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Solute structure and its evolution in supersaturated aqueous solutions are key
clues to understand Ostwald’s step rule. Here, we measure the structural

evolution of solute molecules in highly supersaturated solutions of KH,PO,
(KDP) and NH4H,PO, (ADP) using a combination of electrostatic levitation and
synchrotron X-ray scattering. The measurement reveals the existence of a
solution-solution transition in KDP solution, caused by changing molecular
symmetries and structural evolution of the solution with supersaturation.
Moreover, we find that the molecular symmetry of H,PO, impacts on phase
selection. These findings manifest that molecular symmetry and its structural
evolution can govern the crystallization pathways in aqueous solutions,
explaining the microscopic origin of Ostwald'’s step rule.

More than 140 years ago, Ostwald' recognized that supersaturated
solutions often preferred to transform into metastable intermediate
phases (MIP) rather than thermodynamically stable one during crys-
tallization, called Ostwald’s step rule (OSR). Up to date, lots of such
phenomena have been reported in many materials systems®?. The
OSR has been explained by a couple of hypotheses on solutions, i.e.,
kinetic competition of nucleation and growth rates depending on their
crystal sizes”, the minimizing entropy production®, and the impact of
solution structure on the formation of MIP*. Moreover, recent
studies® ' have shown that the OSR is applicable to nucleation phe-
nomenon itself. As an example, unlike a single-step nucleation (SSN)
process by density fluctuation (i.e., simultaneous ordering of density
and structure), the supersaturated solution can take a two-step
nucleation (TSN) process, depending on the degree of
supersaturation®; the densification forming dense liquid regions, pre-
nucleation, or amorphous nanoparticles as the MIP in the super-
saturated solution, and then structural fluctuation sequentially form-
ing crystalline phases within the MIP. The TSN and SSN can be switched
with the degree of supersaturation®. Moreover, if the separated fluc-
tuation occurs with the various degree of densification and local
orders of MIPs, the supersaturated solution can take the multiple
pathways of nucleation or crystallization. The densification raises

fundamental questions for the causes of the OSR, such as the
appearance and stability of the dense liquid region in early stage of the
TSN and the mechanism of the phase selection in general. To address
the causes of the OSR, the evolution of the solution structure (solute
structure in particular) should be investigated as a function of super-
saturation, which can decisively impact on the formation of the MIPs
and the pathways of crystallization.

In this regard, a large effort has been devoted to measuring the
solution structures as a function of supersaturation using various
methods, such as Raman/IR spectroscopy’”* %, small-angle X-ray
scattering (SAXS)*, X-ray absorption fine structure study (XAFS)***,
time-resolved X-ray experiments*, and neutron scattering®. Although
these studies have revealed the important features of solute structures
in undersaturation, the studies®*° have provided inconsistent
results for molecular symmetries of anions, hydration structure, and
the evolution of anionic molecules with PO4>, H3PO,4, H,PO,", and
HPO,?. Such inconsistent results are ascribed to the considerable
contribution of background scattering from solvent atoms or mole-
cules (neutron scattering®, XAFS***, SAXS*) at undersaturated con-
ditions. If we can reduce the contribution of the solvent scattering by
achieving high supersaturation, the solute structure will be revealed
more clearly. However, the achievement of high supersaturation is not
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trivial due to unavoidable heterogeneous nucleation from a container
retaining the solution. Thus, the detection of the detailed solute
structures and their evolution is still very challenging in super-
saturated aqueous solutions where the MIP or dense liquid region
form. In addition, a number of theoretical and numerical
studies®*”***° have shown various results of the solute structure and
its structural evolution at supersaturated conditions which are caused
by the large uncertainties of the interactions between solute ions and
solvent molecules.

