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1. Method

Materials. TBP (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan; purity, >99%), n-octane
(Wako Pure Chemical Industries, Ltd., Osaka, Japan; purity, >98%), and deuterated n-octane
(n-octane-dis; Sigma-Aldrich Japan, Tokyo, Japan; purity, >98%) were dried overnight over 4
A molecular sieves (Wako) before use. Water was deionized using a Millipore Milli-Q
purification system (Merck Millipore, Billerica, MA). Nitric acid and ammonia solution were
purchased from Wako and used as received. Zirconium(IV) chloride (ZrCls) anhydrous powder
(purity, >99.9%) was purchased from Kojundo Chemical Laboratory Co., Ltd. (Tokyo, Japan)

and used as received.

Sample preparation and chemical composition analysis. Aqueous phases of 10.5 M nitric
acid solution containing Zr(NOs)s were prepared as follows.*! ZrCls powder (12 g) was
dissolved in 25 mL of 0.5 M aqueous nitric acid solution in a 300 mL round bottom flask. To
this was added dropwise an aqueous ammonia solution under stirring at 80 °C to pH > 10,
resulting in the precipitation of hydrated ZrO,. The precipitate was collected and washed with
the aqueous ammonia solution, and then concentrated HNO3 aqueous solution was added to
dissolve the precipitate thoroughly. After the solution was evaporated to remove excess HNOs3,
water was added to prepare a stock solution of Zr(NOs)s in aqueous nitric acid. The
concentrations of Zr(NO3)s and HNO;3 in the stock solution were determined as 1.08 and 6.31
M, respectively, by inductively coupled plasma atomic emission spectroscopy (ICP-AES; SII

SPS3500, SII Nano Technology Inc., Japan) and potentiometric titration (see section no. 9 of



this Supporting Information file). Aliquots of [Zr(NO3)4]ag,in ranging from 0 to 0.049 M in 10.5
M nitric acid solution were prepared by the addition of an appropriate amount of concentrated
HNOs aqueous solution and water. Note that when [HNOs] > 3 M, the concentrations of
polymerized and hydroxylated zirconium are much less than that of Zr(NO3)4.%’ In fact, the
coordination structure of the zirconium complex species in the aqueous, initial phase was
confirmed as Zr(NO3)4(H20)1 3 by using EXAFS measurement and its data analysis (see section
no. 10 of this Supporting Information file). Additionally, hydroxylated zirconium is not
extracted by TBP under any conditions*' and, if present, remains in the aqueous phase. On the
other hand, 0.5 M TBP in n-octane-ds is typically used for initial organic phases in the solvent
extraction process. All samples containing the Zr(NOs3)s(TBP), complex’® were then prepared
by conducting the biphasic solvent extraction as described in the results section. Note that the
primary purpose for using n-octane-dis as a diluent in the solvent extraction step is to ensure
sufficient neutron scattering contrast between the solutes and the diluent and to minimize the
incoherent scattering background due to hydrogen. However, n-octane-dis was used for
consistency in the EXAFS experiments conducted in this study.

Following solvent extraction, [Zr(NO3)4]aqeq Was measured by ICP-AES to confirm
[Zr(NO3)4(TBP)2]orgeq- In addition, [Zr(NO3)4(TBP)2]orgeq Was evaluated by conducting ICP-
AES measurements of a back-extracted aqueous solution containing 0.2 M ammonium oxalate,
and [Zr(NO3)4(TBP)2]org.eq Was consistent with the estimation described above. [HNO3]orgeq
was estimated by measuring the residual HNOs in the aqueous phase using the procedure

described above (see section no. 9 of this Supporting Information file). [H2OJorg,eq Was directly



measured using a Karl Fischer titration apparatus (AQV-2200A, Hiranuma Sangyo Co., Ltd.,
Japan). [TBP]ogeq Was calculated from [Zr(NO3)4(TBP)2]orgeq, sSince [TBP]orgeq = [TBP]in —
2-[Zr(NO3)4(TBP)2]org.eq, Where [TBP]org,in = 0.5 M.

The value of dzno3yrsr2 = 1.116 g/mL, which is used for calculating @z:no3yuTBp)2 1n the
organic phase, was directly measured using a density meter (DMA-4500M, Anton Paar Co.,
Ltd., Graz, Austria), where @gznosusrr = CziNo3uTBP2/dzeno3)atBr2. CzrNo3ya(rBp)2 15 the

concentration of Zr(NO3)4(TBP), in the organic phase.

EXAFS measurements. EXAFS measurements using quick-scan mode (QXAFS) were
performed at the BL11XU beamline of SPring-8, Japan.”! The incident X-ray beam was
monochromatized with a double-crystal Si(111) monochromator using a liquid nitrogen cooling
system, and the monochromator was continually moved during the measurements, in contrast
to the conventional step-scan method. Data collections were performed in transmission mode.
In QXAFS, a measurement time as long as 5 min is typically required for one scan with an X-
ray energetic range from 17.59 keV to 19.49 keV (Zr K-edge; Eo = 18.00 keV) when the
measurement is repeated 10 times for each sample to accumulate statistically sufficient EXAFS
data. All extracted organic solutions from samples no. 1 to 5 and an aliquot of the aqueous
phase prior to extraction were loaded into plastic cells with 1-mm-thick walls and a 10 mm
sample thickness. All EXAFS data were acquired at 20 °C.

