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The carbonyl stretching vibration of n-(9-anthroyloxy)stearic acid probes was monitored in Triton 
X-100 and SDS micelles, and it was concluded that (i) the radial distribution function is more displaced 
to the mieellar core when the alkyl chain between the terminal acid group and the chromophore increases 
and (ii) in SDS micelles a large fraction of probes is in all cases at the micellar interface. © 1988 Academic 
Press, Inc. 

INTRODUCTION 

Molecular extrinsic probes have been in- 
tensively used to report the properties of het- 
erogeneous media using a variety of  tech- 
niques, namely fluorescence (1) and ESR (2). 

When a carbonyl group is involved in hy- 
drogen bonding, its stretching vibration is af- 
fected and a new band, assigned to the bound 
structure, appears at a lower frequency. The 
asymmetry observed in this new band is ex- 
plained on the basis of  a 1:2 complex, i.e., a 
carbonyl group involved in hydrogen bonding 
with two molecules of  a protic solvent (3): 
Hence, the relative intensities of  the free and 
bound carbonyl absorptions can in principle 
be used to assess the solvent 'concentration: 

It is the purpose of  the present work to 
monitor the water concentration in the vicinity 
of  suitable probes, when solubilized in mi- 
celles, via F T - I R  spectroscopy. 

MATERIALS AND METHODS 

Methyl benzoate and Triton X-100 (scin- 
tillation grade) were obtained from BDH 
(Poole, England), D20 (99.8%) from Sigma 
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(Poole, England), n-(9-anthroyloxy)stearic ac- 
ids (n-AS) (n = 2, 6, 9, 12) from Molecular 
Probes (Eugene, OR) sodium dodecyt sulfate 
(SDS) from Merck (Darmstadt, FRG), and 
diglyme from Fluka (Buchs, Switzerland). 
They were used as received. 

Surfactant solutions of  Triton X-100 and 
SDS were prepared in order to obtain a con- 
centration ofmicelles ca. 5 × 10 -3 M( in  phos- 
phate buffer pH 7.4), assuming aggregation 
numbers of 143 and 85 and critical micellar 
concentrations of  2.4 × 10 -4 and 1.9 X 10 -3 
M for Triton X-100 (4, 5) and SDS (6, 
7), respectively. Mean occupancy  numbers 
([probe]/[micelle]) were kept below 7 in order 
to minimize micellar perturbation. The solu- 
bilization of  the probes in the micelles was ac- 
complished by bath sonication and gentle 
warming and the solutions were allowed to 
stand for 24 h before measurements. 

D20 was used, since with this solvent a win- 
dow situated at 1650-1770 cm -1 is available, 
in the region where the stretching vibration of  
the carbonyl is observed. The conclusions ob- 
tained can be generalized to micelles in H20, 
since the alterations due to isotopic substitu- 
tion of  the solvent, such as effects ofhydropho- 
bicity (8), do not significantly modify the 
structure of the micelles (9). 
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FT- I R  spectra were obtained at 25°C in a 
Nicolet MX-1 spectrometer, assisted by a Ni- 
colet 1200 S computer. The suspensions were 
injected into a Beckman FH-01 CFT cell, 
equipped with CaF2 windows and using 25- 
ttm Teflon spacers. The spectra were obtained 
after 27 accumulations and blank absorption 
(micellar solutions without probe) was sub- 
stracted. In the experiments with the n-AS 
probes, the absorption of  the acid terminal 
group was taken into account. 

RESULTS AND DISCUSSION 

The carbonyl stretching vibration of methyl 
benzoate in Triton X-100 is shown in Fig. 1 a, 
the main absorption band at 1724.4 cm -1 ev- 
idencing a shoulder ca. 1710 cm-1, due to the 
hydrogen-bound carbonyl. 

In order to evaluate the concentration of 
water in the vicinity of  the probe when solu- 
bilized in the micelle, a calibration was made 
using a solvent which is considered to have 
dielectric properties similar to those of the lo- 
calization site of  methyl benzoate in the mi- 
celle. Assuming that a polar molecule such as 
methyl benzoate is near the micellar surface 
(10), diglyme was chosen, as the outer part of 
the Triton X-100 micelle is essentially a poly- 
ether. 

The calibration plot was obtained following 
the evolution of  the absorption band corre- 
sponding to the carbonyl stretching vibration, 
in diglyme, at different water concentrations. 

