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Abstract The ability of Fe** to bind to Langmuir mono-
layers of an N, N, N/, N'-dialkyl-N, N’-diacetate eth-
ylenediamine gemini surfactant has been explored. Fe* in
the subphase resulted in the formation of compacted,
liquid-phase monolayers with a mesh-like morphology at
the micron length scale in comparison with expanded,
unstructured liquid-phase monolayers in the absence of
iron. The response of the monolayer to subphase Fe®* was
different from that reported for Na* and Ca** for an affili-
ated, shorter-tail gemini surfactant. Combined surface
potential and X-ray reflectivity measurements indicated that
Fe** induced minor conformational changes in the mono-
layer, suggesting ionic association with the head group.
Direct evidence for the binding of iron was provided by
total reflection X-ray fluorescence measurements, which
revealed that multiple ions were associated with each head
group as opposed to chelating with 1:1 stoichiometry as
observed with bulk ethylenediaminetetracetic acid. Cumu-
lative data suggest the adsorption of Fe,(OH),**™¥* com-
plexes with the monolayer surface as has been reported
with other charged and uncharged monolayers.
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Introduction

The newly developed anionic gemini surfactants of the N, N,
N, N'-dialkyl-N, N’-diacetate ethylenediamine family,
dubbed Ace(n)-m-Ace(n) in the literature, have demonstrated
the ability to associate with inorganic metal ions in bulk solu-
tion and in monolayer films at the air—water interface
(Lv et al., 2014; Lv and Qiao, 2015; Rehman et al., 2017a;
Wattebled and Laschewsky, 2007). A representative example
of these compounds, Ace(18)-2-Ace(18), is shown in
Scheme 1. The association of ions with these surfactants in
bulk has broadly been attributed to the chelating ability of the
ethylenediaminetetracetic acid (EDTA)-based functional
group that comprises the surfactant head group. Given the
technological advantages of gemini surfactants over their
monomeric counterparts (e.g., very low critical micelle con-
centrations, superior surface tension-lowering capabilities, for-
mation of novel self-assembled structures), the association of
metals with gemini surfactants holds significant potential for a
variety of applications, including detergency, drug delivery,
and others (Kumar and Tyagi, 2014, 2015; Menger and
Keiper, 2000; Wani et al., 2019; Zana, 2002; Zhao
et al., 2017), and thus, elucidating details of ion binding in
these compounds is of significant technological value.
Investigations of the interactions between Ace(n)-m-Ace
(n) surfactants and inorganic ions have been minimal to date
and have focused primarily on Na* and Ca®* with Ace(12)-2-
Ace(12). In their seminal work in this area, Wattebled and
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Scheme 1 Chemical structure of Ace(18)-2-Ace(18)

Laschewsky (Wattebled and Laschewsky, 2007) reported that
Ace(12)-2-Ace(12) remained stable in a solution of pH 7 upon
addition of Ca®" ions, precipitating only when loading ratios of
~0.65 mol of Ca** per mole of surfactant head group were
exceeded. For comparison, a monomeric surfactant reference
compound, sodium laurate, precipitated out of solution at ion
concentrations that were several orders of magnitude lower.
Research on ion association in our group has focused on Lang-
muir and Langmuir Blodgett (LB) monolayers in which we
reported on the effect of subphase Na* and Ca®* on Ace(12)-
2-Ace(12) monolayer properties, including basic pressure area
(n-A) isotherm characteristics as well as film structure at air—
water and air—solid interfaces (Rehman et al., 2017a). The
presence of either cation in the subphase resulted in the signifi-
cant expansion of the monolayer film in comparison with an
jon-free subphase, with Ca®* inducing a greater film expansion
than Na*. ©-A isotherm data were used to estimate ion-to-sur-
factant binding stoichiometry (N = 1 and N = 0.5 for Na*, Ca®
*, respectively) and apparent association constant values; bind-
ing stoichiometry was the same as is typically observed for
simple (two-tailed) phospholipids, while association constant
values were smaller. Brewster angle microscope (BAM)
measurements revealed the formation of multimolecular
aggregates in the presence of ions, which were likely
agglomerations of the surfactant bound to the metal.

