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We report on the solid-state Diels-Alder thermal reaction in a 1:1 charge-transfer (CT) crystal composed
of bis(N-cyclobutylimino)-1,4-dithiin (the electron acceptor) and 9-bromoanthracene (the electron donor)
which crystallized in the triclinic space group, P1. The donor (D) and acceptor (A) molecules arrange in
stacks where these molecules alternate, where a full 9-bromoanthracene donor molecule is surrounded
by a symmetrically different acceptor molecule on the two molecular faces. The distance between the
reacting atoms on the donor and the two acceptor molecules are slightly different but still within Schmidt's
criteria, resulting in two reaction sites with different reaction environments, assigned as regions P and Q.
Molecules in region P are more favourably aligned with the distances between reacting atoms being 3.51 A
and almost parallel as the molecules overlap each other. In region Q, the distances are 3.56 and 3.86 A
because the molecular overlap is more skewed, and the reacting atoms are rotated -15° from each other.
Initially, the reaction occurs only in region P until ~20% conversion is reached. Afterward, product Q is
concurrently formed but at a slower rate. After ~75% reaction, the crystal transforms from triclinic P1 into
monoclinic C2/c, and conversion of ~89% was found before the single crystal decomposes to become a
powder. Reactions in free (unencapsulated) crystals above 10 °C were found to break apart during the
initial reaction at around ~20% when molecules in region P were reacting. Encapsulation of unreacted
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crystals with epoxy glue led to more reaction details being exposed and forced the reaction to occur
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Introduction

Solid-state chemistry encompasses a vast array of reactions
consisting of inorganic and organic materials."® Several
studies suggest that solid-state reactions have been known to
give higher yields of regio- and stereo-selective products than
traditional solvent-based reactions, as well as using less
solvents to make greener reactions.” > Organic solid-state
reactions can occur within single crystals and these can have
many applications and consequences in various industries,
such as in pharmaceuticals,"*™® electronics,’*"® and
optics."® " Single crystals that have undergone reactions in
the solid state have been shown to occur under different
conditions such as light,”** heat>*° or pressure,”**° giving
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topochemically until ~89% conversion.

way to a variety of reactions with crystal products showing
physical properties ranging from the formation of porous
molecules® ™ to mechanical effects.**® These reactions fall
in the domain of supramolecular chemistry, as intermolecular
bonds between discrete molecules can lead to favourable
conditions under which reactions can occur.” Topochemistry
was first described by Kohlschiitter as reactions that can
occur in the solid state where the 3D nature of the crystal
influences the structures and supramolecular arrangement of
molecules in a crystal system, affecting the mechanism of the
reaction.”® To determine whether a topochemical reaction
can occur in a crystal, Schmidt and coworkers' extensive work
on [2 + 2] photodimerizations led to a topochemical criterion
for solid-state reactions, where the reacting atoms need to be
parallel to each other and within the distance of 3.5-4.2
A728 Additionally, topochemical reactions occur best under
minimal atomic movement, where the crystal integrity can be
maintained. This is especially important when considering
the reaction cavity of the reacting molecules, as the
environment for which a reaction can occur in the solid-state
is constrained by neighbouring molecules, influencing the
product that can be formed.*® The viability of a solid-state
reaction in a crystal can be affected by adjacent molecules as
they may hinder possible chemical products forming, even if

This journal is © The Royal Society of Chemistry 2023
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Schmidt's criterion is met. An example of this is seen in work
done by Botes et al., where the cycloadduct product from the
solid-state reaction of bis(N-benzylimino)-1,4-dithiin and
various anthracene molecules could not be formed due to the
reaction cavity not being flexible enough to allow for the
movement of the reacting molecules, even while they meet
Schmidt's criterion.*® Reactions that proceed in a SCSC
fashion occurs when the reactant crystal starts as a single
crystal and ends with the product remaining as a single
crystal whilst maintaining its shape and transparency.*' This
type of reaction is said to occur under topochemical control,
where an SCSC reaction will start and continue in an SCSC
manner until it is complete. However, if the final product
crystal loses integrity during the reaction, it is said to be
topotactic. In this case, the final product does not form a
single crystal but shows an orientational relationship to the
starting crystal.*>** Additionally, a SCSC product can form
without sharing any crystallographic axes with the reactant
crystal.**

