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ABSTRACT Polymer single crystals tend to be quasi two-dimensional (2D) lamellae and their small lateral surfaces are the start-

ing points of lamella melting and thickening. However, the recently discovered crystalsomes, which are defined for hollow single 

crystal-like spherical shells, are edgeless, self-confined, and incommensurate with translational symmetry. This work concerns the 

structure and melting behavior of these edgeless crystalsomes.  Poly (L-lactic acid) crystalsomes were grown using a miniemulsion 

solution crystallization method. Differential scanning calorimetry and in-situ wide-angle X-ray diffraction were used to follow the 

structural evolution of the crystalsomes upon heating. Our results demonstrated that the structure and melting behavior of crystal-

somes are curvature-dependent and significantly different from their flat crystal counterpart. 

A dominant morphological feature of polymer crystals is 

their quasi two-dimensional (2D) shape. Since polymer chains 

fold back and forth in this 2D shape, growth along the normal 

of the top and bottom fold surfaces is typically prohibited, 

leading to 2D polymer lamellae with a high aspect ratio (lat-

eral size over thickness) of hundreds to tens of thousands.1-2 

This 2D feature is fundamental in understanding the thermo-

dynamics of polymer crystallization because the crystal 

growth can be viewed as the advancement of a lamella’s lat-

eral surface into a polymer melt or solution. Due to the small 

dimension of the lateral surface compared with the fold sur-

face, they are often omitted in a Gibbs-Thomson type of crys-

tallization/melting analysis.1, 3 However, because of the high 

surface energy and chain mobility, the melting/thickening 

process of a lamella often starts from its edge,4-5 which  has 

been observed in annealing experiments in poly(ethylene),6-7 

poly(ethylene oxide),8-9 and poly(L-lactic acid) (PLLA)10.   

An interesting question therefore arises: how does an edge-

less lamellar crystal melt? To create an edgeless lamellar crys-

tal, we consider the recently discovered spherical crystal-

somes, which are single crystal-like hollow crystalline 

shells.11-16 Due to its spherical shape, no exposed crystalline 

lateral surfaces exist in a closed crystalsome. Two types of 

approaches have been used to grow this unique structure. First, 

homopolymer and block copolymer crystalsomes were ob-

tained using a miniemulsion crystallization method.11-13 Sec-

ond, molecular bottlebrushes with crystalline side chains were 

used to spontaneously form hollow crystalsomes.14 The pre-

sent study concerns the structure and meting behavior of such 

crystalsomes. We shall focus on two aspects of the crystal-

somes. First, crystalsomes are edgeless and self-confined; 

therefore, they do not have mobile lateral surfaces to initiate 

the crystal melting process. Second, crystalsomes belong to a 

class of “shape-translational symmetry incommensurate crys-

tals” (SSIC),17 where, due to the intrinsic non-flat shape, trans-

lational symmetry is broken. Similar examples are banded 

spherulites,7, 18 helicoidal,19 scrolled,20-22 bowl-shaped single 

crystals,23 etc.  SSICs are defect-rich, which significantly af-

fects their structure and melting behavior.  

The previously reported PLLA homopolymer crystalsomes 

were used in the present study as the model system. PLLA 

exhibits intriguing and diverse melting behavior.24-25 From 

bulk crystallization, profound behaviors, such as multiple 

melting, broad endotherms, and phase transitions just before 

the final melting peak, have been observed in differential 

scanning calorimetry (DSC) experiments.26-33 Our results in 

this work demonstrated that the confined melting of the edge-

less PLLA crystalsomes is significantly different from the 

melting behavior of a conventional polymer lamellae. Curva-

ture-dependent structural evolution upon heating was observed 

in crystalsomes with different sizes. 

