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A B S T R A C T   

Many molecular crystals grow as twisted lamellae from the melt when the driving force is high, but the mech-
anisms governing the spontaneous formation of helicoidal crystallites are varied and those operative in particular 
cases are difficult to identify. Polyvinylpyrrolidone (PVP) induces the crystallization of D-mannitol as banded 
spherulites comprised of twisted fibrils emanating radially from spherulite nucleation centers. The molecular 
weight of the PVP phase affects the twisting pitch, P, (rotation of the crystallite by 180◦), in D-mannitol thin films 
crystallized from the melt. At a relatively high crystallization temperature (Tc = 130 ◦C), P was sensitive to the 
PVP molecular weight, ranging from 390 ± 20 μm for D-mannitol films incorporating 15 wt% 10 kDa PVP to 20 

± 3 μm for the same weight of 1300 kDa PVP. Magnitudes of complex viscosities, |η*|, of D-mannitol/PVP melts 
measured via small-amplitude oscillatory shearing were strongly dependent on the PVP molecular weight, but 
were not correlated to P(T). Instead, P was sensitive to the dynamic PVP chain conformation during D-mannitol 
crystallization. Under steady torsional shear, P decreased from ~ 30 μm to ~ 8 μm with increasing shear rates 
from 0.01 to 100 s−1 for D-mannitol films crystallized at 130 ◦C in the presence of 15 wt% 10 or 1300 kDa PVP. 
Shear forces decrease the entanglement density of polymer chains while orienting the chains along the stream 
lines of the viscometric flow, indicating that the conformations of macromolecular additives can affect the pitch 
of banded spherulites. By contrast, P in D-mannitol twisted by D-sorbitol was independent of shear rate.   

1. Introduction 

The appearance of concentric bands of light transmittance in 
spherulites between crossed polarizers, mostly associated with polymers 
but also frequently observed in small molecule crystals,[1] is a tell-tale 
sign of crystal twisting. Crystalline fibrils grow radially from a nucle-
ation centre, twisting in concert with one another about the growth 
direction. Concentric bands arise as the anisotropic refractivity pre-
cesses with crystal twisting. About 50 % of undercooled homopolymer 
melts can crystallize as banded spherulites comprising helicoidal 
lamellae.[2–8] Many small molecules do as well, sometimes when pure 
[9] and at other times requiring small molecule[1,10] or polymer 
[11,12] additives. The spacing between concentric bands corresponding 
to a π rotation about the growth direction, or pitch P, can range from 
microns to millimeters for both small molecules and polymer banded 
spherulites. 

As a product of spontaneous pattern formation with applications in 

microscale templating,[13–15] chiroptics,[16,17] and optoelectronics, 
[10,18] banded spherulites have been extensively studied over the past 
fifty years to understand the mechanisms governing this phenomenon. 
Considering the diversity of compounds and compositions that can form 
twisted crystals, it is unlikely that a single mechanism is responsible for 
this phenomenon across all materials. Entropic pressure introduced by 
dangling polymer ends at growth fronts,[19] unbalanced surface 
stresses,[20–23] and autodeformations to relieve internal stress,[24–27] 
are among several theories to account for growth induced twisting. 
Hydrodynamic flows at spherulitic growth fronts caused by density 
differences between the liquid and solid phases are also thought to play a 
role in crystal twisting in some compounds.[28] This mechanism should 
depend strongly on the liquid viscosity, and indeed the incorporation of 
high-viscosity additives, such as natural tree resins or polymers, has 
been demonstrated to induce crystal twisting in small-molecule crystals. 
[1] In 2004, Sadlik and Bechhoefer proposed the following scaling law 
based on hydrodynamic flow-governed crystal twisting: 
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P∝η−1
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s (1)  

where η is the viscosity of the liquid phase and Vs is the spherulite 
growth front velocity.[29] This scaling law accurately predicted the 
pitch dependence on crystallization temperature for banded spherulites 
of ethylene carbonate with varying concentrations of 100 kDa poly-
acrylonitrile but did not match mixtures with 200 kDa polyacrylonitrile. 

