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This experimental and theoretical study investigates how dynamic
solvation environments in switchable ionic liquids regulate the
composition of nanoparticulate green rust. A custom microfluidic
device enables in situ X-ray absorption spectroscopy to elucidate
characterization of the solvent structure and speciation of reaction
intermediates of air-sensitive nanoparticles growing in solution.

Switchable ionic liquids (SWILs) are a class of green solvents that
reversibly switch between ionic and neutral states by means of a
chemical trigger gas, most commonly carbon dioxide (CO,). 2 The
first reported SWIL consisting of diazabicyclo [5.4.0]-undec-7-ene
(DBU) and 1-hexanol was studied as the archetypical formulation.
(Scheme 1) SWILs have been successfully developed for a myriad of
applications, ranging from liquid-liquid extractions,? separation,* and
organic synthesis.> The ion pairs with organized solvent structure in
SWILs can also act as capping agents or “soft templates” for the
synthesis of Ag and Au nanoparticles,®1° and use as a co-catalyst for
combined capture and catalytic conversion of CO, to fuels.11-14

From a practical application standpoint, DBU:1-hexanol is a green
solvent, as it chemically contains up to 15 wt.% CO, at 1 atm. that
eliminates the need for elevated pressures commonly needed for
chemical conversions with CO,.1> Further, the hexylcarbonate has
been observed to undergo assembly (direct coordination) with the
addition of metal complex to form cationic molecular catalysts
enabling inner-sphere reactions such as catalytic reduction.'? The
reactivity of anionic carboxylates (e.g., hexylcarbonate) differs
substantially from gaseous CO,, which operates in catalytic reactions
via an outer-sphere mechanism, thus opening new approaches for
catalyst development based on “captured” CO,.16

We recently mapped the chemical speciation of DBU:1-hexanol
using in situ liquid time-of-flight secondary ion mass spectrometry
(ToF-SIMS),  which predicted

confirmed a theoretically
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“heterogeneous” mesoscopic structure, containing disparate regions
of ionic and non-ionic solvent, even though stoichiometry would
indicate a 100% ionic solvent at full CO, loading.}7-2° The size of
spherical [DBUH]*C¢H1,0CO;" ionic clusters was determined to be
approximately 5-20 nm. We hypothesized that the same mesoscopic
structures inherent to SWILs would hold the key to the observed
reactivity and solvation environment (i.e., soft template) that would
solvate catalysts and may keep nanoparticles such as green rust in
the nanometer scale during synthesis. When CO, is present, [DBUH]*
CgH1,0CO;,™ could preferentially provide a strong polar and ionic
solvation medium which the cations and anions would provide
charge stabilization of charged ions or polar intermediates formed in
nucleation and growth reactions.”

CO N o
C/N\\i + O — g OTO\/W

N N o)
DBU

Hexanol SWIL

Scheme 1. The reversible formation of ionic liquid from CO,, 1-
hexanol, and DBU

Although it is known that SWILs are a good medium for solvation
of catalysts and reagents for chemical
nanoparticle synthesis, little is known as to how and where the
chemical reactivity of SWILs arises. This is due to the lack of direct
experimental measurements of how the varying structure of SWILs

transformation and

impacts solvation environments, i.e., soft templates for catalytic
reactions or nanoparticle nucleation and growth. Characterization of
soluble and insoluble species was initially attempted using
spectroscopic techniques such as off-line NMR and IR, though neither
provided useful information due to paramagnetism and detector
saturation, respectively.?> 22 X-ray absorption spectroscopy (XAS)
might be powerful in studying solvation environments? to offer the
local structural information of the primary solvation spheres of the
SWIL during catalysis or the formation (nucleation and growth) of
metallic (e.g., Ag, Au, Fe) nanoparticles.