EXAFS data were examined by using analysis code Win-XAS ver. 3.2 developed by

Ressler’? and EXAFS simulation code FEFF ver. 8.4°* k*y(k) was obtained by pre-edge



background removal using the Victoreen function and extraction of the EXAFS signal using
cubic spline. The EXAFS function was Fourier transformed to calculate |FT[A’y(k)]| and
Im{FT[K*y(k)]}. A Bessel function was used to reduce termination error in the Fourier
transform. Theoretical phase shifts and back scattering amplitude functions were calculated

using FEFF ver. 8.4°%,

SANS measurements. SANS measurements were performed with the time-of-flight extended
g-range SANS (EQ-SANS) diffractometer’® installed at BL-6, Spallation Neutron Source
(SNS), at Oak Ridge National Laboratory, USA. EQ-SANS covers a g range of 0.15 nm™' < ¢
<10 nm™!' at a sample-to-detector distance of 1.3 m with a single band of A ranging from 0.10
nm to 0.56 nm. The divergence of the incident beam was defined by using a 25-mm-diameter
source aperture and a 10-mm-diameter sample aperture. The scattered neutrons were detected
with a two-dimensional position-sensitive *He detector of 1.0 x 1.0 m?> composed of tube
detectors, providing 256 x 192 pixels. Data reduction followed standard procedures, as
implemented in the Mantid software package.”* The scattering data were corrected for
wavelength-dependent sample transmission, for detector counting efficiency, and for
instrument background on a pixel-to-pixel basis. The reduced scattered intensity was then
azimuthally averaged. We converted the scattering intensities to absolute units of reciprocal
centimeters (cm™') using a scale factor determined by measuring a porous SiO, powder
standard.” After subtracting the scattering contribution of the empty quartz cell from that of

the sample, the values of incoherent scattering intensity, /linc, in samples no. 1 to 5 were



experimentally evaluated by neutron polarization analysis (see Table S1) with a neutron spin-
echo spectrometer’®”” installed at NG5, National Institute of Standards and Technology Center
for Neutron Research, USA. Details and the importance of this technique were described
previously.*® The constant value finc was then subtracted from the net absolute intensity. The
corrected scattered intensity distribution is treated as lobs(q). Since the values of @unos, @20,
and ¢rep in sample no. 1 are close to those of samples no. 2 to 5 (Table 1), the contribution of
the HNOs-H,O-TBP aggregate to small-angle scattering was contained in /ops(g) of all sample
solutions with the same level as sample no. 1. Therefore, Isu(g) originating from the
contribution of small-angle scattering due to extracted Zr(NO3)4(TBP)> only in the organic
phase was defined as Isub(q) = Lobs(q) — (1-@z:N03)4(TBP)2) * Lobs,no.1(q) , Where Lobs no.1(q) 1S the Iobs(q)
of sample no. 1. The sample solutions were sealed in quartz cells with 2.0 mm sample thickness.

All SANS data were acquired at 20 °C.

Computational methods. The structure of an isolated Zr(NOs3)4(TBP), complex was
determined by an ab initio calculation, using the Gaussian09 software package’® with the hybrid
DFT functional B3LYP7%# implemented in the LanL2DZ basis for Zr,3':%? and the 6-31G(d,p)
basis for hydrogen, nitrogen, carbon, oxygen, and phosphorous. Geometry optimization of
Zr(NO3)4(TBP): in the organic phase was conducted by DFT calculation, where the crystal
structure of a complex similar to Zr(NO3)4(TBP)2, Ce(NO3)4(OP(C¢Hs)3)2,%* was used as the
initial input by replacing Ce with Zr. Additionally, all phenyl groups were replaced with butoxy

groups. The polarizable continuum model (PCM)® was used to mimic the effect of the solvent



in this calculation, where the n-octane dielectric constant of 1.92% was used. The positions of
the atoms in the optimized coordination structure were used as the initial structure to reproduce
the EXAFS data and to calculate the scattering intensity distribution of the form factor of
Zr(NO3)4(TBP),, based on the Debye scattering formula. %!

For the MD simulations, the Zr(NO3)4(TBP)> complex was treated as a large molecule that
cannot dissociate. The structure of the complex was that given above. To obtain the partial
charges on each atom of the complex, single-point DFT calculations were performed using the
optimized coordination structure as described above, but using the PCM for solvents with
relative dielectric constants of 8.178186, 1.924067%, and 78.35538%. These correspond to the
dielectric constants of TBP, n-octane, and water, respectively.®® The solvent cavities in the
single-point calculations were built by using a series of overlapping atom-centered spheres with
radii taken from the universal force field.}” The DFT charge sets were obtained by fitting to an
electrostatic potential calculated at various points around the molecule, generated according to
the Merz-Singh-Kollman scheme.®® Three different charge sets, which are denoted as the
“TBP”, “octane” and “water” charge sets, were obtained for the dielectric constants of TBP, n-
octane, and water, respectively. The average value of the three DFT charge sets, which is
denoted as the “average” charge set, was used as the partial charges for our Zr(NO;)4(TBP):
model. The details of the three DFT charge sets, which are in a GROMACS input file®, are
available in section no. 12 of this Supporting Information file. The rationale for this procedure
is identical to that used for the determination of the TBP partial charges.”® In addition, the

effects of the four charge sets on the simulation results were examined and, as shown in Figure



S1, no statistically significant differences were found on distribution of cluster sizes. This is
due to the fact that the partial charges vary by less than 1% between charge sets. In the organic
phase, the complex can come into contact with a variety of polar and non-polar molecules and
the charge set chosen must be a compromise that can model the interaction of a complex with

a variety of neighboring molecules, some polar and some non-polar.
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Figure S1. The size distribution function for primary clusters in sample no. 5. The bottom axis
gives the number of Zr atoms in a primary cluster, while the vertical axis gives the number of
primary clusters of that size divided by the total number of clusters. The simulation results of
MD using the “TBP”, “octane”, “water” and “average” charge sets are shown as orange circles,

green squares, blue triangles and red diamond, respectively.