Here, we examine the role of polymer molecular weight and chain 
conformations on crystal twisting in small molecule films with a poly-
mer additive (Fig. 1). We previously reported that D-mannitol forms 
banded spherulites when grown from the melt in the presence of either 
mannitol’s diastereoisomer D-sorbitol or polyvinylpyrrolidone with an 
average molecular weight of 10 kDa.[30] Pitch in D-mannitol/PVP 
blends was observed to decrease exponentially with decreasing crys-
tallization temperature. It was also found to depend on the additive 
concentration, but specific relationships between D-mannitol and PVP 
remain unclear. Expanding on Sadlik and Bechhoefer’s work, here we 
examine crystal twisting in D-mannitol-PVP blends for PVP molecular 
weights (MWs) varying from 10 kDa to 1300 kDa. We further introduce 
shear forces during crystallization, finding that dynamic polymer chain 
conformations can affect the intensity of D-mannitol crystal twisting. In 
contrast, the twisting pitch for D-mannitol/D-sorbitol blends was insen-
sitive to shear forces. 

2. Results and discussion 

2.1. Crystal twisting pitch dependence on PVP MW 

D-Mannitol/PVP blends (85:15 ratio by weight) were crystallized 
from the melt at temperatures between 50 and 150 ◦C and for PVP 
molecular weights of 10, 40, 360, and 1300 kDa (hereafter referred to as 
PVP10, PVP40, PVP360, and PVP1300). The crystallized samples were 
cooled to room temperature and imaged with an optical microscope 
between crossed polarizers. Fig. 2A – D display polarized optical mi-
crographs (POMs) of D-mannitol/PVP films crystallized at 130 ◦C for the 
four different PVP molecular weights. For all films, D-mannitol crystal-
lized as banded spherulites in which concentric rings emanating from 
spherulite centers represent different orientations of crystalline fibrils as 
they rotate about the growth direction in concert with one another 
causing a precession in the refractivity. The light and dark bands arise 
from variance of the retardance and extinction as the crystals rotate 
around the radial crystallographic axis. An illustration of a twisted fibril 
overlayed on the bands of a spherulite is displayed in Fig. 2B. The 
twisting pitch, P, defined as the distance between bands, represents a 
180◦ rotation about the growth direction. Scanning electron microscopy 
and atomic force microscopy characterization of D-mannitol/PVP10 film 
surfaces previously revealed lamellae with thicknesses ranging from 60 
to 180 nm that twist in concert with one another about the spherulitic 
growth direction.[30] This lamellar morphology is similar to that 
observed in other small-molecule compounds, including aspirin,[31] 
hippuric acid,[32] D and L-mandelic acid[33] and phthalic acid.[34]. 

D-Mannitol crystallizes as two polymorphs from the melt, α and δ. 
[35] Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns 

confirmed that D-mannitol crystallizes as the δ polymorph at 130 ◦C and 
a PVP concentration of 15 wt% for all PVP MWs tested (Figure S1). With 
decreasing crystallization temperature, diffraction peaks associated 
with the α phase were also present (Figure S1). In POMs, the α phase 
exhibited higher contrast between light and dark bands compared to the 
δ phase (Figure S2).[36] At a crystallization temperature of 130 ◦C, the 
pitch decreased 20-fold from 385 ± 20 μm to 20 ± 3 μm with increasing 
PVP MW of 10 kDa to 1300 kDa. Fig. 2E shows that the effect of MW on 
pitch was diminished at lower crystallization temperatures. Below 
100 ◦C, the α phase was present in all samples, with pitches between 5 
and 15 μm for all blend compositions (Figure S3). 

2.2. Dynamic properties of melt-phase D-mannitol/PVP blends 

Additives that encourage twisting are thought to suppress nucleation 
and promote the growth of crystals as thin fibrils with high aspect ratios 
and small torsional constants.[37,38] Considering that the total PVP 
concentration was constant at 15 wt%, the major difference in P across 
the samples must be related to the polymer chain dynamics in the melt, 
which depends strongly on the molecular weight. Small-amplitude 
oscillatory shear was used to quantify the dynamic properties of D- 
mannitol/PVP melts as a function of PVP molecular weight. Blends of D- 
mannitol and PVP powders of varied molecular weights were loaded 
into a rotational rheometer with a bob and cup geometry with diameters 
of 25 mm and 27 mm, respectively. The temperature was raised to 
180 ◦C to melt the blend. After holding the sample at 180 ◦C for 5 min, 
the gap between the bottom of the cup and bob was reduced from 3 - 4 
mm to 1 ± 0.3 mm. The temperature was then decreased to the desired 
setpoint for small-amplitude oscillatory shear (SAOS) experiments in 

 

Fig. 1. Molecular structures of (A) D-mannitol, (B) PVP, (C) D-sorbitol, 
respectively. 