 Figure 1a shows a schematic of the miniemulsion crystalli-

zation method to form PLLA crystalsomes, and the detailed 

experimental procedure can be found in the supporting infor-

mation. In this process, slow crystallization in the confined 

emulsion droplet allowed for the formation of lamellar crystals 

guided by the curved liquid/liquid interface, leading to the 

single crystal-like crystalsomes with the polymer chains per-

pendicular to the crystalsome surface.11 Figure 1b is a TEM 

micrograph of a typical crystalsome grown at 90C for 48 hr, 

with the insets showing the corresponding selected area elec-

tron diffraction (SAED)  pattern (bottom inset) and a scanning 

electron microscopy (SEM) image (top inset). The spherical  



 

Figure 1. Formation process and thermal properties of PLLA crystalsomes. (a) Schematic of miniemulsion solution crystallization, (b) A 

TEM micrograph of a PLLA crystalsome grown at 90 C with insets showing a SAED pattern of the crystalsome (bottom) and an SEM 

micrograph of PLLA crystalsomes (top, scale bar 1 μm). (c) TEM of a PLLA single crystal grown using a self-seeding technique (see sup-

porting information) with inset showing the SAED pattern. (d) First heating DSC thermograms of PLLA FSCs, crystalsomes with different 

sizes, and  and ` bulk phases (from top to bottom). (e) Plot of percent crystallinity (black squares) and Tm (red circles) versus the degree 

of curvature. 

 

morphology of the crystalsome is evident, in stark contrast to 

the flat, lozenge shaped PLLA lamellae grown in solution 

(Figure 1c). SAED patterns of the PLLA crystalsomes and flat 

single crystals (FSC) exhibited the same symmetry (Figure 

1b,c insets) as  phase PLLA single crystals.34-35 However, the 

FSCs showed sharp diffraction spots and arc-shaped diffrac-

tions were observed in PLLA crystalsomes; the latter was at-

tributed to the continuous lattice splaying in the curved space 

in the crystalsomes.11  Wide-angle X-ray diffraction (WAXD) 

was further used to evaluate the structure of FSCs versus the 

crystalsomes. The increased peak width suggested greater 

structural disorder incorporated into the crystalsomes due to 

their curved space.11 In this work, DSC along with in-situ 

heating synchrotron WAXD  were utilized to study the melt-

ing of crystalsomes versus PLLA FSCs. To examine the size-

dependency, a centrifugation procedure (detailed in the sup-

porting information) was used to separate the as-formed crys-

talsomes into three batches with different average diameters of 

477 nm, 316 nm, and 196 nm crystalsomes, respectively (de-

noted as CS-477, CS-316, and CS-196), and the crystalsome 

sizes were confirmed using  dynamic light scattering (Figure 

S2). 

Figure 1d shows the DSC thermograms of different forms 

of PLLA crystals, including the flat PLLA single crystals ob-

tained from solution crystallization at 25 C, the crystalsomes 

with three different sizes, and bulk PLLA having an  or ` 

structure. Note that the growth condition for PLLA FSCs was 

chosen so that a relatively large quantity of FSCs can be ob-

tained for bulk analysis and the FSC thickness (~11.8 nm, 

Figure S3) is similar to that of the PLLA crystalsome (~11.0 

nm) as previously reported.11 A 10 C/min heating rate was 

applied, and all the curves shown were from first heating ex-

periments The FSCs curve shows the prominent multiple melt-

ing observed where there are two small endotherms prior to a 

small recrystallization exotherm followed by the large endo-

therm of the final melting. The crystallinity (Xc) and melting 

temperature (Tm) was plotted against curvature in Figure 1e. 

The curvature of a PLLA crystalsome was define as 𝜅 =
1

𝑟
 , 

where 𝜅 is the curvature and 𝑟 is the crystalsome radius. The 

radius of an FSC is considered infinite, and its curvature is 

zero. The crystallinity of the FSCs, using a ∆Hf of 91 J/g for a 

100% crystalline sample, is 70% and the Tm is 167.3 C.36  

There are several differences observed in the DSC heating 

curve of CS-477 (blue curve in Figure 1d) compared with the 

FSCs. First, there is a clear recrystallization peak at ~110 C. 

This can be ascribed to the defect-rich nature of crystalsomes 

as evidenced by their lower crystallinity compared with FSCs, 

which suggests that the crystals have more “room” to improve 

local chain packing. Second, multiple melting is absent in the 

melt region, and only a slight shoulder is observed prior to the 

main melting. The Xc is 61% and Tm is 166 C, both are lower 

than that of FSCs. Note that for crystalsomes, the Xc was cal-

culated by subtracting the enthalpy of the recrystallization 

peak from that of the melting enthalpy so the result reflects the 

initial crystalsome structure without annealing effects. As we 

move to the two smaller crystalsome curves, the same major 

features (e.g. recrystallization and single melting peak with a 

slight pre-melting shoulder) are seen as in the case of CS-477, 

while quantitative changes in Xc and Tm can be observed. For 

CS-316, the Xc and Tm are 49% and 165.9 C, and CS-196 has 

an Xc and Tm of 22% and 165.3 C, respectively. The decrease 

in the Xc confirms that as the curvature increases, greater 

structural disorder is incorporated in the crystalsomes, which 

is generally consistent with Xc calculations from WAXD.11 

The decrease of Tm with increasing crystalsome curvature in-

dicates the smallest crystalsomes (greatest curvature) have the 

least stable crystal structure.  

