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Resonant acoustic mixing is a relatively gentle mechanochemical technology that employs pressure waves

to induce chemical and morphological transformations. We report here on the production of eleven

halogen-bonded (XB) cocrystalline architectures via neat and liquid-assisted resonant acoustic mixing

(RAM). Two strong iodinated XB donors, namely 1,4-diiodotetrafluorobenzene (p-DITFB, 1) and 1,3,5-

trifluoro-2,4,6-triiodobenzene (sym-TFTIB, 2) each react with five XB donors, namely 2,3,5,6-

tetramethylpyrazine (TMP, a), 4-dimethylaminopyridine (DMAP, b), 1,10-phenanthroline (o-Ph, c), 1,10-

phenanthroline-5,6-dione (PheDON, d), and 4,5-diazafluoren-9-one (DIZFON, e) to form ten cocrystals.

For these systems, it is shown that RAM is capable of producing the same products as are obtained via

ball milling. Two novel cocrystals are obtained (of 2d featuring bifurcated XBs, and 2e featuring

monofurcated XBs) and their single-crystal X-ray structures are reported. However, an eleventh

stoichiomorphic cocrystal of p-DITFB and TMP is obtained exclusively via RAM, suggesting that the

combination of RAM and milling approaches may afford a broader exploration of the polymorphic and

stoichiomorphic landscape than the use of a single technique in isolation. All products are characterized

via powder X-ray diffraction, and 13C cross-polarization magic angle spinning (CP/MAS) and 19F MAS

NMR spectroscopy, providing further evidence for the phase purity of samples obtained from RAM

experiments and for the degree of polymorphic control available when small volumes of liquid are

employed in mechanochemical reactions. This work demonstrates the potential of RAM for the

production of known and novel halogen-bonded cocrystalline assemblies, including polymorphic and

stoichiomorphic structures.
Introduction

Halogen bonding (XB), a distinctive noncovalent interaction,
has surged in interest due to its directional and tunable char-
acteristics,1,2 enabling the deliberate design of frameworks3,4

and control of biomolecular structure.5,6 This interaction
involves the electrophilic region of a covalently bonded halogen
(termed the s-hole)7 on the halogen bond donor engaging with
a Lewis base as the halogen bond acceptor.8 The presence of this
interaction is oen assessed using the normalized contact
distance ratio, RXB,9 which gauges the halogen bond distance
(dX/Y) relative to the sum of the van der Waals radii of the
atoms involved (

P
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RXB ¼ dX/YP
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:

Over the past two decades, halogen bonding has emerged as
a versatile tool, nding applications across diverse domains
such as crystal engineering, medicinal chemistry,11,12 anion
recognition,13,14 supramolecular systems,15 and catalysis.16,17 Its
adaptable nature and the potential for precise modulation
make halogen bonding an intriguing avenue for innovative
molecular design and tailored interactions.

Mechanochemistry, a dynamic and evolving eld, has
emerged as an innovative approach to chemical synthesis and
materials discovery. This methodology harnesses mechanical
force, such as grinding or milling, as a key driver in chemical
reactions, replacing or complementing traditional solution-
based processes.18,19 The concept of mechanochemistry dates
back to the 19th century when it was rst noted that certain
reactions occurred more readily under mechanical action.20–22

However, it wasn't until recent decades that the full potential of
mechanochemistry began to be realized. Today, this eld offers
a versatile platform for green and sustainable chemistry,23,24

with applications ranging from pharmaceuticals25–27 to
catalysis,28–33 and materials science.34,35
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In addition to the absence of solvents offering advantages,
solid-state reactions frequently yield highly pure products and
can be conducted using uncomplicated equipment, such as
basic manual grinding36 or mechanical milling.37–39 Occasion-
ally, a small quantity of liquid is introduced into mechano-
chemical reactions to expedite the transformation or facilitate
the reaction, which, in certain instances, may induce poly-
morphic variations.40 These reactions can be categorized as
“minimal solvent” rather than purely “solvent-free”,18 and they
are oen referred to as kneading, solvent drop grinding, or, in
a more comprehensive and contemporary context, liquid-
assisted grinding (LAG).41,42

Mechanochemical reactions are oen characterized by their
unique ability to access reaction pathways and product forma-
tions that are oen elusive through traditional methods.43 The
fundamental principles behind mechanochemistry involve the
application of mechanical energy to overcome activation
barriers and promote bond cleavage, facilitating the synthesis
of complex molecules and materials. As a result, mechano-
chemistry has garnered increasing interest within the scientic
community for its potential to revolutionize the way we
approach chemical synthesis and discover new materials.
Recent advances in the eld have demonstrated its efficacy in
preparing cocrystals,44–49 polymorphs,50 and metal–organic
frameworks,51,52 highlighting its versatility and potential in
various applications.

Here, we provide a proof of principle study of direct mech-
anochemical halogen bond-induced cocrystallization by reso-
nant acoustic mixing (RAM), focusing on the reduction of
reaction time and the engineering of cocrystals featuring I/N
and I/O interactions (Fig. 1). We show that acoustic mecha-
nochemistry with RAM, leveraging acoustic wave pressure as the
driving force, can efficiently provide the energy required for
Fig. 1 Molecular structure of halogen bond donors and acceptors
studied herein with the cocrystals obtained.

