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Abstract The interactions of two gemini surfactants (16—
s—16, s =15, 6) and their conventional counterpart
cetyltrimethylammonium bromide (CTAB) with poly-
ethylene glycols (PEG 3000 and PEG 35000) have been
investigated using conductivity, steady state fluorescence,
viscosity and TEM techniques. The results indicate that
there is no interaction between the PEG 3000/CTAB
complex at lower polymer concentrations. However, a very
weak interaction is observed at higher concentrations (0.5
and 1.0 wt% PEG 3000), while PEG 3000 and PEG 35000
interact with the gemini surfactants. Both critical aggre-
gation concentration (CAC) and critical micelle concen-
tration (CMC) increases with polymer concentration but
are independent of the polymer molecular weight. From
steady state fluorescence it is found that the addition of
PEG results in no drastic decrease in the aggregation
number (N) for all surfactants. This suggests that the
atmosphere surrounding the polyion-bound micelles, with
respect to the influence on the forces acting at the micelle
surface, is equivalent to the counterion/water atmosphere
surrounding free micelles. The relative viscosity () results
show an enhancement in 5, for all the surfactants. The
increase in #, is quite significant with gemini surfactants.
Polymer-surfactant interaction also depends on the
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polymer molecular weight. Also, the interaction seems to
affect both inter polymer—polymer association as well as
chain expansion. Additionally the surfactant induced
changes in the polymer conformation depicted by TEM
study at the micro structural level confirmed previously
observed interactions determined by different analytical
techniques.
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Introduction

It is well understood that surfactant and polymer mixtures
can be used in quite a few formulations and manufacturing
processes to improve their characteristics and that these
properties cannot be achieved by using polymer or sur-
factant alone [1, 2]. Due to this very important and useful
behavior of polymer/surfactant systems have greatly stim-
ulated the interest in such systems and now the under-
standing of polymer/surfactant interactions is considered to
be the most important issue in surfactant science [3—10].
Though a lot of research on individual surfactants, poly-
mers, and mixed polymer/surfactant materials has been
performed, the interactions among surfactants and neutral
polymers need detailed exploration. More so, the interac-
tion of polymers with gemini surfactants is scarce [11-16].
The electrostatic force of interactions are very weak in
neutral polymer/surfactant systems and other forces like
hydrophobic forces are always considered to be present in
such systems, and the hydrophobic forces may be the main
interactive forces which make the system more convoluted.
There have been extensive studies over the last decades on
various aspects of how the association of uncharged
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polymers in dilute aqueous solution occurs [17-19]. To
develop a systematic understanding of polymer-surfactant
interactions from any of the above perspective, it is nec-
essary to consider structural models of polymer-surfactant
aggregates that may form in aqueous solutions.

Anionic surfactants have been shown in a number of
studies to interact with neutral polymers to a greater extent
than cationic surfactants. Anionic surfactants interact with
both hydrophilic as well as hydrophobic polymers [20-23].
In many cases only a weak interaction (if any) is observed
between cationic surfactants and hydrophilic polymers. The
reason for this difference is not well understood; however,
some authors have shown that the nature of both the head-
group of the surfactant as well as the counterion may play an
important role in determining whether or not a cationic
surfactant will interact with a specific neutral polymer [24].
White et al. [25]. explained that weak interaction with
cationic might be due to (1) the bulkiness of the cationic head
group; (2) the electrostatic repulsion between polymer and
surfactant due to the possible positive charge of polymer
upon protonation; (3) the hydration shell of the polymer
which favors interaction with anionic surfactant. However,
an increase in hydrophobicity of a polymer can promote
interaction with cationic surfactants [26].

In the present study, polymer-surfactant solution behavior
was studied to investigate whether any interaction occurs in
aqueous solution between the cationic gemini surfactants
bis(hexadecyldimethylammonium)alkane dibromide (16—s—
16, s = 5, 6) with neutral polymers polyethylene glycol
(PEG) having two different molecular weights by electrical
conductivity, fluorescence, viscosity and TEM studies. In
addition, we also compared these parameters with those of a
monomeric surfactant, cetyltrimethylammonium bromide
(CTAB). This systematic study was carried out in order to
gain a better understanding of how the cationic gemini sur-
factant/conventional surfactant interacts with neutral poly-
mers. We have attempted to develop an empirical expression
for the dependence of (1) CMC on polymer concentration,
Cp, and temperature, T, and (2) the solution viscosity in terms
of surfactant solution concentration.

