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ABSTRACT: Despite the ubiquity and utility of micelles self-assembled from aqueous e
surfactants, longstanding questions remain regarding their surface structure and interior
hydration. Here we combine Raman spectroscopy with multivariate curve resolution (Raman- ) 4
MCR) to probe the hydrophobic hydration of surfactants with various aliphatic chain lengths, ) |

and either anionic (carboxylate) or cationic (trimethylammonium) head groups, both below
and above the critical micelle concentration. Our results reveal significant penetration of water
into micelle interiors, well beyond the first few carbons adjacent to the headgroup. Moreover,
the vibrational C-D frequency shifts of solubilized deuterated n-hexane confirm that it resides
in a dry, oil-like environment (while the localization of solubilized benzene is sensitive to
headgroup charge). Our findings imply that the hydrophobic core of a micelle is surrounded
by a highly corrugated surface containing hydrated non-polar cavities whose depth increases
with increasing surfactant chain length, thus bearing a greater resemblance to soluble proteins

than previously recognized.
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B INTRODUCTION

Micelles formed of surfactants dissolved in water are
ubiquitous, not only as household soaps and detergents but
also in drug delivery, oil recovery, and environmental
remediation applications. Although micelles are often envi-
sioned as spherical aggregates with a dry hydrocarbon core and
a water-exposed polar exterior, "° longstanding questions
remain regarding the surface roughness and hydrophobic
hydration of micelles.””'® Here we address these questions
by combining Raman spectroscopy and multivariate curve
resolution (Raman-MCR)"" ™" to reveal that micelles contain
hydrated non-polar cavities whose water-exposed surface area
increases with surfactant chain length.

Previous NMR,7’10’21 neutron scatte1‘ing,22_24 X-ray scatter-
ing,g’13 EPR,” and molecular dynamics (MD) simula-
tions,”**°™* have led to widely varying conclusions regarding
micelle structure and hydration.' ™" Although it is often stated
that water penetration does not extend significantly beyond the
first 2—4 methylene groups adjacent to the surfactant
headgroup,””™** numerous early NMR,”"* X-ray,® thermody-
namic’® ™" and transport’>** property studies concluded that
micelles have highly hydrated and/or nonspherical structures
with up to ~10 water molecules per surfactant, and up to ~50%
of the total volume of a micelle consisting of water (although in
some of these studies the inferred hydration includes water
molecules bound to the polar head groups).

Figure 1 compares predictions and structures pertaining to
several micelle models. The surface area predictions in Figure
1A were obtained assuming an idealized spherical micelle
structure composed of surfactants of various carbon chain
lengths with a uniform liquid-like density and experimentally
derived aggregation numbers (see Supporting Information for
further details). Importantly, these predictions imply that such
idealized smooth spherical micelles would have an approx-
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imately chain-length independent surface area per surfactant.
They also predict that about 60% of the surface of such micelles
is non-polar, implying that over 20% of the surfactant non-polar
groups are exposed to water. Although these predictions pertain
to a minimalist spherical model, they are generally consistent
with predictions obtained using more sophisticated spherical
statistical mean field micelle models®”>'* such as the Gruen
model illustrated in Figure 1B,** which predicts that “..all
segments of the chain spend some time in a hydrophilic
environment...”, although segments near the headgroup are
exposed to water 80%—90% of the time, compared to 10%—
20% for segments far from the headgroup.*® Figure 1C shows a
cross-sectional snapshot of a decyltrimethylammonium bro-
mide (C,TAB) micelle derived from neutron scattering
measurements combined with EPSR MD simulations.”* The
latter study concluded that “surfactant tail groups are hidden
away from the solvent to form a central dry hydrophobic
core..”, although there are a “..significant number of alkyl
groups in the polar shell of the micelle”. In contrast, Figure
1D* illustrates a quite different micelle structure inferred from
small-angle X-ray scattering measurements of aqueous sodium
octanoate (C,COONa) surfactant solutions, implying that
micelles have a quite small hydrophobic core with “considerable
hydration of the micelles and penetration of water between the
hydrocarbon chains”. The latter conclusion is generally
consistent with the Menger model, which implies that
“although micelles have a non-polar core, water penetrates
deeply into the structure”.”

