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We compare the pH-triggered nucleation of the pharmaceutical diclofenac in bulk solution and at the air—
water interface, using a combination of cryo-transmission electron microscopy, surface-specific
spectroscopy and microscopy, and molecular dynamics simulations. In solution, simulation data reveal
diclofenac forms dynamically ordered, liquid-like pre-nucleation clusters (PNCs), following a nonclassical
nucleation pathway. At the air—water interface, nucleation occurs earlier during the titration process. The
promoted nucleation is attributed to the interfacial enrichment of protons at this hydrophobic interface,
elevated interfacial apparent pK, for diclofenac, as well as the interface-induced ordered diclofenac—

water structures. While hydrophobic interactions drive the first air—diclofenac—water layer, further
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1 Introduction

Organic nucleation is a highly relevant process in the pharma-
ceutical industry. The nucleation of active pharmaceutical
ingredients (API) is central in medicinal chemistry since new
crystal forms of API can lead to new therapeutic effects,"* which
are linked with enormous potential economic benefits, given
the multi-billion dollar pharmaceutical industry. Under-
standing the nucleation mechanisms of APIs is a prerequisite
for controlling the nucleation process, thereby achieving
desirable crystal forms of API medicine.® Detailed insights into
the nucleation of API crystals are therefore crucial. For the
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implications for various applications in pharmaceutical and materials science.

nucleation of organic molecules, early nucleation events deter-
mine the eventual fate of the precipitates, controlling the
structural polymorphism, crystallite size, and shape.* Despite
continuous efforts to understand the mechanism of organic
nucleation, it still represents a challenge in chemistry.>®

The nucleation process is often described by classical
nucleation theory, which states that the nucleation will be
thermodynamically favorable once the nucleus reaches
a threshold size, and crystal growth occurs.®** However, clas-
sical nucleation theory - mainly adapted for homogeneous
nucleation - is often inaccurate in predicting the rates of the
nucleation process. By contrast, nonclassical nucleation
mechanisms have been proposed - stressing interfacial effects
in heterogeneous nucleation. Two distinct nonclassical path-
ways have been demonstrated: two-step nucleation®*'*** and
nucleation through pre-nucleation clusters (PNCs).>** The
former two-step pathway emphasizes a dense liquid phase,
initially formed by liquid-liquid phase separation. In the
second step, the crystal develops within the dense liquid
phase.”* The latter PNC pathway states that pre-nucleation is
associated with the formation and evolution of thermodynam-
ically PNCs. PNCs have been successfully invoked to describe
different inorganic mineralizations, like calcium carbonate,"
calcium oxalate," iron (oxy)(hydr)oxides,'® aluminum (oxy)(-
hydr)oxides,"” and sodium chloride.*® These PNCs rapidly form
in the solution prior to nucleation, and their aggregation, as
critically mediated by water,"* triggers liquid phase separa-
tion, which results in further densification and solidification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Our recent study unveiled that nucleation of the organic
pharmaceutical ibuprofen follows the PNC pathway, which, like
inorganic nucleation, is mediated by water molecules.>* Unlike
inorganic minerals, organic molecules are often amphiphilic,
providing both solubility in water/blood and migration of
intestinal membranes, and there are static hydrophobic-
hydrophilic patches on large organic molecular assemblies. In
addition, the dynamic transient exposure of hydrophobic-
hydrophilic regions often occurs. For nucleation of organic
molecules (e.g. API), hydrophobic interfaces in an aqueous
environment are the places where molecule assembly typically
occurs. Those interfaces mimic the interfaces between PNCs
and water, and thus are closely related to the formation and
evolution of PNCs. Apparently, hydrophobic interfacial inter-
actions are often considered the main driving force for organic
nucleation.”® Nevertheless, the specific role of hydrophobic
interface - as stressed in nonclassical nucleation mechanisms -
for tailoring organic nucleation has remained elusive, due to
the challenge of characterizing this molecularly thin region.

