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ABSTRACT ARTICLE HISTORY

NMR spectroscopy was used to investigate the binding of cationic counterions to anionic micelles Received 11 August 2022
formed by undecyl LL-leucinevalaninate (und-LV). Amino acid-based surfactants like und-LV are green Accepted 3 November 2022
alternatives to commercial surfactants. Monomeric and polymeric forms of und-LV micelles have also
been used as chiral selectors in capillary electrophoresis (CE) separations. The counterions investi-
gated were Na™, the tetraethylammonium ion, L-Lysine, 1,4-diaminobutane, 1,6-diaminohexane, and
cis and trans isomers of 1,2-diaminocyclohexane and 1,4-diaminocyclohexane. NMR measurements of
counterion and micelle diffusion coefficients were used to calculate micelle radii and the mole frac-
tion of counterion molecules bound to the micelles. Two-dimensional NMR experiments were used
to investigate the structures of the counterion: micelle complexes. The mole fraction of bound coun-
terions did not change with pH in solutions containing Na™ or tetraethylammonium counterions.
With all other counterions, however, the mole fraction of micelle-bound counterions was higher
below pH 10 when counterions had a+ 1 or +2 charge, and lower above pH 10-10.5 when the coun-
terions were neutral or zwitterionic. Changes in micelle radii with pH and two-dimensional NMR
experiments suggested that L-Lysine, 1,4-diaminobutane, and 1,6-diaminohexane bound parallel to
the micelle surface with their amine functional groups interacting with different surfactant mono-
mers. In contrast, the diaminocyclohexane isomers were found to bind perpendicular to the micelle
surface. The mole fractions of micelle-bound cis-1,4-diaminocyclohexane and trans-1,4-diaminocyclo-
hexane were very similar to one another. However, with 1,2-cyclohexanediamine, at low pH the mole
fraction of micelle-bound counterions was larger for the cis isomer than for the trans isomer.
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Introduction phases. As a result, surfactants stabilize many commercial

Surfactants are used throughout the cosmetics, personal formulations and dispersions.!") Many of these applications
care, agricultural, and petroleum industries because their currently use synthetic surfactants partially derived from
amphiphilic properties facilitate the mixing of oil and water nonrenewable fossil fuels. Industries, however, are seeking
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Figure 1. Chemical structures of (a) undecyl-LL-leucinevalanate; (b) linear dia-
mines and L-Lysine, and (c) cyclohexanediamine isomers.
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greener alternatives where surfactant molecules are produced
from natural oils, biomass, or by microorganisms. Examples
of green surfactants include rhamnolipids, sophorolipids,
alkly polyglucosides, and amino acid-based surfactants.””! In
the latter, an amino acid or small peptide is connected
through an amide, ester, or other linkage to a hydrocarbon
chain. Amino acid-based surfactants have been shown to be
biodegradable and environmentally benign and can often be
produced from abundant, sustainable materials.>"®! Some
amino acid-based surfactants also have antimicrobial
properties.m

The amino acid-based surfactant investigated here is
undecyl LL-leucinevalanate (und-LV). The surfactant’s
molecular structure is shown in Figure la. Protons labels are
used to assign the NMR spectra. Und-LV contains an Cl11
hydrocarbon chain connected by an amide bond to a dipep-
tide leucinevalinate head group. Since the Ca of each amino
acid in the und-LV headgroup is a chiral center, micelles of
und-LV have been used as chiral selectors in capillary electro-
phoresis (CE) separations.'>"") In these experiments, micelles
formed from chiral surfactants and a racemic analyte mixture
are pulled down a capillary tube by an electric field. When the
enantiomers in the mixture interact differently with the
micelle’s chiral headgroup atoms, the enantiomers travel
through the capillary with different velocities and are sepa-
rated from one another.!"?) Und-LV micelles containing both
monomeric and polymeric surfactants have been used in
chiral CE separations."*'"] Molecular modeling, fluorescence
anisotropy, and NMR spectroscopy have also been used to
characterize the interactions of chiral compounds with und-
LV micelles. In these studies, both experimental and modeling
work showed that the surfactant’s dipeptide headgroup

adopted a folded conformation by turning its Leucine side
chain toward the micelle core. This conformation resulted in
the formation of a chiral pocket into which chiral ligands
inserted. Within these chiral pockets, the formation of stereo-
selective hydrogen bonds between the ligand enantiomers and
surfactant headgroup atoms was an important factor govern-
ing chiral discrimination.!*~'7]

At basic pH, the carboxylic acid functional group on the
und-LV headgroup is deprotonated, giving each surfactant
monomer and the surface of und-LV micelles a negative
charge. Positive alkali metal cations and organic cations like
amines and amino acids bind to this anionic micelle surface.
Previous studies have shown that the binding of counterions
to micelles affects their physical properties. For example,
Jansson and Stilbs showed that the CMC of decylammo-
nium surfactants decreased as the size and polarity of the
acetate counterions present in solution increased.!®
Koyama obtained similar results when investigating the crit-
ical micelle concentration (CMC) of fatty acids in the pres-
ence of L-Arginine and alkali metal cations. Again, the
surfactant CMC was lowered in the presence of the larger
L-Arginine counterions.!"”! In addition, the binding of tri-
flate counterions caused normally spherical dodecyltrimethy-
lammonium micelles to adopt a disk-like shape and
eventually precipitate from solution.?®’ The effect of coun-
terion hydrophobicity on the aggregation of polyelectrolyte
micelles and the role played by counterion-surfactant ion
pairs in micelle formation have been investigated as
well.>'~%*!" Finally, NMR experiments have provided esti-
mates of the diffusion coefficients of metal cations along
anionic micelle surfaces.!***”!

Micelle counterions have also been shown to affect the
chiral resolution of binaphthyl enantiomers in separations
using the amino acid-based surfactant undecyl L-Leucinate
as the pseudostationary phase. These studies showed that
chiral resolution of the enantiomers was higher when either
L-Arginine or L-Lysine counterions were bound to the
micelle surface. Chiral resolution was lower when Na™
counterions were present. In addition, chiral resolution also
decreased at high pH when L-Arginine and L-Lysine were
no longer bound to the micelles. These studies show that
when amino acid-based surfactants are used in chiral separa-
tions, the micelle counterion present in solution must be
carefully considered.!*>?”!