Here, we use Raman-MCR'’7>%*7* to critically test and
distinguish such alternative micelle structures, by probing the
hydration shells of C,COONa and C,TAB surfactants of

Received: July 2, 2015
Published: July 29, 2015

DOI: 10.1021/jacs.5b06655
J. Am. Chem. Soc. 2015, 137, 10809—-10815


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06655/suppl_file/ja5b06655_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b06655

Journal of the American Chemical Society

(8)

T
hdg ot

40 4 Non-polar

20

Surface area per surfactant (Az) =

T =T = T &7
8 10 12 14 16
Carbon chain length

Figure 1. (A) Water-exposed surface area of an idealized spherical
micelle (with a liquid like density). About 60% of the surface is
predicted to be non-polar, with an approximately chain-length-
independent surface area per surfactant. The error bars arise from
uncertainties in the experimentally derived aggregation numbers (as
reported in Supporting Information). (B) Schematic of the Gruen
micelle model obtained using statistical mean field calculations,
assuming a liquid-like density with a dry core.>* (C) Cross-section of a
micelle obtained from neutron scattering measurements and EPSR
MD simulations.** (D) Schematic micelle model inferred from X-ray
scattering measurements,” showing deep “wedges” into which water
can penetrate, surrounding a small dry core.

various chain lengths (7 < n < 12), at concentrations ranging
from ~0.5 times below to ~10 times above the critical micelle
concentration (CMC), as well as after solubilizing n-hexane-d,,
and benzene-d,. Of the micelle structures illustrated in Figure 1,
our experimental findings are most consistent with that shown
in Figure 1D, as well as with the Menger model.*’

The remainder of this manuscript is organized as follows.
The Results section is divided into four subsections. The first
two subsections describe our Raman-MCR findings pertaining
to aqueous C,COONa and C,TAB surfactants (including the
procedures we used to highlight vibrational features arising
from water molecules adjacent to the surfactant hydrocarbon
C, tails); the third subsection describes our observations of
water dangling OH features, whose surfactant chain-length
dependence provides critical evidence regarding micelle
structure; and the fourth subsection describes how we used
n-hexane and benzene solubilization to probe the core polarity
of C,COONa and C,TAB micelles. Finally, the Summary and
Discussion section provides an overview of our conclusions and
possible biochemical implications.

B RESULTS

Anionic Surfactants. Figure 2A shows the Raman spectra
of pure water and a 0.05 M aqueous solution of sodium
decanoate (C,COONa), as well as the resulting surfactant
solute-correlated (SC) spectrum obtained using Raman-MCR.
More specifically, the latter SC spectrum of C,COONa was
obtained by using self-modeling curve resolution (SMCR) to
decompose the measured Raman spectra of aqueous surfactant
solutions into bulk solvent (pure water) and SC compo-
nents.'”'***** The resulting SC spectrum, purple curve in
Figure 2A, reveals Raman features arising from the intra-
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Figure 2. (A) Raman spectra of pure water (dashed blue), an aqueous
solution of 0.05 M sodium decanoate (Co,COONa) (black), and the
resulting SC spectrum of 0.05 M C,COONa (purple) after subtracting
a linear baseline. (B) SC spectra of C,COONa with sodium formate
headgroup subtraction below the CMC (0.05 M, solid blue) and above
the CMC (1.0 M, red). The inset in (B) shows an expanded view of
the hydration shell OH bands. (C) The average number of excess
dangling OH groups per hydration shell (k) for n-alcohols and
C,COONa surfactants at concentrations below (open blue points) and
S times above their respective CMCs (solid red points).

molecular vibrations of the surfactant, such as the surfactant
CH stretch (at ~2800—3050 cm™"), as well as hydration shell
OH stretching features (at ~3100—3700 cm™"), arising from
water molecules whose vibrational structure is perturbed by the
surfactant. Note that previous studies indicate that Na* has little
or no influence on Raman-MCR spectra (as the OH stretch
vibration of water around Na* closely resembles the OH stretch
of bulk water molecules),” and therefore the SC OH stretch
band arises primarily from the hydration shell of the anionic
surfactant. The broad OH features at ~3400 cm™" is due largely
to water molecules that are H-bonded to the carboxylate
headgroup of CyCOONa, as evidenced by the appearance of a
very similar band in the hydration shell spectrum of sodium
formate (HCOONa).*’