In this work, we compare the nucleation of a representative
API, diclofenac, in bulk solution and at the air-water interface,
which is an excellent model hydrophobic interface.* The
nucleation of diclofenac molecules in solution follows
a nonclassical PNC pathway, as notably featured by the
dynamically ordered liquid-like PNCs. In stark contrast, di-
clofenac and water form highly ordered localized structures at
the air-water interface, the surface-enrichment of protons at
this hydrophobic interface are likely to promote interfacial
nucleation during titration process through neutralization by
protonation of diclofenac. Our combined surface-specific sum
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frequency generation (SFG) and molecular dynamics (MD)
simulation studies reveal that the assembly of interfacial di-
clofenac promotes nucleation by enhancing hydrophobic
contacts and forming pair-wise hydrogen bonds, as character-
istic of the dimer crystal structure.

2 Results and discussion
2.1 Nucleation of diclofenac in solution

Diclofenac is a weak organic acid, with pK, of 4.16.>%*” As
illustrated in Fig. 1(A), protonation of the charged diclofenac
sodium generates neutral diclofenac. Once neutral, the elec-
trostatic repulsion stabilizing individual molecules in solution
is lifted, and nucleation of diclofenac is triggered after super-
saturation of diclofenac in solution.?® To follow the protonation
and subsequent nucleation, we performed a titration experi-
ment using a recently developed double-dosing approach.”®*
For this titration experiment, a 20 mM HCI solution was slowly
and gradually dosed into a 5 mM diclofenac sodium solution,
and a diclofenac sodium solution was simultaneously dosed to
ensure nearly constant ionic strength (Fig. S1). A pH electrode
monitored the solution pH. Fig. 1(B) shows the titration curve
for the solution pH as a function of the added HCIl volumes
(Vizcl)- The pH value decreases with increasing Vicy, yet it
increases slightly after Vyc = 250 pL. With nucleation occur-
ring, the introducing protons provided by adding HCI are not
sufficient to compensate for the protons as consumed for
nucleated diclofenac, which leads to decreased concentration
and accordingly increased pH. In this context, the nucleation
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Fig.1 Nucleation of diclofenac in solution. (A) Chemical structures of deprotonated diclofenac sodium and protonated diclofenac. (B) Titration
curve: variation of the pH for diclofenac sodium solution with increasing HCl volume (V). The red dashed line marks the onset of nucleation
(see text for details). (C—E) Cryo-TEM images of a vitrified sample of diclofenac at different nucleation stages as indicated in the titration curve: i.e.
at early pre-nucleation (C), late pre-nucleation (D), and right after nucleation (E), respectively. The black areas and lines are the holes from the
carbon grids, and the black objects are ice particles formed during the cryo-TEM measurement.
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occurs with dosing Vi = 250 pL, at which the solution pH
starts to increase.**

We collect the diclofenac samples at different nucleation
stages, as indicated as the positions of C, D, and E in the
titration curve (Fig. 1(B)). We examine their structures via cryo-
Transmission Electron Microscope (cryo-TEM), as shown,
respectively, in Fig. 1(C-E). At the early pre-nucleation stage,
inter-connected and roundish objects of ~200 nm diameter
could be observed (Fig. 1(C)), while exhibiting rather low
contrast. At late pre-nucleation prior to nucleation, separated
circular structures were visible with improved contrast, yet with
a larger size of 0.3-1.0 um (Fig. 1(D)). After nucleation starts (i.e.
Vual > 250 pL), abundant ribbon-like structures, as character-
istic of nucleated solids,* can be clearly identified (Fig. 1(E)).
The nucleated ribbon species (Fig. 1(E)) contrasts with the
species at late pre-nucleation (Fig. 1(D)), which consolidates the
nucleation point (i.e. Vic = 250 pL) as determined from the
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titration curve. The electron diffraction pattern from selected
ribbon-rich area shows diffuse rings (Fig. S2), implying that the
nucleated diclofenac lack a defined crystalline structure.