Fig. 2. A – D) POMs of D-mannitol films crystallized at 130 ◦C with 15 wt% of 
PVP10, PVP40, PVP360 and PVP1300 respectively. E) Twisting pitch depen-
dence of banded spherulites of D-mannitol on the crystallization temperature for 
D-mannitol films with 15 wt% PVP. The dashed rectangle highlights the region 
corresponding to the optical micrographs in A – D. Open and filled symbols 
represent the δ and α polymorph, respectively. 
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which the cup was oscillated clockwise and counter-clockwise at spec-
ified frequencies and strain amplitudes while the bob remained fixed. 

Time sweep tests illustrated in Fig. 3A were conducted by oscillating 
the cup at a fixed strain amplitude of 50 % and frequency of 10 rad/s for 
D-mannitol melts with 15 wt% PVP of varied MWs. All compositions 
behaved as viscous fluids with G” > G’, both of which increased with 
PVP MW. Longer polymer chains are more entangled thereby increasing 
viscosity and the elasticity of the blend.[39] For all four compositions, 
G’ and G” were independent of time, indicating that the physicochem-
ical properties of the blends did not change during oscillatory-shear 
deformation.[40,41]. 

The strain amplitude was varied from 10 % to 500 % at a fixed fre-
quency of 100 rad/s, as displayed in Fig. 3B. Melts with PVP10 and 
PVP40 had constant complex moduli across the strain amplitude range. 
Based on the relatively low elasticity (small G’), it can be inferred that 
the blends approach Newtonian-like behavior at this temperature. For D- 
mannitol melts incorporating PVP360 and PVP1300, on the other hand, 
G’ and G” were independent of frequency only below a strain amplitude 
of 40 %. Above this value, G’ and G” decreased with increasing strain 
amplitude, a non-linear characteristic of non-Newtonian fluids[42,43] 
previously observed in PVP solutions.[44] At large applied strain am-
plitudes, shear forces can cause polymer chain disentanglement 
(reduction in entanglement density), resulting in a lower resistance to 
deformation and a decrease in G’ and G”.[45] Strain sweep tests were 
also carried out with low frequency at 1 rad/s (Figure S4) where all 
blends were in the linear region independent of PVP MW. 

Frequency sweep tests in the range of 0.1 – 100 rad/s were per-
formed at a fixed strain amplitude of 40 % where the dynamic properties 
were in the linear viscoelastic range regardless of the frequency while 
maximizing the torque for better signal to noise ratios. As displayed in 

Fig. 3C, G’ and G” both increased monotonically with increasing fre-
quency, with no apparent cross-over between G’ and G” for all D- 
mannitol/PVP blends. The change in frequency is tantamount to 
changing the characteristic time for deformation so that the fingerprints 
of the linear viscoelastic behavior of the blends could be characterized 
over a broad range of Deborah numbers (relaxation times of the blend 
divided by the characteristic time for deformation). Elasticity becomes 
more pronounced with decreasing characteristic time for deformation 
(inverse of frequency). For the entire range of frequencies G”≪G’, 
emphasizing the minor contribution that elasticity makes in comparison 
to viscous dissipation over a broad range of characteristic times. 