In order to suppress the SC OH band arising from the
carboxylate headgroup hydration shell, and thus highlight
features arising from the hydrophobic hydration shell of the
surfactant’s tail (C,), we have implemented a Raman-MCR
headgroup subtraction procedure by including an equimolar
concentration of HCOONa in the solvent reference solution, as
previously described.”” In other words, since the carboxylate
headgroup is now present in both the surfactant solution and in
the solvent reference solution, the resulting Raman-MCR SC
spectrum contains OH features arising primarily from the
surfactant’s hydrophobic hydration shell. Figure 2B shows
headgroup-subtracted SC spectra obtained in this way, both
below (0.05 M, blue) and above (1.0 M, red) the CMC of
CyCOONa (~0.098 M).*" Note that the formation of micelles
induces changes in both the surfactant’s hydration shell OH
band and its tail CH (whose mean frequency is shifted by about
~8 cm’, and shape is changed, with little change in width).
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The SC spectra in Figure 2B are normalized to the
corresponding CH band area, and thus the associated SC
OH bands (which are expanded in the inset panel) reveal the
substantial decrease in the hydrophobic hydration shell OH
population upon micelle formation.

The hydration shell OH bands shown in Figure 2B contain
both broad H-bonded OH features between ~3100—3500
cm™" and a relatively sharp peak at ~3660 cm™". The broad H-
bonded OH band is quite similar to that previously observed in
the hydrophobic hydration shells of alcohols,'®"” and
carboxylic acids,”® whose highly polarized lower frequency
shoulder at ~3200 cm™' implies that water has greater
tetrahedral order near non-polar groups (note that clathrate
hydrates also contain a prominent polarized Raman band in this
region).'® The small sharp peak at ~3660 cm™" arises from the
excess population of dangling (non-H-bonded) OH groups on
water molecules in non-polar hydration shells.'”*” The fact that
the dangling OH peak remains quite prominent after micelle
formation implies that a substantial number of water molecules
remain in contact with the surfactant tail (as further discussed
below).

Although we are not able to precisely quantify the number of
water molecules that remain in contact with the surfactant’s
non-polar tails in a micelle, the results in Figure 2B imply that
those water molecules are more likely to contain dangling OH
groups and thus less likely to be H-bonded. Moreover, the
results in Figure 2B imply that between ~15% and ~60% of the
water molecules that were in the non-polar surfactant hydration
shell of an isolated (non-aggregated) surfactant remain after
micelle formation. More specifically, these lower and upper
bounds are obtained from the decrease in the H-bonded and
dangling OH band areas upon micelle formation, respectively,
(after correcting for the residual free monomer contribution).
Note that the lower bound of ~15% is clearly an underestimate,
as it is less than the value of ~20% predicted for idealized
spherical micelle structures (as shown in Figure 1A). Moreover,
our chain-length-dependent Raman-MCR results reveal that
water penetrates significantly beyond the first few carbons near
the polar headgroup, and provide strong evidence that micelles
have a highly corrugated surface structure (as further explained
in the Dangling OH Chain Length Dependence subsection),
thus implying that more than 20% of the non-polar groups in a
micelle are exposed to water.

Cationic Surfactants. Figure 3A shows the Raman spectra
of pure water and a 0.05 M aqueous solution of
decyltrimethylammonium bromide (C;,TAB), as well as the
resulting surfactant Raman-MCR SC spectra (purple curve).
The hydration shell OH band centered at ~3400 cm™" in this
case arises primarily from water molecules that are hydrogen
bonded to the Br™ counterions, as evidenced by the fact that a
similar band appears in the hydration shell spectrum of aqueous
NaBr solutions.*” In order to suppress the spectrum arising
from water molecules H-bonded to Br~, we used a counterion-
subtraction procedure (analogous to the headgroup subtraction
procedure), by adding NaBr to the solvent reference (with the
same concentration as the surfactant solution), as previously
described."”*® Figure 3B shows the SC spectra of C;TAB
obtained after implementing this counterion-subtraction
procedure, both below (0.05 M) and above (1.0 M) CMC
(~0.065 M).*! Again, we observe aggregation-induced changes
in both the hydration shell OH band, and the surfactant’s CH
band (whose mean frequency red-shifts by ~9 cm™ upon
micelle formation). However, the hydration shell of C,,TAB,
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Figure 3. (A) Raman spectra of pure water (dashed blue) an aqueous
solution of 0.05 M decyltrimethylammonium bromide (C,,TAB)
(black), and the corresponding SC spectrum of 0.05 M C,,TAB
(purple) after subtracting a linear baseline. (B) SC spectra of C,,TAB
with Br™ counterion subtraction below the CMC (0.05 M, solid blue)
and above (1.0 M, red) CMC. The inset in (B) compares the
hydration shell spectra with counterion subtraction below and above
CMC. The dashed black curve pertains to the hydration shell spectrum
of a tetramethylammonium cation, scaled by a factor of 3/4 (since the
cation contains four methyl groups while the surfactant headgroup
contains three methyl groups). (C) The average number of excess
dangling OH groups per hydration shell (k) for n-alcohols and C,TAB
surfactants, at concentrations below and 3 times above their respective
CMCs.