In a previous paper,” we published the solid-state
reaction of the charge transfer (CT) crystal of bis(NV-
cyclobutylimino)-1,4-dithiin (A, the charge acceptor molecule)
and 9-bromoanthracene (D, the charge donor molecule)
which formed dark red plate-like crystals in the space group
P1 (Scheme 1). The molecules arrange as stacks ina 2:1 D to
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Scheme 1 Crystallization of bis(N-cyclobutylimino)-1,4-dithiin (A) and
9-bromoanthracene (D) leads to 1:2 A to D crystals (left),?® and 1:1 A
to D crystals (right, this work).
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A ratio for a {DAD}{DAD}{DAD}
arrangement (Fig. 1). In terms of a thermal Diels-Alder
reaction, a D molecule can only react with an A molecule to
form a cycloadduct product (P). As such, the 2:1 D to A
packing arrangement affects the solid-state reaction because
an A molecule can react with the D molecule to the left or
the right of it (or above and below it in Fig. 1) forming a
cycloadduct product (P). A D molecule can only react with
one A molecule because the neighbouring molecule in the
stack is another D molecule which means that the molecules
are constrained to a reaction site which we defined as a
+:{D-:*A---D}+-+ unit. The A molecule can react with the D
molecule to the left forming a product leading to this
arrangement ---{P---D}---, or to the right of it leading to this
arrangement ---{D---P}---. If cooperativity plays a role in the
reaction, we can either have a sequence of products and
unreacted D of {DP}{DP}{DP} or D}
-{D-+-P}:--{P--'D}:--{D-- where the brackets represent the
boundary of the DAD unit in the unreacted crystal (Fig. 1). If
the reaction was random, we would not be able to find a
sequence. However, our results indicated that the reaction
was cooperative and led to a ---D}---{D---P}+--{P---D}--{D-*
arrangement. The reaction of the 2:1 CT underwent the
solid-state Diels-Alder reaction through a topochemical SCSC
mechanism, where the reaction cavity stayed relatively
constant throughout the reaction and reached a 100%
conversion with minimal crystal degradation.

During the previous study, we also found another CT co-
crystal that crystallized in a 1:1 D to A forming a
-D--+A---D---A---D--- arrangement within a brown needle-like
crystal habit. Unlike the 2:1 CT, the solid-state reaction in
the 1:1 CT leads to crystal fragmentation which happens
around 20% conversion and therefore doesn't occur as an
SCSC reaction without intervention. In this paper, we report
on the solid-state reaction of this crystal.

2:1 donor to acceptor CT

...DPDPDP...

...DDPPDD...

Fig. 1 Solid-state reaction in a 2:1 D to A CT co-crystal leading to
two possible arrangements of product to donor arrangements if the
reaction is cooperative. We found that SCSC reaction leads to the
--:D---D---P---P--- arrangement shown on the right.>

CrystEngComm, 2023, 25, 3988-3997 | 3989
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Materials and methods
Materials

Pure reagents were purchased from Sigma Aldrich and used
as received. Solvents used in syntheses and recrystallization
were purchased from Merck SA.

Synthesis

Bis(N-cyclobutylimino)-1,4-dithiin was synthesized similarly
to a previously reported procedure.*?

Crystallization and solid-state reaction

CT co-crystals were formed via vapour diffusion by dissolving a
1:1 ratio of bis(N-cyclobutylimino)-1,4-dithiin (10 mg, 28
umol) and 9-bromoanthracene (7 mg, 28 umol) separately in 1
mL dichloromethane. Upon addition of 9-bromoanthracene
(D) into the bis(N-cyclobutylimino)-1,4-dithiin (A) vial, a
change in colour occurred indicating CT formation. Vapour
diffusion into hexane at 10 °C led the formation of brown
needle shaped 1:1 D to A co-crystals. The co-crystals were
reacted in a large capped test tube at either 20 °C (room
temperature), or 40 °C using a water bath over various times
and subsequently analyzed with SCXRD. Sunlight was avoided
by locating the bath in a dark room. Initially, crystals were
reacted unconstrained. These only remained intact until
~20% conversion. Later crystals were encapsulated with epoxy
glue and were stable until ~89% conversion. When not
reacted or measured by SCXRD, the crystals were stored in a
freezer at —20 °C to inhibit the reaction.

