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(54) STABLE ELECTRETS OF STYRENE-TYPE POLYMERS

(71) We, UNIROYAL LTD., a corporation organised and existing under Letters
Patent of Canada, whose post office address is 895 Don Mills Road, Don Mills, M3X1W3,
in the Province of Ontario, Canada, do hereby declare the invention, for which we pray that
a Patent may be granted to us. and the method by which it is to be performed, to be
particularly described in and by the following statement:-

This invention relates to an electret made of styrene-type polymer.

An electret may be defined as a permanently polarized dielectric material. In more detail
it may be described as a dielectric material that has been subjected to a sufficiently intense
electrostatic field to produce a residual internal polarization that persists after the field is
removed. An electret may be regarded as an electrostatic analog of a permanent magnet.

It has previously been known to make electrets from various polymers including
polystyrene. Unfortunately, known electrets consisting of polystyrene have not been stable
under ambient conditions. especially under high humidity.

According to the present invention there is provided an electret made of electrostacially
polarised, resinous, thermoplastic emulsion-polymerised styrene-type polymer selected
from homopolymers of styrene, vinyl-toluene and t-butylstyrene, and copolymers of at least
two of said monomers, said polymer having a volume resistivity of at least 10'® ohm-cm, and
a glass transition temperature above 50°C, and containing not more than 1% by weight of
electron-donor impurities and not more than 0.5% by weight of electron-acceptor
impurities, whereby said electret has the ability to ratain at least 75% of its original charge
upon exposure to a temperature of 50°C at a relative humidity of 100% for 100 days.

A styrene-type polymer suitable for use in the invention may be prepared by
polymerization (in which term we include copolymerization) of at least one of the
monomers styrene, vinyltoluene, or t-butylstyrene by emulsion polymerization with a free
radical initiator.

For purposes of the invention, the polymer is purified by dissolving it in a high purity
solvent such as benzene (reagent grade) or chloroform, filtering, and precipitating with a
non-solvent (e.g.. methanol) followed by drying. This purification treatment may be
repeated more than once if desired. The treatment yields a polymer that is substantially free
from impurities which we have observed to be highly detrimental to the stability of electrets
made from such styrene-type polymers. Thus, we have found that impurities with
electron-acceptor properties cause rapid charge decay in an electret made from the
styrene-type polymer; impurities with electron-donor properties have less effect. We have
found that polystyrene electrets are more sensitive to such impurities than poly(vinyl-
toluene) electrets, which are in turn more sensitive than poly(s-butylstyrene) electrets. As a
result of our work, we consider such impurities as residual monomers, alpha-methyl
styrene, aromatic solvents. anthracene, and especially polarizable groups such as iodine,
bromine, etc., as well as tetracyanoethylene, tributyl phosphate, and the like, to be
deleterious to the stability of the electrets made from styrene-type polymer. The
styrene-type polymers employed in the present invention to produce stable electrets
accordingly contain not more than 1% by weight of electron-donor impurities, and not
more than 0.5% by weight of electron-acceptor impurities. The electrets made from such
styrene-type polymers surprisingly are capable of retaining 75% or more of their initial
charge after being aged in an atmosphere of 100% relative humidity at a temperature of
50°C for 100 days. Under such aging conditions. previously known polystyrene electrets
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would retain only 10% or less of their original charge.

The styrene-type polymer is ordinarily provided in the form of a film or sheet (e.g., 1 to
1000 mil thickness) for conversion into an electret. The electret may be formed by any
known conventional method for charging or polarizing electrets. Thus, the electret may be
charged by injection of charged particles (injected space-charge formation). This involves
applying high voltage across the sheet to create an ionized plasma (at room temperature or
at any elevated temperature below the softening temperature of the polymer) whereby a
charge is injected under the influence of the electrical field, and subsequently (after cooling
to room temperature if elevated temperature has been used) removing the field, whereby a
space-charge homoelectret consisting of the herein-described styrene-type polymer is
formed. It will be understood that the term ‘‘homoelectret™ refers to an electret in which
the surface facing the positive electrode develops a positive charge and the surface facing
the negative electrode develops a negative charge. (In a dipole-oriented heteroelectret or in
an internal space-charge heteroelectret the opposite is true.)

