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ABSTRACT: In this paper we report some performance prop-
erties of [(2-alkyl-1,3-dioxolane-4-yl)methyl]trimethylammo-
nium bromides (C_-D-TAB, where C = n-C4H,q, n-C;,H,,, n-
C,5H,5), 1(2,2-dialkyl-1,3-dioxolane-4-yl) methylldimethylam-
monium bromides (C,C,_-D-TAB, where C = n-CgH,,,
n-C,oH,; and C, = CH; or C, = C_ = n-C,H,5), in relation to
classical alkyltrimethylammonium bromides (C -TAB, where
C,= n-C;,H,s, n-C,,H,q or C;Hs-) and dialkyldimethylammo-
nium bromides (C,C, -DAB, where C = C_, = n-C,,H,; and
C,,H,5). Antistatic properties were measured by means of sur-
face resistance (R), half charge decay time (1, ,), and maximal
voltage induced (U, ) on polyethylene (PE) film and polypropyl-
ene (PP) nonwoven fabric. Wetting ability is reported as the
concentration of surfactant necessary for immersion of a cotton-
fabric ring in 100 s, according to the Polish Standard PN-74/C-
04800. All acetal-type surfactants showed the antistatic effect.
The best results were given by Co-D-TAB [R, = 8.5 - 107 (PE),
1.1- 108 Q (PP); 1,,, = 0.25 (PE), 0.30 s (PP); U, , = 205 (PE),
220V (PP)] and C,,-D-TAB [R,= 8.7 - 107 (PE), 1.3 - 10° Q (PP);
7,,, = 0.25 (PE), 0.30 s (PP); U, , = 190 (PE), 340 V (PP)] in rela-
tion to pure PE foils and PP fabric: R.= 3.0 - 10" (PE), 9.8 - 10
Q (PP); 1,,, = >600 (PE), >600 s (PP); U, 4 = 985 (PE), 940 V
(PP). Both C4-D-TAB and C,-D-TAB indicate similar degrees of
antistatic ability compared to C,,C,,-DAB. All C_-TAB com-
pounds do not show any antistatic effects. It was concluded that
addition of the 1,3-dioxolane moiety to the hydrophobic tail of
quaternary ammonium salts promotes both antistatic and wet-
ting properties. Additionally, methyl or n-hexyl group incorpo-
ration at the C-2 carbon atom in the 1,3-dioxolane ring signifi-
cantly decreases the surface conductivity.
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Cationic chemodegradable surfactants have recently gen-
erated increased interest (1,2). Cyclic acetal-type cationic
surfactants can be considered as potential antistatic, envi-
ronmentally acceptable compounds providing substituents
to generally applied alkyltrimethylammonium or dialkyl-
dimethylammonium halides.
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Antistatic agents (antistats) are substances that, added
to textiles or plastic materials, reduce their propensity to
accumulate electrostatic charges. The main groups of anti-
stats include ionic compounds such as quaternary ammo-
nium salts and amines. Ammonium salts have proved to
be very effective antistats and are the subject of many sci-
entific dissertations (3,4). Among the quaternary ammo-
nium salt derivatives the best antistatic properties have
been shown with dialkyldimethylammonium chlorides
and bromides (alkyl: C,,~C,,) (5), N-[3-alkyloxy-2-hydroxy-
propyl]-N,N-dihydroxyethyl-N-methylammonium
methylsulfates (alkyl: Cg—C,) (6), imidazolium salts (7,8)
and derivatives of betaine (9). These antistats increase elec-
trical conductivity of the material by increasing its surface
conductivity. As in the case of textiles, antistats for plastic
have to combine a low electrical resistivity with the ability
to form a continuous film on low energy surfaces from a
solution or dispersion in water or other inexpensive,
volatile solvent. A comparison of antistatic and wetting
abilities of these substances was necessary to determine the
influence of their surface activity, i.e., effectiveness of sur-
face tension reduction (r_,, ) and surface area per molecule
(A), upon their antistatic effect.

