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Abstract. The molecules at the surface of a liquid have different organization and dynamics 

from those in the bulk, potentially altering the rate of crystal nucleation and polymorphic 

selection, but this effect remains poorly understood.  We present the first demonstration that 

nucleation at the surface of a pure liquid, D-arabitol, is vastly enhanced, by 12 orders of 

magnitude, and selects a different polymorph. The surface effect intensifies with cooling and can 

be inhibited by a dilute, surface-active second component. This phenomenon arises from the 

anisotropic molecular packing at the interface and its similarity to the surface-nucleating 

polymorph.  Our finding is relevant for controlling the crystallization and polymorphism in any 

system with a significant interface such as nanodroplets and atmospheric water. 

 

  



Introduction 

Crystal nucleation is important in many areas of science and technology,1-5 but important 

unanswered questions remain.6 One such question concerns the effect of a liquid/vapor interface 

on nucleation, which is relevant for understanding ice formation from atmospheric water7 and the 

crystallization of metallic nano-droplets,8, 9 silicon,10 and organic liquids.11, 12 There have been 

reports of interface-induced nucleation with polymorph control13-15 but surprisingly little is known 

about the role of the vapor interface of a pure liquid. A liquid/vapor interface has a different 

structure from the bulk liquid, exhibiting layering,16, 17 preferred orientation,18-20 and enhanced 

mobility.21, 22 These features potentially alter the nucleation rate, but our understanding of the 

effect is very limited. According to the Classical Nucleation Theory (CNT),23 the rate of nucleation 

depends on the thermodynamic barrier to create a new interface and the molecular mobility 

available, and both factors are modified by the interfacial environment. It is difficult, however, to 

use the CNT to make quantitative predictions because of the unknown parameters in the theory. 

Surface-initiated crystal nucleation has been observed by simulations,8-10 the results are generally 

obtained for nanodroplets or thin films and are often sensitive to the force fields used.24-26 To our 

knowledge, there has been no experimental demonstration that a single-component liquid can have 

different nucleation rates in the bulk and at the surface. In the case of  water, there is considerable 

interest7 and ongoing debate over the role of surface water on ice crystallization.27 Given the 

importance of crystal polymorphs and their control,28 a further question in this area is whether 

surface nucleation selects a different polymorph from the bulk nucleation.  

Here we report the first experimental demonstration where nucleation at the liquid/vapor interface 

is vastly enhanced, by 12 orders of magnitude, and selects a different polymorph. This 

phenomenon arises from the similarity of the surface molecular packing to the surface-nucleating 

polymorph and can be inhibited by a dilute, surface-active second component. Our results 

demonstrate that the anisotropic molecular packing at an interface can significantly alter both the 

rate and the polymorph of nucleation. 

  



Results and Discussion 

Crystal Structures and Molecular Conformations of D-Arabitol. Our model system is D-

arabitol (Figure 1), a glass-forming polyol derived from carbohydrates.29 Polyols have applications 

in cryoprotection,30 food and drug 

formulations, and energy storage.31 

Two polymorphs of D-arabitol are 

known at present: I32 and II (structure 

solved in this work; see the 

Crystallographic Information File in 

the SI and Table S1). The polymorphs 

have similar molecular conformations 

conforming to Jeffrey’s Rule33 but 

different molecular packing and 

hydrogen-bond (HB) networks. As 

Figure 1 shows, Form I has a 3-

dimensional HB network, while Form II consists of 2-dimensional HB layers with no HBs between 

the layers. As we show later, the structural difference leads to different polymorphic preference of 

bulk and surface nucleation. Being a chiral molecule, the two termini of D-arabitol (C1 and C5) 

are inequivalent and the terminal CO group is persistently bent relative to the carbon chain at the 

C5 end and either bent or extended at the C1 end, consistent with CSD statistics (Table S2). 