The association of trivalent ions with surfactant mole-
cules is more complex compared to most mono- or divalent
ions (e.g., see (Aroti et al., 2004; Shah and Schulman,
1965) and the references therein) in part because of the
potential for forming coordinate covalent bonds between
the transition metal ions and surrounding ligand molecules
in bulk solution (Tyrode and Corkery, 2018; Wang
et al., 2014, 2016; Wen et al., 2016). More broadly, interac-
tions between trivalent ions, and iron in particular, with
charged surfactant interfaces is of interest because of their
importance in membrane-based biomineralization pro-
cesses, as well as their relevance in controlling the interac-
tion between metal-based nanomaterials and self-assembled
ionic surfactants that comprise nanoparticle coatings
(Arakaki et al., 2003; Kang et al., 2002). Studies have also
been carried out on protein-based systems, and evidence
has been obtained for the formation of complexes between
the functional groups of protein molecules and metal ions
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in the bulk and at the interface (see (Lopez-Moreno
et al, 2017; Mirabello et al., 2016; Uebe and
Schueler, 2016) and others). Sung et al. (2018) have
recently investigated the binding between a Langmuir
monolayer consisting of fatty acid molecules and two triva-
lent ions, Fe** and La®*. Using sum frequency generation
vibrational spectroscopy, high binding energies were found
to exist between the carboxylic acid head group (both pro-
tonated and neutral forms) and Fe>* ions and Fe(OH)X”’x
complexes, which were associated with the half-filled d-
orbitals of iron. Furthermore, the measurements indicated
that iron bound to the fatty acid head groups primarily as
hydroxide complexes, whereas La>* ions (filled d-orbital)
bound as “bare” ions to the deprotonated head group and
behaved in a manner similar to previously studied monova-
lent and divalent ions. Wang et al. (Wang et al., 2014) have
also investigated the adsorption of Fe** and Fe®* to mono-
layers of arachidic acid and dihexadecyl phosphate
(DHDP) using a combination of X-ray-based methods; they
reported that the quantity of Fe** bound to either mono-
layer was largely independent of the charge density of
either interface, and the amount of bound Fe** was more
than one-third per surfactant head group. Based on inter-
face-sensitive X-ray absorption near-edge spectra measure-
ments, the authors also noted that the ions were
“chemically” bound to the surfactant head groups (i.e., a
Stern layer) as opposed to loosely associated.

In the current study, the impact of subphase iron on sur-
factant monolayer properties has been investigated with a
trivalent ion, Fe**, and the gemini surfactant Ace(18)-
2-Ace(18). With the half-filled Fe** d-orbital and a surfac-
tant head group bearing similarities to EDTA, the surfactant
is expected to show significant binding with Fe**, and the
impact of this on monolayer properties, including pressure
area compression isotherms, micron-scale film morphol-
ogy, and surface dipole moment, is explored. In addition,
we have directly measured the extent of iron binding to the
monolayers through synchrotron-based X-ray fluorescence
measurements and assessed binding stoichiometry at the
air—water interface.

Experimental Section
Chemicals and Substrates

FeCl; (reagent grade, 97%) and chloroform (spectrophotomet-
ric grade) were purchased from Sigma Aldrich (Oakville,
Ontario, Canada), and HCl (ACS grade) was purchased from
EMD Merck. We have reported the synthesis, purification,
and characterization of Ace(18)-2-Ace(18) previously
(Rehman et al., 2019). Stock solutions (1 mM) of Ace(18)-
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2-Ace(18) were prepared by dissolving the solid surfactant in
chloroform. For deposition experiments, microscope glass
slide coverslips (VWR) were used as substrates. The cover-
slips were rinsed with ethanol and, after drying with nitrogen,
cleaned in a plasma cleaner (Harrick Plasma) for approxi-
mately 30 min before use.

Monolayer Preparation, Compression Isotherms, and
Surface Potential Measurements

Langmuir and Langmuir Blodgett films were prepared on a
Langmuir trough (KSV Nima) equipped with a Wilhelmy
plate balance using filter-paper plates. The trough was cleaned
thoroughly before each measurement. n-A isotherms were col-
lected for Ace(18)-2-Ace(18) monolayers at room temperature
using ultrapure water (MilliQ; resistivity = 18.2 MQ-cm™)
whose pH had been adjusted to 3.7 by adding trace amounts
of 1 M HCI as a subphase. For iron-enriched subphases,
FeCl; was dissolved in ultrapure water, and the pH of each
solution was adjusted to 3.7 by the addition of 1 M HCI. To
prepare monolayers, 50 pL of stock Ace(18)-2-Ace(18) solu-
tion was spotted on the subphase surface using a Hamilton
syringe, and the film was allowed to equilibrate for ~15 min
before compression. Films were compressed at a rate of
20 mm min~" (approximately 5.0 A* molecules min™"). Sur-
face potential measurements were taken using a commercial
vibrating metal plate probe (KSV Nima) mounted on a Lang-
muir trough. LB films were deposited onto glass coverslips at
a surface pressure 7 = 30 mN m~' at a deposition rate of

10 mm min ",

Microscopy Measurements

Atomic force microscope (AFM) measurements were car-
ried out in tapping mode on a Dimension Hybrid
Nanoscope system (Veeco). Silicon probes with spring
constants in the range of 10~100 N m™~" and resonance fre-
quencies between 288 and 338 kHz were used. Samples
were imaged at a scan rate of 0.45 Hz and a resolution of
512 pixels per line.

