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Abstract. Thermal stability and thermal expansion of bromo trimer synthon mediated hexagonal inclusion
compounds of 2,4,6-tris(4-bromophenoxy)-1,3,5-triazine (BrPOT) with dichloromethane (DCM), tetrahydro-
furan (THF) and hexamethyl benzene (HMB) and also the guest-free form of BrPOT are reported. Each of
these three guests produced two concomitant inclusion compounds with BrPOT. The thermal stability of the
solvate lattice increases with decreasing cavity size. The channel network of the DCM inclusion compound is
stable only for a few seconds at room temperature outside the mother liquor, whereas the cage network of the
DCM solvate is stable for months under similar conditions. Thermal expansions of the lattices depend upon the
network, guest content as well as the type of guest molecules. The guest-free form exhibits the least thermal

expansion in this series of systems.
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1. Introduction

Generally, a material expands along all directions
when it is heated. There are a few reports where the
materials contract along one,"? two®~ or even three®™
dimensions on heating. Negative thermal expansion
materials are useful in the preparation of composite
materials with zero thermal expansion.'?:!! On the other
hand, materials, showing large expansion along one or
more directions on temperature change, could be use-
ful in the design of thermo mechanical actuators.*:!?-13
Therefore, it is important to understand how different
types of materials respond to the temperature variation
in their solid-states.

There are several properties that depend upon the
crystal packing of the compounds. For example, poly-
morphs generally show different physical and chemical
properties and therefore open up an interesting avenue
of comparative studies on relative stabilities, reactivi-
ties, etc.,'®17 of the different forms. Even though, poly-
morphism is quite common for the single molecular
system,'®=2% it is still relatively rare for the complexes
and inclusion compounds.?*~28

In recent days the halogen bonding has drawn a
considerable attention from the crystal engineering
community.”? ¢ To study the dependence of thermal

*For correspondence
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expansion on different networks and guest molecules,
we have chosen 2,4,6-tris(4-bromophenoxy)-1,3,5-tria-
zines (BrPOT) as a host molecule, because it enclathra-
tes several guest molecules, mainly in two well defined
networks — cage and channel structures formed via
halogen trimer synthon.>”=*° It is also possible to crys-
tallize the guest-free form,*’ and all these systems are
highly symmetric.

It is known that the thermal stability of a solvate
depends upon the stability of the host network, the
nature of the guest molecule, host-guest interactions,
etc.*1=% Here, we show large differences in the thermal
stabilities of two pairs of solvates of BrPOT, formed
concomitantly from their respective solutions, depend-
ing upon the host networks. We also have compared
thermal expansion of different inclusion compounds
and the guest-free form.

2. Experimental
2.1 Synthesis

2.,4,6-tris(4-bromophenoxy)-1,3,5-triazine (BrPOT) was
synthesized by following the procedure reported in the
literature.®® The product was characterized by NMR
spectroscopy. 'H NMR (CDCl;, 400 MHz): § 7.49
(d, 8.8 Hz, 6H), 7.01 (d, 8.8 Hz, 6H). 3*C NMR § 173.0,
150.6, 132.7, 123.3, 119.6.
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2.2 Powder x-ray diffraction experiments

The PXRD spectra of guest-free forms of BrPOT sol-
vates were recorded with X-pert Panalytical diffrac-
tometer using Cu Ko radiation (A = 1.54056 A). The
spectra were recorded with 26 ranging from 10° to 50°
for all the three guest-free forms with a step size of
0.02°. The guest-free forms of BrPOT solvates were
prepared by grinding the solvate crystals in a mortar,
followed by heating the powdered mass at 150-155°C
under vacuum.

2.3 Thermal studies

DSC and TG experiments for the BrPOT-THF—cage-
I and BrPOT-DCM—cage-II were carried out in TA
Instruments. Crystals were taken out from the mother
liquor and dried with tissue paper. The samples were
placed in crimped but vented aluminum sample pans
for DSC and in open alumina pans for TG experiments.
5—7 mg of sample was used for each case. The samples
were heated from 25-260°C at a rate of 10°C/min.