Crystal structure solution and refinement

Intensity data were collected at —100.2 °C on either a Bruker
Apex II CCD with graphite monochromated Mo Ka radiation
(50 kv, 30 mA), or a Bruker D8 Venture Bio PHOTON III
diffractometer with a Mo Ko IuS DIAMOND source (50 kV,
1.4 mA) or Cu Ko IuS DIAMOND source (50 kV, 1.2 mA). The
collection methods involved @ and ¢ scans of width 0.5-1.5°
with 1024 x 1024 (CCD) or 1536 x 1025 (PHOTON III) bit data
frames. Crystal structures were solved by intrinsic phasing
using SHELXT. Non-hydrogen atoms were first refined
isotropically followed by anisotropic refinement by full-
matrix least square calculations based on F?. SHELXL-2018
restraints such as SIMU, RIGU, SADI, and SAME were used
during the refinements as required. Software used to obtain
the structures were as follows: data collection: APEX2*> and
APEX4;* cell refinement and data reduction: SAINT;*®
empirical absorption corrections and scaling of data:
SADABS;* space group determinations: XPREP;*’ programs
used to solve and refine structures: SHELXT* and SHELXL-
2018;*® molecular graphics: OLEX2,*® SCHAKAL-99,°° and
CrystalExplorer-21.5;°"°> software used to prepare material
for publication: OLEX2 and PLATON.*

Crystallographic information for all structures can be
found in Tables S1 and S2 in the ESIj Crystallographic
information for the CT crystals before, and at various stages
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of conversion, and for the recrystallized product can be found
in Table 1. ORTEP diagrams for the CT asymmetric unit
before reaction, after 60% conversion in triclinic, and after a
phase change to the monoclinic form are shown in Fig. 3.
The 9-bromoanthracene molecule is disordered with the
major orientation having ~97% bromine occupancy and
~3% in 180° rotation minor orientation (not shown in
Fig. 3). The reaction of minor conformation is undetectable,
and probably only occurs when the crystal transforms from
triclinic to monoclinic as mentioned later.

Calculations

Hirshfeld surfaces and molecule---molecule interaction energies
(Fig. 4) between the donor (D) and two unique acceptor
molecules (AP and AQ) were calculated using Gaussian-09°* and
CrystalExplorer-21.5°* with B3LYP/6-31G(d,p).

Results and discussion

Crystallization of bis(N-cyclobutylimino)-1,4-dithiin (A) and
9-bromoanthracene (D) leads to a 1:1 CT complex in the P1
space group as dark red/brown needles. The asymmetric unit
consists of a full D molecule and two half A molecules
located on different inversion centres (Fig. 3a and 4a). The
molecules overlap to form stacks in a
arrangement (Fig. 3 and 4a). Every D and A molecule can
react with a molecule below or above it, forming a
cycloadduct. The reaction can therefore be truly random
because there is not a defined reaction site as in the 2:1
crystal which has the DAD unit. However, a random reaction
assumes that the packing doesn't influence the reaction.

The two A molecules around the D molecule are within
Schmidt's criterion (Fig. 5). The distances of the reacting atoms
from the AP acceptor to the D are 3.505 (C1R---C17R) and 3.508
A (C8R---C16R), while the AQ acceptor distances to the D are
3.570 (C1R---C24R) and 3.859 A (C8R---C25R). This creates a
region where the reaction easily leads to the P product, and a
region where the reaction is more hindered because of slight
misalignment of the reacting atoms as well as close contacts to
neighbouring stacks, hindering movement to form the Q
product (Fig. 4 and 5).

Generally, the reaction proceeds in the following steps
(Fig. 4):

1. When the crystals are initially reacted, products are
formed in the P product region until ~20% conversion is
reached (Fig. 4b).

2. Upon further reaction, products are formed in the Q
product region concurrently with the P product formation
(Fig. 4c). Q product formation lags behind P product
formation (Fig. 6).