The magnitude of complex viscosity, |η*|, was extracted from the 
frequency-dependent behavior of G’ and G” using the equation |η*| =̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(G’/ω)2 +
(
G˝/ω

)2
√

. For all four blends, |η*| was frequency- 
independent at a strain amplitude of 40 %, a hallmark of behavior 
approaching that of Newtonian-like fluids. Fig. 3D summarizes |η*|
values measured for D-mannitol melts incorporating 15 wt% PVP with 
varying molecular weights collected from 150 to 180 ◦C. Below 150 ◦C, 
the blends crystallized before their rheological properties could be 
characterized. For comparison, |η*| of pure D-mannitol melts was 
measured to be 0.02 Pa•s at 180 ◦C. The presence of 15 wt% PVP 
significantly increases |η*| even for PVP10.|η*| was found to increase 
with decreasing temperature, but we emphasize that |η*| could be varied 
at constant temperature by changing the MW of the PVP additive. 
Polymer chain mobility decreases with decreasing temperature, corre-
sponding to increased resistance to deformation and larger |η*|. Within 
the temperature range of 150 – 180 ◦C, |η*| varied within one order of 
magnitude for all blend compositions. Varying the PVP MW had a 
greater impact on |η*|. At Tc = 180 ◦C, |η*| was measured to be 0.1 Pa•s 

Fig. 3. Dynamic properties of D-mannitol melts incorporating 15 wt% PVP10, PVP40, PVP360 and PVP1300 at 180 ◦C. A) Time sweep test at 50 % strain amplitude 
and a frequency of 10 rad/s. B) Strain amplitude sweep test at a fixed frequency of 100 rad/s. C) Frequency sweep test at 40 % strain amplitude. D) |η*| versus PVP 
MW at temperatures ranging from 150 to 180 ◦C. 
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and 25 Pa•s for D-mannitol blends with 15 wt% PVP10 and PVP1300, 
respectively. This trend of increasing |η*| with increasing PVP MW is 
consistent with longer PVP chains exhibiting a greater density of en-
tanglements that resist deformation compared to shorter PVP chains. 

2.3. Pitch size dependence on |η*|

Rheological characterization of D-mannitol/PVP blends showed |η*|
varying over two orders of magnitude as a function of temperature and 
PVP MW. We next examined the relationship between |η*| and P for D- 
mannitol/PVP blends crystallized as thin films from the melt. For tem-
peratures below 150 ◦C in which the blends crystallized too quickly to be 
characterized via SAOS, we used an Arrhenius equation with the form 
|η*| = Ae−Ea

RT + η0 to extrapolate |η*| at lower temperatures.[46,47] Here, 
η0 is the D-mannitol viscosity at 180 ◦C. The preexponential factor is 
typically a function of polymer concentration or polymer MW. The 
values of |η*| obtained from SAOS for D-mannitol/PVP blends with 
different MWs were used as starting data for the extrapolation. In the 
lower temperature region, where D-mannitol blends crystallize fast, they 
cannot be considered as pure liquids since crystal nuclei significantly 
contribute to |η*|. [48] For this reason, |η*| was used only to estimate the 
relationship between P and |η*|. We then re-plotted the data in Fig. 2 by 
replacing the crystallization temperature with |η*| on the x axis (Fig. 4). 
For all four blends, maximum twisting pitches of ~ 800–1000 μm were 
measured at smaller values of |η*| and minimum P values of ~ 10 μm 
were measured at larger |η*|. The |η*| values, at which these maximum 
and minimum P values were observed, however, depended strongly on 
the PVP MW. P = 5 µm, for example, was observed for blends with 15 wt 
% PVP10 and |η*| = 5.1 Pa⋅s and with 15 wt% PVP40 and |η*| = 1.1 × 108 

Pa⋅s. In general, the pitch varied widely across |η*| values, indicating 
that |η*| is not the primary factor governing P. 

There is not a direct relationship between the entanglement of PVP 
chains, the number of which significantly increases with MW, and the 
local environment in which D-mannitol crystallizes. Still, Fig. 2 dem-
onstrates the existence of large differences of D-mannitol twisting for 
different PVP MWs, which may be related to the polymer chain time- 
dependent behavior in response to dynamic stresses. To test this idea, 
we next examined crystallization during the application of steady shear 
stresses. 

