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Iron near edge X-ray spectroscopy at aqueous-membrane interfaces

Wenjie Wang,a Ivan Kuzmenko,b and David Vaknin∗a

Employing synchrotron X-ray scattering, we systematically determine the absorption near-edge spectra (XANES) of iron in

its ferrous (Fe2+) and ferric (Fe3+) states both as ions in aqueous solutions and as they bind to form a single layer to anionic

templates that consist of carboxyl or phosphate groups at aqueous/vapor interfaces. While the XANES of bulk iron ions show

that the electronic state and coordination of iron complexes in the bulk are isotropic, the interfacial bound ions show a signature

of a broken inversion-symmetry environment. The XANES of Fe2+ and Fe3+ in the bulk possess distinct profiles however,

upon binding they practically exhibit similar patterns. This indicates that both bound ions settle into a stable electronic and

coordination configuration with an effective fractional valence (for example, Fe+[2+ν ], 0 < ν < 1) at charged organic templates.

Such two dimensional properties may render interfacial iron, abundant in living organisms, a more efficient and versatile catalytic

behavior.

1 Introduction

It is well established that iron ions in ferrous (Fe2+) and fer-

ric (Fe3+) states can form various complexes in aqueous so-

lutions.1 A host of coordination compounds of trivalent and

divalent iron have been characterized in the context of chem-

ical and biological systems showing that complexed iron ions

play an important role as active centers.2 Consequently, struc-

ture and specification of iron complexes in aqueous solutions

is of great importance and relevant to various disciplines such

as geochemistry, mineralogy and biology. In its ferrous state,

Fe2+ can behave as an electron donor, while in its ferric state,

Fe3+ can be an acceptor rendering iron unique roles that have

been exploited in the evolution of life, for example, its func-

tion in heme as a catalyst for reducing and oxidizing molecules

and as an electron carrier.3,4 Determining the ferrous/ferric

state in situ and in real time is a challenge yet to be accom-

plished. However, ion-specific monitoring techniques, such

as, Mössbauer effect,5 and near L-edge and K-edge soft and

hard X-ray spectroscopy techniques keep progressing, in par-

ticular, the latter ones, with the advances in synchrotron X-

ray spectroscopic techniques. Unlike the Mössbauer effect

method which is limited to γ-emitting nuclei, the X-ray ab-

sorption near-edge spectroscopy (XANES) techniques can be

applied to practically any ion.6–9

Direct observation and determination of physical and chem-

ical states of Fe3+ and Fe2+ ions near a charged or charge-

neutral monolayer are highly relevant to biomineralization

processes exemplified by a particular species of magnetotac-

tic bacteria, Magnetospirillum magneticum AMB-1, which

are capable of synthesizing single nanocrystals of magnetite

Fe3O4 within intracellular magnetosomes.10,11 The nucle-
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ation, formation and growth of the magnetites are observed

both in vivo and in vitro in the carboxyl- and hydroxyl-

enriched regions of the membrane protein, Mms6, that has

been isolated from Magnetospirillum magneticum AMB-1.10

Much effort has been dedicated to understand the processes

of the transport and aggregation of ferric and ferrous ions into

the bacteria’s magnetosomes, the very beginning stages of the

biomineralization. In earlier studies, we have employed Lang-

muir monolayers consisting of carboxyl or phosphate moi-

eties in the form of a two-dimensional template to emulate

the active iron-binding interfaces of the magnetosomes.12–14

Mostly, a multi-layer of iron (hydr)oxides, rather than a single-

molecule thick layer of ferrous and ferric ions at the inter-

face of Langmuir monolayer, are observed under the aqueous

surface monolayers,14,15 resulting from the pre-existing iron

complexes in buffer solutions.1,13,14 In this study, iron solu-

tions were prepared at low pH (2.5 for Fe(III), 3.5 for Fe(II)) to

significantly suppress the concentration of Fe(III) (hydr)oxide

(colloidal and suspended) aggregates13 and to minimize the

oxidation rate of Fe(II) ions,16 in an attempt to form a sin-

gle bound layer of iron to an organic template. These mea-

sures allow us to explore a single layer of ferrous and fer-

ric iron ions bound to two dimensional templates of a car-

boxyl or phosphate moieties prepared by Langmuir monolay-

ers on aqueous solutions by employing surface XANES and

complement the results with X-ray reflectivity and near-total-

reflection fluorescence techniques. Specular X-ray reflectivity

(XR) and angular-dependent near-total-reflection fluorescence

spectroscopy techniques are used to determine the distribution

of surface-bound iron ions. Whereas the X-ray fluorescence

and reflectivity provide good estimates on bound-ions per

molecule and their spatial distribution, surface XANES probes

the effective valence (i.e., electronic configuration) and coor-

dination of the ions at the interface. The XANES spectra are

characterized by three major features:1. pre-edge, 2. main ab-
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Fig. 1 (a) Schematic representations of AA and DHDP molecules.

