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A B S T R A C T

Low concentration polymer additives can significantly alter crystal growth kinetics of molecular liquids and
glasses. However, the effect of polymer concentration on nucleation kinetics remains poorly understood.
Based on an experimentally determined first nucleation time (time to form the first critical nucleus, t0), we
show that the polymer overlap concentration, c*, where polymer coils in the molecular liquid start to overlap
with each other, is a critical polymer concentration for efficient inhibition of crystallization of a molecular liq-
uid. The value of t0 is approximately equal to that of the neat molecular liquid when the polymer concentra-
tion, c, is below c*, but increases significantly when c > c*. This finding is relevant for effective polymer
screening and performance prediction of engineered multicomponent amorphous materials, particularly
pharmaceutical amorphous solid dispersions.
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Introduction

Glasses are amorphous solids that can be formed by several pro-
cesses, such as melt quenching, solvent evaporation, and vapor depo-
sition, while preventing crystallization.1 Glasses exhibit both the
spatial uniformity of liquids and the mechanical strength of solids,
making them useful in manufacturing a wide range of materials, such
as windows, hard plastic products, and dense granular assemblies.2,3

In the pharmaceutical realm, the relatively high energy glassy state is
commonly used to enhance oral bioavailability of drugs whose lower
energy crystalline forms are poorly soluble in aqueous media.4,5 Suc-
cessful application of glassy materials requires inhibition against
crystallization.3

Crystallization occurs by two steps, nucleation and growth, with
both exhibiting distinct kinetics.6 Because of their strong inhibitory
effect on both nucleation and growth processes of molecular glasses,7

polymers are commonly incorporated to engineer multicomponent
amorphous materials, such as pharmaceutical amorphous solid
dispersions and functional biomaterials for regenerative medicine
appilcations.8,9 A central question in designing multicomponent
organic glasses is “what is the minimum polymer concentration for
effective inhibition of crystallization?” Multicomponent amorphous
materials with a minimal polymer concentration while maintaining
stability, have advantages. For example, pharmaceutical amorphous
formulations with a lower polymer content improve patient compli-
ance by reducing pill burden (tablet size and dosage units), as well as
simplifying downstream processing in large scale manufacturing.10

Using polyvinylpyrrolidones (PVPs) with different molecular
weights, ranging from 4 to 120 kDa, and four different molecular
glasses, namely celecoxib (CEL), loratadine, indomethacin, and felodi-
pine, we recently showed that the lowest polymer concentration
capable of effectively reducing crystallization of molecular glasses
can be estimated by the overlap concentration, c*, where polymer
coils start to contact each other in the composite glass.11,12 For exam-
ple, the crystallization tendency of CEL in an amorphous dispersion is
identical to that of pure amorphous CEL when the PVP concentration
is lower than c*, but enhanced physical stability of CEL is observed
when PVP concentration exceeds c*.11 Experimental results with
other common pharmaceutical drugs and polymers have confirmed
that c* approximates the minimal polymer concentration required to
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inhibit drug crystallization.13 Despite the apparent universality of this
phenomenon, the precise mechanism of the crystallization inhibition
effect of polymers above c* remains unknown.

Research over the past two decades has focused on the effect of
low concentration (<10 %, w/w) polymer additives on steady state
rates of nucleation and growth of crystals in molecular glasses and
liquids.7,14-17 However, the first nucleation time, t0, defined as the
time to form the first group of critical nuclei in a fresh amorphous
material, is also of importance in describing homogenous nucleation
kinetics.18-20 A material is no longer purely amorphous beyond t0,
which marks the onset of likely catastrophic performance degrada-
tion. For example, pharmaceutical amorphous formulations contain-
ing residual crystal nuclei lose their dissolution and oral
bioavailability advantage compared with the nucleus-free form.21-23

Despite its practical importance, there has been no experimental
study of t0 in glass forming molecular systems.