To check if the simulation has reached equilibrium, we ran ten independent MD
simulations, starting from random initial configurations. The results, which are shown in Figure

S2, indicate that the cluster size distribution is identical, to within statistical uncertainty, for all

ten systems.
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Figure S2. The size distribution function for primary clusters in sample no. 5. The bottom axis
gives the number of Zr atoms in a primary cluster, while the vertical axis gives the number of
primary clusters of that size divided by the total number of clusters. The data comes from ten

independent MD simulations, each simulation starting from a random initial configuration.

Error bars are omitted.
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We now return to the DFT calculation of the geometry of the Zr(NO;z)4(TBP)., for it is
important to check how the final result depends on the starting configuration. Using the
originally optimized Zr(NO3)4TBP), as an initial structure, the ligand coordination
environment of the complex was investigated by exchanging the position of one of the TBP
ligands for each of the nitrate ligands and re-optimizing the structure. Thus, five stereoisomers
of the Zr(NO3)4(TBP), were investigated in total. The five optimized Zr(NO3)s(TBP),
complexes differ in energy by no more than 11.0 kJ mol™!. The different ligand coordination
environment can be defined by the Otgp-Zr-O1gp angle; two of the complexes have angles of
~140° and three have angles of ~80°. The most stable complex with a Otgp-Zr-Otgp angle of
~140° was found to be only slightly lower in energy (1.0 kJ mol™") than the most stable complex
with a Orgp-Zr-Otgp angle ~80°. Finally, starting from the originally optimized complex, one
of the TBP molecules was rotated about its P=0 bond by 60° and 120° and re-optimized; local
energy minima were observed with complexes which differed in energy by no more than 6.8 kJ
mol™! from the originally optimized complex. The calculated SANS profiles based on the
optimized complexes having an Otgp-Zr-Otgp angle of ~140° using Debye scattering formula

3051 agree with that experimentally obtained at ¢ > 4.0 nm™'. On

for randomly orientated objects
the other hand, in the case of an Orgp-Zr-O1gp angle of ~80°, the calculated SANS profiles tend
to deviate from the experimentally obtained one at ¢ > 4.0 nm!. Therefore, the coordination
species with an Otgp-Zr-Otgp angle of ~140° (Figure 2a) is probably a major component in the

organic phase and we therefore used this structure, which is the same as that discussed earlier,

in our simulation studies.
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To complete the model, harmonic bonding and bending potentials of interactions were used
to fix the length between the Zr cation and the coordinated oxygen atoms and their
corresponding angles. The bond lengths and angles used were taken from the optimized
structure from the DFT calculations. The force constant for bond length and angles were the
same as the bond parameters for uranyl provided by Guilbaud and Wipff.! Full details of the
force field, which is in the form of a GROMACS input file®, are available. To elucidate the
microscopic structure of the organic phases of the Zr—HNO3/TBP—octane extraction systems,
MD simulations were performed on systems with compositions close to those of the organic
phases given in Table 1. For the MD simulations, the new atomistic model of Zr(NO3)4(TBP)
was used to represent the Zr complex. The Lennard—Jones parameters for Zr were taken from
Li et al.”?> and the force field parameters for nitrates were taken from Sambasivarao and
Acevedo.” The remaining force field potentials of interaction and details of the all-atom TBP
model are given in our previous publication.’® The n-octane model was taken from the OPLS-
2005 force field** and the TIP3P model was used for H>O because it was optimized for use with
optimized potentials for liquid simulations (OPLS) force fields.”> HNO; in our system was
treated as an undissociated molecule, based on the assumption that the dissociation constant of
HNO:3 is small in an organic environment. The force field parameters for HNO3; were taken
from Price et al.”® The all-atom molecular models used here showed good accuracy in
describing the structural properties of the HNO3;—H,O/TBP—alkane systems and they

reproduced the experimental small-angle X-ray scattering (SAXS) data collected from these
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systems well.** Following the OPLS procedures, geometric combining rules were used to obtain
the interactions of unlike pairs.

For all the MD simulations, we used cubic periodic boundary conditions. The Leapfrog
algorithm®’ was used to integrate the equations of motion, where the time step was 1 fs. We
applied a 1.2 nm cut-off to both the short-range Coulomb and Lennard—Jones interactions,
where the potential switch functions®® were applied from 0.9 nm to 1.2 nm to conserve the
energies at the cut-off. For the long-range electrostatic potential, the particle mesh Ewald
method was applied.”® The isothermal-isobaric ensemble was used in these MD simulations,
where the pressure and temperature were set as 1 bar and 20 °C, respectively. For each system
considered, an equilibrated structure was obtained from the starting configuration using the
velocity-rescaling thermostat'’ and the Berendsen barostat'?!, where the simulations were run
for 20 ns. The Nosé-Hoover thermostat'>!% and Parrinello-Rahman barostat'® were applied
in the subsequent production runs, during which the simulation results were generated. The
time constant used for the Nosé-Hoover thermostat and Parrinello-Rahman barostat were 0.2
ps and 5.0 ps, respectively. The production runs were 30 ns in length. Each of the simulated
systems, which contained about 0.8 million atoms in total, had a box-length of approximately
20 nm. The corresponding number of Zr complexes that were simulated in systems no. 1 to 5
were 0, 32, 80, 120 and 160, respectively.

