the static constant of the 
plasticizer is lower than that of polyvinyl chloride. 
Qualitatively, these effects are quite easy to ex
plain: at low plasticizer content, the internal 
viscosity t\ is very high, and in this range of fre
quency, little individual dipole response appears. 
With increasing plasticizer concentration, the 
viscosity decreases, and with it the times of re
laxation of the segments of the polar polymer 
which become increasingly free to follow the field. 
When the most probable relaxation time16 (which 
is proportional to i\) reaches the reciprocal of 2TT 

(16) Kirkwood and Fuoss, / . Chem. Phys., 9, 329 (1941). 
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times the measuring frequency, the maximum 
phase difference between the dipole motion and 
the field is reached, corresponding to a high value 
of loss factor. With further decrease in viscosity, 
the dipoles approach motion in phase with the 
field, corresponding to a decreasing loss factor and 
an increasing dielectric constant. On further 
dilution, the loss factor will decrease to zero (un
less another absorption band, whose presence is 
now unsuspected, appears), and the dielectric con
stant will approach that of the plasticizer. A 
maximum obviously appears in the t'-p curve if 
the plasticizer has a low dielectric constant, as for 
example appears for the. hydrocarbons. 

With increased temperature, the loss factor 
maximum for a given frequency shifts to lower 
concentrations, because the viscosity decreases 
both with increased temperature or increased 
plasticizer content, and hence less plasticizer is 
needed at a higher temperature to reach a critical 
relaxation time determined by a fixed measuring 
frequency. It will also be noted that, at a given 
temperature, the concentration corresponding to 
the maximum in the e*~p plots shifts to lower con
centrations with decreasing frequency, because 
the critical relaxation time increases inversely as 
the frequency. The data presented here show that 
the internal viscosity is extremely sensitive to 
plasticizer concentration: for example, with di-
phenylmethane, the 60 cycle peak appears at 
10.40% and the 6000 cycle'peak at 15.85%, both 
at 60°. In other words, a change of a little over 
5% in internal composition produces a hundred
fold change in internal viscosity. 

In order to compare the plasticizers of Table I 
quantitatively, it is necessary to reduce the mass 
of data to some simple numerical form. Em
pirically, it is possible to represent the loss factors 
by an equation of the same form 

.=7* 2a/(1 + s8) (4) 

as was used in the temperature analysis3; just as 
in that case, we may not identify z with the COT of 
Debye's theory, because the polymeric system is 
characterized by a distribution of relaxation times, 
rather than by a single relaxation constant. How
ever, we may expect that the changes in z will have 
a close correspondence to the changes in viscosity, 
judging from the results obtained at constant com
position and variable temperature. I t was found 
that z defined by (4) and the composition are re
lated by the simple empirical formula 

\l,l .- ~ \ log p/p„ (a) 

where p is the number of grams of plasticizer per 
100 g. of plastic, pm is the concentration at which 
the maximum in the e"-p curves (e. g., Figs. 2, 3, 4) 
appears, and X is a constant for given frequency, 
temperature and plasticizer. In Tables IV and 
V are summarized the constants of Eq. (5) for the 
plasticizers of Table I. 

TABLE IV 

CONCENTRATIONS FOR LOSS FACTOR MAXIMA 

Ko. 
T 

2 
3 

7 
8 
9 

10 
11 
12 
13 
14 
15 
Ki 

jNu. 

1 
2 
3 
5 
7 
8 
9 

10 
H 
12 
13 
14 
15 
16 

i 

m 

24.7 
22.9 

21.0 
21.5 
17.9 

19.3 
18.7 
18.0 
24.8 
22.4 
19.3 

40° 
«00 

28.2 
24.8 

23.7 
24.3 
21.2 

21.8 
21.5 
20.4 
27.4 
25.4 
21.9 

\ - V A L U E S FOR 

•''() 

3.95 
4.25 

3.95 
3.50 
3.70 
4.50 
4.10 
3.50 
3.85 
2.45 
3.90 
3.80 

(40° 

40° 
000 

3.65 
4.10 

4.25 
3.45 
3.70 
4.50 
4.25 
3.40 
3.90 
2.60 
3.65 
3.80 

and 1000 

I'.OOO 

33.9 
30.5 

28.5 
29.2 
24.1 

2 5 J 
24,0 
23.4 
32.7 
31.4 
24.8 

TABLE V 

«0 

19.3 
14.8 
14.3 

XO. i 

12.6 
13.4 
10.4 
16.7 
11.2 
10.9 
10.4 
15.7 
13.4 
11.3 

60° 
firm 

23.3 
17.7 
17.2 

14.9 
15.9 
12.5 
18.4 
14.0 
13.2 
12.4 
18. S 
16.3 
13.7 

DIFFERENT PLASTICIZERS 

I)OUO 

3.45 
3.45 

3.85 
3.10 
3.60 

3.90 
3.05 
3.75 
2.45 
3.15 
3.55 

> M = 3 

60 

3.00 
2.85 
2.95 
2.05 
2.80 
2.70 
3.05 
3.10 
3.25 
2.90 
2.90 
2.15 
3.05 
3.15 