3. Upon reaction past 65%, the crystal changes phase,
transforming from the space group P1 to the space group
C2/c (Fig. 4d).

Initially, we did the solid-state reactions with free
(unencapsulated) crystals exposed to air at room temperature

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce00388d

View Article Online

Paper

CrystEngComm

9¥S/5TT S¥S/STT ¥¥SLSTT £¥SLSTT TVSLSTT 1¥S.5TT Isquinu DADD

€50°T T €16'T STT'T PIT'T £96°0 2 U0 11J JO SSaUPOOD

990°0 TTIE0 9THi'0 800T°0 cYIT'0 eYIT'0 (e3ep [18) ()M [euLd

ST£0°0 SIET0 SE€91°0 9180°0 9%710°0 £890°0 (e3ep [1B) 'y TRULL

¥520°0 ¥/8T°0 €TIV'0 8761°0 F0TT°0 180T°0 (0T < 1) (Ld)am [eutd

S0£0°0 280T°0 TEET0 £690°0 £8€0°0 7CH0°0 (Do < 1) "y 1RULL

S/50°0 LLVT0 1890°0 0090°0 ST€0°0 £890°0 Yy

6979 S0€T 609% 43 ¢) 43 ¢) 8679 suonoapgal yuapuadapur Jo ‘ON

8ST6CT LTITTS £T8 0¥ 886 67 TVE6L €51 9¢ PaINSEIW SUOTIIJ[JAI JO "ON

¥65°9S 01 996'% 986°6¥ 01 TO¥'¥ 866°67 01 10.L°E $9°9G 01 88/°¢€ 826°9S 01 TOS'S $€£°9G 03 908°€ /UONII[0D BIBP 10} d3UBI )T

uedS-NNA uedS-NNA uRdS-NNA ueds-nNnN uedS-NNA uedS-NNA uo1021100 uondIosqy

8LL°T S9/L°T 69L°T 98/°T 98/°T €8L'T Ly ‘yuaroyzaod uondiosqy

VO VIO VO VIO VO VO vmb GOﬁm:umvm

v i T T T T Z

8L8°T 99¢°1 0L8'T 68¢°'T S8S°'T T8S'T ¢ 3/(-oreD) Asuaq

u/ted 2/TD 1d 1d 1d 1d dnoid soedsg

(v)eLt (o)Lt (v)eLt (9)eLt (v)eLt (v)eLt d/ernjeraduway,

(s1)5€°8092 (¥)o° 229t (2)g-orer (e1)L6°L6TT (o1)6€ 8621 (9)os-oo€r V/oWn{oA [[39 J1un

— — (€)o61°T9 (2)880°29 (0T)00ST° 79 (0T)owST'29 old

(01)008%°96 (s)ev6'1ET (¥)ozesL (¢)sLe'8L (2)o6e 8L (oT)ocTe 8L old

— — (P)esre9 (2)¥60°79 (01)oT8¥°€9 (oT)orsr €9 o/®

(01)26€6°TE (¢1)1006'71 (t1)€06T°CT (9)s956°TT (s)Lvs6°TT (€)1296°TT v/

(€)6687'8 (trovss1r (r1)o908° 1T (9L16'TT (s)ogge 1T (e)sor6TT v/q

(€£)6089°6 (11)1991°0C (0T)09TS"TT (9)919%°TT (¢)8T0S°TT (¢)ssos Tt v/

UWE:UOEOE U_E:UOEOE U_C:Q_.H.H U_GSUCF QWEEUCH‘ U_C:U_.H.H Evum%m ﬂmumbmv

gV OINIGETHOED TGV OINIGECHOED TGV OINIGETHOED 2gYOINIGETHOED TGV OINIGECHOED TGV OINIGETHOED JySom BNULIOL

— 6L ¥9 (1[4 0 0 %/UOISI9AUOD)

— €T €01 (18 0 0 sAep/own UONORYY

Jonpoad Do 0T 1B Do 0T 1 Do 0T € P3IBAI Y 6 PTT S[eIsh10 1D [eISA10 1D 9914 [e1s£1D
POZI[[eISA109Y paloeal | G pecT pajoeal Y ¥ psotT parensdeous an[n parernsdeous anjH

parensdeous an(n

parernsdeous an[o

'80US21 PaNoduN '€ [ 1RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusolistapnesiyl |IIETEEL

