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Abstract 

Glasses are amorphous solids produced by cooling liquids, evaporating solutions, and 

condensing vapors while avoiding crystallization, with widespread applications ranging from 

optics to structural materials. There are many types of glasses, such as inorganic, polymeric, 

metallic and molecular glasses. Among them, molecular glasses have attracted increasing attention 

for applications in food, pharmaceutics, and organic electronics. In pharmaceutical science, 

molecular glasses are important for the delivery of poorly soluble drugs, because they are generally 

more soluble and bioavailable than their crystalline counterparts. Molecular glasses, however, 

readily crystallize. Therefore, a major task for developing these materials is to understand and 

avoid crystallization.  

This study concerns the stability of molecular glasses and the effect of polymer additives on 

this property. It is organized around four topics. The first is the role of surface mobility in the 

crystallization of molecular glasses. The surface diffusion of amorphous griseofulvin was 

measured for the first time and was found to outpace bulk diffusion by a factor of 108 at the glass 

transition temperature Tg. This fast surface mobility explains the fast crystal growth on free 

surfaces. The second topic is crystal nucleation, the first step of a crystallization process that 

controls many of its properties. Homogeneous nucleation rates were measured in four glass-

forming molecular liquids using two methods. For the systems studied (polyalcohols), the rates of 

crystal nucleation span at least 10 orders of magnitude, while the rates of crystal growth are 

comparable at the same temperature relative to Tg. At large supercooling, the rates of nucleation 

and growth share a similar temperature dependence, which suggests a similar kinetic barrier for 

both processes. The Classical Nucleation Theory provides a reasonable description of our data, 

showing no sign of failure as a result of a growing length scale for corporative rearrangement in 
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deeply cooled liquids, as recently suggested for lithium disilicate. The third topic focuses on a 

polymer’s effect on the crystal growth and nucleation in molecular glasses. The rates of crystal 

growth were measured in many drug-polymer systems, and the results indicate a controlling role 

for the polymer’s segmental mobility relative to host dynamics. The polymer effect on crystal 

nucleation was studied at temperatures at which the host molecules nucleate the fastest (slightly 

above Tg). The presence of a low-mobility polymer PVP in D-sorbitol effectively reduces the rate 

of crystal nucleation and the amount of reduction is similar to that seen for the growth rate. This 

argues that the decrease of molecular mobility by the polymer plays a controlling role. Our results, 

however, do not support the view that host-polymer hydrogen bonding controls the polymer’s 

effect on crystallization. Finally, in the fourth topic, the structure of several polyalcohol liquids 

was studied by synchrotron total X-ray scattering to explore its relation to physical properties, such 

as crystallization tendency. The atomic pair-distribution functions from this work can be separated 

into intramolecular and intermolecular contributions to investigate the difference between the 

crystalline state and the liquid state in molecular structure and intermolecular hydrogen bonds. The 

findings of this thesis provide a better understanding of crystallization in molecular glasses and 

guide the selection of polymer additives to prevent the crystallization of molecular glasses.  
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Chapter 1. Introduction 

Glasses are amorphous solids produced by cooling liquids, drying solution, and condensing 

vapors while crystallization is prevented. Glasses combine the mechanical strength of crystals and 

the spatial uniformity of liquids, and have widespread applications ranging from optics to 

structural materials. While better known glasses are inorganic (silicates), polymeric and metallic, 

molecular glasses are attracting more and more interests for applications in the delivery of poorly 

soluble drugs,1 as matrices for preserving proteins,2 and as photo- and electro-active materials.3 

Since the performance of amorphous materials rely on their non-crystalline structures, 

crystallization must be avoided. However, many molecular glasses easily crystallize, 4 , 5 , 6 , 7 , 8 

making the understanding of crystallization in molecular glasses important in developing 

amorphous materials. 

This thesis study focuses on the physical stability of amorphous materials against 

crystallization. Chapter 1 provides an overview of crystals, supercooled liquids (SCL) and glasses, 

discusses the crystallization (nucleation and growth) of amorphous materials, and reviews the 

polymer effect on the crystallization of amorphous materials. Chapter 2 describes the fast surface 

diffusion and crystallization of amorphous griseofulvin, as well as the general role of surface 

mobility in physical stability against crystallization. In Chapter 3, the first ever measurements of 

crystal nucleation rates in glass-forming molecular liquids is reported and discussed in the 

framework of the Classical Nucleation Theory (CNT). Chapters 4 and 5 describe the effect of 

polymer additives on crystal growth and nucleation in molecular liquids. Chapter 6 discusses the 

preliminary work to explore the structure of amorphous materials using total X-ray scattering. The 

last chapter describes possible future studies to further the understanding in the areas covered by 

this thesis. 
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1.1 Crystals, Supercooled Liquids (SCL) and Glasses 

In Figure 1, the enthalpy and the specific volume of a crystal, a supercooled liquid and a glass 

are plotted against temperature. Upon cooling a liquid below its crystal melting temperature Tm, 

crystallization might happen. For some liquids, however, crystallization is easily avoided during 

cooling, producing a supercooled liquid. A supercooled liquid is a thermodynamically unstable 

phase in comparison to the crystal. Further cooling of a supercooled liquid causes the decrease of 

molecular mobility. At a certain temperature (the glass transition temperature Tg), molecular 

mobility is too slow to maintain the system in an equilibrium state, and a glassy state is produced. 

For a typical molecular liquid at Tg, the molecular mobility is approximately 100 s for structural 

relaxation time τα, 9 , 10  1012 Pa·s for viscosity, 11  and 10-20 m2/s for bulk self-diffusion 

coefficient.12,13,14 Note that the glass transition is not a first-order transition, but rather a process 

of kinetic arrest. Because of its slow mobility, a glass behaves like a crystal in terms of mechanical 

properties. 

Different from a crystal, which have both short-range and long-range orders, a glass lacks long-

range order (Figure 2). This structural difference commonly offers the glass distinct properties, 

such as higher Gibbs free energy (physical instability), higher solubility, higher dissolution rate 

and lower density.1,15,16 

Besides crystallization, a glass tends to age toward the equilibrium liquid state. Depending on 

the progress of the aging process, a glass can have different energies and densities. In theory, there 

are infinite numbers of glassy states. However, these different glasses should not be confused with 

polyamorphism, which distinguishes two amorphous phases by a first-order transition, e.g. 

water,17,18 triphenyl phosphite (TPP),19,20 and D-mannitol.21,22  
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Figure 1 The enthalpy or specific volume of a crystal, a liquid or a glass as a function of 
temperature. Note that Tm and Tg represent the melting temperature and glass transition 
temperature, respectively. 



4 
 

 

 

Figure 2 Schematic representation of the structures of a crystal and a glass, assuming a rod-like 
molecule. (a) Glass or SCL lacks long-range order, while (b) crystal has both short-range and long-
range order. 
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1.2 Crystallization 

Crystallization involves two elemental processes: nucleation and growth. When a critical 

nucleus forms and survives during the nucleation process, growth will occur and enlarge the 

nucleus to a macroscopic size. Nucleation and growth can have very different kinetics. The 

maximum rate of crystal nucleation is typically at a lower temperature relative to that of fastest 

crystal growth rate, which is shown in an example of lithium disilicate (Figure 3).23,24 Therefore, 

such different kinetics makes it important to study crystal nucleation and growth as two 

independent processes. 
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Figure 3. The rate of crystal nucleation J (ref. 23) and the rate of growth u (ref. 24) in amorphous 
lithium disilicate vs. temperature. Note that the rate of crystal nucleation reaches maximum at a 
lower temperature than that of crystal growth. 
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1.2.1 Crystal Nucleation 

Being the first step of crystallization, nucleation determines whether crystallization is observed 

or not. The nucleation process has a strong impact on the microstructure of metals, 25 , 26  the 

formation of ice in the environment,27 and the glass-forming ability of liquids.23 However, the deep 

understanding on crystal nucleation is still lacking both in experimental data and theoretical 

models. 

Experimentally, crystal nucleation can be categorized as homogeneous or heterogeneous 

nucleation. Homogeneous nucleation occurs without the aid of foreign surfaces, and is a stochastic 

process regardless of sample volume. Homogeneous nucleation rates have been reported for only 

a small number of systems: water27, single-component metals,25,26 and silicates,23 while 

homogeneous nucleation in glass-forming molecular liquids have not been studied previously. In 

comparison, heterogeneous nucleation typically happens on active sites, like pre-existing 

interfaces and container surfaces. In this case, the rate of nucleation is expected to be fast at 

beginning but plateaus after exhaustion of preferred nucleation sites. 

Theoretically, the classical nucleation theory (CNT), developed over a long history,23 provides 

the basic understanding of crystal nucleation. According to the CNT, nucleation rate is given by 

J = kJ exp (- Wc/kT)      (1) 

where 𝑊𝑊𝑐𝑐 = 16𝜋𝜋
3

𝜎𝜎3

∆𝐺𝐺𝑉𝑉
2 (thermodynamic factor) with σ being the crystal nucleus/liquid interfacial free 

energy and ΔGv the free-energy difference between the crystal and the liquid, and kJ is a kinetic 

factor specifying the attempt frequency at which molecules join the nucleus. The thermodynamic 

term Wc in CNT describes the formation energy of crystal nucleus, which is the sum of the free 

energy to create the crystal nucleus/liquid interface (a positive term) and the volume-energy 

difference between the crystal and the liquid (a negative term). Assuming the shape of a critical 
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nucleus is spherical (radius, r), the interfacial surface energy ΔGs can be described as 4πr2σ, while 

the volume-energy difference is represented by 4πr3ΔGv/3. In fact, crystal nuclei are metastable at 

small sizes, which is controlled by interfacial surface energy. With the fluctuational growth, the 

size of nuclei can reach the critical value (r = rcritical). Above rcritical, crystal growth is driven by the 

volume-energy difference (Figure 4).  

At present, there are notable flaws in the CNT. In the thermodynamic factor Wc, the σ and 

volume-energy difference are typically taken as size-independent constants, while this assumption 

is questionable. In addition, independent measurements28 or simulations29,30 of σ value generally 

lack enough precision, while a small variation of it can change nucleation rate by many decades. 

This makes the CNT mostly a fitting model rather than predictive one. For kinetic factor kJ, the 

diffusion (or viscosity on basis of Stokes-Einstein relation) in the bulk liquid is usually assumed 

to describe kinetics of crystal nucleation. However, it is questionable that a bulk property can 

represent an interfacial property accurately and that Stokes-Einstein relation is valid at low 

temperatures (close to Tg).12,13 Another approach to obtain kJ is to estimate the diffusivity using 

the lag time for nucleation, which also avoids the Stokes-Einstein relation. However, this approach 

requires an extraction of the lag time from the experimental induction time, while several factors 

should be carefully considered, for example the influence of thermal history from nuclei formation 

to detection as macroscopic crystals.31 
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Figure 4. The interfacial surface energy and volume energy vs. size of crystal nucleus. 
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1.2.2 Crystal Growth 

As a stable crystal nucleus (r > rcritical) forms, the nearby molecules in the liquid or glass can 

join the crystal front and the crystal subsequently grows. The crystal growth rate is usually 

measured by tracking the advance of a crystal front into the liquid or glass over time. The theory 

of crystal growth in a pure liquid began a century ago when Wilson32 and Frenkel33 proposed that 

the rate of crystal growth in a supercooled liquid is limited by the rate at which diffusion rearranges 

molecules. This model provides the reasonable description of crystal growth at temperatures above 

Tg, which is usually described as diffusion-controlled crystal growth. However, an anomalously 

fast crystal growth in o-terphenyl (OTP) was observed by Greet and Turnbull in 1967 near and 

below its Tg,34 which does not follow the diffusion-controlled growth model and later termed the 

glass-to-crystal or GC growth mode.35  

For the diffusion-controlled crystal growth, the rate in molecular liquids commonly increases 

and then decreases with supercooling, showing a “bell-like” pattern. When the temperature is close 

to melting point Tm, the thermodynamic driving force limits the rate of growth. At large 

supercooling, the growth rate is controlled by molecular mobility in the bulk liquid. The common 

explanation of crystal growth in molecular liquids is that diffusivity in liquid defines the kinetic 

barrier for crystal growth at large supercooling, e.g. o-terphenyl (OTP, Figure 5)12,36 and α,α,β-

tris-naphthyl benzene (TNB).13,37 It is worth noting that viscosity is also utilized to represent liquid 

mobility. It has been demonstrated that crystal growth kinetics u is related to viscosity η by a power 

law of u ~ η-ξ, with ξ value of approximately 0.75 for molecular liquids.38 This is related to the 

decoupling between diffusion coefficient and viscosity at low temperatures. 
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Figure 5. Crystal growth velocities in amorphous o-terphenyl (OTP) on a free surface us (blue 
circles, ref. 1), in the bulk ub (black squares), and along cracks in the glass uf (ref. 39). The bulk 
growth is diffusion-controlled at high temperatures (ref. 36) and escapes this control at low 
temperatures (GC mode; refs. 35 and 40). The second y-axis shows bulk diffusivity (open red 
squares, ref. 12). Reprinted with permission from Powell, C. T.; Xi, H.; Sun, Y.; Gunn, E.; Chen, 
Y.; Ediger, M. D.; Yu, L. J. Phys. Chem. B 2015, 119, 10124. Copyright 2015 American 
Chemical Society. 
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Based on understanding of diffusion-controlled growth model, crystal growth will be extremely 

slow when molecular liquids are supercooled near and below Tg. However, the crystal growth rate 

in some molecular glasses can exceed the Wilson-Frenkel limit by several orders of 

magnitude,2,40,41,42 for example OTP in Figure 5. Among its several explanations,39,40,42,43,44,45 

Powell et al. proposed that GC growth involves crystallization-induced free surfaces by fracture 

and fast molecular motion on surfaces.39 This hypothesis is based on that regardless of the density 

difference between crystal and glass, the conservation of overall volume is observed during 

crystallization. Free surfaces must be produced during the crystallization, which in turn accelerate 

molecular mobility (discussed later). This physical picture seems to be correct because the 

accelerated crystal growth has been observed along the artificially created cracks in molecular 

glasses.39,46 

 
1.3 Surface-Enhanced Crystal Growth and Surface Mobility 

A further discovery in this area occurred in the last decade is that the rate of crystal growth can 

be many decades faster on the free surface than in the interior. This surface-enhanced crystal 

growth has been reported in many organic molecules1,2,4,47,48 and selenium.49 One example is 

amorphous griseofulvin (GSF) shown in Figure 6, which compares the crystal growth rate on the 

surface and in the interior.2 We can see that the surface crystal growth rate is faster than that in the 

interior over a wide temperature range (323 to 423 K); for example a factor of 10 is observed at Tg 

(361 K).  

 

  



13 
 

 

 

Figure 6. The crystal growth rate of griseofulvin (GSF) in the bulk and on the surface. Reprinted 
with permission from Shi, Q.; Cai, T. Crystal Growth & Design 2016, 16, 3279. Copyright 2016 
American Chemical Society. 
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The most recent explanation for this surface-enhanced crystal growth is enhanced molecular 

mobility on free surfaces. This is supported by independent measurements of surface diffusion 

coefficients in amorphous materials, such as amorphous silicon 50  and molecular 

glasses.48,51,52,53,54,55 Among these materials, the surface diffusion coefficients are determined 

using the method of surface-grating decay,48,51,52,53,54 tracking the evolution of a stepped polymer 

film,56 monitoring the evolution of a depletion zone near a surface crystal,50,57 or following the 

response to particles placed on organic films.55 For the grating decay method, Mullins58,59 showed 

that the amplitude of a sinusoidal grating decays exponentially: h = h0 exp(-Kt), and the decay 

constant is given by:  

𝐾𝐾 = 𝐹𝐹𝐹𝐹 + 𝐴𝐴𝑞𝑞2 + 𝐷𝐷𝑞𝑞3 + 𝐵𝐵𝑞𝑞4  where  𝑞𝑞 = 2𝜋𝜋/𝜆𝜆  

𝐹𝐹 = 𝛾𝛾
2𝜂𝜂

    

𝐴𝐴 =
𝑝𝑝0𝛾𝛾Ω2

(2𝜋𝜋𝜋𝜋)
1
2(𝑘𝑘𝑘𝑘)

3
2
 

𝐷𝐷 = 𝐴𝐴′ + 𝐶𝐶 = 𝜌𝜌0𝐷𝐷𝐺𝐺𝛾𝛾Ω2

𝑘𝑘𝑘𝑘
+ 𝐷𝐷𝑣𝑣𝛾𝛾Ω

𝑘𝑘𝑘𝑘
   

𝐵𝐵 =
𝐷𝐷𝑠𝑠𝛾𝛾Ω2𝜈𝜈
𝑘𝑘𝑘𝑘

 

where λ is the grating wavelength; η is the viscosity; γ is the surface tension; p0 is the equilibrium 

vapor pressure; Ω is the molecular volume; m is the molecular weight; k is the Boltzmann constant; 

T is the temperature; ρ0 is the number density of vapor at equilibrium; DG is the diffusion 

coefficient of the vapor molecules in the inert atmosphere; Dv is the bulk self-diffusion coefficient; 

v is the number of molecules per unit area on surface. The four terms in Equation (1) correspond 

to different mechanisms of mass transport: viscous flow (F), evaporation-condensation (A + A’), 

bulk diffusion (C), and surface diffusion (B). In previous studies,51,52,53 the grating decay process 
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can be tracked using the atomic force microscope (AFM) or laser diffraction for the determination 

of the decay constant. When the surface diffusion (B term) is the controlling mechanism, the 

corresponding surface diffusion coefficients, Ds, can be calculated based on the equations above. 

The results in previous studies of organic glasses show that surface diffusion coefficients can 

vary significantly from one system to another. It turns out to be two leading molecular properties 

controlling this variation, which are molecular size and intermolecular hydrogen bonding. For 

hydrocarbons,54 increasing the molecular size systematically slows down the surface diffusion 

when compared at Tg. Such effect can be attributed to a steep and similar mobility gradient beneath 

the surface of molecular glasses and the deeper penetration of a large molecule into the bulk where 

mobility is low. Meanwhile, at the similar molecular weight, intermolecular hydrogen bonding 

also slows down the surface diffusion.60 One explanation is the persistence of hydrogen bonds as 

a molecule is moved from the bulk to the surface environment. 

 
1.4 Polymer Effect on Crystallization 

One important application of amorphous solids is for the delivery of poorly soluble drugs, since 

amorphous solids are generally more soluble than their crystalline counterparts. To take advantage 

of this high solubility, a key issue is to stabilize the amorphous solids during their shelf life. In 

context of inhibiting crystallization, one common strategy is addition of polymer additives, for 

example antifreeze proteins in arctic fish for inhibiting ice formation,61,62 polymer additives for 

preventing crystallization of fuels and crude oils, 63 , 64  and polymer excipients for stabilizing 

amorphous drugs.41,65,66,67,68,69,70 It is worth noting that at only 1 wt %, polyvinylpyrrolidone can 

slow crystal growth in glassy nifedipine by one decade at 12 K below Tg, suggesting the powerful 

effect of polymer additives on inhibition of crystallization in organic glasses.67 
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At present, it is unclear what is the mechanism of polymer’s inhibition effect on crystal growth, 

and how to select appropriate polymer additives to meet the stabilization requirement of 

amorphous materials. Some propose that polymer’s segmental mobility plays the controlling role, 

while others suggest the host-polymer interaction. Powell et al.68 observed that a low-

concentration polymer additive can either inhibit or accelerate the crystal growth in glassy 

nifedipine, and this effect has a strong correlation with the neat polymer’s Tg. This suggests that 

the segmental mobility of polymer chain is the limiting step for crystallization of molecular 

glasses. Meanwhile, Mistry et al.70 found that increasing the strength of ketoconazole-polymer 

interaction (ionic interaction > hydrogen bond > dipole-dipole interaction) can decrease the 

crystallization onset, which suggests the impact of host-polymer interaction.  

While there are many studies of polymer effect on crystal growth, the understanding of polymer 

effect on crystal nucleation process is lacking. Some propose that polymer can serve as 

heterogeneous nucleation sites for the crystallization of small molecules,71 but the polymer effect 

on homogeneous nucleation process is largely unknown. 

 
 
1.5 Contribution of This Thesis 

This thesis focuses on the physical stability of molecular glasses and amorphous solid 

dispersions against crystallization, involving nucleation and growth. It was found that the fast 

surface diffusion controls the fast crystal growth on free surfaces. Meanwhile, the rates of crystal 

nucleation in glass-forming molecular liquids are determined for the first time and discussed in the 

framework of the Classical Nucleation Theory (CNT), providing a fundamental understanding of 

crystallization in organics. The polymer effect on crystal growth and nucleation of small molecules 
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are further explored, guiding the selection of the appropriate polymer for stabilizing amorphous 

solids. 

Chapter 2 will describe the correlation between the fast surface mobility and surface 

crystallization of amorphous griseofulvin, which is one of the fastest crystallization molecular 

glasses. we measured the surface diffusion in GSF using the method of surface grating decay. 

Surface diffusion in amorphous GSF is extremely fast, outpacing bulk diffusion by a factor of 108 

at the glass transition temperature Tg (361 K). Among all molecular glasses studied (13 in all), 

GSF has the second fastest surface diffusion (to o-terphenyl) when compared at Tg. The GSF result 

fits the overall trend for molecular glasses without intermolecular hydrogen bonds, in which 

surface diffusion systematically slows down with increasing molecular size. This result is 

particularly noteworthy because GSF has many hydrogen-bond acceptors (ether and carbonyl) but 

no donors, indicating that so long as they do not participate in hydrogen bonding, the polar 

functional groups have a similar effect on surface diffusion as the non-polar hydrocarbon groups. 

In contrast, the formation of intermolecular hydrogen bonds strongly inhibits surface diffusion. 

The surface crystal growth rate of amorphous GSF is nearly proportional to its surface diffusion 

coefficient, as noted for other systems, supporting the view that surface crystal growth is controlled 

by surface diffusion. In addition, the fast surface diffusion of GSF glasses explains the fast crystal 

growth along fracture surfaces and provides a basis to understand fast crystal growth in the bulk 

through continuous creation of micro-cracks. 