Hydrogen bonding analysis was performed to investigate the relation between the number
of hydrogen bonds and the size of the primary clusters in our simulated systems. In the hydrogen

bonding analysis, the hydrogen bonds between NO3~, HNO3; or H,O were considered and
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counted. The criterion for determining the presence of a hydrogen bond is that the donor-
acceptor distance should be no more than 0.35 nm and the acceptor-donor-hydrogen angle
should be no more than 30°. The oxygen atoms that have covalent bonds with the hydrogen
atoms in the H»O and HNOs molecules were regarded as potential donors and the
electronegative atoms that possess a lone electron pair were regarded as potential acceptors.
For the hydrogen bonding analysis, we considered stable primary clusters, taken from system
no. 5, with a range of aggregation numbers. By stable, we take the operational definition that
the lifetime of the complex was more than 1 ns. Stable primary clusters consisting of 1, 2, 3, 5,
and 6 were identified and indexed for hydrogen bonding analysis. The lifetime of a tetramer is
less than 1 ns. The average number of hydrogen bonds per Zr atom was calculated for each
cluster size. The results are shown in Figure 6a in the manuscript.

To examine the effect of the strength of the electrostatic interactions on the stability of
primary clusters, we carried out five separate MD simulations on a stable primary cluster of six
Zr complexes, taken from system no. 5. The partial charges on all atoms were scaled to 100%,
75%, 50%, 25%, and 0% of the original partial charges. By decreasing the partial charges the
strength of the electrostatic interactions within the system decreases accordingly. The initial
configuration of the five separate simulations were prepared in two steps as follows. Firstly, the
stable primary cluster, which consists of 6 Zr complexes in system no. 5, was extracted and put
into the center of a new, empty cubic simulation box with a dimension of 6 nm. Secondly, the
empty space of the new simulation box was filled up with n-octane molecules to solvate the

primary cluster. The five separate MD simulations, which started with the same initial
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configuration stated above, were then simulated for 30 ns using the same simulation protocols
described above. The final configurations of the systems using the 50% scaled and the original
partial charges are shown in Figures S3a and b, respectively. It is clear that while the
electrostatic strength of the original partial charges can hold the cluster together for 30 ns, the
electrostatic strength of the 50% scaled partial charges is not enough to keep the cluster in its
initial form and, as a result, the cluster consisting of 6 Zr complexes breaks up into three smaller
clusters. This indicates that the electrostatic interactions, including short-range and long-range

Coulomb forces and hydrogen bonds, are essential to keep the large primary clusters stable.

Figure S3. The final configurations of the MD simulations which started with a primary cluster

consisting Zr complexes using (a) 50% scaled partial charges and (b) full scale partial charges.
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To analyze the exposed hydrophilic area of the primary clusters to n-octane molecules, we

calculated the Zr-C atom-atom radial distribution function, g(rz--c), where C represents the

carbon atoms in n-octane molecules. Note that the carbon atoms in TBP are not included in this

analysis. The corresponding coordination numbers of Zr with C, CN(rzr.c), were also calculated.

In this work, primary clusters consisting of 2, 3 and 6 Zr complexes were used to calculate

g(rz-c) and CN(rz-c), respectively, which are shown for system no. 5 in Figures S4a and b.
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In Figure S4a, g(rz:-c) shows the average distribution of C atoms in n-octane around the Zr
ions which belongs to a certain primary cluster, while CN(rz-c) illustrates the corresponding
coordination number of C around the Zr ions in that primary cluster. It is clear that g(rz-c) for
all three cluster sizes shows a small peak around 0.59 nm and a minimum around 0.78 nm. To
gve a sense of scale, we note that the average distance between Zr ions and the coordinated
oxygen atoms is about 0.23 nm while the average distance between Zr ions and the nitrogen
atoms in the coordinated nitrates is around 0.4 nm. Hence, the C atoms in n-octane that are
within a 0.78 nm range of a Zr ion are regarded as being in direct contact with the nitrates of
the Zr complexes. In other words, the exposed hydrophilic area of the Zr complexes is related
to the coordination number of C around Zr within a 0.78 nm radius. The magnified view of
CN(rz:-c), within a range of 0.5 to 0.9 nm, is shown in Figure S4b. One can see that the CN(rz-
c) of the primary cluster consisting of 3 Zr complexes is larger than that of the primary cluster
consisting of 2 or 6 Zr complexes. More specifically, the CN(rz-c) are 15.9, 19.7 and 14.6 for
the primary cluster consisting of 2, 3 and 6 Zr complexes, respectively. Hence, the exposed
hydrophilic area of the Zr complexes consisting of 3 Zr complexes is the largest among the
three cluster sizes. This level of unfavorable contact between polar and non-polar groups
correlates with the fact that the trimer is the least stable cluster of the three, as is seen from the

cluster analysis results shown in Figures 4b and S2.
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2. Chemical structure of tri-n-butyl phosphate (TBP)
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Figure S5. TBP chemical structure.
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3. Concentration ratios of [HNO3]org,eq/ [Zr(NO3)a(TBP)2]org,eqs
[HZO] org,eq/[Zr(N03)4(TBP)2]org’eq, and [HN03]()rg,eq/[H20] org,eq iIl the Organic,

equilibrium (org,eq) phases

Table S1. Summary of the concentration ratios for [HNOs]org,eq/[Zr(NO3)s(TBP)2]org,eqs
[HZO]org’eq/[Zr(N03)4(TBP)2]org,eq, and [HN03]()rg,eq/[H20]()rg,eq fOl‘ Sample nos. 1 tO 5-