© 2024 The Author(s). Published by the Royal Society of Chemistry
promoting halogen bond-induced cocrystallization. Cocrystal
synthesis via RAM has been reported previously,53–58 but to our
knowledge the production of halogen-bonded systems has not
been systematically explored.

Furthermore, our ongoing work focuses on ne-tuning the
coordination of XB interactions using RAM methodology.
Notably, in a recent study by Michalczyk et al.,59 it was reported
that only 2% of XB cocrystals exhibit bifurcated interactions,
underscoring the rarity of such congurations obtained via
traditional methods. The efficiency of RAM in forging XB
interactions may hold the potential to unlock bifurcated and
multi-coordinated XB interactions, thus broadening the possi-
bilities for tailoring cocrystals in ways that were previously
inaccessible through traditional mechanochemical approaches.
Experimental section
(i) General

1,4-Diiodotetrauorobenzene (p-DITFB, 1), 2,3,5,6-tetrame-
thylpyrazine (TMP, a), and 4-dimethylaminopyridine (DMAP, b),
were purchased from Sigma-Aldrich. 1,10-Phenanthroline (o-
Ph, c) and 1,10-phenanthroline-5,6-dione (PheDON, d) were
purchased from Fisher Scientic. 4,5-Diazauoren-9-one (DIZ-
FON, e) was purchased from TCI. 1,3,5-Triuoro-2,4,6-
triiodobenzene (sym-TFTIB, 2) was purchased from SynQuest
Laboratories. These compounds were utilized in their as-
received state without further purication. Reagent grade
solvents and doubly distilled water were used.
(ii) Mechanochemistry and sample preparation

Mechanochemical transformations were performed using ball
milling (Retsch MM 400) and resonant acoustic mixing (Reso-
dyn PharmaRAM 1) devices.

Ball milling. The production of each cocrystal was upscaled to
generate 300 to 400mg of the intended product. Both the halogen
bond donor and the halogen bond acceptor at the indicated ratios
were introduced into a 10 mL stainless steel milling jar. For
cocrystallization using liquid assisted grinding (LAG), a small
quantity (ranging from 0.1 to 0.5 mL mg−1) of chloroform,
acetonitrile, tetrahydrofuran, or methanol was added. The ball
milling procedure was carried out at room temperature with
amilling frequency of 30Hz, spanning a duration of 30 to 45min.
This process utilized two stainless steel grinding balls, each with
a diameter of 5 mm. The specic synthesis conditions for each
cocrystal via ball milling are outlined in Table 1 and detailed
procedures are explained in the ESI.†

Resonant acoustic mixing. In a standard procedure, specic
amounts of nely powdered halogen bond donor and halogen
bond acceptor were transferred into a 1-dram glass vial, securely
mounted within a lab-built sample holder, and positioned on the
RAM platform. To this reactant mixture, a liquid additive such as
tetrahydrofuran, chloroform, or methanol was added within the
range of 0 to 1.0 mL mg−1. The blend was mixed vigorously using
the PharmaRAM 1 instrument for a duration of 45 to 50 min,
employing an acceleration of 80 g (g: acceleration of gravity). The
RSC Mechanochem., 2024, 1, 50–62 | 51
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Table 1 Experimental synthesis conditions of cocrystals in this work

Compound
Molar ratio
(donor : acceptor)

Masses
(donor : acceptor) (mg)

Ball milling RAM

Refcode
Time
(min) Liquid

h

(mL mg−1)
Time
(min) Liquid

h

(mL mg−1)

1a(i) (1 : 1) (241 : 82) 45 CHCl3 0.10 50 CHCl3 0.20 JAQMAQ60

1a(ii) (2 : 1) (402 : 68) NAa NA NA 45 None — KIHRAX61

1b (1 : 2) (321 : 196) 45 None — 45 None — RUYHID62

1c (1 : 1) (241 : 108) 45 CHCl3 0.05 50 CHCl3 0.10 JAQMIY60

1d (1 : 1) (205 : 105) 30 CHCl3 0.10 50 THF 0.5 EXIFEX63

1e (1 : 1) (205 : 91) 30 CHCl3 0.10 50 THF 0.5 EXIFAT63

2a (1 : 1) (357 : 95) 30 THF 0.05 50 THF 0.1 SAJCUE9

2b (1 : 3) (255 : 183) 45 None — 50 None — RUYJAX64

2c (1 : 1) (255 : 90) 45 CHCl3 0.05 50 THF 0.10 SAJDEP9

2d (1 : 1) (255 : 105) 45 CHCl3 0.05 50 CHCl3 0.7 This work
2e (1 : 1) (255 : 94) 45 CHCl3 0.10 50 CHCl3 0.7 This work

a Not achievable.
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specic RAM synthesis conditions for each cocrystal are outlined
in Table 1 and detailed procedures are explained in the ESI.†

Slow evaporation. To grow cocrystals of 2d and 2e suitable
for single crystal X-ray diffraction (SCXRD), a solution of sym-
TFTIB (0.15 mmol) dissolved in 2 mL of chloroform was added
dropwise to a solution of PheDON or DIZON (0.15 mmol) also
dissolved in 2 mL of chloroform. The solvent was allowed to
gradually evaporate at room temperature, resulting in the
formation of yellow and orange cocrystals for 2d and 2e,
respectively, over the course of one week. Vials were tightly
sealed as soon as single cocrystals were observed by eye.