Experimental Section
Materials

Polyethylene glycols, PEG (PEG 3000, mol wt
~?2700-3300, Fluka, Germany and PEG 35000, mol wt
35000, Fluka, Germany) and CTAB (>99.0%, Merck,
Germany) were used without further purification. Gemini
surfactants  o,m-bis(hexadecylammonium)alkane dibro-
mides (16—s—16, s = 5, 6) were synthesized and purified as
described elsewhere [27]. Their '"H-NMR spectra and C, H,
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N analysis data are given in Fig. S1 and S2 (SI) and are
consistent with their assigned structures [28]. For synthesis,
the materials used were: 1, 5-dibromopentane (>99%,
Himedia, India), 1,6-dibromohexane (>98%, Fluka,
Switzerland), N,N-dimethylhexadecylamine (>95%, Fluka,
Switzerland) and dry ethanol (99.9%, Changshu Yangyuan,
China) [29]. The molecular structures of CTAB, gemini
surfactants and polymer are shown in Fig. 1.

Conductivity Measurements

Conductivity of solutions was measured by a digital con-
ductivity meter as per details given elsewhere [29]. The
temperature within uncertainties of £0.1 K was maintained
in a bath, 25 ml of the polymer solution consisting of an
appropriate amount of PEG in water was taken in the
conductivity cell at the desired temperature. Then a known
amount of stock solution of surfactants made with the same
polymer solution was added. In this way, the precise con-
ductance of PEG + surfactant mixture over the complete
mole fraction range (0.05-1.0 wt%) in aqueous PEG
[30, 31] was determined.

The plots of specific conductance (k) versus [surfactant]
were used to calculate the CAC and CMC of surfactants as
explained earlier [14].

Fluorescence Measurements

Fluorescence measurements were taken on a Hitachi
F-2500 Fluorescence spectrophotometer with excitation
and emission slit width of 2.5 nm and scan speed 60 nm/
min as per details given elsewhere [29]. The micellar
aggregation numbers (N) of polymer and surfactant solu-
tions were determined using steady-state fluorescence
measurements [32].
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Fig. 1 Molecular structures of CTAB, 16-s—16 (s = 5, 6) and PEG



J Surfact Deterg (2017) 20:631-645

A steady-state fluorescence quenching method had been
used for estimating aggregation number (N) of various
amphiphiles in different mixed media. By using the fluo-
rescence quenching method at different weight percentages
of PEG + surfactant mixtures, the aggregation number (N)
was calculated using the following Eq.

In(l/1) = N[Q]/ ([S] - CMC), (1)

where [Q] = quencher concentration, [S] = total surfac-
tant concentration, [[y] = fluorescence intensity in the
absence of quencher, and [/] = fluorescence intensity in
presence of quencher. The total surfactant concentration for
CTAB + PEG was 4.0 mmol/dm® and total concentration
for gemini surfactant + PEG was 2.0 mmol/dm’. Equa-
tion (1) predicts a linear plot of In(/y/I) versus [Q] with a
slope equal to N/{[S] — CMC}.

Viscosity Measurements

An Ubbelohde suspended level capillary viscometer was
used to measure the viscosity—it was placed vertically in a
thermostat with a temperature stability of £0.1 K in the
investigated region. The relative viscosity was calculated
from the equation described elsewhere [14, 33, 34].

TEM Measurements

The samples were imaged under Jan EM-2100 electron
microscope, Japan, in USIF, AMU, Aligarh. The JEM-
2100 ultra high resolution analytical electron microscope is
an advanced version of JEM-2010 with an accelerating
voltage of 200 kV, having a maximum capability of ultra
high resolution, high image quality, and stability of
performance.

Results and Discussion
Conductivity Results

The specific conductivity (x) profiles as a function of
surfactant concentration are presented in Figs. 2 and 3. The
intersection point of the two straight lines represents the
usual CMC of surfactants and the corresponding values at
four different temperatures for CTAB, 16-6—-16 and 16-5—
16 are presented in Table 1, which are in agreement with
values reported in the literature [30]. In these Figs., some
plots show two breaks in the presence of PEG in com-
parison to a single break observed in the absence of
polymer. The two breaks in the presence of polymer are
ascribed to the occurrence of two kinds of aggregation
phenomena. The first break is called CAC where the
interaction of polymer chain with surfactant starts. The
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Fig. 2 Plots of specific conductivity (x) versus [surfactant] at
298.15 K for a CTAB, b 16-6-16, and ¢ 16-5-16, containing
different wt% PEG 3000. The scale shown is for plot denoted as
(filled squares). The other plots have been shifted upward by 0.5
(CTAB) or 0.005 (16—s—16) scale unit, respectively
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second break point is called as CMC, where the polymer
chain with surfactant and/or micelle-like aggregates gets
saturated, followed by formation of normal micelles on
adding a greater amount of surfactant. Figures 2 and 3
show the effect of increasing concentration of PEG (PEG
3000 and PEG 35000) from 0.05 to 1.0 wt% on specific
conductivity profiles of CTAB and gemini surfactants at
298.15 K. Similar plots were observed at other tempera-
tures, i.e., at 303.15, 308.15 and 313.15 K, respectively.