and particularly the way it changes upon micelle formation, is
quite different from that of the anionic (C,COONa) surfactant.
More specifically, upon micelle formation the C;;TAB
hydration shell OH area only decreases by ~18 + 2%, while
its high-frequency edge is found to red-shift (by ~48 cm™).
The small decrease in the SC OH band area is likely due to the
fact that the trimethylammonium headgroup contributes
significantly to the C;,TAB hydration shell spectrum, as
evidenced by the headgroup OH band (dashed spectrum) in
the inset panel of Figure 3B. The latter Raman-MCR
headgroup SC OH was obtained from an equimolar solution
of tetramethylammonium bromide, scaled by a factor of 3/4
(since the cation contains four methyl groups while the
surfactant headgroup contains three methyl groups). Although
the prominent headgroup contribution makes it difficult to
quantify the number of H-bonded waters adjacent to the
surfactant tail, it is clear that more than half of the H-bonded
OH band area arises from water molecules around the
headgroup. Moreover, the red-shift of the hydration shell OH
band edge implies that the H-bonds between water molecules
in the micelle are somewhat stronger than those in bulk water.
More importantly, note that, once again, a prominent dangling
OH peak at ~3660 cm™ remains after micelle formation.
Moreover, it is clear that those dangling OH groups arise from
water molecules around the surfactant tail, as the headgroup
OH spectrum in Figure 3B contains little evidence of a dangling
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OH band.” Thus, the fact that the surfactant dangling OH
peak remains prominent above CMC again implies that the
surfactant hydrocarbon chains remain significantly hydrated in
these cationic micelles (as further discussed in the following
subsection).

Uncertainties regarding the —N(CH;);" headgroup and Br~
counterion hydration make it difficult to quantify the C,TAB
SC micelle hydration shell band areas. This is in part because
the —N(CH,),;" headgroup is rather hydrophobic and so is
likely to partially dehydrate upon micelle formation.*>*’
Moreover, uncertainties regarding the degree of dehydration
of the Br™ counterions further limit our ability to quantify
micelle formation induced changes in the areas of H-bonded
and dangling OH bands (as further described in the Supporting
Information).

Dangling OH Chain Length Dependence. Figures 2C
and 3C show how the excess number of dangling OH groups
(per surfactant) (k) depends on surfactant chain length, both
above (blue open points) and below (red solid points) CMC,
as well as comparisons with previously reported (k) values
obtained from aqueous n-alcohol solutions (green open
points).'” The (k) values were obtained from the area under
the dangling OH peak in the SC spectrum, as previously
described.”” The solid points in Figures 2C and 3C represent
the (k) values obtained after removing the contribution from
free monomers that are in equilibrium with the micelles,
assuming that the free monomer concentration is equal to the
CMC (as further described in the Supporting Information).
Comparisons of the open blue and green points in both Figures
2C and 3C indicate that the average number of surfactant
dangling OH groups (before micelle formation) has a nonlinear
chain length dependence that is roughly consistent with that
previously reported for n-alcohols (and ascribed to the
cooperativity of the dangling OH formation process).'”