The main purpose of this study was to investigate the
antistatic properties and wetting ability of [(2-alkyl-1,3-
dioxolane-4-yl)methyl]trimethylammonium bromides and
[(2,2-dialkyl-1,3-dioxolane-4-yl)methyl]trimethylammo-
nium bromides (hereafter called C,-D-TAB and C,C, -D-
TAB, where -D- is the 1,3-dioxolane ring, respectively; see

Scheme 1).
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In this work, the role of the 1,3-dioxolane grouping in
cationic surfactants has been studied in terms of a compar-
ison between chemodegradable surfactants and the “clas-
sical” alkyltrimethylammonium bromides C,-TAB (C, = n-
C,,Hys, n-Cy Hyg, and 1n-C;H,,) and dialkyldimethylam-
monium bromides C,C, -DAB (C, = C, = n-C;;H,,,
n-C;,H,5). Surface and micellization properties of C,-D-
TAB and C,C, -D-TAB were recently described in the liter-
ature (10). Accordingly, values of the standard free energy
contribution of the 1,3-dioxolane ring [-D-] in the C -D-
TAB derivatives to the micellization and adsorption
processes (AG® . [-D-] = -5.7 k] mol™! and AG® 4 [-D-] =
~21.5 k] mol™!, respectively) showed that the [-D-] moiety
is approximately 1.7 times more hydrophobic than the
methylene group of the alkyl chain in promoting micelliza-
tion (AG® ; [-CH,-] =-3.5k] mol™) and 6.3 times more ef-
fective in promoting adsorption (AG® 4 [-CH,-] = -3.35 k]
mol ™). The difference AAG®[-D-] (= AG®, 4 [-D-] - (AG® ..
[-D-] = ~16 k] mol ) indicates a higher tendency for adsorp-
tion of the five-membered 1,3-dioxolane ring at the infinite
dilution surface film than a tendency for micellization.

EXPERIMENTAL PROCEDURES

Materials. C,-D-TAB and [(2,2-dihexyl-1,3-dioxolane-4-
yl)methyl]trimethylammonium bromides were available
from previous studies (11). The preparation and purifica-
tion of [(2-alkyl-2-methyl-1,3-dioxolane-4-yl)methyl]-
trimethylammonium bromides were described in previous
work (10). C,-TAB (C,, = n-C,,H,s, n-C; ;H,q, and n-C; H,5)
and C,C, -DAB (C, =C, =n-C,H,, and n-C,,H,;) were a
commercial grade (Sigma-Aldrich, Milwaukee, WI). Poly-
ethylene 0.18 mm thick film, POLITEN II 003/GO (Bla-
chownia, Poland), and polypropylene 0.50 mm thick un-
woven fabric, WIGOFIL (Wigolen, Poland), were used as
polymer samples.

Antistatic properties. Antistatic effects of the salts were
measured on polyethylene (PE) film and polypropylene
(PP) unwoven fabric. Thin films of cationic surfactants were
deposited on disks of PE film and PP fabric. PE and PP disks
of 125 mm diameter were washed in acetone, then dried by
placing them in an air-conditioned room. The disks were
then immersed in a 0.5 wt% chloroform solution of quater-
nary salt for 30 s. They were then hung up so that the sol-
vent could evaporate spontaneously. For each salt two disks
were prepared. The disks were stored for 24 h in an air-con-
ditioned room at 22 + 1°C and relative humidity 50 + 5%. Fi-
nally, the surface resistance, half charge decay time and
maximal voltage induced on the surface of polymers were
evaluated. The measuring apparatus and the method of
measurement were described in Reference 7.

Wetting properties. Wetting properties were determined
as the concentration (g~dm_3) of surfactant solution neces-
sary for immersion of a cotton-fabric ring (3.5 cm diame-
ter) in 100 s (Polish Standard No. PN-74/C-04800 Peri-
norm). The results were averages of five determinations.
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RESULTS AND DISCUSSION

Antistatic activity. Antistatic properties, expressed by sur-
face resistance, half-charge decay time, and maximum
voltage induced for the cationic surfactants used in our ex-
periments, were determined by comparative methods. Sur-
face resistance (R, ) was calculated from the formula
=YL ing 1]
LS

where U is the applied voltage (U = 100 V), [ the length of
electrodes (I = 100 mm), 7 the measured current intensity,
and s the distance between electrodes (s = 10 mm). The half
charge decay time (1, ,,) was found from relation:

—_—

[.2 2
T n = | /20 FTT/2() ) [2]
1/2 V ) /S

where 7, 5, and 7, ,_, are the mean half decay times of
positive and negative charges, respectively. The maximum
voltage induced (U, 4) on the surface of the air-condi-
tioned disks is

U2, 4y +U?
o . (=
umd _\/ ind.(+) . ind.(-) (V) [3]

where U, 4 (,) and U, 4 ., are the voltages induced by pos-
itive and negative charges, respectively.

