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ABSTRACT: The influence of two salts (NaSCN and Na,SO,) on the
micellization of a nonionic surfactant (1,2-hexanediol) is quantified using
Raman multivariate curve resolution spectroscopy, combined with a
generalized theoretical analysis of the corresponding chemical potential
changes. Although the SCN™ and SO,>” anions are on opposite ends of the
Hofmeister series, they are both found to lower the critical micelle
concentration. Our combined spectroscopic and theoretical analysis traces
these observations to the fact that in both salt solutions the ions have a greater
affinity for (or are less strongly expelled from) the hydration shell of the
micelle than the free surfactant monomer, as quantified using the
corresponding chemical potentials and Wyman-Tanford coefficients. This
probe-free experimental and theoretical analysis strategy may readily be
extended to micelle formation processes involving other surfactants, salts, and
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cosolvents, as well as to other sorts of aggregation and binding processes.

Interactions between ions and aqueous molecular interfaces
are important for numerous chemical and biological
processes, including the solubility of nonelectrolytes,' enzyme
catalysis,”> molecular self-assembly,* ® membrane permeabil-
ity,”® and cellular exocytosis.” Although the associated ion-
specific (Hofmeister) effects'®™"* are in principle traceable to
the influence of salts on molecular chemical potentials, open
questions remain regarding the corresponding ion—molecule
interactions.'”””"° Here we obtain such information by
spectroscopically and theoretically analyzing the influence of
two salts (NaSCN and Na,SO,) on the critical aggregation
(micelle) concentration C, of the nonionic surfactant 1,2-
hexanediol (12HD). We do so by combining Raman
multivariate curve resolution (Raman-MCR)'®™*® measure-
ments with a Wyman-Tanford'”**~>° theoretical analysis. The
results provide a means of spectroscopically quantifying C, as
well as the differential partitioning of the two salts into the
hydration shells of the free surfactant monomer and micelle,
and the associated chemical potential changes. Our results
reveal that the stabilization of the micelle by both salts is linked
to the greater ion concentration in the hydration shell of the
micelle than the free 12ZHD monomer. Thus, the stabilization
of the nonionic micelles by both these salts has much in
common with the mechanisms by which polymer collapse and
protein folding are enhanced by some salts and osmolytes.””**

Although some prior experimental and theoretical studies
have described the influence of salts on the critical micelle
concentration of 12HD and other nonionic surfactants,zg_31
none of these studies have characterized the effect of salts on
the hydration shells of the monomeric and aggregated species
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or quantitatively related the corresponding observations to the
chemical potentials of both the free monomers and aggregates.
The application of Raman-MCR to the elucidation of ionic
micelle structures has previously been described,'® but did not
extend to nonionic surfactants or the influence of salts on
micelle formation. Prior theoretical treatments of micelle salt
effects have focused primarily on changes in the solubility of
the free surfactant monomers, effectively treating the micelle as
a reference state whose free energy is not significantly
influenced by salts.””~*' Moreover, these prior theoretical
analyses have not attempted to relate the influence of salts on
micelle formation to Wyman-Tanford theory.'”**~%¢
Raman-MCR is ideally suited to the quantitative analysis of
surfactant solutions consisting of an equilibrium between free
monomers and micelles,*”** since each of these species have
distinct hydration-shell spectra (and surfactant spectral shifts).
The self-modeling curve resolution (SMCR)** spectral
decomposition strategy that we used begins with a first
round of SMCR that removes bulk solvent contributions from
each surfactant solution spectrum, to yield the corresponding
surfactant-correlated (SC) spectrum. A second round of
SMCR is then used to decompose the first round SC spectra
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into a linear combination of free monomer and micelle
components and, thus, to quantify the micelle formation
equilibrium and its salt dependence.

Wyman-Tanford theory'”**™*° can provide additional
insight regarding the mechanism responsible for salt-induced
changes in the critical micelle concentration. More specifically,
this theory links the influence of salts on the micelle formation
equilibrium (nM = M,)) to the partitioning of ions (and water)
into the hydration shells of the micelle (M,) and free monomer
(M), as determined by the following partition coefficient.