P HNOx o/ [ZH(NODM(TBP by (HOhrc/ [ZK(NODK(TBP o [HNOsloes/ [HOloc
1 ) _ 6.2
) 40 73 5.5
; 20 3.8 5.3
\ . 32 3.6
5 9.4 23 41
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4. EXAFS data for the third phase

|FT [Kx(k)]| and Im{FT[k®(k)I}
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Figure S6. (a) k’-weighted Zr K-edge EXAFS function, &*y(k) (open circles), (b) its
corresponding Fourier transformation, |[FT[4*y(k)]| (open circles), and the imaginary part of
FT[& k)], Im{FT[K»(k)]} (filled circles), obtained for the third phase upon solvent extraction
of Zr(NO3)4—HNO3/TBP-n-octane-ds. The initial concentrations of Zr(NOs3)4, HNO3, and TBP
in the extract are 0.376, 10.5, and 0.5 M, respectively. Red solid curves in (a) and (b) are the
simulated &°y(k) and |[FT[k*y(k)]|, respectively, obtained using FEFF ver. 8.4 code and an
optimized coordination structure of Zr(NO3)4(TBP),, determined by DFT calculation, as initial

input. Similarly, the dashed red line in (b) shows the simulated Im {FT[£* »(k)]}.
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5. Guinier plots for evaluating the size of the high-order structure and Zun(q = 0)
We carried out an analysis of lsub(g) to roughly evaluate the size of the high-order structure

formed by Zr(NO3)4(TBP): in the organic phase by applying Guinier’s law,>
1
Inf,(¢)=Inl,(g=0) -§R§q2 : (S1)

Figure S7 shows Guinier plots for samples no. 2 to 5, where the plot, Infwun(g) versus ¢,
shows a linear relationship for g < 1/Rg, enabling R, and Isu(g = 0) to be estimated from the
slopes and intercepts of the lines. The solid lines in Figure S7 are the best-fit lines to eq S1. The

evaluated Ry and Isu(g = 0) values of samples no. 2 to 5 were shown in main text of the

manuscript.
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Figure S7. Infu(q) plotted as a function of ¢? in accordance with eq S1. The solid black lines

show the best-fit theoretical lines from Guinier’s law for g < 1/Rg.
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6. Theoretical modeling of the hierarchical aggregates
In this study, we construct theoretical models to interpret the experimental SANS data
quantitatively. In the static approximation, the coherent scattering intensity distribution per unit

volume, /(g), is given by

1(q)= $<E bb, exp(—iZ]'Ej)> : (S2)
i
where 7;; = 7; — 7; (7; is the vector pointing of the ith element), / is the volume of the
scatterer, and b; is the scattering length of the ith element.>> The angular bracket in eq S2 denotes
an ensemble average of orientation of the scatterers.
In this study, the system consists of Zr(NO3)4(TBP)> complexes as solutes and a mixture
of extracted HNOs3, extracted H>O, uncoordinated TBP, and n-octane-ds (diluent) as the matrix.

Therefore, eq S2 can be further derived as

Ha)= Mm@ )Pl 801 Y

where ncomplex 1S the number density of the extracted Zr(NO3)4(TBP), complex, F(g) is the
scattering amplitude of the complex, and S(g) is the structure factor of the complex.'% ncomplex
can be calculated as 7ncomplex = @zrN03)4(TBP)2 dZr(NO3)4(TBP)2- NA/Mzr(N03)4(TBP)2, Where Na and
Mz:no3uBp2 are Avogadro’s number and the molecular weight of Zr(NO3)4(TBP),,
respectively. The values of ncompiex in samples no. 2 to 5 are listed in Table S2.
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Table S2. Summary of parameters in relation to the SANS profile analyses of the organic
phases.

Sample no. Reomplex (cM™) ps (cm™) Jinc (cm™)?
1 -~ -~ 0.122 £0.005
2 0.386x 10" 5.570x 10" 0.119 £0.004
3 1.002 x 10" 5.571x 10" 0.123 £0.004
4 1.465 x 10" 5.572x 10" 0.124 +0.005
5 1.928x 10" 5.612x 10" 0.116 +£0.005

®Error represents £1 standard deviation throughout the paper.
bSample no. 1 does not contain extracted [Zr(NO3)a(TBP)2]org because [Zr(NO3)a]aq = 0 (Table
1).

The scattering amplitude represents the positions of the nuclei in an individual complex

with the corresponding scattering length densities as weighting factors as

F(q)= 3 vifi(a)Apcexp(-ig X)), (S4)

k

where vy 1s the excluded volume of the kth atom, Apy is the difference between the scattering

length density of the kth nucleus and that of the matrix, fi(q) is the atomic scattering factor of

the kth atom, and X x 1s the vector pointing from the center of mass of a single complex to the

position of the kth nucleus. The scattering length density of the kth nucleus, px, is defined as px

23



= bi/vk, so that Apxis given by Apr = pr - ps. ps (see Table S1) is the scattering length density of

the matrix, which is given by

pS = (¢TBPpTBP + ¢HN03pHNO3 + ¢H20pH20 + n—octane—dlSpnfoctanefdl8) / ¢matrix ’ (SS)

where po1BP, PHNO3, PH20, and Pr-octane-¢18 are the scattering length densities of TBP, HNOs3, H>O,
and n-octane-dig, respectively, and @mavix 1s equal to the sum of the volume fractions of the
matrix components, that 1S, @marix = @aN03 T PH20 + PrBP T Poctane-d18. According to the Debye

50,51

scattering formula for randomly orientated objects, the ensemble average of the scattering

amplitude, <F(q)>, and that of its square, <|F(q)[*>, are derived as

in(gX
(F(q))= D vt ()Mo, sinaX,) (S6)
k qX,
and
(@)= 3 S o) o) apus 0, 7

with X, being the distance between the center of mass and the kth nucleus and 7,; being the
distance between the kth and /th nuclei. The atomic scattering factors for X-ray diffraction are

reflected by the electron orbitals of the atoms and are typically approximated by a sum of
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Gaussians.'% However, the atomic scattering factors for neutron scattering are affected by the
probability of the nuclei. By choosing a Gaussian distribution function, g(r) & exp(-