L1S3 @y ul TS 91ge] Ul punoy aq ued sjeysAid painseaw ay) 1oy eyep dlydeiboyeysAio )1n4 "sjeIsAId snoliea Joj eyep Juswiaulyal pue dlydeldboyeisAio pajos)as T digel

'6G'GE'TT 9202°€ ST U0 popeojumod "€202 BINNYOMNO} 172 U0 paus!idnd 801l Ss300Y uadOo

CrystEngComm, 2023, 25, 3988-3997 | 3991

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ce00388d

Open Access Article. Published on 24 toukokuuta 2023. Downloaded on 15.3.2026 11.35.59.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

(20 °C). Under these conditions, we were only able to react
the crystals up to ~20% because the crystals degrade very
quickly starting from the surface and going into the bulk,
giving poor diffraction patterns showing powder rings. Using
this approach, we could only study the initial stages of the
reaction and only confirm that the P product was forming.
Subsequently, we encapsulated the unreacted crystals in
epoxy glue and did the solid-state reactions using these
epoxy-coated crystals at either room temperature or 40 °C.
Comparing the unit cell of the free crystals and the epoxy-
coated crystals the unit cell parameters are consistent and
not affected by the glue (Table 1). Reaction after 20%
conversion was only possible with the crystals protected by
glue, and the highest conversion we obtained was around
~89% (Fig. 6). The lack of data between 2500-3100 hours
(around 25 days) in Fig. 6 was caused by unsteady electricity

f)

Fig. 2 Photographs of a crystal (0.10 x 0.10 x 0.86 mm) without glue
before reaction (a) and after 4 days reaction at room temperature (b).
The crystal decomposes to a powder at ~20% conversion. A crystal
(0.08 x 0.09 x 0.29 mm) that was encapsulated with epoxy glue before
reaction at room temperature (c) and reacted for 133 days (~79%
conversion) at room temperature (d) was intact until ~89% conversion.
Figures (e) and (f) are for a crystal (0.14 x 0.16 x 0.49 mm) without glue
that was kept in a fridge at 10 °C for 2 years 77 days that reacted to
~87% conversion.

3992 | CrystEngComm, 2023, 25, 3988-3997
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supply and electricity generator problems causing us to shut
down the X-ray instruments for around three weeks. Reaction
at 20 °C took about 200 days and gave us better data, but we
also carried out the reaction at 40 °C which took 12 days and
yielded similar results. The plots of lattice parameters vs.
conversion for crystals reacted at both temperatures are
overlapped on plots in Fig. S2 in the ESL}

Initially, product Q formation is inhibited by the reacting
atoms in the AQ and D molecules being twisted out of
alignment, and close interactions from molecules in
neighbouring stacks forcing the molecule to align in an
unfavourable orientation. Drawing the Hirshfeld surface
around the AQ acceptor that leads to product Q shows
regions of close contact around the periphery of the

a)

C17R
S1R_$2

01R_$2

b)

c)

Fig. 3 ORTEP diagrams drawn at the 50% probability level. (a) The
asymmetric unit of the 1:1 CT (initial) structure with hetero atoms
labelled. Both the acceptor molecules are located on inversion centres
($1:1-x,1-y,2-2 $2:2-x,1-y, 1-2). (b) The asymmetric unit
showing the reactants and the P (purple) and Q (green) products at
70% conversion, just before the triclinic to monoclinic phase transition
occurs. (c) The asymmetric unit in the monoclinic phase where more
than 85% conversion has occurred. The remaining acceptor and donor
are shown in green.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Changes in unit cell contents because of the enforced SCSC Diels-Alder reaction. a) The initial CT crystal with a unique donor (D) and the
acceptor in two different environments (AP and AQ; also see Fig. 5). Both acceptors are on a centre of inversion and reaction can occur with the
donor above or below and appears to be disordered (product on both sides of the inversion). b) AP reacts to form product P and is the only
product until ~20% conversion. c) Around 20% conversion, product Q is also formed alongside product P. d) When the crystal has reacted to
more than 75%, a phase transformation from the initial triclinic space group Pl to the monoclinic space group C2/c occurs, in which the
morphology of the stacks remains the same, but alignments between them have slightly changed.