(iii) Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data were collected using
a Bruker D8 Endeavor instrument that features a 1 kW Cu Ka
radiation source from a sealed tube and a LynxEye XE-T high-
speed detector operating at a wavelength of l = 1.54056 Å.
These measurements were conducted under standard room
temperature conditions. The samples were securely positioned
within a well plate and underwent a rotational motion at 15
revolutions per minute throughout the data collection process.

(iv) Single-crystal X-ray diffraction

Single cocrystals of compounds 2d and 2e were affixed onto
a thin glass ber using parabar oil. SCXRD analysis was con-
ducted employing a Bruker AXS SMART single crystal diffrac-
tometer equipped with a sealed Mo tube source emitting
radiation at a wavelength of 0.71073 Å. This analysis was carried
out at a temperature of 213 K.

The diffraction dataset revealed systematic absences, and
the unit cell parameters were in accordance with themonoclinic
P21/c crystal system for both compounds 2d and 2e. See ESI† for
further details.

(v) Solid-state NMR spectroscopy
1H / 13C cross-polarization magic-angle spinning (CPMAS)
SSNMR experiments were conducted using a Bruker Avance III
spectrometer operating at 9.4 T. A Bruker 4 mmHXYMAS probe
52 | RSC Mechanochem., 2024, 1, 50–62
was employed, and the spinning frequency was typically set to
11 kHz (see ESI† for further details). The CPMAS technique
involved a 6 to 8 ms contact time, a proton p/2 pulse duration of
3.60 ms, and 1H decoupling at a nutation frequency of 54.3 kHz.
To determine chemical shis, referencing was done relative to
glycine at 176.4 ppm (13C = O) with respect to TMS.

19F MAS SSNMR experiments were conducted at 11.7 T,
utilizing a Bruker Avance III spectrometer. For these experi-
ments, a Bruker 2.5 mm HX MAS probe was employed, with
a spinning frequency set at 25 kHz. The data acquisition
employed a Bloch decay sequence with a p/2 pulse duration of
1.75 ms and a recycle delay of 60–90 seconds. Chemical shis are
reported with respect to polytetrauoroethylene at −122.2 ppm.
Results and discussion
(i) Mechanochemistry and PXRD

The preparation of XB cocrystals can typically be achieved
through both solution crystal growth and solid-state mecha-
nochemistry. Nevertheless, mechanochemistry offers a rapid
and efficient means of cocrystal synthesis while minimizing
solvent usage and by-product formation. However, for obtaining
molecular structural information and geometry, the use of
single crystals is indispensable, which can be achieved through
solvent-based crystallization. Herein, the employed cocrystalli-
zation techniques encompass neat solid-state and liquid-
assisted ball milling and RAM. Additionally, solution growth
methods were employed to produce single cocrystals of two
novel compounds, i.e., sym-TFTIB with PheDON and DIZFON
(cocrystals 2d and 2e).

We describe here the mechanochemical preparation, via ball
milling and RAM, of cocrystals 1a, 2a, 1b, 2b, 1c, 2c, 1d, 2d, 1e,
and 2e (Fig. 1). Except for two novel cocrystals (2d and 2e), the
rest of these compounds had previously been cocrystallized
through solution growth and characterized via SCXRD. This
work therefore focusses on minimizing solvent usage and on
exploring the potential of environmentally friendly and low
energy consumption RAM mechanochemical methods for
producing halogen-bonded compounds.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between experimental PXRD patterns of cocrystals prepared via RAM (red) and the simulated X-ray powder patterns (black).
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In all cases, the PXRD patterns depicted in Fig. 2 and in the
ESI† reveal a notable similarity between the products obtained
through ball milling and RAM methods when the same stoi-
chiometry of reactants and identical synthesis conditions (e.g.,
reaction time and liquid additive) were applied. Pure and stable
forms of these cocrystals were obtained using RAM, typically
within less than an hour (in most cases, around 40 min), under
both neat and LAG conditions.