The length of the hydrocarbon chain (tail) are estimated as ∼ 24 and

20 Å in terms of the number of CH2 groups (1.27 Å per CH2 group)

along the chain axis.26,27 (b) The demonstration of setup for surface

reflectivity and fluorescence measurements (also used for XANES).

sorption crest, and 3. spectra shape above the absorption edge.

Quantitative interpretation of XANES spectra is challenging,

as they are affected by formal valence, coordination, site ge-

ometry and ligand type. Qualitative analysis by comparison to

atoms in control systems can thus provide useful insights.8,9

For iron, as is the case for transition metals in general, the

presence of a pre-edge signal is indicative of quadrupole tran-

sition of 1s → 3d by virtue of p and d hybridization that is

commonly caused by a broken inversion-symmetry in non-

centrosymmetric structures.17 To demonstrate qualitative and

quantitative ion binding to the monolayers we employ X-ray

near-total-reflection fluorescence12,13,18–21 and X-ray reflec-

tivity (XR) techniques22–25 to the same samples that are sub-

sequently used for XANES experiments.

2 Experimental Methods

Monolayers of arachidic acid (AA) and dihexadecyl phosphate

(DHDP) providing a negatively monovalent charge upon de-

protonation were each deposited on aqueous surfaces of FeCl3
or FeCl2 solutions, where the surface charge and the solubil-

ity of iron are regulated by pH levels.13 Arachidic-acid (AA,

C20H40O2, CAS No. 506-30-9) and dihexadecyl phosphate

(DHDP, C32H67O4P, CAS No. 2197-63-9) were purchased

from Sigma-Aldrich Co. Ion bulk concentrations were pre-

pared using solutions of FeCl3·6H2O (ferric chloride hexahy-

drate) and FeCl2 (ferrous chloride anhydrous), were obtained

from Sigma-Aldrich, and chemicals used without further pu-

rification. All iron solutions were prepared at 1 mM. Ultra-

pure water (Millipore, Milli-Q, and NANOpure, Barnstead;

resistivity 18.1 MΩcm) was used for all subphase prepara-

tions, and HCl solution was used to acidify the pure water be-

fore dissolving iron salts and to further adjust the pH of iron

solutions (pH 2.5 for FeCl3 and 3.5 for FeCl2). This proto-

col of solution preparation has been used to minimize oxida-

tion of Fe2+. As a further measure to reduce oxidation the

FeCl2 solutions were prepared in containers that were con-

tinuously purged over with argon gas. Pure AA or DHDP

was each dissolved in 3:1 chloroform/methanol solution and

spread at gas/water interfaces in a thermostatic, solid Teflon

Langmuir trough kept at constant temperature (20oC). Com-

pression of the monolayer, at a rate of ∼ 1 Å2 per molecule

per minute, was started 10-15 minutes after spreading to al-

low for evaporation of the solvent, and surface-pressure was

recorded with a microbalance using a filter-paper Wilhelmy

plate. To minimize radiation damage due to the formation of

radicals and ions and to reduce background scattering from air,

the encapsulated trough was continuously purged with water

saturated helium during the X-ray experiments. X-ray scat-

tering and spectroscopy studies were conducted on the Liquid

Surface Spectrometer at the Advanced Photon Source (APS),

beam-line 9ID-C. The highly monochromatic beam (7.7 keV

of wavelength λ = 1.6102 Å for fluorescence and reflectivity;

and tunable in the 7.1-7.3 keV range for XANES measure-

ments) was selected by a downstream cryogenically cooled

Si(111) double crystal monochromator. The angle of inci-

dence at the liquid sample was set by a Ge(111) steering crys-

tal located on the liquid surface diffractometer. The XANES

signals, in reflection-fluorescence mode, were collected with a

Vortex energy dispersive detector (EDD) that is also used for

the fluorescence measurements. X-ray fluorescence signals

from the films as a function of incident beam angle αi (propor-

tional to Qz at these small angles, Qz = 4π sinαi/λ , αi being

X-ray incident angle with respect to the interface), are used to

determine quantitatively the density of specific ions that accu-

mulate at the interface.12,13,18–20 XR is displayed as a function

of Qz yielding the electron density (ED) profile normal to the

interface from a parametrized ED profile.25 A graphic illus-

tration of the molecular structure of AA and DHDP, and the

experimental configuration for XANES, fluorescence and re-

flectivity measurements is shown in Fig.1.

