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ABSTRACT: Polymer-based cocrystals represent a highly promising
subclass of multicomponent solids. One interesting aspect of these . i ®
materials is related to the possibility of obtaining isostructural crystals

@

simply by changing the chain length of the polymer used. In this study, | |
we perform an in-depth investigation of the solid-state features of +
several isostructural ternary polymer-based cocrystals composed of o

studies, and atomic-resolution transmission electron experiments were g

used to investigate the solid-state features of the multicomponent

solids. We observed that cocrystallization of polyethylene glycol with . = s e — ey
that further tuning of the melting behavior can be achieved through particle engineering, whereby the crystallite size and strain are
controlled by the length of the polymer chain. A better understanding of the solid-state features of such materials would allow, in the
near future, the development of polymer-based cocrystals with tailored solid-state properties.
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caffeine, S-fluoroanthranilic acid, and polyethylene glycols of varying
chain lengths. Thermal analyses, synchrotron powder X-ray diffraction

caffeine and S-fluoroanthranilic acid led to a solid with a melting point T ——
at least 50 °C higher than that of the pure polymer. We also discovered

B INTRODUCTION to design polymer-based cocrystals that are isostructural to
existing ones. This was achieved through the replacement of a
cocrystal component with an isomorphous molecule'—a
practice that has been used in the development of isostructural
small-molecule cocrystals, whereby Cl atoms are being
regularly interchanged with Br and I atoms (or even methyl
groups), or through an interchange of azo groups with ethylene
and ethyl functional groups, or through the replacement of O
atoms with S atoms. °~"*

We show herein that isomorphism is maintained in a series
of polymer cocrystals when the length of the polymer chain is
varied. Specifically, we have used caffeine (caf) and $-
fluoroanthranilic ($Fana) acid to cocrystallize polyethylene
glycols (Pegs) of various chain lengths, and show how such

replacements affect the thermal properties of the polymer
cocrystals. Also, while it is known that such changes in the

Cocrystallization is an effective approach for the development
of functional pharmaceuticals,’ agrochemicals,” pigments,’
light emitters,’ thermosalient crystals,5 and other materials
including nanoparticles.”” Throughout the last three decades,
cocrystal research has been focused exclusively on small
molecules, while the cocrystallization of macromolecules (such
as polymers) remains barely unexplored. This may be
attributed to the general perception that polymers are difficult
to crystallize, while their cocrystallization might be just as
challenging owing to the mismatch in sizes and shapes of
polymers and conventional cocrystal formers. Recent stud-
ies,”'" however, have shown that polymers can be cocrystal-
lized, that such polymers exhibit enhanced physical proper-
ties,)' "’ and that their cocrystallization enables the
optimization of the solubility and hygroscopicity of active
pharmaceutical ingredients."*

To the best of our knowledge, all polymer-based cocrystals Received: May 3, 2025
reported in the scientific literature have been prepared Revised:  June 20, 2025
serendipitously, and we are also not aware of any existing Accepted: June 24, 2025
guidelines that would allow to predict the ability of a small Published: July 3, 2025
molecule and polymer to cocrystallize. However, we have
recently shown that crystal engineering principles can be used
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melting behavior are linked to the length of the polymer chain
in the cocrystal,"” ™" we discuss here how the polymer chain
length affects the particle size and strain of the cocrystals, and
how this, in turn, might shape the melting behavior of the
cocrystal.

B EXPERIMENTAL SECTION

Materials. Anhydrous caf (99%), S-fluoroanthranilic acid (SFana)
(97%), 4-fluoroanthranilic acid (4Fana) (97%), Peg 300 (>99.5%),
Peg 400 (>99.5%), Peg 600 (>99.5%), Peg 1000 (>99.5%), Peg
3000 (95—98%), Peg 4000 (>99.5%), Peg 6000 (95—98%), Peg
8000 (>99.5%), and Peg 10,000 (>99.5%) were purchased from
Sigma-Aldrich, while 3-fluoroanthranilic acid (3Fana) (98%) was
obtained from TCl America. All polymers display a polydispersity
index lower than 1.20 (according to the technical datasheets provided
by the supplier). All of the reagents were used as received.