In this study, NMR spectroscopy was used to characterize
the interactions between eight cationic amine counterions
and und-LV micelles as a function of solution pH. An experi-
ment was also performed with und-LV micelles and Na™*
counterions for reference. The structures of the counterions
investigated are shown in Figure 1b and 1c. Proton labels are
shown for the linear diamines and L-Lysine. These counter-
ions include one quaternary amine, two linear diamines, an
amino acid, and the cis and trans isomers of 1,2- and 1,4-dia-
minocyclohexane. Studies were carried out as a function of
pH because und-LV contains carboxylic acid and amide func-
tional groups, so the charge and packing of the headgroups in
micelles formed by this surfactant would be expected to
change with pH. The charges of the counterions should be



pH dependent as well.'*®?°! The overall goal of this study was
to understand how pH conditions affected the association of
the counterions shown in Figure 1b and 1c with the anionic
und-LV micelle surface. A further goal was to characterize
the structures of the micelle-counterion complexes formed by
the molecules in Figure 1 under pH conditions where the
counterions were bound to the und-LV micelles.

Characterizing how the physical properties of amino
acid-based micelles change with counterion and pH is neces-
sary for their optimal use in commercial products. In add-
ition, recent studies have shown that when und-LV was
used as a chiral selector in capillary CE separations, greater
resolution of enantiomers was achieved by careful selection
of the micelle counterion and pH conditions.***”! This
study was undertaken to better characterize chiral surfac-
tant-counterion interactions and thus give separation scien-
tist the additional tools needed to choose the optimal
solution conditions for chiral CE separations.

Materials and methods

Deuterium oxide (99.9 atom %D), 1,6-diaminohexane (99%),
1-4-diaminobutane (99%), L-Lysine (98%), trans-1,2-diamino-
cyclohexane, tetramethyl silane (>99.9%), NaOH (97%), and
DClaq) (35wt% solution in D,0, > 99.9% atom %D) were pur-
chased from Sigma-Aldrich. cis-1,2-diaminocyclohexane was
purchased from Acros Organics, Inc. and CHEM-IMPEX
International, Inc. provided cis- and trans-1,4-diaminocyclo-
hexane. The surfactant undecyl LL-leucinevalaninate (und-LV)
was synthesized and purified by methods previously
described.”®’ A proton NMR spectrum of a mixture of
50.0mM und-LV and NaHCOjuq at pH 9.0 is shown in
Figure 1 of the Supplemental Information.

Solutions for NMR analysis were prepared gravimetrically
and contained 50.0 mM of und-LV, 50 mM NaHCO;,q, and
25mM of one of the counterions in Figure 1. The solvent
was 90% H,0/10% D,O. Solution pH was adjusted by add-
ing either small amounts of NaOH,) or 37 wt% DCl,q) to
the solutions. A Denver Instruments pH meter that was
three-point calibrated before each experiment was used for
all pH measurements. Samples at each desired pH were
transferred into NMR tubes and spiked with a small amount
of tetramethylsilane (>99.9%) (TMS). The TMS molecules
were solubilized inside the micelle’s hydrophobic core and
were used to measure the diffusion coefficients of the
micelles.®**1 Solutions were allowed to equilibrate at
25.0°C before NMR measurements were made.

All NMR experiments were done on a Bruker 400 MHz spec-
trometer. Diffusion coefficient measurements were made by
collecting spectra with increasing gradient strength, G, using
the bipolar pulse pair longitudinal encode-decode pulse
sequence.*! Eighteen spectra were collected in each experiment
with G ranging from 2.0 to 40.0 Gcm ™. The total duration of
the bipolar gradient pulses was 4.0 ms, the delay 7 between the
bipolar pulses was 0.2ms, and the diffusion time, A, was
250.0 ms. Each spectrum contained 64k points with a SW of
8012 Hz. After data acquisition, free induction decays were apo-
dized with 0.3 Hz line broadening, Fourier transformed, phased,
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Figure 2. In(Intensity) versus (yG(S)Z‘(Af 0/3 — ©/2) plot for a solution contain-
ing und-LV micelles, TMS, and 1,6-diaminohexane. The slope of each plot is -D.

and baseline corrected. The intensities of the surfactant hydro-
carbon chain, TMS, and counterion resonances were then
recorded for each gradient amplitude. Graphs were prepared of
the natural log of peak intensity versus the quantity
(yG0)*(A — 6/3 — 1/2), where 7 is the magnetogyric ratio.*®!
The slope of each of these plots was —-D, where D is the respect-
ive component’s diffusion coefficient. Linear regression analyses
were used to calculate each D value. A representative plot In of
peak intensity versus (G 9)*(A — §/3 — t/2) for a solution con-
taining 50.0mM und-LV, 25.0mM 1,6-diaminohexane, and
TMS is shown in Figure 2. Three replicate measurements were
made for each solution.

In the Rotating Frame Overhauser Enhanced
Spectroscopy (ROESY) experiments, a phase sensitive pulse
sequence with WATERGATE H,O suppression and a spin
lock time of 200ms was used.””**! Each FID in the f2
dimension was collected with 256 transients, 2k data points,
and a spectral width of 4000 Hz. A total of 256 increments
were used in the f1 dimension. Linear prediction was used
to extend the data set in the fl dimension by 200 points and
zero filling was carried out to generate a 2048 x 1024 point
data set. The data set was then apodized with a 7n/2-shifted
sine-bell-squared function, before being Fourier transformed
and phased in both dimensions.