2.4 Structure determination

Crystal data were collected on Xcalibur Oxford Diffrac-
tion Ltd. with Mo-K,, radiation (A = 0.71073,A). Crys-
tals were coated with paraffin oil and grease to reduce
guest loss. Empirical absorption correction using spher-
ical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm were applied.”’ The phenyl groups
in BrPOT-THF-channel structures are disordered over
two orientations with 0.5 occupancy on each site. All
non-hydrogen atoms were refined anisotropically and
the H atoms bonded to C were fixed in calculated posi-
tions. Structure solution and refinement were carried
out using SHELXS-97 and SHELXL-97 (Sheldrick,
1997).”! SQUEEZE routine of PLATON was used
to treat the residual electron density due to highly
disordered guest molecules. CCDC reference numbers
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CCDC 992063-992065, 1013423-1013451 and 1013409-
1013414.

3. Results and Discussion

3.1 Crystal structures

In this work we have studied six host-guest comple-
xes of BrPOT with tetrahydrofuran (THF), dichloro-
methane (DCM), and hexamethylbenzene (HMB) guests
namely, BrPOT-THF—channel, BrPOT-THF—cage-I,
BrPOT-DCM — channel, BrPOT-DCM —cage-1I, BrPOT-
HMB —channel® and BrPOT-HMB —cage-II along with
one guest-free form of BrPOT,* BrPOT-gf (figure S1
for ORTEP diagram). The host molecule forms two
concomitant inclusion compounds with each of DCM,
THF and HMB. The two sets of concomitant solvates
were obtained by solvent evaporation method from
the solution of BrPOT in the respective solvents and
the concomitant inclusion compounds of BrPOT with
HMB were obtained from the ethylacetate solution of
these two compounds (1:1 ratio). This is the first
report of inclusion compounds formed concomitantly
in the family of 2,4,6-tris(aryloxy)-1,3,5-triazines. All
the three channel structures, BrPOT-DCM —channel,
BrPOT-THF—channel and BrPOT-HMB—channel are
isostructural. On the other hand, the BrPOT-DCM—
cage-II and BrPOT-HMB—cage-II are isostructural
among the cage types of systems. In all the six inclu-
sion structures, the host molecules are assembled via
type-1I’->! bromo trimer synthons (table 1) to form
hexagonal layers parallel to the crystallographic ab
plane. The hexagonal cavity walls are mostly con-
structed by the phenoxy groups of the host molecules.
The nodes of the hexagonal layers are made of tri-
azine rings or bromo trimer synthons and are located at
alternate positions of the hexagons. Therefore, the 2D
packing arrangements of all the three types of struc-
tures are similar but they differ mainly in the stacking

Table 1.

System/solvate Temperature
BrPOT-DCM-channel 118K
BrPOT-DCM-cage-II 118K
BrPOT-THF-channel 120K
BrPOT-THF-cage-1 120K
BrPOT-HMB-channel 120K
BrPOT-HMB-cage-II 118K

Interhalogen interaction geometries of the bromo trimer synthons.

Interaction D(A) 0(°)

Br;---Br, 3463(2) 111.7(3).171.7(3)
Br; ---Bry 3.625(1) 104.1(2), 162.7(2)
Br;---Br,  3.475(1) 110.2(1), 170.2(1)
Br;---Br, 3.493(2) 110.9(3). 170.8(3)
Bry---Br, 3.561(2) 104.9(2), 164.2(2)
Br;---Br; 3.485(2) 112.6(3),172.6(3)
Br; ---Bry 3.448(2) 111.4(3),171.4(3)
Br;--- Bry  3.817(6) 107.4(8),164.7(9)
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Scheme 1. Schematic representation of the channel, cage-I and cage-II struc-
tures made of bromo trimer mediated hexagonal 2D layers of BrPOT host.
Consecutive layers are shown in different colours (magenta and blue) for better
visualization. The bromo trimer synthons and triazine rings located at the nodes
of the hexagonal frameworks are shown in green and red colours respectively.