For lower concentrations of PEG 3000 (0.05, 0.1 and
0.2 wt%), a single break is observed at all temperatures
under consideration and the trend of variation of electrical
conductivity with the (CTAB) is similar to that in the
absence of polymer. The CMC value slightly increases
with polymer concentration (Table 1); Hence, no interac-
tion takes place at lower PEG concentrations (<0.2 wt%).
However, in the presence of higher concentrations of PEG
3000 (0.5 and 1.0 wt%) with CTAB, two break points in
the conductivity curves appear, being represented as CAC
and CMC, hence showing interaction with CTAB only at
concentrations above 0.2 wt% PEG 3000. However, in case
of gemini surfactants (16—s—16, s = 5, 6), two break points
in the conductivity curves appear at all concentrations of
PEG 3000 (Figs. 2, 3b, c). These break points can be
attributed to the occurrence of two kinds of aggregation
processes in the presence of PEG 3000 and gemini sur-
factants. For PEG 35000 and CTAB/geminis (16—s—16,
s =5, 6), the conductivity curves are again represented by
three linear relations with two breakpoints (Fig. 3). The
second breakpoint, attributed to the polymer bound
micelles, is about 2—3 times higher than the first one. The
CAC and CMC values obtained from these breakpoints are
listed in Table 2. Hence we can say that gemini surfactants
interact strongly as compared to the conventional coun-
terpart as explained earlier [35].

The above facts indicate that the amount of polymer and
polymer hydrophobicity play important roles in the interac-
tion between CTAB and PEG [22]. Gemini surfactants, on the
other hand, due to two polar head groups and two alkyl chains,
can interact even with lower concentrations of low molecular
weight PEG 3000, showing better properties of these surfac-
tants as compared to their monomeric counterpart.

From Tables 1 and 2 it can be seen that both CAC and
CMC values increase with an increase in the amount of
PEG as explained earlier [11, 19]. The CMC values for all
surfactants with both PEG 3000 and PEG 35000 increased
as the concentration of PEG increases and are shown in
Figs. 4 and 5 respectively. Both CAC and CMC values
increase with temperature for all concentrations of poly-
mers as per details given in Tables 1 and 2, respectively.
Obviously, the process of aggregation/micellization is less
favored at higher temperatures.
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For both PEG 3000 and 35000 the dependency of CMC
on polymer concentration, Cp, and on temperature, 7, was
obtained by regression using a power law model

CMC = k[Cp]"'[T]™. (2)

The values of constant k and indices n; and n, are given
Table 3. For all the systems, the maximum value for the
mean absolute deviation (MAD) was found to be less than
8.2 and 3.4%, respectively, for PEG 3000 and PEG 35000.

The degree of ionization (g) of the micelle can be calcu-
lated using Fig. 3. In a simple approach (g) is taken as the
ratio of the slopes of the conductivity curve below slope 1
and above slope 2 the critical micelle concentration [1]. The
degree of ionization of the surfactant-PEG complex (g)
calculated from slopes, is lower than the degree of ionization
for ordinary micelles in polymer containing solutions (g,),
indicating less ionized micelles at the CAC than at the CMC.

This can be explained on the basis of the reduced interfacial
polarity values obtained in the presence of PEG and due to
the structure transitions [39]. The g values thus obtained in
presence of PEG 35000 at 298.15 K for CTAB, 16-6-16 and
16-5-16 are shown in Fig. 6. A nonlinear variation was
observed in g values due to micelle-polymer interactions in
this concentration range of the mixture. Similar trend was
observed for PEG 3000. It can be concluded that PEG may
bind Na™ as observed earlier [36]. This interaction limits the
mobility of Na™ and lead to a reduction in g values at higher
polymer concentration.