Chapter 3 will demonstrate the first ever measurements of crystal nucleation rates in glass-

forming molecular liquids. We measured the rate of crystal nucleation rate in four glass-forming 

molecular liquids: D-sorbitol, D-arabitol, D-xylitol and glycerol. These polyalcohols have similar 

rates of crystal growth when compared at the same temperature relative to Tg (the glass transition 
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temperature), peaking near 1.4 Tg, while the nucleation rates J are vastly different. In D-sorbitol 

and D-arabitol, J reaches a maximum of ~ 108 m-3·s-1 near 1.1 Tg, whereas J < 10-2 m-3·s-1 in D-

xylitol and < 1 m-3·s-1 in glycerol based on no nucleation in large samples after long waits. This 

confirms the fundamentally different mechanisms for nucleation and growth. Near Tg, both 

nucleation and growth slow down with a similar temperature dependence, suggesting a similar 

kinetic barrier for the two processes. This temperature dependence is significantly weaker than 

that of viscosity η, approximately following η-0.75. This indicates that viscosity is a poor 

representative of the kinetic barrier for nucleation, and a better choice is the crystal growth rate. 

Under the latter assumption, the classical nucleation theory (CNT) describes our data reasonably 

well, yielding σ = 0.013 J/m2 for D-sorbitol and 0.026 J/m2 for D-arabitol, where σ is the critical 

nucleus/liquid interfacial free energy. There is no strong indication that the CNT fails as the length 

scale for corporative rearrangement exceeds the size of the critical nucleus, as recently suggested 

for lithium disilicate.  

Chapter 4 will present the polymer effect on crystal growth is correlated with polymer segmental 

mobility relative to host dynamics. We measured the velocity of crystal growth in two molecular 

glasses, nifedipine (NIF) and o-terphenyl (OTP), each doped with 4 or 5 different polymers. For 

each polymer, the concentration was fixed at 1 wt % and a wide range of molecular weights was 

tested. We find that a polymer additive can strongly alter the rate of crystal growth, from a 10-fold 

reduction to a 10-fold increase. For a given polymer, increasing molecular weight slows down 

crystal growth and the effect saturates around DP = 100, where DP is the degree of polymerization. 

For all the systems studied, the polymer effect on crystal growth rate forms a master curve in the 

variable (Tg polymer – Tg host)/Tcryst, where Tg is the glass transition temperature and Tcryst is the 

crystallization temperature. These results support the view that a polymer’s effect on crystal 
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growth is controlled by its segmental mobility relative to the host-molecule dynamics. In the 

proposed model, crystal growth rejects impurities and creates local polymer-rich regions, which 

must be traversed by host molecules to sustain crystal growth at rates determined by polymer 

segmental mobility. Our results do not support the view that host-polymer hydrogen bonding plays 

a controlling role in crystal growth inhibition.  

Chapter 5 will discuss the polymer effect on crystal nucleation in a glass-forming molecular 

liquid. We measured the crystal nucleation rate in liquid D-sorbitol in the presence of 

polyvinylpyrrolidone (PVP) of different concentrations and molecular weights, and compared with 

the rate of crystal growth measured under the same conditions. The presence of PVP can 

significantly reduce the rate of nucleation. At the temperatures studied (near the temperature of 

maximal nucleation rate in pure sorbitol), 10 wt % PVP can reduce the rate of nucleation by a 

factor of 40, and the effect increases with polymer concentration and with falling temperature. At 

a fixed polymer concentration (10 % wt), the polymer’s inhibition effect becomes stronger with 

increasing molecular weight. Under the conditions of this study, the polymer additive shows a 

similar effect on the rate of crystal growth, suggesting a similar kinetic inhibition of nucleation 

and growth by the polymer. These results can be explained by the reduction of molecular mobility 

in the presence of the polymer. They do not support the view that polymer-host hydrogen bonding 

is the controlling factor since PVP of different molecular weights form the same number of 

hydrogen bonds per monomer but have very different effects on nucleation and growth at the same 

weight fraction.  

Chapter 6 will demonstrate utilization of synchrotron total X-ray scattering to characterize the 

hydrogen bonds (HBs) in three polyalcohols in the crystalline state and the amorphous state (liquid 

or glass). For each system, the atomic pair distribution function (PDF) shows a well-resolved peak 
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at 2.7 Å after removing intramolecular contributions. This peak corresponds to the O…O distance 

in an intermolecular HB. We find that the O…O bond length does not change significantly from 

the crystal to the liquid or glass, while the O…O coordination number (the number of HBs formed 

by each OH group) is ~10% lower in the amorphous phase. The distribution of the O…O distance 

is slightly narrower in the amorphous phase than in the crystal, perhaps a result of many distinct 

O…O distances in a crystal (static disorder) in order to achieve regular 3D packing. Furthermore, 

the O…O distance obtained from total is systematically shorter that that found in single-crystal 

structures (by ~0.03 Å). This might result from the fact that single-crystal diffraction yields mean 

atomic positions, whereas total scattering yields correlations between atomic pairs.  
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2.1 Abstract 

Among molecular glasses, griseofulvin (GSF) is one of the fastest crystallizing. To 

understand this property, we have measured the surface diffusion in GSF using the method of 

surface grating decay. Surface diffusion in amorphous GSF is extremely fast, outpacing bulk 

diffusion by a factor of 108 at the glass transition temperature Tg (361 K). Among all molecular 

glasses studied (13 in all), GSF has the second fastest surface diffusion (to o-terphenyl) when 

compared at Tg. The GSF result fits the overall trend for molecular glasses without intermolecular 

hydrogen bonds, where surface diffusion systematically slows down with increasing molecular 

size. This result is particularly noteworthy because GSF has many hydrogen-bond acceptors but 

no donors, indicating that so long as they do not participate in hydrogen bonding, the polar 

functional groups have a similar effect on surface diffusion as the non-polar hydrocarbon groups. 

In contrast, the formation of intermolecular hydrogen bonds strongly inhibits surface diffusion. 

The surface crystal growth rate of amorphous GSF is nearly proportional to its surface diffusion 

coefficient, as noted for other systems, supporting the view that surface crystal growth is controlled 

by surface diffusion. In addition, the fast surface diffusion of GSF glasses explains the fast crystal 

growth along fracture surfaces and suggests a basis to understand fast crystal growth in the bulk 

through continuous creation of micro-cracks.  

   

2.2 Introduction 

Crystal growth in supercooled liquids and glasses is an important problem in many areas of 

science and technology. Work on this problem began at least a century ago, when it was proposed 

that the velocity of crystal growth in a supercooled liquid is limited by the rate at which diffusion 

(or viscous flow) rearranges molecules.1, 2 This Wilson-Frenkel model has proved reasonably 
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accurate in describing crystal growth in many glass-forming liquids above the glass transition 

temperature Tg. In 1967, however, Greet and Turnbull briefly reported the “anomalously rapid” 

crystal growth in the molecular liquid o-terphenyl (OTP) near and below its Tg,3 with its velocity 

exceeding the Wilson-Frenkel limit by 4 orders of magnitude. This fast mode of crystal growth 

(later termed the glass-to-crystal or GC growth mode) is now known for many molecular liquids 

and has received many explanations.4,5,6,7,8,9,10 It is noteworthy that GC growth occurs in the 

interior of a molecular glass. A further progress in this area was the discovery that the velocity of 

crystal growth can be even faster at the free surface of a molecular glass than in its interior.11,12,13 

This suggests that surface molecules are highly mobile and able to crystallize even when bulk 

mobility is low. This notion gained support from independently measured surface diffusion 

coefficients,14,15,16,17,18,19 indicating that surface diffusion can be 8 orders of magnitude faster than 

bulk diffusion when compared at Tg. It was also established that the growth velocity of surface 

crystals is approximately proportional to the surface diffusion coefficient,15,16 further confirming 

the relation between the two processes. In 2016, on the basis of this result, Powell et al.10 proposed 

a new explanation for the now 50-year-old puzzle of GC growth. They argued that despite being a 

bulk process, GC growth is fundamentally linked to surface mobility because the crystal growth 

process continuously creates voids and free surfaces (a consequence of the higher density of the 

crystal than the glass), which in turn accelerates local transformation through high surface 

mobility. 

The purpose of this work is to further evaluate the current understanding of crystallization in 

molecular glasses using griseofulvin (GSF, see Scheme 1) as a model system. GSF is an antifungal 

drug and a well-studied glass-forming molecular liquid. 20 , 21 , 22 , 23  The glass of GSF shows 

remarkably fast crystal growth on the free surface;20,21 its velocity is the second fastest on record 
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(to OTP). This property suggests very fast surface diffusion in GSF, a hypothesis to be tested in 

this study. In this context, another intriguing property of GSF is that its crystallization process 

causes a large increase of density by 8 %;20 this value is larger than the values reported for any 

other molecular glasses (5 % or less).3,7,20 It suggests that the crystallization process can create a 

large amount of void space and free surfaces, which in turn accelerate local transformation. Indeed, 

fast crystal growth has been observed not only on the free surface of a GSF glass but also in its 

interior (GC growth).21 It is noteworthy that crystal growth in a GSF glass is greatly accelerated 

along fracture surfaces,20 suggesting a growth mechanism involving microcracks and surface 

mobility. 

We expect GSF to play an important role in understanding the molecular dependence of surface 

diffusion in molecular glasses. Previous work17,24 has shown that the rate of surface diffusion can 

vary significantly from one system to another, with two leading factors controlling the variation 

being the molecular size and intermolecular hydrogen bonding. For example, for a series of 

aromatic hydrocarbons – OTP,15 α,α,β-tris-naphthyl benzene (TNB),16 and polystyrene (PS) 

oligomers17 (see Scheme 1), surface diffusion systematically slows down with increasing 

molecular size when compared at Tg. Meanwhile, for molecules of similar sizes, introducing 

intermolecular hydrogen bonds also slows down surface diffusion; this trend is evident by 

comparing OTP and TNB (no hydrogen bonds) with nifedipine (NIF),18 indomethacin (IMC),14 

and the triazines19 (limited hydrogen bonds) and with poly-alcohols (extensive hydrogen bonds)24. 

In this context, GSF provides a valuable new system. Similar to the simple aromatic hydrocarbons, 

GSF forms no hydrogen bonds (it has only acceptors but no donors); but unlike these previous 

molecules, GSF has many polar groups (ether and carbonyl). Is the surface diffusion of  



33 
 

 

GSF fast like that of OTP and TNB, or slow like that of the polyalcohols? Answering this 

question will sharpen the understanding of the molecular factors controlling surface mobility. 

We report that the surface diffusion of a GSF glass is extremely fast, outpacing bulk diffusion 

by approximately a factor of 108 at Tg. Among all molecular glasses studied to date, GSF has the 

second fast surface diffusion (to OTP). The fast surface diffusion of GSF is consistent with its fast 

surface crystal growth. The correlation plot between surface crystal growth and surface diffusion 

is approximately linear, indicating a fundamental relation between the processes. Despite its 

abundant polar functional groups, GSF has a similar rate of surface diffusion as a simple aromatic 

hydrocarbon of similar size (OTP and TNB). This indicates that as long as they are not engaged in 

hydrogen bonds, polar functional groups have no more influence on surface diffusion than the 

hydrocarbon groups, whereas the formation of intermolecular hydrogen bonds has a strong 

inhibitory effect on surface diffusion. 
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Scheme 1. Structures of griseofulvin (GSF) and other molecules discussed in this work. OTP: 
ortho-terphenyl; TNB: tris-naphthyl benzene; TPD: N, N’ -Bis(3-methylphenyl)-N, N’ –
diphenylbenzidine; PS: polystyrene; NIF: nifedipine; IMC: indomethacin; Et/OMe/NHMe 
triazines: bis(3,5-dimethyl-phenylamino)-1,3,5-triazine with different functional groups R (Et, 
OMe, and NHMe). 
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2.3 Experimental Section 

Griseofulvin (GSF, purity > 99%) was obtained from J&K Scientific Co. Ltd. and used as 

received. To prepared a GSF glass with a surface grating, a supercooled liquid on a round silicate 

coverslip (diameter = 12 mm) was covered by a master grating at 408 K and was cooled to 353 K 

(Tg – 8 K), at which the master was detached to yield a GSF glass film with a corrugated surface. 

Notice that cooling to much lower temperature caused fracture of the GSF glass owing to the stress 

created by the coverslip’s smaller thermal expansion coefficient than GSF’s. The master gratings 

were purchased from Rainbow Symphony (wavelength λ = 1000 and 2000 nm), separated from 

commercial data-storage discs (1500 nm for CD and 730 nm for DVD), or duplicated from glass 

gratings purchased from Spectrum Scientific (550, 3300 and 8200 nm) through a UV-curing 

polymer (Norland Optical Adhesive 61). All masters were gold-coated to minimize the transfer of 

contaminants. The surface profiles of all master gratings were sinusoidal except for those of 

wavelength 3300 and 8200 nm, which had a sawtooth profile. We emphasize that the thickness of 

each embossed GSF glass film was ca. 40 µm and much greater than the wavelength of the surface 

grating, ensuring that the substrate had no effect on surface evolution. 

The decay process of a surface grating was monitored by atomic force microscopy (AFM, Bruker 

Veeco Mutiple Mode IV) or laser diffraction. AFM was performed in the tapping mode at room 

temperature; the height profile was Fourier transformed to obtain the amplitude of the sinusoidal 

surface or in the case of a sawtooth profile, that of the first harmonic. In a diffraction measurement, 

a HeNe laser (λ = 632.8 nm, Uniphase Corp.) passed through the GSF film and the intensity of the 

first-order diffraction was recorded with a Si-amplified photodetector (Thorlabs) interfacing with 

a National Instruments LabVIEW program. The square root of the first-order diffraction intensity 

was shown to be proportional to the grating amplitude. The two methods yielded consistent results 
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at the same temperatures where both were applied. For both methods, temperature was controlled 

with a Linkam THMS 600 hot stage purged with dry N2. 

 

2.4 Results 

Figure 1 shows the typical decay kinetics of GSF surface gratings recorded by AFM (Figure 1a) 

and laser diffraction (Figure 1b). AFM directly yielded the grating amplitude h; the laser 

diffraction experiment yielded the first-order diffraction intensity I, which is proportional to h2. 

The decrease of h over time t is exponential, ϕ = exp(-Kt), where ϕ is h/h0 and K is the decay 

constant, or stretched-exponential, ϕ = exp[-(Kt)β], with β close to 1.  

Figure 2a shows the temperature dependence of the decay constant K at λ = 1000 nm. To expand 

the temperature range, the K value at the highest temperature (388 K) was calculated from the 

decay rate of a longer wavelength grating (λ = 8200 nm), based on the wavelength dependence of 

K (discussed below). In total, the measured decay rates cover five orders of magnitude. 

We also measured the wavelength dependence of K at different temperatures. Figure 2b shows 

the results at 383 K and 333 K. At 383 K (Tg + 22 K), the decay constant, K, is proportional to λ-

1; at 333 K (Tg - 28 K), we find K ∝ λ-4. These wavelength dependences of K indicate that the 

surface decay at 383 K occurs by viscous flow, while the process at 333 K is by surface diffusion, 

as we explain below. 
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Figure 1. Typical decay kinetics of GSF surface gratings (λ = 1000 nm). (a) At 338 K recorded by 
AFM. Insert: AFM images at 2 time points. (b) At 363 K recorded by laser diffraction. I/I0 is 
normalized diffraction intensity.  
  



38 
 

 

 
 
Figure 2. (a) The temperature dependence of decay constant, K, at λ = 1000 nm for amorphous 
GSF (solid circles). The structural relaxation time, τα, is shown as a curve. (b) The wavelength 
dependence of K at 333 K and 383 K. 
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Mullins25,26 showed that the amplitude of a sinusoidal grating decays exponentially and the 

decay constant is given by  

𝐾𝐾 = 𝐹𝐹𝐹𝐹 + 𝐴𝐴𝑞𝑞2 + 𝐷𝐷𝑞𝑞3 + 𝐵𝐵𝑞𝑞4  (1) 

where  𝑞𝑞 = 2𝜋𝜋/𝜆𝜆  

𝐹𝐹 =
𝛾𝛾

2𝜂𝜂
 

𝐴𝐴 =
𝑝𝑝0𝛾𝛾Ω2

(2𝜋𝜋𝜋𝜋)
1
2(𝑘𝑘𝑘𝑘)

3
2
 

𝐷𝐷 = 𝐴𝐴′ + 𝐶𝐶 =
𝜌𝜌0𝐷𝐷𝐺𝐺𝛾𝛾Ω2

𝑘𝑘𝑘𝑘
+
𝐷𝐷𝑣𝑣𝛾𝛾Ω
𝑘𝑘𝑘𝑘

 

𝐵𝐵 =
𝐷𝐷𝑠𝑠𝛾𝛾Ω2𝜈𝜈
𝑘𝑘𝑘𝑘

 

where λ is the grating wavelength; η is the viscosity; γ is the surface tension; p0 is the equilibrium 

vapor pressure; Ω is the molecular volume; m is the molecular weight; k is the Boltzmann constant; 

T is the temperature; ρ0 is the number density of vapor at equilibrium; DG is the diffusion 

coefficient of the vapor molecules in an inert atmosphere; Dv is the bulk self-diffusion coefficient; 

v is the number of molecules per unit area on surface. The four terms in Equation (1) correspond 

to different mechanisms of mass transport: viscous flow (F), evaporation-condensation (A + A’), 

bulk diffusion (C), and surface diffusion (B).  

Notice that each term in eq. (1) has a distinct wavelength dependence. For example, the viscous 

flow term scales as λ-1 and the surface diffusion term as λ-4. These are the wavelength dependences 

observed for GSF decaying at high and low temperatures (Figure 2b). Thus, we assign the high-

temperature decay as occurring through viscous flow and the low temperature decay through 

surface diffusion. In what follows, we offer additional justification for these assignments.  
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Among the four terms in eq. (1), the evaporation-condensation and bulk-diffusion terms are 

shown to be much smaller than the observed decay constant, K, by at least 10,000 times. For this 

calculation, the following values are used: p0 = 6.8×10-11 Pa (predicted by the ACD software27), 

ρ0 was calculated from p0 using the ideal gas law, ΔHvap = 86 kJ/mol (predicted value at the boiling 

point by ACD27), γ = 0.0526 N/m (predicted by ACD27), DG ≈ 0.00001 m2/s (typical value of 

organic molecules at ambient pressure28), and Dv is assumed to be the same as OTP29 or TNB30 at 

the same Tg–scaled temperature. In addition, Ω is calculated from M/(ρNA), where M is the 

molecular weight, NA is Avogadro’s number, and ρ is the density of a GSF glass (1.35 g/mL),20 to 

yield Ω = 4.0×10-28 m3.  

The assignment that the high-temperature decay occurs by viscous flow can be tested against the 

expected temperature dependence of K. While there is no viscosity data on GSF, the structural 

relaxation timeτα is known22 and can be used to describe the temperature dependence of viscosity 

because of the relation η ∝τα.31 In Figure 2a, τα is plotted on the second y axis. It is seen that the 

τα curve has the same temperature dependence as K at high temperatures, as expected for the 

viscous flow mechanism. This agreement holds above 375 K (Tg + 14 K) for the 1000 nm 

wavelength grating, but breaks down at lower temperatures (Figure 2a), indicating that a different 

mechanism is operative. By elimination, surface diffusion is the only mechanism remaining that 

is responsible for the low-temperature decay. Again, this assignment is supported by the 

wavelength dependence test (Figure 2b), which finds K ∝ λ-4, as expected for this mechanism. 
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Figure 3. Ds and Dv of several glass-forming molecular liquids against Tg-scaled temperature. Tg 
is from DSC (onset temperature during heating): 246 K for OTP, 347 K for TNB, 307 K for 
PS1110, 319 K for PS1700 and 361 K for GSF).  
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Assigning surface diffusion as the mechanism for surface-grating decay at low temperatures, the 

corresponding surface diffusion coefficients, Ds, can be calculated. Figure 3 shows the result of 

this calculation, along with the previous results on simple aromatic hydrocarbons: OTP, TNB, and 

two PS oligomers (Mw = 1110 and 1700 g/mol). Figure 3 also includes the Dv values of OTP29, 

TNB30, and a PS oligomer32 (Mw = 1900 g/mol). In this plot, the temperature has been scaled by 

Tg. In this format, the Dv values of the various systems nearly collapse to a master curve, and it is 

reasonable to expect that the Dv of GSF falls close to the master curve.  

Notice that surface diffusion in a GSF glass is remarkably fast; its rate is similar to that of OTP, 

the fastest system on record. The ratio Ds/Dv is approximately 108 at Tg and increases with cooling. 

The Ds of GSF has an approximately Arrhenius dependence on temperature with an activation 

energy of 131 kJ/mol. From OTP to GSF and to the other systems in Figure 3, surface diffusion 

slows down, with the Ds/Dv at Tg decreasing from 108 to 104, and the activation energy for surface 

diffusion also increases. 

In Figure 4, the Ds value at Tg is plotted against the molecular weight M. To expand our 

comparison, other data are included for molecular glasses that form intermolecular hydrogen 

bonds: IMC,14 NIF,18 three triazines19 (Et, OMe, and NHMe), and two polyalcohols (sorbitol and 

maltitol).24 All these data were obtained by the method of surface-grating decay. In addition, three 

data points are included that were obtained by other methods: TPD (surface evolution around a 

nano-particle),33 PS 2400 (spontaneously roughening),34 and PS 3000 (smoothing of a step)35. In 

Figure 4, solid symbols indicate systems without intermolecular hydrogen bonds, and open 

symbols systems with intermolecular hydrogen bonds.  
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For the non-hydrogen-bonding group (solid symbols), the Ds value decreases with increasing 

molecular weight. Note that the GSF point fits in this overall trend very well. This is noteworthy 

because GSF is the only system in this group that is not a simple aromatic hydrocarbon. GSF has 

many polar functional groups (ether and carbonyl). This result argues that in terms of its effect on 

surface diffusion, each polar group in GSF has no more influence than a non-polar hydrocarbon 

group. The molecular size dependence of Ds has been attributed to a steep and similar mobility 

gradient beneath the surface of molecular glasses and the deeper penetration of a larger molecule 

into the bulk where mobility is low.17 

Figure 4 also shows that the correlation between Ds and molecular weight vanishes if the data 

points are included for hydrogen-bonded glasses (open symbols). Here, we note a different effect: 

compare the molecules of similar sizes but varying degrees of hydrogen bonding (the vertical 

column of open symbols). Observe that Ds decreases from molecules forming no hydrogen bonds 

(GSF) to those forming limited hydrogen bonds (NIF, IMC and the triazines) to those forming 

extensive hydrogen bonds (polyalcohols). This argues that hydrogen bonding is an independent 

effect from molecular size that controls surface diffusion.19,24 The hydrogen-bonding effect on 

surface mobility has been attributed to the persistence of hydrogen bonds (in terms of the number 

of bonds per molecule) as a molecule is moved from the bulk to the surface environment. 