To investigate the diclofenac-water aggregates from MD
simulations, we probed various concentrations to match the
experimentally assessed density of 1.205 4 0.004 g cm™>. This
density value was calculated based on data of analytical ultra-
centrifugation (Table S1), the measurement and calculation
details for this method have been described in previous litera-
ture.”**® Fig. 2 illustrates the resulting system originally
prepared as fully dispersed diclofenac molecules in water (1:
10), followed by 50 ns MD simulation. The aggregation of di-
clofenac molecules and PNC formation is observed within
about 20 ns. After this relaxation, we find a stable PNC solution
-which reflects a dynamic equilibrium of aggregated diclofenac
molecules in differently sized and shaped PNCs. For illustration
of the dynamic character of the PNC solution, we discriminate
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Fig. 2 Dynamically ordered diclofenac—water PNCs in solution. (top) Simulated structures of a (1:10) diclofenac solution in water. The
structures, from left to right, illustrate the aggregation of diclofenac (10 ns), the fully aggregated liquid-like PNCs (20 ns), and the dynamic
transition of PNCs (40 ns), respectively. Water is shown as transparent blue, whereas the forming aggregates (10 ns) and PNCs (20 ns) of di-
clofenac are colored in red and red/white to highlight the dynamics of the PNC (40 ns), respectively. (bottom) Number of water-uncoordinated
diclofenac molecules (as compared to a total of 1210 solutes in the simulation cell) with increasing simulation time. Dark grey dots refer to the
total number of de-solvated diclofenac molecules — which stays roughly constant upon 20 ns of relaxation from the random mixture. After 20 ns
(dashed curves), our statistics of the water uncoordinated PNCs (dark gray) are divided into persistently uncoordinated diclofenac molecules (red)
and newly uncoordinated solutes (light grey). Analogous coloring is used for the snapshots at 20 and 40 ns in the upper panel, respectively.
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diclofenac molecules that persistently remain water-
uncoordinated within the PNCs formed at 20 ns (red), and
those that were in contact with water at 20 ns, but become
water-uncoordinated at later stages of the MD run (white).
Notably, the observed dynamic transition for the PNCs of di-
clofenac is, to the best of our knowledge, the first report of the
dynamic nature of pre-nucleation species in organic nucleation,
which resembles those dynamically ordered liquid-like oxy-
anion polymer (dollop) in inorganic CaCO; mineralization.*

To quantify the dynamics of the evolving diclofenac-water
PNCs, we calculate (i) the total number of water-uncoordinated
diclofenac molecules as a function of simulation time, as pre-
sented in Fig. 2 (bottom). Upon 20 ns relaxation, this number
reaches a plateau of ~80, which indicates convergence of the
aggregation of diclofenac molecules. In the following 30 ns, the
total of water-uncoordinated diclofenac molecules in PNCs
remains unchanged (gray dots). However, the overall PNC solu-
tion reflects a dynamic equilibrium with the role of the involved
diclofenac molecules changing on the 10 ns scale. Fits of first-
order kinetics are shown for the number of molecules persis-
tently residing within the PNC core (red curves) and those di-
clofenac species newly entering the PNCs core (grey curves/white
in the snapshots of the upper panel). The exponential fits indi-
cate a halflife time of ~30 ns for the exchange of diclofenac
species in the PNC core and at its boundaries, respectively, which
points out the highly dynamic nature of the PNCs.

2.2 Nucleation of diclofenac at the air-water interface

We combine surface pressure and Brewster Angle Microscopy
(BAM) to monitor the nucleation of diclofenac at the air-water
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interface. Fig. 3(A) presents the variation of the surface pressure
for the water surface of diclofenac sodium solution, titrating in
HCl as in Fig. 1(B). Diclofenac sodium shows no surface activity
without added HCI (0 pL). Immediately upon adding HCI (25
uL), the surface pressure value rises, and the value increases
step-wise with each addition of HCI, which is mainly attributed
to the higher surface activity of amphiphilic diclofenac mole-
cules. We applied complementary BAM to monitor the
morphology of the solution surface upon adding HCI. Fig. 3(B-
D) presents the surface morphology after adding HCI volumes
of 0 pL (B), 100 pL (C), and 250 pL (D), respectively. As clearly
seen in Fig. 3(C), distinct nucleated flake species were observed
with the addition of HCI of 100 pL. These sharp-edged features
are drastically different from the circular-like shape for
liquids,* and are comparable to the nucleated ribbon species in
bulk solution. The identified flakes in BAM measurement
exhibit much stronger contrast than liquids, suggesting their
solid-like feature, which is typically associated with a higher
change of refractive index for nucleated species at the interface.
Notably, the HCI volume (100 pL) required for nucleation at the
air-water interface is much lower than that (250 pL) for bulk
solution — implying the promoted nucleation at the air-water
interface.

