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Abstract

A new cmc determination method based on a NIR spectroscopic technique has been developed. Comparing to other cmc de
methods, this NIR method is universal, sensitive, nonintrusive and nonadditive; namely, it can be used for the direct measureme
of normal micelles as well as reversed micelles, without adding any dye or fluorescent probe. cmc values of various surfactants
CTAB, SDS, Triton X-100, Brij-35, Brij-700, Tween-20, SB-12, SB3-10 determined by this method agree very well with those dete
by other methods. Additionally, the method can be used for the sensitive and direct determination of cmc values of various nonion
tants in room-temperature ionic liquids including [BMIm]+[PF6]− and [EMIm]+[Tf2N]−. The preliminary results presented here clea
demonstrate that it is possible to use the NIR technique not only to characterize aggregation of surfactants in RTILs but also to
kinetics and to identify products of reactions in RTILs as well as in microreactors provided by micelles in the RTILs.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

A variety of methods are currently available for the d
termination of critical micelle concentration (cmc) of surfa
tants[1–5]. These methods are based on monitoring chan
in properties of surfactant solutions such as surface
sion, ionic conductivity, absorption and fluorescence a
function of concentration[1–5]. While these methods hav
proven to be effective in the determination of cmc valu
they all suffer from some limitations including time co
suming, are relatively insensitive and require relatively la
amount of samples (surface tension and conductivity),
trusive (for methods based on absorption and fluoresc
as they require addition of either a color dye or a fluor
cence probe)[1–5]. A novel method that can sensitively an
directly monitor changes in spectroscopic properties of
factant solutions as a function of concentration is, theref
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desirable as it is nonintrusive and universal. Method ba
on the near-infrared spectroscopic technique has poten
to fulfill these requirements.

Near-infrared (NIR) spectrometry has been used ex
sively in recent years for chemical analysis and charac
ization [6]. The popularity stems from the advantages
the technique including its nonintrusive, nondestructive
wide applicability. Specifically, NIR region covers the ove
tone and combination transitions of the C–H, O–H, N
and C=O groups, and since all surfactants possess at
one or more of these groups, the technique can, therefor
used for the direct (i.e., nonintrusive and nonadditive) m
itoring of all surfactants[6]. Additionally, NIR absorption
is known to be sensitive to intermolecular structure and
teractions[6]. For example, we successfully used NIR te
nique to determine binding constants of inclusion comple
between various compounds with cyclodextrins in aque
solutions as well as in room-temperature ionic liquids[7–9].
Transformation of a surfactant solution from pre-micelles
post-micelles should lead to changes in NIR absorption.
technique can, therefore, be used to determine cmc valu
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surfactants in different media including D2O, organic sol-
vents, and the recently developed room-temperature i
liquids (RTILs) that are known as the Green solvents. T
feature makes the NIR method more desirable than con
tional absorption and fluorescence methods as these me
rely on the use of dyes that are not only intrusive but, in g
eral, are limited to a few solvents. Unfortunately, in sp
of its potentials, to date, cmc method based on NIR has
been developed.

The information presented is indeed provocative
clearly demonstrates that NIR technique can be used to
velop a universal and sensitive method for the direct dete
nation of cmc of surfactants. Such consideration promp
us to initiate this study which aims to develop the fi
NIR based cmc determination method. Performance of
method will be evaluated by comparing cmc values m
sured using this method with those reported in literat
Subsequently, the method will be used to determine cmc
ues of various surfactants in RTILs.

2. Experimental

All surfactants (SDS, CTAB, polyoxyethylene-t-octyl-
phenol (Triton X-100), polyoxyethylene-23 lauryl eth
(Brij 35), Tween-20,N -dodecylsultaine (SB-12), capryly
sulfobetaine (SB3-10) and sodium bis(e-ethylhexyl) sulfos-
uccinate or AOT) were used as received. 1-Butyl-3-met
imidazolium hexafluorophosphate ([BMIm]+[PF6]−) RTIL
is the same as those used in our previous studies[8–10].
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfony
imide [EMIm]+[Tf2N]− was synthesized according to pr
viously published procedure[11]. NIR spectra were take
on the home-built spectrophotometer based on an aco
optic tunable filter similar to that used in our previous stud
[12,13].

