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ABSTRACT: Ferrocene (Fc)/ferrocenium (Fc+)-decorated car-
bon nanotube electrode materials have shown promise for
selectively adsorbing arsenic (As) over dissimilar anions like Cl−
and ClO4

−, and isostructural transition-metal oxyanions for water
remediation; however, the competition between same-group
oxyanions (such as arsenate vs phosphate) is underexplored and
poorly understood. We use ab initio calculations to examine the
competitive binding of As(V), P(V), and As(III) to Fc/Fc+ with
and without functional substitutions (OH, SH, NH2, COOH, CH3,
C2H5, NO2, and Cl). This work aims to understand factors that
induce the selective binding of toxic arsenic over phosphate. We
find that neat Fc cannot distinguish the three oxyanions because
physical forces (electrostatics and dispersion) dominate the Fc-
oxyanion interactions. However, combined oxidation and substitution e!ects enable selectivity for As(V) over P(V). Oxidation of Fc
to Fc+ allows the formation of Fc+-oxyanion covalent bonds with varying donor−acceptor character depending on the oxyanion.
Additionally, NH2 and SH groups that donate charge to the base Fc+ molecule and H-bond to oxyanion induce an energetic
preference for As(V) over P(V) by −0.23 and −0.13 eV, respectively. Di!erences in pKa between As(V)/P(V) and As(III) preclude
any preference for As(III) over the other anions. Using the calculated energetics, we predict the pH-dependent binding selectivity of
functionalized ferrocenium. These findings demonstrate the challenges of Fc/Fc+-oxyanion interaction for selective binding and
provide a path for identifying other molecules and substituents for e"cient metallocene adsorbent design.

1. INTRODUCTION
The e"cient removal of arsenic (As) from drinking water
remains a pressing engineering and environmental challenge in
distributed drinking water systems due to its severe toxicity
even at low levels. Ingestion of As causes cancer, liver, kidney,
and lung deterioration, ulcers, and neurodegenerative dis-
orders.1−5 Therefore, the World Health Organization (WHO)
recommends a maximum arsenic concentration of 10 μg/L in
drinking water.3 Arsenic is present in aqueous environments
primarily as the trivalent As(III) (arsenite) or the pentavalent
As(V) (arsenate), where the protonation state is controlled by
the pH given the pKa’s of both species (6.9 and 9.2 for As(V)
and As(III), respectively).6−10

Several technologies, including precipitation, ion exchange,
reverse osmosis (RO), electrodialysis, and adsorption, are
deployed to remove As from water.6,11−18 Among these,
adsorption is a promising under-the-sink remediation technol-
ogy that, unlike the state-of-the-art RO systems, uses relatively
inexpensive materials, requires negligible energy, and produces
no secondary brine stream that must be disposed. Compared
to some of the other technologies, in principle, adsorption
requires no chemical input during water filtration, thus

simplifying operations for point-of-use systems. Regeneration
steps may, however, require chemical treatment. In addition,
conventional sorbents are relatively less susceptible to fouling
and can achieve high removal e"ciencies in simple water
matrices containing a single toxin.19,20 However, the perform-
ance of conventional sorbents is primarily limited by the
presence of less toxic competing species, such as phosphate,
silicate, nitrate, sulfate, and bicarbonate, in contaminated
water.20,21 These less toxic species are chemically and
structurally similar to As oxyanions and often occur at higher
concentrations (up to 10−100 times);22 thus, these oxyanions
(phosphate, silicate, nitrate, sulfate, and bicarbonate) compete
with As for adsorption sites on nonspecific sorbents and
decrease the treated-water volume of the sorbent before
replacement is necessary.6,22−29 Identifying means to engineer
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selectivity into sorbent materials without otherwise altering
throughput or activity could decrease As concentrations in
distributed drinking waters and the treatment cost.
Recently, capacitive deionization (CDI)30−32 has attracted

attention because it combines the benefits of adsorption and
electrodialysis, including modularity, relative ease of operation
compared to chemical treatment, and the opportunity for
inducing selective separations.31 Additionally, CDI overcomes
the challenge of handling the contaminant-saturated sorbent of
conventional sorbents because of the ability to regenerate the
electrodes in place. Further, CDI may resolve the issue of poor
selectivity of electrodialysis by including functional electro-
sorbents such as redox materials that enable electrochemical
ion exchange.30,31 In CDI, polarized electrodes, commonly
porous activated carbon, provide an electromotive force that
drives the migration of ions toward, and adsorption to, the
electrode surface, thus purifying the feed water.33 The variable
potential of the electrosorbent surface provides an additional
means to externally control the sorbent−sorbate interactions
beyond their innate physiochemical interactions,34 and there-
fore can confer selectivity. Additionally, by changing the
polarization direction, the ions can be repelled from the
electrosorbent regenerating the surface and eliminating or
substantially reducing the need to replace the sorbents.
Recent studies have examined ferrocene (Fc) tethered to

carbon nanotubes as a redox-active electrosorbent for
CDI.30,31,35−39 Fc or dicyclopentadiene-Fe(II) is an inex-
pensive organo-metallic compound commonly used for
molecular sensing, asymmetrical catalysis, biomedical applica-
tions, batteries, and others.40−45 The versatility of Fc partially
arises from the relative ease in forming the oxidized
ferrocenium ion (Fc+) under applied potential (0.8−1.2 V vs
Ag/AgCl).46 This feature is often exploited by incorporating
Fc in host materials such as polymers, metal−organic
frameworks (MOFs), and covalent−organic frameworks
(COFs).41,47 Su et al. demonstrated that oxidized poly-
(vinylferrocene) (PVF) coated on carbon nanotube electrodes
selectively adsorbed As oxyanions over Cl‑ and ClO4