molecule (Fig. 5). The Hirshfeld surface around the AP
acceptor that leads to product P shows fewer regions with
close contacts. Additionally, the AP acceptor atoms involved
in the Diels-Alder reaction are aligned to react with the
donor reacting atoms showing a torsion angle of 2.55°,
while the AQ acceptor reacting atoms are not aligned as
shown by the torsion angle of -15.33 °. The AQ acceptor
would need to move into the optimal position for the Diels-
Alder reaction to occur. Product Q formation is inhibited
when conversion is lower than ~20% as the geometry is not
ideal and lacks space for the AQ molecule to adjust to a
favourable geometry. The space is created once product P
has formed to a certain point, allowing for concurrent
formation of product P and Q.

Around 75% conversion, the crystal undergoes a phase
change from triclinic P1 to monoclinic C2/c with the unit cell
doubling in volume (Table 1). The transformation matrix
from the original triclinic to a monoclinic cell is (2-1 0)/(0-1
0)/(-1 1-1). This is not unprecedented because we have
found, during a previous solid-state reaction study, that the
crystal can lose symmetry and regain it again.>®> The
unreacted CT crystallized in the space group P2,/n, and
during the initial reaction the crystal refined in P2,/n with
R-factor (R,) below 10% when the conversion was below 28%,
but rapidly shot up to ~19% when the conversion was
between 28-80%. Refining the crystal when the conversion
was between 28-80% in P2; resulted in the R; value being
lower than the P2,/n values by 5%. After 80% conversion the
refinements in P2, and P2,/n resulted in similar R; values of
around 9%. During conversion between 28-80%, n-glide
symmetry in the crystal was lost which was why refining the
crystal in P2,/n led to high R, values, but it was later regained
after 80% while the crystal was adjusting to the solid-state
product.

Initially, the solid-state reaction depends on the alignment
of the reactants and the packing of the CT structure which
will influence the site and direction of the product formation.
However, once the product dominates the crystal, it
influences the crystal structure of the final reacted crystal. In
the previous studies, the crystal started in the space group
P2,/n and remained in this space group at the end. In this

This journal is © The Royal Society of Chemistry 2023

work, the reacting crystal transformed from a lower symmetry
space group (P1) to a higher symmetry space group (C2/c),
acquiring a c-glide plane and a 2-fold axis, and retaining the
inversion centres (Fig. 7). The transformation from P1 to C2/c
is not perfect and the reacting crystal probably goes through
intermediate space groups on the way. For the space group
C2/c, the c-glide perpendicular to the b-axis will lead to the
systematic absence of the (#0l) family of reflections which

a) ‘
(- AQ 288
¥ ik 'R
-56.9 ki/mol :: 3574 : CX 3864
~o—0—o—@-o—o-oD ¢o—0p—0
] 1 ]
-61.4 ki/mol 1 3514 ; 13514
1 ] 1
b)
c)

Fig. 5 The reaction environment between the AP and AQ acceptor
and D molecules. (a) The distance between the reacting atoms in the
AP and D molecules to form the product P is around 3.51 A and are
almost parallel as shown in (b). The distances between the reacting
atoms in the AQ and D molecules to form product Q are very unequal
because the molecular overlap is offset. The molecules are rotated
slightly, and the red spots on the edges of the Hirshfeld surface show
interactions with neighbouring stacks (c). However, the interaction
energy between AP and AQ and the D molecule at -61.4 and -56.9 kJ
mol™, respectively, do not differ that much.
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Fig. 6 Product formation at 20 °C with crystals encapsulated by glue.
Product P is formed initially until ~20% conversion. Afterward, product
Q is concurrently formed but at a slower rate. After, 2500 hours of
reaction (~75% conversion) a phase change occurs from triclinic P1 to
monoclinic C2/c, where the occupancies of products P and Q are
about the same because the space group C2/c is centrosymmetric,
and the structure refines with one unique product molecule in the
asymmetric unit.

will be absent when [ # 2n. When solving the structure of the
reacted crystals after the transition from triclinic to
monoclinic, there are many c-glide systematic absence
violations, but the structures refine acceptably. However, with
increasing percent conversion, the c-glide systematic absence
violations decrease.