Recent studies overcome the limitation and have achieved the
highly supersaturated KH,PO, (KDP) solution by using an electrostatic
levitation (ESL) technique™", which shows only a few solvent mole-
cules per solute ion in the solution. Moreover, they directly observed
that the supersaturated KDP solution took the multiple pathways of
crystallization through an intermediate metastable crystalline phase,
depending on the degree of supersaturation®. However, the origin of
the OSR (or MIP) is still unanswered in microscopic viewpoint parti-
cularly, which requires the measurement of solute structure and its
structural evolution.

In present study, we measure the solution structures of KDP and
NH4H,PO, (ADP) in high supersaturation by the aid of a combination of
ESL and synchrotron X-ray scattering, which gives almost one or two
water molecules per ion at maximum supersaturation. The measure-
ments of solutions structure and its structural evolution reveal that
KDP solution shows a solution-solution transition with super-
saturation, indicated by abrupt molecular symmetry change of the
solute, while ADP solution does not show this behavior. This elaborates
how KDP solution takes multiple pathways of crystallization, depend-
ing on the supersaturation'®. The present work provides the impact of
the solution structure on the formation of the metastable crystal phase
based on the microscopic viewpoint of the Ostwald’s step rule', which
gives a way of studying the solute structure and its evolution in highly
supersaturated solutions.

Results

Crystallization events of highly supersaturated solutions

By using the combination of ESL and in-situ synchrotron X-ray scat-
tering devices, we can probe the concentration-dependent structural
evolution of an aqueous solution up to high supersaturation (Fig. 1a,
see also Methods section, Supplementary Figs. 2, 3, and Supplemen-
tary Movie 1). A levitated solution droplet continuously evaporates,
resulting in increasing concentration up to about S=5.0 (Here,
supersaturation S is given by the ratio of sample concentration (C;)
with respect to equilibrium concentration (C,), i.e., $=Cy/C..). We
record the crystallization event of the solution as a function of
supersaturation. Figure 1b, ¢ shows the probability distribution of the
crystallization events in the levitated KDP and ADP solutions based on
the statistical data accumulated from more than 158 times (for KDP)
and 130 times (for ADP) experiments. Interestingly, the KDP solution
exhibit two distinctive probability distribution of the crystallization
events, which is consistent with the previous results”, while ADP
solution shows only one. In the KDP solution, the first probability
distribution of the crystallization events at low supersaturation cor-
responds to the formation of a stable phase (tetragonal structure),
while the later event at high supersaturation does the formation of a
metastable phase (monoclinic structure) which transforms into the
stable tetragonal phase later”. This reflects there are two different
crystallization pathways depending on the level of supersaturation. We
here study the impact of solution structure and its structural evolution
on the crystallization pathways.

Solute structure and evolution of highly supersaturated
solutions

We measure the structure factor (s(@)) of the solutions up to S =4.1and
3.6 for KDP and ADP solutions, respectively (Fig. 2a, b, see also

Supplementary Note. 1). Both solutions show similar s(g) and its evo-
lution at undersaturation and low supersaturation. This may be caused
by the common network of hydrogen-bonded H,PO,” molecules, since
KDP and ADP crystals belong to the same crystal group (/42d). How-
ever, as water evaporates (i.e., concentration increases), the structural
evolution of two solutions is noticeably different (Fig. 2a, b); in case of
KDP solution, a double-peak (Ql and Q2) around 2A™ and 3A™ gra-
dually decreases until $=3.2-3.3, and then suddenly increases at
higher supersaturation (see the arrows and the inset in Fig. 2a), which
reflects a structural transition within the solution. In case of ADP
solution, the double-peak continuously decreases and Q1 moves a little
toward low q ranges with supersaturation marked by the black arrows
in Fig. 2b. In addition, a small pre-peak appears around 1.2 A™ (the blue
arrow in Fig. 2b), which implies developing longer range ordering (i.e.,
hydrogen-bonded link of H,PO,") in the solution. The different struc-
tural evolution of the KDP and ADP solution means that the two
solutions take different crystallization processes which can influence
on their crystalline phase selection in Fig. 1b, c. It is worth emphasizing
that the number of water molecules in the KDP and ADP solutions is
about 2.6 and 1.0 per each ion on average at the highest super-
saturation, respectively, which has never been experimentally
achieved in both KDP and ADP bulk solutions in other reported
experiments. Such environment with depleted water provides a great
chance to detect the solute structure and its structural evolution
during the network formation of H,PO," ions in the solutions.