7 

WJO 

2.95 
2.70 
2.90 

3.00 
2.50 
3^00 
3.15 
3.05 
2.75 
2.85 
2.15 
3.00 
2.90 

(iOOO 

28.5 
22.2 
21.1 

19.3 
19.7 
15.9 
19.1 
17.2 
16.6 
15.5 
22.0 
20.9 
17.2 

nooo 

2.85 
2.60 
2.70 

2.85 
2,35 
2.85 
3.35 
2.75 
2.55 
2.85 
2.05 
3.00 
2 SO 

Typical test plots of Eq. 5 are shown in Fig. 5, 
using dibenzyl as an example, where log z is 
plotted against log p. It will be seen that 
straight lines average the points quite satisfac
torily. The value of pm, the concentration for 
the maximum, is determined by the intersection 
of the line with the axis at log s = 0. A few of the 
figures of Table IV represent extrapolated values. 
The slopes of the lines of Fig. 5 are measures of 
the rate of change of viscosity with concentration 
of plasticizer, the latter reckoned as ratios to the 
concentration at which the maximum loss ap
pears for a given temperature frequency. These 
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1.2 
Log p. 

Fig. 5—Test plot for Eq. (S)-: dibenzyl data at 40° (•) 
and 60° (O). 

slopes, given in Table V, are roughly independent 
of frequency, and decrease rapidly with increasing 
temperature. If dioctyl phthalate (lowest) and 
a-methylstyrene dimer (highest) are excluded, the 
slopes are not very sensitive to plasticizer struc
ture, giving about 3.5 to 4 at 40° and 2.5 to 3 at 
60°. Assuming that 2 is a measure of the relaxa
tion time, this means that the viscosity changes 
very much faster than the concentration, approxi
mately as its third or fourth power. I t is ex
pected that the empirical formula will not hold at 
high plasticizer concentrations (i. e., in the range 
where it would be more proper to speak of solu
tions of polymer in the plasticizer than of plas
ticized polymer) where the dependence of vis
cosity on concentration will be considerably re
duced over that appearing in the hard-to-flexible 
range considered here. I t also should be men
tioned that, while the e"-p plots are unsymmetrical 
about the maximum, the e"-log p plots are sym
metrical; that is, the amount of plasticizer cal
culated with respect to the corresponding pm is 
the significant independent variable, rather than 
the absolute amount. 

At first glance, the concentrations for maximum 
e" at a given frequency and temperature seem to 
be quite unsystematic as far as the structure of 
the plasticizer is concerned. If we consider the 
different plasticizers in sequence of increasing 
molecular weight, however, a definite regularity 
appears. Physically, the pm value means the 
concentration of plasticizer necessary to reach a 
definite internal viscosity which, although still 

unknown, is exactly specified by the frequency 
and temperature. That is, a characteristic elec
trical response, such as maximum loss factor at 
fixed frequency and temperature, provides a quan
titative basis for comparing the effects of different 
substances on the internal mechanics of the plas
tics. If we start with undiluted polymer, we pre
sumably have a close-packed structure which may 
be almost entirely polycrystalline17 or, depending 
on its chemical structure, it may contain crystal
lized regions separated by amorphous regions in 
which the chains have random orientation. In 
any case, there is practically no freedom for mo
tion of chain segments. If we add plasticizer, 
we are inserting small molecules between chains, 
and in so doing, break the chain to chain coupling,4 

either by dilution of the amorphous phase or by 
solution of the crystalline phase. This leads to 
two effects: first, the absorption due to the pure 
polymer structure disappears (the low tempera
ture (-"-maximum) and, second, the internal vis
cosity decreases, allowing the dipole absorption to 
begin (the high temperature e"-maximum). Now 
the larger the number of small molecules added, 
the greater will be the number of places where the 
chain structure is opened up. Consequently we 
expect and find that a smaller weight per cent, of 
a low molecular weight plasticizer is needed to 
give a given electrical response than of a plasti
cizer of high molecular weight. This is shown 
graphically in Fig. 6a, where pm for 60° and 60 
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Fig. 6.—Dependence of plasticizing ability on molecular 
weight M: (a) weight per cent, for 60° — 60 ~ maximum; 
(b) mole ratio for 60 ° — 60 ~ maximum. 