 

Nucleation Rates at the Surface and in the Bulk. To investigate the effect of a liquid/vapor 

interface on nucleation, we have measured the nucleation rates in the bulk of liquid D-arabitol and 

at its free surface. In a bulk experiment (Figure 2a), a liquid film is sandwiched between two 

coverslips and no vapor interface is present in the region of observation. In a surface experiment 

(Figure 2b), the top coverslip is absent, thus creating a free surface. The sample was protected 

from moisture with a blanket of dry nitrogen. In both cases, the film thickness was nominally 50 

µm and was varied to test the mechanism of nucleation as described below. Figures 2c and 2d 

show the qualitative difference between the number of crystals created without and with a vapor 

interface. Each sample was nucleated at 278 K for a chosen time and heated to 323 K for 1 min to 

 
Figure 1. Crystal structures of D-arabitol. Form I has a 3D HB 
network; Form II has HB layers with no HB between layers. The two 
termini (C1 and C5) are inequivalent. 



grow the nuclei to visible size. (Without the heating step, or only with the heating step, no crystals 

were observed indicating nucleation occurred at 278 K.)  We find that in the presence of a vapor 

interface, nucleation was significantly faster: far more crystals nucleated in 10 s in the free-surface 

sample (Figure 2d) than in 411 min in the bulk sample (2c). Furthermore, by varying the thickness 

of the open liquid film h from 30 to 240 µm, we observed no significant effect on the number of 

crystals per surface area, consistent with surface nucleation. 

 
Figure 2. (a, b) Bulk- and surface-nucleation experiments. The thickness of the liquid film h is nominally 
50 µm. (c, d) Comparison of the densities of bulk- and surface-nucleated crystals at 278 K. After nucleation 
at 278 K, each sample spent 60 s at 323 K for the nuclei to grow. Surface nucleation created more crystals 
in 10 s than bulk nucleation in 411 min. Furthermore, surface nucleation yielded Form II while bulk 
nucleation mainly Form I (10 % Form II). (e, f) Bulk- and surface-nucleation rates, Jv and Js, vs. temperature. 
In (f), the black X is a data point for L-arabitol which agrees with the D-isomer value. The curves are guide 
to the eye.  



An important feature of the surface nucleation in D-

arabitol is its different polymorphic preference from 

bulk nucleation. Bulk nucleation produced mainly 

Form I, with Form II being a minor component 

(10 %), whereas surface nucleation produced only 

Form II, with no detectable Form I. The two 

polymorphs are readily distinguished by their 

morphologies, melting points (376 K for I and 356 

K for II), and X-ray diffraction patterns (Figure 3). 

The X-ray pattern also indicates that surface-

nucleated crystals have a preferred orientation: the 

observed peaks are all (00l) reflections, indicating 

the (001) plane is parallel to the liquid/vapor 

interface. Real-time observation of surface crystallization showed no crystal rotation during 

growth, suggesting that the surface crystals nucleated in the preferred orientation. As we discuss 

below, this result is consistent with the selective nucleation Form II at the surface. 

 

Figures 2e and 2f show the bulk and surface nucleation rates in D-arabitol. The development 

method34 was used for this purpose where the number of crystals was measured as a function of 

nucleation time (see Figure S1 for typical data). We find that in the bulk, Form I nucleates faster 

than Form II by approximately a factor of 10, whereas at the surface, only Form II nucleates and 

Form I is never observed. We estimate the surface nucleation of Form I to be at least 5 orders of 

magnitude slower than that of Form II (dashed curve in Figure 2f). This estimate is based on the 

non-observation of Form I crystals in all the experiments performed: Js (Form I) < 1/(Atotal ttotal), 

where Atotal is the total area of the melt sample examined and ttotal is the total time of the experiment. 

In addition to D-arabitol, Figure 2f contains a data point on L-arabitol. Being mirror images of 

each other, D- and L-arabitol should exhibit the same surface nucleation phenomenon, and this 

was indeed observed.  