*120,°),'% fi(q) is given by

4w p= , r’ sin(qr) 2 2
=— | riexp{- dr=exp|-q°0 /2), (S8)
£(9) vk I, p{ 205} p p(-4°0; /2)
with
2
v, —4Jrf0 r exp( 2O§)dr—2n\/2nop. (S9)

The structure factor S(q) reflects the inter-particle interaction. In this system, a cluster of
Zr(NO3)4(TBP)> complexes is considered; that is, the N complexes distribute spherically and
randomly around the center complex at a distance Rs (see Figures. 2a and b and Figure S8a). In

this case, S(q) is expressed as*

(S10)

For small primary clusters consisting of N complexes with radius Rs forming a large aggregate
(super-clusters) of M primary clusters with radius Ry (see Figure 2c¢ and Figure S8b), the
scattering intensity distribution is given based on eq S3 by

25



1(q) = Ny <F1 (q)‘2>+ (|Foe (Q)DZ IS(a.M.R)- 1}] (S11)
with
(Fame @ )= ([P0 )+ (P (@) {S(a-V.R)-1)] 512)
and
(Fae )= (a1 (v -1 2205 19
gRs
(a) I (o) I N Super cluster
/// KX N=35 ?‘é)/o A . Primary cluster
/ \\“‘ ", o :Q\ \
@i@ : o R } R §
“‘\ '\/\ ( d ©- :"-’ Complex
ON] e
O _______ Complex ~“~§_O__\-\—" M=5 N=4

Primary cluster

Figure S8. Schematic diagrams of the theoretical model used for analyzing SANS profiles. (a)
A cluster in which the complexes distribute with radius R (N = 5) around the central particle,
(b) primary clusters assemble into a super-cluster, where primary clusters with radius Rs

surround the central cluster with radius Ry (M =5 and N = 4 in the text).
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The distributions of R and Rs were considered to reproduce the scattering intensity distribution
precisely, and thus the Schultz distribution with the corresponding standard deviations, o1 and

os, respectively, was used.”’
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7. Result of SANS data analysis using scattering theory with M =1 for the organic solution

of sample no. 5
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Figure S9. SANS profile obtained for sample no. 5 (pink open circles) and the best-fit curve
(black solid line) using eqs S10 to S13 with M = 1 based on the scattering theory of the
hierarchical aggregation model. The difference between the experimental data, Iu(g), and the
best-fit theoretical scattering curves with the characteristic parameters N= 171 + 4.3, Rs = 5.4
+ 0.46 nm, and os = 0.24 £ 0.02 nm is evident, particularly at 1.0 nm™! < ¢ < 5.0 nm™".
Consequently, the calculated curve does not agree for M = 1 using reasonable fitting parameters.
Dashed line is the best-fit curve shown in Figure 3b using eqs S10 to S13 and the characteristic
parameters in Table 3. Error of the characteristic parameters in the fitting represents +1 standard

deviation.
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8. Contribution to SANS intensity distribution of a primary cluster
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Figure S10. SANS profile obtained for sample no. 5 (pink open circles) and the contribution
to the SANS intensity distribution of a primary cluster (black solid line) with the theoretical
analysis using eqs S10 to S13 with M = 1. Black dashed line is the contribution to the SANS

intensity distribution of Zr(NO3)4(TBP) calculated with the Debye scattering formula.
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9. Method of potentiometric titration to determine [HNO3] in the aqueous phase
Potentiometric titration experiments were performed as follows. The sample solution was
diluted 40-fold with an aqueous solution of 0.25 M ammonium oxalate. Ammonium oxalate
was added to mask the zirconium ions. The diluted sample solutions were titrated with an
aqueous solution containing 1 M NaOH using an automatic titrator to a pH of about 10. The
equivalence points appeared at pH 6.0 to 6.7, and the HNO3 concentration was calculated from
the titration volume at the equivalence point. During titration, a white precipitation appeared
around pH 9.8 and was likely zirconium hydroxide or an ammine complex resulting from the
dissociation of ammonium ions. Given that no precipitate was observed below pH = 9.0 and
that the equivalence points were at pH 6.0 to 7.7, this precipitate likely did not affect the

determination of HNOj3 concentration.
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10. EXAFS data and analysis for initial aqueous phase for preparing sample no. 5

The coordination structure of the zirconium complex in the initial aqueous phase of sample
no. 5 was examined by EXAFS measurement as shown in Figure S11, where the data were
analyzed by employing curve fitting with the simulation code FEFF ver. 8.4%*. The structural
parameters are shown in Table S3. As a result, it was clarified that Zr(NO3)4(H20) is a major

species in the initial aqueous phase at [HNO3].q = 10.5 M.

K% (k)

|FT [k®(k)]| and Im{FT{k%(k)]}

| | | |
0 01 02 03 04 05 06 07

k x 1071 (nm™)

r+ Ar(nm)

Figure S11. (a) k’-weighted Zr K-edge EXAFS function, k°*y(k), (open circles), (b) its
corresponding Fourier transformation, |FT[&* #(k)]|, (open circles), and the imaginary part of
FT[K y(k)], Im{FT[k*x(k)]} (filled circles), obtained for initial aqueous phase of sample no. 5.
Red solid curves in (a) and (b) are the simulated &°y(k) and |[FT[k®y(k)]|, respectively, obtained
using FEFF ver. 8.4 code and a single crystal structure of Zr(NO3)3(H20); as initial input!®,

The dashed red line in (b) shows the simulated Im{FT[k*y(k)]}.
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Table S3. Structural parameters evaluated by fitting analysis of initial aqueous phase of
sample no. 5.