3 Results and Discussion

3.1 Iron adsorption as a single layer

Figure 2 shows fluorescence intensities integrated over the Fe

Kα characteristic emission line as a function of Qz from FeCl3
and FeCl2 solutions without and with a monolayer. The in-

tensity of the fluorescence signal from the bare surface of the

ion-solution (Ib) from the bulk iron concentration (nb) is given

by13,21

Ib(αi) =C |t(αi)|
2

D(αi)g(αi)A0nb, (1)

whereas the fluorescence intensity from the monolayer-

covered surface has two contributions, one from bound ion

at the interface (of surface density ns), Is, and the other from
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Fig. 2 Florescence intensity as a function of Qz for iron bulk

solution (1 mM) with bare surface and ion-enriched surface. Each

data point is integrated over range from 6.2 to 6.6 keV containting

exclusively the Fe Kα emission line (Kα ≈ 6.4 keV). Each error bar

represents one standard deviation arising from counting statistics.

The circular symbols represent the bulk signal from 1 mM of FeCl2
solutions in the absence of the monolayer, which is indistinguishable

from that of 1 mM of FeCl3, and is profile-fit with Eqn.(1). The

square and triangle symbols represent the surface signal after the

subtraction of bulk signal from the whole florescence signal from 1

mM FeCl3 or FeCl2 solutions in the presence of the monolayer and

are profile-fit with Eqn.(2).

bulk ions Ib, (i.e., Is + Ib), given by13,21

Is(αi) =C |t(αi)|
2

g(αi)A0ns exp[−|zion|/D(αi)] (2)

where, C is a scale factor that accounts for beam intensity and

EDD efficiency, A0 is the average molecular area (≈ 20Å2 for

AA and ≈ 40Å2 for DHDP), t(αi), D(αi), and g(αi) are the

transmission function, the penetration depth normal to the in-

terface and a geometrical correction,29 respectively. zion is the

position of the ion-enriched layer with respect to z = 0 at the

gas/monolayer interface.The analysis of the spectra and its αi

dependence (Fig. 2) yield the number of bound iron ions per

carboxyl or phosphate headgroup, NFe, at the interface.18–20

Particularly, for αi >αc, αc being the critical angle for total re-

flection, where |zion/D(αi)| ≪ 1, to a good approximation,20

NFe = nsA0 =

[

Is(αi)

Ib(αi)

]

D(αi)A0nb (3)

The analysis of the fluorescence signals is summarized in Ta-

ble 1 showing that the number of bound Fe3+ per molecule

(NFe) is more than 1/3 per head group, the amount neces-

sary to neutralize a fully charged surface. Also the binding

of Fe(III) is almost independent of the charge density at the

interface, namely independent of either AA or DHDP tem-

plate, suggestive of tethered ferrihydrides complexes forma-

tion at the interface, which is consistent with previous reports

Table 1 Number of iron nuclei per molecule (DHDP or AA)

extracted from the analysis of the X-ray fluorescence measurements

as described in the text.

Binding ratio Fe(III) Fe(II)

NFe per AA (±15%) 0.60 0.13

NFe per DHDP (±15%) 0.46 0.42

on the binding of Fe3+ and La3+ to similar templates.12,13 On

the other hand, for Fe(II) there are 0.13 Fe per AA at nearly

charge-neutral interface and 0.42 per DHDP. This is consis-

tent with the fact that simple electrostatic forces dominate the

accumulation of Fe(II) at these two interfaces. The position

of the ion layer is found to be at zion ≈ 20 Å contiguous to-

or within the headgroup strata as it is also found in the XR

analysis discussed below.

The fluorescence results are corroborated by the X-ray re-

flectivity measurements. Measured X-ray reflectivity curves

(R) normalized to the calculated reflectivity of an ideally flat

water surface(RF ; R/RF ) are shown in Fig. 3(a) for monolay-

ers of AA and DHDP on iron solutions as indicated. The ED

profiles for the surface monolayer are modeled as two-layers;

one contains the headgroup, and the other the hydrocarbon-

chain tail.25 The effective-density model22,28 that allows for

large, uncorrelated interfacial roughness was adopted to con-

struct interfacial ED profiles. The solid lines shown in Fig.

3(b) are the best-fit model calculations obtained from the elec-

tron density profiles across the interfaces using Parratt’s ex-

act recursive method,24,28, in which the continuous model ED

profile is approximated by parsing it into a stack of thin slabs.