3. Results and discussion

As described in the Introduction, NIR technique can
principle, be used for the direct determination of cmc val
of various surfactants in water. In this case, it was fou
however, that compared to NIR absorption of the sur
tants used in this study, the background absorption of w
is so high that it is difficult to determine cmc values ac
rately. Accordingly, water was replaced by D2O as it was
found that the absorption of D2O in this NIR region is much
lower than that of water. Shown inFig. 1A are spectra o
D2O solutions without and with different concentrations
CTAB. As illustrated, O–D group has a strong and bro
overtone and combination absorption band in this regio
about 1625 nm. Adding CTAB (from 0.0001 to 0.01 M)
D2O led to an increase in the shoulder of bands at about 1
and 1690 nm. This is due to the overtone and combina
-
s

-

-

band of the C–H groups of the surfactant. Clearer obse
tion can be seen inFig. 1B where background absorptio
of D2O was subtracted from those of CTAB solutions.
illustrated, C–H groups have a pronounced bands at a
1437 and 1690 nm and the intensities of these bands
as expected, increased concomitant with the increase i
concentration of CTAB. However, the absorbance of th
bands is not linearly related to the surfactant concentra
for the entire concentration range from 0.0001 to 0.01
Rather, as shown inFigs. 1C and 1D, the relationship for
each band can be best fit with two straight lines (linear eq
tions andr2 values for two straight lines for each band a
shown in the graphs). The fact that two straight lines
the 1690 nm band (Fig. 1C) intersect at the concentratio
of 1.1± 0.1 mM seems to indicate that at this concentrat
there are major changes in properties of the surfactan
lution and these changes affect NIR absorption of the C
groups. In this case, the changes correspond to micelliz
process, and 1.1± 0.1 mM corresponds to cmc of CTAB. I
fact, the cmc value of 1.1× 10−3 M determined by this NIR
method is in good agreement with the value of 1.35 mM
ported in literature for CTAB in D2O [3]. The fact that the
cmc value of 1.1±0.1 mM determined at 1690 nm (Fig. 1C)
agrees well with the value of 1.05± 0.18 mM determined
at the other C–H band at 1437 nm (Fig. 1D) lends further
credence to this NIR method.

Figs. 2A, 2B and 2Cshow spectra of SDS solutions wi
different concentrations (from 0.001 to 0.03 M) with bac
ground absorption of D2O subtracted and plot of absorban
of the C–H bands at 1745 and 1780 nm as a function of
centration, respectively. The cmc value was found to be
and 6.3 mM from the absorbance versus concentration
at 1745 and 1780 nm, respectively. These values agree
well with the literature value of 7.6 mM[3]. cmc values of
other surfactants including Brij-35, Triton X-100, Tween-2
SB-12, SB3-10 and OBG determined by this method w
listed in Table 1together with those reported in literatur
As expected, values determined by this NIR method a
well with those determined by other existing methods[2,3].

The method is also effective in the determination of c
value of surfactant in apolar solvent (i.e., reversed micel
Shown inFig. 3A are spectra of solutions of different co
centrations of AOT (from 1.87× 10−5 to 0.005 M) in CCl4.
As illustrated, increasing AOT concentration leads to
increase in the absorption of several bands at 1745
1948 nm and a cluster of bands at around 2322 nm. Pl
changes in the absorbance at 2322 nm as a function of
concentration lead to two straight lines (Fig. 3B) which in-
tersect at the cmc value of 0.00069± 0.00012 M. This value
is in very good agreement with value of 0.0006 M repor
in literature[4].

It was reported recently that some surfactants aggre
in RTILs such as [BMIm]+[PF6]− and [EMIm]+[Tf2N]−
[14,15]. These results are of particular importance beca
RTILs are considered a “Green” recyclable alternative
volatile organic solvents and such surfactants aggregatio
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on an
at
Fig. 1. (A) Near-IR spectra of D2O solutions without and with different concentrations of CTAB (from 0.0001 to 0.01 M); insert shows plot of peaks
expanded scale. (B) Spectra of solutions with different concentrations of CTAB with background absorption of D2O subtracted. (C, D) Plots of absorbance
1745 and 1780 nm, respectively, as a function of CTAB concentration.

Table 1
cmc values (in mol/L) of various surfactants in D2O, CCl4, [BMIm]+[PF6]− and [EMIm]+[Tf2N]− together with values reported in literature

Surfactant Medium

D2O
[this work]

H2O
[1–5]

[BMIm] +[PF6]−
[this work]

[BMIm] +[PF6]−
[14]

[EMIm]+[Tf2N]−
[this work]

[EMIm]+[Tf2N]−
[14,15]