BAM imaging was performed at the air—water interface
on a Langmuir trough equipped with a BAM system (Ultra
BAM, KSV Nima). The BAM system used a 658 nm laser
for illumination, and all images were collected at
20 frames s~'. The diffraction-limited resolution of the
instrument was ~2 pm.

X-Ray Reflectivity and Total Reflection X-Ray
Fluorescence Measurements

X-ray reflectivity (XR) and total reflection X-ray fluores-

cence (TRXF) measurements were carried out on the liquid
surface scattering spectrometer of sector 15-ID-C (NSF’s
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ChemMatCARS) at the Advanced Photon Source (Argonne
National Laboratories). The spectrometer was equipped
with a Langmuir trough with a single movable barrier, all
encased in a sealed chamber mounted on a vibration isola-
tion pad. The liquid footprint inside the trough had dimen-
sions of 42.0 cm (length) X 8.9 cm (width) X 0.7 cm
(depth). For TRXF measurements, an [Fe3+] = 50 mM sub-
phase was used as a reference solution. Monolayer films
were prepared by spotting the surfactant solution onto the
subphase in the trough, and the chamber was purged with
He to minimize X-ray beam scattering by air and to mini-
mize potential damage to the film caused by the incident
beam. The X-ray beam intensity was adjusted to avoid film
damage over the time course of the experiments. A mono-
chromatic beam of X-rays with energy of 10 keV
(A = 1.23984 A) was directed onto the surface of the sub-
phase using a Ge (111) steering crystal. For XR measure-
ments, reflected X-rays were collected on a Pilatus 100 K
X-ray detector (Dectris) as a function of out-of-plane (q,)
scattering vector. Fluorescence signals were collected nor-
mal to the surface on a multicathode energy-dispersive
X-ray detector (SII Nano Technology USA, Inc.) at small
incident beam angles (o;) as a function of the out-of-plane
(q,) scattering vector. Angular-dependent fluorescence
measurements were used to extract the surface ion concen-
tration (ions per unit area) using the fitting approach
described by Bu et al. (Bu et al., 2014).

Results and Discussion

For the monolayer experiments, a combination of acid—base
properties of Ace(18)-2-Ace(18) (pKa; =5.6, pKa, =9.3,
corresponding to protonation—deprotonation of the head group
nitrogens) and the solubility of iron salts dictated which sub-
phase conditions could be investigated. Maximal binding of
cationic iron to Ace(18)-2-Ace(18) is anticipated for the fully
deprotonated surfactant, but iron hydroxides precipitate under
these conditions. Because of this, we empirically identified a
subphase pH and an Fe®* concentration range for which there
was no detectable precipitate formation but where significant
ion binding was still observed by X-ray fluorescence (vide
infra). These were identified as pH = 3.7 and [Fe3+] = 0.0-
1.0 x 107" mM, and these conditions were used for further
experiments. It should be noted that, under these conditions,
the speciation of the nominal Fe3+(aq) subphase is complex;
because of iron’s Lewis acidity, a significant fraction will
coexist as FeOH2+(aq) and Fe(OH), (i (Stefansson, 2007).
Furthermore, the addition of HCI for pH adjustment will also
complicate the issue, potentially promoting the formation of
chloride-enriched complex ions, although this effect becomes
more important at higher iron chloride concentrations
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(Persson, 2018). For the sake of simplicity, the subphase will
be referred to as Fe3+(aq) in the remainder of the text. At this
pH, Ace(18)-2-Ace(18) can reasonably be assumed to be
zwitterionic (head group nitrogens protonated, carboxylic
acids deprotonated). While we cannot confirm this experimen-
tally using titration because the compound precipitates at low
pH, the pKa values for the carboxylic acid groups in EDTA
(Harris, 2010) are ~2.0 and 2.7, and thus, we will proceed
based on the assumption of a zwitterionic head group.

n-A isotherms for Ace(18)-2-Ace(18) monolayers were
measured as a function of Fe™* subphase concentrations and
are shown in Fig. 1. Isotherms were consistent with those
reported previously for pure water and ion-containing sub-
phases (Rehman et al., 2017a) and consisted of a smoothly
increasing curve with no discernible phase transitions and a
well-defined film collapse. Compressibility modulus plots