Results and discussion
Micelle radii and counterion binding

NMR diffusion experiments were performed using solutions
containing 50 mM und-LV and 25mM of each counterion.
Diffusion coefficients for the micelle, counterion, and surfac-
tant were then independently measured by monitoring the
decay of the intensity of the respective component’s NMR
resonance with increasing gradient strength.>>**! Surfactant
molecules undergo dynamic exchange between free solution
and the micelle-bound state. Therefore, as shown in
Equation (1), the diffusion coefficient measured by monitor-
ing the decay of the surfactant resonances (Dyps1v) is the
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weighted average of the free solution (Dgeeryv) and micelle-
bound (Dmicelle) Values.[3°’31’33]

Dobs, Lv — fb,LV . Dmicelle + (1 _fb,LV) . Dfree,LV [1]

In Equation (1), foryv is the mole fraction of und-LV
monomers bound to the surfactant. The und-LV free solu-
tion diffusion coefficient was found to be (5.58+0.02) X
107" m?~' in a diffusion experiment with the und-LV
concentration below the surfactant’'s CMC. Dpjicee Was
measured by spiking each solution with a small amount of
TMS. Since the TMS molecules are solubilized inside the
nonpolar micelle core, the decay of the TMS resonance
amplitude with increasing gradient strength is a measure of
the diffusion coefficient of the micelle.*°*! Finally, f,;v
was then calculated with Equation (1). The D values in
Equation (1) are defined above.

Dpjicette values and the Stokes-Einstein relation (Equation
(2)) were used to calculate the micelle hydrodynamic radius,
Ry, at each pH investigated.

kg-T

=5 2
6-m-1- Ry 2]

Dhicelle
This calculation yields the radius of the sphere with the
same diffusion coefficient as the micelle.***! In Equation
(2), Dpjcele is measured as described above, kg is
Boltzmann’s constant, T is absolute temperature, and 7 is
the viscosity. Viscosity values for solutions containing amino
acid-based surfactants have been reported previously.?*! In
these experiments, an Oswald viscometer was used to meas-
ure the viscosities of 50.0mM solutions of undecyl L-
Leucinate in 90% H,0/10% D,0O over the pH range
6.69-11.62. The viscosity was found to be constant over this
pH range. The average of these viscosity measurements was
1.06 +0.02 cp. This # value was used for all radius calcula-
tions reported here. A previous study of the amino acid-
based surfactant undecyl r-Phenylalaninate also used these
viscosities to calculate Ry,.*”!
Equation (3) can be written for the observed diffusion
coefficient of each counterion in the presence of the und-LV
micelles, Dobs,counterion-[28_31’35]

: Dmicelle + (1 _fb,counterion)

Dobs, counterion — fb, counterion

-D free, counterion
(3]

Equation (3) holds because, like the und-LV surfactant
monomers, counterions bound to the micelle surface also
undergo fast exchange on the NMR timescale between free
solution and micelle-bound states. Dyps counterion Values were
measured by monitoring the decay of counterion resonances
with increasing gradient strength. Dpcene Was measured as
described above, and Dgee counterion Was measured by carry-
ing out an experiment with a solution containing only the
counterion and no und-LV micelles. Dg.ee counterion Values are
given in Table 1 of the Supplemental Information. In
Equation (3), fy.counterion 1S the mole fraction of counterion
molecules bound to the micelles. These values along with
hydrodynamic radii are reported as a function of pH for
each counterion investigated.

TEA, linear diamines, and L-lysine

Table 1 shows Dgpsrv> Dmiceller foLv> and Ry, values derived
from Equations (1) and (2), respectively, as a function of pH
for und-LV micelles with Na® counterions. The solutions
investigated contained 50.0mM und-LV and 50.0mM
NaHCO;. The fi,1v values were observed to fall between
0.92 and 0.95 in the pH range investigated and the hydro-
dynamic radii fell between 11.5 and 13.0 A. These results
suggest that in solutions with Na* counterions, pH has little
effect on the radii of the micelles and that the fraction of
surfactant monomers associated with micelles remains near
one from pH 7.5 to 11.5. The latter result is also observed
for all other counterions investigated. Figures 3 and 4 show
plots of fi 1> fo.counterion> and Ry, versus pH for tetraethylam-
monium counterions (Figure 3A), the two linear diamines
(Figure 3B and 3C), L-Lysine (Figure 3D) and the cyclohex-
anediamine isomers (Figure 4). Corresponding numerical
values and diffusion coefficients are shown in Tables 1-4.
The TEA, linear diamine, and L-Lysine counterions will be
discussed first, followed by an examination of the behavior
of the 14-cyclohexanediamine and 1,2-cyclohexanedi-
amine isomers.

Figure 3A shows plots of fi,1v, fbcounterions and Ry, versus
pH for und-LV-TEA mixtures from pH 7.5 to 11.5.
Corresponding numerical values and diffusion coefficients
are shown in Table 1. Since TEA is a quaternary amine, it is
cationic at all pH values, so the fraction of TEA counterions
bound to the micelles would be expected to remain relatively
constant with pH. This trend is observed in Table 1 and
Figure 3A, with f; counterion Temaining between 0.32 and 0.34
in the pH range investigated. The hydrodynamic radii of the
micelles in solutions containing TEA counterions are also
marginally larger than corresponding radii when only Na*
was bound to the micelle surface and do not change sub-
stantially with pH.

The fraction of micelle-bound counterions, however, does
change as a function of pH in solutions containing 1,6-dia-
minohexane (pK,; = 11.86, pK,, = 10.76), 1,4-diaminobu-
tane (pK,; = 10.80, pK,, = 9.63), and L-Lysine (pK,; =
2.16, pK,, = 9.06, pK,; = 10.54) counterions.!*” The pKa
values in parentheses indicate that the amine functional
groups for 1,6-diaminohexane and 1,4-diaminobutane are in
their protonated or ammonium state below pH ~10. The
counterions in this pH range are thus cationic.
Deprotonation at higher pH reduces the counterion charge.
In L-Lysine, both of the amine functional groups are in pro-
tonated or ammonium states below pH ~ 9. In this pH
range L-Lysine has an overall +1 charge because of the
anionic carboxylate functional group. At higher pH, the
amine functional groups deprotonate and the L-Lysine
counterion becomes zwitterionic. Figures 3B and Table 2
show that the 1,6-diaminohexane f; counterion values are in
the range 0.51-0.56 from pH 7.5 to 10, indicating that at
these pH values the cationic amine is relatively strongly
bound to the anionic micelle surface. The fraction of bound
counterions, however, begins to decrease above pH 10,
reaching a value of only 0.15 at pH 11.5. Therefore, as the
diamine deprotonates it becomes less attracted to the micelle
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Table 1. Dopsvs Dmiceltes fb,iv, and hydrodynamic radii from pH 7.5 to 11.5 for solutions containing 50.0 mmol und-LV and 50.0 mM NaHCO;