‑37 The
selective removal of As by Fc+ over dissimilar anions was
rationalized via electrochemical, hydrogen bonding, polar-
izability di!erences, and charge transfer arguments.36,37,43
Furthermore, Fc+ has also been shown to selectively separate

isostructural heavy-metal oxyanions in complex water matrices,
particularly in binary mixtures of the oxyanions.34 Meanwhile,
parallel work by Gani et al. on Fc/Fc+ binding of anions
demonstrated that the inclusion of functional substitutions to
the cyclopentadienyl (Cp) groups (Fc-R) can tune the
selectivity of formate over perchlorate.48 Although Fc and
Fc-R exhibit preferential binding of dissimilar as well as
isostructural transition-metal oxyanions, there remains a gap in
mechanistic understanding of the di!erential binding behaviors
among oxyanions particularly those in the same group of the
periodic table and thus most chemically identical.
In this work, we use density functional theory (DFT)

calculations to examine the competitive binding of As(V),
P(V), and As(III) to Fc, Fc+, and their functional derivatives to
determine their relative selectivity and the underlying causes.
P(V) is chosen as the competing ion because it is most
structurally and chemically similar to As(V).26,49 We examine
As(III) as it is an As-containing molecule with di!erent
structural and electronic properties. We find that neither neat
Fc nor Fc+ distinguishes between the three oxyanions.
However, select substitutions, particularly NH2 and SH, induce

preferential binding of As(V) over the similarly shaped P(V)
molecules in the oxidized Fc+-R state. This work highlights the
possibility of achieving preferential removal of target
contaminants via tailored functional substitutions of molecular
electrodes.

2. COMPUTATIONAL DETAILS
2.1. First-Principles Calculations. DFT calculations were

performed using the GAUSSIAN 16 program,50 while
optimized structures were visualized using Macmolplt.51
Molecular structures were optimized at the B3LYP52−54 DFT
level with a 6-31G+(d,p) basis set. Subsequently, binding
energies were calculated with the larger aug-cc-pVTZ basis set.
We calculated a maximum di!erence in bond length of only
0.06Å between the 6-31G+(d,p) and the much more
computationally expensive aug-cc-pVTZ basis set. This
procedure reduced computational costs while maintaining
high energetic accuracy (see supplemental information (SI)
Figure S1 for a comparison of basis sets). Van der Waals
dispersion forces were accounted for via the empirical DFT D3
method of Grimme et al.55 The B3LYP functional achieved
similar binding energies and trends as MP2 calculations, having
absolute deviations in binding energies and binding energy
di!erences of less than 0.13 and 0.04 eV, respectively,
compared to MP2 calculations with an aug-cc-pVTZ basis
set. Therefore, the less computationally expensive B3LYP
functional was used. A comparison of test set binding energies
at the MP2 and B3LYP levels is shown in SI Figure S2. We
examined various multiplicities for the systems and only report
on the lowest-energy state for each structure: a singlet for Fc
and a sextuplet for Fc+. Molecular structures were optimized
until the root-mean-square gradient in structural energy was
less than 0.0001 Hartree/Bohr. An implicit water solvent was
implemented via the Polarizable Continuum Model
(PCM)56−58 to account for solvation e!ects with atomic size
represented using the simplified united atomic radii. We use
PCM to account for solvation e!ects following the methods of
Su et al. and Gani et al. for treating oxyanion binding to these
structures.38,48
Binding energies for all systems were calculated using eq 1.

= +E E E Ebind Fc oxo Fc oxo (1)

where ΔEbind is the binding energy of the oxyanion to the
Fc/Fc+ molecule, EFc+oxo is the total energy of the system with
the oxyanion bound at a site on the Fc/Fc+ molecule, EFc is the
total energy of isolated Fc/Fc+, and Eoxo is the total energy of
the respective isolated oxyanion (As(V), As(III), or P(V)). A
negative value for the binding energy represents an exothermic
process, while a positive value corresponds to an endothermic
process.

2.2. Bonding Analysis. Natural Bonding Orbital (NBO)
analysis was performed using the NBO package v3.159 in
GAUSSIAN 16. NBO calculates orbital stabilization energies
and was used to quantify the extent of back-donation between
Fe-O molecular orbitals in the Fc+−Oxyanion interaction.
Furthermore, Localized Molecular Orbital-Energy Decompo-
sition Analysis (LMO-EDA)60 was performed in the GAMESS
program.61 GAMESS was used rather than GAUSSIAN
because our available implementation of GAUSSIAN did not
contain the LMO-EDA capabilities. For the Fc molecule, the
di!erence in As(V) binding energies between the GAUSSIAN
and GAMESS programs was only 0.09 eV. EDA decomposes
the intermolecular binding interaction between Fc/Fc+ and
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oxyanion into electrostatic (Es), exchange (Ex), electron-
electron repulsion (Erep), polarization (Epol), and dispersion
(Edisp) components.
2.3. As(V) Removal Prediction. We predict the

percentage removal of As(V) on Fc/Fc+ decorated surfaces
as a function of pH using relevant equilibrium relationships.
The Gibbs free energies of binding in J/mol were calculated as
follows

=G E T S RT K2.3 (pH p )
bind bind a (2)

where ΔEbind is the electronic binding energy calculated from
eq 1 in J/mol, for various As(V) and P(V) species. In the
calculation of free energy, ΔS was taken as the negative of the
free ion entropy in solution Saq (J/mol−1·K−1) (taken from refs
62, 63) representing a complete loss of solution phase entropy.
We performed a sensitivity analysis to determine the
repercussions of this assumption on the relative removal of
As(V) and P(V) by Fc+-NH2. As shown in SI Figure S12, we
find that the binding behavior is independent of the amount of
solution phase entropy retained upon binding; in other words,
we predict the same quantities of adsorption when we include
no entropy loss, 50% entropy loss, and total entropy loss.
Therefore, the assumption of total entropy loss does not a!ect
any conclusion and is used for all systems considered. R is the
gas constant in (J/mol−1·K−1) and T is the temperature taken
to be 298K, and the third term accounts for the pH-dependent
oxyanion deprotonation free energy. We only calculated ΔGbind
for the di-protonated and mono-protonated As(V) and P(V)
H2XO4

− and HXO4
2− since those are present in environmental

conditions. Equilibrium binding constants were calculated
using

=K
G
RT

exp bindikjjjj y{zzzz (3)

where K is the equilibrium constant for a given oxyanion
species. Equilibrium concentrations of the two oxyanion
protonation states were calculated using the pKa values for
As(V) and P(V) (6.9 and 7.2, respectively), and the
relationship:

= + [ ]
[ ]

Kp pH log
H XO
HXOa

2 4

4
2

ikjjjjj y{zzzzz (4)

To examine the competition between the As(V) and P(V)
species, the fractional occupation of the binding sites for a
given As(V) species with number of protons y was estimated
using eq 5.