This absorption band in neat diglyme is sym- 
metric, showing the known Gaussian plus 
Lorentzian profile (11). When D20 is added, 
the contribution of  the new band is obtained 
through a curve decomposition, assuming the 
symmetry of the free oscillator curve. The sys- 
tematic error introduced in this way is can- 
celed out, once the same criterion is used for 
the calibration plot and for the experiments 
with micelles. As the asymmetry of  the lower 
energy absorption band points to the existence 
of 1:2 complexes (3), the consideration of  a 
simple kinetic scheme, ignoring water self- 
association, water-diglyme association, and 
activity coefficients, leads to the relationship 

Ibou,jlfr~e = KI[D20] + K1K2[D20] 2, [1] 

where K and/£2 are the association constants 
for the 1:1 and 1:2 complexes and/bound and 
/free refer to the integrated intensities of  the 
bound and free carbonyl absorptions, the total 
integrated intensity being constant (12). 

The application of this equation to the sys- 
tem methyl benzoate/D20 in diglyme (Fig. 2) 
leads to K~ = 3.1 × 10 -2 dm 3. mole -~ and/£2 
= 4.8 × 10 -2 dm 3. mole -1 with K2 higher than 
/£1, as was found by Kagarise and Whetsel (3) 
for the system acetone/p-cresol in cyclohexane. 
It must be stressed that the determination of 
the equilibrium constants is not necessary, as 
a plot such as the one shown in Fig. 2 can be 
used as a calibration curve. 
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FIG. 1. FT-IR spectra of methyl benzoate in Triton X-100 and SDS micelles. (a) Methyl benzoate carbonyl 
stretching vibration in Triton X-100 (--) and SDS (. • • ) micelles. (b) Methyl benzoate carbonyl stretching 
vibration in SDS micelles with mean occupancy numbers of 4:1 (--) and 68:1 (. • • ). 
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FIG. 2. Plot of Ibound/If~-e versus [D20] for methyl ben- 
zoate in diglyme with experimental points, ®, and fitting 
to Eq. [1], (--), where Kl = 3.1 × 10 -2 dm 3 niole -1 and 
K2 = 4.8 X 10 -2 dm 3 mole -~. 

From the previous treatment a value of  5 
M of D20 in the vicinity of  methyl benzoate 
in Triton X-100 micelles was found. 

The water concentration was also evaluated 
from a calibration curve, obtained by plotting 
~max for the free carbonyl band versus the D20 
concentration (Fig. 3), and from this procedure 
a similar value of  3.5 M D20 was obtained, 
lower than previously reported (5). 

Quantitative determination of the water in 
the case of  the SDS micelles is not possible 
due to the difficulty of mimicking the water- 
hydrocarbon interface. In any case, the spec- 
t rum of  methyl benzoate in the SDS micelles 
shows a much greater intensity of  the bound 
structure (Fig. 1 a) than that of  Triton X-100. 
This striking difference could be ascribed to 
the more open structure of  the SDS micelles 
(13), but recent evidence from small angle 
neutron scattering (14) conflicts with this 
opinion, since it was claimed that water does 
not enter any further than the 3,-CH2 of  the 
surfactant. In this way, a localization of methyl 
benzoate near the interface, and eventually 
greater values of  K1 and/(2, would explain the 
observed difference. 

When the mean occupancy number of  the 
probe is significantly increased, as shown in 
Fig. lb for methyl benzoate in SDS, a totally 
different pattern with a high fraction of non- 
bound carbonyl is observed. An alteration of  
the micellar system occurs in this case, the 
system being composed of a droplet of methyl 
benzoate stabilized by adsorbed surfactant. In 

this situation most of  the probe is in a very 
hydrophobic environment and nonexposed to 
water. 

The experiments hitherto reported should 
not be affected by significant methyl benzoate 
concentration in the water phase, as partition- 
ing of this type of  probe between water and 
micelles favors the latter (15, 16). A quanti- 
tative evaluation of this effect can be obtained 
by comparing methyl benzoate with benzene. 
For this molecule the distribution constant 
(SDS micelles/water) is K = 1.6 X 10 3 M -1 

(17), so under our experimental conditions 
10% of  the benzene molecules would be in the 
water phase. Considering that the solubility of 
methyl benzoate in water, 1.2 X 10 -a M(18),  
is one order of magnitude lower than that of  
benzene, 2.3 X 10 -2 M (17), it can be con- 
cluded that the residual concentration of 
methyl benzoate in the water phase is negli- 
gible. 

A very important point regarding the use o f  
"extrinsic" probes is the eventual perturba- 
tions, i.e., structural alterations, that they in- 
duce on the system under study (19, 20). 
Moreover, in the present study, this pertur- 
bation could have a direct effect on the vibra- 
tion of the carbonyl group, if it is assumed 
that the polar group would pull water toward 
its vicinity (19). While it cannot be excluded, 
this effect is probably nondominant,  as shown 
from a 13C NMR chemical-shift study (21). 