Ns — ng

i)
= n _—
W”w Ny — ny (1)

The variables Nj are the total numbers of molecules of type i
in the system (where i = S for salt and i = W for water), whose
values are determined by the total concentration of the
solution. The variables #; are the corresponding numbers of
molecules in the surfactant hydration shell. Note that I" will be
equal to zero if the local salt-to-water ratio in the surfactant
hydration shell, ng/ny, is equal to that far from the surfactant,
(Ng — ng)/(Ny — ny), and T will be positive if salt ions
accumulate around the surfactant or negative if salt ions are
expelled from the surfactant hydration shell.

Wyman-Tanford theory'” yields the following expression for
the influence of a salt of concentration Cg on the micelle
formation equilibrium constant, K, = [M,]/[M]".
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Note that I', pertains to a partitioning of salt (and water) to
the hydration shell of the entire aggregate (micelle) containing
n monomers, and I'p pertains to the hydration shells of a
collection of n free monomers.

The partition coeflicient difference AI" may be determined
from the experimentally measured salt-induced change in the
critical micelle concentration, AC, = C3—C,, where C, and C5
are the critical micelle concentrations in pure water and the salt
solution, respectively. Moreover, AI' may be quantitatively
linked to the derivative of the surfactant chemical potential
with respect to salt concentration, k; (where i = 1 for the free
monomer and i = n for the micelle). Specifically, the
relationship between AI', AC,, and Ak = k, — k, is given by
eq 3 (whose detailed derivation is provided in the Supporting
Information, Section 3).

A
Al = —p C, _ _n(Akcs)
N RT

(3)

Thus, a salt-induced decrease of the critical micelle
concentration (i, AC, < 0, as observed experimentally)
implies that I'y > I'; and k; > k,, independent of the signs of
I'y, I'y, ky, and k,,. In other words, if salt ions are expelled from
the hydration shells of both the free monomer and micelle,
then eq 3 implies that salt invariably increases the surfactant
chemical potential, but more so for the free monomer than the
micelle. Conversely, if the salt concentration is enhanced in the
hydration shells of both the free monomer and micelle, then eq
3 implies that salt decreases the surfactant chemical potential
but less so for the micelle than the free monomer.

In this work, we used a probe-free Raman-MCR spectral
decomposition strategy to determine both C, and AC, for
12HD in pure water and aqueous salt solutions. We thus
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demonstrate that Raman-MCR provides a direct means of
experimentally determining both AI' and Ak, using the
previously reported light-scattering measurement of the
average micelle size of n ~ 20 for 12HD in pure water.”
Moreover, the previously reported critical micelle concen-
tration of 12HD in pure water 0.53 < C,, M < 0.75, obtained
using various methods,””** is consistent with the value of C, =
0.60 + 0.02 M that we obtained using Raman-MCR.

Figure 1A shows the measured Raman spectra of 12HD
solutions at various concentrations. The Raman-MCR SC
spectra shown in Figure 1B highlight differences between the
solution and pure water spectra (obtained as described in the
Supporting Information Section 1, with further details in refs
18, 21, and 22). These SC spectra reveal the following two
changes with increasing 12HD concentration: (1) a decrease in
the average CH frequency and (2) a decrease (depletion) in
the area of the hydration shell OH stretch band.

The concentration dependence of the mean CH frequency
shift, plotted in Figure 1C, has a sigmoidal shape characteristic
of micelle formation, as the CH frequency of fully hydrated
free monomers (wcy &~ 2907 cm™') decreases toward that in
the substantially dehydrated micelles (wcyy ~ 2902 cm™). The
critical aggregation concentration C, roughly corresponds to
the concentration at which the CH frequency becomes
markedly nonlinearly concentration-dependent. A more precise
identification of C, may be obtained from the results shown in
Figure 1D, as further described below.

Since all the SC spectra in Figure 1B are normalized to the
12HD CH band area, the observed decrease (depletion) of the
SC OH stretch band with increasing 12HD concentration is
consistent with the aggregation-induced dehydration of 12HD,
as previously observed in the aggregation of various
monoalcohols in water,’* >® as well as in the formation of
micelles from ionic surfactants.'® For dilute solutions
([12HD]; < 0.5 M), there is only a small change in intensity
of the hydration shell OH band, indicating that small
aggregates do not significantly expel water molecules from
the 12HD hydration shell, and thus the dehydration that is
evident in Figure 1B is due primarily to micelle formation.