Comparisons of the open blue and solid red points in both
Figures 2C and 3C imply that the excess number of dangling
OH groups in the hydrophobic hydration shell of each
surfactant in a micelle is comparable to that around a fully
hydrated surfactant (below CMC). Most importantly, the
number of such hydrophobic water molecules (per surfactant)
clearly increases with chain length. The significance of this
increase becomes evident when recalling that smooth spherical
micelles are predicted to have an approximately chain-length
independent non-polar surface area per surfactant, as indicated
by the results in Figure 1A. Moreover, one would expect to see
a chain-length independent dangling OH probability for nearly
spherical micelles in which water only penetrates to the first 2—
4 methylene groups adjacent to the polar headgroup (as is
commonly assumed to be the case).””*> Thus, the fact that we
have observed that (k) is strongly chain-length dependent
implies that micelles do not have a nearly spherical (and
smooth) structure, as water evidently remains in contact with
the hydrocarbon chain well beyond the first 2—4 methylene
groups adjacent to the headgroup. In other words, the fact that
(k) increases with n above CMC implies that micelle surfaces
contain water-permeable cavities whose water-exposed surface area
increases with increasing surfactant chain length. Moreover, the
results presented in the following subsections confirm that,
underlying this highly corrugated and hydrophobically hydrated
surface, there is dry oily core.

Uptake of Hydrophobic Probes by Micelles. Numerous
previous studies have emylo ed small molecules' >~ or
functionalized surfactants”'”*"*' to probe the hydration of

micelle interiors. However, in many cases the probes have
contained polar groups (such as —F, —Cl, or C=0)"'%#*3075
which might carry water molecules into the micelle. Thus, we
have chosen to probe the polarity of micelle interiors using
non-polar perdeuterated n-hexane-d;, and benzene-ds probe
molecules. Although we are not the first to employ benzene or
alkanes as probes44’45’47’48 of micelle interiors, these studies are
the first to use Raman-MCR for such studies and (to the best of
our knowledge) the first to use vibrational (C-D) frequency
shifts to probe the polarity of micelle cores.

We have introduced the non-golar probes into micelles using
a slow equilibration procedure,” rather than mechanical mixing
or sonication (which might produce highly non-equilibrium
structures). More specifically, we introduced the probes by
placing a layer of oil (either n-hexane-d,, or benzene-d,) over
an aqueous surfactant solution (either CqCOONa or C;,TAB),
as illustrated by the schematic in Figure 4A, and allowed the

(A)|[®)

— Week 1
— Week 2
— Week 3+

2300 in water
CgDg in CgCOONa
o0ge0®es o0q

in water (estimated)

5
‘é CgDy4 in CLCOONa
K TTTT VIV S Y <—0il

in oil

2118 i ol
T T T T
100 200 300
Time (h)

T T T T
0 100 200 300
Time (h)

Surfactant
Solution

©)]|(©

] in water (estimated) 2300 in water

CeDyq in CyoTAB in oil

Intensity (Normalized to CH Stretch Area)

5
3 K i S
$ _‘....._.="T S lece®ecccsccee
2118 ] o - i
‘In o T T T 2290 - ICBDs I? C‘OTIAB T
100 200 300 0 100 200 300
Time (h) Time (h)
T+ T T T T T
2000 2500 30q0 3500 2500 3000 3500

Raman Shift (cm ™) Raman Shift (cm")

Figure 4. Surfactant SC spectra obtained 1 (blue), 2 (green), and 3
(red) weeks after the addition of deuterated hydrophobic probes into
1.0 M surfactant solutions. The schematic in panel A illustrates the oil/
surfactant solution system. Addition of hexane-d;, (A) or benzene-d
(B) to CoCOONa micelles. Addition of hexane-d;, (C) or benzene-d
(D) to C,,TAB micelles. The inset panels display the frequency of the
CD stretch Raman peak of the deuterated probe over time (black
points) compared to the same deuterated probe in pure hexane (red
line) or water (solid blue line for benzene-dy CD Raman peak in water,
while the dotted blue line represents estimated hexane-d;, CD Raman
peak position in water, obtained by assuming the same frequency
difference as 1-hexanol-d;; from oil to water).

system to slowly equilibrate over a period of several days (or
weeks). Raman spectra of the aqueous phase were collected
periodically in order to quantify the uptake of the deuterated oil
molecules by the non-deuterated micelles (as evidenced by the
growing CD stretch bands in Figure 4).