In the present study, we systematically investigate the effect of
concentration, c, of a model polymer polyvinylpyrrolidone (PVP, four
molecular weights) on t0 and the steady state rates of crystal nucle-
ation and growth of a model molecular liquid, D-sorbitol, which has
been widely used in the pharmaceutical, food, and textile indus-
tries.24 We show that t0 of molecular liquid/polymer combinations is
approximately identical to that of the neat liquid when c < c*, but is
significantly larger when c > c*. We also show, however, that rates of
nucleation and growth decrease exponentially over the entire con-
centration range with no abrupt change at c*. Thus, the inhibitory
effect against crystallization by a polymer above its c* is primarily
correlated with the delay in the first nucleation event. Our findings
are relevant for the efficient design of multicomponent amorphous
materials with sufficient physical stability by identifying optimal
polymer type and concentration.

Materials and Methods

Materials

D-sorbitol (g polymorph with purity ≥99 %, see Fig. S1) was pur-
chased from Huakang Pharmaceutical. Polyvinylpyrrolidones (PVPs;
K12, K17, K25, and K30) were obtained from BASF. Ethanol was pur-
chased from VWR. D-sorbitol was used both as received and after
recrystallization. Recrystallization was performed as follows: D-sor-
bitol was dissolved in ethanol at »110 °C and the hot solution was
immediately filtered by passing through a 0.22 mm syringe filter. The
resultant solution was cooled at room temperature for 24 h. After
complete crystallization, the mother liquor was decanted, and the
crystals were washed twice with ethanol and completely dried under
vacuum. PVPs were used as received. Table 1 shows the molecular
structures of D-sorbitol and PVPs and their relevant physical proper-
ties.
Table 1
Molecular structures and relevant physical properties of D-sorbitol and PVP.

Molecular structure Mw (g/mo

D-sorbitol

 

182.2

PVP K12 3800
PVP K17 7300
PVP K25 49,500
PVP K30 55,000

* Mw and Đ of PVPs were determined in the previous work.11
Sample Preparation

D-sorbitol/PVP uniform physical mixtures were prepared by cryo-
genic milling with a Spex SamplePrep Grinder 6770 (liquid N2 as
coolant). Cryomilling was performed at 10 Hz for five 2 min cycles,
each followed by a 2 min cool down. D-sorbitol/PVP powder mixture
was placed on a glass slide and melted at 150 ℃ for »1 h to remove
air bubbles. A coverslip was then placed on the melt to produce a
sandwiched film with 15−20 mm thickness. The sandwiched liquid
film was quenched to 34℃ by contacting a preheated metal block.

Viscometry

Zero-shear-rate viscosity (h) of pure D-sorbitol and D-sorbitol/PVP
melts wasmeasured at 155 °C using an ARES rheometer. A parallel plate
geometry with diameter 25 mm was employed. Briefly, approximately
700 mg of powder was placed on the bottom plate after zero torque,
normal force, and gap calibrations. The gap between the parallel plates
was approximately 1 mm. A steady rate sweep test was performed
with initial rate of 1 s�1 and final rate of 100 s�1 with continuous N2

purge at a flow rate of 3 standard cubic feet per minute.

Crystal Growth Rates

Crystal growth rates of D-sorbitol without or with PVP at 34 ℃
were measured using an Olympus BX51 polarized light microscope
equipped with a Linkam LTS420 thermal stage (thermal stability ≤
0.1 °C with continuous dry N2 purge) by tracking the advance of
spherulite growth fronts over time. Each reported rate was an aver-
age of 13−25 measurements of three separate samples. All growth
rates were found to be constant over time.

Nucleation Rates

Freshly prepared sandwiched samples were stored in desiccators
[0 % relative humidity (RH)] at 34 ℃ maintained within a heating
chamber (temperature stability ≤ 0.4 °C) for an arbitrary observation
time t, at which point the radius of individual spherulites, r, was mea-
surable. The birth time of each spherulite tn was calculated as
tn ¼ t � r=u, where u is the crystal growth rate. Tracking the birth
time of individual crystals enabled the determination of nuclei den-
sity over time. The nucleation rate was extrapolated from the nuclei
density-time plot at steady state. Each reported rate was an average
of 3−4 measurements of three separate samples.