(Cs_l = —MMA(dn/dMMA)r vs. ©t) for monolayers at the
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Fig. 1 ©-A isotherms for Ace(18)-2-Ace(18) monolayers as a function
of subphase [Fe**] at pH 3.7 and 21 °C

Table 1 Summary of monolayer properties extracted from n-A iso-
therms for Ace(18)-2-Ace(18) as a function of sub-phase [Fe’*)

[Fe® Aot (A% AL (A% P Co

*1 (mM) molecule) molecule) (mNm™)  (mNm™)
0 83.5+0.2 1944+01 6334+03 84.4 £ 0.1
15%x1072 832+ 04 196 £ 04 66.2+04 872+ 04
25%x1072  81.5+03 194+03 64.8+0.1 80.6 £ 0.3
50%x 1072 80.3+0.2 194+03 62.1 £0.1 86.8 £ 0.2
1.0x 107" 78.5+0.1 194+05 60.0+0.1 86.7 04

“Determined by fitting a straight line to the most steeply increasing
region of isotherm and extrapolating to zero.

"Mean molecular area at film collapse.
Film collapse pressure.

9Maximum observed compressibility modulus.
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various Fe** concentrations were calculated from the iso-
therms and are reported as Supporting Information.

Previously reported grazing incidence X-Ray diffraction
measurements of Ace(18)-2-Ace(18) monolayers indicates
that these surfactants form liquid (nondiffracting films) at
the air—water interface at all surface pressures, likely
because the bulky head groups pack poorly (Rehman
et al., 2019) and the lack of discontinuities in the isotherms
is consistent with the absence of liquid-to-solid or similar
phase transitions. The maximal values for C;~' extracted
from the isotherms are consistent with liquid-state films
under all measurement conditions. Key properties of the
isotherms and their changes as a function of subphase ion
concentration are summarized in Table 1. The limiting area
for the films (A estimated by extrapolating the steeply ris-
ing region of the isotherm to = = 0 mN m™") on pure water
was 83 A%, which is significantly higher than a typical mono-
meric surfactant (e.g., stearic acid, Ag = 20.9 Az; see (Islam
et al., 2008)) and slightly larger than that of the shorter-chain
gemini variant Ace(12)-2-Ace(12) (Ag =61 A*) (Rehman
et al., 2017a). The larger limiting area of Ace(18)-2-Ace
(18) in comparison with stearic acid can be attributed to the
larger head group cross section of the molecule. The larger
value in comparison with Ace(12)-2-Ace(12) is consistent
with previous X-ray reflectivity measurements, which suggest
that the Ace(18)-2-Ace(18) tends to “flatten” on the subphase
surface (Rehman et al., 2019).

Film collapse areas (A.) and collapse pressures ()
showed minimal variation with Fe>* content, and there was
no significant change in the shape of the isotherms as a
function of iron concentration. However, isotherms shifted
systematically to smaller mean molecular areas (film con-
densation) as the Fe’* concentration in the subphase
increased. The greatest film condensation was observed for
the highest iron concentration; the maximum condensation
was ~5% as estimated from the difference in the limiting
area of Ace(18)-2-Ace(18) on pure water. There is a diverse
set of responses of monolayers to subphase ions reported in
the literature (Leontidis et al., 2014), but a common cause
of film condensation is simple screening of charge from
ionized head groups. For example, more condensed films
are commonly observed for simple fatty acids with ionic
subphases compared to pure water subphases (Brzozowska
et al., 2013; Petty, 1996). Wang et al. have reported similar
responses for dipalmitoyl phosphatidylcholine monolayers
on the Fe** subphase, where films were condensed in the
liquid expanded (LE) phase as the Fe®* subphase concen-
tration was increased (Wang et al., 2016). As noted above,
the subphase pH is approximately two orders of magnitude
smaller than the bulk solution pKa; (which corresponds to
protonation of the nitrogen head group) for the surfactant.
While the pKa values in monolayers will differ from the
bulk, we can reasonably anticipate that the surfactant head
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group will be zwitterionic (both carboxylic acid groups
deprotonated and both nitrogens protonated), and thus, charge
screening is certainly a viable cause of film compaction. How-
ever, one most also consider the possibility that ion binding
leads to a large conformational change in the head group,
which might also result in perturbation to the monolayer film
structure. At this pH, EDTA in bulk solutions will still chelate
iron, albeit with less affinity than at higher pH, and it is rea-
sonable to postulate that the association between the head
group and the metal ion in solutions might be accompanied
by a structural change that reflects this type of association.
Thus, additional characterization approaches were used to fur-
ther assess the impact of subphase Fe®* on the film structure.
Surface potential (SP) measurements were used to probe
the orientation of the surfactant’s dipole moment at the
air—water interface as a function of Fe>* concentration, with
experimental results shown in Fig. 2. SP values and
corresponding surface dipole moments (p,) calculated
using the Helmholtz relation (p; =€y AV A; €p is vacuum
permittivity, AV is the experimentally measured difference
in SP, A is area) are summarized in Table 2. For the tabu-
lated values, a fixed area of 75 A%-molecule™! was selected.