An extension of  this study was made using 
a set of  n-(9-anthroyloxy)stearic acids. For 
these probes, which are structurely similar to 
the surfactant, a regular variation on the pho- 
tophysical properties of the fluorophore was 
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FIG. 3. Plot of  ~r~,x of the free carbonyl stretching vi- 
bration of methyl benzoate in diglyme versus [DzO]. 
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observed, and accordingly a gradual inner lo- 
cation was postulated, when the alkyl chain 
between the acid and the aromatic group in- 
creased (22-25). This graded series of positions 
was also reported from an energy-transfer 
study (20). 

In Fig. 4 the results obtained for the n = 2, 
6, 9, and 12 substituted compounds solubilized 
in Triton X-100 micelles are shown. For the 
2-AS and 6-AS probes a contribution of the 
bound species is evident on the spectra, but 
the 9-AS and 12-AS report an essentially hy- 
drophobic environment. In the Triton X-100 
micelle the acid terminal group of the n-AS 
probe is eventually located near the phenoxy 
group of the surfactant, in the transition region 
between the outer part (polyether type) of the 
micelle and its hydrocarbon core. In this way, 
the 9- and 12-AS probes sense a hydrophobic 
core devoid of water. In addition they show 
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FIG, 4. Carbonyl stretching vibration of n-(9-an- 
tbroyloxy)stearic acids (n = 2, 6, 9, 12) in Triton X-100 
and SDS micelles. 

that the effect of the carbonyl group, dragging 
water inside the micellar structure, is not sig- 
nificant for the case of the Triton X-100. 

In contrast with the Triton X-100 micelle, 
the spectra in SDS, Fig. 4, exhibit strong ab- 
sorption in all cases due to the bound carbonyl 
group, even for the 9- and 12-AS probes. 

Recent work by neutron scattering (14, 26, 
27) proved the absence of significant water 
penetration in micelles. In agreement with this, 
the low-frequency C-H stretching observed for 
the surfactants, when they are organized in 
micelles (28), indicates that there is little or 
no hydrocarbon chain-water contact. 

In this way the trend of variation depicted 
in Fig. 4 is due to the fraction of probes lo- 
calized at the micellar surface. This would im- 
ply that while the radial distribution function 
has its maximum displaced toward the micelle 
interior when the alkyl chain increases, the 
fraction of probes at the surface is in all cases 
very high. This effect is greater in SDS micelles 
than in Triton X-100 micelles, as the smaller 
the micelle, the greater the incidence of end 
groups at the surface (29). 

The relative intensities of bound and free 
carbonyl absorptions for each probe give an 
underestimation of the fraction of probes at 
the micellar surface. For the SDS micelle this 
would point to very high values, but it should 
again be stressed that the micellar surface for 
this situation is a spherical shell (from the in- 
terface to the "y-CH2 of the surfactant), of 
complex structure. 

The relative values for the set of probes in 
each micelle are 1:4:6 for the 12-, 9-, and 
6-AS in Triton X-100 and 1:1.2 for 12- and 
9-AS in SDS. 

Two main advantages of the infrared ab- 
sorption approach used are (i) a correct report 
of the fraction of superficial probes, in contrast 
with fluorescence experiments where the mol- 
ecule diffuses during its excited state lifetime 
sensing different environments, and (ii) the 
appearance of a new band ascribed only to a 
protonated species; this specificity for report- 
ing protic solvents (e.g., water) is an advan- 
tage, when compared with the observation of 
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shifts in absorpt ion  or  emission spectra, which 
have a comp lex  dependence  on solvent  p rop-  
erties, e.g., po la r izab i l i ty  (30). 

SUMMARY 

The  ca rbony l  s t retching v ibra t ion  o f  aro- 
ma t i c  p robes  solubi l ized in Tr i ton  X-100 and  
SDS micel les  was mon i to red .  The  intensi t ies  
o f  h y d r o g e n - b o u n d  and  free osci l la tor  absorp-  
t ions were ascr ibed to the  fract ions o f  p robes  

at  the  mice l la r  surface relat ive to those in the  
interior .  The  s tudy o f  a set o f  func t iona l ized  
probes,  n- (9-anthroyloxy)s tear ic  acids, n-AS, 
shows tha t  (i) the  radia l  d i s t r ibu t ion  funct ion  
is m o r e  d isp laced  to the  mice l la r  core when 
the alkyl  chain  be tween  the ac id  group and  
the c h r o m o p h o r e  increases,  and  (ii) in SDS 
micelles a large fraction o f  probes is in all cases 

at the  mice l la r  interface.  
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