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Iron is one of the most abundant elements in the environment and in the human body. As an essential
nutrient, iron homeostasis is tightly regulated, and iron dysregulation is implicated in numerous
pathologies, including neuro-degenerative diseases, atherosclerosis, and diabetes. Endogenous iron pool
concentrations are directly linked to iron ion uptake from environmental sources such as drinking water,
providing motivation for developing new technologies for assessing iron(i) and iron(in) levels in water.
However, conventional methods for measuring agueous iron pools remain laborious and costly and
often require sophisticated equipment and/or additional processing steps to remove the iron ions from
the original environmental source. We now report a simplified and accurate chemical platform for
capturing and quantifying the iron present in aqueous samples through use of a post-synthetically
modified porous aromatic framework (PAF). The ether/thioether-functionalized network polymer, PAF-
1-ET, exhibits high selectivity for the uptake of iron(i) and iron(m) over other physiologically and
environmentally relevant metal ions. Mossbauer spectroscopy, XANES, and EXAFS measurements provide
evidence to support iron(il) coordination to oxygen-based ligands within the material. The polymer is
further successfully employed to adsorb and remove iron ions from groundwater, including field sources
in West Bengal, India. Combined with an 8-hydroxyquinoline colorimetric indicator, PAF-1-ET enables
the simple and direct determination of the iron(i) and iron() ion concentrations in these samples,
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DOI: 10.1035/c9sc01441a providing a starting point for the design and use of molecularly-functionalized porous materials for

rsc.li/chemical-science potential dual detection and remediation applications.

Introduction
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from undetectable amounts to 950 mg L' based on Ground-
water Ambient Monitoring and Assessment data from the San
Francisco Bay (see ESIt). Because traditional methods for iron(u)
and iron(in) detection require expensive instrumentation, such as
inductively coupled plasma mass spectrometry or atomic
absorption spectroscopy,'”'® it remains a challenge to rapidly and
inexpensively screen drinking water for quantities of iron and
other metal ion contaminants, particularly in developing coun-
tries and other lower-resource environments.*%1719>4

To meet this challenge, we sought to develop a chemical
strategy that would enable simultaneous detection and removal
of both iron(u) and iron(m) ions from drinking water and other
environmental and biomedical samples, with high selectivity
over other metal ion contaminants. In particular, we envisioned
a robust, molecularly-tailored solid-state adsorbent that would
efficiently capture and remove iron ions from a complex water
sample obtained in the field while also permitting a quantita-
tive measure of the iron concentration. We chose to investigate
porous aromatic frameworks (PAFs) for this dual remediation
and quantitative detection function, owing to their high
chemical and thermal stability—particularly in aqueous and
biological samples—and because of their ability to be func-
tionalized in a molecular fashion.***” The polymer PAF-1 is one
such material that exhibits a high Brunauer-Emmett-Teller
(BET) surface area® of up to 5600 m> g~ * and is readily func-
tionalized through post-synthetic modification.*®*** Indeed, we
recently reported a thioether-functionalized variant of this
porous polymer, PAF-1-SMe, as a platform for selective copper
ion capture from biofluid samples, ultimately as a diagnostic
tool for Wilson's disease.**

Here, we present the synthesis of an iron-selective porous
polymer via ether-thioether (ET) functionalization of PAF-1.
The polymer PAF-1-ET (Fig. 1a) exhibits highly selective
iron(u) and iron(m) ion uptake over competing metal ions in
laboratory and field water samples. The combination of this
polymer with 8-hydroxyquinoline indicator enables rapid and
quantitative monitoring of iron levels with a simple colori-
metric assay. We highlight the potential utility of this method
for remediation and screening of synthetic groundwater as well
as field samples of drinking water collected from West Bengal,
India. This work provides a starting point for the development
of new porous polymers for simplified, accurate, and rapid
diagnostic and remediation applications without the need for
bulky and expensive instrumentation.