First Nucleation Times

Determination of the first nucleation time of freshly prepared
sandwiched samples at 34 ℃ and 0 % RH is described in Results and
Discussion.
l)* Đ (Mw/Mn)* Tg (℃) Tm (℃)

− 0.82 95.20

1.65 102 −
1.81 138 −
1.92 165 −
1.81 171 −
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Small Angle X-ray Scattering (SAXS)

Synchrotron SAXS experiments were performed at the Sector 5-
ID-D beamline (λ = 0.7293 A

�
) at the Advanced Photon Source,

Argonne National Laboratory. Samples were sealed in Tzero alumi-
num pans under argon. SAXS data was collected on a Rayonix MX
170-HS detector with an 8.5 m sample-to-detector distance, giving a
range for the scattering vector magnitude q of 2.5 £ 10�3 − 0.195 A

�
.

Center and size of azimuth range were 315° and 120°, respectively.
The exposure time was 1 s for each measurement.

Solid State Characterization

Differential scanning calorimetry (DSC) was performed with a TA
Q1000 in a Tzero aluminum pan with a pinhole under continuous
helium purge at a flow rate of 25 mL/min. Samples (5−10 mg) were
first heated from 40 °C to 120 °C at 10 °C/min to erase thermal his-
tory, quenched to �30 °C, held isothermally for 3 min, and reheated
at 10 °C/min to 120 °C. Melting point depression of D-sorbitol by PVP
was evaluated during the first heating cycle, while glass transition
temperatures, Tg, were measured during the second heating cycle.
The D-sorbitol crystal polymorph was identified using an X’pert Pro
X-ray diffractometer with a Cu Ka source λ = 1.540598 A

�
. Powder

samples were scanned over the range 2u = 5−35° with step size
0.016° at 1 s/step. Tube voltage and amperage were set as 45 kV and
40 mA, respectively.

Results and Discussion

The Overlap Concentration, c*, of PVPs in D-sorbitol

Values of c* for various PVPs dissolved in D-sorbitol at 155 °C were
estimated from (zero shear) viscosity-composition curves by locating
the transition between the linear and nonlinear regimes (Fig. 1).11 In
a good solvent, polymer coils in the dilute regime are isolated from
each other (Fig. 2b), and intermolecular interactions between adja-
cent coils are negligible. Hence, the overall viscosity, h, is a linear
function of polymer concentration, c (in wt%), following
h ¼ hs 1þ c h½ �w

� �
, where hs is the viscosity of the neat molecular liq-

uid, and h½ �w is the intrinsic viscosity of molecular liquid/polymer (in
wt%�1).11,25 The trend in h becomes nonlinear when polymer coils
Fig. 1. Viscosity-composition diagram of D-sorbitol/PVP melts at 155 °C. Arrows corre-
spond to c* in the four systems, where there is a break in the slopes of the individual
viscosity-polymer concentration curves (n ≥ 4).
overlap, i.e., when intermolecular interactions between polymer coils
become significant, in the semidilute regime (Fig. 2c, d). The cross-
over between the linear and nonlinear (dilute and semidilute)
regimes happens at the overlap concentration, c*, illustrated in
Fig. 2c, which is delineated by arrows in Fig. 1. In the concentrated
regime, viscosity increases more rapidly, partially due to polymer
chain entanglement and slower polymer segmental mobility corre-
sponding to a higher glass transition temperature (Fig. 2d).25,26

D-sorbitol is a good solvent for PVP as confirmed by its progres-
sive liquidus temperature depression with increasing PVP concentra-
tion (Fig. S2). The dependence of crystal growth rate, u, of D-sorbitol
on polymer concentration also enables us to evaluate the state of
mixing between D-sorbitol and PVPs.14 For a compatible binary mix-
ture, the crystal growth rate decreases exponentially with increasing
polymer concentration, i.e., the logðuÞ vs. c curve is linear at constant
temperature. A plateau would be found in a logðuÞ vs: c curve if phase
separation occurred, e.g., nifedipine/polystyrene 17 K and 97 K.14 All
model systems studied in this work exhibit linear logðuÞ vs. c curves
(see Figs. 5 and S3−S5). These two pieces of evidence confirm homo-
geneity of the systems during c* measurement.11,26 From the viscos-
ity-composition plots of all D-sorbitol/PVP melts, measured at 155 °C
to ensure complete melting, c* values for D-sorbitol/PVPs are approx-
imately 24 % for PVP K12 (weight average molecular weight,
Mw � 4 K), 15 % for K17 (Mw � 8 K), 8 % for K25 (Mw � 50 K), and 5 %
for K30 (Mw � 55 K). Notice that the transition from the dilute to the
semidilute regime is over a narrow range of polymer concentrations.
With increasing Mw, c* value decreases, in agreement with the poly-
mer solution theory, which predicts that c* » Mw