Pseudo (h0l) precession images calculated from single-
crystal X-ray diffraction data for the triclinic structure reacted
crystal at 64% conversion (Table 1) just before
transformation, after P1 to C2/c transformation at 79%
(Table 1) and 89% (Table S1 in the ESIf) are shown in Fig. 8.
The triclinic structure was transformed to monoclinic using
the (2-1 0)/(0-1 0)/(-1 1-1) transformation matrix from the
triclinic cell. The transformation of a 64% reacted crystal
generates a cell (a = 20.217 A, b = 11.806 A, ¢ = 14.857, a =
92.93°, B = 132.15°, y = 88.03°) which is very close to the
monoclinic cell of the 79% reacted crystal (a = 20.166 A, b =
11.754 A, ¢ = 14.900, o = 90°, f = 131.94°, y = 90°). In the (%0])
precession images, the triclinic cell shows the expected %01 [
+ 2n violations, but these become less after transformation
to monoclinic at ~79% conversion and are absent at ~89%
conversion (Fig. 8 and S1 in the ESIT). With more conversion
the reacted crystal conforms more closely to C2/c as the
crystal adapts to the product.

To compare the unit cell changes occurring due to the
solid-state reaction on the same graphs, the monoclinic unit
cells were transformed to the triclinic unit cell of the CT
using (32 0)/(0-1 0)/(—2-2 —1). These points are highlighted in
Fig. 9 and the crystallographic information can be found in
Tables 1 and S2 in the ESLf

During the reaction, the a- and c-axes expand by around
6% and 2% respectively, while the b-axis contracts by around
1% (Fig. 9a). It is interesting that the trend line for the
reacting crystal follows a smooth path that coincides with the
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a)

b)

Inversion centre

c-glide plane

2-fold axis

Fig. 7 Unit cell and symmetry changes on transforming from the
space group P1 triclinic CT before reaction (a), to the final solid-state
reacted crystal in the space group C2/c monoclinic form (b). In the
monoclinic form, the P and Q products are in equal amounts because
they are related by a centre of inversion in C2/c. In the triclinic form
(a), occupancy of the products just before the transformation is around
40% for P and 20% for Q (Fig. 6).

converted monoclinic points for all axes, implying that the
crystal does not suddenly transform into the monoclinic form
after a certain amount of reaction has occurred, but gradually
transforms with conversion to the monoclinic form. Smooth
trend lines can also be seen when looking at the cell angles
for the reacting crystal (Fig. 9b). In this case, the o and
f-angles decrease by around 2%, while the y-angle decreases
by around 4%. The cell volume increases by 3.5% which is
consistent with the increasing disorder of the reacting
crystal.

A reviewer pointed out that the SCXRD data was collected
at -100 °C and there was a possibility that P1 to C2/c
transformation could occur upon cooling the crystals to this
temperature. This is unlikely because changes in unit cell
parameters with conversion shown in Fig. 9 are very gradual
and linked to percent conversion. However, to make sure a
crystal (Fig. 2) stored in a fridge set at 10 °C from the start of
the project (2 years and 77 days ago from the date recorded
on the vial) was selected and room temperature SCXRD data
set was collected before measuring a data set at -100 °C.

This journal is © The Royal Society of Chemistry 2023
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a)

b)

Fig. 8 Pseudo (hOl) precession images for (a) the room temperature
reacted crystal at ~64% (just before transformation), and after the P1
to C2/c transformation at (b) ~79% and (c) ~89% conversion. The
(h01), (h03), and (h05) reflections enclosed with dotted lines are
allowed in the triclinic P1 space group (a) but are weaker in (b) and
absent in (c) as required for C2/c.
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Fig. 9 Changes in unit cell parameters with degree of conversion for the
crystal reacted at 20 °C. The points that are enclosed with a red rectangle
were transformed from the monoclinic unit cell back to the triclinic cell of
the CT (see text for details). (a) Changes in a-c with the inset graph
showing the percent change; (b) change in cell angles with the inset
graph showing the percent change; (c) change in cell volume. Plots of the
40 °C data are superimposed on this data in Fig. S2 in the ESIL}

Both crystal structures solved in the space group C2/c (Table
S3 in the ESIY) indicating that no temperature-dependent
phase change occurs. The unit cell parameter at -100 °C for
this structure is plotted with the RT and 40 °C data in Fig. S2
in the ESI and coincides with these data.