Assuming that hydrogen bonding controls the barrier for molecular rearrangement, this means that 

the barrier at the surface is substantially the same as that in the bulk. 
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Figure 4. The surface diffusion coefficient, Ds, at Tg as a function of molecular weight. Solid 
symbols: no intermolecular hydrogen bonds. Open symbols: with intermolecular hydrogen bonds. 
“u.b.” means upper bound. 
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2.5 Discussion 

Motivated by understanding its fast crystallization,20,21,22,23 this study has measured the surface 

diffusion in GSF glasses. We find that surface diffusion is remarkably fast in this system, making 

GSF the second fastest among all molecular glasses studied to date (13 in total). Here we discuss 

the significance of this result for understanding the crystallization of GSF glasses.  

In Figure 5, the surface crystal growth rate us of GSF is plotted against its surface diffusion 

coefficient Ds, along with the literature data on 4 other molecular glasses (OTP, TNB, NIF, and 

IMC)13,16 and on amorphous silicon.36,37 For GSF and all the other molecular glasses, us is roughly 

proportional to Ds.16 Furthermore, the data points for the different systems approximately cluster 

together (within one decade in us); the overall trend (straight line) is described by the power law 

us ~ Ds0.87. It is significant that this trend encompasses 7 different systems, organic and inorganic. 

It shows that at the same Ds, the rate of surface crystal growth is approximately the same regardless 

of the molecular details. This strong correlation between us and Ds argues that surface diffusion 

has a controlling role in the process of surface crystal growth. 
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Figure 5. Crystal growth rate on the surface, us, plotted against the surface diffusion coefficient, 
Ds, for molecular glasses and amorphous silicon.  
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In addition to fast surface crystal growth, a GSF glass is known to grow crystals rapidly in the 

bulk (the so-called GC growth).21 This growth mode abruptly emerges as a GSF liquid is cooled 

near its Tg, as also observed in other molecular liquids.4,5,6 Among its various explanations, the 

most recent by Powell et al.10 argues that the GC growth process continuously creates voids and 

free surfaces through fracture, which in turn enables fast local transformation. Powell et al. based 

their model on the fact that the overall volume is conserved during crystal growth in a rigid glass. 

Given the higher density of the crystal than the glass, voids and free surfaces must be created 

during crystal growth. Small-molecule glasses generally have low fracture resistance and cannot 

be strained by the amount (several percent) corresponding to the glass-crystal density difference 

without fracture.38 This picture seems equally valid for GSF: crystalline GSF is 8 % denser than 

its glass;20 as a result, a large amount of void space must be created if the overall volume of the 

system is fixed during crystallization. Zhu et al. observed that crystal growth is accelerated along 

artificially created cracks in a GSF glass.20 This suggests that if cracks are created during GC 

growth, local transformation could be accelerated through high surface mobility, leading to fast 

bulk crystal growth. 

 

 
2.6 Conclusion 

Surface diffusion coefficients of amorphous griseofulvin (GSF) have been measured by the 

surface-grating decay method. Similar to other molecular systems, the flattening of surface grating 

occurs by viscous flow at high temperatures and by surface diffusion at low temperatures, with the 

transition occurring at Tg + 12 K for 1000 nm wavelength gratings. The surface diffusion of GSF 

is vastly faster than bulk diffusion, by a factor of 108 at Tg. The surface diffusion in GSF is faster 

than in any other molecular glass except for the small aromatic hydrocarbon o-terphenyl. The new 
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result on GSF fits well with the trend formed by molecular glasses free of intermolecular hydrogen 

bonds where surface diffusion systematically slows down with increasing molecular size. This 

indicates that when not participating in hydrogen bonds, the polar functional groups in GSF (ether 

and carbonyl) have similar influence on surface diffusion as the non-polar hydrocarbon groups, 

while the formation of hydrogen bonds imposes a strong inhibitory effect. Thus, molecular size 

and hydrogen bonding are two independent factors that control surface diffusion. Whether other 

molecular attributes (e.g., shape and rigidity) influences surface diffusion warrants future studies. 

We find a nearly linear relation between the surface crystal growth rate and the surface diffusion 

coefficient of GSF and all other molecular glasses studied to date. This strongly supports the notion 

that surface diffusion has a controlling role in surface crystallization. Our results on GSF are 

consistent with the proposal of Powell et al. that the fast crystal growth in the bulk of molecular 

glasses (“GC growth”) is also enabled by surface mobility through the constant creation of voids 

and free surfaces as the growth front advances. This mechanism of glass crystallization could be 

tested by in situ microscopy. With its large volume change (8 %), GSF could be a suitable system 

for this purpose. 
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3.1 Abstract 

The rate of crystal nucleation has been measured in four glass-forming molecular liquids: D-

sorbitol, D-arabitol, D-xylitol and glycerol. These polyalcohols have similar rates of crystal growth 

when compared at the same temperature relative to Tg (the glass transition temperature), peaking 

near 1.4 Tg, while the nucleation rates J are vastly different. In D-sorbitol and D-arabitol, J reaches 

a maximum of ~ 108 m-3·s-1 near 1.1 Tg, whereas J < 10-2 m-3·s-1 in D-xylitol and < 1 m-3·s-1 in 

glycerol based on no nucleation in large samples after long waits. This confirms the fundamentally 

different mechanisms for nucleation and growth. Near Tg, both nucleation and growth slow down 

with a similar temperature dependence, suggesting a similar kinetic barrier for the two processes. 

This temperature dependence is significantly weaker than that of viscosity η, approximately 

following η-0.75. This indicates that viscosity is a poor representative of the kinetic barrier for 

nucleation, and a better choice is the crystal growth rate. Under the latter assumption, the classical 

nucleation theory (CNT) describes our data reasonably well, yielding σ = 0.013 J/m2 for D-sorbitol 

and 0.026 J/m2 for D-arabitol, where σ is the critical nucleus/liquid interfacial free energy. There 

is no strong indication that the CNT fails as the length scale for corporative rearrangement exceeds 

the size of the critical nucleus, as recently suggested for lithium disilicate.  

 
3.2 Introduction 

Crystallization is a process of nucleation and growth. During nucleation, a viable nucleus is 

formed that can grow to macroscopic size.1,2,3,4 Nucleation and growth can have very different 

kinetics; for example, nucleation in silicate liquids reaches its peak rate at a lower temperature 

than growth.2,5 This makes it important to study nucleation as an independent process from growth. 

The nucleation process has a strong influence on the microstructure of metals, the formation of ice 

in the environment, and the glass-forming ability of liquids.  
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Despite a long history of research, the current understanding of crystal nucleation remains 

limited on both experimental and theoretical fronts. Experimentally, it is not trivial to establish 

that a given nucleation process is homogeneous (a volume process unaided by foreign particles or 

surfaces). Homogeneous nucleation rates have been reported and approximately agreed upon for 

only a small number of systems: water,6 pure metals,7,8 and silicates.2 This is in contrast to the vast 

body of data on crystal growth rates, enabling the discovery of systematic trends for 

prediction.9,10,11,12 It is the goal of this work to measure homogeneous nucleation rates in a class 

of materials that have not been characterized previously: glass-forming molecular liquids. These 

materials are increasingly used in biomedical and electronic applications, motivating a deeper 

understanding of their crystallization, since crystallization is detrimental to their performance. 

On the theoretical side, the classical nucleation theory (CNT)1,2,4 provides the foundation for 

understanding nucleation and is also recognized for its limitations. According to the CNT, 

nucleation rate is given by 

J = kJ exp (- Wc/kT)      (1) 

where 𝑊𝑊𝑐𝑐 = 16𝜋𝜋
3

𝜎𝜎3

∆𝐺𝐺𝑉𝑉
2 is the thermodynamic barrier for creating a critical nucleus, with σ being the 

crystal nucleus/liquid interfacial free energy and ΔGv the free-energy difference between the 

crystal and the liquid, and kJ is a kinetic factor specifying the attempt frequency at which molecules 

join the nucleus. At present, there are serious questions concerning both factors in eq. (1). In the 

Wc function, σ is generally unknown with enough precision from independent measurements13 or 

simulations,14,15 while a small change in σ can change J by orders of magnitude.16 This makes eq. 

(1) effectively a fitting model, not a predictive one. For the kinetic factor kJ, it is common to assume 

that the kinetic barrier for nucleation is similar to that for diffusion or viscous flow in the bulk 

liquid. But it is questionable whether a bulk property can accurately describe the kinetics of an 
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interfacial process (nucleation). Recent work has also shown that seemingly equivalent measures 

of fluidity can decouple at low temperatures; for example, the diffusion coefficient D and the 

viscosity η satisfy the Stokes-Einstein relation at high temperatures but do not at low 

temperatures.17 ,18  Another approach to evaluating kJ is to use the “lag time for nucleation” to 

calculate an effective diffusivity relevant for the nucleation process.2 This method, however, 

requires careful extraction of the intrinsic lag time from the experimental induction time, 

accounting for the influence of thermal history from nuclei formation to detection as macroscopic 

crystals.2,19 In this study, we propose that the widely available crystal growth rate could be used to 

estimate the kinetic factor for nucleation. 

The particular systems of this study (Scheme 1) belong in the family of polyalcohols, which are 

well-characterized glassformers widely used in food, drugs, and biotechnologies. D-xylitol and D-

sorbitol are sweeteners in “sugar-free” chewing gums where crystallization can cause the gum to 

harden. Despite the similarity of their structures, polyalcohols have very different tendencies to 

crystallize. Glycerol, for example, is a good glass-former, while D-mannitol crystallizes rapidly. 

Comparison of these systems will help understand the molecular factors controlling nucleation and 

growth. Finally, each of these systems is composed of a single chemical component and the 

complications do not arise from the possibility of compositional change between the critical 

nucleus and the mature crystal.2 

We report that the nucleation rates are vastly different in the four polyalcohols studied, even 

though their crystal growth rates are quite similar. The crystal growth rates of the four liquids 

cluster together when compared at the same temperature relative to Tg, whereas their nucleation 

rates span at least 10 orders of magnitude. In D-sorbitol and D-arabitol, the nucleation rate J 

reaches a maximum of ~ 108 m-3·s-1 near 1.1 Tg, whereas J < 10-2 m-3·s-1 in D-xylitol. The measured 
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J value is independent of sample volume, consistent of homogeneous nucleation. We find that 

nucleation slows down at low temperatures at a similar pace as crystal growth, indicating a similar 

kinetic barrier for both processes. This kinetic barrier is significantly lower (by 25%) than that for 

viscous flow. The CNT describes our data reasonably well especially if the kinetic barrier is 

evaluated using the crystal growth rate, not viscosity. Additionally, there is no indication that the 

CNT fails as the length scale for corporative rearrangement exceeds the size of the critical nucleus, 

as suggested for lithium disilicate. 
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Scheme 1. Molecular structures of the polyalcohols studied. 

 
 
 
 

Table 1. Physical properties of the polyalcohols studied 

Polyalcohol Tg (K) Tm (K) ∆Hm (kJ/mol) Ref. 
Glycerol 189 291 18.3 20,21 
D-xylitol 250 366 37.3 (0.7) This work 
D-arabitol 260 376 39.9 (0.2) This work 
D-sorbitol 269 353 26.7 22 

Note: Tg is the onset temperature during heating at 10 K/min, following cooling at 10 K/min. 
The literature values on D-xylitol23,24,25,26 and D-arabitol23,24,25 are broadly consistent with our 
values. For D-sorbitol, the values in Ref. 22 are roughly consistent with those in Ref. 27 . In 
addition, the literature values on L-arabitol23,24,28 agree with our values on D-arabitol, as expected. 
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3.3 Experimental Section 

D-sorbitol and D-arabitol (purity ≥ 99 % for both) from Sigma-Aldrich (St. Louis, MO), D-

xylitol (purity ≥ 99 %) from Sigma-Aldrich and Alfa Aesar (Haverhill, MA), glycerol (purity ≥ 

99.5 %) from Fisher Chemicals (Fair Lawn, NJ) and Alfa Aesar. The as-received glycerol was 

dried in vacuum at 383 K before use (this reduced the water content to be less than 0.2 wt % based 

on Karl Fischer titration). Some physical properties of these polyalcohols are shown in Table 1.  

The polyalcohols were used both as-received and after purification to assess the effect of 

impurity on nucleation rates. The same substance from multiple sources also provided a check on 

the effect of impurity. For D-xylitol, D-arabitol and D-sorbitol, a purification procedure was 

performed as follows: dissolve 1 g of the material in 10 mL of water, filter the solution through a 

0.2-micron syringe nylon filter, and dry the solution in vacuum at 383 K for two days. The resulting 

material contained less than 0.5 wt % water based on Karl Fischer titration. We observed no 

significant effect of the source material and the purification procedure on the observed nucleation 

rates. 

To measure the nucleation rate in D-arabitol or D-sorbitol, 10-20 mg crystal powder was placed 

on a round coverslip (diameter = 15 mm) and held at 413 K for 6 h in the liquid state to remove 

air bubbles. The clear melt was covered by another coverslip. The thickness of the liquid film was 

calculated from its mass and lateral area, and fell in the range 40-80 μm for a standard 

measurement. The sample thickness was confirmed not to affect the observed nucleation rate (by 

varying the thickness from 40 to 400 μm, see below). For the slow-crystallizing liquids glycerol 

and D-xylitol, larger samples were used (2 g of liquid sealed in a glass tube, 8 mm in diameter). 

To measure the nucleation rate, each sample was stored at a chosen temperature (stable within ± 1 

K) in a desiccator. Crystals were observed and counted through an Olympus BX53 polarized light 
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microscope equipped with a digital camera. Crystal growth rate was measured by tracking the size 

of a crystal over time; each reported rate is the average of 9-12 measurements in three separate 

samples. 

Crystal polymorphs were identified by X-ray diffraction (Bruker D8 Advance diffractometer 

with a Cu Kα source) and Raman microscopy (Thermo Scientific DXR with a 532 nm laser). 

Differential scanning calorimetry was performed with a TA Q2000 in a crimped aluminum pan 

under 50 mL/min N2 purge. Modulated DSC was used to measure the heat capacity under the 

following conditions: heating at 2 K/min, sinusoidal temperature modulation with an amplitude of 

0.5 K and a period of 60 s. The error of this measurement is ~ 5 % based on calibration against a 

sapphire standard.  

 

3.4 Results 

Methods for Measuring Nucleation Rates. In this work, two methods were used to measure 

nucleation rates. The one-stage method was used when both nucleation and growth were relatively 

fast. A sample is allowed to crystallize for some time t0 at which individual crystals are observable, 

as shown in Figure 1a. Note the different sizes of the crystals. Since the crystals grow at a constant 

rate u (0.6 nm/s), an early-nucleating crystal has longer time to grow to a larger size. The birth 

time of each crystal is calculated from its current size (radius, r): 

t = t0 – r/u  

where t0 is the current time (time of observation).  

The ability to date the birth of each crystal allows the determination of the number of nucleation 

events per unit volume as a function of time (Figure 1b). This plot shows an induction period noted 

in other work2 and a steady state where the nuclei density increases linearly with time. In this study, 
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we focus on the steady-state nucleation rate J, given by the slope of the plot in Figure 1b (J = 5.2 

× 106 m-3·s-1 at 297 K). It is worth noting that in the foregoing calculation, u is the growth rate of 

the observable crystal and is assumed to be the same for the (invisible) crystal nucleus. If the 

nucleus growth rate differs from that of the mature crystal, a constant shift is added to the 

calculated birth times without affecting the calculation of the steady-state nucleation rate. 

The method described above requires relatively fast growth of crystals to observable sizes, and 

is unsuitable when crystal growth is slow. A two-stage method has been employed for this 

situation.29 Here, nuclei are allowed to form at a low temperature and the temperature is raised to 

grow these nuclei to visible size to be counted. The growth temperature is chosen so that pre-

formed nuclei can grow quickly but no new nuclei form during the time of development. This 

method has been employed to measure J in silicates.2 
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Figure 1. (a) A sample of D-sorbitol after crystallizing for 24 h at 297 K. Note the different crystal 
sizes. Since the crystals grow at the same rate (0.6 nm/s), the larger ones were born earlier, and the 
smaller ones born later. This enables the determination of the number of crystal nuclei formed per 
unit volume as a function of time (b). The slope of this plot is the nucleation rate.  
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Figure 2a shows the typical data collected by the two-stage method. The D-arabitol samples 

spent different times at 278 K but the same time (10 min) at 313 K. Note the sample that spent 

longer time at 278 K (16 h) developed more crystals than the sample that spent shorter time (4 h), 

but both contained crystals of similar size. Furthermore, before heating to 313 K, no crystals were 

visible, and without the time at 278 K, no crystals were observed at 313 K up to 30 min. All these 

results confirm that the crystals (seen in Figure 2a) nucleated at 278 K and grew at 313 K. This 

allows the determination of the density of nuclei formed at 278 K as a function of nucleation time 

(Figure 2b). As in Figure 1b, an induction period is evident, followed by a steady state nucleation 

whose rate is J = 3.7 × 107 m-3·s-1.  

In this work, we find that the one-stage and two-stage methods yield consistent results; for 

example, for D-sorbitol at 308 K, J = 1.6 × 106 m-3·s-1 by the one-stage method and J = 2.0 × 106 

m-3·s-1 by the two-stage method. 
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Figure 2. (a) Crystals observed after D-arabitol spent different times at 278 K (4 or 16 h) to 
nucleate followed by 10 min at 313 K to grow. Before heating to 313 K, no crystals were visible. 
(b) Nuclei density as a function of nucleation time at 278 K. 
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Homogeneous Nucleation. It is important to establish whether the observed nucleation is a 

volume process (“homogeneous”) or aided by contact with foreign surfaces (“heterogeneous”). 

Here we demonstrate that the nucleation rates measured correspond to the volume nucleation. To 

evaluate whether nucleation occurred on substrate surfaces, liquid films of D-sorbitol with 

different thicknesses were allowed to crystallize at 297 K for the same time (17 h), and the samples 

were examined through the microscope covering the same lateral field of view (Figure 3a; the field 

of view is 1.4 mm2). In this way, the numbers of crystals formed in different volumes can be 

directly compared, with each volume proportional to the film thickness. (The crystals were sparse 

enough so that they did not overlap.) A volume process requires that the number of crystals formed 

within a given time increases linearly with the film thickness, which is observed in Figure 3b.  

To evaluate the possibility of heterogeneous nucleation, materials from different sources were 

compared (they came from different batches of preparation and might differ in the level of impurity 

and foreign particles). We observed no significant effect of source materials on measured 

nucleation rates. Furthermore, we checked the effect of filtration of an as-received material through 

a 0.2-micron filter. This also had insignificant effect on the observed nucleation rates; for example, 

log J (m-3·s-1) = 7.1 for D-sorbitol at 297 K and 6.9 after filtration. Finally, we note that the 

existence of a steady state (Figures 1b and 2b) is consistent with volume nucleation but inconsistent 

with nucleation on active sites provided by foreign particles. In the latter case, nucleation rate is 

expected to be fast initially but plateaus afterwards. All the evidence above argues that our 

nucleation rates are not significantly affected by chemical purity or presence of foreign particles, 

and can be interpreted as rates of homogeneous nucleation. 
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Figure 3. (a) Crystals formed at 297 K for 17 h in D-sorbitol films of two thicknesses and the same 
lateral field of view. The thicker sample has more crystals. (b) The number of crystals per field of 
view plotted as a function of film thickness. The linear increase indicates a volume nucleation 
process. 
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D-sorbitol. Liquid D-sorbitol spontaneously crystallizes near the ambient temperature, yielding 

the so-called polymorph E (Tm = 353 K).22,30 Figure 4 shows the rate of crystal nucleation J and 

growth u in liquid D-sorbitol. The nucleation rate spans 3 orders of magnitude and is maximal near 

288 K (Tg + 19 K). This temperature is well below that for the fastest crystal growth (Figure 4b), 

which is near 333 K (Tg + 64 K). The different kinetics for nucleation and growth is similar to that 

observed for silicates.2,5 The curve in Figure 4a is the CNT fitting of the data (see below).  

D-sorbitol is polymorphic.27 Apart from polymorph E, it can crystallize as γ (Tm = 373 K),31 ε 

(Tm unknown, prepared by evaporating an EtOH-water solution),32 and α (Tm = 359 K, prepared 

by annealing E).27 We performed limited experiments to investigate if other polymorphs also 

nucleated but could not be observed because their growth was too slow. Given that E has the lowest 

melting point (353 K) of known polymorphs, this possibility was tested by heating a nucleated 

sample above 353 K. At this temperature, polymorph E is melted but other higher-melting 

polymorphs. (γ and α, if nucleated, can grow to be observed. In fact, the commercial γ polymorph 

is obtained by seeding at a high temperature,33 while γ-seeding at a low temperature leads to the 

cross-nucleation and growth of polymorph E.34) For this experiment, D-sorbitol (ca. 60 mg) was 

nucleated into polymorph E at 295 K for two days, and then the sample was heated at 363 K for 5 

min. No crystals were observed after heating. This indicates that as polymorph E nucleated at 295 

K, the higher-melting polymorphs nucleated at a much slower rate, with J < 102 m-3·s-1 based on 

no nucleation in the known volume, compared to J = 4 × 106 m-3·s-1 for polymorph E. 
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Figure 4. The rate of crystal nucleation (a) and growth (b) in liquid D-sorbitol vs. temperature. 
The curve in (a) is the CNT fitting of the data (discussed below); the curve in (b) is guide to the 
eye. The crystal growth rates are from this work and Ref. 22 and 30. 
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D-arabitol. Similar to D-sorbitol, liquid D-arabitol spontaneously crystallizes near the ambient 

temperature. Figure 5 shows its rate of crystal nucleation and growth. These results correspond to 

the known crystal structure of D-arabitol35  (Tm = 376 K; Cambridge Structural Database Ref. 

Code: VOZMAY), but as we discuss later, a second polymorph can also nucleate at a lower rate. 

As in the case of D-sorbitol, the nucleation rate reaches a maximum at 288 K (Tg + 28 K), well 

below the temperature for fastest growth, 363 K (Tg + 103 K).  