To scrutinize the detailed solute structures, we subtract water
contribution (i.e., O,, (oxygen of water)-O,, scattering) from the total
scattering of the solutions (see also Supplementary Note. 2 and Sup-
plementary Tables 1, 2). The structure factors mainly contributed by
the solutes (reduced structure factors, As(g)), are shown in Fig. 2c, d. As
expected, the structure of both solutions looks very similar, in parti-
cular, at high g range beyond 3 A which is related to the short-range
order (SRO) of the solute, since H,PO4 unit block prevails in both
solutions. However, in the lower g range, KDP solution clearly exhibits
different As(g) from ADP solution, and the difference becomes more
distinct as concentration increases. In KDP solution, the intensity of
the two peaks between 1A™ and 3 A weakens up to S=3.2 and they
merge at around S = 3.3 and intensifies thereafter, while the two peaks
become distinct with supersaturation in ADP solution. Thus, the solute
structure and its structural evolution of KDP solution differ from those
of ADP solution, although both solutions have the common H,PO,"
unit blocks.

We deduce the topological information of the solution structures
by analyzing the reduced pair distribution function (PDF) (G(r) = 4mr
(p(nN-p,), where p(r) is the number density of atoms, and p, is the
average number density). In Fig. 3, the Gl peak at 1.54-1.55 A should
belong to P-Op distance (1.5-1.58 A) of H,PO,™ in the solution phase,
which is consistent with previous studies®?*>***2, As water evaporates,
the contribution of P-Op pairs becomes dominant and thus the G1 peak
gradually increases (Fig. 3a, b). Then, the intensity of the Gl peak
suddenly decreases over S=3.2-3.3 in KDP solution (Inset in Fig. 3a),
while it continuously increases in ADP solution (inset in Fig. 3b). The
sudden change of Gl peak in KDP solution becomes more distinct,
when we remove the water contribution from total G(r) (i.e., the
reduced PDF, AG(r) in Fig. 3¢, d). In addition, the coordination number
of the first neighbor atoms (ng;) decreases over $=3.2-3.3 in KDP
solution (Inset in Fig. 3a), but not in ADP solution (Inset in Fig. 3b).
Considering the fact that the molecular symmetry of H,PO,™ ions is
G,,7?7*, the decreasing intensity and the coordination number of
the G1 peak reflect the formation of disordered or ill-defined P-Op
distances within H,PO,~ molecules in KDP solution.

In other words, the molecular symmetry of H,PO,4 ions changes
from C,, to lower symmetry. Interestingly, our previous study® has
demonstrated that highly supersaturated KDP solution over
§=3.2-3.3 transforms into the metastable monoclinic KDP crystal
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Fig. 1| In-situ real-time measurements of solution structure and the probability
distribution of the crystallization events depending on supersaturation (S).

a Electrostatic levitation system to study solution structure by in-situ synchrotron
X-ray scattering at Pohang Light Source. When a solution droplet reaches a targeted
supersaturation value, the scattering signals are measured by using 2D X-ray
detector. Time evolution of the levitated solution droplet is observed by using CCD
cameras. The scale bar is 1 mm. Details of the device and its operational principles
are elaborated in methods section and elsewhere**’ (see also Supplementary
Figs. 2-4). Probability of crystallization events for KDP (b) and ADP (c) solutions
depending on S. Number of water molecules per each ion (n) is presented on the
upper-axis. Statistical data is accumulated from more than 158 times and 130 times
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experiments for KDP and ADP solutions, respectively. Blue bars present the prob-
ability of crystallization events above S =2.0. Gray bars of b indicate the crystal-
lization at metastable zone width (MZSW) below S =2.0. Red lines are a cumulative
curve with two Gaussian fitting curves (b) and with a Gaussian fitting curve (c) for
blue bars. The C,,, C;, C; are corresponding to the molecular symmetry H,PO4~
monomer and black arrows present the evolution of molecular symmetry with
supersaturation. Green arrow indicates the crystallization to the directly stable
tetragonal crystal (gray boxes in b and c) from the supersaturated solution. Purple
arrow presents that the supersaturated solution transforms into monoclinic crystal
(violet box in b) first, and then into tetragonal phase. Source data are provided as a
Source Data file.