=
[ ]

+ [ ] + [ ]
K

K K

H AsO

1 H AsO H POy
y

y

y y
y

y y
yAs,

As 4
3

As, 4
3

P, 4
3

(5)

3. RESULTS AND DISCUSSION
To understand the adsorptive selectivity of Fc and its
derivatives, we used DFT to calculate the binding energies of
As(V), As(III), and P(V), the closest structural analog
competitor to As(V). We examined multiple binding
configurations between Fc and its derivatives and the various
oxyanions; we only discuss the lowest-energy configuration
unless otherwise specified. We first discuss the e!ects of Fc
oxidation state and functional substitutions on the binding of
the semiprotonated states of As(V) and P(V) (H2AsO4

− and
H2PO4

−) and the fully protonated state of As(III) (H3AsO3)

because these are the most present species at neutral pH
(∼<7). Subsequently, we report on the e!ects of oxyanion
protonation on binding.

3.1. As(V) Binding to Ferrocene. We calculate that
As(V) binds exothermically to neutral Fc by −0.19 eV, as
shown in Figure 1a. In the most favorable binding

configuration, shown in Figure 1b, As(V) binds to an H of
the Cp ring by dispersion forces. Although the Fe is in a 2+
oxidation state, and thus one might assume a strong coulombic
attraction between the Fe cation and As(V) anion, no direct
interaction occurs because the steric repulsion of the Cp rings
of Fc prevents As(V) from forming a bond to the Fe2+ center.
This electrostatic steric repulsion also counteracts the
attraction to the H of Cp, resulting in the weak binding, as
revealed by EDA in Table 1. The absence of covalent bonding
between Fc and As(V) is visually observed in the lack of
mixing between the occupied molecular orbitals of both
species, shown in Figure 1c, and the lack of significant charge
transfer between Fc and As(V) upon binding (only 0.02 e‑

Figure 1. (a) Oxyanion binding energies for neat Fc. (b) Optimized
structure for As(V) bound to Fc. (c) HOMO for As(V) bound to Fc.
Optimized structures for (d) As(III) bound to Fc and (e) P(V)
bound to Fc. White spheres are hydrogens, black spheres are carbon,
red spheres are oxygen, purple spheres are phosphorus, dark red
spheres are iron, and green spheres are arsenic.

Table 1. Localized Molecular Orbital-Energy
Decomposition Analysis (LMO-EDA) Values for the
Various Components of the Oxyanion−Fc/Fc+ Interactions

Fc Fc+

As(V) As(III) P(V) As(V) As(III) P(V)
Eelect
(kcal/mol)

60.2 15.6 61.9 −68.8 −1.1 −67

Ex (kcal/mol) −4.8 −2.8 −5.7 −51.6 −33.1 −51.1
Erep
(kcal/mol)

15.7 10.9 18.3 173.1 112.6 170.4

Epol
(kcal/mol)

−70.3 −20.6 −74 −90.8 −89.8 −91

Edisp
(kcal/mol)

−3.2 −2.9 −3.7 −12.3 −10.4 −12
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from natural charge analysis), as shown in Figure S3. Thus,
only dispersive forces bind As(V) to Fc. The weak interaction
causes a long O···H distance of ∼2.3 Å between Fc and As(V),
which is longer than the typical H···O hydrogen bond length of
∼1.7 Å48,64 and more than double the O−H covalent bond
length of ∼0.98 Å. Overall, we predict that neutral Fc is a poor
binding agent for As(V), as is seen experimentally, due to the
Cp-induced steric e!ects, which relegate As(V)-Fc interactions
to weak dispersion forces.
Fc binds As(III) and P(V) roughly equally to As(V), having

binding energies of −0.17 and −0.16 eV, respectively,
compared to the −0.19 of As(V). We note that all three are
essentially equal within the accuracy of the computational
methods used. The three oxyanions bind through weak
dispersion interactions, as shown by EDA in Table 1, and
the only significant di!erence they exhibit is the elongated
bond (2.4Å) between Fc and As(III) and the slightly
compressed bond (2.27 Å) for Fc-P(V), compared to As(V)
(2.30 Å), as shown in Figure 1d,e, and Table 1. The bond
distances for the oxyanions agree with the strength of their
dispersion interactions with Fc, P(V) ≥ As(V) ≥ As(III). The
low and essentially identical binding energies of the oxyanions
imply that Fc is not only a poor binding agent but an
unselective one.
3.2. As(V) Binding to Substituted Ferrocene. We

investigated the influence of functional substitutions on Fc-
oxyanion binding strength and selectivity. We considered a
series of side groups, namely, H-bond donor groups (OH, SH,
NH2, COOH), alkyl groups (CH3 and C2H5), and electron-
withdrawing groups (NO2 and Cl). All groups were considered
in the listed protonation state. As expected, Cl, OH, COOH,
NO2, and NH2 withdrew charge from the core Fc structure and
induced a partial positive charge on the Fc core, while SH,
C2H5, and CH3 did not significantly alter the charge, as shown
in Figure S4. Furthermore, the charge redistributions did not
substantially alter the Fc geometric structure, shown in Figure
S5.
We calculated the binding energy of As(V) at four unique