The larger values of g; and g, for the complex micelle
indicates enhanced degree of ionic dissociation due to
polymer-surfactant interaction [37]. The values of free
energies of aggregation, AG,g,, and micellization, AGy;c,
were calculated as describe elsewhere [14, 38, 39]. The
negative values of AG,, as shown in Tables 1 and 2,

Table 1 CAC and CMC values for CTAB, 16-6—16 and 16-5-16 in solutions containing different weight percentages of PEG 3000 (determined

from conductivity measurements)

PEG 3000 (wt%) Temperature CTAB 16-6-16 16-5-16
&) CAC CMC CAC CMC CAC CMC
(mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?)
0.00 298.15 - 0.956 - 0.042 - 0.032
(0.990)* (0.041)* (0.031)
303.15 - 1.040 - 0.048 - 0.036
308.15 - 1.123 - 0.052 - 0.042
313.15 - 1.240 - 0.058 - 0.045
0.05 298.15 - 0.993 0.029 0.070 0.029 0.066
303.15 - 1.008 0.031 0.072 0.029 0.066
308.15 - 1.131 0.031 0.076 0.031 0.071
313.15 - 1.158 0.033 0.077 0.031 0.074
0.10 298.15 - 1.008 0.031 0.072 0.029 0.067
303.15 - 1.008 0.031 0.073 0.029 0.068
308.15 - 1.131 0.033 0.078 0.031 0.073
313.15 - 1.158 0.036 0.082 0.031 0.077
0.20 298.15 - 1.059 0.035 0.078 0.029 0.069
303.15 - 1.026 0.035 0.078 0.031 0.073
308.15 - 1.145 0.036 0.082 0.032 0.076
313.15 0.860 1.652 0.039 0.091 0.032 0.080
0.50 298.15 0.809 1.604 0.035 0.078 0.031 0.073
303.15 0.843 1.641 0.036 0.079 0.031 0.076
308.15 0.843 1.669 0.038 0.087 0.032 0.0789
cont...
313.15 0.860 1.718 0.040 0.092 0.035 0.083
1.00 298.15 0.884 1.703 0.040 0.085 0.031 0.073
303.15 0.898 1.736 0.042 0.086 0.032 0.078
308.15 0.909 1.752 0.043 0.097 0.035 0.083
313.15 0.926 1.968 0.049 0.106 0.035 0.086

* [46]
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Table 2 CAC and CMC values for CTAB, 16-6-16 and 16-5-16 in solutions containing different weight percentages of PEG 35000 (deter-

mined from conductivity measurements)

PEG 35000 (wt%) Temperature CTAB 16-6-16 16-5-16
&) CAC CMC CAC CMC CAC CMC
(mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?) (mmol/dm?)
0.00 298.15 - 0.956 - 0.043 - 0.032
(0.990)* (0.041)* (0.031)*
303.15 - 1.040 - 0.048 - 0.036
308.15 - 1.123 - 0.052 - 0.042
313.15 - 1.240 - 0.058 - 0.045
0.05 298.15 0.752 1.346 0.033 0.074 0.018 0.065
303.15 0.801 1.362 0.036 0.075 0.021 0.068
308.15 0.817 1.412 0.042 0.080 0.022 0.068
313.15 0.833 1.429 0.042 0.081 0.023 0.072
0.10 298.15 0.817 1.346 0.035 0.075 0.025 0.069
303.15 0.817 1.380 0.037 0.082 0.026 0.069
308.15 0.833 1.412 0.037 0.083 0.026 0.069
313.15 0.833 1.446 0.040 0.085 0.031 0.079
0.20 298.15 0.801 1.412 0.036 0.086 0.028 0.068
303.15 0.817 1.446 0.038 0.088 0.030 0.069
308.15 0.833 1.461 0.038 0.091 0.031 0.075
313.15 0.901 1.479 0.039 0.091 0.032 0.078
0.50 298.15 0.801 1.412 0.041 0.100 0.029 0.072
303.15 0.833 1.446 0.040 0.113 0.029 0.074
308.15 0.833 1.495 0.041 0.114 0.033 0.077
313.15 0.883 1.511 0.042 0.117 0.034 0.081
1.00 298.15 0.846 1.486 0.040 0.118 0.032 0.080
303.15 0.846 1.486 0.041 0.126 0.033 0.084
308.15 0.915 1.568 0.043 0.127 0.033 0.086
313.15 0.915 1.624 0.047 0.130 0.034 0.089

* [46]

confirm the feasibility of interaction between the surfac-
tants and polymers. Again, the values are larger in case of
gemini surfactants, which confirms that the gemini sur-
factants show better properties as compared to their
monomeric counterpart.