Experimental
General methods

All reactions were performed under a nitrogen or argon atmo-
sphere and in dry solvents, unless otherwise stated. Tetrakis(4-
bromophenyl)methane was purchased from TCI America as
a pale yellow powder. All other starting materials and reagents
were purchased from Sigma-Aldrich. Nitrogen adsorption
isotherms were measured using a Micromeritics ASAP 2020 or
2420 instrument. Samples were transferred to a pre-weighed
glass analysis tube that was capped with a Transeal and then
evacuated on the ASAP until the outgas rate was less than 3
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pbar min~'. Ultrahigh-purity grade (99.999%) nitrogen was
used for gas adsorption measurements. Nitrogen isotherms
were obtained using a 77 K liquid-N, bath and were used to
determine the surface areas and pore volumes using the
Micromeritics software, assuming a value of 16.2 A? for the
molecular cross-sectional area of N,. Infrared spectra were ob-
tained on a PerkinElmer Spectrum 100 Optica FTIR spectrom-
eter furnished with an attenuated total reflectance accessory.
Thermal gravimetric analysis data were collected at a ramp rate
of 5 °C min~" under flowing nitrogen using a TA Instruments
TGA Q5000. Scanning electron microscopy (SEM) samples were
prepared by dispersing fine polymer powders into methanol
and drop casting onto silicon chips. To dissipate charge, the
samples were sputter coated with approximately 3 nm of Au
(Denton Vacuum). Polymers were imaged at 5 keV and 12 pA by
field emission SEM (JEOL FSM6430). Elemental analyses (C,
H, N, S) were obtained from the Microanalytical Laboratory at
the University of California, Berkeley. Elemental analysis for
chlorine was performed at Galbraith Laboratories. UV-Vis
spectroscopic measurements were performed in 100 mM
HEPES buffer (pH = 6.7). Absorption spectra were recorded
using a Varian Cary 50 spectrophotometer, and samples for
absorption measurements were prepared in 1 x 0.5 cm quartz
cuvettes (1.4 mL, Starna). Inductively coupled plasma-mass
spectrometry (ICP-MS) was performed on samples that had
been diluted into 2% nitric acid (made freshly from concen-
trated nitric acid [BDH Aristar Ultra] and Milli-Q water) con-
taining 20 pg L' of a gallium internal standard (Inorganic
Ventures, Christiansburg, VA). The samples were analyzed on
a ThermoFisher iCAP-Qc ICP-MS in kinetic energy discrimina-
tion mode against a calibration curve of known metal concen-
trations (made from CMS-5, Inorganic Ventures,
Christiansburg, VA). Low-temperature X-band EPR spectra were
recorded using a Varian E109 EPR spectrometer equipped with
a Model 102 microwave bridge. Sample temperature was
maintained at 8 K by using an Air Products LTR liquid helium
cryostat. The following spectrometer conditions were used:
microwave frequency, 9.22 GHz; field modulation amplitude, 32
G at 100 kHz, and a microwave power of 20 mW.

Synthesis of PAF-1-ET

2-(Methylthio)ethan-1-ol (1.83 mL, 0.021 mol) and 3 equiv. of
NaH (1.5 g, 0.063 mol) were mixed with toluene (100 mL) in
a 250 mL Schlenk flask under N,. After 5 min, freshly-prepared
PAF-1-CH,Cl (260 mg, see the ESIt) was added, and the mixture
was stirred at 90 °C for 3 days. The resulting solid was collected,
washed sequentially with 100 mL each of H,O, ethanol, CHCl;,
and THF, and dried in a vacuum oven at 150 °C to produce PAF-
1-ET as an off-white powder. Calc. for C3, 5sH340,S, (%): C 74.96,
H 6.58, S 12.31, Cl 0.00; observed: C 74.89, H 5.08, S 5.50, Cl
1.97. Based on the sulfur elemental analysis, this preparation
resulted in 45% substitution with 2-(methylthio)ethan-1-ol.§

Solid-state **C NMR

NMR sample preparation. Samples of PAF-1-ET (35 mg) and
PAF-1-CH,Cl (20 mg) were dried at 100 °C for 3 h before data

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) Synthesis of PAF-1-ET. (b) Solid-state :*C NMR spectra of PAF-1-CH,Cl and PAF-1-ET illustrating new **C chemical shifts arising from
the —~CH,OCH,CH,SCH= group in PAF-1-ET (73, 48, 39, and 17 ppm) compared with a shift at 43 ppm for the —CH,Cl group in PAF-1-CH,CL. (c)
Nitrogen adsorption isotherms of PAF-1, PAF-1-CH,Cl, and PAF-1-ET measured at 77 K. Closed and open symbols represent adsorption and

desorption results, respectively.

collection. Iron(m)-loaded PAF-1-ET was prepared by stirring
PAF-1-ET (50 mg) at room temperature overnight in a solution
of FeCl; (10 mL, 100 mg L") dissolved in 100 mM HEPES buffer
(pH = 6.7) with 2 equiv. of citric acid. The filtered iron(i)-PAF-
1-ET was washed with Milli-Q H,0, ethanol, dichloromethane,
and THF (50 mL each) and dried at 100 °C for 3 h before data
collection.