 

 
Figure 3. X-ray diffraction pattern of surface-
nucleated crystals (top) and predicted patterns of 
Forms I and II from their crystal structures. The 
observed pattern matches that of Form II (see the 
vertical lines indicating peaks unique to Form II) and 
all the peaks correspond to (00l), indicating the (001) 
plane is parallel to the liquid/vapor interface.  



The results above indicate a strong surface effect 

on crystal nucleation. We now show that surface 

nucleation is vastly faster than bulk nucleation 

when compared on a per-molecule basis. Because 

of the different units of Jv (1/m3/s) and Js (1/m2/s), 

the two rates cannot be compared directly. To 

compare them, we convert each to the per-

molecule value: Jv0 = Jv Ω0 and Js0 = Js A0, where 

Ω0 is the volume occupied by one molecule and A0 

is the surface area occupied by one molecule. Jv0 

(Js0) is the number of nucleation events per second 

in the volume (area) occupied by one molecule. 

Defined on a per-molecule basis, the values of Jv0 

and Js0 are exceedingly small, but this should not 

cause confusion since the base can be enlarged to 

one mole of molecules so that Jv0 (Js0) is the 

frequency of nucleation per molar volume (molar 

surface area).  For D-arabitol, Ω0 = 0.2 nm3 from 

its bulk density, and A0 ≈ Ω02/3 = 0.3 nm2. In Figure 

4a, the Jv0 and Js0 values are plotted against 

temperature, and we observe a large difference 

between these values for Form II. For example, at 

273 K (arrow), Js0/Jv0 = 1012 for Form II, meaning 

surface nucleation outpaces bulk nucleation by 12 

orders of magnitude when compared on a per-

molecule basis. In contrast, Js0/Jv0 < 105 for Form 

I. This quantifies the strong polymorphic 

preference of surface nucleation. 

 

 
Figure 4. (a) Per-molecule rates of surface and bulk 
nucleation. Surface nucleation of D-arabitol Form II 
is vastly faster than bulk nucleation while the 
difference is smaller for Form I. (b) Js0/Jv0 ratios for 
D-arabitol and water, where Js0 and Jv0 are the per-
molecule rates of surface and bulk nucleation. The 
ratio increases with cooling. The horizontal line at 
bottom indicates the condition that surface and bulk 
nucleation are equally productive on a per-molecule 
basis.  



In Figure 4b, we plot the surface-enhancement factor Js0/Jv0 as a function of temperature and 

compare the result with that of water. For this comparison, the temperature has been scaled by the 

crystal melting point Tm. The horizontal line indicates the condition Js0 = Jv0, that is, surface and 

bulk nucleation are equally productive on a per-molecule basis. Above this line, nucleation is 

enhanced by the surface and below this line, inhibited. For D-arabitol Form II, Js0/Jv0 = 108 – 1013 

in the temperature range investigated and increases with cooling. This means that surface 

nucleation is more productive than bulk nucleation at lower temperatures, likely a result of greater 

surface ordering observed by MD simulations (see below). For water,35,36 droplets larger than tens 

of micrometers show predominantly bulk nucleation, whereas surface nucleation is important for 

micrometer-sized droplets. From these results, Kuhn et al. extracted water’s surface and bulk 

nucleation rates.36 Their result indicates Js0/Jv0 = 103 – 104, smaller than the value for D-arabitol 

Form II and comparable to the  upper bound 

estimated for Form I, and the limited data on water 

also suggest that the surface-enhancement of 

nucleation increases with cooling. 