�0.8.25,26 This rela-
tion reflects the fact that an isolated polymer chain with a higher Mw

pervades a larger volume, which means a smaller c* value for poly-
mer coils to fill in the entire space.26

The First Nucleation Time of D-sorbitol/PVPs

We previously showed that an effective inhibitory effect against
crystallization of molecular liquids by polymer only occurs when
c > c*,11 but the mechanism for this observation was not elucidated.
Here, we hypothesize that when c < c* (in the dilute regime), the gap
between isolated polymer coils is sufficiently large that formation of
critical nuclei of the molecular liquid cannot be delayed. If so, the first
nucleation time, t0, will not be affected significantly by the presence
of polymer (Fig. 2b). However, when c > c*, the first nucleation event
will be significantly delayed due to the absence of the pure liquid
(amorphous drug) domain with sufficiently large volume (Fig. 2d).

We tested this hypothesis by determining t0 in freshly prepared
D-sorbitol/PVP liquids below and above c* at 34 °C. Spontaneous
homogeneous nucleation of D-sorbitol without and with PVP at 34 °C
yields the polymorph E27 (Fig. S6); no other polymorphs (a,28 g ,29 d,
and e30) were observed because of their extremely slow growth.6 The
first nucleation time (t0) of the system corresponds to the birth of the
largest crystal observed in the entire sample, and is calculated from
its current radius r, using t0 ¼ t � r=u, where t is the current time and
u is the constant crystal growth rate under isothermal conditions, as
illustrated in Fig. 3a.6,7,18 As an example, shown in Fig. 3a, the t0 of
10,600 s was observed for 2 % PVP K30/D-sorbitol held at 34 °C (the
radius of the largest spherulite in the entire sample at t = 7.86 £ 104 s
was 193mm and the growth rate was 2.84 nm/s).

Figure 3b shows values of t0 for D-sorbitol as a function of poly-
mer concentration c, rescaled by c* for all four grades of PVP. In the
PVP K25 and K30 (with higherMw) systems, the t0 values are approx-
imately identical to t0 for neat D-sorbitol when c ≤ c*, but increase
gradually when c > c*, as visualized by blue and green symbols and
curves in Fig. 3b. These observations support our hypothesis. How-
ever, for the lower molecular weight polymers PVP K12 (Mw � 4 K)
and K17 (Mw � 8 K), t0 of D-sorbitol begins to increase at a



Fig. 2. Illustration of the delay of the first nucleation event in semi-dilute/concentrated (c, d) polymer solutions and schematics of correlation length ξ (c* < c� 1) in (d). Light blue
background indicates a molecular liquid serving as a solvent, red coils indicate polymers dissolved in the molecular liquid, and blue circles indicate critical nuclei of the glass forming
molecular liquid.
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concentration lower than c* (0.625 c* for PVP K12 and 0.667 c* for
PVP K17), shown by black and red symbols and curves, respectively,
in Fig. 3b.

The effect of polymer molecular weight on t0 can be explained by
assuming that nucleation can commence without delay only when
the critical nucleation radius, rc, is less than the gap between adjacent
polymer coils. According to polymer solution theory, an isolated
polymer coil dissolved in a good solvent has radius of gyration
Rg »Mw

0.6 and pervades a volume »Mw
1.8.31 This indicates that poly-

mer chains with greater Mw can occupy a larger space. Fig. 4a illus-
trates that when polymer Mw is relatively high, the Rg of a coil is
much larger than the critical nucleus radius rc. Therefore, the gap
between coils is still large enough for the formation of critical nuclei
Fig. 3. (a) Scheme of the first nucleation time determination with an example of 2 %
PVP K30 dissolved in D-sorbitol. (b) The first nucleation time of D-sorbitol/PVPs as a
function of PVP concentration rescaled by c* at 34 °C. Dashed curves are drawn to fol-
low trends of increased first nucleation times with increasing polymer concentration
(n = 28−299).
of the molecular liquid when c � c*. A significant delay of the first
nucleation event happens only when c > c*. On the other hand, for
relatively small polymers, Rg is comparable with rc. Therefore, the
gaps between adjacent coils even when c is slightly lower than c* are
sufficiently small for significantly delaying the first nucleation event
Fig. 4. Scheme of relative sizes of the polymer coil with (a) relatively large Mw and (b)
small Mw and the critical nucleus when c � c*. (c) Intensity of X-ray scattering of PVP
K12 (black) and PVP K17 (red) dissolved in D-sorbitol as a function of q2 at 140 °C and
180 °C.