2.3 Molecular structure and interaction for nucleation of
diclofenac at the air-water interface

To gain mechanistic insights for promoted nucleation of di-
clofenac at the air-water interface, we apply surface-specific SFG
spectroscopy to probe the structure and interaction between
diclofenac and water during interfacial nucleation. In SFG
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Fig. 3 Nucleation of diclofenac at the air—water interface. (A) Surface pressure variation for the water surface of a diclofenac sodium solution,
with gradual dosing of HCl in accordance with the titration curve in Fig. 1(B). (B—D) BAM images for the solution surface with adding HCl volumes

of 0 ulL (B), 100 uL (C), and 250 ul (D), respectively.
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measurements, visible and infrared laser beams are overlapped
at the interface both in time and space, generating photons at
the sum frequency of the two beams. The SFG signal is
enhanced when the IR beam is resonant with vibrational modes
of interfacial molecules. The selection rules dictate that SFG
signal is only generated from ordered molecules at the
boundary interfaces where centrosymmetry is broken,*-%*
thereby excluding the signal contributions from the bulk
solution.

We perform the SFG experiment once the surface pressure is
in equilibrium. Fig. 4(A) shows the SFG spectra in the frequency
range of 1540-1820 cm ™ for the diclofenac sodium at the air-
water interface with varying pH, which are derived from the
titration curve in Fig. 1(B). The spectrum for diclofenac sodium
at pH = 9.0 does not show an observable SFG signal, which is in
agreement with the zero surface pressure in Fig. 3(A). With
decreasing pH, two distinct bands appear: one at ~1589 cm ™,
assigned to the antisymmetric COO~ stretch mode of the
deprotonated COO™ group in diclofenac sodium; and the other
at ~1720 cm ™', assigned to the C=O0 stretch of the protonated
COOH group in diclofenac. The presence of distinct COO™~ and
COOH peaks implies the substantial ordering of accumulated
charged diclofenac sodium and neutral diclofenac at the air-
water interface during the nucleation process.

)@

0.15 " pH=0.0—— pH=7.5

SFG Intensity (a.u.) >

SFG Intensity (a.u

r T T T T
155016001650170017501800 2800 3000 3200 3400 3600

C Wavenumber (cm™) D Wavenumber (cm™)
4 1
, @-EPE]\ 60 |
_ Nog| 3%}
= 0 FA-Ay 340
E-,_z _'D'Acoo 3
< Tt
4 AA LA-A 2L
N
55 6 7 8 9 55
pH

Fig.4 Molecular structure and interaction for nucleation of diclofenac
at the air—water interface. (A and B) SFG spectra in COO~/COOH (A)
and CH/OH (B) region for the diclofenac sodium at the air—water
interface with varying pH, as derived from the titration curve. The
spectra were recorded under SSP polarization (S-polarized SFG, S-
polarized VIS, and P-polarized IR) combinations, and spectral fits
(thinner lines) are superimposed. (C and D) Fitting analysis of the SFG
spectra: (C) fitting amplitudes of the protonated vcoon band at
~1720 cm~tin (A) (open wine square) and the NH band at ~3350 cm™?
in (B) (open green triangle), the red dashed line marks the saturation of
amplitudes with pH < 6.0. (D) Sum of amplitudes for the hydrogen-
bonded OH bands (open red circular), and the ratio of amplitudes for
C=0 bands in deprotonated vcoo~ and protonated vcoon groups
(open blue square). Error bars in (C) and (D) reflect the standard
deviation of the fitting results.
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We also recorded SFG spectra in CH/OH (2800-3600 cm ™)
frequency window, to probe the hydrophobic groups of di-
clofenac as well as interfacial water. Fig. 4(B) presents these
spectra for the diclofenac sodium at the air-water interface with
varying pH. Two vibrational bands from diclofenac molecules
are clearly identified: namely, one at ~3060 cm™ " for the v,
mode of the phenyl ring,*>**%*” and the other at ~3356 cm™* for
the N-H mode of the NH group. In addition to diclofenac
bands, two broad OH bands dominate the spectra. These two
OH bands, centered at ~3200 cm ™' and ~3450 cm ™, can be
assigned to the OH stretch from strongly and weakly hydrogen-
bonded (H-bonded) water molecules, respectively.*®** Within
the CH/OH spectra region, the aromatic CH and NH bands are
often interfering, and thus overshadowed by broad OH bands.
In accordance with previous literature,**** the peak/dip feature
of aromatic bands points to the positively and negatively
charged surface, respectively. The aromatic bands in the spectra
of Fig. 4(B) exhibit dips, indicating the presence of negatively
charged diclofenac molecules at the water surface, which
corresponds to the positive OH peaks. Accordingly, the
apparent dephasing NH bands indicate their opposite, negative
sign, with NH groups pointing, on average, toward the bulk.
With decreasing pH to 7.5, the resonant diclofenac bands are
clearly observable, and the intensity of OH bands increases
significantly. The negatively charged diclofenac sodium mole-
cules can polarize or align the OH dipoles of water in the diffuse
layer, thereby giving rise to strong SFG signals.***** For the
charged interface, the OH SFG signal of water originates from
both the interfacial layer (x®-contribution) and the diffuse layer
(x®-contribution).**** During titration, the ionic strength was
kept constant. The 5 mM salt concentration corresponds to
a Debye length of ~3 nm, implying a relatively large contribu-
tion from the diffuse layer.