Mechanochemical Experiments. The initial screening and
large-scale syntheses of the different isomorphous cocrystals were
performed mechanochemically in the absence of liquid organic
additives using a Retsch MM200 mixer mill. In a typical experiment, a
physical mixture (m = 250 mg) of caf, a fluorinated anthranilic acid
(ana) derivative (SFana or 4Fana or 3Fana), and a Peg (molecular
weight 300—10,000 g mol™") were added to a 15 mL screw stainless
steel milling jar with two steel milling balls (2r = 7 mm) and milled
for 120 min at 25 Hz. The obtained solid products were characterized
within 120 min of their preparation using powder X-ray diffraction
(PXRD) and differential scanning calorimetry (DSC).

Laboratory Powder X-ray Diffraction Analyses. Unless
indicated otherwise, the structural analyses were accomplished using
a Bruker D2 Phaser powder diffractometer equipped with a
LYNXEYE ultrafast 1D detector using Cu Ka radiation (1 = 1.5418
A). The instrument was operated at a voltage of 30 kV and current of
10 mA. The samples, approximately 100—150 mg in weight, were
gently pressed on a sample holder and analyzed in the 5—35° 26 range
using a step size of 0.02° and a scan step size of 0.6° s™".

Differential Scanning Calorimetry Analyses. DSC measure-
ments were performed using a Mettler Toledo DSC 3 instrument. In a
typical experiment, about 3 mg of the sample was weighed in a 40 L
alumina pan and covered with an alumina lid. The samples were
heated from —20 to 250 °C, with a heating rate of 10 °C min~'. The
samples were heated under the flow of dry nitrogen gas. The DSC
thermograms were processed using the Mettler STAR® data evaluation
software (version 16.40).

Scanning Electron Microscopy Analyses. SEM images of
different mechanochemically prepared cocrystals were recorded after
placing the samples on aluminum stubs covered with carbon double-
sided tape. The samples were sputter-coated with gold using a Sputter
Coater KSS0X (Emitech, Quorum Technologies Ltd., UK), before
being imaged using a FEI Quanta 250 SEM scanning electron
microscope (Oregon, USA) with the secondary electron detector. The
working distance was set at 10 mm to obtain the appropriate
magnifications, and the acceleration voltage was set at 30 kV.

Measurement of the Crystallite Size Using Synchrotron
PXRD. Powdered samples of the cocrystals were packed in 0.3 mm
boron capillaries. The diffraction data were collected at 15 keV (4 =
0.827 A) at the high-resolution MCX beamline of the Elettra
synchrotron radiation source (Trieste, Italy)*” based on a 4-circle
Huber goniometer equipped with a scintillator detector. Diffraction
patterns were acquired in Debye—Scherrer geometry in the 4—17° 26
range, with a step size of 0.008° and exposure time of 1 s per step
while spinning the capillary at 300 rpm. The instrument profile was
determined using a Si standard (NIST SRM 640c) by refining the
peaks2 ghape with the pseudo-Voigt function available in the GSAS-II
suite.”™

Atomic-Resolution Transmission Electron Microscopy Anal-
yses. Artifact-free TEM specimens for atomic resolution imaging
were prepared following a previously established procedure resulting
in depositing pristine cocrystalline particles on a standard 200 mesh
TEM Cu-grid covered by a thin amorphous carbon layer.”* The
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studied cocrystals are extremely sensitive to radiation damage, and the
atomic resolution imaging of single nanoparticles was only possible
using the HoloTEM method,” which enables a safe survey of the
specimen, the location of particles of interest, and the acquisition of
the relevant high-resolution TEM (HRTEM) images, while accurately
controlling all the experimental parameters for the quantitative
imaging of damage-free single particles.'>** HoloTEM atomic
resolution experiments on the different polymer-based cocrystals
were performed using a double spherical aberration-corrected FEI
Titan 60—300 Themis microscope operated at 200 kV using a spot
size 3 and 150 ym C2 aperture. The aberration corrector was tuned
prior to inserting the sample, and the correction of the spherical
aberration of the objective lens allows a spatial resolution of 0.08 nm
in HRTEM imaging. The beam intensity was adjusted to the
maximum diameter within parallel illumination conditions for a three-
condenser lens system and gave the desired dose for the data set. The
microscope was equipped with a Direct Electron Detection Gatan K3
IS system model 1026, which contains a complementary metal-oxide
semiconductor (CMOS) detector and high-speed electronics able to
recognize, locate, and count each electron event at about 1500 frames
per second. Each data set was recorded in counting mode, which
enables to operate the beam at the lowest level of irradiation rate, 4—
40 s '-pixel . All experiments were conducted at room temper-
ature. HRTEM images and diffraction patterns were simulated in both
Bloch’s waves*® and Multislice>” approaches using the Java Electron
Microscopy Simulation (JEMS) program.”® The crystallographic
information file, derived from earlier synchrotron XRD measure-
ments,”> was used as input for all calculations.