Interestingly, the crystallization of D-arabitol can yield two polymorphs. In addition to Form I,35 

a minor polymorph (Form II) crystallizes simultaneously. Form II has lower melting point (Tm = 

356 K) and distinct Raman spectrum, XRD pattern, and crystal growth rate (Figure S1). This 

polymorph appears to correspond to a second polymorph of D-arabitol reported by Diogo et al.23 

Furthermore these two polymorphs of D-arabitol seem to have their counterparts in L-arabitol,28,36 

as expected. This study concerns only Form I, which nucleates faster in the temperature range 

studied.  
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Figure 5. The rate of crystal nucleation (a) and growth (b) in liquid D-arabitol vs. temperature. 
The data are for polymorph I; a minor polymorph was also observed (see Supporting Information). 
The curve in (a) is the CNT fitting of the data (discussed below); the curve in (b) is guide to the 
eye. 
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D-xylitol. Nucleation is much slower in D-xylitol than in D-sorbitol and D-arabitol. Performing 

the same experiments but with 1000-times larger samples, no nucleation was observed up to 6 

months. In these experiments, the sample was held at several temperatures near Tg (short dashes 

in Figure 6a), and heated to 313 K where growth rate is sufficiently fast. Since no crystals were 

observed, an upper bound was obtained for J at 10-2 m-3·s-1 (Figure 6a; this calculation assumes no 

induction time for nucleation). This places the J value for D-xylitol at least 10 orders of magnitude 

below the peak values for D-arabitol and D-sorbitol. The curve in Figure 6a is a hypothetical 

profile produced by the CNT consistent with the experimental upper bound.  

In contrast to its slow nucleation, crystal growth rate of D-xylitol is “normal” relative to the 

other polyalcohols, with a maximum rate near 350 K (Tg + 100 K). The crystal growth rates were 

measured by seeding liquid D-xylitol with the as-received crystal polymorph (Tm = 366 K, 

Cambridge Structural Database Ref. Code: XYLTOL). 
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Figure 6. The upper bound for the rate of crystal nucleation (a) and the rate of crystal growth (b) 
in liquid D-xylitol vs. temperature. The curve in (a) is the CNT result with σ = 0.035 J/m2 consistent 
with the experimental upper bound (see below); the curve in (b) is guide to the eye. 
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Glycerol. Similar to D-xylitol, nucleation was very slow in glycerol. As with D-xylitol, glycerol 

liquid was held at several temperatures near Tg (short dashes in Figure 7a), and heated to 278 K 

where growth rate is fast. No nucleation was observed in 3 days in a large sample of 10 g. Again, 

the absence of crystallization places an upper bound for J at 1 m-3·s-1 (Figure 7a; this calculation 

assumes no induction time for nucleation).  

In contrast to its slow crystal nucleation, the crystal growth rate is easily measured in glycerol. 

In Figure 7b, the rate of crystal growth (Ref. 29) is shown along with limited measurements from 

this work. The growth rate shows a maximum near 270 K (Tg + 81 K). (For our growth-rate 

measurements, glycerol was nucleated by dipping a glass tube containing glycerol in liquid 

nitrogen and the subsequent growth rate was recorded.)  

It is worth noting that our result of slow nucleation in glycerol disagrees with Tammann and 

Jenckel,29 who reported much faster nucleation. From their nuclei counts, we have calculated the 

J values (assuming no induction time) and plotted them in Figure 7a. Their maximal rate is one 

million times faster than our upper bound. One feature of these data, however, is a strong volume 

dependence of J: with a reduction of sample volume by a factor of 4, the J value decreases by a 

factor of 10. This suggests that the nucleation process measured is likely not a homogeneous 

process. The authors indicated residual moisture in glycerol as a possible cause for the variation 

of J.29   
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Figure 7. The upper bound rate of crystal nucleation (a) and the rate of growth (b) in liquid glycerol 
vs. temperature. The J values from Tammann and Jenckel29 are reproduced in (a). The curve in (a) 
is the CNT result with σ = 0.027 J/m2 (see below); the curve in (b) is guide to the eye.  
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Different Kinetics of Nucleation and Growth. A key result of this work is that the four liquids 

studied have similar crystal growth rates when compared at the same temperature relative to Tg, 

but very different nucleation rates. Figure 8 shows the two rates are plotted against T/Tg. In this 

format, the crystal growth rates nearly collapse to a “master curve” (Figure 8a), clustering within 

one decade at the same T/Tg. In contrast, the nucleation rates span a much larger range of at least 

10 decades (Figure 8b). It is also seen that the growth rate reaches a maximum near 1.4 Tg, while 

the nucleation rate peaks near 1.1 Tg for the two systems for which there are data.  

The literature data on inorganic silicates also suggest a wider variation of nucleation rates 

relative to crystal growth rates. For example, both nucleation and growth rates are reported for 

Li2O·2SiO2,37,38 CaO·2SiO2,39 Na2O·2CaO·3SiO2,40 and 2BaO·TiO2·2SiO2;41 the nucleation rates 

span 10 decades, while the growth rates are within 2.5 decades.  

In Figure 9, we plot the rates of nucleation and growth against viscosity to assess whether these 

processes track bulk dynamics at low temperatures. For D-sorbitol, the viscosity is from Ref. 42; 

for D-arabitol and D-xylitol, it is calculated from the structural relaxation time τα (Ref. 43,44) 

using the relation: log η (Pa·s) = log τα (s) + C, where C = 8.7. The latter equation is valid for D-

sorbitol;42,45 it is also consistent with the Maxwell model for liquid relaxation. For additional 

comparison, Figure 9 also includes the literature data on lithium disilicate.37,38 

For the polyalcohols, the growth rates cluster together when plotted against viscosity. This is 

expected from their collapse in Figure 8 when plotted against T/Tg. The growth rates decrease with 

increasing viscosity approximately following η-0.75 (straight line) for nearly all available data, over 

~10 decades of change in η; deviation occurs only at the very high temperatures (near the crystal 

melting point) where growth rate is limited by the thermodynamic driving force. The “decoupling” 

of crystal growth rate and viscosity from the simple relation u ∝ η-1 is known for other systems,10 
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indicating that viscosity is a poor representative of the kinetic barrier for crystal growth at low 

temperatures. For the nucleation rates, the slowdown with cooling occurs at higher viscosities 

relative to the growth rate. This is well understood in the framework of the CNT: the activation 

barrier is higher for creating a critical nucleus in a liquid than adding molecules to an existing 

crystal. From the limited nucleation data at high viscosities, we note that nucleation slows down 

at approximately the same pace as growth (straight line in Figure 9b). This similarity argues that 

both processes are kinetically controlled at low temperatures, and have a similar kinetic barrier. 

This kinetic barrier is lower (by ~ 25%) than that for viscous flow, given the power-law relation. 

Thus, for the polyalcohols studied, viscosity would be a poor representative for the kinetic factor 

for nucleation (kJ in eq. 1), while the crystal growth rate could better serve this purpose. 

The literature data on lithium disilicate appear to present a similar picture. Relative to the 

polyalcohols, this system has faster nucleation and growth when compared at the same viscosity. 

This difference aside, we see that the crystal growth rate in lithium disilicate is well described by 

u ∝ η-0.75. There is some local departure from the relation, but the overall trend is in agreement 

over a wide range of viscosity (11 decades). This conclusion is consistent with that of Nascimento 

and Zanotto who performed a more sophisticated analysis, obtaining ukin ∝ η-0.81, where ukin is the 

value of u corrected for the driving force for crystallization.46 Similar to the polyalcohols, the 

nucleation rate of lithium disilicate reaches its maximum at a higher viscosity than the growth rate; 

at even higher viscosities, nucleation slows down with cooling. The literature data (from many 

groups) show considerable scatter at high viscosities, but the overall trend seems parallel to that 

for the growth rate (straight line). Thus for this inorganic system, it is also reasonable to conclude 

that nucleation and growth have roughly the same kinetic barrier. Given the scatter in the 

nucleation data, this conclusion is not particularly strong. It also differs from that of Fokin et al.47 



77 
 

 

who compared the effective diffusion coefficients for nucleation and growth, DJ and Du. In their 

study, DJ is calculated from the “lag time for nucleation”, not the steady-state nucleation rate at 

low temperatures, and Du from the crystal growth rate. They find a stronger temperature 

dependence for DJ (by ~ 30%). Given that both approaches are valid for evaluating the kinetic 

factors for nucleation, each with its own assumptions, this discrepancy calls for further work to 

develop a consistent picture. Fokin et al. attribute the difference between DJ and Du to the different 

compositions of the critical nucleus and the macroscopic crystal. This complexity does not arise 

in the single-component systems studied here. It is possible that the assumption of similar kinetic 

factor for nucleation and growth could be more accurate for single-component liquids than multi-

component systems like lithium disilicate. 
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Figure 8. Comparison of the rates of crystal growth (a) and nucleation (b) in the four polyalcohols 
studied. Temperature has been scaled by Tg. “u.b.” means upper bound. The curves in (b) are the 
CNT fits (discussed below).  
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Figure 9. Rates of crystal growth (a) and nucleation (b) plotted against viscosity for polyalcohols 
and lithium disilicate. The data trends at low temperatures are approximately described by u ∝ η -

0.75 and J ∝ η -0.75 (lines). Glycerol is excluded from the u plot for the small temperature range over 
which u was measured and a possible influence from water contamination.29 The lithium silicate 
data are from the compilations in Ref. 37,38, and data from different sources are not distinguished.  
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3.5 Discussion 

This study has investigated the rate of crystal nucleation in four glass-forming polyalcohols 

(glycerol, D-xylitol, D-arabitol and D-sorbitol). These polyalcohols have similar rates of crystal 

growth when compared at the same temperature scaled by Tg, but very different crystal nucleation 

rates (Figure 8). In this section, we discuss these results in the framework of the CNT.  

To implement the CNT, a suitable kinetic factor (kJ in eq. 1) is required. It is common to express 

kJ as a function of some measure of liquid dynamics:  

kJ = fD D  (2) 

kJ = fη/η  (3) 

kJ = fτ/τα  (4) 

where D is the diffusion coefficient, η is the viscosity, τα is the structural relaxation time, and fD, 

fη and fτ are temperature-insensitive constants. (Detailed CNT equations provide explicit 

expressions for the temperature-insensitive constants, but we set aside these details in this work.) 

Since D is unavailable for the polyalcohols, the available η and τα are possible candidates for 

evaluating kJ.42,43,44,45 We note that η and τα should be essentially equivalent for this purpose since 

they are approximately proportional to each other.  

In addition, motivated by the finding (Figure 9) that nucleation and growth rates decrease at a 

similar pace at low temperatures, we shall evaluate another way to calculate kJ 

kJ = fu u  (5) 

where u is the crystal growth rate at low temperatures (or more rigorously ukin), and fu is a 

temperature-insensitive constant. Eq. 5 is not a standard choice in implementing the CNT, but the 

notion is embedded in the theories of crystal growth,10 where the kinetic factor for growth ku is 
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written in the same form as kJ (e.g. proportional to D). The results in Figure 9 suggest that crystal 

growth rate could provide a more accurate estimate of kJ than viscosity. 

Following the literature procedure,2 we test the CNT by plotting a “kinetically scaled” nucleation 

rate against 1/(TΔGv2). For example, if η gives an accurate description of kJ (eq. 3), the function ln 

(Jη) is plotted, and if the CNT holds, the resulting plot should be linear, with its slope yielding the 

interfacial free energy σ. Likewise, Jτα and J/u are plotted for other choices for kJ. Figures 10 and 

11 show these plots. The ΔGv values needed for these plots are calculated using standard 

thermodynamic equations and calorimetric data (see Supporting Information).  

Figures 10 and 11 show that all the reduced nucleation rates are approximately linear on 

1/(TΔGv2), indicating a reasonable performance of the CNT implemented with all the kinetic 

factors (eqs. 3-5). In addition, we find that among these choices, the linearity is the best for the 

(J/u) plot. This is seen by comparing the R2 values and inspecting the curvature of each plot. We 

interpret this to mean that of the three choices, crystal growth rate gives the most accurate 

description of the kinetic factor for nucleation (eq. 5), consistent with our conclusion above in 

connection with Figure 9. With this choice, the CNT gives a reasonable description of our data. 

From the slopes of lines in Figures 10a and 11a, we obtain σ = 0.013 J/m2 for D-sorbitol and 0.026 

J/m2 for D-arabitol; from the intercepts, log fu (m-4) = 20.5 for D-sorbitol and log fu (m-4) = 22.7 

for D-arabitol. The curves in Figures 4a and 5a are calculated from these parameters using eq. 1. 

The σ values obtained are reasonable considering the typical liquid/vapor interfacial energies of 

organic liquids (~0.05 J/m2).  
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Figure 10. CNT test for D-sorbitol. ln (J/u), ln (Jη), and ln (Jτα) are plotted against 1/(TΔGv2). A 
straight line is expected if the CNT holds with a constant σ. The best linearity is seen for the J/u 
plot (a), suggesting the kinetic factor for nucleation is best described as being proportional to u. 
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Figure 11. CNT test for D-arabitol. ln (J/u) and ln (Jτα) are plotted against 1/(TΔGv2). A straight 
line is expected if the CNT holds with a constant σ. Better linearity is seen for the J/u plot (a), 
suggesting the kinetic factor for nucleation is better described as being proportional to u. 
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According to the CNT, the diameter of the critical nucleus is 𝑑𝑑𝑐𝑐 = 4𝜎𝜎
∆𝐺𝐺𝑣𝑣

. For D-sorbitol, we obtain 

dc = 1.3 to 2.6 nm for the temperature range studied. This corresponds to 6 – 45 molecules per 

critical nucleus (the molecular diameter of D-sorbitol is ~ 0.6 nm). Similarly, for D-arabitol, we 

obtain dc = 1.2 to 2.2 nm for the temperature range studied, corresponding to 6 – 31 molecules per 

critical nucleus (the molecular diameter of D-arabitol is ~ 0.5 nm). In the case of lithium disilicate, 

the critical nucleus inferred from the CNT analysis contains approximately 20 structural units.37 

As noted by other workers,2 the small number of molecules in a critical nucleus questions the 

validity of using the bulk free-energy difference ΔGv to represent the free-energy difference 

between a crystal nucleus and the surrounding liquid.  

In summary, the CNT provides a reasonable description of our nucleation rates if the kinetic 

factor kJ is chosen to scale as u. The CNT’s performance is slightly worse if kJ is chosen to scale 

as η or τα. This suggests that the kinetic barrier for nucleation is more accurately described as 

similar to the barrier for crystal growth than to the barrier for viscous flow. Given the widely 

available crystal growth rate data, this potentially offers a general way to analyze nucleation rates. 

This is not to say that the crystal growth rate is a perfect representative of the kinetic factor for 

nucleation. In principle, molecular mobility at a nucleus/liquid interface cannot be identical with 

that at a crystal/liquid interface. Nevertheless, if the two prove to be sufficiently similar, it is of 

significant practical value to use easily-measured growth rates to represent the kinetic factor for 

nucleation. 

Turnbull noted that for pure metals, the ratio α = σg/ΔHm is approximately 0.5, where σg = σg V2/3 

NA1/3 is the molar free energy of the crystal nucleus/liquid interface, with V being the specific 

volume and NA Avogadro’s number, and ΔHm is the enthalpy of fusion.48 Thomas and Staveley 

reported that for molecular liquids, α ≈ 1/3.49 From our results, we obtain α = 0.10 for D-sorbitol 
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and 0.13 for D-arabitol, which are smaller than those of Thomas and Staveley. This difference is 

not understood at present. One possible reason is that the σ values from this studyy are evaluated 

near Tg at which the density difference between the crystal and the liquid is reduced relative to the 

systems studied by Thomas and Staveley near crystal melting points.  

Given that the CNT can describe the nucleation rates in D-sorbitol and D-arabitol, we apply it 

to D-xylitol. For this system, only upper bounds have been obtained for J. Using its crystal growth 

rate to describe the kinetic factor kJ and assuming fu = 1022.7 m-4 (the value for D-arabitol), we 

obtain σ > 0.035 J/m2 (we have assumed that the known crystal form of xylitol crystallizes). In 

Figure 6, the CNT result on D-xylitol is shown with σ = 0.035 J/m2. For glycerol, the same analysis 

yielded σ > 0.027 J/m2 (again assuming the known crystal form crystallizes). For this analysis, the 

limited growth-rate data is extended to lower temperatures, assuming u ∝ τα.50 In Figure 7, the 

CNT result on glycerol is shown with σ = 0.027 J/m2. It is worth noting that all these σ values are 

quite similar, but in the framework of the CNT, enough to cause more than 10-orders-of-magnitude 

changes in nucleation rates (to illustrate this point, for D-xylitol, changing σ by 0.002 J/m2 alters 

the predicted J by a factor of 100). This confirms the difficulty to make first-principle predictions 

by CNT because highly precise interfacial free energies are needed. 

 

Dependence on Crystal Structure. It is worth noting that the nucleation rates are similar in D-

sorbitol and D-arabitol when compared at the same viscosity (Figure 9), but the driving forces for 

the two processes differ significantly. For D-sorbitol, the nucleating polymorph is a low-

crystallinity, metastable phase called polymorph E; its melting point is ~20 K below that of the 

stable form (γ). For D-arabitol, the nucleating polymorph studied is the stable form (Form I). At 

the temperatures of maximal nucleation rates, the driving force ΔGv for nucleating D-sorbitol 
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polymorph E is approximately half that for nucleating D-arabitol Form I (3.4 × 107 J/m3 vs. 7.3 × 

107 J/m3; Figure S1). According to the CNT, for D-sorbitol’s polymorph E to nucleate at a similar 

rate as D-arabitol’s Form I, its σ value must be smaller, by a factor of (7.3/3.4)2/3 ~ 2, which is in 

agreement with the σ values obtained from CNT fitting (0.013 J/m2 for D-sorbitol and 0.026 J/m2 

for D-arabitol). This example shows that the observed rate of nucleation depends strongly on 

whether a viable crystal structure exists to which the liquid can crystallize. If the metastable 

polymorph E did not exist, the apparent nucleation rate in D-sorbitol would have been much slower 

(given the small driving force ΔGv). In fact, our limited work indicates that the γ polymorph of D-

sorbitol nucleates at least 4 orders of magnitude slower than polymorph E, despite a larger driving 

force. The absence of fast-nucleating crystal structures could explain the slow nucleation of D-

xylitol and glycerol.  

The analysis above suggests that the nucleation rate of a given molecular liquid have much to 

do with its crystal-structure landscape, in particular, whether a fast-nucleating polymorph exists, 

even if it grows at a similar rate as other polymorphs. Thus, one approach to understanding the 

glass-forming ability of molecular liquids is to examine the crystal-structure landscape and 

evaluate the propensity for each polymorph to nucleate. There has been significant progress in the 

computational prediction of crystal structures and polymorphs. 51 , 52  This capability could be 

combined with the evaluation of the crystal/liquid interfacial free energy to predict whether a given 

polymorph will nucleate quickly,15 thus providing an assessment of the glass-forming ability from 

the molecular structure alone. 

 

Size of Critical Nucleus and Length Scale for Cooperative Rearrangement. Recently, Gupta 

et al.37 investigated why the CNT appears to describe the nucleation rate in lithium disilicate at 
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high temperatures but not at low temperatures. They argue that the failure of the CNT is related to 

the dynamic heterogeneity in deeply cooled liquid. This idea builds on the proposal of Stevenson 

and Wolynes53 that the mechanism of crystallization changes as the size of the cooperatively 

rearranging region (CRR) increases and eventually exceeds the size of the critical nucleus. Gupta 

et al. suggest that the failure of the CNT for lithium disilicate coincides with the intersection of 

the two length scales. Here we test their idea using the data on D-sorbitol. For this system, the 

CNT appears to hold over the full range of temperature studied (Figure 10a). In Figure 12 we plot 

the length scale of dynamic heterogeneity ξ in D-sorbitol obtained by different methods: 3.6 nm at 

261 K (by DSC),20 2.5 nm at 275 K (ssNMR),54 and 1.5 nm at 267 K (Boson peak).55 This length 

scale should be an upper bound for and is often equated with the size of the CRR. The experimental 

ξ values are quite scattered, a result of different methods and assumptions employed. Qiu and 

Ediger argue that ssNMR provides the most direct measurement of ξ.54 These experimental values 

are in broad agreement with theoretical predictions; for example, 2.3 nm at 275 K by Qiu and 

Ediger54 and 2.7 nm at 268 K by Capaccioli et al.56 As temperature increases, ξ is expected to 

decrease, approaching the molecular diameter (0.6 nm). This expectation is illustrated in Figure 

12 using one of the theoretical predictions (an entropy-fluctuation model by Ediger).54 

Figure 12 also plots the diameter of the critical nucleus (dc) calculated from the nucleation rates 

and the CNT. The dc curve decreases with cooling and at the temperatures studied (273 – 318 K), 

dc is either comparable to or smaller than the experimental values of ξ. According to Gupta et al., 

the CNT should fail under these circumstances. Our data, however, show no such failure. Thus, 

for this system, there is no obvious indication that the CNT fails as a result of an increasing length 

scale of cooperative rearrangement. It would be interesting to measure the nucleation rate in D-

sorbitol down to even lower temperatures to see if the CNT continues to hold.  
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Figure 12. Comparison of the diameter of the critical nucleus dc in D-sorbitol and the length scale 
of dynamic heterogeneity ξ obtained by different methods.20,54,55 dc is calculated from the 
nucleation rates and the CNT; the solid portion of the dc curve corresponds to the experimental 
temperature range and the dashed portion to CNT extrapolation to higher temperatures. A 
theoretical prediction of ξ is included54 to illustrate to the expected temperature dependence of ξ. 
The molecular diameter of D-sorbitol (0.6 nm) is indicated. 
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3.6 Conclusion 

This study has measured the crystal nucleation rates in four structurally similar glass-forming 

liquids: D-sorbitol, D-arabitol, D-xylitol, and glycerol. The measurements were made using the 

one-stage and two-stage methods, yielding consistent results. Similar rates of nucleation were 

observed in D-sorbitol and D-arabitol, but the rates were too slow to measure in glycerol and D-

xylitol. For these four systems, the nucleation rates span a wide range (by at least 10 orders of 

magnitude), but their crystal growth rates are similar when compared at the same Tg-scaled 

temperature. Our results indicate a similar kinetic barrier for crystal nucleation and growth, but 

this barrier is lower than that for the viscous flow of the bulk liquid. The CNT describes our data 

reasonably well if the kinetic barrier for nucleation is taken to be the same as that for growth. The 

theory seems to hold down to the lowest temperature of our study, showing no sign of failure as 

the length scale for corporative rearrangement exceeds the size of the critical nucleus.  