Polystyrene for use in the invention may be prepared using the following emulsion
polymerization recipe: ‘

Ingredients Parts by Weight
Water 100
Potassium persulfate 0.05
Sodium hydrogen phosphate 0.05
Sodium laurylsulfate 1.00
Styrene 50

The polymerization may be effected by agitating the aqueous emulsion in a closed
reaction vessel under nitrogen at a temperature of 70°C for 2 hours, and then at 95°C for 2
hours. The polystyrene latex. so produced, is precipitated by adding alum solution and
boiling the resulting mixture. Polystyrene is separated by filtration, washed and dried in an
oven at 60°C in vacuum. This polystyrene has an intrinsic viscosity of 2.2 deciliters per
gram, measured in toluene at 30°C.

The resulting polystyrene typically has the following average properties: specific gavity of
1.07, a tensile strength of 9.000 psi, an elongation of 1.8% at break, a flexural strength of
11,000 psi, a volume resistivity of 10'® ohm-cm and a glass transition temperature (Tg) of
100°C. At this stage of preparation this polystyrene cannot be made into an electret having
satisfactory stability (ability to hold a charge over a long period of time under various
atmospheric conditions). Instead. for purposes of the invention and in order to obtain a
stable electret, the polystyrene has to be specially purified as herein described to remove
impurities, particularly electron-accepting impurities. In the same way poly(vinyltoluene),
poly(t-butylstyrene) and copolymers of two or more monomers selected from styrene,
vinyltoluene and t-butylstyrene may be prepared for use as styrene-type polymers for
making electrets in accordance with the invention. Films or sheets for making electrets may
be formed from the described styrene polymers by any suitable conventional method. such
as compression molding.

To make an electret, the styrene-type polymer film may be cut into a 2.25" by 2.25"
square and mounted on a glass plate 5 mm thick. The glass plate is placed on a grounded
metal plate (polystyrene film facing up). Another glass plate 5 mm thick is placed on the
polystyrene film; this second glass plate has a coating of evaporated aluminum on the top
which is connected to the negative terminal of a DC power supply. A charging voltage of 30
KV is applied for | minute at room temperature. After being thus charged the electret is
wrapped with an aluminum foil to remove excess charge. The stable practical charge
remaining may then be measured and evaluated by well-known techniques based on the fact
that the charges in the electret produce an electrical field external to itself, which may be
characterized by the expressions “equivalent surface charge™ or “apparent surface charge
density”. The measurement methods used work mostly on the principle of induction,
though other methods such as torsion balance and related force meters can also be applied
to find the force between the electret and an electrode.

The apparent surface charge density of the electret may be measured by placing the
electret between a fixed electrode and an electrode rotating in the surface field of the
electret (a chopper electrode) to produce an AC signal. A bias voltage is then applied
across the rotating and fixed electrodes sufficient to produce a zero output signal. The
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apparent surface charge density in coulombs per square centimeter is equal to

KEV
d

where K is the dielectric constant of the electret material (2.5 for polystyrene), E is the
permittivity of the free space (8.854 x 10" faraday/cm), V is the externally applied bias
voltage for null signal, and d is the thickness of the film in cm. For a particular electret, K, E
and d are constant. making the apparent surface charge density directly proportional to the
null bias voltage, V.

The stability of the electret may be evaluated by determining the apparent surface charge
density of the electret (or, simply. the null bias voltage which is proportional thereto as just
described) repeatedly over a period of time. in electrets that have been subjected to various
environmental conditions over the period of the tests. In this way the ability of the electret
to retain a charge over a long period of time, at room temperature and at elevated
temperature. and under conditions of low and high humidity, can be determined, as
illustrated in the examples below. :

[t has surprisingly been found that the present electrets made from specially purified
styrene-type polymers are stable over wide variations of temperature and humidity. The
electrets of the invention show stabilities very similar to the well known polyfluorolefin
electrets and in addition the present electrets consisting in their entirety of the described
polymers have the advantages of lower cost. ease of fabrication and useful mechanical
properties, particularly rigidity. making the present electrets more versatile then those
currently used.