In the investigation of the application of RAM in the
mechanochemical synthesis of halogen bonded cocrystals,
eleven cocrystals were prepared, as outlined in Table 1.
Specically, cocrystal 1b was prepared via RAM by introducing
© 2024 The Author(s). Published by the Royal Society of Chemistry
a 1 : 2 molar ratio of the donor to the acceptor into a 1-dram
glass vial, and subjecting it to pressure waves of 80 g for
a duration of 45 min. The resulting PXRD pattern, as illus-
trated in Fig. 2, conrms the successful formation of the
RUYHID cocrystal (Table 1) using the pristine solvent-free
resonance acoustic mixing approach. To validate the repro-
ducibility and versatility of RAM in producing halogen-bonded
cocrystals and to make a comparative assessment with
conventional mechanochemistry methods, we employed ball
milling under identical synthesis conditions for the prepara-
tion of cocrystal 1b. Remarkably, the PXRD data indicate
a striking similarity between the cocrystals obtained through
RSC Mechanochem., 2024, 1, 50–62 | 53
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Fig. 3 Powder X-ray diffractograms for samples of 2c produced using
different RAM conditions: neat RAM (blue), 0.1 mL mg−1 CHCl3 RAM
(red), and 0.1 mL mg−1 THF RAM (green). The calculated PXRD pattern
based on the SCXRD structure is shown in black.
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these two distinct methods, conrming the formation of a pure
and stable phase of cocrystal 1b.

Subsequently, cocrystal 2b was synthesized using RAM,
employing a 1 : 3 molar ratio of donor 2 to acceptor b, with an
80 g acceleration for a duration of 50 min. Additionally,
a parallel synthesis was carried out using ball milling with
a frequency of 30 kHz and a duration of 45 min. The PXRD
patterns, depicted in Fig. 2 (and ESI†), provide compelling
evidence for the formation of a pure and stable RUYJAX phase
in both cases.

It should be noted that our optimization process for RAM
synthesis commenced with neat powders to avoid the use of
solvents. Additionally, we explored various preparation times,
including 15, 30, and 45 min. The results presented herein
encompass the optimized synthesis conditions for each coc-
rystal via both RAM and ball milling techniques. It was observed
that the exclusion of liquid additives yielded pure cocrystals
only in the case of 1a(ii), 1b, and 2b. This phenomenon can be
attributed to the superior properties of acceptors TMP(a) and
DMP(b), characterized by their enhanced nucleophilicity and
reduced steric hindrance, facilitating efficient halogen bond
formation. This distinction is expected to result in shorter bond
lengths and stronger XB interactions within these compounds.
This is evident in the geometric parameters obtained from
SCXRD data where the RXB values of 0.85, 0.76 and 0.78 were
determined for the I/N interactions in 1a(ii), 1b, and 2b coc-
rystals, respectively.

To address this issue, we adopted a strategy involving the
introduction of liquid additives33 within the range of 0.05 to 0.7
mL per milligram of reactants (h= 0.05 to 0.7) in the reaction jar.
In this context, the RAM of 1 and c reactants in a 1 : 2 molar
ratio, supplemented with chloroform at an h = 0.1 mL mg−1

ratio, yielded the pure and stable cocrystal 1c (refcode: JAQMIY).
Similarly, the syntheses of cocrystals 1d and 1e, as conrmed by
their PXRD patterns displayed in Fig. 2, were achieved by
introducing equimolar quantities of starting materials, along
with an h = 0.5 mL mg−1 of THF. Applying an 80 g acceleration
for 50 min via RAM yielded the EXIFEX and EXIFAT phases for
1e and 1d, respectively. Comparison with the simulated PXRD
pattern alongside those of the RAM and ball mill products
unequivocally establishes the production of a pure phase of
cocrystal 1e through both mechanochemical methods.

To further investigate the inuence of the type and quantity
of liquid additives on RAM-synthesized XB cocrystals,
a screening experiment was conducted on cocrystal 2c. Samples
were prepared under neat conditions, with 0.1 mL mg−1 CHCl3,
and with 0.1 mL mg−1 THF in the RAM process. Fig. 3 showcases
the PXRD results, revealing incomplete conversion in the neat
and CHCl3 experiments while highlighting the formation of
a pure SAJDEP phase when employing THF as the liquid addi-
tive in RAM cocrystallization for cocrystal 2c. This comprehen-
sive exploration of mechanochemical synthesis conditions and
the inuence of liquid additives underscores the versatility and
effectiveness of RAM in the preparation of diverse halogen-
bonded cocrystals, offering valuable insights into the optimi-
zation of this synthesis approach. Frǐsčić and co-workers have
54 | RSC Mechanochem., 2024, 1, 50–62
discussed the optimization of the h value in liquid-assisted RAM
applied to catalysis.33

In the preparation of cocrystals 2d and 2e, equimolar
quantities of the starting materials were introduced into the
reaction vessel, accompanied by the addition of 0.7 mL mg−1 of
CHCl3. The resulting PXRD patterns, as illustrated in Fig. 2,
unequivocally demonstrate the successful formation of these
novel cocrystals aer a reaction duration of 50 min at 80 g
acceleration. This is in excellent agreement with the simulated
pattern derived using Mercury 4.2.0 soware65 based on newly
acquired SCXRD data (vide infra). It is noteworthy that RAM
proved to be an efficient and viable mechanochemical approach
for the synthesis of these two novel XB cocrystals, eliminating
the necessity for milling media and extensive mechanical
grinding or abrasion processes.