Near and below Tg, molecular glasses are known to exhibit a fast mode of crystal growth (the 

so-called “glass-to-crystal” or GC growth mode).57,58 This growth mode is apparently unlimited 

by bulk dynamics in the liquid state, and has been given a number of explanations, including 

homogeneous nucleation,58 shrinking critical-nucleus size to below the dynamic length scale,53 

and micro-fracture and surface mobility. 59 The phenomenon has been observed in many molecular 

glass-formers (though not the ones studied here). It would be of interest to learn whether there is 

a fast “glass-to-crystal” nucleation mode in molecular glasses.  
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3.9 Supporting Information 

Nucleation rate, growth rate, and other relevant physical properties of the polyalcohols 
studied 
 
Table S1. D-sorbitol. 

Steady-state crystal 
nucleation rate 

T (K) log J (m-3s-1) 
273 5.5 (0.3) 
278 6.6 (0.3) 
288 7.4 (0.3) 
297 6.8 (0.3) 
308 6.1 (0.3) 
318 4.5 (0.3) 

Crystal growth rate 

T (K) log u (m/s) (this work) 
288 -10.34 (0.02) 
296 -9.26 (0.04) 
308 -8.24 (0.01) 
318 -7.67 (0.01) 

Polynomial fitting of growth rates from this and previous works 
(Ref. 1 and 2): 

log u (m/s) = -0.0011332T2 + 0.77634T - 139.7, 271 K < T < 338 K 

Thermodynamic 
properties for 

calculating ΔGv 

Tm (K) = 353, ΔHm (kJ/mol) = 26.7, 
ΔCp (liq.–cryst., J/mol/K) = 694.8-1.785T, T = 271 – 353 K 

Vsp (crystal, cm3/g) = 1.458*10-7T2 + 1.394*10-5T + 0.66013, T = 
260 – 301 K (Ref. 3) 

Viscosity log η (Pa s) = -4.4321 + 682.08/(T - 221), T = 268 – 413 K (Ref. 4)  
Structural relaxation 

time 
τα = 1/(2π fm), where log fm (Hz) = 12.7 – 572/(T - 229),  

T = 263 – 344 K (Ref. 5) 
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Table S2. D-arabitol. 

Steady-state crystal 
nucleation rate 

T (K) log J (m-3s-1) 
263 5.1 (0.3) 
273 7.0 (0.3) 
278 7.6 (0.3) 
288 8.0 (0.3) 
297 7.0 (0.3) 
303 6.8 (0.3) 
313 5.6 (0.3) 
323 4.1 (0.3) 

Crystal growth rate 

T (K) log u (m/s) 
268 -11.75 (0.09) 
273 -10.72 (0.07) 
278 -9.95 (0.05) 
283 -9.16 (0.10) 
288 -8.71 (0.05) 
297 -7.98 (0.03) 
303 -7.62 (0.04) 
308 -7.35 (0.05) 
313 -7.16 (0.04) 
318 -6.78 (0.03) 
323 -6.61 (0.01) 
328 -6.26 (0.02) 
333 -6.04 (0.02) 
338 -5.96 (0.02) 
343 -5.85 (0.02) 
348 -5.80 (0.01) 
353 -5.71 (0.01) 
358 -5.67 (0.03) 
363 -5.68 (0.01) 
368 -5.80 (0.03) 

Polynomial fitting of growth rates: 
log u (m/s) = 0.0000067522T3 - 0.0071578T2 + 2.5476T- 310.15, 

268 K < T < 363 K 

Thermodynamic 
properties for 

calculating ΔGv 

Tm (K) = 376, ΔHm (kJ/mol) = 39.9 (0.2), 
ΔCp (liq.–cryst., J/mol/K) = -4.15*10-3T2 + 2.56T - 210, T = 268 – 

363 K 
ρ (crystal, g/cm3) a = 1.493 at T = 295 K (Ref. 6) 

Structural relaxation 
time log τα = -11.98 + 935/(T-231), T = 265 – 313 K (Ref. 7) 

Note: a ρ of D-arabitol crystal is consistent with 1.489 g/cm3 for L-arabitol crystal at room 
temperature8.  
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Table S3. D-xylitol. 

Crystal growth rate 

T (K) log u (m/s) 
273 -9.35 (0.04) 
278 -8.84 (0.05) 
288 -7.78 (0.04) 
297 -7.18 (0.04) 
303 -6.72 (0.05) 
313 -6.43 (0.05) 
318 -6.11 (0.07) 
323 -6.08 (0.03) 
328 -5.64 (0.06) 
333 -5.64 (0.06) 
338 -5.58 (0.04) 
343 -5.39 (0.12) 
348 -5.39 (0.11) 
353 -5.67 (0.10) 

Polynomial fitting of growth rates: 
log u (m/s) = -0.00066136T2 + 0.46215T - 86.17,  

273 K < T < 348 K 
Structural relaxation 

time τα = 6.4*10-14 exp[1290/(T-210)], T = 250 – 400 K (Ref. 9) 

 
Table S4. Glycerol. 

Crystal growth rate 

T (K) log u (m/s) (this work) 
243 -6.41 (0.03) 
253 -6.06 (0.02) 
258 -5.88 (0.01) 
265 -5.78 (0.01) 
268 -5.76 (0.01) 
273 -5.87 (0.04) 
279 -6.27 (0.02) 

Structural relaxation 
time 

τα = 1/(2π fm), where fm = 7.4*1013 exp[-2240/(T-130)],  
T = 184 – 355 K (Ref. 10) 
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Calculation of ΔGv (thermodynamic driving force for crystallization) 
ΔGv is calculated with the following equations: 

∆𝐺𝐺𝑉𝑉 = (∆𝐻𝐻𝑉𝑉 − 𝑇𝑇∆𝑆𝑆𝑉𝑉) 

∆𝐻𝐻𝑉𝑉 = ∆𝐻𝐻𝑚𝑚 + � (𝐶𝐶𝑝𝑝𝑝𝑝 −
𝑇𝑇

𝑇𝑇𝑚𝑚
𝐶𝐶𝑝𝑝𝑝𝑝)𝑑𝑑𝑑𝑑 

∆𝑆𝑆𝑉𝑉 = ∆𝑆𝑆𝑚𝑚 + � (𝐶𝐶𝑝𝑝𝑝𝑝 −
𝑇𝑇

𝑇𝑇𝑚𝑚
𝐶𝐶𝑝𝑝𝑝𝑝)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

where ΔHv and ΔSv are enthalpy and entropy differences between the crystal and the liquid, ΔHm 

and ΔSm are the heat of fusion and the entropy of fusion, and (Cpl - Cpc) is the heat capacity 

difference between the liquid and the crystal. The fusion data are from this work and the literature 

(Table 1 in the main text);1,11 heat capacities are from this work by temperature modulated DSC 

(Tables S1 and S2) except for glycerol whose data are from Ref. 11. To convert the per-mole value 

of ΔGv to the per-volume value, crystal densities are used, given in Tables S1 and S2 for D-sorbitol 

and D-arabitol; ρ (crystal) = 1.515 g/cm3 for D-xylitol at room temperature,12 and 1.402 g/cm3 for 

glycerol at 143 K.13 The calculated ΔGv values are shown in Figure S1. 
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Figure S1. Calculated ΔGv values for D-sorbitol, D-arabitol, D-xylitol and glycerol as a function 
of temperature relative to Tm. 
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Polymorphs of D-arabitol 

 

Figure S2. Comparison of two polymorphs of D-arabitol. (a) Crystal morphologies. (b) Crystal 
growth rates. (c) Raman spectra. (d) XRD patterns (* indicates peaks unique to Form II).  
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4.1 Abstract 

Low-concentration polymers can strongly influence crystal growth in small-molecule glasses, a 

phenomenon important for improving physical stability against crystallization. We measured the 

velocity of crystal growth in two molecular glasses, nifedipine (NIF) and o-terphenyl (OTP), each 

doped with 4 or 5 different polymers. For each polymer, the concentration was fixed at 1 wt % and 

a wide range of molecular weights was tested. We find that a polymer additive can strongly alter 

the rate of crystal growth, from a 10-fold reduction to a 10-fold increase. For a given polymer, 

increasing molecular weight slows down crystal growth and the effect saturates around DP = 100, 

where DP is the degree of polymerization. For all the systems studied, the polymer effect on crystal 

growth rate forms a master curve in the variable (Tg polymer – Tg host)/Tcryst, where Tg is the glass 

transition temperature and Tcryst is the crystallization temperature. These results support the view 

that a polymer’s effect on crystal growth is controlled by its segmental mobility relative to the 

host-molecule dynamics. In the proposed model, crystal growth rejects impurities and creates local 

polymer-rich regions, which must be traversed by host molecules to sustain crystal growth at rates 

determined by polymer segmental mobility. Our results do not support the view that host-polymer 

hydrogen bonding plays a controlling role in crystal growth inhibition.  

 
4.2 Introduction 

Glasses are amorphous solids formed by cooling liquids, drying solutions and condensing vapors 

while preventing crystallization. Glasses combine the mechanical strength of crystals and the 

spatial uniformity of liquids with numerous applications ranging from optics to structural 

materials. While better known glasses are inorganic, polymeric and metallic, there is increasing 

interest in organic glasses of relatively low molecular weight (“molecular glasses”) for 

applications in pharmaceutics, 1  bio-preservation 2  and electronics. 3  In all their applications, 



103 
 

 

amorphous materials must resist crystallization. While this requirement is easily met by some 

glasses, others – notably molecular glasses – readily crystallize,4,5,6,7,8,9,10 making the inhibition 

of crystallization a major task in developing these materials. 

Crystallization has two elemental steps – nucleation and growth, which have different kinetics. 

In the context of controlling crystallization in molecular glasses, an important phenomenon is the 

strong inhibitory effect of polymers on the process of crystal growth.11,12,13,14,15,16 For example, at 

only 1 wt %, polyvinylpyrrolidone can slow crystal growth in nifedipine by a factor of 10,14,15 

suggesting the potential to use polymers as a general method to stabilize organic glasses. At 

present, it is still unclear how to select the best polymer for this purpose and more important, how 

a polymer interferes with the process of crystal growth. Some propose that host-polymer hydrogen 

bonding plays a controlling role,12,13,16 while others suggest that the polymer’s segmental mobility 

is important.15 A deeper understanding in this area is relevant for producing stable amorphous 

materials and controlling crystallization using low-concentration additives. 

In this study, we systematically investigated the effect of several polymers with different 

molecular weights on crystal growth in the glasses of nifedipine (NIF) and o-terphenyl (OTP). NIF 

and OTP are model molecular glass-formers, which show relatively fast crystal growth in the 

glassy state.4,11 The utilized polymers were polybutadiene (PB), polyisoprene (PI), poly(ethylene 

glycol/oxide) (PEG/PEO), polystyrene (PS), poly(4-tert-butylstyrene) (PtBS) and 

polyvinylpyrrolidone (PVP). At the molecular weight and concentration (1 wt %) used, they are 

all miscible with the host molecules and except for the highest molecular weight used, are present 

in the dilute state (the polymer concentration is below the contact concentration c*).17,18,19,20,21 For 

each polymer, the molecular weight covered a wide range to provide a critical assessment of the 

polymer attributes that control the effect on crystallization. 
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We find that at 1 wt %, the polymer additive can strongly alter the rate of crystal growth in the 

glasses of NIF and OTP, from a 10-fold reduction to a 10-fold increase. For a given polymer, 

increasing molecular weight systematically slows down crystal growth and the effect saturates 

around DP = 100, where DP is the degree of polymerization. For all the systems studied, the 

polymer effect on crystal growth rate forms a master curve in the variable (Tg polymer – Tg host)/Tcryst, 

where Tg is the glass transition temperature and Tcryst is the crystallization temperature. These 

results support the view that the polymer’s segmental mobility relative to host-molecule dynamics 

controls its effect on crystal growth. Our results do not support the view that host-polymer 

hydrogen bonding controls crystal growth inhibition. We suggest a tentative model for the polymer 

effect on crystal growth on the basis of fracture, surface diffusion, and host-polymer segregation 

on the surface.  

 
4.3 Experimental Section 

Nifedipine (NIF) and o-terphenyl (OTP) were obtained from Sigma-Aldrich (St. Louis, MO) 

and used as received. Polystyrene (PS), polybutadiene (PB), and polyisoprene (PI) were purchased 

from Scientific Polymer Products Inc. Polyisoprene (PI) was obtained from Polymer Source Inc. 

and Sigma-Aldrich. Poly(4-tert-butylstyrene) (PtBS) was purchased from Polymer Source Inc. 

Poly (ethylene glycol) (PEG) or poly (ethylene oxide) (PEO) was purchased from Sigma-Aldrich. 

The dimer of vinyl pyrrolidone (“VP dimer”) was from Abbott Laboratories. Polyvinylpyrrolidone 

(PVP) was from ISP Technologies, BASF, and GAF Chemicals. Figure 1 shows the molecular 

structures of the materials in this study and Table 1 collects the relevant information on the 

polymers used. Figure 2 shows the Tg of polymers used relative to the Tg of the host molecules. 

For the systems studied, the presence of 1 wt % polymer generally had only a small effect on the 
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host Tg (< 1 K). For the oligomers of PB and PI (M < 1000 g/mole), a slightly larger depression of 

the host Tg was observed, up to 2 K. 
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Figure 1. Molecular structures of the materials in this study. NIF: nifedipine; OTP: o-terphenyl; 
PB: polybutadiene; PI: polyisoprene; PEO: poly (ethylene oxide); PVP: polyvinylpyrrolidone; PS: 
polystyrene; PtBS: poly (t-butyl styrene). 
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NIF glasses containing polymers were prepared by cryomilling (SPEX CertiPrep 6750 with 

liquid nitrogen as coolant) followed by melting and cooling. 1 g of 10 wt % polymer-doped NIF 

glasses were cryomilled first and then diluted to 1 g of 1 wt % polymer-doped NIF glasses. Each 

sample was milled at 10 Hz for five 2-min cycles, each followed by a 2-min cool down. To make 

a sample for measuring crystal growth, 2-3 mg of NIF glasses was melted at 453 K on a round 

coverslip (diameter = 15 mm) for 1 min and then covered by another coverslip to make a sandwich 

sample. The sample was cooled to room temperature by contact with an aluminum block. Because 

of its photosensitivity, all NIF samples were shielded from light. To measure the crystal growth 

rates, the NIF samples were nucleated at 333 K and then stored in a desiccator at 303 K or 313 K 

maintained with an oven stable within ± 1 K. Faster crystal growth at higher temperatures was 

observed with a Linkam THMS 600 hot stage (temperature stability ± 0.1 K) in flowing nitrogen. 

OTP glasses containing 1 wt % polymer additive were prepared by direct dissolution. The correct 

amounts of OTP and polymer additive were weighed, mixed and heated in a sealed vial at 353 K 

for at least 48 h with intermittent shaking to obtain a clear solution. A drop of the OTP solution 

was pipetted on a coverslip and covered by another coverslip. To initialize crystallization, a piece 

of OTP crystal was pushed into contact with the edge of the OTP liquid at room temperature. The 

sample was cooled to 243 K in a Linkam THMS 600 cold stage and crystal growth was observed 

under nitrogen purge. 

Crystal growth rate was measured through an Olympus BH2-UMA polarized light microscope 

equipped with a digital camera. Each reported growth rate is the average of 9-12 measurements in 

three separate samples.  
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Differential Scanning Calorimetry (DSC) measurements were performed in crimped aluminum 

pans with approximately 4-6 mg materials, using a TA Q2000 differential scanning calorimeter. 

The samples were cooled and heated at 10 K/min under 50 ml/min N2 purge to determine the Tg.  

Polymorphs of NIF crystals were identified with a Raman microscope (Thermo Scientific DXR 

Raman microscope; 780 nm laser). The polymorph of NIF crystal matched the known Raman 

pattern of β NIF,22 with the following identifying peaks: C−C−O stretch (1215 cm−1), and C=C 

stretch (1651 cm−1). Only one OTP crystal structure is known (Cambridge Structural Database 

Ref. Code: TERPHO02) and was observed. 
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Figure 2. The glass transition temperatures Tg of the polymers used in this work shown as 
functions of molecular weight. The Tg of the host molecular glass is shown as horizontal line.  
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Table 1. Properties of the polymers used. 
 Mw (g/mol) or range Mw/Mn Tg (K) 

Polybutadiene 520 1.11 162 
(PB) 940 1.08 167 

 2640 1.05 175 
 5020 1.04 174 
 56 K 1.01 175 
 242 K 1.06 175 
 400 K 1.43 174 

Polyisoprene 1100 1.1 191 
(PI) 2450 1.02 199 

 4600 1.04 204 
 9870 1.03 207 
 18 K 1.04 209 
 38 K NA 207 
 176 K 1.15 208 

Poly (ethylene oxide) 200 (190-210) NA 203 
(PEO) 400 (380-420) NA 223 

 600 (570-630) NA 231 
 2000 (1900-2100) NA 245 
 3350 (3000-3700) NA 256 
 8 K (7-9 K) NA 253 
 20 K (16-20 K) NA 245 
 100 K (Mv) NA 226 
 8000 K (Mv) NA 220 

Polystyrene 201 1.02 204 
(PS) 580 1.07 255 

 1110 1.12 307 
 1780 1.09 326 
 3680 1.08 349 
 8400 1.05 364 
 17 K 1.04 367 
 97 K 1.01 377 
 979 K 1.06 378 

Poly (t-butyl styrene) 2350 1.07 336 
(PtBS) 33 K 1.04 417 

 156 K 1.08 422 
 1500 K 1.35 424 

Polyvinylpyrrolidone 224 (“VP dimer”) NA 217 
(PVP) 2000-3000 (“K12”) NA 375 

 8000 (“K15”) NA 393 
 44-54 K (“K30”) NA 437 
 1-2 M (“K90”) NA 449 

Note: Tg values of PB from Hintermeyer et al.23; Tg values of PEO from Faucher et al.24; Tg 
values of PVP from Powell et al.15 All other data from this work.  
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4.4 Results 

Before measuring its effect on crystal growth, we confirmed that each polymer used was 

miscible with the host molecules at the concentration used (1 wt %). This conclusion was based 

on the systematic change of the mixture’s glass transition temperature Tg and melting point Tm 

with concentration.15,25,26 Figure 3a illustrates the Tm test for NIF doped with PB 400K: Tm changes 

from pure NIF, to 1 wt % PB 400K doped NIF, to 10 wt % doped NIF, consistent with full 

miscibility at 1 wt % between the components.  

In addition to the Tg and Tm tests, the dependence of crystal growth rate on polymer concentration 

was also used to evaluate the state of mixing. For miscible systems, the crystal growth rate u 

decreases exponentially with the polymer concentration (log u is linear on c). This is illustrated in 

Figure 3b for NIF doped with PVP K15.14,15 In contrast, the corresponding data on NIF doped with 

PS exhibit plateaus. We interpret these results to mean that PS 17K is miscible with NIF up to ~ 1 

wt %, whereas PS 97K is immiscible at 1 wt %. Because of this, PS 97K was not used in 

crystallization studies, but PS 17K was. 
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Figure 3. (a) Melting endotherms of NIF crystals in the presence of 1 and 10 wt % PB 400K at a 
2 K/min heating rate. The results show that at 1 wt %, the polymer is miscible with NIF. (b) Crystal 
growth rates of NIF at 303 K in the presence of PS 17K, PS 97K and PVP K15 as functions of 
polymer concentration. The results indicate that PVP K15 is miscible with NIF, PS 17K is miscible 
up to ~ 1wt %, and PS 97K is immiscible at 1 wt %. 
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Figure 4 shows typical data collected in this work. The process of crystal growth was followed 

in a pure NIF glass at 303 K and in NIF glasses containing 1 wt % PI 1100 and 176 K. These 

crystals are polycrystalline spherulites and their growth rate is constant in time (Figure 4d). 

Relative to pure NIF, the presence of 1 wt % PI (a low Tg polymer; see Figure 2) significantly 

speeds up NIF crystal growth. The rate increase depends on the PI molecular weight: by a factor 

of 20 for PI 1100 and a factor of 5 for and PI 176 K.  

Figure 5 summarizes the data collected on the effect of 1 wt % polymer on crystal growth in NIF 

glasses. Crystal growth rates u are shown for two temperatures of crystallization, Tcryst = 303 and 

313 K, and plotted as functions of the polymers’ molecular weights. The u value for a pure NIF 

glass is shown as horizontal line. Notice a wide range of effects of a polymer additive on the crystal 

growth rate: PB, PI and PEO speed up crystal growth, whereas PVP and PS slow down crystal 

growth. It is noteworthy that at such a low polymer concentration of 1 wt %, the crystal growth 

rate in an NIF can be increased or decreased by one order of magnitude. 

Notice also that the polymer’s molecular weight has a strong effect on the NIF crystal growth 

rate. For a given polymer, increasing the molecular weight systematically decreases the crystal 

growth rate and the effect saturates near Mw = 10 kg/mol. All the polymers tested show virtually 

the same molecular weight dependence, at both temperatures of crystallization (303 and 313 K).  
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Figure 4. Process of crystal growth at 303 K in an NIF glass (a) and an NIF glass containing PI 
1100 (b) and PI 176 K (c). (d) Distance of crystal growth vs. time. 
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Figure 5. Crystal growth rates in NIF glasses doped with 1 wt % polymers of different structures 
and molecular weights. (a) 303 K. (b) 313 K. For each temperature, the growth rate in pure NIF 
glass is shown as horizontal line.  
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Figure 6 shows typical data collected for polymer-doped OTP glasses. The process of crystal 

growth was followed in a pure OTP glass at 243 K and in OTP glasses containing 1 wt % PI 1100 

and 176 K. As in the case of NIF (Figure 4), the crystals formed are polycrystalline spherulites 

with constant growth rates (Figure 6d). Relative to pure OTP, the presence of 1 wt % PI 1110 has 

little effect on crystal growth rate, while 1 wt % PI 176K slows down OTP crystal growth.  

Figure 7 summarizers the data collected on the effect of 1 wt % polymer on crystal growth in 

OTP glasses. Crystal growth rates u are plotted as functions of the polymers’ molecular weights. 