B RESULTS AND DISCUSSION

Our recent interest in polymer-assisted grinding””*" led to the
discovery of a cocrystal composed of caf, ana, and poly-
ethylene glycol dimethyl ether 1000 (Peg-DME 1000),"> while
subsequent studies led to the development of an isostructural
cocrystal through the replacement of ana with 6-fluoroan-
thranilic acid (6Fana). The enhanced thermal properties of
this cocrystal then prompted a cocrystal screen using a series of
other fluorinated anthranilic acid derivatives, namely, 3Fana,
4Fana, and SFana, along with caf and Pegs with various chain
lengths (Scheme 1). The results of these studies are reported
herein.

The cocrystal screen led to the discovery of a new ternary
cocrystal composed of caf, SFana, and Peg 3000 (see Section
S1.1 and Figure S1 in the Supporting Information file) and a
binary cocrystal composed of caf and SFana. Cocrystallization
trials involving 4Fana, on the other hand, yielded only a binary
caffeine cocrystal (Figure S2 in the Supporting Information
file), while no multicomponent products were observed in
reactions involving 3Fana (Figure S3 in the Supporting
Information file).

Attempts to structurally characterize the new ternary SFana
polymer-based cocrystal through single-crystal X-ray diffraction
failed as no suitable single crystal could be grown. This
prompted the use of different Peg coformers, and single
crystals of a ternary SFana cocrystal were finally prepared with
Peg-DME 1000 through melt crystallization (see Sections S2
and S3 in the Supporting Information file). Crystallographic
analyses showed that the Peg-DME 1000 polymer-based
cocrystal is isostructural with the ternary polymer cocrystal
obtained with Peg 3000. And although the structure of the
Peg-DME 1000 ternary cocrystal was reported elsewhere,” its
crystal structure is very briefly discussed here to rationalize the
apparent inability of 3Fana and 4Fana to form a ternary
polymer-based cocrystal under the studied conditions, and to

https://doi.org/10.1021/acs.cgd.5c00638
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Scheme 1. Chemical Structures of Peg, caf, 3Fana, 4Fana,
and SFana
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justify why more elaborate screens were not pursued at this
point.

The ternary polymer-based cocrystal structures constitutes
of supramolecular ladders formed by caf and SFana molecules,
whereby two coplanar caf and SFana molecules act as ladder
rungs and a second set of SFana molecules as ladder side rails
(Figure 1). The rung molecules are held together by an O—
H(SFana)---N(caf) hydrogen bond, while the 5Fana side rails
hydrogen bond with the rung molecules through the O—
H(SFana)---O(caf) and N—H(SFana)---O(caf) hydrogen
bonds (Figure 1). The caf:SFana ladders interact with the
polymer through C—H(caf)---O(Peg) interactions between caf
imidazole groups and the ether group of Peg-DME.

A close inspection of the close contacts between SFana and
its surrounding molecules suggests that an isomorphous
replacement of SFana with 3Fana would possibly result in an
energetically unfavorable close contact within each supra-

molecular ladder; more specifically, between the electron-rich
3Fana fluorine atom of the ladder rung and the carbonyl group
of the 3Fana side rail (Figure 1d). In the case of a putative
4Fana isomorphous replacement, similar unfavorable inter-
actions could occur between adjacent ladder structures in the
cocrystal, and these would involve the 4Fana fluorine atom of
the ladder rung and the electron-rich phenyl ring of the
neighboring 4Fana side rail (Figure le). Of course, a simple
visual inspection of the cocrystal structure cannot unequiv-
ocally explain the apparent inability to form isomorphous
cocrystals with 3Fana and 4Fana, and that such a “visual”
empirical approach to the design of isomorphous crystals is
highly speculative. We therefore recognize that the formation
of the 3Fana and 4Fana polymer-based cocrystals with either
the same or different structures might be possible under
different synthetic conditions.