The antistatic effect was determined following the criteria
given by Biedermann (12) and Finck (13) (Table 1).

Antistatic properties are shown in Table 2. Nearly all the
C,-D-TAB and [(2,2-dihexyl-1,3-dioxolane-4-yl)methyl]-
trimethylammonium bromides possess antistatic proper-
ties as they diminish the surface resistance at least by three
orders of magnitude, and the half charge decay time
reaches values below 100 s. Also smaller values of induced
voltage on the PE and PP surfaces, which comprises a mea-
sure of its electrification susceptibility, were obtained com-
pared to polymers without bromides.

The best results were obtained from C,-D-TAB contain-
ing n-nonyl (Cy-D-TAB) and n-undecyl (C;;-D-TAB) hy-
drophobic chains. A good antistatic effect was obtained

TABLE 1
Criteria for Estimating the Antistatic Effect Based on Surface
Resistance and Half Decay Time?

Biedermann (ref. 12) Finck (ref. 13) Antistatic
Ty (9) R, (Q) Ty (9) R, (Q) effect
<0.5 <100 0 <10°? Excellent
0.5-2 102 1 10°-10"0 Very good
2-10 10 2-10 10'0-10" Good
10-100 10" 10-60 10'7-10"2 Sufficient
>60 >10'? Insufficient
>100 10'° >10'3 Lack

1,5, half charge decay time; R,, surface resistance.

4
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TABLE 2
Antistatic Effect of Cationic Surfactants on Polyethylene (PE) Film and Polypropylene (PP) Fabric Surfaces?

LDPE (film) PP (unwoven fabric) Antistatic

Compound R, (Q) Ty (9) Uing. V) R, (Q) Ty (9) Upng. V) effect
None 3.0-10™ >600 985 9.8-10" >600 940
C4-D-TAB 8.5-107 0.25 205 1.1-108 0.30 220 Excellent
C,,-D-TAB 8.7 - 107 0.25 190 1.3-10° 0.30 340 Excellent
C,5-D-TAB 6.7 - 108 0.35 465 8.3 - 108 0.55 470 Very good
C4C,-D-TAB 8.5-10° 0.65 630 9.3-10° 0.75 685 Good
C,,C;-D-TAB 6.5-10° 0.55 545 5.0-10° 0.60 560 Good
C,Cy-D-TAB 2.5-10" 89.2 980 1.3- 10" 203 685 Sufficient
C,,-TAB 2.3-10™ >600 995 3.8-10" >600 935 None present
C,,-TAB 2.8-10™ >600 995 42-10" >600 945 None present
C,s-TAB 3.2-10" >600 1000 5.7-10" >600 955 None present
C,0Cyo-DAB 1.7 -108 0.30 265 2.6 - 108 0.25 270 Excellent
C,,C,,-DAB 1.5-10'° 1.65 860 1.3-10" 1.15 685 Good

C,-D-TAB, (2-alkyl-1,3-dioxolane-4-yl)methyl]trimethylammonium bromides, where C = n-C4H,,, n-C,,H,;, n-C;3H,,; C . C _-D-TAB, (2-alkyl-1,3-diox-

olane-4-yl)methyl]trimethylammonium bromides, where C_ = n-CgH,,, n-C;,H,;, and C,, = CH; or C,, = n-C;H,5;

C,-TAB, alkyltrimethylammonium bro-

mides; C_C,_-DAB, dialkyldimethylammonium bromides; LDPE, low density polyethylene.

from C,;-D-TAB. Commercial C,-TAB (C, = n-C;,H,;, n-
C,4H,y, and n-C; H,5) did not impart antistatic properties
whereas commercial C,C, -DAB (C, = C,, = n-C; H,; and
n-C,,H,s) were excellent (C;,C;,-DAB) and very good
(C,,C,,-DAB) antistatic agents, respectively. It is remark-
able that the effectiveness of surface tension reduction
(T.po) for C,-TAB in a surfactant-air-water system and sur-
face area per molecule (A) in the soluble monolayer were
significantly lower compared to the experimental acetal
surfactants. The surfactants containing two hydrophobic
chains at the C-2 carbon atom of the 1,3-dioxolane ring (i.e.,
C,C,,-D-TAB) show minimal antistatic properties. Further-
more, the methyl derivatives, i.e., CgC;-D-TAB and C,,C;-
D-TAB, show good antistatic effects at the PE and PP sur-
faces. Thus, by increasing the carbon chain length above
C,;, and increasing the number of alkyl hydrophobic
groups at the C-2 carbon atom of the 1,3-dioxolane ring,
there was a decrease in antistatic properties.