The family of OH stretch bands in Figure 1B arise from
water molecules that are perturbed by 12HD, whose spectral
shape differs from that of the OH stretch band of pure water,
as indicated by the dashed blue curve in the inset panel in
Figure 1B. Note that there are over 100 water OH groups in
the first hydration shell of 12HD, so the two OH groups of
12HD do not significantly contribute to the SC spectra shown
in Figure 1B (as further confirmed by the observation that the
SC hydration shell OH band of dilute aqueous 12HD is
essentially identical to that of 1-hexanol).'®

The SC spectra in Figure 1B may be quantitatively
decomposed into a linear combination of free and aggregated
component spectra, using a second-round SMCR analysis
performed on all the SC spectra in Figure 1B (over a frequency
range from 2375 to 3770 cm™'). More specifically, the low
concentration SC spectrum is assigned to the free monomer,
and the new second-round SMCR minimum area component,
indicated by the dotted black curve in Figure 1B, is assigned to
the 12HD molecules that are in a micelle. The robustness of
this spectral decomposition is confirmed by noting that
virtually identical aggregate spectra are obtained when using
different high-concentration SC spectra as input for the
second-round SMCR decomposition.
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Figure 1. Experimental Raman spectra and Raman-MCR results pertaining to 12HD dissolved in pure water. (A) Measured Raman spectra of
aqueous 12HD at 20 °C at various concentrations. (B) SC spectra of 12HD in the CH and OH stretch band region, normalized to the CH band
area (after background subtraction). The inset figure in (B) shows an expanded view of the SC hydration shell OH stretch band region, including
the OH bands of pure water (dashed blue curve) and the micelle hydration shell (dotted-black curve). (C) The mean CH frequency of 12HD is
plotted as a function of the total surfactant concentration, [12HD]. (D) The concentrations of free and aggregated 12HD plotted as a function of
[12HD], obtained from a TLS fit of the SC spectra in (A) to a linear combination of the free (solid red curve) and aggregated (dotted-black
curve) spectra. The dashed line in (D) is used to obtain C, and the dotted curves are micelle formation equilibrium predictions (see text for

details).
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Figure 2. Raman-MCR results pertaining to 12HD dissolved in aqueous salt solutions containing either 2 M NaSCN or 0.25 M Na,SO,. (A) Free
and aggregated 12HD concentrations in 2 M NaSCN. (B) Free and aggregated 12HD concentrations in 0.25 M Na,SO,. The dashed lines and

dotted curves are obtained in the same way as those in Figure 1(D).

To determine the corresponding free and aggregated 12HD
concentrations, we performed a total least-squares (TLS)
regression fit of all the SC spectra to a linear combination of
the free monomer SC spectrum (obtained at [12HD] = 0.25
M) and micelle spectrum (dotted black curve in Figure 1B), as
further described in the Supporting Information and refs 39
and 40. The results of this decomposition are indicated by the
points in Figure 1D. As can be seen, virtually no aggregation
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has taken place in dilute solutions of 12HD, but as the 12HD
concentration is increased above ~0.5 M an abrupt change
occurs, which is characteristic of the formation of higher-order
aggregates when [12HD]; > C,. More specifically, we identify
C, as the x-axis intercept of a linear fit (dashed line) to the
points corresponding to the concentration of aggregated 12HD
molecules, performed over a concentration range of 0.7 <
[12HD]t, M < 2, to obtain C, = 0.60 + 0.02 M for 12HD in
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pure water, in good agreement with previous estimates.””

Further validation of our assignments of the component
spectra is provided by the good agreement between the
experimental points in Figure 1D and the dotted curves
obtained assuming a micelle formation equilibrium with n = 20
and C, = 0.60 M (as explained in the Supporting Information,
Section 3).

To quantify the influence of salts on the 12HD micelle
formation, we performed Raman-MCR measurements on
ternary mixtures containing 12HD, water, and either 2 M
NaSCN or 0.25 M Na,SO, (as at these concentrations the two
salts produced a similar influence on the 12HD micelle
formation). The salt concentration was held constant, while
the 12HD concentration was varied, such that the aqueous salt
solution was treated as the solvent and 12HD as the solute in
the subsequent SMCR decompositions (which were otherwise
performed as described above).