During the RAM screening for cocrystal formation, with the
compound 1a, we observed intriguing results. Neat RAM for
45 min with a 1 : 2 ratio (donor : acceptor) led to the formation
of the stable phase of the 1a(ii) stoichiomorph (refcode: KIH-
RAX)61 which was not achievable with other mechanochemical
methods like ball milling. Addition of 85 mL of chloroform (h =

0.2 mLmg−1) andmixing time of 50min, however, transform the
reactants (1 : 2 ratio (donor : acceptor)) instead to the 1a(i) sto-
ichiomorph (refcode = JAQMAQ),60 the same product as ob-
tained when ball milling for 45 min with same liquid additive.
These results are presented in Fig. 4, showcasing PXRD patterns
acquired for both neat and liquid-added RAM products. This
nding affirms that varying RAM conditions can yield distinct
stoichiomorphs of compound 1a and highlights the remarkable
potential of RAM as a tool for controlling and inuencing sto-
ichiomorphism and polymorphism. Notably, our attempts to
prepare the 1a(ii) stoichiomorph using ball milling were
unsuccessful. It is important to mention that previous appli-
cations of mechanochemical ball milling, involving neat
grinding and LAG, have resulted in the formation of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray diffractograms of 1a(i) and 1a(ii) cocrystalline powders
prepared under ball milling and RAM conditions. See Table 1 and the
main text for details. Simulated diffractograms are generated from the
known single-crystal X-ray structures with refcodes JAQMAQ (1a(i))
and KIHRAX (1a(ii)).
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polymorphs, as reported elsewhere.66 To the best of our
knowledge, the present work represents the rst instance where
the formation of different stable cocrystalline phases can be
controlled using RAM; related work on controlling poly-
morphism with RAM has recently been reported.33

While the exact mechanism underlying this phenomenon
remains incompletely understood, two distinct factors appear
to inuence the formation of different products via RAM.
Firstly, in the liquid-assisted approach, the presence of a liquid
component can enhance the reaction rate by introducing
degrees of orientational and conformational freedom to the
molecules at various interfaces.67 Additionally, adding liquid
may lead to the formation of a mobile surface layer at the
Table 2 Crystallographic data and details

Compound 2d

Chemical formula C18H6F3I3N2O2

CCDC number 2305189
FW (g mol−1) 719.95
Crystal colour Orange
Crystal system Monoclinic
Crystal space group P21/c
Temperature (K) 100 K
a, b, c (Å) 29.938(8), 18.399(5),
a, b, g (deg) 90, 100.074(3), 90
V (A3) 15 288(7)
Z 32
R1 (nal) 0.1051
wR2 (nal) 0.2484

© 2024 The Author(s). Published by the Royal Society of Chemistry
molecule interface, which can enhance the reactivity of the
reactants68 and affect the resulting polymorphs. The second
factor could be particularly apposite for RAM, which operates as
a milder mechanochemical methodology where the reaction
occurs through the direct impact of the reactant particles.
(ii) Single crystal X-ray diffraction

The crystal structures of 1a(i) (CCDC 259702),60 1a(ii) (CCDC
1854044),61 2a (CCDC 1505893),9 1b (CCDC 773127),64 2b (CCDC
773130),64 1c (CCDC 259705),60 2c (CCDC 1505895),9 1d (CCDC
824297),63 and 1e (CCDC 824296)63 have been previously docu-
mented. In this study, we determined the single crystal X-ray
diffraction (SCXRD) structures for compounds 2d and 2e to
enhance our comprehension of halogen bonding interactions
within these supramolecular assemblies.

SCXRD analysis revealed a 1 : 1 stoichiometry of sym-TFTIB
to PheDON in 2d. This compound crystallizes in a monoclinic
crystal system, belonging to the P21/c space group. The volume
of the unit cell is determined to be 15 288(7) Å3, and the crystal
contains 32 molecules in the unit cell. The unit cell parameters
and the other relevant information are presented in Table 2. As
can be seen in Fig. 5(C), in 2d, both nitrogen atoms of the
bidentate PheDON interact with one of the sym-TFTIB iodine
atoms, resulting in the observation of a slightly asymmetrical
bifurcated halogen bond (XB) with I–N bond lengths of 2.997
and 3.297 Å (for example; there are 7 other pairs with similar
distances as shown in Table 3). A straightforward layered
packing arrangement is formed, where I–C and p—p interac-
tions lead to a parallel stacking arrangement between sym-
TFTIB and PheDON molecules as shown in Fig. 5(A), with
intermolecular distances of 3.557 Å and 3.393 Å, respectively.
Furthermore, the crystal structure reveals the presence of
C–H/I and F/F interactions, which play a crucial role in
extending the one-dimensional (1D) layer structures throughout
the crystal network.

sym-TFTIB and DIZFON were cocrystallized to form the 1 : 1
cocrystal 2e in the monoclinic space group P21/c. The supra-
molecular structure of 2e is characterized by a mono-
coordinated XB of one sym-TFTIB with two acceptor moieties
featuring one I–N and one I–O XB interaction (Fig. 5(D)). As is
2e

C17H6F3I3N2O
2305188
691.94
Yellow
Monoclinic
P21/c
200 K

28.189(7) 8.3178(7), 30.472(2), 7.4150(5)
90, 94.297(4), 90
1874.1(2)
4
0.0504
0.0999
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Fig. 5 Two novel crystal structures of compound 2d (left, parts (A) and (C)) and 2e (right, parts (B) and (D)) showing halogen bonds (dashed lines)
in compounds 2d and 2e. In cocrystal 2d, the iodine interacts with two nitrogen atoms making a bifurcated halogen bond and one oxygen with
a monocoordinated interaction. In compound 2e, the iodine of the donor interacts with two crystallographically distinct acceptor moieties.