with four different tetrahedrons of H,PO,™ molecules (i.e., C; mole-
cular symmetry), while the solution at the lower saturation crystal-
lizes directly into stable KDP crystal with a single type of the HPO4~
tetrahedron (S4 molecular symmetry which is higher symmetry than
Cy). In addition, in-situ Raman spectroscopy on supersaturated KDP
solution clearly also indicates the intra-structure changes of the
H,PO, (see also Supplementary Fig. 5 for the details.); Raman
spectra peak shape between 300 cm™ and 450 cm™, reflecting two
in-plane P(OH), bending modes, changes to asymmetric over S =3.0
in KDP solution, while no change is observed in ADP solution. This is
consistent with the change of G1 peak in X-ray result, displaying the
change of intra-structure of the H,PO, in KDP solution. Therefore,
the present results provide the strong evidence that low con-
centration KDP solution (LCS) and high concentration KDP solution
(HCS) have different molecular symmetries of H,PO, ions.

Furthermore, this indicates that the molecular symmetry of the
solutes can impact on the pathways of phase transition, facilitating
the nucleation of metastable intermediate phase, and thus verifying
the microscopic origin of Ostwald’s step rule’>** in KDP and ADP
solution system.

For the second nearest pairs, G2 peak is contributed by five dif-
ferent pairs (i.e., Op-Op (=2.49 A and 2.57 A)**!, Oy-Oy (=2.8 A), 0p-Oy
(=2.85A, and 2.77A)**, K-Op, (=2.8A in crystal phase) and K-Ow
(=2.5A, 2.81 A and 2.65 A,)*>**¢ pairs (N-Ow (=2.8 A)*” in case of ADP
solution). As water continuously evaporates, the contribution of Ow-
Ow, Op-Oy, and K-Oyy pairs should decrease in the PDF of KDP solution,
resulting in decreasing intensity and the shift toward shorter distance
at 2.67 A at S = 4.1 (Fig. 3a). This indicates most contribution of G2 peak
at high supersaturation comes from Op-Op and K-O, (=2.8 A) pairs
(NH4-O,, (=2.9 A) pairs for ADP solution). It should be noted that Op-Op
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Fig. 2 | The solution structure and its evolution in supersaturated aqueous
solutions. a, b X-ray structure factors (s(q)) of the levitated KDP and ADP solutions.
The s(g) above S=3.3 of KDP solution are presented with the symbol and line
together for clarity. Black arrows indicate the change of Q1 and Q2 peaks with
increasing supersaturation. Blue arrow of b indicates a development of the peak
around g =1.2 A in ADP solution. Black and red arrows of inset figures present the
change of QI peak intensities with supersaturation. The s(g) of the water droplet is
shown with gray color for clarity. ¢, d Reduced structure factors (As(q)) of the

Scattering vector, g (A1)

solutes obtained by subtracting the water scattering contribution from total scat-
tering intensity of the solutions based on the number ratio of water to total solution
atoms (a) (See also Supplementary Note 2 and Supplementary Tables 1 and 2). The
As(q) above S = 3.3 of KDP solution are presented with the symbol and line together
for clarity. As(g) data is stacked with offset for visibility. Horizontal gray dashed
lines represent the As(g) =1 for offset results. Source data are provided as a Source
Data file.

pairs are six per H,PO,~ molecule, but K-Oj, pair is one. Therefore, the
contribution of Op-Op pairs is dominant for G2 peak.