NMR experiments. All experiments were conducted at a *C
frequency of 75.5 MHz using a Tecmag Discovery spectrometer
equipped with a 7.05 T magnet and a Chemagnetics 4 mm HX
CP/MAS probe (magic-angle spinning rate of 10 kHz). Cross-
polarization from 'H was used when acquiring spectra for
PAF-1-CH,CI and PAF-1-ET. The Hartmann-Hahn condition**
for cross-polarization experiments was obtained on solid ada-
mantane, which is also a secondary '*C chemical shift reference
(the methylene signal of adamantane was set to 38.48 ppm
relative to TMS). The PAF-1-CH,Cl spectrum was collected
using a CP contact time of 10 ms and a pulse delay of 4 s. A two-
pulse phase modulation (TPPM) proton decoupling scheme was
used, with a TPPM angle of 15 degrees and decoupling field
strength of ~60 kHz. The spectrum for PAF-1-ET was obtained
using a contact time of 1 ms and a pulse delay of 4 s. Direct
polarization (1 s pulse delay) was used to collect the spectrum

This journal is © The Royal Society of Chemistry 2019

for iron(m)-loaded PAF-1-ET. Continuous wave proton decou-
pling was used for both the PAF-1-ET and iron(m)-PAF-1-ET
spectra, with a decoupling field strength of ~60 kHz.

Metal ion adsorption in PAF-1-ET

Iron adsorption measurements. Samples of PAF-1-ET (2.0
mg) were added to conical tubes containing 5 mL of (NH,),-
Fe(SO,4),-6H,0 (dissolved in 100 mM HEPES buffer, pH = 6.7)
with concentrations ranging from 10 % to 275 mg L~ '. Each
mixture was capped under air and stored in a shaker at room
temperature overnight. Each solution was subsequently filtered
through a 0.45 um membrane filter, and the filtrates were
analyzed by ICP-MS to determine the residual iron content. Iron
uptake (initial-residual iron concentration) data was fit using
a Langmuir model given by:

_ qsaLKLCe

e = T = ~

1+ KLC

where g, is the adsorption capacity (mg g~ '), C. is the equilib-
rium iron ion concentration (mg L"), gs.. is the adsorption
saturation capacity (mg g '), and Ky is the Langmuir constant (L
mg '), which is related to the binding affinity of the adsorption

Chem. Sci,, 2019, 10, 6651-6660 | 6653
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site. Langmuir fits are shown in Fig. 2a, and fit parameters are
provided in Table S1.f

Metal ion adsorption selectivity studies. Samples of PAF-1-
ET (2 mg) were added to conical tubes containing aqueous
solutions (5 mL) of NaCl, KCl, MgCl,, CaCl,, MnCl,, (NH,),-
Fe(SO,), 6H,0, FeCl;, CoCl,, NiCl,, CuCl,, or ZnCl, at initial
concentrations of 0.3, 2, or 20 mg L™ ' in 100 mM HEPES buffer
(pH = 6.7). Iron(un) samples were prepared and stored under
anaerobic conditions until analysis by ICP-MS. In the case of
iron(m), one equivalent of citric acid was also added to the
samples to prevent Fe(OH); precipitation. The slurries were
stored in a shaker at room temperature overnight and then
filtered through a 0.45 pm membrane. The filtrates were
analyzed using ICP-MS, and the amount of metal ion adsorbed
was calculated by subtracting the residual iron concentration
from the initial iron concentration. The distribution coefficient,
K4, for each metal ion was determined by using PAF-1-ET (5 mg)
in each metal solution (45 mL, 20 mg L™ " with an approximate
flow rate of 0.5 mL min~" as described in Section 3 of the ESIT).
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Fig. 2 (a) Iron(in) adsorption isotherm for PAF-1-ET (blue squares) and
PAF-1-CH,Cl (red circles) obtained for solutions of (NH4),Fe(SO4)»
dissolved in 100 mM HEPES buffer solution (pH = 6.7, initial iron
concentrations ranging from 10~° to 275 mg L™%). Black lines represent
fits obtained using a Langmuir model. (b) Adsorption by PAF-1-ET of
several physiologically-relevant metal ions dissolved in 100 mM HEPES
buffer solution at pH = 6.7 (initial concentrations of 0.3, 2, and
20 mg L™Y). In the case of iron(i), one equivalent of citric acid was also
added to the solution to prevent precipitation of Fe(OH)s.
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Iron adsorption kinetics. An Erlenmeyer flask containing
2 mg of PAF-1-ET was charged with a solution of (NH,),-
Fe(SO,), 6H,0 (10 mL, 10.2 ppm) in 100 mM HEPES buffer (pH
= 6.7) and 1 equiv. of citric acid. The mixture was stirred at
room temperature for 8 h. During this period, aliquots of the
mixture were filtered at intervals through a 0.45 pm membrane.
The filtrates were analyzed using ICP-MS to determine the iron
ion concentration. The amount of iron adsorbed by PAF-1-ET
was calculated by subtracting the residual from the initial iron
concentration. The adsorption data were fit with the pseudo-
second-order kinetic model (see Fig. S7t):

t 1 t

= +
q k¢* g

where k is
mg*
librium (mg g™ ).