(17) Mooney, THIS JOURNAL, 63, 2828 (1941). 
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cycles is plotted against JIf, the molecular weight 
of the plasticizer. For example, 10.4% tetralin 
(JIf = 132) gives the same effective viscosity as 
19.8% dibenzyl phthalate (M = 346). The 
points of Fig. 6 scatter quite a bit, of course, be
cause the number of molecules is only one of the 
variables involved. Two compounds, dibenzyl 
sebacate and dioctyl phthalate, are markedly 
different from the average. If the former is 
plotted at one-half its molecular weight (black 
points in Fig. 6a), however, it conforms to the 
general pattern; in other words, one molecule of 
C6H5CH2CO2(CH2)SCO2CH2C6H6 acts like two in
dependent molecules of plasticizers, on account of 
the long flexible methylene chain between the two 
polar (plasticizing) ends. Dioctyl phthalate is, 
as has been mentioned before, exceptional in 
many ways, and is very different in structure from 
the other compounds of Table I. 

If we calculate compositions on a mole ratio 
basis, the regularities discussed above appear very 
clearly, and further specific differences due to 
structure appear. If merely number of particles 
were all that was involved, the mole ratios would 
be the same for all plasticizers for a given electrical 
response; if we consider the mechanism of plas-
ticization, however, we see that the shape as well 
as the size oi the plasticizer molecule must also 
be taken into account. In Table VI, the plas
ticizers are arranged in sequence of molecular 
weights, which are given in the second column, 
and in the third and fourth columns are given rm 
and r6ooo, the mole ratios corresponding to the (SO'' 
maxima for 60 and 0000 cycles, respectively.'6 

1'AlSLE V l 

No. 

Ki 
0 
9 
10 
11 
15 
12 
7 
o 

2 
H 
i 

8 
14 

if 

132 
154 
108 
182 
182 
!9S 
208 
210 
214 
200 
298 
0-10 

ys2 
090 

;'<„ 

'!.0540 

...:o70 

. 0432 

.044O 

.0434 

. 0480 

. 030« 

.042Ii 

.0402 

, («07 

.0840 

.0431 

. 0254 

. 0208 

u.w 

0 0807 

0900 

0090 

.0714 

.0714 

. 0833 

, 0600 

.07*0 

0694 

. 05CKJ 

.0710 

. 0399 

.0451 

ro (25°. fiO 

8.40 

8.40 

8.30 

S. 15 

S. 30 

12 
9.5 
10 3 
10.4 
1 • 1 i ' 

0 0 

(ISl The mole ratio is defined here as r - (p/M)(62.5/(l - P)); 
that is, the mole ratio is reckoned in terms of monomoles of poly
vinyl chloride (m =* 62.5) because plasticizer-polymer interaction is 
local, and only a small part of the polymeric chain is affected by a 
single plasticizer moiecul,-, 

We first note one rough parallelism between r 
and M: r tends to decrease as JIf increases (Fig. 
6b) or, to put it another way, a given number of 
large molecules reduces the viscosity more than 
the same number of smaller molecules. The 
length of the plasticizer molecule seems to be the 
significant variable, which is reasonable if the 
mechanism involved is a separation of chains. 
For example, diphenylmethane, diphenylethane 
(1,1 and 1,2), dibenzyl ketone, and diphenoxy-
ethane all have r6o values of about 0.04+, and 
they all are roughly similar from an architectural 
point of view. The two smaller, more compact 
molecules diphenyl and tetralin have considerably 
larger rao values, while the long ester molecules 
have smaller r6o values. If one constructs scale 
models of these molecules, and measures their 
average over-all length -L1 the product Lr is rea
sonably constant. Consequently, we conclude 
that the number, shape and size of the plasticizer 
molecules are the important variables in deter
mining the properties of plasticized polymers. 

The great sensitivity of internal friction to 
plasticizer content is well illustrated by the data 
of Table VI. The ratio feoooAeo is independent of 
plasticizer structure, and averages to 1.62. We see 
that a 62% increase in number of plasticizer mole
cules, regardless of their structure, decreases the 
resistance to internal motion by a factor of 100. 

A calculation of the dipole moments n per mono
mer unit6 was made for the hydrocarbon plastici
zers. Only three frequencies were available but, 
even so, fairly accurate values of the static dielec
tric constants necessary for the calculation could 
be obtained at 60° by Cole's method19 of extrapo
lation using a circular arc. The results of the 
calculation are summarized in Table VII; they 
are in excellent agreement with previous5,7 values 
of /Li(—CH2CH2Cl-) obtained in the same range 
of concentration. 