We subsequently attempted the mechanochemical formation
of isostructural cocrystals composed of caf, SFana, and Peg
with different molecular weights, ranging from 300 g mol™" to
10,000 g mol™" (for further details, see Section S1.2 in the
Supporting Information file). The reason for selecting such a
range was based on the crystallization behavior of pure Peg, as
it is well-known that neat Peg forms semicrystalline structures
where chains orient randomly in the amorphous phase, while
forming lamellae (a double paralle] helix arranged as plate-like
structure) in crystalline regions.”"** The polymer chains
within the lamellae may be extended (metastable) or folded
(stable), depending on the molecular weight of the polymer,
and the physics of chain-folding can strongly affect the
configuration of the lamellae. Consequently, the physical
properties (e.g.,, melting and crystallization) of the polymer are
affected by different configurations of the chains, which may be
folded or nonfolded.” Specific to Peg, it has been reported
that the critical value of the molecular weight for which chains
crystallize either in the extended or folded conformations is
around 4000 g mol ™" So, the most pronounced differences
in the thermal behavior of a Peg occur around this molecular
weight.

The mechanochemical products were initially characterized
by PXRD and DSC. The PXRD analyses revealed the
formation of isostructural cocrystals. Thermal analyses showed
that the melting points of the ternary polymer-based cocrystals

I g Y
souein. abeo QU
LILx;:xf:g:s-«

d)

— 9 1.\ 1,
SR X
):Q "8

Figure 1. Perspective view of (a) caf:SFana ladder in the ternary polymer-based cocrystal, (b,c) packing of the ladders with Peg-DME, and (d,e)
possible repulsive interactions (highlighted in black) that could emerge upon the replacement of SFana with 3Fana and 4Fana (respectively) in the

Peg-DME 1000-(caf)-(SFana) structure.
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Figure 2. Average (n = 2) melting points (red circles) and melting enthalpies (black squares) of different polymer-based cocrystals obtained
mechanochemically using Pegs with a molecular weight from 300 g mol™" to 10,000 g mol™".

investigated in this study are strongly related to the molecular
weight of the polymer used. Specifically, the melting point of
the cocrystal containing Peg 300 (liquid at room temperature)
is 115.3 °C, and also different from the melting points of pure
caf (240 °C) and SFana (186 °C) (see Figure SS in the
Supporting Information file). The melting point of the
cocrystal increases to 134.38 °C when Peg 10,000 is used as
coformer. As expected, the increase of the melting point of the
isostructural polymer-based cocrystals (all the mechanochem-
ical products obtained with Pegs in the molecular weight range
300—10,000 g mol™" produced similar PXRD patterns—see
Figures S4, S6, S8, S10, S12, S14, S16, S18, and S20 in the
Supporting Information file) is more pronounced within the
polymer molecular mass range of 300—4000 g mol™’, after
which the melting does not further change (Figure 2). A
similar behavior can be observed for the melting enthalpy;
however, in the case of polymer-based cocrystals obtained with
Pegs having a molecular weight higher than 3000 g mol ™, such
parameter shows high variablity. The melting points and
melting enthalpies of the isostructural polymer-based cocrys-
tals obtained with Pegs having different molecular weights
plotted as a function of molecular weight of the polymer are
shown in Figure 2, while the original thermograms and the
PXRD patterns of each cocrystal are shown in Figures S4—S21
in the Supporting Information file.