Fluorescence Results

Figures 7 and 8 show the changes of N and I/l for the
PEG 3000 and PEG 35000 with different surfactants sys-
tems. We can observe that there is no significant change in
aggregation number (N) for all the three surfactants with
addition of PEG as compared to corresponding free
micelles, suggesting that the atmosphere surrounding the
polyion bound micelles, with respect to the influence on the
forces acting at the micelle surface, is equivalent to the
counterion/water atmosphere surrounding free micelles, as
explained earlier also [40].
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The above results can further be explained on the basis
of quenching. The strength of the hydrophobic environ-
ment can be evaluated by determining the first order
quenching rate constant, the so-called Stern—Volmer
binding constant, Kgv using the relation

Iy/I =1+ Ksv [Q]. (3)

Kgvy is the product of the rate of the quenching process
and lifetime of the probe in the absence of bimolecular
quenching and gives an idea about bimolecular quenching
and unimolecular decay [41, 42]. The ratio of intensity of
first and third vibronic peaks, i.e., I;/I3, of pyrene fluores-
cence emission spectrum in the presence of surfactant is
considered to be the index of micropolarity of the system.
A value less than 1 generally indicates that pyrene is in
nonpolar environment while values greater than 1 mean
pyrene having polar surrounding [40, 43]. Characteristic
values of I;/I; of pyrene in some solvents are: 0.6 in
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Fig. 4 Variation of CMC of surfactants with polymer concentration (C,,) and temperature (7) for PEG 3000. The lines are to guide the eye

cyclohexane; 1.04 in toluene; 1.23 in ethanol; 1.33 in
methanol and 1.84 in water [44, 45]. The average values of
I1/1; ratio at different quencher concentration are given in
Tables 4 and 5. The values of I;/I5 for all the systems are
close to that of I,/Is value for water which result in an
increase in polarity of the system [43]. The apparent
dielectric constant (D) values for both PEG 3000 and PEG
35000 can be estimated by Eq. 4 and are presented in

Tables 4 and 5.
I,/I; = 1.00461 + 0.01253D. (4)

We can see that there is no definite trend in D values,
they lie in between 60-86 for PEG 3000 and 43-72 for

PEG 35000. These values are close to the D value for water
[40].

Viscosity Results

Figure 9 shows the variation of polymer viscosity with
polymer concentration. We can observe that the viscosity
of the PEG solution increases with polymer concentration
as well as molecular weight of polymer due to the addi-
tional amount of polymer chains available for hydrolysis.
Higher viscosity is obtained in the case of PEG 35000 due
to more resistance to flow as a result of entanglement
among polymer chains.
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Table 3 The parameters of
Eq. (2) for the studied polymer-
surfactant pairs
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Systems k n ny MAD" (%)
PEG 3000 + CTAB 3.120 x 10710 0.195 3.920 8.160
PEG 3000 + 16-6-16 6.930 x 10710 0.074 3.267 2610
PEG 3000 + 16-5-16 4.630 x 107° 0.048 2912 1.040
PEG 35000 + CTAB 4510 x 107 0.034 1.420 1.190
PEG 35000 + 16-6-16 6.730 x 1077 0.168 2.117 3.370
PEG 35000 + 16-5-16 1.030 x 1077 0.064 2374 2.640

* MAD = 1/N X ABS{(VIr,experimental - nr,predicled)/nr,experimental} X 100
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0.80 ° Fig. 7 a Plots of N versus [PEG 3000] for different surfactants at
075 298.15 K. The lines are to guide the eye. b Plots of I,/1; versus (PEG
7 3000) for different surfactants at 298.15 K. The lines are to guide the
© 0.70 4 eye
0.65
0,60 4 —&—g1 Figures 10 and 11 show the comparative plot of solution
: u —— . oy .
055 u 92 viscosities for all the surfactants and for all concentrations
= of PEG 3000 and PEG 35000 along with solution vis-
050 ~ " cosities of pure surfactants in water. The relative viscosity
00 02 W 06 08 10 increases with polymer concentration. For PEG

[PEG 35000], wt %

Fig. 6 Representative plots of the change of degree of ionization, g,
with PEG 35000 concentration in aqueous solution at 298.15 K