In this study, the archetypical DBH:1-hexanol:CO, solvent was
chosen. Moreover, Fe(OAc), was used as a model surrogate for a
molecular catalyst because the Fe precursor has also been shown to
produce a nano-green rust.” Green rusts (GRs) are a class of highly
reactive mineral containing octahedral iron hydroxide layers carrying
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positive charge and interlayers consisting of anions and water
molecules.?* GRs are of interest as easy to handle reductants used
for removal of nitrates from wastewater?>2?® and radioactive
contaminants (e.g., U*, Tc’*) and other metal contaminants (e.g.,
As3*, Cr*, Se**) from solutions.?®-3* Given the air sensitive nature of
green rust, it is critical to characterize these systems in its native
liqguid state as suspended particles, otherwise the solvent and
catalyst surrogate/nanocrystalline green rust would undergo
changes during isolation and analysis.?* Thus, we employed a
transferrable microfluidics, System for Analysis at the Liquid Vacuum
Interface (SALVI), to enable the probing of solvation of a model
molecular catalyst in addition to solvation and growth of green rust
as it is being made in SWIL.3> The microchannel reactor was designed
to provide a medium for in situ XAS analysis (Figure $1).23 The SALVI
microfluidic reactor provides an unprecedented level of
understanding of solvation environments and growth mechanisms of
catalyst solvation within the SWIL, rather than post-mortem analysis
as is commonly done in nanoparticle synthesis. The addition of
density functional theory (DFT), enables assessment of the electronic
structures of previously unidentified chemical precursors and key
reaction intermediates for the synthesis nanocrystalline green rust
as a function of the solvation environment by means of different
ionic or non-ionic states of the SWIL.

Three liquid mixtures and the final GR precipitate were studied to
probe the solvent effect on the structure of ionic and non-ionic
clusters and the GR crystalline in addition to chemical
transformation. Fe(OAc), was initially dissolved in an anhydrous
mixture of DBU and 1-hexanol (1, light brown solution, Figure S2) to
study solvation and speciation of Fe in the non-coordinating form of
the SWIL. With the addition of CO, as an acidic trigger gas, the
solution was converted into its ionic form (2, near colorless solution)
to study changes in solvation and speciation of Fe in an ionic and
strongly coordinating form of the SWIL. Methanol was then added as
an oxidant (Schikorr reaction)3® to observe changes in speciation and
solvation of Fe after oxidation from Fe(ll) to Fe(lll). The green
solution (3), contains a large fraction of Fe (lll) species that are
assumed to be the precursors of nano green rusts. It is precipitated
out of the solution by changing the solvation environment in SWIL by
removing CO, (4).”

The samples were subjected to XANES measurements in real time
within the microfluidic device. The spectra are shown in (Figure S3).
The position and shape of rising edge and the pre-edge features were
used as indicators to determine the oxidation state of the absorbing
metal and the geometry of the coordination sphere. The rising edge
position of 1 and 2 are similar, while a shift by ~ 2.0 eV higher is
observed in 3 and 4, which indicates the increase of a positive charge
on the Fe center in 3 and 4. This is in agreement with that Fe in 1 and
2is in the form of Fe (Il), which was oxidized into Fe (Ill) in 3 and 4 as
the addition of methanol. We also note a strong pre-edge peak
(7111.3 eV) for 1 and weak feature (7112.8 eV) for 2 and 3,
respectively. These observations suggest that tetrahedral
coordination in 1 and square planar or octahedral symmetries in 2
and 3.3’ By comparing the x(R) EXAFS spectra of the solutions, we
note that the bond distance for the first shell coordinator of 1 is ~0.1
A shorter than those of 2, 3 and 4 (Figure 54). The data are consistent
with the SWIL being converted into the ionic form (by sparging with
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CO,). Itis worth noting that N was replaced by O in the first shell of
central Fe.
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Figure 1. Structure scheme of (a) DBU molecule and (b) C¢H1,0C0,*
; N* and O* indicate the bonding sites for Fe; DFT optimized
structures of (c) (DBU),-Fe and (d) Sol-(b), Green, purple, red, grey
and white spheres represent Fe, N, O, C and H atoms, respectively;
Comparison of Fe k-edge EXAFS x(R) spectra for (e) 1 and (DBU),-Fe,
(f) 2 and Sol-(b); Insets show the respective x(k) plots.