Melting is a ubiquitous yet fundamental physical character-
istic of solids presenting some degree of order. Although this
phenomenon has been widely explored using numerous
experimental and theoretical approaches, a full understanding
is still to be reached.** It is, however, widely accepted that the
temperature (and the enthalpy) where melting occurs is often
proportional to the crystal size of the solid. Indeed, in previous
studies,” some of us have demonstrated both experimentally
and computationally that there is a general reduction of the
melting temperature and enthalpy as the particle size of organic
crystal decreases. Importantly, these reduced melting temper-
atures mainly depend on the size and shape of the
nanocrystals.*

With this in mind, we subsequently analyzed the particle
features of the mechanochemically prepared polymer-based
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cocrystals using scanning electron microscopy (SEM). The
micrographs shown in Figure 3 revealed that different
mechanochemical products display a wide particle size
distribution, ranging from 0.50 to 30.0 um, and the presence
of bigger particles in cases where isostructural polymer-based
cocrystals were prepared with low molecular weight Pegs
(Figure 3).

It is, however, not clear whether the differences in particle
size alone contribute to the distinct melting behavior of the
polymer-based cocrystals obtained with Peg 300 and Peg
10,000. Importantly, SEM images at a higher magnification
revealed that the particles of the different powders are
agglomerates of smaller homogeneous particles, suggesting
that the crystal size of these materials is smaller than it initially
appears (Figure 3 right column). We then turned our attention
to microstructural analysis using synchrotron PXRD data
(Figures S25 and S26 in the Supporting Information file). In
particular, we focused on ternary polymer-based cocrystals
obtained with Pegs 400, 1000, and 3000 g mol™! as these
display the most significant changes in melting behaviors
occurred (within the range of the investigated Pegs) (Figure
2). Generally, all of the measured patterns indicated good
crystallinity, although a pronounced and variable peak
broadening was present across all samples, suggesting
variations in microstrain and crystallite size. Values of Full
Width at Half Maximum (fwhm) (see Section S4 in the
Supporting Information file) of the most intense peaks of the
selected polymer-based cocrystals were used to evaluate the
crystallite size and strain through the Williamson—Hall
method. It was found that the peak broadening is correlated
with the chain length of the Peg in the cocrystal (Figure 4).
The crystallite sizes and strains are listed in Table 1.

The results shown in Table 1 suggest that the average
dimensions of the crystallites (D) decrease when the ternary
polymer-based cocrystals are obtained with a higher molecular
weight polymer. Importantly, the lattice distortions (micro-
strain) become more relevant in the (Peg 3000)-(caf)-
(SFana) polymer-based cocrystal, as compared to (Peg
400)-(caf)-(SFana), suggesting that, in these materials, the
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Figure 3. SEM images of (Peg )-(caf)-(SFana) polymer-based cocrystals prepared with (A) Peg 300, (B) Peg 400, (C) Peg 600, (D) Peg 1000,
(E) Peg 3000, (F) Peg 4000, (G) Peg 6000, (H) Peg 8000, and (I) Peg 10,000.
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Figure 4. FWHM of the most intense reflection of polymer-based
cocrystals prepared with Peg 400 (blue triangles), Peg 1000 (pink
squares), and Peg 3000 (green circles).

thermal properties are determined by a complex interplay of
crystal size and particle microstrain.
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Table 1. Average Crystallite Size (D) and Microstrain (%) of
Different Polymer-Based Cocrystals in Relation with the
Respective Melting Points

Composition of the D+ SD  strain = SD mean melting
polymer-based cocrystal (nm) (%) point + SD (°C)
(Peg 400)-(caf)-(5Fana)  S1 +11 02 +02 1202 + 0.0(9)
(Peg 1000)-(caf)-(SFana) 30 + 7 0.3 + 04 130.7 + 0.2
(Peg 3000)-(caf)-(5Fana) 24 £ 10 1.0 + 0.1 134.5 £ 0.4

We next turned to atomic-resolution TEM to assess the
solid-state features of the studied cocrystals. The subsequent
section describes the particle size analyses, while HoloTEM is
used to ensure that the observed crystallites are indeed those of
the studied polymer cocrystal.