Path CN FEXAFs (nm) opw? (nm?) AEg (eV) So?
Z1r-0O 9.3 0.228 0.00008 4.07 0.9
Zr-NnNos3 4.0 0.275 0.00003 4.07 0.9
Zr-N-Onuttiple 4.0 0.395 0.00002 4.07 0.9

Additionally, the &*y(k) and |FT[k®y(k)]| obtained for the initial aqueous phase of sample
no. 5 was compared with those obtained for a zirconyl nitrate complex in 3.0 M HNO3 aqueous
solution as shown in Figure S12. Note that this control sample is used to provide solid evidence
of Zr(NO3)4(H20) formation in the initial aqueous phase in the absence of the zirconyl nitrate
complexes, where the solution was prepared by dissolving 50 mM of zirconyl nitrate dehydrate
in 3.0 M HNO3 aqueous solution. In Figure S12b, two distinct peaks were observed in the
[FT[K}y(k)]| of both Zr(NOs3)4(H20) and the zirconyl nitrate complex in aqueous solutions.
However, the position of the weaker peak (second peak) obtained for Zr(NO3)4(H20) is shorter
r +Ar than that obtained for zirconyl nitrate complexes, whereas the positions of the most
intense peaks (first peak) in |[FT[£* #(k)]| agree with each other. The EXAFS data of zirconyl
nitrate complex was analyzed according to the same manner described above. The structural
parameters obtained are shown in Table S4. This result indicates that the zirconyl nitrate
complexes form a multi-nuclear species due to Zr-O-Zr unit. In conclusion, it is clear that the

zirconyl nitrate complex does not exist in the initial aqueous phase of our solvent extraction
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systems. This is attributed to the very high HNO3 concentration, i.e., [HNO3]ag,in =10.5 M, in

the aqueous phase.

K (k)

T T T T T
O Zirconyl nitrate
O Aqueous phase of sample no.5

[FT [k3x(k)|

O Zirconyl nitrate T
O Aqueous phase of sample no.5

Figure S12. (a) k*-weighted Zr K-edge EXAFS function, &*y(k), and (b) its corresponding

Fourier transformation, [FT[k*(k)]|, obtained for the initial aqueous phase of sample no. 5 (red

open circles) and zirconyl nitrate complex in 3.0 M HNOj3 aqueous solution (blue open circles).

Black solid curves in (a) and (b) are the simulated &*y(k) and [FT[A® x(k)]|, respectively, obtained

for zirconyl nitrate complex using FEFF ver. 8.4 code.

Table S4. Structural parameters evaluated by fitting analysis of the zirconyl nitrate

complex.
Path CN rexars (nm) opw? (nm?) AEy (eV) S¢?
Zr-O 8.3 0.218 0.00007 0.213 0.9
Zr-NnNos3 1.7 0.272 0.00004 0.213 0.9
Zr- Zr 2.0 0.358 0.00007 0.213 0.9
Zr-N-Onuttiple 1.6 0.390 0.00010 0.213 0.9
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12. GROMACS input files

[ moleculetype ]

ZrCpx 3

[ atoms ]

; nr type resnr resid atom cgnr charge
1 Zr 1 ZrCpx Zr 1 2.767
2 P 1 ZrCpx P 2 0.909
3 0S 1 ZrCpx 0S 3 -0.320
4 0S 1 ZrCpx 0S 4 -0.397
5 0S 1 ZrCpx 0S 5 -0.331
6 02 1 ZrCpx 02 6 -0.616
7 C 1 ZrCpx C 7 0.114
8 C 1 ZrCpx C 8 -0.063
9 C 1 ZrCpx C 9 0.168
10 C 1 ZrCpx c 10 -0.335
11 C 1 ZrCpx c 11 0.194
12 C 1 ZrCpx c 12 -0.058
13 C 1 ZrCpx c 13 0.072
14 C 1 ZrCpx C 14 -0.206
15 C 1 ZrCpx C 15 -0.030
16 C 1 ZrCpx C 16 0.003
17 C 1 ZrCpx C 17 0.053
18 C 1 ZrCpx c 18 -0.246
19 H 1 ZrCpx H 19 0.009
20 H 1 ZrCpx H 20 0.081
21 H 1 ZrCpx H 21 0.041
22 H 1 ZrCpx H 22 0.039
23 H 1 ZrCpx H 23 -0.004
24 H 1 ZrCpx H 24 -0.017
25 H 1 ZrCpx H 25 0.087
26 H 1 ZrCpx H 26 0.083
27 H 1 ZrCpx H 27 0.080
28 H 1 ZrCpx H 28 0.071
29 H 1 ZrCpx H 29 0.026
30 H 1 ZrCpx H 30 0.019
31 H 1 ZrCpx H 31 0.030
32 H 1 ZrCpx H 32 -0.004
33 H 1 ZrCpx H 33 0.013
34 H 1 ZrCpx H 34 0.061
35 H 1 ZrCpx H 35 0.051
36 H 1 ZrCpx H 36 0.044
37 H 1 ZrCpx H 37 0.118
38 H 1 ZrCpx H 38 0.073
39 H 1 ZrCpx H 39 0.035
40 H 1 ZrCpx H 40 0.049
41 H 1 ZrCpx H 41 0.009
42 H 1 ZrCpx H 42 0.019
43 H 1 ZrCpx H 43 0.071
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61
61

