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ESR Studies on the Micellization Behaviors of a Series of Novel

Asymmetric Gemini Surfactants
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The synthesis of a new series of asymmetric cationic gemini sur-
factant and the investigation of their micellization behaviors by
electronic spin resonance (ESR) as well as the surface tension
measurements were reported. 4-Oxo-2,2,6, 6-tetramethylpipe-
ridine- N-oxyl (4-oxo-TEMPO) is used as the spin probe. The
surfactants studied have the general formula [ C,H,,,, N*
(CH3)2C6H12N+ (CHs)ZCmH2m+1]Br2_ , referred to as dimer-
ic n-6-m surfactants, in which » and m are the numbers of
carbon atoms in the asymmetric side alkyl chains. From the ex-
perimental data, rotational correlation time 7., surface tension
and critical micelle concentration (cmc) values, the physical
properties of these new surfactants have preliminarily been e-
valuated. It is shown that this new series of asymmetric gemini
surfactants has interesting micellization behaviors, and they are
very different in aggregating tendency from their asymmetric
analogues.
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Introduction

In recent years, bis(quaternary ammonium) surfac-
tants or gemini surfactants, in which two cationic surfac-
tant moieties are connected with the ammonium head
group by a ploymethylene chain, namely, a spacer have
become of interest due to their exceptional surface activity
and remarkably promising utility in skin care, construc-
tion of high-porosity materials, analytical separations,
solubilization processes, etc.. Hence, the studies for this
type of gemini surfactants on the aggregating behavior in
aqueous solution, microstructure of the aggregates and be-
havior at the air-water interface, have been taken out ex-
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tensively. 1 Especially, some new classes of amphiphilic
gemini surfactants as vehicles for gene delivery have been
reported’ and the possibility as a ideal vector of DNA has
been explored.

However, most of the studies for this kind of cationic
gemini compounds focus on the surfactants with symmetri-
cal structures which are referred to as m-s-m, in which
m and s denote the number of the carbon atoms in the
symmetrical alkyl chains and the spacer alkyl chain, re-
spectively. The general chemical formulas of symmetrical
and unsymmetrical gemini surfactant were investigated in
this work (Fig. 1). Studies on the preparation and prop-
erties of quaternary ammonium gemini surfactants with un-
symmetrical hydrocarbon substitution have also been re-
ported, but are uncommon. Oda and co-workers®® have
reported the synthesis of a series of unsymmetrical surfac-
tants and the effect of the dissymmetric extent of the sur-
factant molecules on their self-assembled behaviors in
aqueous solutions. Their synthesis proceeded with N, N,
N’ , N'-tetramethylethylenediamine and proper alkyl bro-
mides as starting reactants. Thus the spacer alkyl chain of
the prepared gemini surfactants was of two carbon atoms.

CnH2n+1 CmHZmH CmHZm+1 CmHZm+l
CHiz, SCH, CH,y, CH;
CH,—N*C;Hy;—N—CH, CH,—NC,H,, —N*~CH,
CH3/ Br Br¥cy, CH3/ Br Br'\CH3

() . (b)

Fig. 1 General chemical formulas of symmetric and asymmetric
gemini surfactants; (a) C,,-Cg-C,, (b) Cn-Gs-C,,.
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A new series of dissymmetric gemini compounds with
spacer length longer than two carbon atoms has been syn-
thesized using much different synthetic methods. The

physical properties of the newly prepared surfactants were

preliminarily evaluated by ESR and surface tension mea-

surements .

Experiment
Maierials

All reagents used were purchased from Aldrich with
the exception of some amines (dimethylamine, N, N-
dimethylhexylamine, N, N-dimethyloctylamine and dime-
thyldecylamine were from Fluka Ltd.) and the spin
probe, 4-oxo-TEMPO (4-0x0-2,2,6, 6-tetramethylpiperi-
dine- N-oxyl) were purchased from Sigma. All the sol-
vents were of commercially available reagents. UHQ water
was used for all experiments.