DFT calculations and FEFF simulations were performed to gain
insight into the structure of Fe species in SWILs at the atomic level. A
series of computationally optimized models for the non-ionic and
ionic solvent were investigated, with the calculated binding energies
and relative energies listed in Figures S5-S6 and Tables S1-S2.
Although the computed energies can help identify the likely
structures of metal-organic compounds to strengthen the findings,
we also compared predicted structural parameters with their
experimental counterparts. For this comparison, EXAFS spectra of
DFT optimized models are generated by using FEFF9 code (see Sl for
details).3® The analysis was first done on detectable species in the
non-ionic solvent 1. The best matched model is [(DBU),-Fe], which
corresponds to two DBU molecules coordinated to Fe (Figures 1c,
1e). In this structure, one N atom and two C atoms from each DBU
bind to the Fe, with average bond distances of Fe-N and Fe-C of 1.9
and 2.1 A, respectively. The geometry is composed of two distorted
tetrahedrons. In the ionic [DBUH]* CgH;,0CO, solution 2, the model
Sol-(b) provides the best correspondence to the experimental data
(Figures 1d, 1f). This model has the Fe atom bridged to two
hexylcarbonate anions via 4 O atoms with an average Fe-O distance
of ~2.0 A to form a distorted planar coordination. We also note that
Fe in liquid 3 is still solvated at the molecular level, resembling the
structure of Fe in the FeOOH (e.g. lepidocrocite) (Figure S7). The only
difference lies in that the Fe-Fe scattering in the y(R) EXAFS spectra
for 3 is much weaker than that of FeOOH. (Figures S7a, S7c). Our
results suggest that a solvated FeOOH-like iron species in 3 might be
the chemical precursor of green rust, and that Fe-Fe bonds are not
formed until the precipitation of the green rust particles during the
removal of CO, from the SWIL. These findings shed new light on a
mechanism of green rust formation. Although there are several
works on the in situ analysis of the transformation of synthesized
GR.3%41 This study, to the best of our knowledge, has been the first
in situ observation of the chemical speciation of green rust at various
stages of synthesis ionic liquids by XAS.

This journal is © The Royal Society of Chemistry 20xx
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Img[x(R)] (A”)

Figure 2. The experimental (black dotted) and fitted (red solid) (a) k?-
weighted Img[x(R)] and (b) k*-weighted x(k) spectra of 1, 2, and 3.

R(A)

Spectra are offset along the y-axis for better visualization.

Table 1. The fitting results of Fe K-edge EXAFS

Parameter ? 1 2 3

CN fenio)® 2.1(3) 4.3 (6) 6.1(6)

R ren(o) (&) 1.868 (3) 2.049 (9) 1.960 (13)
DWF fen (o) 0.009 (2) 0.010 (2) 0.004 (2)
CN fec 4.4(9) 2.3(8) 1.5 (6)

R recih) 1.986 (33) 2.496 (24) 2.696 (35)
DWF (. 0.008 (1) 0.006 (5) 0.011 (8)
CN fere NA© NA 0.5+(2)

R reseh) NA NA 3.219(21)
DWF fere NA NA 0.0072 (39)

3CN = coordination number, R = interatomic distance, DWF = Debye—
Waller Factor; © First shell Fe-N path for 1 and first shell Fe-O path for
2 and 3; ¢ NA = not available; Other parameters: E; and amp
(amplitude reduction factor) are set to the value of Fe,03 reference
of -2.3 and 0.84; R-factors < 0.01. The fit is obtained using k-
weighting of 2 in the k range of 2.0 A<k < 11.0 AL,