The electrets require no lamination to another polymer and find applications in
clectro-acoustic devices such as microphones, headphones and speakers and in dust particle
control, high voltage electrostatic generators, electrostatic recorders and other applica-
tions.

The following Examples will serve to illustrate the practice of the invention in more
detail.

Example 1

Polystyrene is prepared according to the emulsion polymerization recipe and procedure
given above. The dried polystyrene crumb obtained from the polymerization process is
purified carefully as follows: The polystyrene is dissolved in reagent grade benezene to
make a 5% (by weight) solution which is then filtered under pressure. The polystyrene is
then precipitated from the benzene solution by slow addition of the solution to vigorously
stirred methanol. The precipitated polystyrene particles are dried in a vacuum oven at
100°C for five hours and then pressed into films, about 15 mils thick, in a laboratory press at
a temperature of 150°C and a pressure of 1000 psi.

A number of sample electrets are prepared trom the polystyrene film as described above.
Initial apparent surface charge density (expressed as null bias voltage) is determined on the
electrets as described above and then samples are exposed to various atmospheric
conditions as indicated in Table I for periods of time ranging up to 300 days, the bias
voltage measurements being repeated at intervals as shown in Table I to determine the
charge decay characteristics of the polystyrene electrets under various conditions. The
results tabulated in Table I represent the average of five samples. The results show the
remarkable stability of the polystyrene electrets of the invention, even under humid
conditions and at clevated temperature. In contrast, an electret made from the same
polystyrene without any purification treatment would lose 90% of its charge within a few
days at 50°C and 100% relative humidity; the same would be true of electrets made from
commercial grade polystyrene without any purification.
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Example 2

Example 1 is repeated except that commercial grade benzene is used as the solvent in
purifying the polystyrene in place of reagent grade benzene. The charge decay
characteristics are very much poorer, as shown in Table 2. Repeating the precipitation
procedure with commercial grade benzene only increases the rate of charge decay, as shown
in the right-hand half of Table 2. While it is not desired to limit the invention to any
particular theory of operation, it is believed to be possible that the deleterious effect of
using commercial grade benzene may be due to certain impurities in commercial grade
benzene. Thus, commercial benzene stored in plastic-lined containers can contain a mixture
of trioctyl phosphite and trioctylphosphate. We have found that such impurities have a

deleterious effect. The electrets of Table 2 are, accordingly, outside the present invention.
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Example 3

This example demonstrates the effect of various electron-donor and electron-acceptor
impurities on the polystyrene electret. To demonstrate the effect, the impurity is added at 1
to 2% level to polystyrene that has previously been purified as described above using
commercial chloroform as the solvent. The required amount of impurity is dissolved in a
large volume of analytical grade solvent (methanol or acetone) and added to the purified
polystyrene to make a slurry.. Most of the solvent is allowed to evaporate under room
conditions and the rest is removed at 40°-50°C under vacuum for 6 hours. Films are
prepared and converted into electrets as described previously. The charge decay
characteristics of the electrets are then determined. Tables 3 and 3A show typical results
then obtained (at 50°C, 100% relative humidity) using polystyrene containing various
electron-donor additives (Table 3) and various electron-acceptor additives (Table 3A). It
will be seen that additives with electron-acceptor properties (Table 3A) cause rapid charge
decay in the electrets whereas those with electron-donor properties (Table 3) have less
effect. The electrets of Tables 3 and 3A containing additives are outside the invention.

10

15



1 589 528

ouey 2ANEPRY = WYY
J3eljOA selg = Aqg
‘uoneoylind JuLnp pasn sem WIOJOIO[YD [BIDIDWWOY),

0111 L£9°0 0801 €90 086 080 0TIl 1C

08°0
80 0S11 9L°0 0zTT 8L°0  OLII 88°0  0€TI 6
98°0) 0021 $8°0 09€T 18°0  0Icl 060 0921 ¢
98°() 0021 v6°0 0081 €6°0  00pI €6°0  00€T I
00°1 00v1 00°1 0091 00’1 00ST 00T 00pI 0
. A4 R Ad ¥ A4 ud A€l ske(
ou_r—mer_Q _>HUC_._r_.. 1] w:uh>uw_>r_uoc._|n£h:< LYo uddBIYPIUY 951 u\a_t—u—u{\ ON ut oE_F
saauppy