3000 + CTAB system, there is a slight increase in relative
viscosity. The relative viscosities of CTAB solutions in
pure water and in 1.0 wt% PEG 3000 at 50 mmol/dm?> are
1.143 and 1.36. This is due to the very weak interaction
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(a) 75 Table 4 Average aggregation number (N), Stern—Volmer constant
(Ksy), micropolarity (I1/I5) and apparent dielectric constant (D) for
different weight percentage PEG 3000/surfactant mixed systems at
70 4 303.15 K, evaluated on the basis of steady state fluorescence
" quenching measurements
65 PEG 3000 N K /10° L/ D
(Wt%) (dm>®/mol)
60 System: PEG 3000 + CTAB
0.00 67 0.29 1.53 38.6
Z 554 .
(70 &+ 8)*
—a— CTAB
5. e 16616 0.05 69.0 0.34 1.76 60.6
—A— 16-5-16 0.10 71.8 0.36 1.70 55.9
45 0.20 71.9 0.38 1.92 73.3
® ® 0.50 70.4 0.37 2.03 81.8
204 1.00 69.5 0.38 2.07 85.1
A System: PEG 3000 + 16—6-16
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.00 39 0.54 1.42 38.9
[PEG 35000], wt % (28)°
b 0.05 34.6 0.21 1.73 58.3
( )1_90_ 4 0.10 38.2 0.23 1.75 59.7
: 0.20 34.7 0.21 1.91 72.5
185 1 0.50 35.0 0.21 1.94 74.9
180 4 1.00 31.5 0.19 2.08 86.1
System: PEG 3000 + 16-5-16
178 7 0.00 41 0.25 1.48 36.9
=" 170 @7y
- 0.05 41.2 0.25 1.81 64.3
1659 0.10 374 0.22 1.82 64.9
160 4 0.20 31.3 0.18 1.85 67.8
—m— CTAB 0.50 34.1 0.21 2.00 79.9
1957 —®—16-6-16 1.00 316 0.19 2.03 81.9
—A— 16-5-16
1.50 T T T T 41471
0.0 0.2 0.4 0.6 0.8 1.0 b 140
[PEG 35000], wt % . [40]
48]

Fig. 8 a Plots of N versus [PEG 35000] for different surfactants at
298.15 K. The lines are to guide the eye. b Plots of I,/1; versus (PEG
35000) for different surfactants at 298.15 K. The lines are to guide the
eye

between the macromolecule and micelles, as was evident
by conductivity data. The PEG 3000/16-6—16/water sys-
tems show significant viscosity increment only at high
concentration of surfactant (>80 mmol/dm3); the relative
viscosity of 16-6-16 solution in pure water and in 1.0 wt%
PEG 3000 at 100 mmol/dm? of 16-6-16 are 7.10 and 11.32
showing interaction between PEG 3000 and 16-6-16.
While PEG 3000 + 16-5-16 system show decrease in
relative viscosity at all concentrations of polymer and
surfactant in comparison to pure 16-5-16 viscosity in
water. The decrease in relative viscosity in the presence of
polymers can be explained in terms of a mixed micelle

&\ Springer ANOCS &

formation between the surfactant and the amphiphilic
polymer. In order to have cross-linking and thus viscosity
effect, there must be a sufficiently high number of polymer
hydrophobes per micelle. Due to loss in cross-linking
effects the viscosity decreases. Also, relative viscosity
slightly increases with increase in PEG 3000 concentration
for all the surfactants.