0.6
[Fe] =0 mM

Py [Fe] =0.015 mM
b [Fe] = 0.025 mM
® 04} [Fe] =0.05 mM
= [Fe]=0.1 mM
9
o
o
©
S o2}
h=
S
(/]

00}

40 60 80 100 120 140 160 180 200
Mean molecular area (Az molecule™)

Fig. 2 Surface potential plots for Ace(18)-2-Ace(18) as a function of
subphase [Fe**] at pH 3.7 and temperature 21 + 0.5 °C

Table 2 Surface potential (SP) data for Ace(18)-2-Ace(18) on Fe?
*subphase

[Fe**] (mM) SP* (V) p (D)
0 0.23 0.46
1.5% 1072 0.27 0.53
25%x 1072 0.34 0.68
5.0x% 1072 0.35 0.70
1.0x 107! 0.42 0.84

3Measured at 75 A-molecule™".

J Surfact Deterg (2021) 24: 897-907

Measured SP values increased as a function of film com-
pression for all monolayer films, regardless of subphase
composition, consistent with orienting the surfactant’s
molecular dipole moment (which we consider pointing
toward the head group) normal to the water surface as
the film was compressed. Absolute SP values were compa-
rable with those reported previously for Ace(12)-2-Ace
(12) monolayers, indicating that increasing the alkyl tail
length does not substantially alter the molecular dipole
moment as might be reasonably expected; the primary
influence on the dipole moment will be from the head
group and functional groups immediately adjacent to this.
SP compression curves were generally unremarkable, but
of particular interest was that the curve on pure water was
significantly different for monolayer films on Fe** in the
subphase; the potential on pure water increased at a signifi-
cantly larger mean molecular area than the others. This
result was repeatable over many replicate measurements,
which indicates that the presence of Fe’* significantly
changes the orientation of the surfactant’s dipole moment
over that observed on pure water. For more compacted
films (taken at an area of 75 A% molecule™), the impact of
Fe** was particularly apparent. As the concentration of Fe?
* was increased in the subphase, an increase in the SP was
observed, indicating a tendency of the dipole moment
toward normal orientation with respect to the surface. Pro-
viding a molecular-level interpretation of the SP on the ion-
containing subphase is more complex than that on pure
water alone. For the first approximation, the overall SP can
be modeled as a combination of dipole orientation effects,
as well as an electric double-layer contribution from the
association of ions with the charged monolayer. As noted
above, the net head group charge should be zero (zwitter-
ionic) at the pH used, and thus, the latter effect should be
minimal, but nonetheless, some limiting case order-of-
magnitude calculations (0.5% surface ionization) were car-
ried out to assess the importance of ion binding on SP. We
have modeled the electric double-layer potential for a 3:1
(FeCly) electrolyte using the method described by Casper
et al. (Casper et al., 2015) as a function of film compression
and subphase Fe** concentration (see Supporting Informa-
tion). These calculations showed that the change in electric
double-layer contribution to the measured SP is negligible
over the experimental compression range used here, and in
combination with the SP being null at the beginning of
each compression experiment, the measurements indicate
that the change in measured SP can be attributed to changes
of the surfactant dipole moment. The changes in dipole
moment are substantive; at a reference area of
75 A? molecule, the dipole moment is almost twice that
reported on pure water. We interpret this as meaning that
the addition of Fe®* to the subphase significantly reorients
the dipole moments at the air—water interface.
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Unraveling precisely what molecular-level structural
changes occur in the monolayer is challenging based on the
data given here. A fundamental limitation of the SP mea-
surements described here is that one cannot assume that the
surfactant’s molecular dipole moment remains fixed as the
concentration of subphase Fe®* increases and that changes
in p, result from simple reorientation of a rigid rod-like
molecule. While this approach generally works well for
rigid, rod-like surfactants like short-chain fatty acids, Ace
(18)-2-Ace(18) has the potential for more significant con-
formational flexibility. As noted in the isotherm data, bind-
ing of the metal ion might result in a significant
conformational change in the structure of the molecule,
which would also perturb the measured SP. We note that
the XR measurements reported previously (Rehman
et al., 2019) suggest that Ace(18)-2-Ace(18) on pure water
has a disordered tail group region, and the head group
adopts a “flattened” conformation, similar to what is
reported for cationic alkyl ammonium gemini surfactants
with an appropriately sized spacer group (Alami
et al., 1993). Thus, we have carried out additional structural
characterization measurements on the films in the presence
of Fe®* to supplement the SP measurements.