Table 3 Selected halogen bond geometrical parameters, including contact distance, angle, and normalized contact distance ratio (RXB)

Cocrystal dI/N (Å) qC–N/I RXB (I) dI/O (Å) qC–N/O RXB (O)

1a(i) (p-DITFB)$(TMP) 3.067 177.15 0.869 — — —
1a(ii) (p-DITFB)$(TMP) 3.001 177.51 0.850 — — —
2a (sym-TFTIB)$(TMP) 2.991 178.90 0.847 — — —

2.993 179.81 0.849
1b (p-DITFB)$(DMAP) 2.677 179.25 0.756 — — —
2b (sym-TFTIB)$(DMAP) 2.766 176.15 0.784 — — —

2.886 168.58 0.818
1c (p-DITFB)$(o-Phe) 3.01 159.03 0.853 — — —

3.274 149.76 0.927
2c (sym-TFTIB)$(o-Phe) 3.02 175.68 0.856 — — —

3.148 164.18 0.892
1d (p-DITFB)$(PheDON) 3.149 154.93 0.892 3.214 155.14 0.918
2d (sym-TFTIB)$(PheDON) 3.297, 3.011, 3.215,

3.047, 3.225, 3.097,
2.997, 3.326, 3.316,
3.026, 3.406, 3.029,
3.039, 3.259, 3.094, 3.230

144.8, 165.1, 166.7,
143.3, 165.6, 143.9,
159.0, 149.5, 160.8,
149.0, 162.4, 146.5,
158.7, 149.9, 144.6, 164.1

0.934, 0.853, 0.911,
0.863, 0.914, 0.877,
0.849, 0.942, 0.939,
0.857, 0.965, 0.858,
0.861, 0.923, 0.876, 0.91

2.884a 177.52 0.824

1e (p-DITFB)$(DIZFON) 2.924 165.10 0.828 3.036 163.02 0.867
2e (p-DITFB)$(PheDON) 2.968 158.66 0.841 2.931 177.52 0.824

a For this compound, we avoid detailing the entire list of I/O XB interactions and instead provide one example in this table.
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depicted in Fig. 5(B), the 2e cocrystal structure propagates in
zigzag chains where each 1D chain is packed on the next via I–I
intermolecular interactions between donor moieties, gener-
ating a 2D layered structure.
56 | RSC Mechanochem., 2024, 1, 50–62
It is not surprising that the structure of 2e lacks a bifurcated
XB, consistent with conclusions reached in the study by Ji et al.
on similar acceptor moieties.63 This nding can be attributed to
the relatively greater distance between the two electron-rich
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 1H / 13C CP/MAS solid-state NMR spectra of sample 1a(i)
obtained by ball milling (blue, A), RAM (red, B), and the second stoi-
chiomorph 1a(ii) obtained by RAM (green, C). Inset: overlay of peak for
the C covalently bonded to N in these three products to illustrate the
identical 13C chemical shifts for the ball milled and RAM products for
1a(i), but different chemical shift for the second stoichiomorph 1a(ii).
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atoms (N) in DIZFONmolecules, exceeding the threshold for the
formation of a three-centered XB involving I and two N atoms.
The distance between I and N in the XB interaction is measured
at 2.968 Å, which is shorter than the corresponding bifurcated
I–N XB in the 2d cocrystal. This observation aligns with the
Fig. 7 Comparison of 13C CP/MAS NMR spectra for monotopic XB accep
milling and RAM. The corresponding chemical shifts are listed in Table 4

© 2024 The Author(s). Published by the Royal Society of Chemistry
concept that a monocoordinated XB is expected to be stronger
than a bifurcated XB.63
(iii) Solid-state NMR spectroscopy

To further characterize the halogen-bonded cocrystals produced
via RAM, we conducted 13C CP/MAS SSNMR spectroscopy on all
of the samples. The use of 1H/13C cross-polarization has been
demonstrated as a reliable and effective indirect method for
characterizing the formation of XB cocrystals.9 This technique
allows us to gain insights into changes in the crystallographic
and electronic environment surrounding the carbon atom
covalently bonded to the nitrogen atom (C–N) in the acceptor
moieties. The principle underlying this technique lies in the
polarization transfer from protons to the carbon atom covalently
bonded to the nitrogen atom. This 13C nucleus is indirectly
engaged in each XB (i.e., one bond removed), and is subjected to
small changes in electronic and crystallographic environment
upon cocrystallization. Consequently, this involvement results in
changes in the chemical shis, exemplied in Fig. 6 for the two
stoichiomorphs of 1a (1a(i) and 1a(ii)). The distinct 13C chemical
shis observed for the two samples reect differences in the local
nuclear environment.