TEM imaging experiments at atomic resolution revealed that
all three studied polymer-based cocrystals were lamellar in
nature, with aspect ratios and crystalline properties depending
on the polymer chain length. It is worthwhile noting that
lamellar crystals have limited thickness that can affect their
thermal stability and thus the melting temperature.””** The
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samples were studied by HoloTEM experiments, which enable
the direct imaging of the sample at subangstrom spatial
resolution, overcoming the sample damage.”**>*" For each
sample, we surveyed hundreds of particles and acquired
representative atomic resolution images. Figure 5 shows the

Figure S. Representative lattice resolution raw low-dose HRTEM
images acquired in the framework of HoloTEM experiments, along
with the relevant diffractograms in the insets for (a,b) (Peg 400)-
(caf)-(SFana); (c,d) (Peg 1000)-(caf)-(SFana); and (ef) (Peg
3000)-(caf)-(5Fana).

results of six atomic resolution imaging experiments on
polymer-based cocrystals (based on caf, SFana, and either
Peg 400 or Peg 1000 or Peg 3000) summarizing some of the
features of these specimens. For each specimen, Figure 5 shows
the raw HRTEM images, together with the relevant diffracto-
grams, pointing to the differences in morphology, sizes, and
crystallinity. For example, sample (Peg 400)-(caf)-(SFana)
consists of small lamellar crystalline particles with lateral sizes
of approximately 3 nm, which tend to aggregate (highlighted
by the white dashed lines in Figure Sa), and isolated particles
with lateral sizes of about 10 nm (as shown in Figure Sb). The
diffractogram in Figure Sa highlights the crystallinity of each
particle in the cluster, whereas the diffractogram in Figure Sb
features the single-crystalline nature of the particle. In the case
of (Peg 1000)-(caf)-(SFana), relatively large lamellar foils
with lateral sizes of tens of nm were observed. Figure 5S¢ shows
the detail of the foil to highlight its crystalline nature,
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evidenced also by the relevant diffractogram in the inset.
Other particles observed in this specimen are isolated lamellar
particles with lateral size of about 20 nm, as shown in Figure
5d, and a single-crystalline nature, as marked by the relevant
diffractogram in the inset. Finally, the sample (Peg 3000)-
(caf)-(SFana) also contains foil-like particles of lateral sizes
larger than 100 nm. Within these foils, there are crystalline
textured areas, as demonstrated by the arcs in the diffractogram
in the inset of Figure Se. In some other regions of the foils, the
presence of crystalline regions surrounded by amorphous areas
was observed, as shown, for example, in Figure 5f and in the
relevant diffractogram in the inset.

It is worth noting that the HRTEM images of the particles
are evidently bidimensional, as the particles are seen projected
on the plane of observation, which is the plane perpendicular
to the direction of the microscope primary electron beam.
Nevertheless, the features of the image phase contrast are
strongly related to the particle crystal structure and thickness.*’

This property of the HRTEM image enables us to evaluate
the thickness of the particles in the direction of the primary
beam by HRTEM image simulation, as detailed in Section S5
in the Supporting Information file. This is shown, for example,
for one particle of the (Peg 400)-(caf)-(5Fana) cocrystal,
whose HRTEM image together with the relevant simulation is
shown in Figure 6 (see for further examples Figures $27—S33
in Section SS.2 of the Supporting Information file).