To put these results into the context of the intensely studied 

bulk PLLA, two bulk samples were prepared by quenching the 

samples to either 150 C or 80 C and crystallized for 10 hr to 

produce bulk PLLA α and α` phases, respectively.31-32 The first 

heating curves of these samples are shown at the bottom of 

Figure 1d. A single melting endotherm is observed with the α 

phase curve having a slight shoulder prior to melting. The Tm 
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of the α and α` curves are 172.0 C and 164.4 C respectively. 

The DSC experiments therefore confirms that metastability of 

different PLLA crystals follows the order of α phase bulk > α 

phase FSC > α phase crystalsome > α` bulk with the crystal-

some α phase scaling with size where the smallest crystal-

somes are least stable. 

The DSC results show clear differences in the melting be-

havior of spherical crystalsomes compared with FSCs. In or-

der to better understand the evolution of chain packing during 

the melting process, in-situ heating WAXD was utilized. The 

samples analyzed were the PLLA FSCs, CS-316, and CS-196. 

Figure 2a shows the room temperature WAXD profiles of the 

three samples. The results are consistent with previously re-

ported data where all profiles are α phase PLLA.11 The 

(110/200) peak has the greatest intensity in the WAXD pro-

files and will therefore be used to follow the structural changes 

as a function of temperature. Figure 2b-d shows the in-situ 

heating WAXD profiles of the (110/200) peak for 

 

Figure 2. Structural evolution of PLLA FSC and crystalsomes 

upon heating. (a) Room temperature WAXD profiles of PLLA 

FSC (blue), CS-316 (red), and CS-196 (black). (b-d) In-situ heat-

ing WAXD profiles of PLLA FSC (b), CS-316 (c), and CS-196 

(c). 

 

FSCs, CS-316, and CS-196. All three samples show a clear 

peak shift to lower q values as a function of temperature, 

which can be attributed to thermal expansion when heated. 

Note that when the crystalsomes approach the melt region 

there is no sudden shift to a higher q value. It has been docu-

mented in literature that when the ` phase is heated there is 

an abrupt shift to higher q right before the melt region.32 The 

absence of this abrupt and appreciable q shift at higher tem-

perature in the crystalsomes further confirms that ` phase is 

absent in all three samples. This indicates, as also shown by 

DSC, the lamellar reorganization and melting mechanism in 

the crystalsomes is distinct from the ` to  transition. 

In order to quantitatively assess the WAXD profiles the 

(110/200) peaks were fit with a Lorentzian function using 

Origin Pro to obtain the peak maximum and full width at half 

maximum (FWHM). The d-spacing and crystallite size (coher-

ence length, Dhkl, where the subscript hkl denotes the miller 

index of the crystallographic planes corresponding to the re-

flection peak) were calculated, the later using the Scherrer 

equation (Dhkl= 2𝜋/𝐹𝑊𝐻𝑀).37 Figures 3a-c show plots of d-

spacing (black square) and crystallite size (red circles) as a 

function of temperature from 100 C through the crystals re-

spective melting temperatures. The first heating DSC curve of 

each sample is included (light blue) to correlate the WAXD 

and DSC results as will be discussed below. 

Figure 3a shows the d-spacing and crystallite size change 

for the FSCs. Below ~144 C, the increase in d-spacing is 

linear and the slope 6.8 x 10-4 Å/C; which can be considered 

as the coefficient of thermal expansion (CTE) of (110)/(200) 

planes. The value is slightly higher than bulk PLLA previously 

reported.32 Once the temperature of the first small endotherm 

from DSC is reached (144 C), the CTE decreases to 4.6 x 10-4 

Å/C, and maintains this value until complete melting of the 

crystal. Turning to the crystallite size, prior to the pre-melting 

observed in DSC, the crystallite size increases from 335 to 357 

Å. Just before 140 C and the first small endotherm, a sudden 

sharp increase is observed to 365 Å at 144 C, followed by a 

steady decrease through the entire melt region. 