In case of PEG 35000 (Fig. 11), the viscosity increment
is quite significant, and sufficiently high viscosities were
observed, especially for gemini surfactants. For CTAB, the
increase in relative viscosity is around two fold in the
presence of higher concentrations, i.e., 1.0 wt% PEG 35000
as compared to pure CTAB in water. The viscosities of the
mixtures (100 mmol/dm®> 16-6-16 + 1.0 wt% PEG
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Table 5 Average aggregation number (N), Stern—Volmer constant 1.7
(Ksy), micropolarity (I;/15) and apparent dielectric constant (D) for
different weight percentage PEG 35000/surfactant mixed systems at 1.6
303.15 K, evaluated on the basis of steady state fluorescence
quenching measurements 1.5
PEG 35000 N K /107 LI, D
(Wt%) (dm3/mol) 147
System: PEG 35000 + CTAB _ 134 <
0.00 67 0.29 1.53 386
(70 + 8)* 27
0.05 72.7 0.35 1.54 429 114
0.10 69.3 0.33 1.69 54.8
0.20 70.5 0.34 1.72 57.2 1.0
—m— PEG 3000
0.50 71.0 0.34 1.74 58.5 0 —e— PEG 35000
. T T T T T T T T T T
1.00 71.4 0.36 1.84 66.6 0.0 0.2 0.4 0.6 0.8 10
System: PEG 35000 + 16-6-16 [PEG], wt %
0.00 39 0.53,934 1.42 389
(28)° Fig. 9 Relative viscosity of different wt% PEG solutions (PEG 3000
0.05 407 0.25 1.84 66.5 and PEG 35000) in water at 298.15 K. The lines are to guide the eye
0.10 43.8 0.28 1.89 70.7
0.20 439 0.28 1.89 70.9
0.50 442 0.28 1.90 71.7
12+ —=— 0.1wt % + CTAB
1.00 41.3 0.26 1.91 72.4 i ®— 0.5wt%+CTABR
System: PEG 35000 + 16-5-16 —A— 1.0 wt % + CTAB
0.00 41 0.25 1.48 36.9 10 + —v—0.1wt% + 16-6-16
27)° —&— 0.5wt % + 16-6-16
) 91 —4— 1.0wWt% + 16-6-16
0.05 40.2 0.25 1.87 68.8 8 4 —O0— 0.1 wt % + 16-5-16
0.10 414 0.25 1.86 68.5 . —O— 0.5wt % + 16-5-16
0.20 423 0.26 1.92 72.9 7 A(“; :3-%;”; +/V’\'I 1t6‘5'16
1 O ater
0.50 42.1 0.26 1.89 71.2 = 6 4 ‘f % 16-6-16 + Water
1.00 39.5 0.24 1.89 71.4 5 --+-- 16-5-16 + Water
*[47]
® [40]
48]

35000 + water) were around 3.5 times larger than those in
water alone. Also, 16-5-16 gives a slight viscosity incre-
ment with PEG 35000 at all concentrations of polymer.

Addition of surfactants to polymer solution results in an
increase in relative viscosity and this increase in relative
viscosity is more with the addition of gemini surfactants as
compared to conventional surfactant CTAB as shown
clearly in Figs. 10 and 11, respectively as explained earlier
[14, 41]. n, values at 1.0 wt% PEG 35000 at 50 mmol/dm?
of surfactant are 1.82, 2.15 and 3.12 for CTAB, 16-6-16
and 16-5-16, respectively, higher viscosities observed for
16-5-16 for the same (surfactant) show the ability of
gemini surfactant of shorter spacer to give rise to rod-
shaped micelles at fairly low surfactant concentration [43].

An empirical correlation between surfactant concentra-
tion (c) and relative viscosity (1) was developed in the
following form:

0 50 100 150 200 250 300
[surfactant], mmol/dm’

Fig. 10 Plots of relative viscosity (1) versus [surfactant] in water
and in different weight percent PEG 3000 at 298.15 K. The lines are
to guide the eye

N, = ko+ ki -exp(c/ky), (5)

where the values of ko, k; and k, are given in Table 6.
The values of relative viscosity are plotted in Fig. 12 and
we can see that more than 95% of the data points lie close
to the diagonal line. The maximum value for the mean
absolute deviation (MAD) was found to be less than
12.1%.
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25+

204

—&— 1.0 wt % + CTAB
—o— 0.5wt % + CTAB
—4&— 0.1 wt % + CTAB
—v— 1.0 wt % + 16-6-16
—4— 0.5wt % + 16-6-16
—»— 0.1 wt % + 16-6-16
—— 1.0 wt % + 16-6-16
—o— 0.5 wt % + 16-6-16
—&— 0.1 wt % + 16-6-16
- CTAB + Water
--@- 16-6-16 + Water
16-5-16 + Water

150 200 250

[surfactant, mmol/dm®

Fig. 11 Plots of relative viscosity (#,) versus [surfactant] in water
and in different weight percent PEG 35000 at 298.15 K. The lines are

to guide the eye

TEM Study

Figure 13 shows typical TEM micrograph images of PEG
3000-CTAB, PEG 35000-CTAB, PEG 3000-16-6-16,
PEG 35000-16-6-16, PEG 3000-16-5-16 and PEG
35000-16-5-16 system. Figure 13a shows the surface
morphology for PEG 3000-CTAB system, here the surface
is somewhat smooth and due to lower molecular weight of
polymer very weak/no interaction is seen, while in