Figure 4 shows the resulting surfactant SC spectra obtained
from 1.0 M aqueous solutions of C,COONa (panels A and B)
and C;;TAB (panels C and D) in the presence of hexane-d,,
(panels A and C) and benzene-d;; (panels B and D). In all cases,
the intensity of the CD stretches of the micelle solubilized
hexane-d;, (2120 cm™') and benzene-dy, (2295 cm™') was
found to slowly increase over time. Note that the low aqueous
solubility of benzene (~0.023 M)>* and much lower aqueous
solubility of hexane (~1.1 X 107 M)** imply that the observed
increase arises virtually entirely from uptake of these non-polar
probe molecules by the micelles. Both molecules incorporated
into the carboxylate micelles at similar rates, which was also
similar to the rate at which hexane was taken up by the C,(;TAB
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micelles. However, benzene incorporated into the C,;TAB
micelles at a somewhat higher rate (as further discussed below).
After 3 weeks, the total number of solubilized probes was ~5
hexane-d;, molecules per C;;TAB micelle and ~8 per
CyCOONa micelle, while ~11 benzene-ds, molecules were
taken up by each CoCOONa micelle and ~36 by each C,(TAB
micelle. Since there are ~45 surfactants in both the CqCOONa
and C,,TAB micelles,”>® our results indicate that each micelle
contained significantly fewer probe molecules than surfactant
molecules.

To determine the polarity of the environment surrounding
the probe molecules, we compared the CD stretch frequencies
of the probes in the micelles to those of the same (or similar)
molecules in pure water and pure n-hexane. The red horizontal
lines in Figure 4 correspond to the CD frequency of hexane-d,,
(panels A and C) and benzene-d; (panels B and D) dissolved in
(non-deuterated) liquid n-hexane. The solid blue line in Figure
4, panels B and D, represents the CD frequency of benzene-dj
in water. The dashed blue lines in Figure 4, panels A and C, are
estimates of the CD stretch frequency of hexane-d, in water
obtained by measuring the difference between the CD peak
frequency of 1-hexanol-d,; when dissolved in hexane and water.
The points in Figure 4 are the CD stretch frequencies of the
probes within the micelles. These results reveal that the CD
stretch Raman shift of hexane-d,, in both the C;COONa and
C,oTAB micelles is indistinguishable from the CD frequency of
hexane-d,, dissolved in n-hexane, thus clearly implying that n-
hexane-d|, is solubilized into a region of the micelle that
resembles a dry bulk oil phase. This conclusion is consistent
with previous NMR studies showing that alkanes are solubilized
in the interior of micelles.****°7%8 Similarly, the results in the
inset of Figure 4B imply that benzene-dj is also solubilized in a
dry oil-like environment within CoCOONa micelles, again
consistent with some previous studies.””*” However, our results
do not appear to be consistent with other studies in SDS
micelles implying that that benzene is either uniformly
distributed throughout the micelle*”*® or remains at the
micelle—water interface.”> Moreover, the inset of Figure 4D
shows, unexpectedly, that the CD stretch frequency of
solubilized benzene-dg is red-shifted to a greater degree than
when it is transferred from water to liquid hexane. Thus,
benzene is evidently in an environment that is neither like water
nor like hexane, implying a significant interaction between
benzene and the surface of the C;,;TAB surfactants, as
suggested by previous studies.”””® The anomalous CD
frequency shift, as well as the higher rate at which benzene is
taken up by C,;TAB micelles, suggest the importance of
cation—7 interactions between benzene and the cationic
surfactant headgroup.‘w’58 However, previous spectroscopic
measurements of benzene—water and benzene—cation clusters
indicate that cation—r interactions produce a blue-shift rather
than a red-shift in the corresponding aromatic CH stretch
frequencies.”” ™ Thus, our observation of an anomalously
large red-shift of the CD stretch of benzene-ds in C,,TAB
micelles suggests that benzene may also interact with the
bromide (Br~) counteranions, which are known to red-shift the
CH stretch of benzene in aqueous salt solutions.”’ Thus, our
results suggest that benzene molecules near the micelle surface
interact with both the —N(CH;);* head groups and Br~
counterions.

Although some previous studies have suggested that non-
polar probes may expel water molecules from the micelle
interior,”” we see no evidence of such probe induced drying in

our Raman-MCR spectra. More specifically, if there were such
probe-induced drying then we would expect to see a significant
decrease in the SC OH band area with increasing probe
solubilization, which is not evident in the spectra shown in
Figure 4.

B SUMMARY AND DISCUSSION

Although the structure of micelles has been a topic of
longstanding interest,'~'* previous studies have often reached
conflicting conclusions regarding the surface roughness and
hydrophobic hydration of micelles.” The present Raman-MCR
results have addressed these questions by measuring changes in
the vibrational spectra of surfactant hydration shells upon
micelle formation, and using solubilized hexane and benzene to
probe the polarity of the micelle core.