the pseudo-second-order rate constant (g
min~ ') and g¢. is the amount of iron adsorbed at equi-

Mossbauer experiments

A sample of PAF-1-ET (~50 mg) was added to an aqueous
solution of *’FeCl, (50 mg L7, see the ESIf), and the mixture
was stirred overnight at room temperature under N,. The
resulting *’Fe(m)-loaded PAF-1-ET was collected, washed with
warm H,O (100 mL) and CHCI; (100 mL), and then dried in
a vacuum oven at 150 °C to yield a white powder. Mossbauer
spectra were obtained between 5 and 300 K with a SEE Co.
Mossbauer spectrometer equipped with a Co-57 source in Rh
matrix. Reported isomer shifts are given relative to a-iron at 295
K. The spectral absorber was prepared in air by packing the
sample into a 1.27 cm diameter Nylon washer before trans-
ferring to the spectrometer, where the absorber was always
maintained under a He atmosphere. See the ESIT (Section 6) for
full measurement details.

X-ray absorption measurements

X-ray absorption spectra were collected at the Stanford
synchrotron radiation light source on beamline 9-3 with ring
storage conditions of 3.0 GeV and 500 mA. The iron K-edge
absorption spectra of the PAF samples, packed in 0.5 mm
thick aluminum sample holders with Kapton film windows,
were recorded at room temperature. Reference compounds
were analyzed after dilution with boron nitride. The spectral
data were collected in transmission mode for Fe, Fe,O3, and
FeO and in fluorescence mode for PAF-1-ET with a 100-element
Ge monolithic solid-state detector from Canberra. The incident
radiation was monochromatized using a Si(220) double crystal
monochromator, which was detuned to 50% of flux maximum
at the iron K-edge to minimize the higher harmonics and
reduce X-ray flux. A harmonic rejection mirror was used to
further reduce the contamination from higher harmonics
radiation. The incident and transmitted X-ray intensities were
monitored with N,-filled ion chambers. An iron foil spectrum
was concomitantly recorded for energy calibration where the
first inflection point was assigned to 7111.2 eV. Even at the low
X-ray flux density used, a slight photoreduction of PAF-1-ET was
observed even after two scans at a given sample position. As

This journal is © The Royal Society of Chemistry 2019
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a consequence, the spectral data were collected at multiple
spots, and only the first two scans at each position were used for
averaging the spectral data over multiple positions.

Data reduction was carried out with the SamView software
obtained from SixPack software.q§ Athena software, Demeter
version 0.9.25 ** was used for data averaging and removal of the
pre-edge and post-edge background absorption. A five-domain
cubic spline was used to remove low-frequency background in
k-space. The resulting k-space data, as k*x(k), was then Fourier
transformed into r-space over a k range of 3.46 to 10.52 A~* and
used for the extended X-ray absorption fine structure (EXAFS)
refinement. The EXAFS fitting was carried out using the Artemis
software*® with phase and amplitude functions obtained from
FEFF, version 6.*° The average bond distance between the iron
and scattering atom (R) and the mean square displacement of
the bond distance (¢*) were allowed to vary, while N, the number
of atoms in the shell, was systematically varied in integral steps.
The value of E,, the energy of the zero value of the photoelectron
wave vector k, was also varied but constrained to a common
value for every shell in a given fit. The value for S,°, the
amplitude reduction factor, was extracted from the fit of the Fe
foil data and was fixed at 0.95 during all other fits. The best fit
parameters for EXAFS fits are given in Table S3.1

Results and discussion
Synthesis and characterization

Building upon the design of the thioether-functionalized poly-
mer PAF-1-SMe for selective copper ion capture®” and the
related PAF-1-SH for mercury ion adsorption,* we initially
synthesized a variety of PAF-1 derivative scaffolds. Subsequent
testing for metal ion uptake from aqueous solutions showed
that the variant with an extended ether-thioether pendant,
referred to here as PAF-1-ET, is an effective material for selec-
tive capture of both iron(u) and iron(m). This work complements
our recent efforts to develop activity-based fluorescent probes
for iron(u).*"-*>