The u value for a pure OTP glass is shown as horizontal line. Notice that a polymer additive 

generally slows down crystal growth in OTP, with the exception of PB whose oligomers speed up 

crystal growth. For PS and PtBS, the inhibitory effect is very strong on crystal growth, reducing 

the growth rate by more than one order of magnitude. 

As in the case of NIF, the polymer’s effect on OTP crystal growth varies with its molecular 

weight. For a given polymer, increasing the molecular weight decreases the crystal growth rate 

and the effect saturates near Mw = 10 kg/mol for PB and PI and near 100 kg/mol for PS and PtBS. 

The overall pattern is similar to that observed for NIF (Figure 5). 
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Figure 6. Process of crystal growth at 243 K in a pure OTP glass (a) and an OTP glass doped 
with PI 1100 (b) and PI 176 K (c). (d) Distance of crystal growth vs. time. 
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Figure 7. Crystal growth rates in OTP glasses doped with 1 wt % polymers of different structures 
and molecular weights. The growth rate in pure NIF glass is shown as horizontal line. 
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The latter point is further demonstrated in Figure 8, where the results on NIF and OTP are plotted 

together. To emphasize the molecular weight dependence, we normalize each crystal growth rate 

(u) by u∞, the growth rate plateau in Figures 5 and 7 reached at high polymer molecular weight. 

This normalization is equivalent to vertically shifting the data points to coincide at high molecular 

weights. Figure 8 shows that after this normalization, all the data points cluster together, forming 

a common trend.  For this plot, we have used the degree of polymerization DP (DP = molecular 

weight of the polymer/molecular weight of the monomer) instead of molecular weight as the x axis 

because it slightly improves the collapsing of data. The general pattern revealed by Figure 8 is that 

for the systems studied, increasing the polymer’s DP decreases the rate of crystal growth rate and 

the effect saturates around DP = 100.  

Figure 9 shows another instructive way our results can be organized. Here we measure the 

polymer effect on crystal growth using the ratio u/uhost, where uhost is the crystal growth rate of the 

pure molecular glass and u is the value in the presence of a polymer. This ratio is plotted against 

(Tg polymer–Tg host)/Tcryst, where host = NIF or OTP, Tg polymer and Tg host are the Tgs of the polymer 

and the host, respectively, and Tcryst is the crystallization temperature. In this format, all the results 

of this study are organized into a master curve. The points above the horizontal line correspond to 

the cases where the polymer accelerates the crystal growth of host molecules, and those below to 

the cases where the polymer has an inhibitory effect. Figure 9 indicates that the polymer effect on 

crystal growth correlates strongly with the ratio (Tg polymer –Tg host)/Tcryst. It is significant that this 

master curve includes all the systems studied, including two hosts, three temperatures of 

crystallization, and 4 or 5 polymer additives in each host with wide ranges of molecular weights. 

As we discuss later, the ratio (Tg polymer–Tg host)/Tcryst measures the polymer’s segmental mobility 

relative to the host dynamics at the temperature of crystallization. 
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Figure 8. Normalized crystal growth rates in NIF and OTP glasses vs. the polymer’s degree of 

polymerization. Note a similar dependence on DP for all polymers tested in both molecular glasses. 
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Figure 9. Polymer effect on crystal growth measured by u/uhost plotted against (Tg polymer–Tg 

host)/Tcryst, where Tcryst is the crystallization temperature. All the results of this study are organized 
into a master curve in this manner. 

 

  



122 
 

 

We close the Results section with a comment on a peculiar behavior of PS-doped OTP glasses. 

At some PS fractions, two rates of crystal growth were observed. Figure 10a/b shows this 

phenomenon for the PS 8400 fraction: in the fast mode, the growth rate u is four times larger than 

in the slow mode. This phenomenon is observed in the Mw range 2 – 17 kg/mol, but not at lower 

or high Mw (Figure 10c). In the fast mode, u is insensitive to the PS molecular weight, whereas in 

the slow mode, it is. At present, the mechanisms for the two crystal growth modes are still unclear. 

The foregoing analysis (Figures 7-9) has focused on the slow mode in the PS-OTP system.  
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Figure 10. (a) Fast and slow modes of crystal growth in PS-doped OTP at 243 K. (b) Growth 
distance vs. time for the two growth modes. (c) Crystal growth rate in an OTP glass at 243 K 
containing 1 wt % PS of different molecular weights. Two rates are observed (fast and slow) for 
PS 1780, 3680, 8400 and 17K, and only one for other PS fractions.  
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4.5 Discussion 

This study has examined the effect of low-concentration polymers on crystal growth in two 

molecular glasses (NIF and OTP). At 1 wt %, the polymer can strongly alter the rate of crystal 

growth, from a 10-fold reduction to a 10-fold increase. For a given polymer, increasing molecular 

weight slows down crystal growth and the effect saturates around DP = 100 (Figure 8). For all the 

systems studied, the polymer effect on crystal growth forms a master curve in the variable (Tg 

polymer – Tg host)/Tcryst (Figure 9). As we discuss here, these findings support the notion that the 

polymer’s segmental mobility relative to the host-molecule mobility controls crystal growth in 

molecular glasses. We propose a tentative model for this effect. 

The fact that a polymer’s effect on crystal growth saturates with increasing molecular weight M 

argues that its center-of-mass diffusion constant D or intrinsic viscosity [η] does not have a rate-

limiting role in the process. For our systems, the polymer is in a dilute solution (no entanglement), 

and both D and [η] are expected to change monotonically with M: D roughly as M -0.5 (Ref. 27 and 

28) and  [η] roughly as M 0.5 (Ref. 29 and 30). These trends are predicted by standard models.31 

These trends, however, differ from the M dependence of a polymer’s effect on crystal growth 

(Figure 8), where a plateau is reached near DP = 100. It follows that D or [η] does not define the 

rate-limiting step for crystal growth in host molecular glasses.  

The same analysis above also suggests that the segmental mobility of polymer chains is a 

possible limiting factor for crystal growth. It is known that a polymer’s segmental mobility in a 

dilute solution decreases with increasing molecular weight but reaches a plateaus near DP = 100.32 

This dependence is consistent with standard models.31 This molecular weight dependence of 

segmental mobility is in excellent agreement with that of a polymer’s effect on crystal growth 

(Figure 8).  
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A further support for our conclusion is provided by the master curve in Figure 9, showing a 

strong correlation between a polymer’s effect on crystal growth and the ratio (Tg polymer - Tg 

host)/Tcryst. According to Angell,33 the relaxation time τ of a glass-forming molecular liquid is well 

described by  

                log τ = log τg + m (Tg/T – 1)    (1) 

where T is a temperature near Tg, τg is the relaxation time at Tg (~ 100 s), and m is a fragility 

index. For the two host liquids, m = 80 for OTP34 and 83 for NIF.35 These values are typical of 

glass-forming molecular liquids, though one should note a sizable variation in the literature values 

(a 20 % difference is not uncommon for a given system). This variation arises in part from the 

non-Arrhenius T dependence of τ, making its apparent activation energy sensitive to the choice of 

Tg. Eq. (1) also describes the segmental relaxation time τseg for a polymer melt with m having 

broadly similar values: m = 70-120 for PS,23 70-90 for PB,23 70-140 for PtBS,36 and 75-85 for PI.37   

At the crystallization temperature Tcryst, the host-polymer mobility difference is given by 

                log τseg/τhost = m (Tg polymer - Tg host)/Tcryst    (2) 

Thus the ratio (Tg polymer – Tg host)/Tcryst is directly related to τseg/τhost, and the master curve in 

Figure 9 indicates a strong correlation between a polymer’s effect on crystal growth (measured by 

u/uhost) and the host-polymer mobility difference, where the polymer mobility refers to its 

segmental mobility. Note that the ratio τseg/τhost refers to the mobility difference between a neat 

polymer and a pure host at a common temperature. It might be more relevant to evaluate this 

property in the actual polymer solution. There is no direct experimental data at present on this 

property for our systems. The self-concentration model38 predicts that τseg of a polymer solute is 

not the same as the solvent dynamics τseg, but “remembers” its intrinsic mobility in the neat state. 

This is because for a given polymer segment, the local concentration of polymer segments exceeds 
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the overall bulk concentration. This is a consequence of chain connectivity. The self-concentration 

effect means that τseg of the neat polymer can be used to rank τseg in a dilute solution.    

How does the polymer’s segmental mobility control crystal growth in a molecular glass? Here 

we give a tentative answer with the aid of Figure 11. Our model is based on two recent studies. At 

the temperatures studied, crystal growth in NIF and OTP glasses is in the so called “glass-to-

crystal” or GC mode.4,5,11 In this process, crystal growth is not limited by the structural relaxation 

time in the amorphous phase.  

Among its various explanations,4,5,39,40,41,42 the most recent by Powell et al.42 hypothesizes that 

GC growth involves creation of voids and free surfaces (possibly through fracture) and the surface 

transport of molecules. Their proposal is based on the observation that volume is conserved during 

GC growth despite a higher density of the crystal. They reasoned that crystal growth must create 

voids and free surfaces, which in turn accelerate local transformation. Their proposal is consistent 

with the fact that the velocities of crystal growth on the free surface and in the bulk have similar 

temperature dependence. A second result underlying our model is the finding26 that 1 wt % 

polystyrene in OTP can strongly inhibit the decay of surface gratings. A corrugated surface grating 

flattens under the driving force of surface tension, with molecules migrating from the peaks of the 

grating (regions of high chemical potential) to the valleys (low chemical potential). Zhang et al. 

suggest that in this process, slow-diffusing polymer molecules are stranded and enriched in regions 

vacated by host molecules. 

As shown in Figure 11, we hypothesize that free surfaces are constantly created during crystal 

growth, perhaps by fracture. The free surface allows fast transport of molecules to join the crystal. 

This process is known to create a depletion zone near a crystal,43 also depicted in Figure 11. We 

imagine that polymer molecules are rejected by the growing crystal, accumulating near the 
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crystal/glass interface.26 Eventually, host molecules must migrate through a polymer-enriched 

region to reach the crystal. Based on previous work,44, 45, 46, 47 translational diffusion of small 

molecules through a polymer matrix is limited by the segmental mobility of polymer chains. If the 

passage of host molecules through polymer-enriched regions becomes rate-limiting, we would 

expect a strong correlation between a polymer’s effect on crystal growth and its segmental 

mobility, as observed in this study.  
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Figure 11. Model for crystal growth in molecular glasses containing dilute polymers (black 
circles). Fc is crystallization flux. 
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Does host-polymer hydrogen bonding control crystal growth in molecular glasses? It has 

been proposed that host-polymer hydrogen bonding has a controlling effect on crystal growth in 

molecular glasses.13,16 Here we evaluate this proposal against the results of this work. Of the two 

host molecules, NIF is a donor and an acceptor of hydrogen bonds, while OTP is neither. Among 

the utilized polymers, PVP and PEO are acceptors; the rest (PB, PI, PS, and PtBS) are neither 

donors nor acceptors. The hydrogen-bonding model makes predictions only for NIF-polymer 

systems. The strength of hydrogen bonding with NIF is PVP (strongest) > PEO > PB ~ PI ~ PS 

(none). However, the inhibitory effect of a polymer on crystal growth follows the order: PVP > PS 

> PEO > PI > PB. The latter order is different from the order for host-polymer hydrogen bonding. 

In particular, PEO forms hydrogen bonds with NIF but accelerates its crystal growth; PS forms 

no hydrogen bonds with NIF but inhibits its crystal growth.  

A second test of the hydrogen-bonding model is to examine how molecular weight affects a 

polymer’s effect on crystal growth. Since it makes no reference to molecular weight, this model 

predicts the same effect independent of the degree of polymerization. Our results, however, show 

that the effect of a polymer on crystal growth significantly increases with molecular weight and 

reaches a plateau near DP = 100. The hydrogen-bonding model therefore does not correctly 

describe the systems studied. If a single property is to be used to predict crystal growth inhibition, 

the ratio (Tg polymer – Tg host)/Tcryst performs much better (Figure 9) than host-polymer hydrogen 

bonding. The hydrogen-bonding model has the further shortcoming that it makes no predictions 

for systems without hydrogen bonds. 
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4.6 Conclusion 

In this study, we measured the crystal growth rate of amorphous NIF and OTP in the presence 

of 1 wt % polymer additives with different structures and molecular weights. We found that 1 wt 

% polymer additives can strongly alter the rate of crystal growth, from a 10-fold reduction to a 10-

fold increase. For a given polymer, increasing molecular weight systematically slows down crystal 

growth and the effect saturates around 10-100 kg/mol (DP ≈ 100). For all the systems studied, the 

polymer effect on crystal growth rate forms a master curve as a function of (Tg polymer–Tg host)/Tcryst. 

These results argue that center-of-mass diffusion or intrinsic viscosity of polymer chains does not 

define the rate-limiting step for the crystallization of host molecules, while segmental mobility 

likely plays this role. This view is consistent with all the host-polymer systems studied and serves 

as a basis for prediction. On the basis of crystallization-induced fracture and surface diffusion, a 

tentative model is proposed to explain why a polymer’s segmental mobility controls the crystal 

growth of host molecules. 
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5.1 Abstract 

The rate of crystal nucleation in liquid D-sorbitol has been measured in the presence of 

polyvinylpyrrolidone (PVP) of different concentrations and molecular weights, and compared with 

the rate of crystal growth measured under the same conditions. The presence of PVP can 

significantly reduce the rate of nucleation. At the temperatures studied (near the temperature of 

maximal nucleation rate in pure sorbitol), 10 wt % PVP K30 can reduce the rate of nucleation by 

a factor of 40, and the effect increases with polymer concentration and with falling temperature. 

At a fixed polymer concentration (10 % wt), the polymer’s inhibition effect becomes stronger with 

increasing molecular weight. Under the same conditions of this study, the polymer additive shows 

a similar effect on the rate of crystal growth, suggesting a similar kinetic inhibition of nucleation 

and growth by the polymer additives. These results can be explained by the reduction of molecular 

mobility in the presence of the polymer. They do not support the view that polymer-host hydrogen 

bonding is the controlling factor since PVP of different molecular weights form the same number 

of hydrogen bonds per monomer but have very different effects on nucleation and growth at the 

same weight fraction.  

 
5.2 Introduction 

There is considerable interest in understanding the crystallization in supercooled molecular 

liquids and glasses. These materials have important applications in organic electronics, bio-

preservation, and pharmaceutics. Amorphous drugs are useful for the delivery of poorly soluble 

drugs, taking advantage of their higher solubility than the corresponding crystals. A central issue 

in developing amorphous materials is to prevent crystallization, since crystallization negates all 

their advantages over crystalline materials. Many molecular glasses readily crystallize,1,2,3, 4,5 

making the understanding of crystallization a major task in developing these materials. 
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Crystallization consists of nucleation and growth. In the nucleation step, a viable nucleus forms, 

followed by the growth to macroscopic size. Given their very different kinetics, nucleation and 

growth must be studied independently. At present, the understanding is further advanced on crystal 

growth in glass-forming molecular liquids6,7,8 than on nucleation.9 It has been shown that crystal 

growth in molecular glasses can be substantially faster relative to the process in the liquid state 

owing to crystallization-induced fracture and fast surface diffusion.10 In contrast, quantitative 

measurements of nucleation rates have been conducted only recently. These measurements have 

found a greater variation between systems in nucleation rate relative to growth rate. 

Most amorphous materials contain multiple chemical components. Amorphous drugs, for 

example, are often formulated with polymers to inhibit crystallization and improve wetting by 

water. It is important to understand how a polymer additive influences nucleation and growth in a 

molecular glass. Here, again, the polymer effect is better understood on crystal growth than on 

nucleation. Recent work has shown that polymers can effectively inhibit crystal growth in 

molecular glasses. 11,12,13,14,15,16,17 For a dilute polymer additive that is melt-miscible with the host 

molecules, the segmental mobility of the polymer chain plays an important role in controlling the 

effect on crystal growth.17 The goal of this work is to expand the current understanding to include 

the polymer effect on crystal nucleation. This would help produce stable amorphous materials by 

controlling crystallization using polymer additives. 

In this study, the rate of crystal nucleation is measured in D-sorbitol, a well-studied molecular 

glass-former, that contains polyvinylpyrrolidone (PVP) of different concentrations and molecular 

weights. For comparison, the effect of the polymer on crystal growth rate is also assessed under 

the same conditions. We find that PVP can significantly reduce the rate of nucleation. At the 

temperatures studied (near the temperature of maximal nucleation rate in pure sorbitol), 10 wt % 
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PVP K30 can reduce the rate of nucleation by a factor of 40. The polymer effect increases with 

increasing polymer concentration and with falling temperature. At a fixed concentration, the 

polymer effect is stronger at higher molecular weight. Interestingly, the polymer’s effect on crystal 

growth rate runs approximately in parallel with that on nucleation rate, suggesting a similar kinetic 

inhibition of both processes at the temperatures studied. These results can be explained by the 

elevated viscosity in the presence of polymer solutes. 

 
5.3 Experimental Section 

D-sorbitol (purity ≥  99%) was purchased from Sigma-Aldrich (St. Louis, MO) and used as 

received. The dimer of vinyl pyrrolidone (“VP dimer”) was from AbbVie Inc. 

Polyvinylpyrrolidone (PVP) of different molecular weights was purchased from commercial 

sources: PVP K12 (Kollidon 12PF) and PVP K30 (Kollidon 30) from BASF; PVP K15 from ISP 

Technologies (Texas City, TX); PVP K90 from GAF Chemicals. Table 1 shows molecular 

structures and some physical properties of the materials utilized.  

A D-sorbitol solution containing PVP was prepared by cryomilling (SPEX CertiPrep 6750 with 

liquid nitrogen as coolant) followed by melting. A 1 g mixture of D-sorbitol and 10 wt % PVP was 

prepared first by cryomilling. This mixture was diluted if necessary (e.g. to 2 wt % PVP), also by 

cryomilling. Each sample was cryomilled at 10 Hz for five 2-min cycles, each followed by a 2-

min cooldown. To make a sample for measuring the rates of crystal nucleation and growth, 30-50 

mg of a D-sorbitol/PVP mixture was melted at 413 K on a coverslip for 12 h to remove air bubbles; 

the clear melt was covered by another coverslip to make a sandwich. The thickness of the liquid 

film was calculated from its mass, its density, and its lateral area (defined by the area of the 

coverslip). The sample thickness was confirmed not to affect the observed rates of nucleation and 

growth (by varying thickness from 40 to 400 μm). The sample was cooled and stored in a 
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desiccator at target temperatures maintained with ovens (±1 K). To obtain nucleation rates, crystals 

were observed and counted through a polarized light microscope (Olympus BX53) equipped with 

a digital camera. Crystal growth rate was measured by tracking the size of a crystal front over time; 

each reported rate is the average of 9-12 measurements in three separate samples.  

Differential Scanning Calorimetry (DSC) measurements were performed in crimped aluminum 

pans with approximately 5-10 mg materials, using a TA Q2000 differential scanning calorimeter. 

The samples were melted in pans at 413 K for 12 h to remove air bubble, and cooled and heated 

at 10 K/min under 50 ml/min N2 purge to determine the Tg.  

 
5.4 Results 

Polymer-Host miscibility. To interpret a polymer’s effect on the rates of crystal nucleation and 

growth, it is important to determine whether it is miscible with the host molecules. Given that the 

isomer of D-sorbitol, D-mannitol, is continuously miscible with PVP, 18  miscibility is likely 

observed between PVP and D-sorbitol. Limited experiments were performed to verify miscibility 

at the concentrations studied (up to 10 wt %). For this purpose, the mixture’s glass transition 

temperature Tg was measured as a function of PVP concentration, and a gradual change of Tg 

would be an indication of miscibility. Figure 1 shows the results of this Tg test for D-sorbitol 

containing PVP K90 (the highest molecular-weight fraction used). Note the systematic increase of 

Tg with the concentration of PVP. The increase of Tg is expected because of the high Tg of PVP 

(Tg = 449 K for PVP K90) relative to D-sorbitol (Tg = 269 K). The data in Figure 1 cover the PVP 

concentration range 0 – 20 wt %, ensuring that miscibility exists at all the concentrations used in 

this study (≤ 10 wt %). 
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Table 1. Molecular structures and properties of the materials used in this study. 

 Molecular structure Mw (g/mol) Tg (K) 

D-sorbitol 
OH

HO

OH

OH

OH
OH

 
182.2 269 

VP dimer 

 

224 217 
PVP K12 2000-3000 375 
PVP K15 8000 393 
PVP K30 44-54 K 437 
PVP K90 1-2 M 449 

 
  

O

CH2 CH

N

n
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Figure 1. DSC traces of the glass transition in PVP K90 doped D-sorbitol to test the miscibility of 
the components. 
  



143 
 

 

Crystal Nucleation Rates. In this work, the one-stage method was used to measure the crystal 

nucleation rates at the temperatures where crystal growth is relatively fast. The D-sorbitol liquids 

containing PVP of different molecular weights or concentrations are allowed to nucleate and grow 

for some time t0 at which individual crystals are observable. The typical data for D-sorbitol liquid 

containing 10% PVP K30 is shown in Figure 2a. It is worth noting that the crystals have different 

sizes. Since the crystal grows at a constant rate u of 0.2 μm/h, an early-born crystal nucleus has 

longer time to grow to a larger size. The birth time of each crystal is calculated from its current 

size (radius, r): 

t = t0 – r/u  

where t0 is the current time (time of observation).  

The ability to date the birth of each crystal allows the determination of the number of nucleation 

events per unit volume as a function of time (Figure 2b). An induction period noted in other work,19 

a steady state where the nuclei density per unit volume increases linearly with time, and a deviation 

period from the steady state because of the less remaining liquid are shown in the plot. In this 

study, we focus on the polymer effect on the steady-state nucleation rate J, given by the slope of 

the plot in Figure 2b (J = 1.9 × 105 m-3·s-1 at 297 K). It is worth noting that in the calculation of 

birth time, u is the growth rate of the observable crystal and is assumed to be the same for the 

(invisible) crystal nucleus. If the nucleus growth rate differs from that of the mature crystal, a 

constant shift is added to the calculated birth times without affecting the calculation of the steady-

state nucleation rate. 

The one-stage method above requires relatively fast growth rate of crystals to be observable, 

and is unsuitable when crystal growth is slow. A two-stage method has been employed for this 

situation,20 and applied to measure J in pure D-sorbitol and D-arabitol previously.9 Here, PVP 
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doped D-sorbitol liquids are allowed to nucleate at a low temperature and then heated to a high 

temperature to grow the nuclei to visible size to be counted. The growth temperature is chosen so 

that pre-formed nuclei can grow quickly but no new nuclei form during the time of development.  