Here the particle has a size of about 8 X 10 nm and is made
of two different crystalline grains, as shown in Figure 6a. The
HRTEM image simulations have been superimposed on the
experimental image (see the arrows) with very good agree-
ment. The simulations match the experimental lattice contrast
for a thickness t, = 2.75 + 0.05 nm for grain A, and for a
thickness t = 1.25 #+ 0.05 nm for grain B. The other
experimental parameters used for the simulations are reported
in Section S5.2 of the Supporting Information file, along with
the details of the simulation method. The zoomed-in areas
where the simulations, marked by dashed squares, have been
overlapped to the experimental images have been also reported
in Figure 6b and c. The relevant diffractograms, shown in
Figure 6d and e, point out that the grains have the same zone
axis (see the spacing and angles measurements in Table 1 and
Table 2 of Figure 6) but are tilted one respect to the other of
about 50° in the plane perpendicular to the zone axis. The
common zone axis [21 8 1] electron diffraction simulation is
shown in Figure 6f, and Table 3 in Figure 6 shows the relevant
spacing, angles, and Miller indexes (h,k,!) to be compared with
the experimental values in Table 1 and Table 2 of Figure 6.
The red circles in the experimental diffractograms are centered
on the positions of intensity maxima of the simulated electron
diffraction giving, for the reader’s convenience, visual evidence
of the agreement between experiments and simulations. Figure
6f shows the crystalline cell oriented with the zone axis
direction coming out from the page, whereas in the bottom-
right part of Figure 6f, the geometry of the unfolded polymer
stems is sketched with respect to the external surfaces and with
respect to the direction of the zone axis, indicated by the
arrow. These features are highlighted to discuss the role of the
polymer component in the morphologies of the particles.
Other representative HRTEM experiments with the relevant
simulations are shown in Section S5.2 of the Supporting
Information file. The results of the HoloTEM experiments are
summarized in Table 2.
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Table 1: experimental Table 2: experimental
diffractogram - GRAIN A diffractogram - GRAIN B
label d angle label d angle
1 2.820.1 0 1 2.7+0.1 0
2 2.8=0.1 70+2 2 2.8=0.1 74£2
3 2.4=0.1 125+3 3 2.3=0.1 128=3
4 1.69:0.08  34=1 4 1.70+0.08 371
5 1.460.05 100+2 5 1.45=0.05  104=2
6 0.95:0.04  108+2 §' 0.92:0.04  163=2

Table 3: simulated diffraction
Zone Axis [-21,8,-1]

g)

. [-21,8,-1] ot label hkl d angle
1,?-133 14111819 1 125 260 0

;'V o ¥ o, 2 133 273 69.

v o T 3 o018 235 1224

o % o WY 1 e * “3ug 4 253 162 338

| = ol ' 5 1411 1.44 100.2
1 6 1519 091 110.2
6 2318 093 1615

Figure 6. Atomic resolution experiments on a particle of (Peg 400)-(caf)-(SFana); (a) raw HRTEM image obtained in the framework of
HoloTEM experiments. The particle is made of two crystalline grains, labeled GRAIN A and GRAIN B, and shown together with the relevant
image simulations superimposed to the experimental image and pointed by two white arrows. The areas where the experimental and simulated
images are superimposed are shown at higher magnification in (b) and (c), where the simulated regions are marked by dashed white polygons for
ease of comparison. The grains are oriented along the same [21 8 1] zone axis, see diffractograms in (d) and (e), but are tilted one respect to the
other of about 50° in the plane perpendicular to the zone axis. The spacing and angles measured in the diffractograms are shown in the relevant
Table 1 and Table 2. (f) Sample crystal cell, as calculated by X-ray diffraction and seen with the [21 8 1] zone axis coming out from the paper foil.
Different colors correspond to different chemical species: hydrogen = green, fluorine = yellow, oxygen = red, carbon = gray, and nitrogen = blue.
The inset in the lower-right part of (f) shows, in red, the geometry of the unfolded polymer chains with respect to the external surfaces of the
particle of thickness . (g) Simulated diffractogram, which has been successfully calculated as the reciprocal crystal plane perpendicular to the [21 8
1] direction and whose theoretical spacing, angles, and Miller’s indexes are reported in Table 3 for ease of comparison with those experimentally
measured in Table 1 and Table 2. The red circles in the experimental diffractograms are centered on the positions of intensity maxima of the
simulated electron diffraction giving, for reader convenience, a visual evidence of the agreement between experiments and simulations.

These results highlight the lamellar nature of all the cocrystal polymer chains can form different angles with respect to the

particles, with the size in one dimension (for example, z) much
smaller with respect to the sizes in the other two dimensions (x
and y). This feature physically constrains the lamellar particles
to lay with the x—y plane parallel to the supporting carbon film
of the TEM grid. The experiments show that the size, the
morphology, and the crystalline quality of the cocrystal foils are
related to the chain length of the Peg used in the
cocrystallization process. Particles obtained by using Peg
400, which is a polymer with a chain length of about 2.5 nm,’’
are the thinnest lamellae and the lateral sizes of the particles
are the smallest among the studied materials (see Figure 6 and
Table 2). The orientation of the particles on the TEM grid
carbon film experimentally measured demonstrates that the