For CS-316 (Figure 3b), the d-spacing trend is similar to 

that of FSCs, and there is a constant CTE of 7.8 x 10-4 Å/C 

from 100 C  until the pre-melt region (~144 C) is reached 

followed by a decrease in CTE to 5.8 x 10-4 Å/C through the 

melt region. Figure 3d shows an overlay plot of the d-spacing 

of all three samples, and it is seen that the d-spacing of CS-

316 is similar to that of the FSCs in the entire temperature 

range. A similar increase in crystallite size is observed up to 

the pre-melt temperature, but then a sharp increase in slope is 

observed until the main endotherm is reached. Compared with 

the FSCs, the crystallite size upturn region in CS-316 upshift-

ed to 144−161 C. For CS-196, the trends are very different. 

The d-spacing of CS-196 shows a fairly linear CTE of 8.0 x 

10-4 Å/C up to the pre-melting temperature, which is also 

~144 C. Then a sudden increase in CTE to1.5 x 10-3 Å/C is 

observed through the melt region (144−154 C) before de-

creasing to 9.9 x 10-4 Å/C. The overlay plot of d-spacings in 

Figure 3d also identifies that the d-spacing of the small crys-

talsome is greater than that of the FSCs and large crystal-

somes. The crystallite size shows a very different trend where 

the size quickly reaches ~260 Å and then slightly increases to 

just over 280 Å before melting.  

The above DSC and WAXD results are summarized as four 

major findings  that are associated with the two main charac-

teristics of crystalsomes: the absence of lateral surface (edge-

less crystals) and the spherical shape, detailed as following.  

1) Multiple vs. single DSC melting endotherms. FSCs show 

multiple melting peaks while single melting peaks with a 

shoulder were observed in crystalsome samples. The multiple 

melting peaks in PLLA FSCs can be attributed to the anneal-

ing/thickening of the FSCs upon heating. As previously dis-

cussed, polymer chains near the lateral surface are more mo-

bile and prone to thickening upon heating; continuous thicken-

ing/melting leads to the observed multiple melting peaks. The 

lack of lateral surface in a crystalsome indicates that mobile 

chains on a crystal lateral surface are absent. Furthermore, the 

closed crystalsome morphology also produces tighter chain 

packing and the crystals are self-confined. Both factors would 

lead to slower chain reorganization in crystalsomes. Note that 

for crystalsome melting, when Gibbs-Thomson equation is 



 

used, the surface energy could be different from the conven-

tional value because crystalsomes are hollow. Elastic bending 

energy38 and distorted lattice dimension could also affect the 

analysis.  

 

Figure 3. Plot of crystallite size (red circles) and d-spacing of 

(110/200) plane (black squares) as a function of temperature for 

single crystal (a), CS-316 (b), and CS-196 (c) overlaid on the first 

heating DSC scan of the respective samples. Overlay of single 

crystal (black squares), CS-316 (blue triangle), and CS-196 (red 

circles) d-spacing of (110/200) plane (d). 

 

2) Curvature dependent crystallinity and d-spacing. DSC 

results showed that the crystallinity decreases and the 

(110)/(200) d-spacing increases in the crystalsomes  as the 

curvature 𝜅 increases (Figure 1e). CS-196 shows slightly 

greater d-spacing than the FSC and CS-316 in the entire tem-

perature range. The curvature dependent crystallinity and d-

spacing can be attributed to the crystalsome shape and transla-

tional symmetry incommensurability. Since PLLA chains are 

perpendicular to the crystalsome surface, in crystalsomes, the 

PLLA stems must splay in order to accommodate the curved 

space, as shown in Figure 4. This splay can be quantified by 

calculating a relative “strain” in the crystalsome from the inner 

to outer shell layers by using 𝜀 =
2𝑙

2𝑟−𝑙
, where l is the crystal 

thickness (11nm as previously reported) and r is the radius of 

the crystalsome. 𝜀  can therefore be estimated as 4.7% and 

11.9% for CS-316 and CS-196, respectively.  As 𝜅 increases, 

greater splaying is necessary for the crystal to accommodate 

the curved surface, which both decreases the crystallinity and 

increases the inter-stem distance (hence d-spacing).  From this 

observation, we can also conclude that the obvious d-spacing 

change is seen only in the smallest crystalsome, where signifi-

cant lattice strain exists (11.9%). 