sites around substituted ferrocene. Figure S4 depicts the
unique sites. The increase in the number of unique sites arises
from the symmetry breaking of the functional group. The
groups that provide hydrogen-bonding centers (OH, COOH,
NH2, and NO2) increase the binding strength up to −0.64 eV
(for COOH), while those that do not (CH3, C2H5, and Cl)
either have minimal e!ect or weaken binding, for example
down to −0.12 eV for Fc-C2H5, as shown in Figure 2a. Only
the lowest-energy structures for As(V) and each substituent are
reported here. Table S1 reports all calculated energies. The Fc-
R-As(V) intermolecular bond lengths range from 1.62Å to
1.91Å for the H-bonding groups and are consistent with typical
H-bond lengths of ca. 1.7−1.9 Å. These bonds are considerably
shorter than the Fc-R-As(V) bond distances of the non-H-
bonding set, which range from 2.25 to 2.35 Å, as shown in
Figure S6. The fact that Cl, which induced a local positive
charge on Fc, did not improve As(V) binding suggests that
ionic attraction is not responsible for stronger Fc-As(V)
interactions. Thus, we attribute the positive e!ects to H-
bonding.
While we attribute improved binding strength to H-bonding,

we correlated the binding energy to various EDA contributions
to further understand the dispersion of H-bonding within the
substitution groups. EDA demonstrates that the electrostatic
and dispersion components of the interaction energy were the

most correlated with binding energy with R2 values 0.79 and
0.89, respectively, as shown in Figure 2b,c. Conversely, the
interaction energy’s exchange, repulsion, and polarization
components had relatively weaker correlations, 0.71, 0.72,
and 0.53, respectively, as shown in Figure S7. These results
establish that physical interactions (dispersion and electro-
statics) control As(V) binding to Fc through H-bonding and
that groups with stronger H-bonding character should be
sought for noncompetitive water matrices.

3.3. Substitutional E!ects on As(III) and P(V) Binding.
As with As(V), substitutions alter the total binding energy of
As(III) and P(V) to Fc. Relative to neat Fc, binding energies
were strengthened by up to ∼110% (−0.36 eV) and ∼300%
(−0.65 eV) for As(III) and P(V), respectively, as shown in
Figure 3a. We note that As(III) is in the fully protonated state,
i.e., charge-neutral, as is consistent with pH ∼7. While As(V),
As(III), and P(V) all have similar binding energies on neat Fc,
the substitutions induce relative preferences of As(V) ≈ P(V)
≫ As (III), where the extent of preference is functional group-
dependent, as shown in Figure 3b−d. Although the H-bond
donating groups, i.e., NH2, NO2, OH, and COOH, increase

Figure 2. (a) Binding energies for As(V) bound to neat and
substituted Fc. Linear correlation plots of binding energy vs (b)
electrostatic component, and (c) dispersion component of the
interaction between As(V) and Fc.
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As(III) binding the most, the e!ect is weaker than for As(V).
Thus, these groups give rise to the strongest As(V) preference
of −0.15, −0.17, −0.26, and −0.42 eV, respectively, shown in
Figure 3b. The weaker H-bonding of As(III) compared to
As(V) can be further seen in O···H bond lengths, which are
0.2, 0.1, 0.13, and 0.2 Å longer in Fc-R-As(III) than the Fc-R-
As(V) bonds for the NH2, NO2, OH, and COOH
substitutions, respectively. Conversely, the SH, C2H5, CH3,
and Cl substitutions only slightly influence the binding
energies of both As(III) and As(V) and thus do not alter
anion selectivity, providing at most a −0.07 eV As(V)
preference, which lies within the error of the DFT method.
Although As(III) binds via a similar mechanism to Fc-R as
As(V), EDA reveals that the overall polarization and dispersion
components of the interaction energies are more favorable for
As(V) binding (mean values of −78.31 kcal/mol and −7.31
kcal/mol, respectively) than for As(III) (mean values of
−23.76 kcal/mol and −4.8 kcal/mol, respectively), as shown in
Table S2-S5. We attribute the stronger dispersion and
polarization to the charged nature of the As(V) molecule
(−1 e− molecular charge) compared to the charge-neutral
As(III).
P(V) binds more strongly with substituted Fc than neat Fc,

paralleling the As(V) behavior. However, there is essentially no
preference for As(V) over P(V) on substituted Fc, with only
the Cl and OH functional groups giving rise to a meager −0.05
and −0.06 eV binding energy di!erence, respectively, as shown
in Figure 3c. The nearly equal binding energies of As(V) and
P(V) mirror the nearly equal bond distances for Fc-R-As(V)
and Fc-R-P(V); with di!erences of only 0.01 and 0.04 Å for
the OH and Cl substitutions, respectively. We attribute the
minimal binding energy di!erences between As(V) and P(V)
to the high degree of similarity in molecular charges (−1 e−)
and net atomic charges between their O atoms, a di!erence of
only 0.05 e−, which causes them to experience equivalent
electrostatic and dispersion forces from Fc. Overall, these
findings suggest that strong interaction between the Fc and
binding oxyanions does not induce selectivity between the
identical As(V) and P(V).

As P(V) and As(V) have very similar binding energetics, it
directly follows that Fc-R selectively binds P(V) over As(III).
Our calculations reveal that the preference for P(V) binding
over As(III) is exacerbated by substitution with the functional
groups, with binding energy di!erences up to 0.42 eV, as
Figure 3d shows. Compared to the neat Fc molecule, which
had no energetic preference for P(V) over As(III), COOH
increased the preference for P(V) the most. In contrast, the
SH, Cl, CH3, and C2H5 groups had no impact. The preference
for P(V) over As(III) can be explained with the same reasons
as in the case of As(V) over As(III), i.e., dispersion forces and
polarization favor the negatively charged P(V) molecule
compared to the charge-neutral As(III), shown in Tables
S2−S5. Based on our calculations, it is expected that P(V)
would inhibit As(III) adsorption on substituted Fc more than
As(V) adsorption.