The SFG spectra in Fig. 4(A and B) are further quantified by
global fitting according to the equation below:

Ispg ‘X<2)‘2 = |Xnon_res<2) + Xres(z)‘z
© A,

idnon_res + .
WIR — Wy + il n

= Anon;cse

(1)

n=1

In eqn (1), the effective susceptibility x'* consists of a non-
resonance (Xnon res”) and a resonance (xres”) term. Apen res
and ¢non res are the amplitude and phase of the non-resonant
signal, respectively. 4, is the amplitude of the resonant signal,
w, the resonant frequency, wir the infrared frequency and I',
the width of transition. Within the global fitting procedure, the
resonant frequency (w,) and the width of vibrational transition
(I'y) for each resonant band are all constrained to be the same
for a series of spectra, obtaining different amplitudes (4,) for
a comparative study. Tables S2 and S3 present all fitting results.
Fig. 4(C) presents the fitted amplitudes for the COOH and NH
bands of diclofenac molecules. As explained above, the ampli-
tudes of these bands have different signs, while showing similar
trends with varying pH: the amplitudes increase with
decreasing pH and saturate at pH = 5.6-6.0. Notably, according
to previous studies,*>** the surface pK, of organic acid at the air-
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water interface can be well derived by evaluating the peak area
of the protonated COOH and deprotonated COO™ bands.
Unfortunately, the symmetric COO™ band is not observed in our
spectra, similar to another recent study.*® The antisymmetric
COO™ band is rather weak, which does not allow rigorous
determination of the surface pK, of diclofenac. However, we
observe a clear plateau for the amplitude of the protonated
COOH band at pH = 5.6-6.0, which implies the surface pK, is
higher than this pH range - and apparently higher than the
reported solution pK,. In accordance with previous
literature,*** the surface pKj, is increased compared to the bulk.
We assign this in part to the surface enrichment of protons,*-*
this leads to an enhanced population of neutral diclofenac,
which will promote nucleation. Fig. 4(D) presents the sum of the
amplitudes (open red circles) for the two water OH bands,
which reflects the degree of water alignment. The sum of
amplitudes reaches a maximum at pH = 7.5, suggesting that the
adsorption of charged diclofenac sodium molecules generates
an electric field and aligns the water molecules at the interface.
With decreasing pH further, the sum of amplitudes decreases,
implying the decreasing alignment of water molecules, which is
mainly caused by the reduced charge density due to the accu-
mulation of neutral diclofenac molecules at the interface. The
ratio of amplitudes for COO™ and COOH bands (open blue
square) - reflecting charge density of diclofenac (i.e., charged vs.
neutral) - is also analyzed. The trend for the ratio of Acoo/
Acoon mimics that for the sum of OH amplitudes.

To complement our SFG study, we investigate the effect of
air-water interfaces from MD simulations, we switched the
previously discussed simulation cell from 3D to 2D periodic
boundary conditions. The resulting slab model is illustrated in
Fig. 5. Starting from the bulk solution of diclofenac PNCs,
implementation of the air-water interface leads to rapid (ns-
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scale) alignment of the apolar diclofenac moieties at the
boundaries to the vapor phase, and formation of a monolayer.
After 100 ns relaxation, we furthermore observe distinct aggre-
gation and de-solvation of diclofenac molecules, thus reflecting
the onset of diclofenac nucleation out of the monolayer,
moderating the air-water interface. Notably, the de-solvated, -
COOH groups eventually form pair-wise hydrogen bonds
between diclofenac molecules, resulting in dimers that are
characteristic of the crystal structure of diclofenac.