More details can be found in Tolan’s monograph or Support-

ing Information.22,28 Qualitatively, for both ion solutions, the

ED-enhanced regions on the ED profiles can be readily associ-

ated with the headgroup, which is higher than for a monolayer

that is spread on pure water,12–14 evidence for ion binding

within a few angstroms of the headgroup region. Furthermore,

the density of bound Fe(III) to AA monolayer is significantly

higher than that of Fe(II), while the density of the two bound

ions to DHDP are within experimental uncertainty the same,

and in good agreement with the observations from the fluores-

cence measurements.

3.2 XANES of Fe2+ and Fe3+ in bulk solution

To systematically test our method of collecting XANES in re-

flection mode from an aqueous surface, we start by discussing

the XANES of bulk ions and proceed to the surface for com-

parison. The XANES spectra from bulk can be obtained at

a fixed Qz value above the critical angle for total scattering

(Qc = 0.0218 Å−1) for which the penetration depth of the

beam is a few microns. Here, we keep Qz constant at 0.05

1–7 | 3

Page 3 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



0 0.2 0.4 0.6
10

−4

10
−2

10
0

10
2

10
4

10
6

0

0.2

0.4

0.6

Qz (Å )
-1

z ( )Å

L
og

(
)

10
F

R
/R

ρ(
) 

(e
/

z
Å

 )3

−20 0 20 40
0

0.2

0.4

0.6

Fe(III) + AA

Fe(II) + AA

Fe(III) + DHDP

Fe(II) + DHDP

(a)

(b)

(c)

Subphase

Subphase

Headgroup

Headgroup

Tail

Tail

Air

Air

Fe(III) + AA

Fe(II) + AA

Fe(III) + DHDP
Fe(II) + DHDP

Fig. 3 (a) Normalized X-ray reflectivity from four different
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or ferrous ion containing subphases. The symbols represent the

experimental data. Solid lines through these symbols are best

curve-fit. The data and curves are shifted vertically for clarity. (b)

and (c) ED profiles simulated by the best-fit parameters

corresponding to (a). From the left to the right, the ED profiles are

approximately divided into four regions, i.e. subphase, headgroups

and tails of the monolayer, and gas phase. Position z = 0 has been

shifted to the center of head group for better display.
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Fig. 4 X-ray absorption K-edge spectra and corresponding

derivatives (inset) showing the difference in edge spectra (maxima)

for Fe3+ and Fe2+ in the bulk solution with bare surface.Two

vertical dashed lines are positioned at 7.1220 and 7.1275 keV,

respectively.

Å−1 at which the x-ray beam penetrates to approximately 5

µm into the bulk of the solution. The XANES spectra for

Fe3+ and Fe2+ in bulk solution, shown in Fig. 4, is obtained

by integrating over the fluorescence signal consisting exclu-

sively of Kα emission line of iron. These results are the first

to be obtained from Fe ions in reflection mode and they com-

pare very well with previous results obtained in transmission

mode.30 The main absorption lines for Fe(II) and Fe(III) are

separated by a 5 eV chemical shift that is better visualized in

the derivative of the absorption spectra with respect to the in-

cident photon energy, as shown in the inset Fig. 4. The spectra

does not exhibit any evidence of a pre-edge signal indicating

very little d-p hybridization of iron with its nearest neighbors,

evidence for a highly symmetric environment around the two

different ions in the bulk. Based on analysis of the Fe(III) and

Fe(II) spectra in aqueous solutions it has been proposed that

the highly symmetric complexes consist of [Fe(H2O)6]3+ and

[Fe(H2O)6]2+, respectively.30

3.3 Interfacial XANES of iron

To measure the interfacial XANES from bound ions we keep

the incident beam below the critical angle for total reflection.

In this mode the penetration depth of the evanescent wave at

the surface is less than 100 Å. The surface XANES from both

monolayers is obtained at Qz = 0.018Å−1 with a penetration

depth ∼ 80 Å as shown in Fig. 5.

The spectra from the interfacial bound ions differ markedly

from those of bulk displaying nearly indistinguishable shape

for Fe(II) and Fe(III) for both, AA and DHDP. This may in-
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Fig. 5 X-ray absorption K-edge spectra (upper panels),

corresponding derivatives of edge spectra (middle panels), and

pre-edge structure (lower panels) for Fe3+ and Fe2+ at the interface.