Figure 2 shows the concentrations of 12HD in the free
monomer and micelle in (A) 2 M NaSCN and (B) 025 M
Na,SO,. These concentrations were obtained in the same way
as those in Figure 1D, using the free monomer and micelle
component spectra pertaining to the corresponding salt
solution (shown in the Supporting Information Figure SI).
The resulting critical aggregation concentrations C3 and dotted
curves in Figure 2 were obtained in the same way as those in
Figure 1D. Comparison of these C3 values with the C, in pure
water (see Figure 1D) reveals that the critical micelle
concentrations in the salt solutions are both lower than that
in pure water, thus indicating that both salts stabilize the
micelle with respect to the free monomer.

More quantitative information regarding the influence of the
salts on 12HD micelle formation may be obtained by using the
measured AC, = C5 — C, to determine both Ak and AT’
(using eq 3) and, thus, quantify the differential affinities of the
ions for the free and aggregated 12HD molecules, as well as the
corresponding chemical potential changes. The salt-induced
decrease in the critical micelle concentration implies that
AC,/C, = —0.20 + 0.01 in 2 M NaSCN and that AC,/C, =
—0.23 + 0.01 in 025 M Na,SO,. Given that there are
approximately n = 20 surfactant molecules in each micelle,*® eq
3 implies that AI' = 4.0 in aqueous NaSCN and AI' % 4.6 in
aqueous Na,SO,. Moreover, eq 3 further indicates that Ak &
—0.24 and —2.2 kJ/mol M™! in aqueous NaSCN and Na,SO,,
respectively, in keeping with the fact that a nearly 10 times
higher NaSCN concentration is required to produce a similar
decrease in C,.

Although the values of A" and Ak are directly measurable,
as described above, determining the signs and magnitudes of
I'y, 'y, k,, and k; requires additional information. Raman-MCR
provides some such information, as it indicates that SCN~
anions penetrate significantly into the hydration shell of 12HD,
while SO,*~ anions do not. The interaction between 12HD
and SCNT is evidenced not only by the NaSCN-induced
changes in the hydration shell spectra of both the free 122HD
monomer and micelle (see Supporting Information Figure S1)
but also by changes in the C=N band of SCN™ induced by its
interactions with both the free monomer and micelle (see
Supporting Information Figures S2 and S$3). No such
interactions are seen in 0.25 M Na,SO, (Figures S1 and S4).
These observations imply that the values of both k; and k, are
positive for 12HD in 0.25 M Na,SO,, while in 2 M NaSCN
both k; and k, have smaller magnitudes and may, perhaps, be
negative.
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Additional constraints on the range of physically reasonable
values of k, and k, may be obtained by considering the
consequences of assuming either that the salt has no effect on
the chemical potential of the micelle or that the local salt
concentration in the hydration shell of 12HD is the same for
the free monomer and micelle (as further explained in the
Supporting Information, Section 4). Such considerations lead
to the conclusion that 2.2 < k; < 5.9 (kJ/mol M™) in 0.25 M
Na,SO,, while in 2 M NaSCN k;, is ~10 times smaller and k,, is
smaller still and may, perhaps, be negative. The corresponding
range of the Wyman-Tanford partition coeflicient estimates are
—12 <Tp < —5in 025 M Na,SO, and =6 < Tz < —4in 2 M
NaSCN (as further explained in the Supporting Information,
Section 4), and thus I in aqueous NaSCN must be near zero
and may, perhaps, be positive.

In summary, we have used a new probe-free Raman-MCR-
based spectral decomposition strategy to determine the critical
micelle concentration of a nonionic surfactant 12HD in pure
water and aqueous NaSCN and Na,SO,. The resulting
surfactant-correlated spectra reveal that SCN™ anions pene-
trate significantly into the hydration shell of 12HD, while
SO,>” anions do not. A Wyman-Tanford analysis strategy is
used to quantify the partitioning of these ions into the
surfactant hydration shell, and the resulting salt-induced
chemical potential changes. Our results explain how it is that
these ions on opposite ends of the Hofmeister series produce a
similar reduction in the critical micelle concentration, as in
both cases the ion-induced stabilization of the micelles is due
to the greater ion affinity for (or weaker expulsion from) the
hydration shell of the micelle than the free surfactant
monomer. The Raman-MCR and Wyman-Tanford strategy is
quite general and thus could be extended to other micelle
formation, binding, and folding processes.
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