The polymer PAF-1-ET was synthesized in three steps,
starting with the synthesis of parent PAF-1 and PAF-1-CH,Cl
(see the ESIT)* followed by treatment of the latter with 2-
(methylthio)ethan-1-ol to yield PAF-1-ET (Fig. 1a). Elemental
analysis revealed a decrease in chlorine content from 13.60% in
PAF-1-CH,CIl to 1.97 + 1.5% in PAF-1-ET, and the sulfur
content of the latter was found to be 5.50 + 0.82%—corre-
sponding to grafting of 45 + 6.7% of the phenyl groups in PAF-
1-ET or a loading of 1.7 mmol g~ . In the IR spectrum of PAF-1-
ET, the absence of a peak at 1270 cm™ " (assigned to the C-H
wagging mode of -CH,Cl in PAF-1-CH,Cl) further confirmed
functionalization (Fig. S2f). Solid-state 'H-'>C cross-
polarization magic angle spinning NMR spectroscopy revealed
new '*C chemical shifts at 73, 48, 39, and 17 ppm for PAF-1-ET,
arising from the ether-thioether groups, and the absence of
a shift at 43 ppm corresponding to the -CH,Cl groups of PAF-1-
CH,CI (Fig. 1b). Nitrogen adsorption isotherms obtained at 77 K
revealed that PAF-1-ET retains permanent porosity with a high
BET surface area of 1500 + 420 m* g~ * (Fig. 1c; error determined
by measuring the N, adsorption of four different PAF-1-ET

This journal is © The Royal Society of Chemistry 2019
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samples). The expected drop in surface area upon PAF-1 func-
tionalization may be due to the added mass and pore filling of
the relatively bulky ether-thioether group.3”3*4%*33-3¢ The
average pore size distribution obtained from the adsorption
isotherms was found to be <10 A for PAF-1-ET, which is smaller
than the average value of 12 A for PAF-1 and supports incor-
poration of the ether-thioether groups (see Fig. S37).

Selectivity and kinetics of iron uptake

Equilibrium iron(u) isothermal adsorption data were collected
for PAF-1-ET and PAF-1-CH,CI over aqueous ion concentra-
tions ranging from 1 pg L™ " to 275 mg L', and these data were
fit using the Langmuir model* to assess framework saturation
capacities and binding affinities for iron(m) (Fig. 2a and Table
S1}). Notably, PAF-1-ET exhibited much higher iron(m) uptake
than PAF-1-CH,CI over the entire concentration range and
a binding affinity twice that of PAF-1-CH,Cl. At saturation, the
maximum adsorption capacity (¢sac) of PAF-1-ET was found to
be 105(4) mg g~ ', which corresponds to an uptake of 1.8 mmol
of iron(m) per gram of material—nearly three times the capacity
of PAF-1-CH,Cl (37(2) mg g '). Based on the maximum
adsorption capacity of PAF-1-ET, the ET : iron ratio is at least
1.1. We also collected adsorption data using iron(ur) chloride,
iron(m) sulfate hydrate, or ammonium iron(m) citrate to inves-
tigate the effect of the counterion on iron uptake in PAF-1-ET.
For all salts, PAF-1-ET showed comparable iron uptake at low
and high iron concentrations (see the ESIL Section 4).

Importantly, PAF-1-ET also exhibited high selectivity for the
adsorption of iron(u) and iron(m) ions over other biologically-
relevant metal ions at initial concentrations of 0.3, 2, and
20 mg L' (Fig. 2b). For example, the distribution coefficient,
Ky, for 10 mg L™ " iron(u) in pH = 6.7 HEPES buffer was found to
be 2.8(7) x 10° mL g~ ', over an order of magnitude greater than
the Ky values for 20 mg L' of Na*, K", Mg*", Ca**, Cu®', and
Zn** (190, 180, 110, 280, 1700, and 150 mL g, respectively).
Similarly, in a synthetic groundwater sample containing iron ()
along with Mg>*, Ca®", and Zn**, the Ky value for iron(in) was at
least an order of magnitude greater than the Ky values for the
competing cations (see ESIf). Given this exceptional perfor-
mance, PAF-1-ET should be useful for iron capture from
a variety of water samples.

The concentration dependence of iron(ur) uptake by PAF-1-
ET was also evaluated by examining various pH = 6.7 aqueous
solutions in HEPES buffer, and it was found that the adsorbed
amount increases with increasing ion concentration in solution
(Fig. 3a). In order to develop a colorimetric assay for detection of
the adsorbed iron(m), we evaluated the ability of 8-hydrox-
yquinoline to bind iron(m) captured within the porous frame-
work. Upon binding free iron(u), 8-hydroxyquinoline undergoes
a distinct change from colorless (315 nm absorption, ¢ = 1.95 X
10° M ' em ") to blue-green (460 and 560 nm absorption, ¢ =
750 M ' ecm ™" at 460 nm). This absorption spectrum is known
to be unique to an iron(m) 8-hydroxyquinoline complex, differ-
entiating iron(m) from other metal complexes.””* Thus,
successful binding of iron(um) within PAF-1-ET by 8-hydrox-