Our studies of antistatic chemodegradable cationic sur-
factants indicated that the following conditions must be
met in order to obtain excellent antistatic agents within in
the group of cationic surfactants that were investigated:

¢ Only one alkyl substituent can reside at the C-2 posi-
tion of the 1,3-dioxolane ring.

¢ The substituent in position C-2 of the 1,3-dioxolane ring
should have an alkyl chain containing 9 or 11 carbon atoms.

Wetting power. We studied surfactant wetting ability
(Table 3) by measuring the time that cotton-fabric rings
floated on surfactant solutions. Relationships between wet-
ting time and concentration are shown in Figure 1. Wetting
ability was marginal when C, was Cgy and C,, for C, -D-
TAB and C,-TAB, respectively. C,C,-D-TAB was found to
be the most effective wetting agent. Wetting ability results
are summarized as follows:

¢ The presence of the 1,3-dioxolane moiety in C,-D-TAB
introduces hydrophobic character equivalent to three

TABLE 3
Surface Properties and Wetting Power of Cationic Surfactants?

Teme A-10%0 Wetting powerb Wetting
Compound (mN-m™h (m?) Cioo (g~dm’3) effect
Cy-D-TAB 40.4 97 >1.0 None
C,,-D-TAB 412 98 0.300 Good
C,5-D-TAB 415 100 0.275 Good
C4C,-D-TAB 38.4 86 0.350 Good
C,,C;-D-TAB 37.3 83 0.370 Good
C,C,-D-TAB 42.6 84 0.113 Very good
C,,-TAB 33.2 52 >1.0 None
C,,-TAB 34.0 52 0.645 Sufficient
C,s-TAB 34.4 49 0.340 Good
C,0C,o-DAB — — 0.055 Excellent
C,,C,,-DAB — — 0.075 Excellent

Surface tension reduction (m) at critical micelle concentration (cmc); A, surface area per molecule;
from Reference 9. For other abbreviations see Table.
bConcentration of surfactant solution necessary for immersion of a cotton-fabric ring (3.5cm diame-

ter) in 100 s (Polish Standard No. PN-74/C-04800).
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FIG. 1. Relationship between the concentration and wetting time of cationic surfactants. Abbreviations: C -D-TAB,
(2-alkyl-1,3-dioxolane-4-yl)methyl]trimethylammonium bromides, where C, = n-C4H,y, n-C;;H,5, n-C;5H,;
C,C,-D-TAB, (2-alkyl-1,3-dioxolane-4-yl)methyl]trimethylammonium bromides, where C, = n-CgH,,, n = C; H,,,
and C,, = CH; or n-CH,4; C, = TAB, alkyltrimethylammonium bromides.

methylene groups in the alkyl chain of C,-TAB, with the 1,3-dioxolane ring significantly increases the wet-

equal C, value (see compounds C,;-D-TAB, C,,-TAB, ting ability of short chain length cationic surfactants

Fig. 1A). (see Cy-D-TAB, Fig. 1A and C,,C,-D-TAB, C4C;-D-
¢ Introduction of a methyl group in the C-2 position of TAB, Fig. 1B),
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* Surfactants containing a short- or medium hydropho-
bic chain, i.e., C, < Cy for C,-D-TAB and C, < C,, for
C,-TAB, had relatively poor wetting properties.

The incorporation of the 1,3-dioxolane ring into the sur-
factant hydrophobe significantly increases antistatic prop-
erties, wetting ability, surface area per molecule (9) and
surface tension reduction (10) of chemodegradable cationic
surfactants. The most profound differences appear in the
case where an additional alkyl chain at the C-2 position
was incorporated into the 1,3-dioxolane ring. This im-
proves the cotton fiber wettability, however, it diminishes
the antistatic performances at the polymer surface. The
findings can probably arise from different position of the
dioxolane ring plane in relation to the surface and various
surfactant surface concentrations applied. Other methods
are required to study and explain this problem more accu-
rately.

Differences in the surfactant antistatic activity of C, -D-
TAB and C,C;-D-TAB compared to C,-TAB can be attrib-
uted to hemimicelle formation in the case of C -TAB,
which causes uneven distribution of surfactant on the
polymer surface.
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