The typical data collected by the two-stage method is shown in Figure 3. The D-sorbitol liquid 

containing 10 wt % PVP K30 spent different times at 288 K but the same time (5 h) at 313 K. It is 

obvious that the sample spending longer time at 288 K (504 h) developed more crystals than the 

sample with shorter time (67 h), while both contained crystals of similar size (ca. 90 μm). 

Furthermore, before heating to 313 K, no crystals were visible, and without the time at 288 K, no 

crystals were observed at 313 K up to 10 h. All these results confirm that the crystals (seen in 

Figure 3a) nucleated at 288 K and grew at 313 K. This allows the determination of the density of 

nuclei formed at 288 K as a function of nucleation time (Figure 3b). As in Figure 2b, an induction 

period is evident, followed by a steady state nucleation whose rate is J = 6.7 × 105 m-3·s-1. No 

deviation period from the steady state is shown in this two-stage method, which might result from 

the slow crystal growth inside sorbitol-PVP liquids during the nucleation step at 288 K. 

Crystal Growth Rates. In addition to the crystal nucleation, the rates of crystal growth are 

determined by tracking the size of a crystal front over time. Figure 4 shows the typical data 

collected in this work. The process of crystal growth was recorded in a pure D-sorbitol liquid and 

in a D-sorbitol liquid containing 10 wt % PVP K30. These crystals are polycrystalline spherulites, 

and the crystal growth rate is constant in time (Figure 2b). Relative to pure D-sorbitol, the presence 

of 10 wt % PVP K30 significantly slows down D-sorbitol crystal growth by a factor of 10 at 297 

K. This polymer effect is consistent with the previous observations a miscible high-Tg polymer 

can effectively inhibit crystal growth in a molecular liquid.15,17  
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Figure 2. (a) A sample of D-sorbitol containing 10 wt % PVP K30 after crystallizing for 16.5 days 
at 297 K. Note the different crystal sizes. Since the crystals grow at a constant rate of 0.2 μm/h, 
the larger ones were born earlier, and the smaller ones born later. This enables the determination 
of the number of crystal nuclei formed per unit volume as a function of time (b). The slope of this 
plot is the nucleation rate of 1.9 × 105 m-3·s-1. 
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Figure 3. (a) Crystals observed after 10 wt % PVP K30 doped D-sorbitol liquids spent different 
times at 288 K (67 or 504 h) to nucleate followed by 5 h at 313 K to grow. (b) Nuclei density as a 
function of nucleation time at 288 K. The slope of this plot is the nucleation rate of 6.7 × 105 m-

3·s-1. 
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Figure 4. Process of crystal growth at 297 K in (a) D-sorbitol and (b) D-sorbitol containing 10 wt 
% PVP K30. Regions of different brightness correspond to crystals grown at different 
temperatures. (c) Distance of crystal growth vs time. The slope is the growth rate of 2 μm/h for 
pure D-sorbitol and 0.2 μm/h for D-sorbitol containing 10% PVP K30. 
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Effect of Polymer Concentration on Crystal Nucleation and Growth. Figure 5 summarizes 

the data collected on the effect of PVP K30 of different concentrations (2, 5 and 10 wt %) on the 

rates of crystal nucleation and growth in D-sorbitol liquids. The effect of PVP was evaluated at 

several temperatures near the temperature at which nucleation is the fastest in pure D-sorbitol (see 

black circles in Figure 5a). At the 10 wt % PVP concentration, nucleation rate J was measured at 

all but one temperature at which the pure liquid was investigated (the very lowest temperature was 

skipped because of long experimental time). For this system, the J vs temperature curve as the 

same shape as that for the pure system. The temperature of maximal nucleation rate Tmax is 

approximately 288 K. The presence of the polymer, however, decreases the rate of nucleation at 

every temperature investigated. At 288 K, the inhibitory effect is a factor of 40 and this effect 

increases with falling temperature (see below). In addition to 10 wt %, other PVP concentrations 

were investigated but at more limited temperatures (all above Tmax). The results (Figure 5a) show 

that with increasing PVP concentration, J decreases.  

Figure 5b shows the effect of PVP on the rates of crystal growth in D-sorbitol. For comparison 

with the nucleation rates, the crystal growth rates were measured at approximately the same 

temperatures. These results indicate that the rate of crystal growth systematically decreases with 

increasing PVP concentration. Note that at most of the temperatures studied, the J and u have the 

opposite temperature dependence.  
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Figure 5. Effect of PVP K30 on the rate of crystal nucleation (a) and growth (b) in D-sorbitol. The 
polymer concentration ranges from 0 to 10 wt %.  
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In Figure 6, the rates of nucleation and growth are plotted against the PVP K30 concentration. 

Figure 6a shows that at a given temperature, log J decreases approximately linearly with polymer 

concentration. Furthermore, with cooling, the slope of each line becomes steeper. This signifies 

that PVP has a greater inhibitory effect on nucleation at lower temperatures. 

Figure 6b reveals a similar effect of PVP on the rates of crystal growth. At a given temperature, 

log u decreases almost linearly with PVP concentration, and the slope of the line becomes steeper 

at lower temperatures. Thus, the presence of PVP slows down crystal growth in D-sorbitol in a 

similar manner as it does nucleation. 

  



151 
 

 

 
Figure 6. The rate of crystal nucleation J (a) and growth u (b) in D-sorbitol containing PVP K30 
of different concentrations. Note that in most of the temperature range studied, J and u have 
opposite temperature dependence. 
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Effect of Polymer Molecular Weight on Crystal Nucleation and Growth. Figure 7 

summarizes the data collected to test the effect of polymer molecular weight on crystal nucleation 

and growth in D-sorbitol. For these experiments, the PVP concentration was held at 10 wt %. For 

the molecular-weight fraction “K30”, measurements were made at nearly all the temperatures 

investigated for the pure system, while for the other fractions, only three temperatures above Tmax 

were investigated. Figure 7a shows that at 10 wt %, all PVP fractions suppress the rate of crystal 

nucleation, but the effect depends strongly on the molecular weight. The VP dimer has very little 

effect, while the highest molecular-weight fraction PVP K90 reduces the nucleation rate by nearly 

two orders of magnitude at 297 K. The data indicate that at a fixed temperature, the inhibitory 

effect of PVP increases with molecular weight, and that for a given PVP fraction, the inhibitory 

effect becomes stronger with falling temperature.  

In Figure 8, the rates of crystal nucleation and growth are plotted against the molecular weight 

of PVP at the constant polymer concentration. Figure 8a shows that at a given temperature, J 

decreases systematically with polymer molecular weight. These log J vs log Mw plots are almost 

(but not perfectly) linear; the slope of the line becomes slightly steeper with falling temperature 

(from - 0.3 at 318 K to – 0.4 at 297 K). Figure 8b shows a similar effect of PVP’s molecular weight 

on crystal growth. At each temperature, log u decreases almost linearly with log Mw and the slope 

of the line becomes steeper with falling temperature (from -0.2 at 318 K to -0.4 at 297 K). 
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Figure 7. The rate of crystal nucleation (a) and growth (b) in D-sorbitol containing 10 wt % PVP 
of different molecular weights (VP dimer, PVP K12, PVP K15, PVP K30 and PVP K90).  
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Figure 8. The rate of crystal nucleation (a) and growth (b) in D-sorbitol containing 10 wt % PVP 
as a function of PVP molecular weight. 
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5.5 Discussion 

This study has examined the effect of PVP of different concentrations and molecular weights 

on the crystal nucleation and growth in D-sorbitol liquids. At the temperatures studied, PVP can 

significantly reduce the rates of both nucleation and growth, with its effect intensifying with 

increasing polymer concentration, increasing polymer molecular weight, and decreasing 

temperature. There seems to be strong similarity between the PVP effects on nucleation and 

growth. Here we further explore this similarity to understand the role of the polymer in the 

crystallization of the small-molecule host. 

In Figure 9, the results in Figure 5 (same molecular weight, different concentrations) and Figure 

7 (same concentration, different molecular weights) are plotted together in the format u/uhost = 

J/Jhost, where uhost and Jhost are the rates of crystal growth and nucleation in pure D-sorbitol, 

respectively. The diagonal line represents u/uhost = J/Jhost, the condition where the polymer has the 

same effect on growth and nucleation. Figure 9 shows that all the data points approximately cluster 

together, and the overall trend roughly follows u/uhost = J/Jhost. This indicates that at the 

temperatures of this study, the rates of nucleation and growth are similarly affected by the polymer. 

The deviation from the diagonal line reflects the fact that the polymer effect on nucleation is 

slightly stronger than on crystal growth (greater change in J than in u).  

According to classical theories, the rates of nucleation and growth in a pure liquid can be written 

in a similar form: 

J = kJ Fthermo J 

u = ku Fthermo u  

In these equations, k is a kinetic factor specifying the frequency at which attempts are made to 

enlarge a nascent nucleus (kJ) or a macroscopic crystal (ku), and Fthermo is a thermodynamic factor 
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relevant for nucleation (Fthermo J) or growth (Fthermo u). Given the relatively low polymer 

concentration (≤ 10 wt %), it is a reasonable first approximation to assume that the thermodynamic 

factors are not significantly altered relative to the pure system. Under this assumption, the simplest 

interpretation of our results is that the polymer reduces the kinetic factors kJ and ku to a similar 

extent. For pure D-sorbitol, kJ and ku have nearly the same temperature dependence,9 suggesting a 

similar kinetic barrier for nucleation and growth. Thus, to a first approximation, the polymer effect 

observed can be attributed to an increase of the kinetic barrier common for nucleation and growth. 

For a single-component system, the kinetic factors kJ and ku are linked to motions of only one 

type of molecules. For a binary system, however, the motions of both components are potentially 

relevant. The magnitude of the polymer effect observed here, nearly two orders of magnitude 

suppression of J at the lowest temperatures, argues that the polymer’s mobility may have an 

important role in inhibiting crystallization. This is because at a concentration 10 wt % or lower, 

PVP is not expected to reduce the mobility of host molecules by two orders of magnitude. Exactly 

how polymer mobility influences crystallization is still unclear. Previous studies of crystal growth 

in molecular glasses (T < Tg) have observed that a polymer’s effect correlates with its segmental 

mobility.15,17 That result is rationalized on the basis of a special mechanism of crystal growth in 

molecular glasses (“GC growth”) involving crystallization-induced fracture and local 

transformation by surface diffusion, and the polymer’s interference of the process. That conclusion 

has questionable validity here since crystal growth occurs in a viscous liquid where fracture cannot 

occur. Our results in Figure 8 show that the polymer’s inhibitory effect on J and u increases steadily 

with molecular weight. This rules out segmental mobility as the controlling factor since segmental 

mobility becomes insensitive to molecular weight above approximately 100 monomers (Mw ≈ 10 

kg/mol for PVP).21,22 Our results are weakly suggestive of a possible role for the polymer’s center-
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of-mass diffusion. The diffusion coefficient of a polymer chain in a dilute solution should scale 

with its molecular weight roughly as M -0.5.23,24,25 In comparison, our data in Figure 8 show that J 

and u vary with the PVP molecular weight as M -ξ, where ξ = 0.2 to 0.4. 

Further progress in this area will require a detailed evaluation of the effect of the polymer solute 

on the thermodynamic driving force of crystallization.18 Given the very different temperature 

dependence of the thermodynamic factors for nucleation and growth, there could be a 

thermodynamic contribution to the different responses of nucleation and growth to a polymer 

impurity. 

Effect of hydrogen bonding. It has been proposed that polymer-host hydrogen bonding has a 

controlling effect on the polymer’s ability to inhibit crystal growth in a molecular glass.26,27 Here, 

we evaluate this proposal against the results of this work, recognizing that the data were not 

collected in the glassy state, but in the liquid state. D-sorbitol is a donor and an accepter of 

hydrogen bonds; PVP is an acceptor of hydrogen bonds. At the same weight fraction of PVP, we 

expect the same number of hydrogen bonds per unit volume, regardless of the polymer’s molecular 

weight. The hydrogen-bonding model would predict that all PVP molecular-weight fractions 

should have the same effect on nucleation and growth. However, our results show a strong 

molecular weight dependence of the polymer’s effect on crystallization. Our results are consistent 

with the view that the polymer’s mobility plays an important role in controlling the crystallization 

of host molecules. 
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Figure 9. Correlation between the PVP effects on nucleation and growth. Normalized crystal 
growth rate u/uhost plotted against normalized crystal nucleation rate J/Jhost in PVP doped D-
sorbitol. This plot includes the data in both Figure 3 (same Mw, different concentrations) and Figure 
5 (same concentration, different Mw). The line represents u/uhost = J/Jhost (the polymer has the same 
effect on growth and nucleation). 
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5.6 Conclusion 

We have measured the rates of crystal nucleation and growth in D-sorbitol liquids in the presence 

of polyvinylpyrrolidone (PVP) of different concentrations and molecular weights. We find that 

PVP can significantly reduce the rate of nucleation and its effect increases with increasing polymer 

concentration, with increasing polymer molecular weight, and with falling temperature. The 

polymer’s effect on crystal growth rate is quite similar to that on nucleation rate, suggesting a 

similar kinetic control of the two processes at the temperatures studied. These results suggest that 

the polymer’s mobility (possibly center-of-mass diffusion) may be involved in its inhibitory effect 

on crystal nucleation and growth. Our results do not support the view that polymer-host hydrogen 

bonding is the controlling factor.  
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6.1 Abstract 

Synchrotron total X-ray scattering has been used to characterize the hydrogen bonds (HBs) in 

three polyalcohols in the crystalline state and the amorphous state (liquid or glass). For each 

system, the atomic pair distribution function (PDF) shows a well-resolved peak at 2.7 Å after 

removing intramolecular contributions. This peak corresponds to the O…O distance in an 

intermolecular HB. We find that the O…O bond length does not change significantly from the 

crystal to the liquid or glass, while the O…O coordination number (the number of HBs formed by 

each OH group) is ~10% lower in the amorphous phase. The distribution of the O…O distance is 

slightly narrower in the amorphous phase than in the crystal, perhaps a result of many distinct 

O…O distances in a crystal (static disorder) in order to achieve regular 3D packing. Furthermore, 

the O…O distance obtained from total is systematically shorter that that found in single-crystal 

structures (by ~0.03 Å). This might result from the fact that single-crystal diffraction yields mean 

atomic positions, whereas total scattering yields correlations between atomic pairs.  

 
6.2 Introduction 

X-ray scattering has been used to study the structure of liquids and glasses ever since the 

invention of the technique. 1 , 2  It is the standard method to measure a liquid’s atomic pair 

distribution function (PDF). Experimental PDFs have provided critical tests for theories of atomic 

liquids3, 4 and water.5 The availability of high-energy synchrotron X-ray sources has enabled 

measurements of “total scattering” up to high momentum transfer, which is necessary to obtain 

high-quality PDFs through Fourier transform.6 In this work, the method of total scattering is 

applied to characterize hydrogen bonds (HBs) in three polyalcohols in the liquid and glassy state. 

HBs are prevalent in molecular materials. Thanks to single-crystal X-ray diffraction, much is 

known about hydrogen bonds in crystals.7 The same is not true in the liquid state. The best studied 
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system is undoubtedly water owing to its importance and its “simplicity” (only three atom-atom 

correlations need to be determined). HBs have been studied in mono-alcohols.8,9 After removing 

intramolecular contributions, the intermolecular PDF contains a peak at ROO ≈ 2.7 Å corresponding 

to the O…O distance in an intermolecular HB. By this method, the number of HBs formed by each 

OH group NOO can be obtained. For mono-alcohols, NOO is close to and slightly smaller than 2 

(~1.8 for methanol and ethanol at 293 K), consistent with a HB network of finite size in which 

each OH is donor once and acceptor once. Vahvaselka et al. wrote, “Even though the number of 

C atoms in the alcohol molecule increases, the ability to form hydrogen bonds remains the same.”9 

The nature of HBs is less well understood in polyalcohol liquids. At present, only the lower 

members ethylene glycol (C2O2H6) 10 and glycerol11,12 have been studied, and there is considerable 

disagreement in the literature. For example, there is no consensus on whether HBs in polyalcohols 

are exclusively intermolecular or partially intramolecular. 13 (This question does not arise for 

mono-alcohols.) Another complexity for polyalcohols is that these molecules can potentially adopt 

different conformations in the liquid state. In the case of glycerol, there are six distinct conformers, 

and many have been proposed to dominate in the liquid state.12 

To improve the understanding in this area, we have investigated the liquids of 3 higher 

polyalcohols: D-arabitol (C5O5H12), D-mannitol (C6O6H14), and dulcitol (C6O6H14, a stereoisomer 

of D-mannitol); see Scheme 1. One reason for choosing these molecules is that they are expected 

to have straight carbon chains in the liquid state, and this simplifies the analysis of total scattering 

(see below). These are also the systems that have been studied in this thesis (Chapter 3) with 

respect to crystal nucleation. There, a key finding is that the liquids of these seemingly similar 

molecules have very different nucleation rates (10 orders of magnitude). One way to understand 
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this difference is to compare the liquid structure with the crystal structure, under the assumption 

that structural similarity might lead to facile nucleation.  

 
6.3 Experimental Section 

D-mannitol (purity ≥ 99 %) was purchased from Alfa Aesar; dulcitol (purity ≥ 97 %) and D-

arabitol (purity ≥ 99 %) were purchased from Sigma-Aldrich. They were used as received. For 

scattering experiments, each sample was placed in an X-ray transmitting silica capillary tube (1.5 

mm diameter, 10 μm wall thickness). A liquid or glass sample was prepared by melting the crystal 

in a capillary tube and quenching the sample into an ice-water bath. A crystalline sample was 

prepared by crystalizing the liquid in the capillary tube at an elevated temperature (373 K for 10 

min for D-mannitol and dulcitol; 363 K overnight for D-arabitol). This procedure yielded a good 

Debye powder, with uniform rings in its 2D diffraction pattern. From the diffraction patterns, the 

crystal polymorphs were determined, and they are summarized in Table 1. In the case of D-

mannitol, an apparently polyamorphic transition occurs if the supercooled liquid is heated above 

its Tg (284 K), but this transition does not occur under the conditions of this study (275 K, 15 min). 

Synchrotron X-ray diffraction was performed on the 6-ID-D beamline at the Advanced Photon 

Source (APS), Argonne National Laboratory (Illinois, USA). The X-ray wavelength is λ = 0.12355 

Å. A Perkin-Elmer amorphous silicon two-dimensional detector was utilized to collect the 

scattered X-ray intensity with an active area of 409.6 × 409.6 mm2 (2048 × 2048 pixels with a 

pixel size of 200×200 μm2). The capillary sample tube was placed horizontally on a sample holder, 

and the sample temperature was controlled using a cryostream system (Oxford Instruments). The 

sample-to-detector distance was 32.46 cm (determined by measuring the diffraction of a cerium 

dioxide standard). Multiple scans were performed to achieve a total acquisition time of 15 minutes 

for each sample.  
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Two-dimensional diffraction patterns of polyalcohols were integrated azimuthally using the 

program FIT2D14 to obtain a one-dimensional intensity vs. q curve, where q = (4π/λ) sinθ is the 

momentum transfer (2θ is the scattering angle). The program PDFGETX215 was used to perform 

various corrections of the data to obtain the structure factor S(q) for coherent scattering, including 

container background, beam polarization, Compton effect, oblique incidence, sample absorption, 

and detector efficiency, and to Fourier transform the corrected data to obtain the pair distribution 

function (PDF). The usable S(q) covers the range from qmin = 0.3 Å-1 to qmax = 21 Å-1. The S(q) 

values at lower q were obtained by linearly extrapolating the function F(q) = q [S(q) – 1] to zero 

at q = 0.  

The program DebyePDFCalculator in DiffPy-CMI16 was used to calculate the structure factor 

for a single molecule in random orientations and the corresponding PDF. The single molecule was 

obtained from the known crystal structures in the Cambridge Structural Database (CSD): 

DMANTL08 for D-mannitol, 17 GALACT for dulcitol, 18 and VOZMAY for D-arabitol. 19 For 

these calculations, Diffpy-CMI used a single displacement factor Uiso for all atomic pairs (Uiso = 

σ2/2, where σ is the width of the distribution for the atom-atom distance due to static disorder or 

thermal fluctuation).  

NXFit was used to perform fitting of a peak in the PDF to obtain the characteristics of the atom-

atom correlation responsible for that peak, including its distance R, its coordination number N, and 

its displacement factor σ.20 For this purpose, NXFit calculates the peak that would appear in the 

PDF for a hypothetical atom-atom correlation by computing its contribution to the structure factor 

S(q) and performing a Fourier transform of this contribution under the same conditions used to 

transform the experimental data (the same qmax and window function).20 This procedure is 
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necessary since the width of a PDF peak depends on the conditions of Fourier transform. NXFit 

requires as input the atomic form factors, which we obtained from standard tabulations.21 

 
6.4 Results and discussion 

Figure 1 shows the structure factors S(q) for the polyalcohols studied. In this work, S(q) is 

defined by:6 

𝑆𝑆(𝑞𝑞) = 1 + 𝐼𝐼(𝑞𝑞)−<𝑓𝑓2>
<𝑓𝑓>2

   (1) 

In eq. (1), I(q) is the coherent scattering of the sample scaled to oscillate about <f 2> (atom-

averaged self-scattering power of each molecule) at high q, and < f > is the atom-averaged 

scattering power of each molecule. Defined in this way, S(q) contains both intramolecular and 

intermolecular contributions. The validity of the data reduction procedure can be tested against the 

S(0) value obtained. Because of the low compressibility of solids (or liquids near Tg), the scattering 

intensity at q = 0 is weak and the S(0) value defined by eq. 1 should be approximately 1 − <𝑓𝑓2>
<𝑓𝑓>2

. 

For D-mannitol and dulcitol, this value is -0.66; for D-arabitol, it is – 0.68. They agree with the 

experimental S(q) extrapolated to q = 0. A noteworthy feature in Figure 1 is that the crystal and 

the liquid have similar S(q) at high q (> 8 Å-1). This is a well-understood result for molecular 

liquids. Since strong covalent bonds within a molecule have well-defined distances, their 

contribution to scattering persists to higher q than less well-defined intermolecular correlations. 