3.4. As(V) Binding to Ferrocenium. Fc oxidizes to Fc+
through the removal of an electron from the Fe ion, which
then adopts a 3+ state.31,47 In Fc+, one Cp ring relaxes to the
side, forming a bent structure, shown in Figure 4a, because of
weakened Fe-Cp covalent bonds. At their furthest, the Cp rings
are 4.22 Å apart, a 24% increase over the ring separation
distance in neutral Fc; thus, the bent structure exposes the Fe3+
metal center to possible attack by the oxyanions because of the
substantially reduced steric hindrance with the Cp groups. We
attribute the structural distortion of Fc+ to the Jahn−Teller
e!ect, which breaks the orbital degeneracies near the highest
occupied molecular orbital (HOMO) of the Fc+ molecule and
lowers its total energy by −3.44 eV from the parallel Fc+
configuration. The bent structure is in agreement with previous
findings.65,66
Additionally, we find that upon oxidation Fc+ spontaneously

relaxes to the bent structure, suggesting that this trans-
formation has no kinetic limitations. Thus, the energetic gain
in having nondegenerate orbitals in the bent structure
outweighs the cost of Fe−C bond elongation per the Jahn−
Teller e!ect. The observed distortion in the compact structure
of Fc upon oxidation is consistent with the swelling behavior
observed experimentally upon oxidation.36,43,47

Figure 3. (a) Binding energies for As(III) and P(V) bound to neat and substituted Fc. Binding energy di!erences when bound to Fc between (b)
As(V) and As(III), (c) As(V) and P(V), and (d) As(III) and P(V).
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The binding behavior of As(V) to Fc+ di!ers from that to
neutral Fc. The As(V) bond to Fc+ is almost 6 times stronger,
−1.16 eV (as shown in Figure 4b), than to Fc, −0.19 eV, in
agreement with the experimental finding that As(V) binds to
Fc decorated electrodes more strongly under positive bias.37
The increased binding strength is due to increased coulombic
attraction between the negatively charged As(V) and the
positively charged Fc+ (see Table 1) and the formation of a
covalent bond between an O atom of As(V) and Fe3+. This
bond can form due to the decreased steric hindrance between
As(V) O atom and the Cp rings. The resulting Fe-O bond
length is only 1.94 Å, as shown in Figure 4c, within the range
of reported Fe-O covalent bond lengths, ca. 1.75−2.07 Å, in α-
Fe2O3.67 The covalent bond is shown in Figure 4d. The bond
formation is accompanied by a 0.33 e− charge transfer from
As(V) to Fc+, shown in Figure 5a, where the As atom
contributes ∼0.1 e− and the binding O atom contributes the
remaining ∼0.2 e−. The electron density donated by the O
atom forms a p−d σ-bond with the Fe. Concomitantly, Fe
back-donates electron destiny, partially filling the As−O π*
antibond. This back-donation elongates the As−O bond by
0.05 Å to 1.70 Å and stabilizes the complex by 8.56 kcal/mol as
determined via NBO and shown in Figure 5b.
3.5. As(III) and P(V) Binding to Ferrocenium. Oxidized

Fc+ also increases the binding energy of As(III) and P(V).
Although As(III) binds to Fc+ more strongly (−0.53 eV) than
to Fc, it is 0.63 eV weaker than As(V). The weaker binding of

As(III) is due to the decreased charge (0.23 e−) transferred to
Fe3+ (shown in Figure 5a), as well as weaker electrostatic and
dispersion interactions, as shown in Table 1. This charge
transfer di!erence arises from the higher energy of the As(V)
HOMO, −137.42 kcal/mol, than As(III), −171.94 kcal/mol.
Unsurprisingly, P(V) behaves more similarly to As(V) than

As(III). P(V) binds exothermically with a binding energy of
−1.14 eV, which is only 0.02 eV weaker than As(V). There is
no significant di!erence in the amount of charge transfer upon
binding between As(V) and P(V), only 0.01 e−, which explains
the similarity in binding energies between both oxyanions. The
similar Fe-O bond strengths and mechanisms between Fc+-
As(V) and Fc+-P(V) also result in equal bond lengths, 1.94 Å,
respectively. We note, however, a slight di!erence in the π-
acceptor strengths of the oxyanions. NBO analysis of the
orbital interactions reveals stronger charge delocalization, i.e.,
higher back-donation stabilization energies, from Fe orbitals to
the O-As/P π* orbitals for As(V) than for P(V), as shown in
Figure 5b. Overall, we predict neat Fc+ to equally bind As(V)
and P(V), and both interact more strongly with Fc+ than
As(III).

3.6. Oxyanion Binding to Substituted Ferrocenium.
Functional substitutions have varying e!ects on the core Fc+
molecule. While COOH, OH, C2H5, CH3, Cl, and NO2 groups
withdraw charge from Fc+, NH2 and SH substitutions slightly
donate charge (0.04 e−) as shown in Figure S4. All substituted
Fc+-R molecules adopt similar distorted structures to the neat
Fc+ and are shown in Figure S8.
As in the nonoxidized Fc case, the H-bond donating groups,

NH2, OH, COOH, and NO2, strengthen As(V) binding by
0.11 to 0.29 eV over neat Fc+, while SH, C2H5, CH3, and Cl,
weaken As(V) binding with binding energies from −1 to −1.45
eV, as shown in Figure 6a. As(V) binds via direct covalent

Figure 4. (a) Optimized Fc+ showing its bent structure. (b) Oxyanion
binding energies on neat Fc+. (c) Optimized structure for Fc+-As(V).
(d) HOMO (−6) for Fc+-As(V). Optimized structures for (e) Fc+-
As(III) and (f) Fc+-P(V). White spheres are hydrogens, black spheres
are carbon, red spheres are oxygen, purple spheres are phosphorus,
dark red spheres are iron, and green spheres are arsenic.