Synthesis of asymmetric gemini surfactants

The asymmetric gemini surfactants, Cig-Ce-Cs, Cie-
Cs-Cs and Cy4-Cg-Cyg were prepared in two-step shown as

the following schemes:

C..Hy,, ,N(CHy), + BrC¢Hp,Br —>
[C.Hypm 1N(CH3)2C6H12BI:| *Br-
CoHap + 1IN(CHy); + [CpHypn 4 1N(CH3),CeHppBr ] * Br™
—>C,-C6-Cr,

Acetone was an optimal medium for the quaterniza-
tion reactions and the dialkylated product precipitated
from solution, while the monoalkylated compounds and
the reactants remained insolution. Furthermore, it was
impossible for the possible side product, the symmetric
dialkylated salts, to occur in the final product. Because
all starting materials used to synthesize the asymmetric
gemini surfactants were very easily dissolved in acetone at
room temperature, the repeated recrystalizations were e-
nough to guarantee the purity of the final products. It is
especially noticeable that trace remnants of dibromohexane
in the mono-ammonium salts could result in the significant
impurities in the final asymmetric gemini products. Ethyl
ether was used as the solvent to extract the dibromohexane
remnants from the mono-ammonium salt aqueous solution,

as mentioned above, and it was found that at least 7 times
of extracting were needed, for the most cases, to remove
the dibromohexane from the systems completely. The
structures of the synthesized compounds were confirmed
by the spectral and elemental analysis data. Proton NMR
spectra were obtained using a Bruker AC-200F NMR
spectrometer, and CDC; as the solvent. All the products
gave the very similar 'H NMR spectra and expected ele-
mental analysis results. Take example for the asymmetric
gemini surfactant of n =18, m =6, &: 0.7 (t, 6H),
0.95—1.40 (m, 40H), 1.45—1.65 (m, 8H),
2.83—3.00 (m, 12H), 3.03—3.20 (m, 8H), anal.
caled (found) %, C 60.12 (60.11), H 11.04 (10.90),
N 4.15 (4.12).

Methods

All surface tension measurements in this work were
carried out on the Kriiss K10T digital tensiometer, with a
Pt du Noliy ring attachment. The measurements were
made at 298 K.

The ESR spectra were recorded with a Bruker
Esp300E spectrometer operating at X-band with 100 KHz
magnetic field modulation at 1 K and 1.28 mW microwave
power at room temperature. The spin probe was kept at a
constant concentration of 5 X 107> mol/L in each mea-
surement. The labeled samples were stirred and shaken
for 12 h at (20 £2) °C. All spectra run using a glass
capillary. The values of the rotational correlation time 7.
can be determined from ESR spectra and calculated ac-
cording to the following equation'’ ;

7, = DAW(m
+ (I(m

D[(I(m = 0)/I(m = 1))
0)/I(m =-1))? 2]

where D=6.6x10"10s"'G~!, AW is the peak-to-val-
ley line width at the m =1 peak; I (m=1), I(m =0)
and I(m = —1) are the peak-to-valley heights at m.

Results and discussion

The critical micelle concentration (cmc) and the
surface tension at the cme (V.. ) were determined from
the break point of each surface tension vs. log(concentra-
tion) plots in Fig. 2 and were listed in table 1. It is
found that the cmc values are only slightly different with
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the change of asymmetric extent (n—m) for this series
of gemini surfactants and, interestingly, these cme values
are in the order of ; C12-C6-C12 > C14-C6-C10 > C16-C6-C8
> Cj3-Cs-Cg. For the above systems, the nearly linear
decrease of cmc (absolute value) upon the increasing
asymmetrical extent to O to 12 is surprisingly noted. It is
different to the empirical tendency in the conventional
single chain cationic surfactant analogues, where log
(eme) decrease linearly with the increase of carbon num-

ber of hydrophobic moiety.
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Fig. 2 Variation of surface tension with the concentration for C,-
C-Cr.

Table 1 Values of cme for C,-C¢-C,, series

Surfactant cme {(mmol/L)*  eme (mmol/L)?
Ci2-Cs-Cyp 1.12 1.06
Ci4-Cs-Cyg 0.9 0.93
Ci6-C-Cs 0.85 0.82
Cig-Cs-Cs 0.74 0.73

¢ represents the data from surface tension measurement.
¥ represents the data from ESR method.

The variations of ESR spectra of 4-oxo-TEMPO in
Cp-Cs-Cyp surfactant solution at several concentrations
were presented in Fig. 3. It shows that both the line
width ratio and the height ratio are related to the surfac-
tant concentrations. In low-viscosity medium, such as in
water and gemini surfactant solutions below cme, the ESR
spectra of the spin probe exhibit a narrow three-line pat-
tem. The width of high-field line gradually broadens with
the increase of the surfactant concentration above cmc,
which is attribute to the anisotropic microenvironment
where the spin probe stays.

3420 3440 3460 3480 3500 3520 3540

Magnetic field (G)
Fig. 3 Typical ESR spectra of 4-0xo-TEMPO in Cyy-Cs-Cy, surfac-
tant solution with different concentration (a) 0 mmol/L,

(b) 0.144 mmol/L, (c) 0.936 mmol/L, (d) 4.68
mmol/L.