Fig. 5. (a) D-sorbitol crystal growth distance vs. time in the presence of 15 % PVP K25,
the slope is the growth rate u. (b) One-stage method for measuring D-sorbitol nucle-
ation rate in the presence of 15 % PVP K25 at 34 °C. The nucleation rate, J, is the slope
of the nuclei density—time plot at steady state (dashed line). (c) Effect of rescaled PVP
K25 concentration by c* on the steady state rates of crystal nucleation, J, and growth, u,
in D-sorbitol at 34 °C.
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(Fig. 4b). To better visualize this, consider peas and grapefruits. When
grapefruits are packed together, there is room in the gaps for peas to
be added. However, packed peas will not have room between them
for other peas.

To support this hypothesis, we determined values of Rg of PVPs by
X-ray scattering and compared these values with the radius of critical
nuclei of D-sorbitol. It is assumed that rc of D-sorbitol does not change
in the presence of PVP.32 Fig. 4c shows Guinier plots of scattering inten-
sity Iex for PVP K12 and K17 in D-sorbitol at 140 °C and 180 °C (c* was
measured at 155 °C, but c* in a good solvent does not change signifi-
cantly with temperature33). From these plots, the Rgs of PVP K12 and
K17 were obtained by linear fitting in the Guinier regime, i.e., qRg 9 1,
where q is the momentum transfer vector. In this regime, the form fac-
tor P(q) is given by P(q) � exp (−q2Rg2/3), and values of Rg can be
obtained from linear portion of plots of ln(Iex) versus q2 with slope
�Rg

2/3, without any knowledge about the shape of the molecule.31 The
determined Rg values of PVP K12 (approximately 2.1 nm) and PVP K17
(approximately 2.8 nm) are close to the radius of the critical nucleus rc
of D-sorbitol (approximately 1 nm at 34 °C) which is estimated by the
classical nucleation theory to be rc ¼ 2s=DGV, where s (0.013 J/m2 for
D-sorbitol) is the interfacial energy between crystal nucleus and liquid
andDGV (»2.7£ 107 J/m3 for D-sorbitol at 34 °C) is the bulk crystal/liq-
uid free energy difference.6 Thus, delay of the first nucleation event
occurs when the concentrations of PVP K12 and K17 are smaller than
the corresponding c*.

For PVP K25 and K30 with relatively higher molecular weight, a
scaling analysis according to Rg » Mw

0.6 indicates that their Rg values
(6.4 nm for PVP K25 and 6.7 nm for PVP K30) are approximately
seven-fold larger than the radius of the critical nucleus of D-sorbitol.
Since this size difference is significant, gaps between coils at c* are
large enough for the first nucleation event to occur unhindered
(Fig. 4a). Consequently, a delay in the first nucleation event is
observed only when c is greater than c*.

Another intriguing observation from Fig. 3b is that the delay of
formation of critical nuclei of D-sorbitol at c > c* do not follow a
“master curve” with respect to c/c*. This phenomenon must have
been caused by the different Mw of PVPs since this is the only differ-
ence in this study. Here, we provide a tentative explanation of this
observation with the assistance of Fig. 2c, d and a scaling analysis
using polymer solution theory. In the semidilute regime (where poly-
mer concentration, c, is slightly larger than c*), the correlation length,
ξ , (defined as the average mesh size between adjacent polymer
chains, see Fig. 2d) in the scaling form versus the rescaled polymer
concentration c/c* can be constructed based on two facts: (1) when
c > c*, the scale of ξ depends on the polymer concentration alone,
instead of Mw, since ξ is smaller than the average chain length
(Fig. 2d); (2) when c � c*, coils start to overlap but are not yet
entangled with neighboring chains, and ξ is comparable with the
radius of an isolated coil Rg (Fig. 2c). These two facts lead to the scal-
ing form: ξ(c) » Rg(c/c*)m.26 The exponent m must be such that
Rg » Mw