Na™ counterions

pH Dopsy X 107'% (m*s™") Dricete X 107° (m*s™) foy Rn (A)

7.5 1.79+0.01 1.52+£0.01 0.92+0.01 126+0.3

8.0 1.81+£0.01 1.58£0.01 0.94+0.01 12.2+0.2

8.5 1.85+0.01 1.64+0.01 0.94+0.01 11.7£0.2

9.0 1.86+£0.02 1.68+£0.02 0.95+0.01 11.4+03

9.5 1.82+0.01 1.67 £0.02 0.95+0.01 11.5+£0.3

10.0 1.76 £0.01 1.58£0.01 0.95+0.01 12.2+0.2

10.5 1.74+0.01 1.53+£0.01 0.94+0.01 125+0.3

11.0 1.70£0.01 1.48+£0.02 0.94+0.01 13.0£0.3

11.5 1.70£0.01 1.47 £0.01 0.94+0.01 13.0+£0.3
Tetraethylammonium counterions

pH Dobs,LV x 107° (mz*sq) Dricelle X 107° (mz*sq) Dobs,counterion x 107° (m2*571) fb,countericon Rh(A)

7.5 1.70£0.02 1.41+0.02 7.29+0.09 0.34+0.02 149+04

8.0 1.60£0.01 1.38+£0.05 7.49+0.07 0.32+0.01 15.1+£0.6

8.5 1.61+0.02 1.31£0.01 7.43+0.07 0.32+0.02 15.8+0.6

9.0 1.70£0.02 1.56+0.03 7.43+0.03 0.33+0.03 13.2+0.3

9.5 1.66 +0.03 1.39+0.04 7.46 +0.02 0.32+0.05 149+04

10.0 1.65+0.03 1.37£0.05 7.37+£0.04 0.33+0.01 15.1+£0.6

10.5 1.56 £0.01 1.31+0.05 7.47 £0.09 0.32+0.02 15.8+0.6

11.0 1.51+£0.01 1.61+0.02 7.49+0.04 0.33+0.01 13.0+£0.2

1.5 1.43+£0.01 1.55+0.05 7.52+0.08 0.33+0.02 13.3+04

Dobs,.vr Dmiceller Dobs,counterions fb,counterions @nd_hydrodynamic radii in the same pH range for solutions containing 50.0 mmol und-LV and 50.0 mM tetraethylammo-
nium counterions. All uncertainties were calculated from three replicate measurements.
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Figure 3. Plots of fy, v, fo counterions @nd Ry, for und-LV solutions containing (A) tetraethylammonium, (B) 1,6-diaminohexane, (C) 1,4-diaminohexane, and (D) L-Lysine

counterions.

surface and the fraction of bound counterion molecules
decrease. Similar results are obtained with 1,4-diaminobu-
tane counterions (Table 2 and Figure 3C) where f, counterion
values are in the range 0.49-0.43 below pH 10. At higher
PH fo.counterion decreases to zero at pH 11.5. At this pH, the
diamine counterions have dissociated completely from the
micelle surface and have been replaced with Na* cations.
Finally, f,1v remains above 0.90 throughout the pH range

investigated in experiments with both 1,6-diaminohexane
and 1,4-diaminobutane, indicating that pH does not affect
the fraction of und-LV monomer associated with the
micelles. D values used to calculate f; counterion and Ry for
both linear diamine counterions are also given in Table 2.
Plots of f;, counterion> fo.rv> and Ry, versus pH for solutions
containing und-LV micelles and L-Lysine are shown in
Figure 3D. Numerical values for fi counterion and Ry and
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Figure 4. Plots of fy v, fb counterions @nd Rh for und-LV solutions containing (A) trans-1,4-diaminocyclohexane, (B) cis-1,4-diaminocyclohexane, (C) trans-1,2-diamino-
cyclohexane, and (D) cis-1,2-diaminocyclohexane.

Table 2. Dops1v: Dmicelier Dobs,counterions fb,counterions @nd hydrodynamic radii in the pH range 7.5-11.5 for solutions containing 50.0 mmol und-LV and 25.0 mM of
either 1,6-diaminohexane, 1,4-diaminobutane, or L-Lysine

1,6-diaminohexane

pH Dopsv X 1077 (mz*sq) Dricelle X 107° (m2*571) Dobs,counterion X 1 07° (m2*571) f, counterion Rn (A)
75 1.19£0.01 1.00+£0.03 4.49+0.01 0.56+£0.01 20.8+0.04
8.0 1.22+0.01 1.05+0.02 4.94+0.01 0.51+0.01 19.7+£0.02
85 1.22+0.01 1.05+0.01 4.73+0.02 0.54+£0.02 19.6 £0.01
9.0 1.25+0.01 1.09+0.01 4.58+0.01 0.56+0.01 19.0+0.01
9.5 1.25+0.02 1.02+£0.06 4.69+0.02 0.54+£0.02 20.3+£0.05
10.0 1.30+0.02 1.13+0.03 4.94+0.03 0.51+0.03 18.3+0.04
10.5 1.38£0.01 1.26 £0.01 5.56+£0.01 0.41+£0.01 16.5+0.02
11.0 1.33+£0.02 1.23£0.12 5.56+£0.02 0.33+£0.02 16.8+£0.16
11.5 1.40£0.01 1.21+£0.09 7.77 £0.01 0.15+£0.01 17.1+0.08
1,4-diaminobutane
7.5 1.21+0.01 1.08+0.03 5.75+0.04 0.48+0.01 19.1+0.01
8.0 1.20£0.01 1.00£0.03 5.64 £0.05 0.49+0.01 20.6 £ 0.01
85 1.25+0.01 1.12+£0.04 5.78+0.03 0.48+£0.01 18.5+0.01
9.0 1.25+0.01 1.05+£0.03 5.82+£0.02 0.47£0.01 19.6 £0.01
9.5 1.31+0.01 1.12+0.03 6.19+0.01 0.43+£0.01 18.4+0.01
10.0 1.46 £0.01 1.33£0.03 7.28+0.10 0.32+£0.01 15.6 £0.01
10.5 1.62+£0.01 1.56 £0.02 8.34+0.10 0.20+£0.01 13.3+0.01
11.0 1.51£0.01 1.56 £0.02 8.43+£0.06 0.19+£0.01 13.3+£0.01
1.5 1.63+0.01 1.61+0.03 9.30+0.01 0.0 12.9+0.01
L-Lysine