44
45
43
44
45
52
63
64
56
72
73
60
81
82
55
59
53
65
66
51
59
57
74
75
51
55
61
83
84
51
55
59
54
67
68
69
70
71
63
64
65
66
58
76
77
78
79
80
72
73
74
75
62
85

(O, IO, IO, RO, O, 0, NE, RO, RO, O G, NE, NE, O, RO, O G, N, NE, N, O, N, E, E, NC, RO, O, N, E, NE, RO, O, NN, E, NE, N, O, O, NC, E, NE, O, O, O, 0, NE, O, O, 0,



59
60
60
60
61
61
62
62
63
63
64
64
65
65
66
66
67
67
67
68
68
68
72
72
73
73
74
74
75
75
76
76
76
77
77
77
81
81
82
82
83
83
84
84
85
85
85
86
86
86

60
61
61
61
60
60
61
61
51
51
51
51
52
52
52
52
53
53
53
53
53
53
55
55
55
55
56
56
56
56
57
57
57
57
57
57
59
59
59
59
60
60
60
60
61
61
61
61
61
61

61
62
62
62
59
59
60
60
52
52
52
52
53
53
53
53
54
54
54
54
54
54
56
56
56
56
57
57
57
57
58
58
58
58
58
58
60
60
60
60
61
61
61
61
62
62
62
62
62
62

86
87
88
89
81
82
83
84
65
66
65
66
67
68
67
68
69
70
71
69
70
71
74
75
74
75
76
77
76
77
78
79
80
78
79
80
83
84
83
84
85
86
85
86
87
88
89
87
88
89

(G210, IO, IO, RO, RO 0, C, C, RO, RO, RO 0, 0, NC, RO, RO, RO, 0, NE, N, O, 0, 0, NE, RC, RO R, 0, NE, E, RO O, NE, NE, O, O, NG, NC, NE, O, RO, O, e,



ZrCpx
105
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx

[oNe NNl N
NOUDLWnVWm TS

U I I I I I I I I I I I I I I IT I ITITITITITTITITITITITITOOOOOOOOOOOON

CoNOOULLEAE WN R

(SSRGS SRR RS RS S R R RS RS R RS RS RSB R GRGIG RSB GSEGRGIS B B EGSR G IS BGS B S B B I SIS B IS IS I ST S RS

. 044
.281
.320
.410
. 252
. 162
.338
.484
.503
.650
. 402
.393
.379
.500
.327
. 454
.525
.654
.274
.299
.543
.520
. 442
. 465
.660
.690
712
.493
.315
. 306
.481
.288
.363
. 487
.592
.515
. 256
.347
.521
.429
.457
. 548
. 702
. 725
.633
. 370
.351
. 404
.502
. 255
. 264
.228

0.
. 053
.198
. 037
. 069
.010
.233
.225
. 267
. 261
.182
. 257
. 409
477
. 156
. 091
.179
.115
. 168
.335
.289
.122
. 202
. 369
.292
.160
.328
. 206
.203
221
.234
.430
.454
.585
. 456
.443
.175
. 251
.071
. 006
.199
277
. 180
. 097
.019
.014
.134
. 109
. 048
.010
. 126
.268

I N Y N N Y O N e e Ll I R e
[SESESESE ISR RS RS SRCR SRS RS RS RIS I RSB SRGICIG RS B S B G RG IS RSB S B BGIS IS B S IS B IS IS B BGS B B IS IS IS IS RS I S IS RS

046

(SESESESESRESESRESESE SRS

.112
.017
.031
. 007
172
.051
.174
.214
.361
. 405
. 027
. 105
. 086
. 020
.263
.314
417
471
.234
.180
. 148
.200
. 426
.375
.510
.396
.344
. 082
. 090
.161
. 166
. 029
.185
.017
.075
. 083
.344
211
.229
.358
.501
.373
.544
.390
.519
. 046
. 146
. 140
.034
. 050
. 265
. 305



1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1ZrCpx
1.00000

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
1.00000
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.139
.103
. 408
. 355
. 356
.299
.501
. 483
.590
.571
.321
.175
.176
.320
.191
. 048
.192
. 049
. 039
. 346
.512
.416
.253
.298
. 459
. 356
.195
.301
.598
422
.484
.383
.589
.689
474
. 649
.575
.219
.168
.300
.175
. 005
. 022
. 053
. 065
.123
. 200
.079
.078
. 083
. 042
. 107
. 096
. 00000

I I [
(SSRGS SRS RS RS RS CRCRS RS RS RS RIS RSB S B R GRCRG RS B GS BRI I S IS BB ICIG S B S B I SIS B B B RGSIS IS BGS IS I SR S

271
.413
. 248
.336
. 485
.575
.113
. 264
.335
. 487
.075
. 068
.316
.325
.220
.213
472
. 466
412
. 257
.270
.321
. 305
. 498
.516
.566
.548
.680
. 087
. 067
.302
. 287
. 296
.312
.514
.536
.530
.189
.236
. 249
.072
.225
.291
.253
.115
. 081
. 099
.176
.034
.225
. 145
. 342
.170

[SESESE SSRGS R SRS S RSSO SESESRSESES RS ESRSRSRS NS

.430
.473
.093
.204
.164
.274
. 166
. 156
.073
. 069
.342
. 240
.221
.323
.513
411
. 497
.394
.562
. 003
. 068
.294
.229
.072
.141
.367
.296
.244
. 208
. 226
.259
.116
. 029
.114
. 026
. 009
.170
. 269
.161
.336
.300
.103
.203
.011
. 104
.335
. 426
. 260
.302
. 061
.030
. 040
.176



	181204support10
	SupportingInfo_GROMACS_input_file
	SupportingInformation
	GROMACS_input_file02
	ZrCpx1
	ZrCpx2