2.4. Crystallization of D-mannitol/PVP blends under steady shear 

The melts were exposed to steady torsional shear between two par-
allel plates using a Linkam optical shearing stage. The bottom plate was 
rotated continuously in one direction while the top plate remained fixed. 
The twisting pitch, P, was measured at 7.5 mm from the center of the 
parallel plates. Steady torsional shear was applied to D-mannitol melts at 
shear rates ranging from 0 to 100 s−1 for 30 s at 180 ◦C and was 
continuously applied as the sample was cooled at a rate of 30 ◦C/min 
and subsequently held at 130 ◦C until the film completely crystallized. 
Fig. 5A – C display POMs of D-mannitol films incorporating 15 wt% 
PVP1300, crystallized while exposed to steady torsional shear rates of 0, 
1 and 100 s−1, respectively. P decreased with increasing shear rate. Fast 
Fourier transforms of the images, provided as insets in Fig. 5, were used 
to determine P, which decreased from 27 μm (no shearing) to 8 μm (high 
shear rate of 100 s−1). 

To test the role of polymer chain length on the shear rate dependence 
of P, we repeated these experiments using blends with 15 wt% PVP10 
and small-molecule D-sorbitol, previously identified as an alternative 
twisting agent for D-mannitol.[30] Fig. 5D displays the dependence of P 
on the apparent steady torsional shear rate in the range of 0.01 s−1 to 
100 s−1 applied during film crystallization at 130 ◦C. For both blends 
incorporating 15 wt% PVP, P decreased from 27 ± 5 µm at a shear rate 
of 0.01 s−1 to 6 ± 2 µm at a shear rate of 100 s−1, independent of the PVP 
MW. For 15 wt% D-sorbitol blends, on the other hand, P remained at 
approximately 1500 – 2000 µm across all apparent shear rates tested 
(see Figure S5 for the corresponding POMs). 

Shear stress has previously been identified to affect polymer chain 
conformations in solution, with polymer chains orienting and elongating 
along the shear direction.[49–53] D-Mannitol and PVP are miscible at 
high temperatures and can be considered as solutions where PVP and D- 
mannitol play the roles of solute and solvent, respectively.[48,54–56] 
During steady torsional shear, PVP chains are expected to disentangle 
and stretch in response to shear forces, which leads to increasing in-
teractions between the PVP and D-mannitol. We hypothesize that the 
presence of PVP promotes D-mannitol crystallization as thin fibrils with a 
greater propensity to twist compared to thicker crystals. We do not 
expect shearing to affect D-mannitol itself, as P for D-mannitol/D-sorbitol 
blends remains unchanged across a broad range of shear rates. 

To the best of our knowledge, the role of applied shear forces on the 
crystal twisting pitch in small-molecule banded spherulites has not been 
previously reported, but several investigations touched this issue for 
banded spherulites of polymers and polymer blends. While no effect of 
shearing on the formation of banded spherulites was observed for 
injection-molded linear low density poly(ethylene)/high density poly 
(ethylene) blends,[57] shearing was required to induce banded spher-
ulite formation in single-component high density poly(ethylene). 
[58–60] In the latter case, the presence of flow fields introduced during 
injection was hypothesized to create asymmetry in surface stresses at the 
crystallization front, resulting in the twisting of crystalline lamellae 
about the growth front.[58] Recently, shear-induced decrease in 
twisting pitch was observed in banded spherulites of poly(oxy-
methylene)/poly(butylene succinate) blends.[61] Shear forces were 
introduced by dragging a glass fiber through the polymer blend melt as it 
crystallized. The twisting pitch decreased linearly with shear rate from 
23.3 μm under quiescent conditions to 11.5 μm at a shear rate of 320 s−1. 
Interfacial shear stresses were thought to align molecular chains at the 
spherulitic growth front to initially form edge-on lamellae which then 
twisted upon further growth and branching. For D-mannitol/PVP blends 
examined here, the polymer is the minority phase and the exact mech-
anism of how its presence induces crystal twisting in D-mannitol is un-
known. Nevertheless, our results are consistent with previous findings 
that shear-induced changes in polymer chain conformations can affect 
the twisting intensity in banded spherulites. Fig. 4. Twisting pitch, P, versus |η*| for D-mannitol blends incorporating 15 wt 

% PVP with varying MW. Open and filled symbols represent the δ and α 
polymorph, respectively. 
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2.5. Dependence of pitch on relaxation time 