The longer pair distance in PDF is related to the hydrogen-bonded
link of H,PO, ions, which is determined by inter-molecular pairing.
Such medium range order (MRO) appears in the G3 and G4 peaks.
While the exchange of G3 and G4 intensities is shown with increasing
concentration in ADP solution (marked by black arrows in the inset
figure of Fig. 3d), this tendency is relatively very weak in KDP solution.

This means that the hydrogen-bonded link process of H,PO,  mole-
cules takes different ways in KDP and ADP solutions as supersaturation
increases. The G3 peak in AG(r) is located at around 3.76 A at the
highest supersaturation in both solutions (Fig. 2c, d). Based on pre-
vious studies®**?*¢, the G3 peak may be contributed by P-Oy
(3.6-3.8 A) in the first hydration, P-Op’ (3.2-3.7 A)*? (here, Op’ is oxygen
in the neighboring H,PO,™ in the dimeric structure [H,PO41,), and P-K
(=3.64 A)** according to its crystalline phase (P-N (=3.77 A) for ADP
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Fig. 3 | Pair distribution functions (PDF, G(r)) of KDP and ADP solutions with
supersaturation. a, b G(r) of the levitated KDP and ADP solutions with increasing
supersaturation. The results above S =3.3 of KDP solution are presented with the
symbol and line together for clarity. G1 peak increases initially with supersaturation
(black dashed arrow in a), and then decreases again after S = 3.3 (red dashed arrow
in a) in KDP solution, while the G1 peak only continuously increases in ADP solution
(black dashed arrow in b). Horizontal gray dashed line presents the G(r) = 0. Insets
figures of a, b present the coordination number of the first nearest-neighbor atoms
(ngy) and intensity of G1 peak with supersaturation in KDP and ADP solutions. ng; is
calculated with using four different integration methods which have been pro-
posed in the structural study of liquid*®. The ng; is determined by averaging the

Distance, r (A)

obtained values obtained from four different integrations and the standard
deviations are presented as error bar. ¢, d Reduced PDF for the solutes, AG(r),
obtained by As(g). Horizontal gray dashed lines present the AG(r) = O for offset
results. Black and Red dashed arrows of ¢ present evolution of the first AG(r) peak
below $=3.2 and above S = 3.3, respectively. Black vertical dashed-dot lines are
presented for eye-guide of the peak evolutions around r=3.7 A and r=4.8 A, which
are also presented with thick black arrows in insets of ¢ and d. Insets in ¢, d present
the overlapped AG(r). Red dashed arrow of inset of ¢ indicates the change of the
first peak of AG(r) at highly supersaturated solutions. Source data are provided as a
Source Data file.
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solutions). Due to the small number of water molecules at the highest
supersaturation, the prominent peak of G3 peak is mainly contributed
by the P-Op’ and P-K(N) pairs. On the other hand, it is hard to identify
the G4 peak in solution structure, although we may conjecture it with
P-P distance between the connected H,PO, ions. Since the distance
of P-P pair is approximately 4.1-4.2 A in their stable tetragonal crys-
talline phases, this pair may be relaxed in the solutions and expanded
to the positions of the G4 peak at =4.62 A, and =4.64 A at the highest
supersaturation in KDP and ADP solutions, respectively. From the
position and shape of G3 and G4 peaks, we can recognize the forma-
tion of large size H,PO, clusters with diameters greater than 1 nm in
the solution, before crystal nucleation occurs. Since the cluster size is
average value, we can imagine the existence of larger clusters than
1nm in the solution which may reflect the early stage of two-step
nucleation (i.e., dense liquid region)®.