Figure 5. (a) Plot of changes in oxyanion natural charges upon
binding to neat and substituted Fc+ for As(V), As(III), and P(V),
respectively. (b) Back-donation stabilization energies for the Fe-O
bond obtained from NBO analysis for As(V) and P(V) bound to neat
and substituted Fc+. More positive stabilization energy values
correspond to stronger bond stabilization, i.e., higher back-donation.
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bond formation with the Fe3+ center for all of the Fc+-R
systems, like the neat Fc+ system. The covalent Fe-O bonds in
the Fc+-R-As(V) molecules are 1.95, 2.08, 2.03, 1.95, 1.97,
1.93, 2.05, and 1.86 Å for the NH2, SH, C2H5, CH3, Cl, OH,
COOH, and NO2 substitutions, respectively, and their
respective optimized structures are shown in Figure S9.
Binding energies correlate poorly with the electrostatic and
dispersion components of interaction energy, seen in Figure
6b,c, highlighting the fact that those forces no longer control
oxyanion binding; rather the covalent bonding dominates.
The combination of the charged Fc+ and substitutional

groups induces a di!erence in binding energies among the
oxyanions, where As(V) is slightly stronger than P(V), which
are both much stronger than As(III). As in the case of neat Fc+,
As(III) binding strength is 0.46−0.9 eV lower than As(V) for
all substituted structures, achieving binding energies of −0.45
to −0.69 eV, as shown in Figure 7a. Further, the binding
energy di!erences between As(III) and both As(V) and P(V),
are up to 0.9 and 0.83 eV, respectively, which suggests a strong
preference for both As(V) and P(V) over As(III), as shown in
Figure 7b,c. As was highlighted before, As(III) forms a weaker

bond to Fc+-R due to lower charge transfer, and the side
groups form weaker H-bonds to As(III).
The combination of charged Fc+ and substitutions induces

the first appreciable binding energy di!erence between As(V)
and P(V). NH2 and SH substitutions to Fc+ increase the
energetic preference of As(V) over P(V) by −0.23 and −0.13
eV, respectively, while OH, COOH, CH3, C2H5, NO2, and Cl
substitutions show no significant oxyanion preference. The
trend in preference for As(V) (seen in Figure 7d) is in good
agreement with the trend in charge transfer e!ects of the
functional groups on Fc+ (seen in Figure S4), where charge-
donating groups induce a preference for As(V) over P(V).
Thus, even though the Fc+-NO2 molecule achieved the
strongest As(V) and P(V) binding, −1.45 and −1.42 eV,
respectively, we predict that the NO2 group is ine!ective for
As(V) removal in P(V) competitive water matrixes because of
the weak As(V) preference. Taken together, the best
performance, i.e., binding strength and selectivity, is achieved
with a charge and H-bond donating NH2 substitution, which
results in −1.39 eV total binding energy of As(V) and a −0.23
eV preference over P(V). Given this energetic preference, we
predict Fc+-NH2 to remove As(V) even when P(V)
concentrations are ∼270 times higher, based on the binding
free energy and the Boltzmann distribution at room temper-
ature. This result is consistent with the findings of Chen et al.,
where the metallopolymer, poly(ferrocenyldimethylsilane)
(PFS) containing charge-donating silane groups achieved
better selective As(V) removal over other similarly shaped
transition-metal oxyanions than neat PVF under an applied
potential of 0.8 V vs Ag/AgCl.34
Only the C2H5 group exhibits a preference for P(V) over

As(V). Here, P(V) and As(V) bind to Fc+-C2H5 in a bidentate
configuration, whereas they bind in a monodentate config-
uration for the other substitutions. This finding suggests that a
bidentate binding configuration favors P(V) over As(V).
Additionally, NBO analysis reveals a more robust stabilization
of the Fe-O bond when P(V) is bound to Fc+-C2H5 than
As(V). The stabilization energies for the Fe-O bond between
Fc+ and As(V)/P(V) are shown in Figure 5b. Overall, the
combined oxidation of Fc to Fc+ and substitution with charge
and H-bond donating functional groups provides a route to the
selective separation of As(V) over P(V) although preferential
removal of the As(III) species over P(V) is unlikely with the
Fc/Fc+ system.

3.7. Protonation E!ects on Oxyanion Binding to
Ferrocene. To understand the role of oxyanion protonation
extents, and thus system pH, on their binding a"nity and
selectivity to Fc and Fc-R, we calculated the binding energies
of As(V), As(III), and P(V) to neat Fc and Fc-OH in their
neutral states as a function of oxyanion protonation extent, i.e.,
fully protonated (H3XOy), di-protonated (H2XOy

−), mono-
protonated (HXOy

2−) and deprotonated (XOy
3−) where X

represents As or P, while y represents the number of O atoms
(4 for As(V) and P(V), respectively, and 3 for As(III)). The
Fc-OH structure was chosen as the representative substituted
Fc because it demonstrated the strongest binding while
providing some selectivity toward As(V).
We predict that binding strength decreases monotonically

with decreasing As(V) protonation on neat Fc; the fully
protonated state binds exothermically by only −0.20 eV, while
in the deprotonated state, it is endothermic by 0.11 eV, as
shown in Figure 8a. P(V) behaves nearly identically to As(V);
however, As(V) binding is slightly more exothermic than P(V)