The relaxed air-water interface was furthermore subjected to
probing the deprotonation of diclofenac. For this, half of the
interfacial diclofenac species were deprotonated whilst intro-
ducing the same number of sodium ions to the water phase for
charge compensation (see SI and Fig. S8 for details). Upon
further MD simulations, we observed the re-migration of
deprotonated diclofenac into bulk water at the 10 ns scale - thus
clearly demonstrating the disfavoring of deprotonation of di-
clofenac at the air-water interface.

The structure and rearrangement of diclofenac and water at
the air-water interface are closely related to the promoted
nucleation at this hydrophobic interface. To unravel the
inherent driving force for the interfacial nucleation, we
compare the nucleation in bulk solution and at the air-water
interface. In bulk solution, we identify nanoscale PNCs, which,
in accordance with nonclassical nucleation, have been detected
in the nucleation of other organic APIs, such as ibuprofen.>®
Interestingly, these nanoscale PNCs of diclofenac are rather
dynamic, as mediated by the interfacial interaction between
PNCs and water.

Despite this stark contrast, our combined SFG and MD
results reveal that protonated diclofenac molecules assemble
into highly ordered motifs at the air-water interface, which, by
enhancing hydrophobic contacts, lead to dimer structures

vacuum

Fig. 5 Diclofenac assembly at the air—water interface. Implementation of a vacuum-water interface to the MD simulation model of bulk di-
clofenac PNC solution, followed by a 100 ns relaxation run at 300 K. The top panel shows an overview of the water—vacuum interface featured in
the MD simulation, from which close-ups were depicted at the bottom. While a single solvent-separated diclofenac molecule is highlighted at
the lower left, aggregation is shown at the lower right, respectively. Water is indicated in (transparent) blue, with explicit water molecules (blue
sticks) only shown in the close-up at the lower left. In turn, diclofenac molecules in contact to water and separated from the solution are shown
in gray and black, respectively, whilst explicit atom colors (H: white, C: gray, N: blue, O: red, Cl: green) is used in the close-ups. Note that nearby
species of water-uncoordinated diclofenac readily form dimers by pair-wise hydrogen bonding of the —COOH groups (orange).

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 18092-18100 | 18097
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characteristic of diclofenac crystals. In addition to increasing
hydrophobic interactions, the adsorbed diclofenac dehydrates
and reduces the number of coordinated water molecules, and,
in parallel, decreases the charge density at the interface. Both
these two scenarios result in decreased alignment of interfacial
water, this seems to be in line with nonclassical nucleation: the
additional entropy gained by water - from order to disorder —
would also promote the interfacial nucleation process. Notably,
our SFG data reveal a higher surface pK, of diclofenac than that
for bulk solution, and accordingly, the reduced ionic population
of diclofenac, as consolidated by our MD data (Fig. S8), also
contributes to the promoted nucleation at hydrophobic air-
water interface.

3 Conclusions

We compared the nucleation of pharmaceutical diclofenac in
bulk solution and at the air-water interface. In solution, the
diclofenac molecules form dynamically ordered liquids like
PNCs, which proceed in accordance with nonclassical PNCs
pathways. Compared to bulk solution, the nucleation at inter-
face occurs earlier during titration. The promoted nucleation at
the interface is attributed to the highly ordered diclofenac-
water motif. This enhances both hydrophobic contacts between
diclofenac molecules, and supports the formation of hydrogen-
bonded diclofenac pairs that fully separate from water and
likely serve as crystal nuclei. In addition, reduced surface pK, as
compared to the bulk case leads to more protonated diclofenac
at the interface, which further promotes nucleation. Our results
provide molecular-level insights into the nucleation of API
molecules, particularly highlighting the importance of hydro-
phobic interfaces during nucleation. Recognizing the molecular
interactions at hydrophobic interfaces is crucial for controlling
organic nucleation for various applications.
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