75 1.20+0.01 1.05+0.01 4.81+0.01 0.33£0.01 19.7+0.1
8.0 1.23+£0.03 1.09£0.01 5.01+£0.02 0.35+£0.01 19.0+£0.2
8.5 1.22+0.01 1.13+0.01 5.49+0.01 0.33+0.02 18.3+0.1
9.0 1.21£0.01 1.14£0.01 5.71+£0.01 0.26 £0.01 18.2+0.1
9.5 1.27+£0.03 1.09+0.01 6.32+0.05 0.23+£0.01 19.0+0.2
10.0 1.29£0.01 1.15+£0.01 6.94+£0.01 0.13+£0.01 18.0+£0.2
10.5 1.27+£0.01 1.19+0.01 7.06 £0.02 0.02+0.01 17.4%0.1
11.0 1.26 £0.01 1.26 £0.01 7.08+0.03 0.0 16.4£0.1
1.5 1.25+0.03 1.24+0.01 7.08 £0.01 0.0 16.7+0.2

All uncertainties were calculated from three replicate measurements.
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Table 3. Dops,vi Dmicelier Dobs,counterions fb,counterions and hydrodynamic radii in the pH range 7.5-11.5 for solutions containing 50.0 mmol und-LV and
25.0mM of either trans-1,4-diaminocyclohexane or cis-1,4-diaminocyclohexane

Trans-1,4-cyclohexanediamine

pH Dobs,LV X 10_10 (m2*5_1) Dmicelle X 10_10 (m2*5_1) Dobs,counterion x1 0_10 (m2*5_1) fb,counterion Rh (A)
7.5 2.24+0.02 1.03£0.01 3.35+0.07 0.73+0.01 204+0.1
8.0 2.00£0.01 1.06 £ 0.01 2.95+0.01 0.77 £0.01 19.4+0.1
8.5 2.01£0.01 1.16£0.01 3.04+0.04 0.78+0.01 17.8+0.1
9.0 2.32+0.02 1.27 £0.01 3.71£0.05 0.70£0.02 16.2+0.1
9.5 2.59+0.01 1.40 £ 0.01 3.65+0.02 0.72+0.01 14.7 £0.1
10.0 2.76 £0.02 1.53+0.01 4.65+0.02 0.61+0.01 13.5%0.1
10.5 2.77 £0.06 1.76 £0.02 6.22+0.07 0.42+0.01 11.7£0.2
11.0 2.68 £0.06 1.79+0.03 7.72+0.02 0.23£0.01 11.7+0.2
11.5 3.11+0.04 1.90+£0.02 8.90 +0.04 0.08 +0.03 10.8+0.2
Cis-1,4-cyclohexanediamine

7.5 1.86+0.02 1.01+0.03 2.79+0.03 0.79+0.03 204+0.3
8.0 1.95+0.01 1.09+0.01 2.89+0.01 0.79£0.01 19.0+0.2
85 1.98 +£0.01 1.11£0.01 3.03+0.02 0.77 £0.01 18.5+0.2
9.0 2.08+0.01 1.17 £0.01 3.42+0.02 0.73+0.02 17.6+0.2
9.5 2.28+0.03 1.32+0.03 4.08 +£0.02 0.64 +0.02 15.6+0.6
10.0 2.64+£0.02 1.49+0.02 5.26£0.03 0.53+0.02 13.8+0.2
10.5 2.85+0.02 1.71£0.01 6.35+0.04 0.41+0.02 12.0+0.1
11.0 3.36+0.05 2.01+0.02 7.71+0.06 0.24+0.05 10.2+0.5
1.5 3.54+£0.04 2.08 £0.05 8.68 £0.08 0.17£0.05 9.9+0.5

All uncertainties were calculated from three replicate measurements.

Table 4. Dopsv: Dmicelier Dobs,counterions fo,counterions @nd hydrodynamic radii in the pH range 7.5-11.5 for solutions containing 50.0 mmol und-LV and 25.0mM of

either trans-1,2-diaminocyclohexane or cis-1,2-diaminocyclohexane

Trans-1,2-cyclohexanediamine

pH Dobs,LV X 10_10 (m2*5_1) I:)micelle X 10_10 (m2*5_1) Dobs,counterion X 10_10 (m2*5_1) fb,counterion Rh (A)

7.5 1.76 £0.01 1.04+0.01 5.81+0.05 0.44 +0.01 19.7+0.3
8.0 2.00£0.01 1.14+0.01 6.31+£0.02 0.38+0.01 18.1+0.1
8.5 2.34+0.01 1.24+0.02 5.92+0.02 0.43+0.01 16.6 £0.1
9.0 2.51+0.02 1.42+0.01 6.14+£0.02 0.42+0.01 14.5+0.1
9.5 2.63+0.03 1.55+0.01 6.34+0.02 0.40 +0.01 13.4£0.1
10.0 2.72+0.01 1.66+0.02 6.75+0.02 0.36+0.01 124+0.1
10.5 2.99+0.06 1.98 +0.05 7.43£0.02 0.28£0.01 104£0.5
11.0 2.78 +£0.04 1.92+0.02 7.86£0.02 0.22+0.02 10.7+0.1
11.5 2.50+0.03 1.77 £0.05 7.96 +£0.02 0.20 +£0.01 11.6£0.1

Cis-1,2-cyclohexanediamine

7.5 2.14+0.02 1.01+0.01 4.70+0.02 0.56+0.01 184+0.2
8.0 2.64+0.01 1.27+£0.04 5.13+£0.04 0.53+0.01 16.2+0.5
8.5 2.63+0.04 1.53+0.01 5.61+0.04 0.49+0.01 13405
9.0 2.72+0.01 1.68+0.02 6.07 £0.02 0.44+0.01 123+0.2
9.5 2.72+0.02 1.75+0.01 6.33+0.02 0.41+0.01 11.8+0.1
10.0 2.85+0.03 1.91+0.01 6.84+£0.03 0.35+0.01 10.8+0.1
10.5 3.01+0.05 2.23+0.03 7.67 £0.05 0.26+0.01 93+0.5
11.0 2.79+0.03 2.03+0.03 8.17+0.07 0.18+0.02 10.1+£0.2
1.5 2.84+0.07 1.97+0.03 8.65+0.04 0.12+0.01 10.5+0.1

All uncertainties were calculated from three replicate measurements.

corresponding diffusion coefficients are given in Table 2.
The pK, values above indicate that L-Lysine is cationic
below pH 9. Above this pH, the side chain amine functional
group deprotonates and the amino acid is zwitterionic. This
behavior was found to affect the amino acid’s binding to the
anionic und-LV surface. Below pH 9.0, f; counterion for L-
Lysine was in the 0.33-0.35 range. Above this pH, f; counterion
decreased steadily to zero at pH 11.5.