AOUOP-UO.12]2 SHOUDA Yl padOp  2u24A1S410d fO 12419312 [0 SI1ISLIIODADYD AD22p 3340Y")

€ 41dVv.L



1 589 528

Il

OBy 2AlEIRY = WY
o3el0A Selg = AH
‘uonedyund 3ULNp pasn sem WLIOJOIOJYD [RIDISWIWOY),

e 08y 1€°0 - 0gp 000 0 - - 11

- - - - - - 880  0¢£TI 6

Le0 09¢ 9t°0 0S9 L0°0 001 - - ¥

- - - - - - 060 09CI 3

90 00L PLO 0€0T LTO 08¢ €6°0  00¢l 1

00°1 0081 001 00¥1 00T 00FT 00°1T  00¥I 0

Y dad qy Ad ad Ad dd Ad skeQ
sreydsoyd jAInquiy o4 audjAyloourAdenay v, aUIPoOT %1 2ANIPPY ON ur awr]
saauppy

401d220D-1404122]2 SNOUVA Y padop auaifiskjod [o $12419312 [0 SIUSLIIVADYD Avoap a8y

Ve 479dV.L



10

1 589 528

10

10

15

20

Example 4

In this example resinous. thermoplastic poly(vinyltoluene) homopolymer and resinous,
thermoplastic poly(#-butylstyrene) homopolymer are employed. The polymers may be
prepared according to the procedure previously described for making polystyrene. The
poly(vinyltoluene) has an intrinsic viscosity of 2.81 deciliters per gram, measured in toluene
at 30°C; the intrinsic viscosity of the poly(s-butylstyrene) is 1.10 dl/g.

Purification of the polymers was attempted using commercial grade benzene as in
Example 2. In certain cases the polymer was precipitated three times from commercial
grade benzene into methanol. Electrets were then prepared and charge decay characteris-
tics were determined, as described previously. upon aging at 50°C and 100% relative
humidity, with the results shown in Table 4. These electrets, made with polymers
contaminated with impurities from the commercial grade benzene used in purification, are
outside the invention.

When Table 4 is compared to Table 2, it is seen that the effect of introduction of
impurities (both once precipitated) in poly(vinyltoluene) at similar levels has less effect on
the stability of its electrets than it has on the polystyrene electrets. However, when
compared to poly(s-butylstyrene) with respect to similar levels of impurity concentration
(thrice precipitated), poly-(vinyltoluene) behaves worse. While it is not desired to limit the
invention to any particular theory of operation, it is believed to be possible that this may be
due to the fact that a bulky substitutuent in the benzene ring could somehow protect the
polvmer from the effects of impurities, resulting in electrets with longer life.
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Example 5
Polystyrene was purified once through the use of commercial benzene or commercial
chloroform and the electrets prepared from the polymers were tested for stability under
50°C/100% relative humidity. Table 5 shows this comparison. This shows that commercial
5 chloroform is a better solvent for the purification of these polymers, perhaps because it 5

does not contain aromatic impurities. Charge decay which results when commercial
benzene is used (producing electrets which are outside the invention) is perhaps due to the
inclusion of aromatic compounds in the polymers that can interact with the polystyrene
structure.
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Example 6

Binary copolymers of styrene, vinyltoluene and r-butylstyrene were prepared using the
same procedure as described previously for preparation of polystyrene. The copolymers
were resinous thermoplastics having the following intrinsic viscosities as measured in
toluene at 30°C: Poly(styrene-co-vinyltoluene), 2.13 dl/g; polystyrene-co-t-butylstyrene),
2.70 dl/g; poly(vinyltoluene-co-t-butylstyrene), 1.15 dl/g. Analysis with the help of nuclear
magnetic resonance spectroscopy showed that the copolymers were composed of 1:1 ratio
of monomers. When these copolymers were purified through the use of commercial grade
benzene prior to electret formation, the resultant electrets were found to be less stable than
those when commercial grade chloroform was used. Table 6 shows the stabilities of electrets
of the invention made from the chloroform purified materials when tested under
50°C/100% relative humidity. :