Finally, the product was recrystallized to compare the unit
cell, space group, and crystal packing with the solid-state
reaction monoclinic form. It crystallizes in the monoclinic
space group P2,/n in a different unit cell (Table 1 and
Fig. 10). The crystal packing is also different. While the solid-
state reaction product molecules are arranged as stacks due
to the templating effect of the starting CT coordinates
(Fig. 4d), the molecules in the recrystallized structure are
packed to optimize hydrogen bonding and other interactions,

CrystEngComm, 2023, 25, 3988-3997 | 3995
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Fig. 11 DSC scans for a fresh CT crystal and a recrystallized crystal
until their melting point. The CT crystal shows a reaction between
100-150 °C, and the melting peak is 4.5 °C lower than the
recrystallized crystal.

with the molecules arranged side-to-side favouring H-
bonding, head-to-head favouring =---m interactions, or
forming T-shaped arrangements favouring C=O-'n
interactions (Fig. 10). Due to the optimized hydrogen
bonding and other interactions, the recrystallized structure
will be more stable than the metastable solid-state reaction
derivative which is why it undergoes a phase transformation
during the later stages of reaction.

The DSCs of the CT and the recrystallized product are shown
in Fig. 11. When a fresh CT crystal is heated in the DSC at 10°
min~" under nitrogen, it reacts between 100-150 °C (possibly
with a recrystallization phase at ~150 °C) then melts at 209.3
°C. The recrystallized product melts at 213.8 °C which is 4.5 °C
higher than the solid-state reacted CT crystal. We also did a
DSC of a CT crystal in which the crystal was heated until 180 °C
to avoid melting. When we opened the aluminium pan
afterward, we found a yellow single crystal which the SCXRD
analysis revealed was the same crystal structure as the
recrystallized product. The lower melting point of the DSC
reacted CT is probably because the solid-state reaction doesn't
lead to a pure product, and not because it is a new polymorph.
We also found that the final crystal structure for one experiment
was that of the recrystallized structure which self-assembled
and annealed as a single crystal in the epoxy glue towards the
end of the reaction process. Therefore, the space group for the
reacted crystal transitions from P1 to the metastable form C2/c,
which then recrystallizes in the solid state to the
thermodynamically stable P2,/n.
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Conclusions

Crystallizing 9Br and DiC4 as a 1:1 CT leads to a triclinic P1
crystal in which the D and A molecules form stacks in a
~:D---A---D---A--- arrangement. Two half acceptor molecules
sit on different inversion centres, together with a full donor
molecule. The environments of these two acceptors guide the
behaviours in the reaction. The more favourable aligned
acceptor leads to the initial formation of product P
exclusively until ~20% conversion, then the second acceptor
also reacts to form product Q. The reacting crystal remains in
triclinic space group P1 until ~65% conversion has occurred,
then transforms to monoclinic space group C2/c, which is
probably a type II phase transformation that occurs during
the reaction. Transforming the monoclinic structures into
the triclinic phase using the transformation matrix (3= 0)/
(0-1 0)/(—= 1) to plot all the cell parameters on the same
graph with percent conversion, it is evident that phase
transformation doesn't occur instantly, but as a gradual
process. The product crystal in space group C2/c is accessible
by doing the solid-state reaction using a crystal encapsulated
in epoxy glue. It is also possible to study the reaction without
epoxy encapsulation at 10 °C or lower, but in such
conditions, the reaction would take an extended period of
time, possibly years. As an alternative experimental method,
moderate to high pressures using a diamond anvil cell can
also force this reaction to occur topochemically and with
alternative reaction paths and greater yield depending on the
pressure used.*®°
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