CTAB 0.0011± 0.0001 0.00135 (in D2O)
SDS 0.0066± 0.0021 0.0076 (in D2O)
Triton X-100 0.0010± 0.0002 0.0002 0.113± 0.019 >0.1
Brij-35 0.00011± 0.00002 0.0001 0.108± 0.009 0.115 0.060± 0.006 0.05
Brij-700 0.00015± 0.00005 0.021± 0.015 0.02 0.017± 0.002 0.01
Tween-20 0.00012± 0.00002 0.00008 0.070± 0.002 >0.05
SB-12 0.0039± 0.0015 0.0027
SB3-10 0.037± 0.010 0.029 0.377± 0.09 0.466
OBG 0.017± 0.003 0.024 0.108± 0.009 0.115
AOT in CCl4 0.00069± 0.00012 0.00060
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creases utilization of these RTILs as it provides additio
features such as microreactors for reactions between
pounds soluble in nonpolar solvents and water, respecti
Accordingly, NIR method was used to determine cmc of s
factants in [BMIm]+[PF6]− and [EMIm]+[Tf2N]−. Shown
in Fig. 4A are NIR spectra of [BMIm]+[PF6]− without and
with different concentrations of Brij-35. Absorption of th
surfactant C–H bands at about 1441 and 1914 nm ca
-
clearly seen when the background absorption of the io
liquid was subtracted, as shown inFig. 4B. It is pleasing to
see that plot of absorbance at 1441 nm band as a fun
of Brij-35 concentration gives a cmc value of 111± 37 mM
which, within experimental error, is the same as the va
of 108 ± 9 mM determined from the plot of the oth
C–H band at 1914 nm (Figs. 4C and 4D). Furthermore, the
108± 9 mM value determined here agrees relatively w
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s
Fig. 2. (A) Spectra of D2O solutions with different concentrations of SDS (from 0.001 to 0.03 M) with background absorption of D2O subtracted. (B, C) Plot
of absorbance at 1690 and 1437 nm, respectively, as a function of SDS concentration.

Fig. 3. (A) Spectra of CCl4 solutions with different concentrations of AOT (from 1.87× 10−5 to 0.005 M) with background absorption of CCl4 subtracted.
(B) Plot of absorbance at 2322 nm as a function of AOT concentration.
-

M

of

,

with the value of 115 mM reported recently[14]. cmc of
Brij-35 in other RTIL, i.e., [EMIm]+[Tf2N]−, was also de
termined by this NIR method to be 60± 6 mM (Table 1)
which is in agreement with the literature value of 50 m
[15]. Good agreement was also found for cmc values
Brij-700 in [BMIm]+[PF6]− and [EMIm]+[Tf2N]− which
were determined to be 21± 15 and 17± 2 mM, respectively
with reported values of 20 and 10 mM, respectively[15].
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a of
ance at
Fig. 4. (A) Spectra of [BMImM]+[PF6]− room-temperature ionic liquid without and with different concentrations of Brij-35. (B) Spectr
[BMImM] +[PF6]− solutions with different concentrations of Brij-35 with background absorption of the RTIL subtracted. (C, D) Plots of absorb
1910 and 1441 nm, respectively, as a function of Brij-35 concentration.
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cmc value of SB3-10 in [BMIm]+[PF6]− determined by
this method, 377± 90 mM, is similar to the reported valu
of 466 mM [15]. Using a combination of dye and fluore
cent probes, it was reported that Triton X-100 aggreg
in [EMIm]+[Tf2N]− with a cmc value to be greater tha
0.1 M [15]. By use of this NIR method, we were able to d
termine the cmc to be 113± 19 mM. (Spectroscopic dat
and corresponding cmc determination plots for Triton
100, Brij-35, Brij-700 and Tween-20 in [EMIm]+[Tf2N]−
ionic liquid are shown in Figs. S1–S4 of the Supplement
material.)

In summary, we have successfully developed a new
determination method based on a NIR spectroscopic t
nique. Comparing to other cmc determination methods,
NIR method is universal, sensitive, nonintrusive and non
ditive; namely, it can be used for the direct measurem
of cmc without adding any dye or fluorescent probe. c
values of various surfactants including CTAB, SDS, Trit
X-100, Brij-35, Brij-700, Tween-20, SB-12, SB3-10 dete
mined by this method agree very well with those determi
by other methods. Because water has strong absorptio
the same region as the surfactants used in this study
cmc values were determined in D2O. cmc values in D2O are
known to be different from those in water[16–19]. How-
ever, the differences are very small and in some cases
be considered to be insignificant within experimental e
[16–19]. More importantly is the fact that the method c
be used for the direct determination of cmc values of v
ous nonionic surfactants in room-temperature ionic liqu
including [BMIm]+[PF6]− and [EMIm]+[Tf2N]−. The pre-
liminary results presented here clearly demonstrate th
is possible to use the NIR technique not only to charac
ize aggregation of surfactants in RTILs but also to mo
tor kinetics and identify products of reactions in RTILs
well as in microreactors provided by micelles in the RTIL
Such possibilities are subject of our current intense inve
gation.

Supplementary material

Spectroscopic data and corresponding cmc determina
plots for Triton X-100, Brij-35, Brij-700 and Tween-20 i
[EMIm]+[Tf2N]− ionic liquid are shown in Figs. S1–S
This material is available free of charge in the online v
sion of this article.

Please visitDOI: 10.1016/j.jcis.2004.09.031.
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