particle external surfaces (see Figure 6f). It should be noted
that the observed particle thickness and the angles formed by
the Peg 400 polymer chain are such that the stem could be
entirely contained within the particle surfaces, without
requiring polymer folding.*' Particles cocrystals based on
Peg 1000, which is a polymer with a chain length of about 6.4
nm, are foils with lateral sizes of tens of nanometers and
thicknesses of some nanometers. The geometry of the polymer
stems within the particle are compatible, as in the previous
case, with an unfolded polymer forming the foils. Finally, the
materials made by using Peg 3000, which is a polymer with a
chain length of about 19.1 nm, are those with the largest lateral
sizes. Interestingly, in this case, all of the foils observed have
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Table 2. Summary of the Sizes, Morphology, Crystalline Features, and their Occurrence Measured by HoloTEM Experiments

morphology and its

polymer-based cocrystal occurrence (%) thickness (¢, nm)

(Peg 400)-(caf)-(SFana) nanoparticle aggregates d: 15+ 8
60% t: 1.4 + 0.8
isolated nanoparticles d:7+3
40% t: 1.4 £ 0.8

(Peg 1000)-(caf)-(SFana) large foils d: 70 + 30
30% t: 16 + 10
isolated nanoparticles d: 18 £ 9
70% t:2+1

(Peg 3000)-(caf)-(SFana) large foils d: >100; t: 7 + 3

lateral size (d, nm),

crystallinity

single-crystalline particles (size <5 nm)
single-crystalline
highly crystalline (single-crystalline or strongly textured)

single crystalline (61%) and polycrystalline (9%) , with random orientations
and defects such as twinning

textured polycrystalline, with amorphous grain boundaries (size 1—3 nm) and
highly crystalline domains (size <10 nm

the polymer stems nearly parallel to the external surfaces and
could be contained entirely within the particle thickness
without the need of being folded. Furthermore, the relation-
ship between the sample structure and the particle surfaces is
such that the polymer could fold in the plane parallel to the
external surfaces and not perpendicular to them, as established
in bulk Peg obtained by the melt.** Interestingly, plotting the
polymer chain-length versus the angle between the polymer
stem and the planar plane of the lamellae discloses a tendency
of the stems to lay parallel to the basal plane of the lamellae as
the chain length increases (see Figure S33). This evidences
once more the deep influence of the polymer component on
the size and morphology of the lamellae. As far as the thermal
properties are concerned, the lowest melting point among the
materials, which has been measured in the cocrystal obtained
by using Peg 400, can be explained considering that the
relevant lamellar particles have a good crystal quality and the
smallest thickness, maximal 1 or 2 nm, among the materials
studied. In the case of the cocrystals with Peg 1000 and Peg
3000, the former has smaller lateral sizes, comparable
thickness, and better crystal quality (see the third column of
Table 2), with some extended defect but with no amorphous
areas within the particles. Finally, the foil size and the presence
of amorphous grain boundaries in the specimen obtained by
Peg 3000 account for its higher melting point with respect to
the materials obtained by Peg 400 and Peg 1000.

B CONCLUSIONS

In conclusion, the screening for new polymer-based cocrystals
using caf, different fluorinated derivatives of ana, and Peg
resulted in the discovery of a new isostructural ternary
cocrystal, which could be obtained mechanochemically using
polymers with different chain lengths (with molecular weights
in the range 300—10,000 g mol™'). These isostructural
polymer-based cocrystals showed different melting points and
melting enthalpies. Specifically, the melting point varied from
circa 115 °C (in the case of polymer-based cocrystal obtained
with Peg 300) to a maximum of 135 °C (when Peg 3000 and
Peg 4000 were used as coformers). Such differences in the
thermal behavior were attributed to the different particle
features. Specifically, synchrotron X-ray diffraction and atomic-
resolution transmission electron microscopy revealed several
features such as lamellar thickness, microstrain, etc., follow the
trends in the thermal behavior of pure semicrystalline Peg.
The fact that a polymer forms multicomponent crystal
structures with small molecules, and that the resulting solid
maintains some properties that are typical of pure polymers
can be useful for the development of materials with enhanced
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piezoelectricity, controlled drug release, and improved
mechanical properties.
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