Our findings indicate that surfactant tails remain significantly
hydrated, with well over 20% of the surfactant methylene
groups remaining in contact with water within the micelle.
Moreover, the relative areas of the hydration shell H-bonded
and dangling OH bands imply that water molecules within
micelles have a lower H-bonding probability than water
molecules in the hydrophobic hydration shells of isolated
(non-aggregated) surfactants dissolved in water.

Additionally, we have observed a strong chain-length-
dependent increase in the average number of hydrophobic
hydration shell dangling OH groups (per surfactant). This
observation provides compelling evidence that micelles do not
have a smooth (nearly spherical) surface, but rather must
contain non-polar pores whose surface area increases with
increasing surfactant chain length. Although such a surface area
increase may in principle be due to either an increase in the
number or depth of the non-polar pores (per surfactant), we
favor the latter explanation, as it is physically reasonable to
expect that longer surfactants will facilitate the formation of
deeper pores. Note that the formation of such pores also
implies that micelles have a remarkably low surface tension,
which does not seem to be consistent with assumptions made
in formulating the Gruen model.”

Although our results are incompatible with smooth spherical
micelle models (including ones in which water only penetrates
to the first few methylene groups adjacent to the polar
headgroup),”” ™ our findings are generally consistent with
models such as that shown in Figure 1D,* whose surface
contains deep, water-accessible “wedges”, as well as with the
similar Menger model.'’ In keeping with the structure
illustrated in Figure 1D, our dangling OH observations further
imply that micelle hydrophobic pores have a depth that
increases with surfactant chain length. Moreover, in keeping
with Figure 1D and the Menger model, our non-polar probe
results confirm that micelles retain a substantially dry
hydrophobic core.

One might expect molecular dynamics simulations to provide
invaluable information regarding micelle structure and
hydration.”***** However, it is only now beginning to become
feasible to perform such simulations on systems that are
sufficiently large, with sufficiently long simulation times, to
realistically describe fully equilibrated micellar systems. Never-
theless, simulations have already provided important insights.
For example, a recent interestingly designed set of simulations
suggests that the degree of delocalization of the head groups at
the micelle surface can significantly influence the distribution of
solubilized molecules.”” Another large-scale simulation, which
formed micelles from a random distribution of surfactants, has
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concluded that the concentration of free monomers may
decrease rather than remain constant above CMC.®> We have
recently initiated an effort to perform large-scale fully
equilibrated micelle simulations, in collaboration with Prof.
Dominik Horinek’s group. Preliminary results of those
simulations (which will be fully described in a subsequent
publication) reveal micelles with highly corrugated surfaces and
substantial hydrophobic hydration.

Our conclusion that micelles composed of ionic surfactants
do not have a smooth spherical structure implies that the
average distance between the ionic head groups is greater than
the ~1 nm separation predicted for an idealized smooth
spherical micelles, as indicated by the ~90 A* (~0.9 nm?*) area
per surfactant shown in Figure 1A. This conclusion is
consistent with studies of ionic surfactant stabilized oil
nanodroplets whose interfacial surfactant concentration was
found to saturate at an area >4 nm? per surfactant,” implying
an average separation >2 nm. Thus, the non-spherical interfacial
structure of micelles may be linked to the fact that that the
optimal distance between ionic head groups is larger than that
in an idealized spherical micelle. It is also noteworthy that oil
drops stabilized by non-ionic surfactants have been found to
accommodate significantly higher surface densities (with an
area per surfactant of <0.5 nm?),"”*® and thus non-ionic
micelles may prove to have structures quite different from those
of ionic micelles."*'°

The resemblance of proteins to micelles has played an
important role in the early development of biochemistry, as
proteins were initially postulated to be colloidal aggregates.””
This is certainly not such a far-fetched idea, as both proteins
and micelles are driven to self-assemble by a delicate balance of
non-covalent hydrophobic and hydrophilic interactions. It is
also noteworthy that, like micelles, approximately 60% of the
water-exposed surface of soluble proteins is composed of non-
polar groups.”® The present results further imply that the
structures of micelles and proteins may be even more similar
than generally recognized, as neither micelles nor proteins are
perfectly spherical, and both are prone to form water-accessible
hydrophobic cavities.
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