For the two linear diamines and L-Lysine, there was also
only a modest decrease in the micelle hydrodynamic radius
when the counterions dissociated from the micelle surface at
higher pH. For example, in 1,6-diaminohexane R;, decreased
from approximately 21A to 17A from pH 7.5 to 11.5.
Corresponding decreases of 20 A-13 A and 20 A-17 A were
observed for 1,4-diaminobutane and L-Lysine, respectively.

These small changes in Ry, suggest that 1,6-diaminohexane,
1,4-diaminobutane, and L-lysine all bind parallel to the
micelle surface with the amine functional groups bridging
two surfactant monomers. This model is shown in Figure 5a
and 5b. Previous work has shown that L-lysine binds to
undecyl-L-Leucinate and undecyl-L-Phenylananate micelles
in a similar manner./*®*°! When the counterion then disso-
ciates from the micelle surface at higher pH, the micelle
radius changed by a small amount.

Furthermore, when the diamine or L-Lysine counterions
were bound to the micelles at low pH, micelle hydro-
dynamic radii fell in the 18-20 A range. This radius is com-
parable to the length of the und-LV surfactant monomer.
The radii measurements, therefore, suggest that the linear
diamine and L-Lysine counterions bind to a single und-LV



8 J. FLETCHER ET AL.

/\/\/ NH3+
*H3N

(2)

Micelle

Micelle

NH;*

NH;,*
NH;,*

(C) NH;*

o |

Figure 5. Models of (a) 1,4-diaminobutane, (b) L-Lysine, and (c) cyclohexanediamine isomers binding to the surface of und-LV micelles.

micelle instead of linking or bridging two or more micellar
aggregates. If the latter occurred, the species diffusing in
solution would be expected to have a radius much larger
than 18-20A and diffusion coefficients smaller than those
shown in Table 2. It is also interesting to note that at low
PH fo.counterion is largest for 1,6-diaminohexane, smaller for
1,4-diaminobutane and smallest for L-Lysine. This result
suggests that in 1,6-diaminohexane the spacings between
amine functional groups and the flexibility of the longer
methylene chain may allow this amine to interact more
favorably with two surfactant monomers when compared to
1,4-diaminobutane. The fraction of bound counterion at low
pH may also be smaller for L-Lysine because of the unfavor-
able repulsion that exists between the negative L-Lysine
carboxylate functional group and the anionic micelle surface
when the amino acid binds in a parallel fashion.

Further insight into the mode of cation binding to the
micelles can be gained from an analysis of ROESY spectra
for mixtures of und-LV and the diamines discussed above.
In two-dimensional ROESY spectra, cross peaks connect
NMR resonances for protons that are within approximately
5A of one another.'>?”) In intermolecular complexes,
ROESY cross peaks are observed not only between protons
within the same molecule, but also between protons of dif-
ferent molecules that are close to one another in space. The
latter are referred to as intermolecular cross peaks.!'>*”) The
presence or absence of these intermolecular interactions can
provide insight into the structures of intermolecular com-
plexes like the micelle-counterion mixtures discussed
above.'">??°! In this study, we applied the ROESY tech-
nique in a qualitative manner by using the presence,
absence, and relative volumes of intermolecular ROESY

cross peaks to support the model of parallel binding of the
linear diamines and L-Lysine to the micelle surface.
Quantitative ROESY analyses have also been reported in
which changes in cross peak volume with mixing time are
used to measure interatomic distances.*'"**) Finally, the
complimentary information obtained by combining NMR
diffusion and two-dimensional NMR experiments has been
used by other researchers to gain insight into the structures
of micellar aggregates and macromolecules.!**~*¢!

Figure 6a shows an expansion of the ROESY spectrum of
a mixture containing und-LV and 1,4-diaminobutane at pH
7.5. Figures 2-4 in the Supplemental Information show full
scale ROESY spectra for mixtures containing und-LV, the
linear diamines, and L-Lysine. Table 2 shows that at this
PH, fo.counterion 18 0.48. In Figure 6a, the intermolecular cross
peaks connecting the 1,4-diaminobutane resonances and the
methyl protons of und-LV Leucine and Valine headgroup
are identified by a red box. The presence of these intermo-
lecular cross peaks between the und-LV methyl protons and
both nonequivalent methylene 1,4-diaminobutane proton
resonances suggests that these respective protons are within
~5 D of one another. Furthermore, the volumes of these
intermolecular cross peaks are similar (12.49 and 14.39 for
the cross peaks at 2.95 and 1.66 ppm in the f2 dimension,
respectively) suggesting each pair of methylene resonances is
at a comparable distance from the micelle surface. These
intermolecular cross peaks, therefore, support the model of
1,4-diaminobutane binding parallel to the micelle surface
because this mode of binding would place all the counter-
ions methylene resonances at a comparable distance from
the und-LV headgroup protons. If the counterion instead
bound perpendicular to the surface, we would expect the
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Figure 6. ROESY spectra for mixtures containing und-LV micelles and (a) 1,4-
diaminobutane, (b) 1,6-diaminohexane, and (c) L-Lysine counterions.

counterion methylene resonances adjacent to the amine
functional group to experience stronger ROESY interactions
with the micelle headgroup protons than the methylene res-
onances at the center of the linear diamine. Since this result
is not observed and since a modest change in R;, was
observed when the counterion dissociated from the micelle
surface, the ROESY and NMR diffusion techniques both
support parallel counterion binding to und-LV micelles.