(a), (c) and (e) are for AA; (b), (d) and (f) are for DHDP. The

vertical dotted lines are peak positions for aqueous bulk Fe2+ and

Fe3+ as shown in the inset of Fig. 4. XANES intensities are

normalized to the higher energy end of the spectra (7.19−7.20

keV). (Prior to the normalization, the spectra intensities at higher

energy end for Fe2+ need to be scaled up by 5.9 and 1.3 times for

the AA and DHDP monolayers to be comparable to the

corresponding Fe3+ spectra, respectively.) (c) and (d) derivatives of

XANES spectra intensity (I(E)) with respective to photon energy

(E) (curves shifted vertically by 400 arb. units apart for clarity) in

terms of the cubic splines that best-profile-fit the XANES data

(weighted by the detector counting error). The gray area provides

the associated uncertain regions for less stringent requirement for

data smoothing.31 (e) and (f) the pre-edge structure in the XANES

spectra, prior to the main absorption rise edge, which is much

suppressed in the spectra for the bulk XANES of aqueous iron ions.

dicate a common stable electronic configuration and coordi-

nation at charged organic templates for bound iron. Further-

more, the derivatives of the spectra with respect to photon en-

ergy, while showing differences between the two ions, exhibit

a common peak intermediate between that the free Fe(II) and

Fe(III) ions in the bulk. This is suggestive of coexistence of

both ions at the interface, or, this may indicate uniform frac-

tional valence (for example, Fe+[2+ν ];0 < ν < 1) and/or un-

usual coordination. We note that these experiments were con-

ducted at various collecting data rates and exposure to photons

to allow for monitoring any time dependent effects or possi-

ble chemical modification by X-ray radiation dose and were

found to be reproducible. Another observation in the surface

XANES of iron is the emergence of the pre-edges in the pres-

ence of AA and DHDP, for both Fe(II) and Fe(III) as shown

in the inset to Fig. 5. This, we argue, is expected as interfaces

naturally break inversion symmetry. Unlike in bulk, interfa-

cial bound iron ion is bonded to a head group on one side

and surrounded by water molecules on the other resulting in a

symmetry and environment changes that bring about the pre-

edge.28

4 Conclusions

XANES from monovalent ions (i.e., Cs+) at a charged Lang-

muir monolayer by scanning photon energy of the X-ray re-

flectivity at fixed Qz values20 has been reported, and subse-

quently has been employed to ferrihydride aggregates that are

bound to a Langmuir monolayer.14 In particular, it has been

shown that the spectra from these aggregates is consistent with

Fe3+, which was also confirmed in a recent independent study

by various methods including XANES.15 In this study, we

have adjusted the solution conditions (i.e., pH) so no aggre-

gates are formed in the solution as evidenced in our XR that

shows a single layer of ions is bound to the charged interface.

We generalize the method to obtain XANES from bulk and in-

terfacial ions in reflection mode from charged aqueous inter-

faces. We show that the sensitivity of the technique in provid-

ing distinct spectra for Fe2+ and Fe3+ in bulk solutions with a

5 eV chemical shift and isotropic coordination can be achieved

in this mode. The differences between the spectra above the

edge indicate a different coordination for the two ions.30 By

contrast, the spectra of bound iron ions are significantly dif-

ferent than any of the two Fe2+ or Fe3+ in bulk solution and

are nearly indistinguishable. Furthermore, they exhibit a de-

tectable pre-edge signal that indicates the ions are not loose

as in a distribution predicted by Poisson-Boltzmann theory,

but chemically bound to the headgroup in the so called Stern-

layer.32 Furthermore, the interfacial XANES shown in Fig. 5

are quite similar to those obtained from Fe atoms in neurome-

lanin granules in a surviving neuron whereas in a dead neuron

with neuromelanin aggregates the signal is more like that of
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Fe3+.33 Charged biological templates are topologically simi-

lar to those explored here, we therefore hypothesize that iron

or other transition metals share similar electronic configura-

tions that render them more efficient functions as charge carri-

ers and catalyzers in their un-aggregated forms. For instance,

transition-metal phthalocyanines or porphyrins, considered as

artificial light harvesting pigments, exhibit undesired exciton

splitting in their electronic absorption spectra when forming

dimers and higher order aggregates34,35 prompting a search

for methods to control and preserve their two dimensional as-

sembly.36 Such aggregation may also be related to the fact that

the distribution of Fe2+ and Fe3+ in zeolite based catalysts de-

pends on Fe concentration in addition to protocol of thermal

treatment.37.
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We determine the absorption near-edge spectra of iron in its ferrous and ferric states both as 
ions in aqueous solutions and as they bind to form a single layer to anionic templates that 
consist of carboxyl or phosphate groups at aqueous/vapor interfaces. 
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