No calculations were made on the systems con
taining polar plasticizers, because not enough is 
yet known about them. The peak in absorption 
for the polar plasticizer molecules probably comes 
at much higher frequencies, because the maximum 
due to chain dipoles apparently does not depend 
on whether the plasticizer is polar or hydrocarbon. 
A theoretical analysis of the results with polar 
plasticizers must wait until a simpler problem, 
that of the behavior of small polar molecules in 
non-polar polymers, has been treated. 

!19) Cole and Cole, / . Chem. Phys,, 9, 341 (1941). 
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TABLE VII 
DIPOLB MOMENTS PER MONOMER UNIT 

t M P Ii 

Distyrene 1,2-Diphenylethane 
19.9 2.17 19.8 2.16 
22.8 2.16 23.2 2.16 
25.6 2.16 26.0 2.13 
28.6 2.05 
Diphenylmethane 
19.8 2.17 
22.7 2.16 
25.8 2.16 
28.8 2.15 
1,1 -Diphenylethane 
19.9 2.16 
22.8 2.16 
25.9 2.13 
28.8 2.13 

Tetralin 
19.3 2.21 
22.3 2.22 
25.2 2.20 
28.3 2.20 
Amylnaphtlialene 
23.0 2.13 
25.9 2.12 
29.0 2.11 

In order to give some information on the influ
ence of plasticizer on polar properties, in the last 
column of Table VI are given values of the static 
dielectric constants at 60° for 25% plasticizer. 
These are values obtained by interpolation on an 
e<rp plot, for which the e0 values were obtained by 
the Cole extrapolation. It will be noted that e0 is 
larger for the polar plasticizers than for the hydro
carbons, which average to eo = 8.3. Diphenoxy-
ethane comes somewhat higher, due to the polarity 
of the oxygens, and the esters are still higher. Di-
benzyl sebacate is low, because the molecule con
tains a lot of non-polar methylenes, and dibenzyl 
ketone is highest. A very definite parallelism be
tween the static dielectric constant at a given tem
perature and composition, and the relative dipole 
content of the plasticizer molecule is thus observed. 

Summary 
1. Data at 40 and 60°, at 60, 600 and 6000 

cycles are given for polyvinyl chloride plasticized 
with 8 to 30% by weight of the following com
pounds: tetralin, diphenylmethane, diphenyl-
methylmethane, dibenzyl, amylnaphthalene, di-
styrene, di-a-methylstyrene, diphenoxyethane, 
dibenzyl ketone, dibenzyl maleate, dibenzyl 
succinate, dibenzyl phthalate, dibenzyl sebacate 
and dioctyl phthalate. 

2. Plasticization is essentially a separation of 
chain molecules by the plasticizer molecules, ac
companied by a rapid decrease in microscopic 
and macroscopic coefficients of friction. 

3. A simple empirical relationship connecting 
loss factor and plasticizer concentration is given. 
Very roughly, the viscosity varies inversely as the 
third or fourth power of the relative concentra
tion, depending on the temperature. 

4. The concentration at which a given plas
ticizer produces a given internal viscosity, as 
measured by a characteristic electrical response, 
depends on the size and shape of the plasticizer 
molecule. A long cylindrical molecule is more 
effective in reducing viscosity than a spherical 
molecule of the same molecular weight. 

5. Plasticizers of about the same size and shape 
are about equally effective as plasticizers, regard
less of their chemical structure. For polyvinyl 
chloride, however, a polar or polarizable group 
must be present in the plasticizer in order for it 
to interact with the polymer. 
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A Study of the Reaction of Ferric Ion with Orthophosphate in Acid Solution with 
Thiocyanate as an Indicator for Ferric Ions 

BY OSCAR E. LANFORD AND SAMUEL J. KIEHL 

Introduction 
I t is well known that the addition of orthophos-

phoric acid to an acid solution of a ferric salt pro
duces an extensive decrease in the activity of the 
ferric ions. This property probably constitutes 
the fundamental principle in the effectiveness of 
the Zimmerman-Reinhardt "Preventive Solu
tion."1'2 Beyond this, however, little is known 

(1) Zimmerman and Reinhardt, Ber., I i , 775 (1881); Chem. Ztg., 
13, 323 (1889). 

(2) H. A. Fales and F. Kenny, "Inorganic Quantitative Analysis," 
The Century Company, New York, N. Y., 1939, p. 426. 

concerning the reaction of ferric ions with phos
phate. Therefore, to ascertain its nature and to 
discover, if possible, the type and formula of the 
complex formed, the present investigation was 
undertaken. 

By the method used we were able not only to 
establish the reaction 

Fe+++ + HPO4- 7-»- FeHPO4
+ (1) 

but also to determine the dissociation constant 
of FeHPOt+, the ferric phosphate complex 
formed. The method suggested by the recent 