3) Curvature dependent CTE. In-situ WAXD data also 

showed a curvature dependent CTE behavior. Thermal expan-

sion of the (110)/(200) reflection peaks for all three samples 

show a transition at 144 C, with both the FSC and CS-316 

decrease from 6.8 x 10-4 Å/C  to 4.6 x 10-4 Å/C  and from 7.8 

x 10-4 Å/C  to 5.8 x 10-4 Å/C, respectively, while for CS-

196, it increases from 8.0 x 10-4 Å/ C  to 1.5 x 10-3 Å/ C  and 

then decreases to 9.9 x 10-4 Å/ C upon further heating. The 

interesting curvature dependent CTE is likely due to the geo-

metrical and structural differences between crystalsomes and 

FSCs. The sudden change of CTE at 144 C can be attributed 

to the melting/re-crystallization processes. For FSC and large 

crystalsomes, the gained mobility of the local chains at 144 C 

leads to rearrangement/melting of defect-rich domains and 

relaxation of small crystallites, and therefore slightly de-

creased CTE. However, for the small crystalsome such as CS-

196, the crystallites are tightly packed with larger lattice 

strain, and there is also significant compression on the inner 

part of the lattice (self-confinement). Because of this, at 144 

C, the gained mobility releases the strain and compression on 

the inner part of the shell by collectively expanding of the 

crystalsome. Once the stress is relieved sufficiently the CTE 

decreases again at the onset of the main melting peak. 

 

 

Figure 4. Schematics of FSCs and crystalsomes.  In the edgeless 

and self-confined crystalsomes, tangential expansion can only be 

accommodated to a limited degree by defect rearrangement. With 

increasing curvature from left to right, crystals show lower crys-

tallinity, higher disorder, stronger confinement, and more hin-

dered relaxation upon melting.  

4) Curvature dependent crystallite size. WAXD results 

demonstrated that the crystallite size or coherence length of 

the crystalsome are curvature dependent. CS-196 has a signifi-

cantly smaller crystallite size compared with larger crystal-

somes and FSCs, and the crystallite size is also less sensitive 

to temperature. Upon heating, for FSC and CS-316, the crys-

tallite size gradually increases followed by a rapid increase at 
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the onset of melting and then decreases through the melting 

region. The gradual increase of the crystallite size can be at-

tributed to the annealing effect upon heating, which induces 

larger coherence length in the crystal. At the onset of melting, 

as previously discussed, chains become more mobile and the 

annealing process becomes more efficient, leading to more 

rapidly increased crystallite size. At a further increased tem-

perature, a moderate portion of the crystals are molten, leading 

to the decreased crystallite size. Note that the temperature 

dependency of the crystallite size for FSC and CS-316 are 

qualitatively similar while the rapid increase/decrease region 

upshifted for CS-316. This again is attributed to the crystal-

some being edgeless and self-confined, so that significant lo-

cal chain re-arrangement is achieved at a higher temperature 

for CS-316 compared with FSCs. When curvature is further 

increased as in the case of CS-196, the chains are more tightly 

packed with greater stiffness of the crystalsome,11  and local 

chain rearrangement becomes more difficult (stronger con-

finement effect). Furthermore, the high curvature is incom-

mensurate with translation symmetry and large coherence 

length. The crystallite size therefore maintained largely the 

same before it suddenly dropped upon crystal melting. This 

observation is consistent with the temperature dependent CTE 

behavior.   

In summary, we presented in this work the melting behavior 

of edgeless PLLA crystalsomes and FSCs. The crystallinity, 

(hk0) d-spacing, CTE, and crystallite size of crystalsomes and 

their temperature dependency are curvature dependent, and are 

significantly different from conventional FSCs. With increas-

ing curvature, we observed lower crystallinity, higher disorder, 

stronger confinement effect, and more hindered relaxation 

upon melting. These behaviors were attributed to the crystal-

somes being edgeless, self-confined, and incommensurate with 

translational symmetry. 
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