This result suggests that the molecular structure in the liquid is similar to that in the crystal. 
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Scheme 1. Molecular structures of three polyalcohols studied here. 
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Figure 1. Total structure factors S(q) for the crystals and the supercooled liquids of D-mannitol, 
dulcitol and D-arabitol. The crystal data were collected at 298 K and the liquid data at 275 K. 
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Figure 2 shows the differential PDF, D(r), for the polyalcohols studied. D(r) is obtained by 

a Fourier sine transform as follows, 

𝐷𝐷(𝑟𝑟) = 2
𝜋𝜋 ∫ 𝑞𝑞(𝑆𝑆(𝑞𝑞) − 1) sin(𝑞𝑞𝑞𝑞)𝑑𝑑𝑑𝑑𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

0     (2) 

where qmax is the upper limit of the usable q range of experimental data. For our data, qmax = 21 Å-

1 and no window function was used. D(r) is related to two other types of PDF as follows: T(r) = 

D(r) + 4πρr, where ρ is the atomic number density (atoms/Å3); G(r) = T(r)/(4πρr), where G(r) has 

the familiar physical meaning that the integral of 4πρ r2 G (r)  over some r range is the number of 

atoms within that range. 

Figure 2 shows that for each polyalcohol, the PDFs of the crystal and the liquid are identical 

at short distances (< 2.5 Å), while significant differences are seen at longer distances. The 

agreement at short distances again, reflects the identical covalent bonds in the two phases. The 

peak at 1.5 Å corresponds to the covalent bonds in the molecule (C-C and C-O); the peak at 2.3 Å 

corresponds to the second-nearest-neighbor distance across two consecutive covalent bonds (its 

constancy is a result of nearly constant covalent bond angles). Given the length of each polyalcohol 

molecule (~ 7 Å for D-mannitol and dulcitol, ~ 6 Å for D-arabitol), the crystal and the liquid PDFs 

are expected to still resemble each other above 2.5 Å, but their difference should increase with 

distance owing to different molecular packing. This is indeed seen in Figure 2. For each system, 

there is significant corrleation between the crystal and the liquid for r = 2.5 – 6 Å, but at longer 

distances, no correlation is evident. For r > 6 Å, the crystal PDF is dominated by the regular 

spacings of crystal packing, whereas the liquid PDF by the damped oscillation characteristic of 

molecular packing in a dense liquid. 

  



172 
 

 

 
Figure 2. Differential PDFs D(r) for the crystals and supercooled liquids of D-mannitol, dulcitol 
and D-arabitol. 
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The next step in data reduction is to remove the intramolecular contribution to the total 

PDF to obtain the intermolecular PDF.8 In terms of the T (r) function, we have 

𝑇𝑇(𝑟𝑟)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇(𝑟𝑟) − 𝑇𝑇(𝑟𝑟)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖        (3) 

where T(r)intra is the X-ray weighted intramolecular PDF. In Figure 3, we illustrate the isolation of 

intermolecular PDF according to eq. (3) using crystalline D-mannitol (the α polymorph) as an 

example. The T(r) trace (solid curve in Figure 3a) is obtained from the experimental D(r) (Figure 

2a) and the atomic number density ρ from single-crystal diffraction (Table 1). The T(r) intra trace 

(dotted curve) is calculated from the known molecular structure in this crystal17 using the Debye 

model. The displacement factor σ in the model is varied to reproduce the widths of the peaks 

corresponding to covalent bonds (i.e., peaks at 1.5 Å and 2.3 Å). In this case, σ = 0.077 Å. The σ 

value describes the width of the unresolved distribution of the C-C and C-O covalent bond lengths 

and any thermal effect on them. Notice that the intramolecular T(r) reproduces quite well the low 

r peaks corresponding to covalent bonds. 

Figure 3b shows the intermolecular PDF T(r)inter obtained by subtracting T(r)intra from T(r). 

The T(r)inter curve has no significant peaks below 2.5 Å as expected, and its first major peak is at 

2.7 Å and almost fully resolved. It corresponds to the O…O correlation in an intermolecular HB. 

Fitting this peak using the program NXFit, we obtain ROO = 2.72 Å for the bond length, NOO = 1.9 

for the coordination number of the oxygen atom (the number of HBs formed by each OH group 

acting both as donor and as acceptor), and σ = 0.099 Å. The parameter σ characterizes the width 

of the distribution of the O…O distance due to thermal fluctuation and static disorder.  

The validity of these results from total scattering can be assessed by comparison with the 

values from single-crystal diffraction. In the single-crystal structure of D-mannitol at the same 

temperature (298 K), there are 6 distinct O…O distances with an average of 2.76 Å and a standard 
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deviation of 0.043 Å.  The average O…O distance in the single-crystal structure is in reasonable 

agreement with the ROO value from the PDF method. The PDF ROO value seems slightly smaller 

than the single-crystal value, and the same decrease is also observed with other polyalcohols 

studied (Table 1). At present, we have no satisfactory explanation for this effect. Systematic 

differences have been reported between bond lengths obtained from single-crystal diffraction and 

from total scattering, and have been attributed to the fact that the former method determines the 

mean atomic positions while the latter, the atomic pair-correlation functions.22 In the single-crystal 

structure of D-mannitol, NOO is 2; that is, each OH group forms two HBs, serving as donor once 

and acceptor once. The slightly different NOO value from total scattering (1.9) is attributed to the 

error of the method. A similar ~ 10 % discrepancy in NOO is observed with the other polyalcohols 

(Table 1).  

Having gained some confidence in the procedure to extract intermolecular correlations in 

crystals, for which the answer it known, we now apply it to liquids. Unlike the crystal case, there 

is no definitive knowledge of the molecular conformation in the liquid state. As a first 

approximation, it is not unreasonable to assume that the molecuclar conformation in the liquid is 

the same as that in the crystal. For the polyalcohols studied here, this assumption has additional 

justification. Based on an analysis of steric hindrance, Jeffrey and Kim23 proposed that the carbon 

chain of a polyalcohol should be an extended zigzag if the configurations (D or L) on alternate 

carbons are different. This “rule” is based on the avoidance of short contact between two OH 

groups on alternate carbons. This model can predict polyalcohol conformations in crystals with 

considerable success. According to this model, D-mannitol, dulictol and D-arabitol should be 

extended zigzags, which is indeed the case in the actual crystal structures. Jefferey and Kim argue 

that this rule should be valid (perhaps more valid) in the liquid state, except that the terminal OH 
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group could be able to reorient relative to the carbon backbone. This prediction is consistent with 

the liquid-state NMR spectra of D-mannitol24 and with the results of molecular simulations.25 

Figure 4a shows the intramolecular PDFs of D-mannitol calculated using the four 

conformers consistent with the model of Jefferey and Kim. Starting from the conformation in the 

crystal, three additional conformations are generated by rotating the two terminal OH groups 

relative to the nearest C-C bond. The resulting T(r)intra curves are nearly indistinguishable below 

2.9 Å, and differences are seen only at longer distances. Figure 4b shows the four intermolecular 

PDFs obtained by subtracting the four intramolecular PDFs from the total. All the results contain 

the peak of interest at 2.7 Å and there is no significant difference in this peak between the different 

models of removing the intramolecular contribution. The same conclusion is drawn upon analyzing 

the dulcitol and D-arabitol data the same way (Figures 5 and 6). For simplicity, we use the 

molecular conformation in the crystal to represent the conformation in the liquid.  
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Figure 3. Illustration of the separation of intra- and intermolecular contributions of the total PDF. 
The system is D-mannitol in the α polymorph. 
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Table 1. Intermolecular hydrogen bonds in the polyalcohols studied. 
 D-mannitol  Dulcitol D-arabitol 

Formula C6O6H14 C6O6H14 C5O5H12 
Crystalline phase (298 K) 
     Single-crystal diffraction: 

ρ, g/mL 1.471 1.496 1.493 
ρ, atoms/Å3 0.1264 0.1286 0.1300 

ROO, Å 2.764 2.717 2.763 
σ (static), Å 0.043 0.059 0.066 

NOO 2 2 2 
CSD ref. code DMANTL01 GALACT VOZMAY 

Reference 26 18 19 
     Total powder scattering: 

ROO, Å 2.72 2.69 2.72 
σ (total), Å 0.099 0.097 0.102 

NOO 1.91 2.12 2.18 
    

Glass or liquid (275 K) 
ρ, g/mL 1.442 (278 K)27 1.43 1.40 

ρ, atoms/Å3 0.1239 (278 K)27 0.123 0.122 
ROO, Å 2.72 2.69 2.72 

σ, Å 0.094 0.088 0.082 
NOO 1.77 1.74 1.71 

NOO (amorph)/NOO (cryst) 0.92 0.82 0.78 
 

Notes: ROO is the shortest O…O distance in an intermolecular HB. NOO is the coordination 
number of the oxygen atom (the number of HBs formed by each OH group acting as donor or 
acceptor). σ is a parameter characterizing the width of the distribution of the O…O distance due 
to thermal fluctuation and static disorder.  
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Figure 4. (a) Effect of terminal OH orientation on the intramolecular PDF of D-mannitol. (b) 
Calculated intermolecular PDF of the D-mannitol glass assuming different intramolecular PDFs 
in (a). 
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Figure 5. (a) Effect of terminal OH orientation on the intramolecular PDF of dulcitol. (b) 
Calculated intermolecular PDF of the dulcitol glass assuming different intramolecular PDFs in (a). 
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Figure 6. (a) Effect of terminal OH orientation on the intramolecular PDF of D-arabitol. (b) 
Calculated intermolecular PDF of the D-arabitol liquid assuming different intramolecular PDFs in 
(a). 
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Figure 7 shows the intermolecular PDFs T(r) for the three polyalcohols studied. For each 

system, results are presented on both the crystalline phase and the amorphous phase. All the traces 

show a well-resolved peak at 2.7 Å corresponding to the O…O correlation in an intermolecular 

HB. There is no significant difference between the crystalline phase and the liquid phase in the 

position of this peak, indicating that the lengths of the intermolecular HBs are similar in the two 

phases. This is confirmed by numerical fitting using NXFit (Table 1).  

Close inspection of Figure 7 shows that the 2.7 Å peak of the amorphous sample has a 

slightly smaller area and is slightly narrower than the peak in the crystalline sample. This is also 

supported by the analysis using NXFit. The coordination number for each oxygen is slightly 

smaller in the amorphous phase than in the crystal. For the three systems studied, the NOO value in 

the amorphous phase is 10 – 20 % lower than that in the crystal. This means that on average, each 

molecule in the amorphous phase forms 10 % fewer hydrogen bonds than in the crystal. This 

conclusion is similar to that reached for mono-alcohol liquids,8,9 though they were studied at higher 

temperatures relative to Tg than the polyalcohols studied here. Finally, we note that for all the three 

systems studied, the width of the O…O peak for the amorphous phase is slightly narrower (the σ 

value smaller) than that for the crystal. This argues that the HB bond length is better defined in the 

liquid than in the crystal. By this measure, the liquid is actually more “structured” than the crystal, 

despite its lack of long-range order. This could be a result of local optimization of HBs in the liquid 

state without the constraint of regular crystal packing. In the crystalline state, the need for regular 

and dense packing could mean that HBs cannot be optimized, leading to widely different O…O 

distances. 
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Figure 7. Intermolecular PDFs T(r)inter for the polyalcohols studied. For each system, results are 
shown for both the liquid phase and the crystalline phase. 
  



183 
 

 

6.5 Conclusion 

We have used synchrotron total X-ray scattering to characterize the HBs in three polyalcohols 

in the crystalline state and the amorphous state. For each system, the atomic pair distribution 

function (PDF) shows a well-resolved peak at 2.7 Å after removing intramolecular contributions. 

This peak corresponds to the O…O distance in an intermolecular HB. We find that the O…O bond 

length does not change significantly from the crystal to the liquid or glass, while the O…O 

coordination number (the number of HBs formed by each OH group) is reduced by 10-20 %. The 

distribution of the O…O distance is slightly narrower in the amorphous phase than in the crystal, 

perhaps a result of the conflict between regular crystal packing and optimal hydrogen bonding. 
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Chapter 7. Future Studies 

This thesis work has contributed to the physical stability of molecular glasses and amorphous 

solid dispersions. To further improve our understanding on the relevant phenomena discussed in 

the previous chapters, some important questions should be further addressed. In this chapter, I 

would like to propose some future studies to provide some useful information on these questions. 

 

7.1 Is there a correlation between molecular shape and surface diffusion coefficient in 

organic molecules? 

In chapter 2 and Chen et al.1, the two independent factors, molecular size and intermolecular 

hydrogen bonding, have been demonstrated to influence the surface diffusion coefficient in organic 

materials. It is interesting to study whether other molecular attributes can influence surface 

diffusion. In this proposal, the effect of molecular shape will be studied. I hypothesize that 

molecular shape will have a significant effect because for the same molecular size (molecular 

weight), the shape affects the depth of penetration into the similar mobility gradient, where the 

deeper penetration leads to the slower mobility. 

Surface diffusion will be measured for molecules whose molecular weight and hydrogen 

bonding are similar, but their shapes are different. Here, one rod-like molecule (N,N’-

Bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine, CAS No.: 123847-85-8, known as NPB, Mw = 

588.7 g/mol) and one spherical molecule (9,10-Bis[N,N -di(p-tolyl)-amino]anthracene, CAS No.: 

177799-16-5, known as TTPA, Mw = 568.8 g/mol) are proposed (as shown in Figure 1). For these 

systems, no intermolecular hydrogen bonding can be formed, and the molecular weight are similar 

(588.7 vs. 568.8 g/mol). However, the two molecules have different shapes. NPB is rod-like, while 
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TTPA is sphere-like. My hypothesis is that the rod-like molecule has the slower surface diffusion 

than the sphere-like molecule because of the different penetration depths. 

To quantify the surface diffusion of NPB and TTPA, the surface grating decay method, 

described in Chapter 2, using AFM and laser diffraction in flowing N2 will be utilized. The decay 

of NPB and TTPA will be studied systematically over a wide temperature range. Considering the 

molecular weight of these molecules are fairly large relative to griseofulvin, the sinusoidal surface 

grating with a shorter wavelength (λ < 1000 nm) will be preferred to reduce the measurement time. 

Such information is expected to greatly improve our understanding of molecular factors, which 

influence surface mobility. 
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Figure 1. Molecular structure and conformation for (a) NPB and (b) TTPA proposed in this study. 

Note that the molecular conformation (without hydrogen atoms) for NPB is from Ref. 2, and for 

TTPA is computed from PubChem3. 
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7.2 Can we directly observe the fracture at the front of GC crystals? 

Some organic glasses are known to grow crystals rapidly in the bulk (so-called GC growth). 

Among its various explanations, the most recent by Powell et al.4 argues that the GC growth 

process continuously creates voids and free surfaces through fracture (given the higher density of 

the crystal than the glass and the inability for the glass to flow during crystal growth, this must 

happen), which in turn enables fast local transformation. This mechanism is supported by the 

microstructure of GC crystals, which has been studied by AFM and SEM. However, where fracture 

occurs during GC growth (in the glass, at the crystal/glass interface, or somewhere else) is 

unknown. Therefore, it is interesting to directly investigate fracture during the process of GC 

crystal growth. Having this information is important for constructing a detailed model for GC 

growth. 

In this proposal, we will study the griseofulvin (GSF) as a model system. Shi et al.5 measured 

the GC crystal growth of GSF over the wide temperature range. From this information, we can 

select the appropriate crystal-growth temperature for the in-situ observation. The crystalline 

griseofulvin (GSF) is 8% denser than its glass, which might lead to the more obvious effect than 

other organics (e.g. o-terphenyl, nifedipine and indomethacin).  

In sample preparation, the amorphous GSF should be annealed at an appropriate temperature 

(T < Tg, for example 353 K) to induce the GC growth, and prepare the observable crystals. The 

high resolution of the microscopy method is required to directly observe the fracture, for example 

atomic force microscope (AFM), scanning electron microscope (SEM) or even transmission 

electron microscope (TEM). Considering the TEM beam energy is high and might endanger the 

GSF film, the temperature controlled TEM might be applied to safely observe the samples (low 

temperature should be avoided for further fracture). My hypothesis is that the fracture might exist 
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in the glass, or on the crystal/glass interface. However, it will be helpful to scan the GSF sample 

from GC crystal region to glassy region through the crystal/glass interface. 

 
7.3 Nucleation pre-factor of glass-forming molecular liquids 

In the Chapter 3, the experimental nucleation rates in supercooled liquids of D-sorbitol and D-

arabitol have been quantified at the temperature above the glass transition temperature, Tg. Under 

the classical nucleation theory (CNT), the exponential pre-factor, A = fu u0, can be estimated as 

1020 s-1m-3, which is much smaller than the theoretical value ~ 1041 s-1m-3. In comparison, the 

discrepancy between experimental and theoretical pre-factor is observed in metallic liquid (Hg) 

and silicates (LS2). The experimental pre-factor can be ca. 15 orders of magnitude larger than the 

theoretical one for lithium disilicate,6 and 7 orders of magnitude for mercury7. The discrepancies 

in LS2 and mercury are significantly different from molecular liquids, where the experimental pre-

factor is smaller than theoretical one studied in polyalcohols. It is of interest to investigate whether 

this discrepancy between experimental and theoretical pre-factors is general for different types of 

organic molecules. In this proposal, several more organic molecules will be studied for 

homogeneous nucleation, and this information will provide a critical evaluation of the CNT. 

To reach our goal, the organic molecules with homogeneous nucleation should be quantified 

and investigated by the CNT equation. Based on the preliminary data, the systems to be studied 

include nifedipine (NIF), griseofulvin (GSF), D-mannitol and ROY. For these systems, the crystal 

growth rate of nucleation polymorphs has been measured as a function of temperature, which can 

provide the growth temperature for two-stage method if necessary, and also represent the kinetics 

in the CNT equation. Besides, the thermodynamics will be evaluated based on Gibbs free energy 

difference between crystal and liquid, ΔGv, and critical nucleus/liquid free energy, σ (estimated 

from the plot of ln (Ju) vs. 1/T/ΔGv2.  
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7.4 Do polyalcohols nucleate at temperature below the glass transition temperature? If so, 

does J still follow CNT? 

The nucleation rates in lithium disilicate turns to deviate from CNT model at low temperatures 

(especially at T < Tg), and Gupta et al.8 contributes this failure to the dynamic heterogeneity in 

deeply cooled liquid.  In comparison, the experimental nucleation rates in supercooled liquids of 

D-sorbitol and D-arabitol (Chapter 3) follows the classical nucleation theory above the glass 

transition temperature Tg, and no deviation of CNT has been observed. We argue that the for D-

sorbitol, there is no obvious indication that the CNT fails as a result of an increasing length scale 

of cooperative rearrangement. It would be interesting to measure the nucleation rate in D-sorbitol 

down to even lower temperatures (T < Tg) to see if the CNT continues to hold. This information is 

important to improve the understanding of the homogeneous nucleation rate at T < Tg for molecular 

glasses, and also provide the critical evaluation of CNT at low temperatures. 

Preliminary studies show that D-sorbitol nucleation rate is relatively slow in comparison to the 

studied temperature. Therefore, a large mass of D-sorbitol materials (ca. 1 gram) will be prepared, 

and nucleated at T < Tg (269 K). In this proposal, D-sorbitol will be nucleated at 268, 263 and 253 

K, which temperatures are easily accessed. Because the crystal growth rate of D-sorbitol glass is 

fairly slow (log u (m/s) < -12.6), the two-stage method will be utilized (the same growth 

temperature of 318 K).   

 
7.5 Is there a fast “glass-to-crystal” nucleation model in molecular glasses? 

Near and below Tg, molecular glasses are known to exhibit a fast mode of crystal growth (the 

so-called “glass-to-crystal” or GC growth mode). This growth mode is apparently unlimited by 

bulk dynamics in the liquid state, and has been given a number of explanations, including 
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homogeneous nucleation, shrinking critical-nucleus size to below the dynamic length scale, and 

micro-fracture and surface mobility. Such phenomenon has been observed in many molecular 

glass-formers (though not the ones studied here). It would be of interest to learn whether there is 

a fast “glass-to-crystal” nucleation mode in molecular glasses. In this proposal, the organic 

molecules, which have shown the fast GC growth in the bulk, will be studied at T < Tg. My 

hypothesis is that GC nucleation model might not exist because critical nucleus is nanometer scale 

which might not lead to fracture inside the bulk material. Knowing this information is still 

important to improve the understanding of the homogeneous nucleation rate at T < Tg for molecular 

glasses, especially for pharmaceutical glasses whose storage temperature is usually below their 

glass transition temperatures. 

The model systems include o-terphenyl, nifedipine, griseofulvin and ROY. The samples will 

be sandwiched between two coverslips and held at T < Tg. For T is close to Tg, the crystal growth 

rate is fast enough in the bulk to utilize the one-stage method, while the two-stage method can be 

adopted at lower temperatures. It is worth to note that the fracture resulting from low temperatures 

should be avoided, which might contribute to heterogeneous nucleation. In this proposal, the 

fracture temperature, Tfracture, will be assessed by Powell et al.9 The steady state nucleation rate 

will be studied in the temperature range from Tfracture to Tg.  

 
7.6 Can free surface influence nucleation behavior? 

Free surface of molecular materials is known to have the faster mobility than the bulk, and it is 

responsible for the fast surface crystal growth.10 It is interesting to study the effect of free surface 

on crystal nucleation in molecular materials. I propose to study this effect by measuring the 

nucleation rate on the free surface for the open sandwich sample. Considering the fast surface 
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mobility of molecular materials and preferred sites on free surface, I hypothesize that free surface 

will result in the heterogeneous nucleation with a fast rate. 

In this proposal, the studied systems will include different types of molecules: griseofulvin (no 

hydrogen bonding), nifedipine (limited hydrogen bonding) and D-arabitol (extensive hydrogen 

bonding). The open sandwich sample will be prepared by detaching sandwich samples by bending 

its edges away from the organic glass, creating a glass film with a free surface. It is worth to note 

that the fracture induced by cooling should be avoided for this study (the fracture-induced 

heterogeneous nucleation has been demonstrated for the crystal nucleation11). The open sandwich 

sample can be nucleated at appropriate temperatures, if necessary the two-stage method can be 

applied. With these data, it would be interesting to see whether the free surface will influence 

nucleation or not. If so, the further comparison among griseofulvin, nifedipine and D-arabitol data 

might provide us some information about molecular attributes on surface nucleation rate. 
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