Figure 6b shows a ROESY spectrum for a mixture of
und-LV and 1,6-diaminohexame at pH 7.5 (fycounterion =
0.56). Again, the intermolecular cross peaks between the
counterion and und-LV methyl protons are identified by a
red box. The 1,6-diaminohexane counterion has three none-
quivalent methylene resonances. Two of these resonances
(H1' and H3’) are well resolved and show intermolecular
cross peaks with the und-LV headgroup resonances in
Figure 6b. As with 1,4-diaminobutane, the volumes of these
three cross peaks are similar at 39.1 and 41.7 for the cross
peaks with chemical shifts of 2.90 and 1.32ppm in the f2
dimension, respectively, suggesting that these methylene
protons are at a comparable distance from the micelle sur-
face. These ROESY cross peaks and the modest change in
und-LV radius observed when 1,6-diaminohexane dissociates
from the micelle suggest that 1,6-diaminohexane also binds
parallel to the micelle surface with its two amine functional
groups bridging two surfactant monomers.

Finally, the ROESY spectrum of a mixture containing
und-LV and L-Lysine at pH 7.5 (focounterion = 0.33) is
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shown in Figure 6c. The cross peaks highlighted with a red
box are between the und-headgroup methyl resonances and
the Ha and He resonances of the L-Lysine counterion.
These cross peaks are generally weaker than those observed
for the linear diamines, likely in part because of the weaker
overall binding of L-Lysine to the micelles. The presence of
cross peaks for L-Lysine resonances adjacent to the mole-
cule’s primary and side chain amine functional groups again
suggests parallel binding of L-Lysine to the micelle surface
as was observed for the two linear diamines. Parallel binding
of L-Lysine counterions has also been observed in mixtures
containing this counterion and undecyl Leucinate and
undecyl Phenylalaninate micelles.?®**! In Figure 6c, ROESY
spectrum, the volumes of these two cross peaks are different
(8.92 and 18.78 for the resonances at 3.66 and 2.93 ppm in
the f2 dimension, respectively), as might be expected since
in L-Lysine there is a single Ha proton, but two equivalent
He protons.

Cyclohexane diamines

NMR spectroscopy was also used to investigate the binding
of the cis and trans isomers of both 1,4-diaminocyclohexane
and 1,2-diaminocyclohexane to und-LV micelles. The struc-
tures of these amines are shown in Figure 1. pK, values for
1,4-diaminocyclohexane are 9.4 and 10.8. For 1,2-diamino-
cyclohexane, pK, values are 9.93 and 6.13 for the cis isomer
and 9.94 and 6.47 for the trans isomer.*>*”) In the analyses
of these mixtures, NMR spectra showed a counterion
methyne resonance at approximately 3 ppm whose decay
with increasing gradient strength was used to calculate the
counterion diffusion coefficient. The other diaminocyclohex-
ane proton resonances were overlapped either partially or
completely by und-LV headgroup and hydrocarbon chain
resonances. Therefore, unambiguous assignment of multiple
intermolecular ROESY cross peaks could not be made and
the development of the counterion-micelle binding models
discussed below relied on results from the diffusion
experiments.

The pK, values for the 1,4-diaminocyclohexane isomers
reported above suggest that the amine functional groups are
both in protonated or ammonium form and that the coun-
terion has a+2 charge below pH 9. The counterion deprot-
onates at higher pH, thus reducing its charge. In contrast,
both 1,2-diaminocyclohexane isomers have pK,; values in
the 6-6.5 range and pK,, values around 9.9. Therefore, from
pH 7.5—9, the amine functional groups are expected to be
in monoprotonated form giving the counterion an overall
+1 charge. Again, deprotonation at higher pH reduces the
counterion charge. Figure 4A and Table 3 show relatively
strong counterion-micelle association below pH 9.5. For
example, fi counterion fOr trans and cis-1,4-diaminocyclohex-
ane was 0.73 and 0.79, respectively, at pH 7.5. These values
remain relatively constant in the 0.79-0.72 range until pH
9.5 when they begin to decrease and fall to near zero at pH
11.5. Therefore, as with the linear diamines and L-Lysine,
the 1,4-diaminocyclohexane isomers are bound to the
micelles in their cationic states but dissociate from the
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micelle surface to be replaced by Na™ cations at higher pH.
D values used to calculate fi counterion and Ry, are given in
Table 3 as well.

Furthermore, the micelle hydrodynamic radius changed
by a generally larger amount when the 1,4-diaminocyclohex-
ane isomers dissociated from the micelle surface compared
to the corresponding change for the linear diamines and L-
Lysine. For example, the micelle R, changes from 20.4 A at
pH 7.5 to 10.8 A at pH 11.5 in the mixture containing trans-
1,4-diaminocyclohexane and from 20.4 A at pH 7.5 to 99A
at pH 11.5 for the und-LV-cis-1,4-diaminocylcohexane mix-
ture. This observation suggests that the 1,4-cyclohexanedi-
amine isomers bind perpendicular to the micelle surface
with one amine functional group interacting with the
anionic micelle surface and the rest of the molecule extend-
ing away from the surface and into solution. This model is
shown in Figure 5c. Binding of the counterions in this fash-
ion at low pH increases the micelle hydrodynamic radius
because Ry, represents the radius of the surfactant micelles
and all bound counterions. When the counterion then
deprotonated and dissociated from the micelle surface at
high pH, a relatively large change in Ry, resulted as observed
in the above NMR radii measurements. The perpendicular
packing model shown in Figure 5c¢ for the 1,4-diaminocyclo-
hexanes would also allow for a high coverage of the micelle
surface with counterions because each counterion interacts
with a single surfactant monomer. Figure 4A and 4B and
Table 3 do in fact show that f; counterion for both 1,4-diami-
nocyclohexane isomers is greater than 0.70 below pH 9.
These are the largest fi, counterion Values observed for the
counterions in this study. Finally, if the counterions bound
to the micelle surface as shown in Figure 5c, we would
expect relatively little difference between the association of
the cis- and trans-1,4-diaminocylcohexane isomers with the
und-LV micelles. In other words, the relative orientation of
the two amines would not likely affect micelle binding if
only one amine functional group at a time interacted with
the micelle surface. The fi counterion Values in Table 3 and
Figure 4A and 4B do in fact show relatively little difference
between the «cis and trans isomers of 14-
diaminocyclohexane.