Fig. 7 and 8 depict the 13C CP/MAS NMR spectra of XB
acceptor moieties alongside all cocrystals formed with the two
XB donors, 1 and 2. Notable changes in chemical shis are
evident upon the formation of XB cocrystals, with their corre-
sponding diso values listed in Table 4. Strikingly, these NMR
data also provide clear evidence that products generated via
RAM and via ball milling are isomorphic; this is consistent with
the PXRD data presented above and in the ESI.† In some cases,
ball milling gives broader NMR lines which could be indicative
of partial amorphization of the product (see ESI†). This effect
tors (TMP and DMAP) and their respective cocrystals produced via ball
.
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Fig. 8 Comparison of 13C CP/MAS NMR spectra of ditopic XB acceptors (o-Ph, PheDON, and DIZFON) and their cocrystals produced via ball
milling and RAM. The chemical shifts are detailed in Tables 4 and 5.

Table 4 Experimental 13C chemical shifts of the carbon covalently
bonded to the nitrogen in the XB acceptor moieties, based on
1H / 13C CP/MAS NMR experimentsa

Cocrystal XB acceptor diso/ppm XB acceptor diso/ppm cocrystal

1a(i) TMP 142.7 & 149.1 � 0.1 149.3 � 0.3b

1a(ii) TMP 142.7 & 149.1 � 0.1 147.1 � 0.5
2a TMP 142.7 & 149.1 � 0.1 149.5 � 0.6
1b DMAP 150.9 & 149.5 � 0.1 146.6 � 0.6
2b DMAP 150.9 & 149.5 � 0.1 147.8 � 0.7
1c o-Ph 150.8 & 145.1 � 0.3 149.8 & 148.4

& 144.0 � 0.3
2c o-Ph 150.8 & 145.1 � 0.3 151.2 & 149.5

& 145.1 � 0.4
1d PheDON 158.4 & 154.7 154.8 & 153.2

152.5 & 150.3 � 0.4 & 147.1 � 0.6
2d PheDON 158.4 & 154.7 161.4 & 155.5

152.5 & 150.3 � 0.4 & 152.0 � 0.5
1e DIZFON 160.7 & 152.0 � 0.4 162.5 & 156.4 � 0.4
2e DIZFON 160.7 & 152.0 � 0.4 162.1 & 157.1

& 154.0 � 0.4

a Chemical shis of donor molecules are also evident; these are marked
on spectra shown in the ESI. b Errors in chemical shi measurements
are attributed to the lack of certainty regarding the quantitative
impact of residual 13C–14N dipolar coupling on peak positions.

Table 5 Experimental 13C chemical shifts of the carbon covalently
bonded to I and F in the XB donor moieties, based on 1H / 13C
CP/MAS experiments

Cocrystal XB donor diso/ppm C–I diso/ppm C–F

1a(i) p-DITFB 78.7 � 0.8 —
1a(ii) p-DITFB 82.3 � 0.8 —
2a sym-TFTIB 68.6 � 2.2 161.9 � 0.9
1b p-DITFB 86.7 � 1.4 —
2b sym-TFTIB 71.2 � 0.9 163.4 � 0.6
1c p-DITFB 77.4 � 1.4 —
2c sym-TFTIB 67.1 � 1.2 161.5 � 0.8
1d p-DITFB 73.8 � 1.2 —
2d sym-TFTIB 63.2 � 1.4 161.6 � 0.6
1e p-DITFB 76.8 � 1.2 —
2e sym-TFTIB 68.6 � 1.4 —a

a In 2e, the resonance frequency of the C atom bonded to F is obscured
by the intense and distinct signals from the acceptor moieties' carbon.
Therefore, we are unable to report the chemical shi of the C–F carbon.
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could possibly be reduced by using shorter milling times, but
these experiments were not pursued presently.

In a statistical and computational analysis conducted by Allen
et al. on NO2–X synthons involving both monocoordinate and
bifurcated XB, it was observed that as the interaction distance
decreased, the XB angles tended to become more directional and
58 | RSC Mechanochem., 2024, 1, 50–62
linear.69 This observation suggests that bifurcated halogen
bonding interactions, where one halogen atom interacts with two
Lewis bases, will correlate with smaller C–X/O angles.
Conversely, smaller angles correlate with weaker interactions
when compared to more linear monocoordinated XB interac-
tions. In the cocrystals involving acceptor molecules c and d with
donors 1 and 2, which engage in bifurcated halogen-bonded
interactions, the contact lengths between I and N atoms are
relatively long, corresponding to weaker XB interactions. Conse-
quently, the C–N covalent bond in the acceptor molecule will be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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weakened less than it is in the presence of a stronger mono-
coordinated XB, resulting in a lower 13C chemical shi for the C
atom covalently bonded to the N atom within the acceptor
moiety. More generally, the data in Table 4 show that the 13C
chemical shis of the acceptor molecules can increase or
decrease upon cocrystallization; increases are generally noted for
TMP and DIZFON, while decreases are noted for DMAP andmore
subtle changes are noted for o-Ph and PheDON.