To assess micrometer-scale film morphology, films were
visualized at the air—water interface using BAM. Figure 3
shows the BAM images for Ace(18)-2-Ace(18) monolayer
films as a function of Fe** subphase concentrations at 1t = 1

mN m~'. Comparable results were obtained at higher pres-
sures (1 = 5 mN m™'; Supporting Information), but at sig-
nificantly greater film compression (x > 10 mN m™"), the
features observed in the films merged to the point of
becoming unresolvable at the resolution of the instrument.
BAM images of pure Ace(18)-2-Ace(18) films on a sub-
phase of pure water consisted of minimally reflective spots
that were several microns in diameter (Fig. 3a). Control
measurements of pure water or Fe>*-enriched subphases in
the absence of surfactant were featureless, indicating that
these domains were aggregates of surfactant and that the
pure surfactant had a weak tendency to form aggregates in
the absence of subphase cations.

Films on Fe** containing subphases showed a signifi-
cantly different morphology compared to the pure water
subphase (Fig. 3b—e). Films consisted of low reflectivity
(dark) elliptical domains dispersed in a highly reflective
mesh-like structure. The low-reflectivity, elliptical domains
were minimally structured and heterogeneous in size, typi-
cally ranging from tens to hundreds of microns in diameter.
There was no discernible trend in terms of the relative num-
ber and size of domains as a function of Fe** subphase con-
centration. We interpret these images as being consistent
with film condensation induced by subphase Fe'*; the
regions of higher reflectivity correspond to condensed pat-
ches of surfactant, likely associated with iron species, but
the films have not been sufficiently compacted for uniform

Fig. 3 BAM images of Ace(18)-2-Ace(18) monolayers as a function of concentration of [Fe3+] in subphase at 1 = 1 mN m~! and temperature
21 4+ 0.5 °C. (a) [Fe**] = 0mM, (b) [Fe**] = 1.5 x 1072 mM, (c) [Fe**] = 2.5 x 107> mM, (d) [Fe**] = 5.0 x 107> mM, and (e) [Fe’

N=1.0x10""'mM
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coverage; thus, there are empty (low reflectivity) regions  (12) system; the shorter tail system showed precisely oppo-
on the subphase. This assignment is in good agreement  site behavior to that observed here, in that it formed
with our previous observations for the Ace(12)-2-Ace  expanded films in the presence of Na* and Ca®*, and the
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Fig. 4 AFM height images (10 pm X 10 pm) and corresponding cross-sectional analysis of Ace(18)-2-Ace(18) as a function of concentration of
[Fe**] in subphase at ©* = 30 mN m~' and temperature 21 + 0.5 °C. (a) [Fe**] = 1.5 x 1072 mM, (b) [Fe*] = 2.5 x 107> mM, (c¢) [Fe®
*1=5.0x 1072 mM, and (d) [Fe**]1=1.0 x 10™' mM
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Table 3 X-ray reflectivity and total reflection X-ray fluorescence
fitting parameters for Ace(18)-2-Ace(18) on Fe** subphase measured
atw=20mN m™'

[Fe? Head Tail layer  Surface ion Fe®* ions

*1 (mM) layer length (A)  concentration per head
length (A) (ions A™?) group

0 106 £03 149+02 — —

1.5 %1072 9.1+£0.2 132402 0.037+0.002 2.8+0.1

25x107 100+03 113+0.1 0.049+£0002 3.7+02

1.0x 107" 107+£03 112401 0.069+0.003 52402

BAM images consisted of occasional high-reflectivity
aggregates dispersed on a continuous dark phase (Rehman
et al., 2017a).