Discussion
We found that the abrupt changes of the first peaks in structure factors
and PDFs of the KDP solution, exhibiting changing SROs and MROs

a

Structure factor, s, (q)

—> %JJK“ b
».\{

>

with supersaturation. This is the strong signature of the solution-
solution transition in KDP solution having two different molecular
symmetries of H,PO, ion with supersaturation. In addition, different
structural evolution of the KDP and ADP solution means that H,PO,
ions take different network formations process with supersaturation.
However, the molecular symmetry and MRO evolution have not been
identified yet at such high supersaturation, which should be known to
understand the solute structure of the two solutions. We here discuss
the possible solute structures of KDP and ADP solutions with cluster
modeling by using reverse Monte Carlo method (for details, see Sup-
plementary Note 2).

A dimeric unit block of H,PO,~ molecule has been suggested”®* %%,
as a representative conformation of the aggregates in the solutions. Such
possibility is observed in the PDF (Fig. 3). That is, the distinct G3 and G4
peaks contributed by P-Op’ and P-P pairs should include two H,PO,™ ions
at least. In addition, a monomer of H,PO,4™ could not reproduce the peak
position of As(g) for both solutions (marked by gray dash-dot line in
Fig. 4c, d). Therefore, we examine all possible [H,PO4 ], dimers which
have been proposed in theoretical studies™** (Fig. 4a). All [H,PO4 T,
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with [H,PO,41, dimeric cluster model. a Calculated structure factor (s.q(q)) of
[H,PO4 ], dimeric unit blocks. The s.,(g) are calculated from the [H,PO4 7], dimeric
cluster conformation types (Type 1-Type 6) suggested by theoretical studies®®*.
Blue and gray arrows present the s.,(g) calculated from the corresponding to each
dimeric cluster conformation type. Atomic coordinates and dimeric conformation
types were obtained in refs. 38,43. b Symmetries of PO4 with C,,, Cs and C;. The Gy,
changes to C; which has only one mirror symmetry element (o,) by varying one of
P-Op distances or/and one of Op-P-Op angles. Breakage of the 6, symmetry results in
C;. ¢, d Experimentally obtained As(g) (open circles, Fig. 2c, d) and calculated s.,(q)
(solid line) for dimeric model composed of two same (SM) or different (DM)

1 2 3 4 5 6 7 8
Scattering vector, g(A-")

geometry monomers. All calculations are carried out from the same initial dimer
model (Type 1 of a). Fitting is performed with As(g) data between g =3.5 A" and
8.5 A™L. Blue solid line is Scal(q) for the [H,PO4 ], dimer with C,, symmetry (SM-G,,).
Green solid line presents dimer with C; symmetry (SM-C; and DM-C;). Red solid line
is Scai(@) for the dimer with C; symmetry (DM-C,) (see also Supplementary Note 2
and Supplementary Tables 3 and 4). Here, hydrogen atoms are omitted in calcu-
lation. Gray dashed-dot lines are the s.,(g) of H,PO, monomer. Horizontal gray
dashed lines are presented for guiding s(g) = 0. Dimer model figures of inset pre-
sent the obtained conformation of [H,PO4 ], from the indicated As(g) by red, green
and blue arrows. Source data are provided as a Source Data file.
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dimers similarly reproduce the characteristic feature observed over
3.5A™ in the experimental As(g) (Fig. 4a). Here, we focus on the As(q)
over 3.5A7, since SRO of intra-cluster appears in high g range. Among
the [H,PO,4 ], dimeric clusters, we choose the type-1 cluster and relax it
to fit As(g), since the type-1 cluster has the lowest energy among the
[H,PO, 1, dimers™.

While a dimer composed of two same monomers (SM) with C,,
symmetry (SM-C,,) reproduces the structure factors of solute in ADP
solution, As(g), through all concentrations in Fig. 4d, the symmetry of
the dimer changes from C,, to C; with supersaturation in KDP solution;
the As(q) is reproduced by the dimer (SM-C,,) for low concentration
solution. Then, a dimer composed of same monomer with C; symmetry
(SM-Cy) fits well the As(g) in the range of S =1.5-2.5. At S = 3.2, the dimer
having two different monomers with C; symmetry (DM-C;) give the
better fitting. Finally, a dimer with DM-C; yields the best result at the
highest supersaturation (see the detailed parameters for fitting in
Supplementary Tables 3 and 4).