To understand the large dependence of P on PVP MW, we considered 
transient shear forces during melt processing. D-Mannitol crystallization 
occurred under quiescent conditions, but the melt was exposed to shear 
forces prior to crystallization. Specifically, powdered D-mannitol/PVP 
blends were melted between two glass slides at 180 ◦C and then the melt 
was compressed to decrease the film thickness, i.e. the compressive 
squeeze flow was applied.[62] This compressive force, applied over 
several seconds, introduced shear and extensional stresses as the melt 
flows in the radial direction in between the two glass slides. In response, 
PVP chains deform and elongate. Once flow stops and the compressive 
force is removed, the polymer chains can relax to their equilibrium 
conformation. As previously observed in other polymer blends, high MW 
PVP chains relax more slowly compared to low MW PVP chains.[63] We 
hypothesize that this difference in time-dependent behavior of PVP as a 
function of MW gives rise to significant differences in P. 

To test our hypothesis, we varied the time between compressing the 
melt and cooling it to induce crystallization. Fig. 6A displays the time 

dependent temperature profile of a sample during such experiments. 
The hold time at 180 ◦C between compressing the melt and transferring 
the sample to the desired crystallization temperature was varied be-
tween 0 and 10 min. Fig. 6B displays the dependence of P on the hold 
time for D-mannitol blends incorporating 15 wt% PVP10 and PVP1300. 
D-Mannitol/PVP10 films exhibited average P values of ~ 350 µm for all 
hold times. In contrast, P increased from 25 µm to 150 µm as the hold 
time increased from 0 to 10 min for D-mannitol/PVP1300 films. 

The dependence of P on the hold time for D-mannitol/PVP1300 films 
but not D-mannitol/PVP10 films suggests the time-dependent polymer 
chain relaxation kinetics to be responsible for large pitch differences 
(Fig. 2). For short hold times, PVP1300 chains do not have time to relax 
to their equilibrium structure prior to crystallization. When the chains 
are provided sufficient time to relax, on the other hand, P becomes 
insensitive to the polymer chain length. This sensitivity to polymer chain 
conformation is most obvious at higher crystallization temperatures. At 
lower crystallization temperatures, the driving force for D-mannitol 
crystal twisting is very large and twisting may become less sensitive to 
the twist-inducing additive. 

3. Conclusion 

The incorporation of high viscosity additives is an established 
method of promoting twisting in crystals of small molecular compounds 
from the melt. Here, we employed comprehensive rheological charac-
terization to measure the magnitude of complex viscosities and other 
linear viscoelastic material functions of D-mannitol melts in the presence 
of PVP with MWs ranging from 10 to 1300 kDa. Our results suggest that 
the mechanism of additive-induced crystal twisting is not related to the 
melt viscosity itself, but to local interactions between the additives and 
the crystals during crystallization. It has previously been established 
that the twisting sense, either clockwise or counterclockwise, can be 
determined by the chirality of a twist-inducing additive.[64] Here, we 
show that crystal twisting is also sensitive to the additive conformation. 
Twisting pitches of banded D-mannitol spherulites decreased when 
crystallization occurred under steady torsional shear, which likely in-
duces the orientation and extension of polymer chains along the flow 
direction. Our findings also reveal the sensitivity of crystal twisting to 
processing conditions, in particular, to the amount of time provided for 
blends to equilibrate prior to crystallization. Looking forward, melt 
shearing under appropriate conditions may provide a way to control 
twisting pitches and e.g. reduce crystal twisting pitches below 1 μm to 
form iridescent films based on periodic variations in refractive indices. 

4. Experimental methods 

Materials. D-Mannitol and D-sorbitol were purchased from Sigma 
Aldrich (purity ≥ 98 %). Polyvinylpyrrolidone (PVP) powders with 
average molecular weights of 10 kDa, 40 kDa, 360 kDa and 1300 kDa 
were also purchased from Sigma-Aldrich. All materials were used 
without further purification. 

Fig. 5. A – C) POMs of D-mannitol films with 15 wt% PVP1300 crystallized at 130 ◦C while exposed to steady torsional shear at a rate of 0, 1, and 100 s−1, 
respectively. Fast Fourier transforms of the images are provided as insets, with characteristic spacings corresponding to the twisting pitch extracted from the images 
also provided. D) Twisting pitch, P, versus steady torsional shear rate for D-mannitol films incorporating 15 wt% PVP10, PVP1300 and 15 wt% D-sorbitol crystallized 
at 130 ◦C. 