10
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Example 7

Poly(vinyltoluene), poly(ethylstyrene) and poly(n-butylstyrene) were prepared from
their monomers as in Example 1 and they were purified and pressed into films. The
stabilities of their electrets are shown in Table 7. This shows that higher Tg is essential for a
material to form stable electrets at room temperature. The electrets of Table 7 consisting of
poly(vinyltoluene) are within the invention: those consisting of poly(ethylstyrene) and
poly(n-butylstyrene) are outside the invention.
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Example 8

Poly(p-chlorostyrene) and poly(p-iodostyrene) were prepared as in Example 1 from the
corresponding monomers and they were purified and pressed into films. The stabilities of
their electrets, which are outside this invention, are shown in Table 8. This shows that
higher Tg alone is not sufficient to permit the formation of a stable electret. Tg for
poly(chlorostyrene) is 120°C and for poly(iodostyrene) is 156°C. The apparently polarizable
character of iodine makes the substrate lose charge. '
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Example 9 :

A copolymer of styrene and alpha-methylstyrene in a ratio of 2:3 was purified through
the use of benzene and pressed into films. The stabilities of the electrets (which are outside
the invention) under various environmental conditions is shown in Table 9. The electret
stability of this copolymer is the least of all. Since polymers of alpha-methylstyrene
depolymerize when processed above 65°C (ceiling temperature), the films of this copolymer
should contain considerable amounts of alpha-methylstyrene. This very clearly shows the
effects of the presence of aromatic materials on the stabilities of electrets in the polystyrene
series because Tg of this polymer is above 100°C and it does not contain polarizable groups
like iodine.
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Example 10
In order to have a meaningful picture as to the stabilities of the various polystyrene
electrets, samples of commercial poly(tetrafluoroethylene-co-hexafluoropropylene) (Tef-
lon [trademark] FEP, Type A) of 20 mils thickness were charged as electrets and the
5 stabilities of these (which are outside the invention) were tested. This is shown in Table 10. 5
This shows that Teflon FEP is one of the best electret materials available. The above tables
of charge decay characteristics for various polystyrene electrets show that polystyrene
electrets compare favorably with FEP electrets with the added advantages of lower cost,
10 casier preparation and processing characteristics, and rigid dimensional structures.
10
TABLE 10
Time Room Temperature/100% Relative 50°C/100% Relative Humidity
In Days Humidity
15 15
Bias Relative Bias Relative
Voltage Ratio Voltage Ratio
0 1630 1.00 1550 1.00
20 1 1600 0.98 1530 0.99 20
15 1500 0.90 1470 0.95
29 1400 0.88 1420 0.91
43 1450 0.88 1430 0.92
11 1350 0.85 1430 0.92
25 174 1400 (.86 1390 0.90 25
230 1350 0.83 1350 0.87
WHAT WE CLAIM IS:
30 I. An electret made of electrostatically polarised. resinous, thermoplastic emulsion- 30
polymerised styrene-type polymer selected from homopolymers of styrene, vinyl-toluene
and t-butylstyrene, and copolymers of at least two of said monomers, said polymer having a
volume resistivity of at least 10'® ohm-cm, and a glass transition temperature above 50°C,
and containing not more than 1% by weight of electron-donor impurities and not more than
35 0.5% by weight of electron-acceptor impurities, whereby said electret has the ability to 35
retain at least 75% of its original charge upon exposure to a temperature of 50°C at a
relative humidity of 100% for 100 days.
2. _An electret according to claim 1 wherein the polymer is polystyrene, poly(vinylto-
luene) or poly(+-butylstyrene).
40 3. An electret according to claim 1 wherein the polymer is a copolymer selected from 40
styrene, vinyltoluene and t-butylstyrene. ‘
4. An electret according to claim 1 and substantially as herein described.
5. An electret according to claim 1 and substantially as described in any of the specific
Examples.
45 6. A method of making an electret as claimed in claim | comprising sandwiching the 45
said styrene-type polymer between two glass plates and applying a DC voltage of about 20
to 60 KV for 1 to 5 minutes.
7. A method according to claim 6 and substantially as described herein.
8. A method of making an electret according to claim 6 and substantially as described in
50 any of the Examples. 50
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