Our study for the evolution of solution structure can provide a
crucial insight into the microscopic origin of the multiple pathways of
nucleation or Ostwald’s step rule in KDP and ADP solution system.
According to van Santen®, taking metastable intermediate phase(s)
before transforming into stable phase yields minimum entropy pro-
duction, which explains the Ostwald’s step rule. This strongly indicates
lower nucleation barrier for the metastable intermediate phase than
for stable phase (i.e., AGns* (=0ms /Alims?) < AGs* (=05°/Aus?), where o is
the interfacial energy between the solution and the crystal phase,
Au=1InS (here, S is supersaturation) is the driving force. Subscripts ms
and s denote metastable and stable phases, respectively). Since the
driving force for the nucleation of the metastable phase is generally
smaller than that of the stable phase, the interfacial energy between
the supersaturated solution and the metastable phase should be much
smaller than that between the solution and the stable phase, i.e.,
Oms’ < 05 (InSp,/InSs)% This expects the similar configurational struc-
ture of supersaturated solution with the intermediate metastable
crystal phase. In previous work®”, we found that the metastable KDP
crystal has monoclinic structure (Cic;) which is composed of four dif-
ferent tetrahedra of H,PO,  molecule with C; molecular symmetry,
while the stable KDP crystal (/42d) has only one kind of tetrahedron
with S, molecular symmetry (Fig. 4). The decreasing Gl peak and
coordination number in KDP solution means that the molecular sym-
metry of H,PO, ion with C,, changes toward lower symmetry. In
addition, the cluster modeling shows that the symmetry of H,PO4"
molecule changes from C,, to C; symmetry in KDP solution with
supersaturation. Thus, the same molecular symmetry C; of the solute
and the monoclinic crystal facilitates the nucleation of metastable
intermediate phase. In short, the molecular symmetry (C;) in SRO and
structural evolution in MRO plays a key role as a basic template for the
crystal building, which yields the lower crystal-liquid interfacial free
energy for the metastable KDP crystal with C,c; structure, but the
higher interfacial free energy for stable KDP crystal with /42d structure.
This implies that crystallization occurs by particle attachment process
(CPA)**; the ways of building block with the molecules is also a critical
factor to determine the crystallization pathways.

In conclusion, we have measured the local structures of highly
supersaturated aqueous solutions by using the combination of ESL and
synchrotron X-ray diffraction. From the measured structure of the
solutions, we discover the solution-solution transition, caused by
changing the molecular symmetry of the solute from C,, to C; in the
KDP solution. Our result suggests that the structural evolution of
molecular structure in SRO and MRO ultimately determines the route
of nucleation and phase selection, which has been hypothesized as the
structural origin of Ostwald’s step rule' in aqueous solution for a long
time*?*, Therefore, the findings in KDP and ADP solutions provide an
important way for atomic- and molecular-scale understanding of var-
ious nucleation phenomena that occurs through self-organization of

solutes in molecule-level and will impact a wide range of research areas
from biology to material science®®.

Methods

Sample fabrication

Aqueous solutions are prepared by dissolving KDP of purity 99.99%
(Aldrich INC) and ADP of purity 99.9% (Aldrich INC) in deionized water
(resistivity 18.2 MQ cm), respectively. To avoid the unwanted crystal-
lization before the levitation, the initial concentration of solutions is
fixed to $=0.72 and S=0.75 for KDP and ADP solution, respectively.
For homogeneous mixture of solution, the solutions are stirred for 6 h,
kept for 6 h at room temperature, and filtered with a pore size of
220 nm (BIOFIL). The filtered solution is finally delivered to a syringe
equipped at bottom electrode in ESL. The values of pH are =4.19 and
=3.81 for KDP and ADP solutions, respectively, reflecting that H,PO,~
anions are dominant in the solutions, compared with other phosphate
species.