Table 6 Equations describing
relationship between
concentration of surfactant and
relative viscosity
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12
114 PEG 3000
10
9
8
o 74 = 0.1wt%+CTAB
£ > e 0.5wt %+CTAB
3 64 A 1.0wt%+CTAB
2 g | v 0.1 wt%+16-6-16
= 4 < 0.5wt %+16-6-16
b > 1.0 wt %+16-6-16
3 ¢ 0.1 wt%+16-5-16
2] e 0.5wt%+16-5-16
e 1.0 wt %+16-5-16
14 * diagonal line
O T T T T T T T T T T T l
01 2 3 4 5 6 7 8 9 10 11 12
r.experimental
26
24 1 PEG 35000 >
22
20
18 -
L 164 m 0.1 wt%+CTAB
£ 144 e 0.5wt%+CTAB
3 45 < A 1.0wt%+CTAB
2 v 0.1wt%+16-6-16
=10 < 0.5t %+16-6-16
8 > > 1.0 wt %+16-6-16
6 & 0.1wt%+16-5-16
> ® 0.5wt%+16-5-16
4 < e 1.0wt%+16-5-16
2 4 * diagonal line
0 . . . . —
0 5 10 15 20 25

r.experimental

Flg' 12 Plot of nr,predicted versus rlr,experimental

System Equation, n, = ko + ki-exp (c/ks) MAD (%)
ko ky ky
0.1 wt% PEG 3000 + CTAB 0.250 0.825 356.370 1.55
0.1 wt% PEG 3000 + 16-6-16 1.144 0.006 15.557 3.56
0.1 wt% PEG 3000 + 16-5-16 1.032 0.024 12.104 297
0.5 wt% PEG 3000 + CTAB 0.601 0.550 249.938 2.40
0.5 wt% PEG 3000 + 16-6-16 1.179 0.004 14.171 3.59
0.5 wt% PEG 3000 + 16-5-16 0.468 0.575 52.484 3.17
1.0 wt% PEG 3000 + CTAB 0.708 0.491 233.750 2.64
1.0 wt% PEG 3000 + 16-6-16 1.082 0.017 15.595 5.52
1.0 wt% PEG 3000 + 16-5-16 1.052 0.084 17.199 0.70
0.1 wt% PEG 35000 + CTAB 0.006 1.083 420.900 1.23
0.1 wt% PEG 35000 + 16-6-16 1.150 0.005 13.600 5.28
0.1 wt% PEG 35000 + 16-5-16 1.069 0.043 15.211 2.99
0.5 wt% PEG 35000 + CTAB 0.472 0.837 328.100 1.83
0.5 wt% PEG 35000 + 16-6-16 1.355 0.008 13.8100 5.32
0.5 wt% PEG 35000 + 16-5-16 1.3062 0.0326 13.3692 1.67
1.0 wt% PEG 35000 + CTAB 1.0740 0.608 244.20 2.56
1.0 wt% PEG 35000 + 16-6-16 1.4200 0.0700 17.400 12.07
1.0 wt% PEG 35000 + 16-5-16 1.6900 0.0400 14.4000 2.25
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Fig. 13 TEM Images of a PEG 3000-CTAB, bPEG 35000-CTAB, ¢ PEG 3000-16-6-16, d PEG 35000-16-6-16, e PEG 3000-16-5-16 and
f PEG 35000-16-5-16 system
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Fig. 13b, we can easily see lumps or aggregates showing
interaction between PEG 35000-CTAB system and support
conductivity and viscosity data. From Fig. 13c, d, we can
clearly see that in PEG-16-6-16 system the surfactant was
homogeneously dispersed into the polymer and cross-
linking takes place in case of higher molecular weight
polymer. Similar trend is observed in case of PEG-16-5-16
system.

Conclusions

A conductometric, fluorescence and viscometric study of
interaction between two molecular weights of PEG (PEG
3000 and PEG 35000) and gemini surfactants (16—s—16,
s = 5, 6) and their conventional counterpart (CTAB) was
carried out. The results show that there is no PEG
3000/CTAB complex formation at lower concentrations of
PEG 3000, while for PEG 35000 interaction with CTAB
occurs. But both PEG 3000 and PEG 35000 interact with the
cationic gemini surfactants, indicating the role of polymer
hydrophobicity. Also, gemini surfactants interact strongly
with both PEGs as compared to conventional counterpart.
Steady state fluorescence reveals that the addition of PEG
results in a no significant change in the aggregation number
for all surfactants in the aggregates present in all the systems.
The viscosity results show that the interactions between the
surfactant and the polymer affect both inter polymer—poly-
mer association as well as chain expansion. From the TEM
micrographs, we can concludes that in PEG—gemini system
the surfactant was homogeneously dispersed into the poly-
mer and cross-linking takes place in case of higher molecular
weight polymer.
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