Fig. 6. A) Time-dependent temperature profile of the melting and crystalliza-
tion of D-mannitol films. Melts were briefly compressed at 180 ◦C to decrease 
the film thickness, after which the samples were held at 180 ◦C for 0–10 min 
before cooling to the crystallization temperature. B) Twisting pitch, P, versus 
hold time for D-mannitol blends incorporating 15 wt% PVP10 and PVP1300 and 
crystallized at 130 ◦C. Dashed lines are provided to guide the eye. 
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Film fabrication and characterization. D-Mannitol was co- 
dissolved in water with the desired additive, either PVP or D-sorbitol, 
at a ratio of 85:15 wt% of D-mannitol to additive. Solutions were stirred 
for two hours before being transferred to a glass petri-dish and dried in a 
vacuum oven at 60 ◦C overnight. The dried mixture was collected and 
ground into a fine powder with a mortar and pestle. To form films, 1–2 
mg of the powder was sandwiched between two glass slides. The sample 
was then transferred to a hot plate at 180 ◦C, which is above the melting 
point of D-mannitol (Tm = 165 ◦C). Upon melting, a compressive force 
was applied to squeeze the melt into a 2–3 µm-thick film. The sample 
was then immediately transferred to the desired temperature and 
allowed to completely crystallize before cooling to room temperature. 
For relaxation experiments, the hold time between application of the 
compressive force and transfer of the sample to the crystallization 
temperature was varied from 0 to 10 min. Films were imaged between 
crossed polarizers to determine twisting pitches. Fast Fourier transforms 
of images were carried out using ImageJ. 

Grazing incidence wide-angle X-ray scattering (GIWAXS). 
GIWAXS patterns on D-mannitol films were conducted at Beamline 11- 
BM at the Brookhaven National Laboratory National Synchrotron 
Light Source II. Diffraction patterns were collected with an incident X- 
ray wavelength of 0.9184 Å wavelength, a beam size of 0.2x0.05 mm 
and acquisition times of 10 s using a Pilatus800k detector at a sample-to- 
detector distance of 260 mm. Top cover slides were removed from the 
films prior to diffraction experiments. 

Small-amplitude oscillatory shear (SAOS) experiments. Dynamic 
rheological testing was carried out via SAOS using a cup and bob ge-
ometry using an Advanced Rheometric Expansion System (ARES) 
rheometer from TA instruments, New Castle, DE. The strain (γ) was 
applied sinusoidally with respect to time (t), at a frequency ω, i.e. γ(t) =
γ0sin(ωt), where γ0 is the strain amplitude. The response shear stress τ(t), 
corresponding the oscillatory deformation, comprises two contributions, 
the energy stored as elastic energy (G′(ω)) and the energy dissipated as 
heat (G′′(ω)), with τ(t) = G’(ω)γ0sin(ωt)+ G˝(ω)γ0cos(ωt). The magni-
tude of the complex viscosity |η*| was calculated using the equation, 

|η*| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(G’/ω)2 +

(
G˝/ω

)2
√

. 
Crystallization under steady torsional flow. Crystallization under 

steady torsional shear was carried out using a CSS450 Linkam shearing 
stage integrated with a Zeiss Axioskop 40 microscope. The observation 
window with a diameter of 2.8 mm sits at a fixed radial position 7.5 mm 
from the center. Shearing of D-mannitol/PVP and D-mannitol/D-sorbitol 
melts took place between two parallel quartz glass plates (55 mm 
diameter bottom and 32 mm diameter top) in which the bottom plate 
was rotated while the top plate remained fixed. 1–2 g of D-mannitol/PVP 
mixed powder was loaded onto the bottom plate. The gap between top 
and bottom plate was set to 1500 µm and the temperature raised to 
180 ◦C at a rate of 30 ◦C/min. After reaching 180 ◦C, the sample was 
held at this temperature for two minutes to completely melt the powder. 
The gap between the two plates was then decreased at a rate of 500 µm/ 
min to 5 µm. Steady torsional shear was applied during the cooling 
process and was continuously applied at the crystallization temperature 
until crystallization was complete. 
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