yquinoline should permit a facile and quantitative

Chem. Sci,, 2019, 10, 6651-6660 | 6655
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Fig. 3 (a) lron(m) adsorption by PAF-1-ET measured by ICP-MS in
100 mM HEPES (pH = 6.7) aqueous solutions using FeCls as the iron(in)
source. (b) Absorption spectra resulting from the addition of a 1 mM
aqueous solution of 8-hydroxyquinoline to dried PAF-1-ET, obtained
after exposure to the iron(i) aqueous solutions shown in (a). The top
red spectrum corresponds to the absorption of a complex of iron(in)
and 8-hydroxyquinoline, and the gray absorption spectra with
increasing absorbance at 460 nm correspond to the solutions in (a)
with increasing initial concentrations of iron(in). (c) A close correlation
was observed between the iron(in) uptake measured by ICP-MS (gray
squares) and the iron(i) uptake obtained from the absorbance at
460 nm in the presence of the 8-hydroxyquinoline indicator (open
circles).

determination of the quantity adsorbed. To confirm this capa-
bility, a 1 mM solution of 8-hydroxyquinoline in dimethyl sulf-
oxide was added to dried samples of PAF-1-ET that had been
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exposed to the aqueous iron samples in Fig. 3a. Gratifyingly, in
the presence of these samples, the 8-hydroxyquinoline absorp-
tion spectra exhibited two new peaks at 460 and 560 nm
(Fig. 3b), indicative of iron(m) complex formation. The calcu-
lated amount of iron(m) adsorbed by PAF-1-ET—based on the
460 nm absorbance peak for the highest sample concentra-
tion—correlated well with amounts determined directly via ICP-
MS (Fig. 3c).

Spectroscopic characterization

To obtain additional insight into the nature of the interactions
between adsorbed iron(m) and the framework functional
groups, >’Fe Mossbauer spectra were collected between 5 and
300 K. Representative spectra at 100 and 5 K are shown in Fig. 4a
and b (see also Fig. S8 and Table S27}). At all temperatures, the
spectral fits indicated the predominant presence of para-
magnetic, high-spin iron(m) adsorbed within PAF-1-ET (red
lines), with no evidence of long-range magnetic order. A small
constrained component (green lines, 9% by area) was also
present in all data, likely due to residual high-spin iron(u) from
sample preparation. The spectra were found to be very similar
between 50 and 300 K, with a predominant bimodal distribu-
tion of quadrupole splittings, AEq, between 0.6 and 1.0 mm s~ ',
centered about a unique high-spin iron(ur) isomer shift, 3, of
0.385(2) mm s~ " at 300 K (0.507(1) mm s~ at 50 K, see Fig. S97).
These values are consistent with an iron(m) ion residing in
a pseudooctahedral coordination with a distribution of near-
neighbor oxygen environments, a conclusion that is consis-
tent with the extended X-ray absorption fine structure (EXAFS)
data below. Interestingly, upon cooling to 20 K and below, some
of the highly dispersed iron(m) ions adsorbed in PAF-1-ET
exhibit initial evidence for slow paramagnetic relaxation on the
Mossbauer timescale (~107% s), with predominant hyperfine
fields of 45 T (17.6(6)% area), 46.6(1) T (50.4(6)% area), and
46.6(1) T (58.8(4)% area), respectively. The X-band EPR spec-
trum is compatible with the presence of high-spin iron(u) (see
Fig. S10%).

Iron K-edge X-ray absorption spectroscopy was used to
investigate the local coordination environment of the adsorbed
iron. The X-ray absorption near-edge structure (XANES) spec-
trum of iron(m) adsorbed in PAF-1-ET is shown in the inset of
Fig. 4c, along with Fe,0;, FeO, and Fe foil for reference. The
rising edge energy of the sample aligns well with that of Fe,O;,
supporting the presence of iron(m). Fig. 4c shows the k*-weighted
EXAFS data for iron(ur)-adsorbed PAF-1-ET in r-space along with
the best fit (see Table S3t). The horizontal axis represents the
apparent distance R', which is shorter than the actual distance by
~0.5 A due to a phase shift. For iron(m)-adsorbed PAF-1-ET,** the
best two-shell fit was achieved with a coordination environment
of six oxygen atoms at a distance of 2.00(1) A and 12 carbon
atoms at a distance of 3.06(4) A.