 

A Dilute Surface-Active Component Inhibits 

Surface Nucleation. The strong effect of a 

liquid/vapor interface on nucleation suggests an 

ability to disrupt the process through a second 

component that is enriched at the interface like a 

surfactant in water. This effect was indeed observed 

for D-arabitol doped with polyvinylpyrrolidone 

(PVP, molecular-weight grade K30). PVP is a 

polymer miscible with D-arabitol and at low 

concentrations (<1 %), has no effect on bulk 

nucleation.37 We observed, however, that at only 20 

ppm (0.0002 wt%), PVP can significantly inhibit 

surface nucleation and the effect increases with PVP 

concentration (Figure 5). This effect arises because 

PVP can enrich at the liquid/vapor interface of D-

 
Figure 5. (a) Surface and bulk nucleation rates vs. 
the wt% of PVP K30. Inhibition of surface 
nucleation occurs at much lower concentrations 
(lower x axis) than that of bulk nucleation (upper x 
axis). (b) wt% of PVP at the surface (measured by 
XPS) vs. wt% of PVP in the bulk, showing a strong 
surface enrichment effect. The diagonal line 
indicates the condition of equal surface and bulk 
concentrations.  



arabitol. Using X-ray Photoelectron Spectroscopy (XPS), we determined the surface concentration 

of PVP (see Figure S2 for typical data).38 The result (Figure 5b) indicates that the surface 

concentration of PVP is substantially higher than its bulk concentration, consistent with its greater 

hydrophobicity and lower surface tension. This would reduce the surface concentration of D-

arabitol and its driving force to crystallize. The surface enrichment of PVP could also alter the 

local structure that promotes surface nucleation. This result confirms our assignment of the 

nucleation mechanism (via the liquid/vapor interface) and provides a tool to control the process.  

 

It is important to rule out the possibility of surface contamination in the surface nucleation process. 

Here we summarize the evidence against this possibility. Surface analysis by XPS observed only 

the elements present in D-arabitol. Throughout the experiment, the sample was sealed in a chamber 

purged with high-purity nitrogen. We observed uniform distribution of the nuclei on the surface 

unrelated to the flow direction of nitrogen and longer purging did not alter the nucleation rate. 

Replacing the nitrogen purge with vacuum (10 mTorr) had no significant effect on the results. The 

nucleation process showed an extended steady state (Figure S1); had it been catalyzed by 

contaminants, the nucleation rate should be fast initially but quickly plateau without an extended 

steady state. The enrichment of PVP at the liquid/vapor interface (Figure 5b) substantially reduced 

the rate of nucleation (Figure 5a). Different batches of D-arabitol from multiple suppliers and 

recrystallized by different cycles showed no significant difference in nucleation rate (Figure 2f 

contains data from different batches). The simplest explanation for this is that all the batches were 

sufficiently pure and surface nucleation is an intrinsic property of the material. 

 

Structure of Liquid Surface by Molecular Dynamics Simulations. Having established the 

significant effect of the liquid/vapor interface on nucleation and polymorph selection 

experimentally, we now investigate the structural origin of the phenomenon by MD simulations. 

For this purpose, the Force Field (FF) was a modified version of AMBER BCFF (Table S3 and 

S4), which has been applied with success to the smaller polyol, glycerol. 39 The FF was validated 

by reproducing the experimental crystal structures (Table S5) and the expected conformers based 

on crystal structures (Table S2). After equilibration, 84 % of the molecules have the conformations 

observed in crystals, that is, the carbon backbone is an extended zigzag and the terminal CO is 



bent relative to the backbone at C5 and either bent or extended at C1. This provides another 

validation of our FF. 

 

Figure 6 shows how structure varies across the 

liquid/vapor interface of D-arabitol. The density 

profile (Figure 6a) defines the thickness of the 

liquid film. Figure 6a also shows the probability for 

each OH group to participate in HB. The HB profile 

closely matches the density profile, indicating that 

the molecule forms roughly the same number of 

HBs in the surface region as in the bulk. This is 

expected since the HB is the strongest interaction in 

the liquid and molecules organize themselves to 

maximize the number of HBs regardless of their 

physical environment. This conclusion is supported 

by the preferred orientation of the OH and CO 

vectors into the film (Figure 6b).  