0.6 and c* » Mw
�0.8. Therefore, m = �0.75, i.e., ξ(c) » c�0.75.26

This scaling relation reveals that ξ is a decreasing function of polymer
concentration, c, provided c > c*. Since ξ represents the spatial den-
sity of a polymer, a smaller ξ leads to a tighter mesh with less room
for nuclei to form. Therefore, there is a more significant delay of the first
nucleation event. The above scaling analysis suggests that the trend of
the increasing t0 versus c/c* does not overlap when c/c* > 1, which is
consistent with the experimental results (Fig. 3b, blue and green dashed
curves). Additionally, since ξ is a function of c in the semidilute regime,
systems with same c are expected to exhibit comparable t0 values. This
is also consistent with our observations. For example, at the same poly-
mer concentration of 10 % (wt/wt), which exceeds c* for both polymer
molecular weights (in the semidilute regime), the value of t0 in the PVP
K25 system (32,000 § 5000 s) and the PVP K30 system
(32,000§ 4000 s) are comparable (Fig. 3b, oval circles).
Crystal Nucleation and Growth Rates of D-sorbitol/PVPs Below and
Above c*

To affirm the exclusive role of the delay in first nucleation event
on crystallization inhibition, the effects of polymer concentration on
crystal nucleation rate, J, and growth rate, u, need to be accounted
for. Fig. 5a shows typical data collected to measure crystal growth
rate. The linear increase of D-sorbitol spherulite growth distance
against time indicates a constant growth rate. Fig. 5b is a typical
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nuclei density - time plot. The data show that after an induction
period, a steady state is reached where the nuclei density (counts/
m3) increases linearly with time. The slope at steady state is the
nucleation rate J (counts/m3/s). Fig. 5c shows the effect of PVP K25
concentration on the nucleation rate J and growth rate u in D-sorbitol
at 34 °C. As c/c* increases, J and u decrease at similar rates, following
the relationship log(J/u) � 14.75 m�4. This implies that both nucle-
ation and growth share the same kinetic barrier and exhibit similar
molecular motions (primarily rotational mobility altered by polymer
segmental dynamics) in the supercooled state.6,7,34-38 If so, the nucle-
ation rate of binary systems can be predicted following J = J0(u/u0),
where J0 and u0 are nucleation and growth rates of the neat molecu-
lar liquid. The predicted nucleation rates at different c/c* values,
based on the experimentally measured growth rate in this study, are
in excellent agreement with the experimentally measured nucleation
rates (Fig. 5c). This phenomenon was first observed by Yao et al. in D-
sorbitol/PVP K30 and D-arabitol/PVP K30 at lower temperatures.7

The smooth dependence of J and u on polymer concentration, both
below and above c*, for all four PVP molecular weight grades (Figs. 5c
and S3−S5) also confirms that the significant suppression of crystalli-
zation above c* is primarily correlated with the delay of the first
nucleation event, but not steady state rate of crystal nucleation or
growth.

Conclusions

We have measured the first nucleation time of glass forming
molecular liquid D-sorbitol with four grades of PVP additives (Mw

ranging from 4 K to 55 K) at various concentrations (≤ 30 %, below
and above c*). When PVP concentration c is less than the overlap con-
centration c*, the first nucleation time is approximately identical to
that of neat amorphous D-sorbitol. When PVP concentration exceeds
c*, the first nucleation event is significantly delayed but there is no
abrupt change in the dependence of steady state rates of nucleation
and growth on polymer concentration. These observations support
the view that the effective inhibition against crystallization in multi-
component glasses above c* is primarily correlated with the delay in
the first nucleation event. Our findings are relevant for engineering
multicomponent amorphous materials with sufficient stability
against crystallization, especially in designing pharmaceutical amor-
phous formulations. Useful future directions of this work are (1) to
examine the role of this mechanism (delay of the first nucleation
event above c*) on the surface nucleation of molecular glasses, given
the strong surface nucleation effect in several molecular liquids,39-41

and (2) to investigate the impact of the presence of moisture on the
crystal nucleation and growth kinetics, since moisture may enhance
the molecular mobility of amorphous solids and hence accelerate
nucleation kinetics.42
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