Levitation of solution droplet

The droplet is levitated at the position between top and bottom
electrodes by using a voltage-position feedback system. A high voltage
amplifier (Trek 10/10B-HS) provides a high electric voltage (1-5kV,
300-500 Hz) to the top electrode. The He-Ne laser (I1mW of laser
power with 1=633 nm) incidents on the droplet with casting its sha-
dow on a position sensitive detector (PSD, Hamamatsu Photonics
C10443-03) to maintain the droplet position within =+20 pm. Tem-
perature and relative humidity inside the sample chamber are main-
tained at 25.5 °C and 42 + 2%, respectively.

Determination of supersaturation

Supersaturation of the solution droplet is given by the ratio of sample
concentration (C;) to the equilibrium concentration of the solution
(Ce) (i.e., S=C4/C,). Since solutes (KDP and ADP) are non-volatile and
only water molecule evaporates, the concentration of the levitated
solution droplet can be estimated from the measurement of droplet
volume. In this study. the change of droplet volume is measured using
a high-resolution B/W CCD camera every 5s. We use a differential
contrast method for the edge detection of the droplet image. The
detected edge points in Cartesian coordinates are transformed into
polar coordinates and then fitted with the 6"-order Legendre poly-
nomial, (R(8)= S"F_, c,P (cos(8))), where Pi(cos(8)) is the Lth order
Legendre polynomial and c, is the coefficients determined by the 6th
order Legendre polynomial fitting. The droplet volume is obtained by
integrating the fitting results according to V = (211/3)_['?[R(¢9)3 sin(6)dé.
Then the change of solution concentration can be obtained, which
provides the evolution of supersaturation of solution droplet.

Observation of crystallization event

In this study, it takes more than 4500 s for solution droplet to reach
a maximum concentration value by water evaporation. In order to
determine whether crystals formed or not, we monitored the surface
and inside of the solution droplet by using the other CCD camera
during the experiment. When the solution crystallizes at a super-
saturation, we consider the supersaturation value of just before
(=55s) the crystallization event (i.e., we did not use the solution
images which include crystals). Since the evaporation rate is much
slow, the change of supersaturation for 5s is negligible. We carried
out 158 and 130 times experiments for the crystallization of KDP and
ADP solutions, respectively. Then, we get the statistics of crystal-
lization events.

X-ray scattering experiment and data acquisition
The ESL is installed at Pohang Light Source II (PLS II, 5A and 1C
beamlines) for the in-situ synchrotron X-ray scattering experiment of
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the levitated solution droplets. Monochromatized 18 KeV X-rays from a
cryogenically cooled silicon (111) double crystal monochromator was
delivered to the sample through a delivery pipe filed with helium gas.
The X-ray detector (Pilatus-300 KW, 1475 x 195 pixels with a pixel size
of 172 um x 172 pm) was just placed behind the ESL chamber to collect
the scattered signals from the solution droplet. When the super-
saturation reaches the targeted value without any crystallization, X-ray
beamisirradiated on droplet and 2D scattering image is recorded. The
conversion of the 2D image to 1D data is carried out by using Fit2D
program and Dioptas program. Subsequently, the s(g) and G(r) are
obtained by using PDFgetx2 program.

Raman scattering experiment and data acquisition

During the sample levitation, in-situ Raman measurement is per-
formed in a transmission geometry with an incident laser (A =532 nm).
The scattered beam is relayed via multiple high-quality silver mirrors
to a Raman spectrometer (Dongwoo Optron, model DM500i). The
delivered light is dispersed by a diffraction grating (1200 grooves
mm™) and collected on a 2D detector (Andor DV401A-Bv) consisted of
1024 x 24 pixels (pixel size of 26 pm?). In order to minimize the heating
effect by laser, we use a typical laser power of 1.7 mW. At a given
supersaturation, a single Raman spectrum was obtained by accumu-
lating each spectrum every 3 s, with a total beam exposure time limited
up to 21s. All spectra at various supersaturation levels are measured
independently.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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