The variation of the rotational correlation time 7, of
the spin probe with the surfactant concentrations is shown
in Fig. 4, in which the experimental result for the sym-
metric gemini surfactant Cj,-C4-Cy, is given for compari-
son. It is shown that the change of r, with concentration
shows a similar trend for all the surfactants. At the lower
concentration range, ., values increase gradually with the
increase of the surfactant concentration, and a sharp in-
crease occurs near the concentration where the micelles
begin to form. It is also noteworthy that these breaks are
not sufficiently clear-cut in comparison with some reported
single chain surfactants,'’ which may be attribute to the
fact that the attachment of the probe to the premicellar ag-
gregates makes the ESR signal more sensitive to the pre-
micellar aggregation. The effect of the premicellar aggre-
gation on 7, values may also be observed from the fact
that the values of cmc from ESR for the surfactants are
slightly lower than that obtained from surface tension da-
ta. From the figure it can been seen that the increase val-
ues of 7.(about from 20 to 50 ps) over the whole concen-
tration is less than the reported values of the correspond-
ing conventional single chain surfactant.!’ This result can
be explained that gemini surfactants aggregate less tightly
at all concentrations. The values of 7, are obviously dif-
ferent for different surfactant system over the whole con-
centration range, which is in the order of: Cj;-C¢-Cyy <
C14-Ce-Cip < Cy6-C¢-Cq < C13-C6-Cg. This order is consis-
tent with that of cme values obtained from Fig. 1 for the
four surfactants. These results indicate that the microvis-
cosity of the surfactants sensed by the probe for the differ-
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ent surfactants depends mainly on the asymmetrical extent
or the difference between the two asymmetrical alkyl chain
length (n—m ). With the increase of asymmetrical ex-
tent (n—m), from O to 12, the microviscosity increas-
es. From the packing consideration, this result indicates
that with the alkyl chain in the surfactants increase in
length, the surfactants aggregate more tightly. As shown
‘in table 1, with the increase of asymmetric extent the val-
ue of cme for the surfactants decreases, which is consis-
tent with the order of 7 values. It is to say that the more
the surfactants are asymmetric the lower cmc they have
and the surfactants aggregate more tightly. The above re-
sults show that the variation of the asymmetric extent of
gemini surfactants with the same length of total hydropho-
bic chain can affect the self-aggregation behavior of these
surfactants. Therefore it is appropriate to consider the
asymmetric extent of gemini surfactants as an important
factor for regulating the physical properties of these new
surfactants .
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Fig. 4 Variation of rotational correlation time of the probe in the
hydrophobic cores for the series of asymmetric gemini sur-
factants.

Conclusion

In summery, a series of new asymmetric gemini sur-
factants was synthesized. The preliminary evaluation for
their physical properties shows that this series of new di-
cationic compounds synthesized is a new kind of surfac-
tants with interesting aggregating properties. Both the sur-
face tension and ESR methods can be used to investigate
the micellization behaviors and obtain comparable results.
It may be concluded from ESR data that with the increase
of asymmetric of the surfactants, more compact structures
are formed in the micellization process.

References

1 Devinsky, F.; Lacko, I.; Bittererova, F.; Tomeckova, L.
J. Colloid Interface Sci. 1986, 114, 314.

2 Zanz, R.; Benrraou, M.; Rueff, R. Langmuir 1991, 7,
1072.

3  Alami, E.; Levy, H.; Zana, R.; Skoulios, A. Langmuir
1993, 9, 940.

4  Zana, R.; Talmon, Y. Nature 1993, 362, 228.

5 Danino, D.; Talmon, Y.; Zana, R. Langmuir 1995, 11,
1448.

6 Alami, E.; Beinert, G.; Marie, P.; Zana, R. Langmuir
1993, 9, 1465.

7  McGregor, C.; Perrin, C.; Monck, M.; Camilleri, P.;
Kitby, A. J. J. Am. Chem. Soc. 2001, 123, 6215.

8 Oda, R.; Huc, I.; Candau, S. Chem. Commun. 1997,
20, 2105.

9 Oda, R.; Huc, I.; Homo, J.-C.; Heinrich, B.; Schmutz
M.; Candau, S. Langmuir 1999, 15, 2384,

10 Wang, Y.-L.; Lu, D.-H.; Yan, H.-K. J. Phys. Chem.
B 1997, 101, 3953.

11 Jolicoeur, C.; Friedman, Harold L. J. Sol. Chem. 1978,
7, 813.

(E0107319 LU, Y. J.; LING, J.)