 

In Figure 6b, we plot the order parameter P1 = < cos 

φ > for the angle φ between the OH or CO vector 

and the surface normal. P1 is positive at the top 

vapor interface and negative at the bottom, 

indicating that CO and OH groups tend to point into 

the liquid. This orientation allows these polar 

groups to form intermolecular HBs. Our result agrees with that on glycerol18 for which surface 

molecules expose the non-polar CHx groups to air and point their CO and OH groups down or 

sideways to maximize the number of HBs. 

 

 
Figure 6. Order parameters vs depth z. (a) Density 
and HB density. (b) P1 order parameters of the OH 
and CO vectors. (c, d) P2 and P1 order parameters of 
the C1C5 vector. 



Figure 6c and 6d characterize the backbone orientation using two order parameters: P1 = < cos θ > 

and 𝑃𝑃2 = < 3
2

cos2𝜃𝜃 − 1
2

>, where θ is the angle between the C1-C5 vector and the surface normal. 

At the very edge of the film, P2 is negative, meaning the backbone tends to lie flat on the surface. 

Deeper into the film, P2 becomes positive, indicating the backbone tends to be vertical to the 

surface (parallel or antiparallel to z). The peak value of P2 (0.25) corresponds to an average value 

of θ = 45º, slightly smaller than the magic angle of 55º for random orientation. Interestingly, for 

the C1-C5 vector, P1 is a negative peak at the top of the film and a positive peak at the bottom. 

This means the C1-C5 vector tends to point towards the vapor, that is, a surface molecule tends to 

have its C5 end up (close to the vapor phase) and C1 end down (buried in the liquid phase). This 

tendency arises because the C1 and C5 ends are inequivalent. The C5 end has a bent CO group 

relative to the carbon chain and the molecule has lower energy if the C5 end is placed near the 

vapor phase, thus exposing the hydrophobic CH2 group to the vapor phase and burying the polar 

CO group in the liquid to make hydrogen bonds, as observed for glycerol.18 Together, the 

simulation results show that at the liquid/vapor interface, the molecules tend to be vertical with the 

polar CO and OH groups pointing downward (into the bulk) and with the C5 end pointing up 

(toward vapor). This structure maximizes the number of HBs per molecule, consistent with the 

nearly constant HB probability across the film (Figure 6a). 

 

Based on the experimental and simulation 

results, we explain the fast, polymorph-

selective nucleation at the liquid/vapor 

interface of D-arabitol as follows. Because 

surface molecules tend toward vertical 

orientation with the C5 end pointing up to 

maximize the number of HBs, the local 

structure is similar to the layered HB 

structure in Form II, and dissimilar to the 3D 

HB network in Form I. As a result, the surface 

molecular packing promotes the nucleation of 

Form II but not Form I. This explanation is 
 

Figure 7. Surface-enhanced nucleation with polymorphic 
selection. 



illustrated in Figure 7.  Because the hydrogen-bonded layers are parallel to the (001) plane, our 

model immediately explains the preferred orientation of surface-nucleated crystals. Our model also 

explains the ability of a surface-active impurity (e.g., PVP; see Figure 5) to inhibit surface 

nucleation: the impurity is enriched in the surface layer, diluting the solvent molecules and 

modifying the local structure. This in turn disrupts the surface nucleation process. Because of 

mirror symmetry, the mechanism above applies equally to L-arabitol, thus explaining the same 

phenomenon observed for the enantiomer. We attribute the larger surface enhancement of 

nucleation with cooling (Figure 4b) to the increase of surface ordering. The rise of surface order 

with cooling is consistent with the literature results on the Lennard-Jones system21 and liquid 

octane19, and with our simulation results conducted at 400 K and 500 K (Figure S3). As Figure 4b 

shows, Kuhn et al.’s result on water aerosols also indicates a rising Js/Jv ratio with cooling. This 

suggests that surface nucleation might be more easily detected at low temperatures.  