Figure 6. (a) Binding energies for As(V) bound to neat and
substituted Fc+. Linear correlation plots of binding energy vs (b)
electrostatic component and (c) dispersion component of the
interaction between As(V) and Fc+.
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at all but the fully protonated state where P(V) is favored by
0.1 eV. In the fully protonated state, As(V) binds with an H-
atom pointing toward the Cp rings, expanding the Fc structure.
The resulting Cp ring distance is increased to 3.45 Å, as seen in
Figure 8b. In contrast, fully protonated P(V) binds with its H-
atoms pointing away from the Fc Cp rings; hence, the
sandwich structure is less perturbed, with a Cp ring distance of
3.32 Å, shown in Figure 8c. The smaller structural distortion
results in a more favorable binding of P(V) over As(V). We
attribute the decreasing binding strengths with decreasing
protonation extent to the increased electrostatic repulsion
between the negatively charged oxyanions and the negatively
charged Fc Cp rings.
While As(III) also shows a monotonic trend in binding

strength similar to those of As(V) and P(V), it is preferred
over both species in the mono-protonated state by up to −0.11
eV. The preference for As(III) occurs in a protonation state

that is very unlikely given the pKa of As(III) (9.2) relative to
both As(V) and P(V), 6.9 and 7.2, respectively. Thus, we
expect all three oxyanions to adhere nearly equally and in small
amounts to Fc in environmental conditions.
The presence of the OH functional group reverses the

correlation between protonation extent and binding energy of
neat Fc. When OH is present, oxyanion binding strength
increases monotonically with decreasing protonation extent for
As(V), As(III), and P(V), respectively, as shown in Figure S10.
We attribute this di!erence in binding energy trend compared
to the neat Fc case to the partial positive charge induced on the
Fc molecule by substitutions (seen in Figure S4), which
increases electrostatic attraction with more negatively charged
oxyanions. This behavior is confirmed by the observation of a
similar trend in binding energy with protonation extent
calculated for the COOH substitution, which also withdraws
charge from Fc, thus highlighting the influence of the
substitutions in directing protonation-dependent oxyanion
binding to Fc (see Figure S10). As was shown previously,
although Fc-OH induces strong binding of As(V) and P(V)
across protonation extents, it minimizes the energetic
preference between them.
Conversely, As(III) binds more strongly than As(V) and

P(V) in the mono-protonated and the deprotonated states (up
to −0.42 and −0.4 eV stronger at both states, respectively),
while it binds equally as both oxyanions in the di- and fully
protonated state. When all three oxyanions bind to Fc-OH in
the mono- and deprotonated states, there is a proton transfer
from the OH group to the oxyanion. The proton transfer
favors As(III) over both As(V) and P(V) and suggests that
As(III) is a stronger Lewis base than the latter pair based on
the energetics. We also calculate only a slightly higher mean
charge density on the As(III) O atoms (−1.41 e−) compared
to As(V) and P(V), −1.36 e−, which suggests that small
electronic di!erences can significantly influence oxyanion
proton transfer behaviors. We therefore expect that just like
neat Fc, Fc-OH would exhibit no selective As removal at
environmental conditions.

Figure 7. (a) Binding energies for As(III) and P(V) bound to neat and substituted Fc+. Binding energy di!erences when bound to Fc+ between (b)
As(V) and As(III), (c) As(III) and P(V), and (d) As(V) and P(V).

Figure 8. (a) Binding energies vs no. of protons for As(V), As(III),
and P(V) bound to Fc (from fully protonated H3XOy) to
deprotonated XOy

3−. Optimized structures for (b) Fc-H3AsO4 and
(c) Fc-H3PO4.
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3.8. Protonation E!ects on Oxyanion Binding to
Ferrocenium. Similar calculations for binding the di!erent
oxyanion protonation states were done for neat Fc+, Fc+-OH,
and Fc+-NH2. The Fc+-OH and Fc+-NH2 molecules were
chosen since they achieved the strongest and most selective
As(V) binding, respectively. We calculate that binding strength
increases monotonically with decreasing protonation extent for
As(V) bound to neat Fc+. The fully protonated state binds
exothermically by only −0.22 eV, while the deprotonated state
binds by −3 eV, as shown in Figure 9a. We attribute this trend
to ionic attraction; with fewer protons, the more negatively
charged species form a stronger bond than the neutral species.

P(V) and As(V) bind equally to Fc+ at all protonation
extents except the mono-protonated state. P(V) is preferred by
0.42 eV in the mono-protonated state. The di!erence arises
from the binding configuration, where mono-protonated P(V)
binds in a bidentate configuration with a bond length of 2.03 Å
while As(V) binds in a monodentate configuration with a bond
length of 2.65 Å. This observation is consistent with the
previously noted configuration e!ects for the Fc+-C2H5 system,
where bidentate binding configurations favored P(V) over
As(V).
As(III) also follows a similar monotonic trend in binding

energy; however, it is calculated to be preferred over both
As(V) and P(V) at all but the deprotonated state where we
predict equal binding for all three oxyanions (up to −0.31,
−0.38, and −0.59 eV more favored at the fully, di, and mono-
protonated states, respectively). These results suggest that
P(V) would significantly impact As(V) adsorption on neat Fc+
across a wide range of pH conditions. Similarly, As(III)
removal would also be hindered by P(V) because of the
di!erences in their pKa’s, which favor P(V) adsorption at
environmental conditions.