We also obtained the "*C NMR spectrum of iron(im)-loaded
PAF-1-ET to compare with that of PAF-1-ET. The coordination
of paramagnetic iron(im) resulted in severe peak broadening in
addition to an overall shift in the peaks observed for PAF-1-ET
(Fig. S117).** The benzene ring resonances between 148-

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Iron-57 Méssbauer spectra of PAF-1-ET obtained at (a) 100 and

(b) 5 K. Red and green fits were assigned to iron(in) (91%) and iron(i)
(9%), respectively. The total fit is shown in black. (c) The Fourier
transform of the k*-weighted iron K-edge EXAFS data of iron(i)
adsorbed in PAF-1-ET (black dots); the best two-shell fit (red curve)
was achieved with an immediate coordination environment of six O
atoms at a distance of 2.00(1) A and 12 C atom:s at a distance of 3.06(4)
A (inset) room-temperature XANES spectra obtained at the iron K-
edge for PAF-1-ET (red curve) and Fe,Ogz, FeO, and Fe foil (gray, blue,
and black curves, respectively).

132 ppm for PAF-1-ET shifted to 147-140 ppm in the spectrum
of iron(m)-loaded PAF-1-ET, and all peaks corresponding to the
ET functional groups of PAF-1-ET (73, 48, 39, and 17 ppm)
shifted upfield in iron(m)-loaded PAF-1-ET (to ~34-5 ppm, see
Fig. S111). The more dramatic shift in the ether-thioether peaks
provides additional evidence that this group is indeed bound to
iron(m).

Iron coordination in PAF-1-ET

To investigate possible iron coordination environments within
PAF-1-ET, we used the program Materials Studio to generate
a hypothetical portion of the PAF-1-ET structure, featuring one
iron ion within a single diamond net. Based on the EXAFS data,

This journal is © The Royal Society of Chemistry 2019

View Article Online

Chemical Science

it was assumed that a total of six oxygen atoms—and no sulfur
atoms—coordinate to the iron. A monodentate sulfate anion
was always included at one of the coordination sites for charge
balance, and the remaining sites were coordinated by water and
the ET oxygen atoms. The modeling revealed that up to three
oxygen atoms from three different functional groups (ET : Fe =
2.9) can coordinate to the same iron ion at the low loading
observed for genuine groundwater samples, provided that these
groups are located at the 2-, 2’-, and 3-positions of two adjacent
biphenyl groups (Fig. S12%). Importantly, the modeling also
showed that the ET group flexibility may enable two groups to
bind the same iron ion, regardless of their respective positions
on a biphenyl unit (Fig. S12a-c}). Based on the maximum
iron(m) adsorption capacity data, for high iron loading (ET : Fe
= 1.1), itis presumed that only a single ET group can bind to the
iron. In this case, a coordinated water molecule might partici-
pate in a weak CH-7 interaction with a benzene ring that
stabilizes the iron ions (Fig. S131), a hypothesis supported by
the benzene ring shift in the ">C NMR spectrum of iron(m)-
loaded PAF-1-ET (Fig. S117).

To investigate the importance of the ether-thioether orien-
tation and pore environment in PAF-1-ET for iron(ur) uptake, we
prepared a series of related porous polymers and evaluated their
iron adsorption properties. The first of these polymers, PAF-1-
TE, was synthesized from PAF-1-CH,Cl using 2-methoxyethane-
1-thiol, yielding a material analogous to PAF-1-ET but featuring
interchanged positions for the pendant oxygen and sulfur
moieties. We also prepared ether-functionalized porous poly-
mers PAF-1-OMe and PAF-1-Ethoxy (Fig. S141) and a linear
polysulfone polymer functionalized with the ether-thioether
ligand, PSF-ET (Fig. S15F). When exposed to a solution of FeCl;
(20 mg L") dissolved in 100 mM HEPES buffer (pH = 6.7) with
one equivalent of citric acid, each of the derivative polymers
exhibited significantly lower iron(m) uptake than PAF-1-ET
(Fig. S161). The much lower uptake of PAF-1-TE, -OMe, and
-Ethoxy suggests that both the position of oxygen and the
presence of sulfur are crucial for iron adsorption, while the low
uptake of PSF-ET emphasizes the importance of a compact pore
environment in tandem with the ET functionality. Accordingly,
we hypothesize that presence of sulfur in the linker, along with
its positioning, contributes an important pore packing effect to
create the optimal pore environment in PAF-1-ET for iron
adsorption, even if not involved in direct binding to the iron
center.

Iron capture and detection in synthetic and environmental
water samples

To verify the detection capability of PAF-1-ET when exposed to
iron(m) sources from different regions, synthetic groundwater
was prepared according to the Gadgil®® procedure with iron()
concentrations of 1.8, 4.7, 6.7, and 37 mg L™ *. The polymer was
also used to treat genuine groundwater samples collected in
West Bengal, India, reported to contain 14 mg L™ of iron(m)
ions (Fig. 5a).’ Notably, PAF-1-ET adsorbed between ~41 and
91% of the iron(m) in the synthetic groundwater samples, from
initial concentrations between 37 and 1.8 mg L™ ", respectively.