 

Conclusions  

We have observed that crystal nucleation is vastly faster on the surface of the molecular liquid D-

arabitol than in the bulk, by 12 orders of magnitude on the per-molecule basis. Surface nucleation 

selects a different polymorph (II) than bulk nucleation (I). To our knowledge, this is the first time 

surface and bulk nucleation rates have been independently measured in the same system, revealing 

a huge difference between the two. This phenomenon is a consequence of the similarity of the 

surface molecular packing to the structure of the surface-nucleating polymorph. The mirror image 

of D-arabitol, L-arabitol, shows an identical phenomenon, strengthening our conclusion. We find 

that the surface enhancement effect intensifies with cooling.  

 

Given the common occurrence of surface reconstruction, the surface effect on nucleation and 

polymorphism is potentially a general phenomenon. The phenomenon is expected if a slow-

nucleating polymorph in the bulk has a structure that resembles the molecular organization at the 

liquid/vapor interface. The ability for surface nucleation to select a different polymorph from the 

bulk provides an intriguing avenue to expand the tools for polymorph discovery and control.28,40 

Besides arabitol, alkanes provide a possible example of polymorph selection by surface nucleation 

where the surface-frozen monolayer presumably nucleates the rotator phase in the bulk with little 



supercooling.12 Even in bulk liquids and glasses, surface nucleation could play a role through free 

surfaces created by bubbles41 and fractures.11, 42 Surface nucleation might be more easily observed 

in systems of large surface-to-volume ratios (e.g., nano-droplets8, 9) and at low temperatures, since 

the ratio Js/Jv increases with cooling (Figure 4b). For liquids of multiple components, the surface 

layer can be enriched or depleted of certain components depending on surface tension. This effect 

will likely play a role in the surface crystallization of multi-component liquids.43-45 It is of interest 

to learn whether the CNT provides a good foundation for understanding these phenomena. 

 

Materials and Methods 

D-arabitol and L-arabitol were purchased from Sigma-Aldrich and used either as received or 

after recrystallization, with no significant difference observed between as-received and 

recrystallized materials. For recrystallization, the material was dissolved in ethanol-water (15:1) 

at 350 K and the hot solution was filtered. The solution was cooled to room temperature and seeded 

with D- or L-arabitol crystals. After complete crystallization, the mother liquor was decanted, and 

the crystals were washed three times with the solvent and dried under vacuum.  

To investigate surface crystallization, a liquid film with an open surface was prepared by 

spreading a liquid of D-arabitol at 403 K on a heat-treated coverslip that facilitates spreading.46 

For comparison, bulk crystallization was investigated using a liquid film sandwiched between two 

coverslips. Briefly, in the one-stage method, crystals were allowed to form in a sample and the 

birth time of each crystal was calculated from the current time and the growth rate. This method 

was used for temperatures at which crystal growth was relatively fast. If crystal growth was slow, 

a two-stage method was used in which a sample was held at a low temperature for different times 

and heated to a high temperature to allow the nuclei to grow and be counted. For each measurement, 

an open-surface sample was kept in the nitrogen-purged chamber of a temperature-controlled 

microscope stage (Linkam THMS).  

X-ray Photoelectron Spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha X-

ray Photoelectron Spectrometer with a monochromatic Al Kα (1486.6 eV) source. Samples of D-

arabitol doped with PVP K30 were prepared by melting the material, degassing at 403 K, and 

quenching to room temperature. XPS data were collected at 297 K in vacuum (10-5 Pa). The 

surfaces of the non-conductive samples were neutralized using an electron flood gun. The beam 



size was 400 µm. A survey scan was performed for multiple elements at a step size of 1 eV and 

passing energy of 200 eV. High-resolution scans for the elements of interest (C, N, O) were 

performed at a step size of 0.1 eV and passing energy of 50 eV. The binding energy was calibrated 

by shifting the observed carbon peak (C 1s) to 285.0 eV. The baseline for peak area integration 

was obtained using a smart baseline function in Avantage Data System. The peak areas of N and 