In another study conducted by our group,70 it was shown that
an increase in the C–I bond length of halogen bond donor 1 as
a result of XB formation corresponded to an increase in the 13C
chemical shi. The diso values for 13C covalently bonded to
iodine and uorine in the XB donor moieties are listed in
Table 5. Consistent with previous work, increases in the C–I
chemical shis relative to that for pure donor 1 (76.50(0.50)
Fig. 9 Comparison of 19F MAS SSNMR spectra of XB donors (p-DITFB and
chemical shifts are detailed in Table 6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ppm)70 and for pure donor 2 (67.6 ± 2.4 ppm)9 are generally
observed. Interestingly, exceptions are seen in both cases for
cocrystals formed with acceptor d, which forms bifurcated
halogen bonds; such exceptions could therefore possibly be
NMR signatures of bifurcated XB, but more data are needed to
conrm the generality of this nding.

Fluorine-19 SSNMR spectroscopy is a powerful technique
that has found extensive utility in characterizing halogen-
bonded compounds due to the high receptivity of uorine
nuclei, high natural abundance, and the wide chemical shi
range.9,71 Fig. 9 illustrates the 19F MAS SSNMR spectra acquired
for all cocrystals and the peruorinated XB donor starting
materials. Importantly, changes in the 19F chemical shi upon
the formation of halogen-bonded cocrystals serve as valuable
independent indicators of cocrystallization events. These
sym-TFTIB) and their cocrystals produced via ball milling and RAM. The
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Table 6 Experimental 19F chemical shifts of the halogen-bond donor
moieties

Cocrystal diso/ppm cocrystal XB donor diso/ppm XB donor

1a(i) −118.9 � 0.5 p-DITFB −112.6 &
−115.5 � 0.6

1b −114.8 & −120.4 � 0.3
1c −115.0 & −118.3 � 0.6
1d −118.8 & −121.7 � 0.6
1e −121.2 & −118.8 � 0.7
2a −68.3 & −72.1 � 0.7 sym-TFTIB −61.8 & −64.1 &

−66.5 � 0.3
2b −70.4 & −74.8 � 0.3
2c −71.2 � 0.8
2d −62.2 & −72.6 � 0.7
2e −59.1 & −72.0 & −73.4 � 0.4
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spectra also provide an additional independent perspective that
the products obtained via RAM and via ball milling are
identical.

The 19F chemical shis are listed in Table 6, and the results
demonstrate a consistent and notable decrease in the 19F
chemical shi for all samples upon the formation of halogen-
bonded cocrystals. Since the crystallographic and electronic
environment encountered by 19F nuclei are highly sensitive to
XB and certain short interactions involving 19F nuclei with I or
H atoms, as revealed by XRD, the extent of chemical shi
changes exhibits variability across the compounds. Shis on the
order of up to −8 ppm are observed as a result of cocrystalli-
zation. These ndings highlight the sensitivity of 19F SSNMR as
a probe to detect structural changes associated with XB coc-
rystallization. It is noted that while the 19F NMR resonances for
cocrystal 2d, which features a large number of crystallographi-
cally non-equivalent molecules, are somewhat broader than for
the other cocrystals, there is no clear spectral resolution of these
multiple sites.

Conclusions

We have demonstrated that resonant acoustic mixing can
consistently promote halogen-bond-induced cocrystallization
of donor and acceptor molecules. Eleven halogen-bonded coc-
rystals have been prepared via RAM, including two novel
structures which were characterized by single-crystal X-ray
diffraction and one novel stoichiomorphic product which is
inaccessible via ball milling. One of the notable advantages of
RAM-based cocrystallization is its capacity to transform reac-
tants into halogen-bonded interaction products through direct
interactions, both under neat mixing conditions and when
aided by the addition of small amounts of polar or moderately
polar solvents. For most cocrystals studied herein, the inclusion
of even a minimal quantity of these solvents serves to signi-
cantly enhance the cocrystallization process and increase the
completeness of the transformation, further highlighting the
potential of RAM in optimizing cocrystal synthesis. Powder X-
ray diffraction and 13C CP/MAS and 19F MAS NMR spectros-
copy have provided compelling evidence for the phase purity of
60 | RSC Mechanochem., 2024, 1, 50–62
samples obtained from RAM experiments and for the degree of
polymorphic control available when small volumes of liquid are
employed in mechanochemical reactions. Overall, this work
demonstrates the potential of RAM for the production of known
and novel cocrystalline assemblies, including polymorphic and
stoichiomorphic structures.
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X. Ottenwaelder and T. Frǐsčić, Chem. Commun., 2023, 59,
1010–1013.

32 C. B. Lennox, T. H. Borchers, L. Gonnet, C. J. Barrett,
S. G. Koenig, K. Nagapudi and T. Frǐsčić, Chem. Sci., 2023,
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