Chem. Sci., 2019, 10, 6651-6660 | 6657
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Fig. 5 (a) Adsorbed iron(in) by PAF-1-ET in synthetic groundwater
(initial iron concentrations were prepared as 1.8, 4.7, 6.7, and 37 mg L™*
using (NH4),Fe(SO4), and groundwater collected in West Bengal,
Indiat® (iron(i) concentration of 14 mg L™%). For each measurement,
5 mL of each water sample were combined with 5 mL of citric acid
solution (10-15 mg mL™Y) and 2 mg of PAF-1-ET. (b) Absorption
spectra after 8-hydroxyquinoline addition to dried PAF-1-ET samples
following exposure to the corresponding groundwater samples in (a);
(inset) time-dependent uptake of iron(i) from the genuine ground-
water sample fit to a single exponential decay y = Ae™¥® + C (black
line), yielding parameters A=9.2(3)mg L™, C=411) mgL™Y and t, =
12(1) min. (c) Comparison of direct iron(i) measurements by ICP-MS
(black squares) and calculated iron(il) concentrations determined from
the absorbance at 460 nm in the presence of 8-hydroxyquinoline
indicator (open circles).
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In the presence of PAF-1-ET, the concentration of iron(u) in the
genuine groundwater decreased with time as given by the
expression y = Ae””® + C, where y is the detected amount of
iron(m), A4 is a scale factor, C is a constant, ¢, is the decay time,
and ¢ is the elapsed time. The best fit shown in the inset to
Fig. 5b corresponds toA = 9.2(3) mg L', C = 4.1(1) mg L', and
tp, = 12(1) min. In other words, within 24 min PAF-1-ET
captured 72% of the iron(u) ions and was essentially saturated
after ~36 min, such that the iron(m) concentration in the
genuine groundwater reached a constant value of ~3.92 mg L™".

The final concentration in the genuine groundwater sample
is higher than that recommended for safe drinking water by the
WHO (0.3 mg L"), and the same is true for the synthetic
groundwater solution with an initial concentration of
37 mg L~'. However, the saturation capacity of PAF-1-ET
suggests that the framework is capable of reducing the iron(m)
content in both these solutions to levels lower than 0.3 mg L™".
It is likely that at higher iron(m) concentrations, precipitation of
Fe(OH); within the pores blocks some of the accessible coor-
dination sites and reduces the effective capacity. Even still, PAF-
1-ET functions exceptionally well in the removal of iron from
solutions with relatively low initial concentrations—indeed, the
framework was able to reduce the iron(m) ion content to safe
drinking levels for solutions with initial iron concentrations of
1.8, 4.7, and 6.7 mg L™". For the effective treatment of water
containing higher iron ion concentrations, it may be necessary
to use larger quantities of citric acid to prevent Fe(OH);
precipitation.

Analysis of the PAF-1-ET samples using an 8-hydroxyquino-
line assay revealed an increase in absorbance at 460 and 560 nm
with increasing iron(m) concentration, as associated with the
original water samples (Fig. 5b). The iron(m) concentrations
calculated from the absorption at 460 nm were again in good
agreement with those determined from direct ICP-MS
measurements (Fig. 5c). Finally, using the three-sigma
method (30/k),***® the iron(m) detection limit for the PAF-1-
ET and 8-hydroxyquinoline assay was determined to be 150 pg
L' (see Fig. S17 and the ESI for detailst). Importantly, PAF-1-
ET retains structural integrity and porosity following the addi-
tion of 8-hydroxyquinoline and can be cycled at least three times
without a substantial loss of adsorption capacity (Fig. S187).

Conclusions

We have demonstrated that the ether-thioether-functionalized
porous aromatic framework PAF-1-ET is capable of selective
and efficient iron ion uptake and removal from both synthetic
water and environmental groundwater. In this material,
captured iron(m) is preferentially bound by oxygen in a pseu-
dooctahedral coordination environment, as confirmed by
Mossbauer and X-ray absorption spectroscopy. The introduc-
tion of oxygen functionality within the framework is thus
responsible for a shift to iron ion selectivity from our previously
reported copper-selective thioether-functionalized material,
PAF-1-SMe.** Finally, the combination of PAF-1-ET with 8-
hydroxyquinoline as a colorimetric indicator provides an effi-
cient and accurate tool for directly determining the iron ion

This journal is © The Royal Society of Chemistry 2019
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concentrations from groundwater samples, with minimal pro-
cessing and equipment needs.
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