O were used to calculate the surface weight percent of PVP K30 (𝑤𝑤𝑝𝑝) as follows:  

𝑤𝑤𝑝𝑝 =
5𝑅𝑅𝑁𝑁/𝑂𝑂 × 𝑀𝑀𝑝𝑝

5𝑅𝑅𝑁𝑁/𝑂𝑂 × 𝑀𝑀𝑝𝑝 + (1 − 𝑅𝑅𝑁𝑁/𝑂𝑂)𝑀𝑀𝑎𝑎
× 100% 

where RN/O is the observed N/O atomic ratio after normalizing each peak area with the Relative 

Sensitivity Factor, Ma is the molecular weight of D-arabitol, and Mp is the monomer molecular 

weight of PVP K30. This method has been validated against chemically pure compounds38 and 

against PVP K30, for which the measured N/O ratio is 1.017 (0.038) in agreement with the 

theoretical value (1). 

Differiancial Scanning Calorimetry (DSC) was performed with a TA Q2000 under 50 mL/min 

N2 purge. Each sample was 2-10 mg placed in an aluminum pan. Single Crystal X-Ray Diffraction 

was used to solve the structure of D-arabitol Form II. A single crystal of Form II was grown as 

follows: melt the as-purchased crystals on a coverslip to form isolated droplets, cool the droplets 

to 303 K, nucleate the sample at 303 K for several seconds, crystallize the droplets at 343 K in 2 

min (some of which contained Form II, identifiable on sight), select a Form II polycrystalline 

assembly, raise the temperature to melt all but one crystal as a seed, and grow the seed at 343 K to 

a single crystal, consuming all the liquid in the droplet. The process may be repeated to improve 

crystal quality. The resulting crystal has adequate size and quality for structural solution X-ray 

diffraction (Bruker APEXII diffractometer; see Supporting Information and deposited cif file for 

details). 

Molecular dynamics (MD) simulations of D-arabitol were performed at 400 K and 0.1 MPa. 

The force field (FF) was modified AMBER BCFF (Table S3 and S4). BCFF has performed well 

for glycerol (a smaller polyol)34 and we have modified it to ensure that the molecular 

conformations in the liquid state approximately match those observed in crystals (see below). As 

a validation of the FF, we tested the stability of the experimental crystal structures and found that 

the experimental structures were reproduced by the MD simulation (Table S5). For bulk-liquid 



simulations, a cubic box containing 800 molecules was used with periodic boundary conditions. 

To study a liquid with free surfaces, a box containing an equilibrated bulk system with 1600 

molecules was extended in the z-direction to create a vacuum above and below the liquid film. The 

box size with 1600 molecules yielded a film thick enough to avoid any thin film effect; this was 

confirmed by (1) surface energy convergence tests and (2) comparing the structure with a film half 

as thick (with 800 molecules) and finding no significant difference (Figure S4). All simulations 

were performed using the GROMACS package47, 48 on a high-performance computing cluster.49 A 

timestep of 2 fs was used.50 The simulation was conducted for 140 ns for both the bulk system and 

the free-standing film so that the mean square displacement of the molecules exceeded twice the 

molecular size and that the energy equilibrium was achieved. The temperature was controlled with 

a V-rescale style thermostat51 and the pressure with a Berendsen barostat. The coupling time was 

0.1 ps for the thermostat and 1 ps for the barostat. The following criteria were used for hydrogen 

bonds: O…O distance is between 2.5-3.5 Å and the H-O…O angle is less than 30°. 

 

Supporting Information 

Structural parameters of arabitol crystals. Terminal CO orientations of linear polyols based on 

survey of the Cambridge Structural Database (CSD). Illustration of nucleation rate measurement 

using the development method. XPS scans of D-arabitol samples containing PVP K30. MD 

simulations parameters and results.  
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