To further elucidate the structures of the films, mono-
layers prepared at varying Fe’® subphase concentrations
were deposited onto glass substrates (at T = 30 mN m™")
and imaged using AFM. Images of films deposited as a
function of subphase Fe®* concentration are shown in
Fig. 4, and an image of a film deposited from a pure water
subphase is reported as Supporting Information. For all
conditions investigated, including depositions in the
absence of Fe3+, film transfer ratios were > 1, indicating
that more than a single monolayer of material was depos-
ited. The large transfer ratios indicate that the films do
not retain good structural integrity upon transfer, and
thus, we interpret the AFM results cautiously. Films depos-
ited from pure water consisted of a smooth layer dotted
with occasional pinhole defects, while films deposited from
Fe®* subphases consisted of a smooth layer with numerous
heterogeneous aggregates dispersed across the sample.
Cross-sectional analysis of these aggregates (Fig. 4) yielded
heights that were ~ 5—7 nm, which is significantly larger than
the estimated length for a fully extended Ace(18)-2-Ace(18)
molecule (~2 nm, estimated from MMFF molecular mechan-
ics calculations, Spartan 2018). We (qualitatively) observed
a larger number of aggregates in the films prepared from the
highest Fe®* concentration samples and thus interpret the
aggregates to consist of Ace(18)-2-Ace(18) associated with
Fe®* species, the quantity of which increases with Fe* con-
centration. We revisit the nature of the surfactant Fe>* spe-
cies in the Discussion section of this manuscript.

XR was used to examine monolayer thickness at the
air—water interface in the presence and absence of Fe’* (at
n =20 mN m_l), with normalized XR curves (R/R¢ vs. q,
where R is reflectivity and Ry is the Fresnel reflectivity)
reported in Fig. S3. Resulting electron density profiles were
fit using a standard two-slab model in which one slab of
electron density corresponds to the monolayer head group
and the second slab to the tail group; fitting data are
summarized in Table 3. The overall film thickness and
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Fig. 5 (a) Fluorescence spectrum from the interface between Ace
(18)-2-Ace(18) and Fe®™ subphase (q, =0.018 A~ [Fé®
*1=025%x107* M, = = 20 mN m™"). (b). Integrated fluorescence
intensity as a function of q, for Ace(18)-2-Ace(18) and Fe**-con-
taining subphases (r = 20 mN m’, 6.4 keV). The points are experi-
mentally measured intensities, and the solid lines are the modeled fit
determined as described by Bu et al. (Bu et al., 2014). The vertical
scale on the right refers to the reference sample intensity signal. The
reference subphase consisted of [Fe3+] =50 mM

slab-fitting results for the monolayer on pure water were
comparable with the previously measured values for Ace
(18)-2-Ace(18), and the tail layer length was greater than
that of the shorter Ace(12)-2-Ace(12) surfactant, as
expected (Rehman et al., 2017b, 2019). The key observa-
tion from film thickness measurements was that a small
(~4 A) but significant decrease in tail layer length was
observed when switching to an Fe’*-enriched subphase.
Similar tail layer lengths for all Fe®* concentrations were
calculated, and we were not confidently able to extract any
particular concentration-dependent trends with regard to
thickness. Nonetheless, there was a clear alteration in the
film structure induced by the interaction of the monolayer
with Fe**. Tt is somewhat surprising that binding would
have minimal effect on the head group thickness and rather
perturbs the effective tail group thickness; we naively
assumed that binding to the Ace(18)-2-Ace(18) head would
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result in substantial changes, particularly if the iron formed
a chelate, but clearly, this is not the case. The relatively
small change in thickness of the tail region suggests that
the majority of the change in dipole moment observed in
the SP measurements is simply caused by the molecules
adopting a more vertical orientation. This minimal change
in the head group region suggests that the Fe** is not che-
lated but is, rather, nonspecifically bound to the monolayer.
Furthermore, we speculate that the nonspecific binding
effectively “levers” the two tail chains apart, resulting in a
lower average tail chain thickness. The XR-determined tail
length is shorter than expected for a fully extended alkyl
chain (~ 18 A), suggesting that there is disorder (and possi-
bly flexibility) in the tail region in the absence of Fe*,
which might allow for these conformational changes to
occur. However, we are unable to definitively account
for this effect and will explore it further in the future. How-
ever, additional insight into the Fe’*—surfactant binding
interaction could also be obtained using X-ray fluorescence
techniques, as detailed below.

The amount of Fe** bound to the Ace(18)-2-Ace
(18) monolayers was measured using TRXF, which pro-
vides information about elemental distribution across lay-
ered structures directly at the air—water interface.(Kumar
and Tyagi, 2015) Figure 5a shows the fluorescence spectra
from the interface between Ace(18)-2-Ace(18) and an Fe**
subphase ([Fe*"] = 0.25 x 10~* M). Fe K, emission was
observed at 6.4 keV, and the Fe K emission was observed
at 7.1 keV, with typical X-ray and Compton scattering
observed at their expected energies (Albert and Douglas,
2020). This indicates the presence of Fe’* ions at the air—
water interface. Measurements of an iron-enriched sub-
phase without the surfactant showed negligible Fe fluores-
cence at the interface, indicating that the surfactant
monolayer draws metal ions to it from bulk solution. TRXF
can be used to quantify the amount of surface-bound metal
ions, expressed as interfacial area per metal ion. The pro-
cess for extracting the data is described in detail by Bu
et al. (Bu et al., 2014), but in brief, the dependence of
fluorescence intensity on the X-ray angle of incidence for a
given subphase ion concentration is measured, and the bound
ion quantity is extracted from the data by fitting the angle-
dependent data to an appropriately parameterized model.