The experimental EXAFS spectra of Fe species were fitted with the
DFT optimized models, to determine the coordination environment
of the Fe clusters in different states of the SWIL. The results are
shown in Figure 2 and Table 1. The Fe-N and Fe-C coordination
numbers (CN) in the initial DBU solution (1) are 2.1 and 4.4,
respectively. The fitting results are in good agreement with the DFT
predictions, only the corresponded Fe-N and Fe-C distances of 1.87
and 1.99 A are slightly shorter than that of (DBU),-Fe model. In ionic
liquid 2, after CO, sparging, Fe is coordinated with four O atoms to
form a distorted square planar configuration, with an average Fe-O
distance of ~2.05 A, which is in line with the DFT optimized model.
No Fe-Fe paths are detected in 1 and 2. For 3, the fitted results show
that the CN for the first shell Fe-O increases to 6 and the Fe-O
distance is 1.96 A. The fitting quality was improved by including a Fe-
C path (CN = 1.5(+ 0.6), R = 2.7 A), which indicates that there is one
or two hexylcarbonate sitting in the second shell. These observations
are consistent with the hypothesis that cationic catalysts or metal
precursors would preferentially dissolve in the soft template (ionic
regions) within the SWIL. The data also suggests that there is a Fe-Fe
path with CN of 0.5 and a distance of ~3.22 A. This observation
implies that the majority of Fe species in 3 are solvated and would
remain so until CO, is removed from the SWIL, promoting

This journal is © The Royal Society of Chemistry 20xx
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precipitation and Fe-Fe bond formation. This finding matches the
result of our previous experimentally synthesized nano-particulate
green rust.’

N
1. 4 -
b\‘/N Fe—N_ ) + 1-Hexanol (x2)
Foz(stepA)

o) o}
2. CGH120%O>Fe<O,\,\,—OCGH12

ﬁethanol (Step B)

OH
ol O
3. CsH1zo%o>|‘:e<o,\—\'—006H12
OH

I\COZ (Step €)

- Fe(OH)
4, 1-Hexanol (x2) + (COf‘)]i

Scheme 2. Proposed reactions during the formation of green rust
nanocrystalline in SWILs.

The XANES and EXAFS data, coupled with DFT calculations, have
enabled the assessment of how changes in the solvation
environment of the SWIL can greatly influence solvation
environments and the synthesis of green rust nanoparticles. As
depicted in Scheme 2, in the initial non-ionic solvent, Fe binds to the
N atoms from the amidine moiety of two DBU molecules. The
addition of 1-hexanol and CO, changed the SWIL to its ionic form
(Scheme 2, Step A), promoting ligand exchange where two
Ce¢H1,0CO; displace the DBU molecules, producing a square planar
Fe (Il) complex with an Fe atom bridged to two hexylcarbonates. This
intermediate is structurally similar to the catalyst surrogate and
chemical precursor, Fe(OAc),. This complex was confirmed by both
EXAFS and DFT results. Oxidation of the complex via the addition of
methanol converts the square planar Fe (Il) complex to an octahedral
Fe (1) FEOOH complex (Scheme 2, Step B). EXAFS data suggest that
the two hexylcarbonates in the coordination sphere should be intact
and in a plane, with two hydroxyl ligands that are opposite to each
other. This Fe(lll) complex is hypothesized to be the chemical
precursor of nanoparticulate green rust, as the planes of carbonate
and hydroxide could grow head to tail after CO,is removed from the
SWIL, promoting growth of the observed layered Fe hydroxy-
carbonate structure inherent to green rust (Scheme 2, Step C).”

In conclusion, we report a new strategy to study the dynamic
solvation environments within SWILs using nanoparticulate green
rust as a model system. In this work, we newly identified structural
progression from linear, square planar, then ultimately octahedral
iron complexes as reaction intermediates predicted on integrative
XAS measurements and DFT calculations. We propose that the
solvated octahedral Fe hydroxide complex is a critical intermediate
for nucleation and growth of nanoparticulate green rust upon
removal of CO, from the SWIL. Our findings provide new insight into
how the CO;-activated dynamic solvent environment innate to SWILs
can be used as a soft template for synthesis of nanoparticles
(including but not limited to Ag or Au) or catalytic reactions.
Ultimately, the design, fabrication, and validation of data collected
from SALVI opens up the possibility to perform in situ probing of

J. Name., 2013, 00, 1-3 | 3
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solvent and solvation effects of air sensitive liquids and
understanding the nanocrystalline structure of soluble species in a
liquid medium.
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