Micelle hydrodynamic radii, fi, counterion Values, and corre-
sponding diffusion coefficients are also given in Table 4 for
and trans-1,2-diaminocyclohexane-und-LV mixtures.
These values are plotted in Figure 4C and 4D, respectively.
For trans-1,2-diaminocyclohexane, f;, counterion Was in the
range 0.44-0.40 between pH 7.5 and 9.5. The fraction of
bound counterions decreased at higher pH to a value of 0.20
at pH 11.5. Similar behavior was seen with the cis-1,2-dia-
minocyclohexane counterion, where fi counterion Was in the
range 0.56-0.44 from pH 7.5 to 9.0. This value again
decreased at higher pH to a value of 0.12 at pH 11.5.
Therefore, like the other counterions investigated, the 1,2-
diaminocyclohexane isomers dissociated from the micelle
surface when they deprotonated at higher pH.

Also, at low pH the f; counterion Values for the 1,2-diami-
nocylcohexane isomers are generally lower than correspond-
ing values for 1,4-diaminocyclohexanes. For example, at pH

cis-

7.5 focounterion for trans-1,2-diaminocyclohexane is 0.44,
whereas fi, counterion fOr trans-1,4-diaminocyclohexane is 0.72.
A similar difference was seen for the cis isomers. This differ-
ence likely results in part from the pK, values reported
above, which suggest that below pH 10, the 1,4-diaminocyl-
cohexane amine functional groups are both protonated and
the molecule has a+2 charge. In contrast, the 1,2-diamino-
cyclohexane isomers are monoprotonated in this range and
the charge of the counterion is +1. The lower charge of 1,2-
diaminocyclohexane thus reduces its electrostatic attraction
to the anionic micelles resulting in lower f; counterion values.
Furthermore, in their monoprotonated or +1 form, the 1,2-
diaminocyclohexane isomers form intramolecular hydrogen
bonds. These H-bonds have been investigated both theoret-
ically and experimentally by Lopes Jesus, et al.'**) In the 1,2-
diaminocyclohexane isomers, intramolecular hydrogen bond
formation may compete with the formation of H-bonds
between the counterion amine functional groups and und-
LV headgroup atoms, thus reducing the f; counterion Values at
lower pH. Intramolecular hydrogen bonding is expected to
be less important in the 1,4-diaminocyclohexane isomers,
especially at lower pH where both amine functional groups
are in ammonium form. When the amine functional groups
deprotonate at higher pH though, hydrogen bonding can
occur in 1,4-diaminocyclohexane via the boat conformation
of the cyclohexane ring.!*® Finally, as with Na™, the linear
diamines, and L-Lysine, f,1y values for the diaminocyclo-
hexanes remain near one over the pH range investigated.

Table 4 also shows that the change in the micelle hydro-
dynamic radius observed when the 1,2-diaminocyclohexane
isomers dissociate from the micelle surface at high pH is
comparable to that observed with the 1,4-diaminocyclohex-
ane isomers. For example, in trans-1,2-diaminocylcohexane
Ry, decreases from 19.7 A at pH 7.5 to 11.6 A at pH 11.5. In
cis-1,2-diaminocyclohexane, the corresponding change was
from 18.4 A at pH 7.5 to 10.5A at pH 11.5. This result sug-
gests that, as shown in Figure 5c¢, the 1,2-diaminocyclohex-
ane isomers bind perpendicular to the micelle surface with
both amine functional groups interacting with the und-LV
surfactant monomers. In addition, with the 1,2-diaminocy-
clohexane isomers, a small difference is observed between
the fo counterion Values for the cis and trans isomers at low
pH. For example, at pH 7.5 fi, counterion is 0.56 for the cis iso-
mer and 0.44 for the trans isomer. Differences are also seen
at pH 8.0 and 8.5 where in each case f; counterion 1S larger for
the cis isomer. These results suggest that in the cis isomer
where the two amine functional groups are pointing in the
same direction, the counterion can more easily interact sim-
ultaneously with the anionic headgroups of the und-LV sur-
factant monomers.

Conclusions

NMR spectroscopy was used to investigate the binding of
Na®, amine, and amino acid counterions to und-LV
micelles. NMR methods were used because they probe both
the structures and dynamics of micellar systems.!**~*! Qur
goal was to characterize the intermolecular interactions



present in solutions containing amino acid-based surfac-
tants. These interactions affect the micelles’ physical proper-
ties and their ability to bind differently to analyte
enantiomers in chiral CE separations.!'®'"'?”?8] The NMR
methods employed included diffusion studies to characterize
micelle-counterion binding equilibria and 2D-NMR experi-
ments to investigate the structures of counterion-micelle
complexes. In solutions containing the und-LV micelles and
Na® or (C,Hs),N' counterions, the fraction of micelle-
bound surfactant and counterion molecules along with the
micelle hydrodynamic radii remained relatively constant as a
function of pH. The linear diamines and L-Lysine were
found to bind parallel to the und-LV micelle surface, with
their amine functional groups interacting with multiple sur-
factant monomers. Both the linear diamines and L-Lysine
dissociated from the micelle at higher pH. In contrast, NMR
experiments suggested that the 1,2- and 1,4-diaminocyclo-
hexane isomers bound perpendicular to the und-LV micelle
surface with the amine functional groups interacting with a
single surfactant monomer and the rest of the molecule
extending into solution. Binding models for both the linear
and cyclic diamines are shown in Figure 5. Furthermore,
below pH 8, the mole fraction of micelle-bound 1,2-, and
1,4-diaminocyclohexane was higher than the linear diamines
or L-Lysine. This difference was attributed partly to the per-
pendicular binding shown in Figure 5¢ which allowed for a
high coverage of the micelle surface with counterions.
Finally, the cis and trans isomers of 1,2-diaminocyclohexane
had different f;, counterion Values at low pH, whereas f; counte-
rion Values for 1,4-diaminocyclohexane isomers were the
same under these conditions.
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