Plots of integrated fluorescence as a function of q, for
the monolayer systems (Fig. 5b) show a sharp transition at
q, ~0.022 A™" and have shapes consistent with a Fresnel
transmission curve. The peak sharpness indicates negligible
interfacial curvature, and the shape points to a signal that is
dominant at the interface over the bulk. Closely affiliated
systems reported in the literature, including Fe®* ions with
DHDP and Fe** with arachidic acid, exhibited similar fluo-
rescence response (Fig. 4b). A standard reference sample
consisting of a [Fe’*] = 50 mM solution in the absence of a
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surfactant monolayer yielded an entirely different angular
response (black curve), the shape of which was characteris-
tic of fluorescence emission from bulk solution. Curve
fitting based on the assumption of a uniform plane of metal
ions at the interface was carried out and yielded surface ion
concentrations, which were converted into ions per Ace
(18)-2-Ace(18) head group using the wn-A isotherm data.
Results are summarized in Table 3.

For all conditions, ion to head group ratios that were
greater than one were observed, which is consistent with
the proposed model of nonspecific association of ions to
the monolayer as opposed to one-to-one chelation. This
general result is consistent with several reports in the litera-
ture of iron binding to various charged or uncharged sur-
face layers. Of particular note is Wang et al.’s report on
interactions of Fe®* ions with DHDP which suggested that
iron hydroxide (ferrihydrite) complexes were associating
with the interface and that binding was largely independent
of the surface charge density (Wang et al., 2014). Further
support for this was provided by a follow-up study in
which the authors reported the adsorption of iron (III) to a
charge neutral zwitterionic template of phosphatidylcholine
(PC) (Wen et al., 2016). The authors proposed that the iron
hydroxide clusters, broadly described as Fe,(OH),**¥’
*_although, again, the precise speciation is complex—that
form in solution under their experimental conditions (pH 3,
100 mM KCI) bind covalently to PC, which resulted in a
large number of ions per surfactant head group (~3). A sim-
ilar effect can reasonably explain the large ion—surfactant
binding stoichiometry we observe with the Ace(18)-2-Ace
(18) system, as well as the ability of iron-containing species
to adsorb to the nominally zwitterionic surface.

Furthermore, the effect agrees with the cumulative
microscopy data. Metal hydroxide clusters bound to a sur-
factant would certainly provide excellent reflectivity con-
trast in air—water interfacial BAM images, and the results
reported above are consistent with this. In terms of the
AFM data, while the poor transfer ratios preclude meaning-
ful quantitative analysis, the aggregate diameters observed
were in the range of 5-7 nm, which is typical of ferrihydrite
nanocrystals (Michel et al., 2007). Cumulatively, the
weight of evidence supports the formation and adsorption
of these complexes to the Ace(18)-2-Ace(18) monolayer at
the air—water interface, although the precise chemical com-
position of the surface-bound clusters would require future
studies with a surface-sensitive spectroscopic probe
(e.g., XANES). A further point of interest here is the com-
paratively large quantity of iron bound per head group in
this system (five ions per head group at the highest sub-
phase Fe** concentration used). For technical applications
in which high Fe** loading levels onto surfactants are desir-
able, for example, micronutrient delivery, encapsulation, or
metal nanoparticle synthesis, the capacity for metal binding
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exhibited for the EDTA-like head group might be a very
useful, and further chemical refinements to explore
structure-binding capacity relationships in this class of
compounds are ongoing.

Conclusion

Ace(18)-2-Ace(18) surfactant monolayers have been dem-
onstrated to bind with inorganic iron (nominally Fe®*) in
acidified subphases, with a binding response that differs
significantly from that reported for the binding of simple
mono- and divalent ions described previously in the litera-
ture. The cumulative evidence indicates that, despite the
EDTA-like headgroup of Ace(18)-2-Ace(18), trivalent iron
binding occurs through a nonspecific adsorption rather than
a 1:1 chelation and that the binding is accompanied by
compaction of the monolayer, as well as relatively small
conformational changes to the constituent surfactant mole-
cules. As has been reported with other surfactant mono-
layers in the literature, the speciation of the bound Fe’* is
complex and likely occurs as iron hydroxide clusters of the
general formula Fe,(OH), ",
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