Using our calculated binding energies, we predicted As(V)
or P(V) uptake of Fc+ as a function of pH assuming that there
is an excess of anions compared to the binding sites and an
equal concentration of As(V) and P(V). As(III) was neglected
because of the strong preference for As(V) and P(V) over
As(III) in environmental conditions. The predicted oxyanion
removal amounts are shown in Figure 9b. The As(V)/P(V)
preference is characterized by three regimes: (1) pH < 6,
where the deprotonated states dominate, (2) pH between 6
and 8, where there is a transition in protonation extent, and
(3) pH ≥ 8, where the mono-protonated state dominates. In
Regime 1, only the di-protonated state is present; thus, the
competition between the As(V) and P(V) is directly calculated
via eq 5. Under these conditions, approximately 90% of the Fc+
sites are occupied by P(V) due to the more favorable binding
free energies for P(V) than for As(V), shown in Figure S11.
Regime 2 is more complex as multiple species of each ion may
be present; this complexity is exacerbated by the large
di!erence in binding free energies at di!erent protonation
extents, and thus highly di!erent binding equilibrium
constants. Hence, regime 2 is characterized by a steady
decrease in As(V) uptake up with increasing concentration of
the mono-protonated species until elevated pH ≥ 8 (regime
3), where the mono-protonated state dominates, and the much
larger di!erence in free energies between P(V) and As(V)
drives complete occupation by P(V).
The oxyanion protonation state influences its binding to

Fc+-OH similarly to neat Fc+. While all three oxyanions bind
increasingly strongly with decreasing protonation extent,
As(V) and P(V) are essentially indistinguishable at all
protonation states. As(III), on the other hand, is favored
over both As(V) and P(V) (up to −0.54, −0.94, and −0.77 eV
more favored at the di-, mono-, and deprotonated states,
respectively) except in the fully protonated state where all
three oxyanions bind equally, as shown in Figure S10. Just like
the Fc-OH discussed previously, As(III) is favored over As(V)
and P(V) in the mono- and deprotonated states due to its
more favorable proton transfer compared to the latter pair. We
predict that ∼40% of As(V) is removed by Fc+-OH at low pH
< 6 (regime 1). While above pH 6, P(V) increasingly
dominates (Regime 2), resulting in decreased As(V) removal
down to only ∼25% at about pH ≥ 8 (Regime 3), as shown in
Figure 9b.
Fc+-NH2 only preferentially binds As(V) over P(V) in the

di-protonated state (where it is −0.23 eV more favored) while
they are indistinguishable at all other protonation states, as
shown in Figure 10a. P(V) transfers more charge to Fc+ than
As(V) in the di-protonated state while both oxyanions transfer
equal amounts at all other protonation states, as shown in
Figure 10b. Hence, we attribute the preference for As(V) over
P(V) in the di-protonated state to simultaneously repulsive
oxyanion and NH2 charge e!ects on Fc+ which weakened the
Fc+-NH2-P(V) bond compared to As(V) causing it to be 0.22
Å longer. We predict ∼100% preference for As(V) removal
from aqueous solutions with an equal concentration of
background P(V) at low pH (∼2 < pH < 6, Regime 1). The
high selectivity steadily decreases to ∼50% at pH ∼7 (Regime
2) and finally approaches zero at pH ∼ 9 (Regime 3), see
Figure 9b.
As in the other cases, As(III) binds more strongly to Fc+-

NH2 than either As(V) and P(V) in the mono- and di-
protonated states (up to −0.72 and −0.38 eV more strongly,
respectively), while the latter pair are preferred in the fully

Figure 9. (a) Binding energies vs no. of protons for As(V), As(III),
and P(V) bound to Fc+. (b) Predicted % As(V) and P(V) removed as
a function of pH with equal oxyanion concentrations for Fc+, Fc+-OH,
and Fc+-NH2. Solid lines are for As(V), while dashed lines are for
P(V).
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protonated state. The di!erence in As(III) binding behavior
between Fc+-OH and Fc+-NH2, particularly at the deproto-
nated state, is due to the absence of proton transfer
interactions in the Fc+-NH2 system, which causes all three
oxyanions to be equally bound. This is unlike the Fc+-OH
system, where proton transfer interactions strongly favor
As(III) over both As(V) and P(V). These findings suggest
that preferential separation of As(V) over P(V) is only
achievable by Fc+-NH2 at pH conditions where they are di-
protonated (2.3 < pH < 7), while, As(III) adsorption would be
severely inhibited by P(V) across all pHs, due to oxyanion pKa
di!erences.

4. CONCLUSIONS
Using ab initio calculations, we have investigated the binding
behavior of As(V), As(III), and P(V) on neat and substituted
Fc and Fc+. We found that Fc cannot energetically discriminate
between As(V), As(III), and P(V) because weak dispersion
forces dominate the Fc-oxyanion interaction, thus making
them indistinguishable. Oxidation of Fc to Fc+ enables stronger
binding of oxyanions because the oxidation distorts the
otherwise stable sandwiched structure of Fc, allowing Fc+-
oxyanion covalent bonding. We calculate that neat Fc+ binds
As(V) and P(V) equally because they transfer equal amounts
of charge to Fc+. However, both oxyanions bind more strongly
to Fc+ than As(III), which transfers significantly less charge to
Fc+.
Functional group substitutions on Fc/Fc+ can improve

oxyanion binding strengths and selectivity. Substitutions that
donate charge to Fc+ and H-bond to oxyanion, particularly
NH2, are promising candidates for selectively binding As(V)
over P(V). However, substitution is unable to induce a
preference for As(III) relative to both As(V) and P(V) due to
di!erences in oxyanion pKa’s. We find a tradeo! between
strong oxyanion binding and selectivity, especially for Fc+,

where strongly binding substitutions have smaller binding
energy di!erences between the oxyanions. A broader sampling
of functional groups may optimize the dual desire for strong
and selective binding. Finally, the trend in total binding
energies as a function of oxyanion protonation state suggests
that operation in specific pH conditions may be necessary for
the selective separation of As(V) over P(V). Specifically, the
most selective Fc+-NH2 molecule only prefers As(V) over
P(V) when both oxyanions are in their di-protonated state,
corresponding to 2.3 <pH <7. Overall, this work suggests that
not only can the combination of redox and functional
substitution be used in tandem to induce strong oxyanion
adsorption and selectivity, where oxidation state changes drive
oxyanion adsorption to Fc-containing compounds, while
substitutional groups provide for fine-tuning of the behavior
through changes to the electronic structure of the cyclo-
pentadienyl groups, but also that the slight di!erences in
protonation extents of P(V) and As(V) can be exploited.
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