1267

The guest molecules in the cavities are shown in transparent yellow colour.

of the layers in the 3™ dimension (scheme 1). Except in
BrPOT-HMB —cage-II structure, the guest molecules in
the cavities are highly disordered and could not be mod-
eled from the difference Fourier electron density map
and hence SQUEEZE routine of PLATON has been
used to refine the structures.?:33

The isostructural channel structures of the rod
shaped crystals (figure S2) of BrPOT-THF—channel,
BrPOT-DCM—channel and BrPOT-HMB—channel,
solved in the P63/m space group (table 2) with one-
sixth of the host molecule in the asymmetric unit, are
made of hexagonal layers stacked along the ¢ axis with-
out any offset, where two consecutive layers are related
by inversion symmetry. According to the SQUEEZE
routine, the host:guest ratios in the two solvates struc-
tures are 2:1 and 1:1 respectively, whereas according
to '"H-NMR study the host to the guest ratio in BrPOT-
HMB —channel is 1:1. The triazine ring of the host
molecules and the bromo trimer synthons are stacked
alternately along the ¢ axis. Therefore, the repeating
unit of the nodes along the ¢ axis is an infinite array
of —triazine—bromo trimer synthon—triazine—bromo
trimer synthon— type (figure 1a). The honeycomb chan-
nel walls are constructed by the infinite layers of phe-
noxy groups of the host molecules.

The diffraction quality single crystal of the cage I
structure of BrPOT-THF—cage-I inclusion compound,
obtained concomitantly with the BrPOT-THF—channel

crystals, is solved in P6;/m space group (table 2) with
two of the one-third and one of the one-sixth of host
molecules in the symmetry independent unit. These
three molecules form three independent halogen trimer
synthons (table 1). From the 'H-NMR and thermal
gravimetric (TG) experiments, the host to the guest ratio
is found to be 1:2 (figure 2 and table S1). The hexago-
nal 2D layers are stacked like the channel structure
but with some offset. A set of consecutive five layers
remains intact, similar to the channel structure, and the
next adjacent set of five layers are shifted by a distance
equal to the radius of the hexagon to construct the
Cage-I structure (figure 1b). This network, formed by a
2,4,6-tris(4-halophenoxy)-1,3,5-triazine inclusion com-
pound, has not been reported previously. Along the ¢
axis, the repeating unit of the nodes is inversion related
ten layers of triazine—bromo trimer synthon—triazine—
bromo trimer synthon—triazine—triazine—bromo trimer
synthon—triazine—bromo trimer synthon—triazine and
the two stacked triazine rings form a Cj;;-Piedfort Unit
around the inversion center.>*~% The cavities are located
along the (1/3, 1/3, ¢) and (2/3, 2/3, c¢) axes in the
unit cell and each cavity is capped by inversion related
five layers of bromo trimer synthon—triazine—bromo
trimer synthon—triazine—bromo trimer synthon units
from both the sides along these axes. As a result the side
wall of the cavity in this structure is made of five layers
of phenoxy groups.
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The isostructural block shaped crystals of the
BrPOT-DCM—cage-II and BrPOT-HMB—cage-II in-
clusion compounds, which formed concomitantly along
with the respective rod shaped (BrPOT-DCM —channel
and BrPOT-HMB —channel respectively) crystals, are
solved in R3 space group (table 2) with one third of
the host molecule in the asymmetric units. Though
the highly disordered DCM guest molecules could
not be modeled in the BrPOT-DCM —cage-II structure,
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Table 2. Crystallographic table.

System

Formula

Mr

Crystal system
Space group

a(A)

b(A)

c(A)

a(®)

BC)

y(®)

V(A3)

Crystal size(mm)

T (K)

Z

F(000)

p(mm~")

Ref. collected/unique
Parameters

Final R indices [I>20(1)]
R indices (all data)
Goodness of fit on F?

System

Formula

Mr

Crystal system
Space group

a(A)

b(A)

c(A)

a(®)

BC©)

7(©)

V(A3)

Crystal size(mm)
T(K)

Z

F(000)

p(mm~)

Ref. collected/unique
Parameters

Final R indices [I1>20(1)]
R indices (all data)
Goodness of fit on F?

BrPOT-gf,
118 K

C21H;2Br3N; O3
594.07
trigonal
R3c
23.9189(8)
23.9189(8)
6.4691(3)
90.00
90.00
120.00
3205.2(2)
0.36%0.16*0.14
118(2)
6
1728
5.692
1543
91
0.0313
0.0708
1.037

BrPOT.DCM-
cage-II, 118 K

CH14Br3Cl; N3O3

678.99
trigonal

R3
15.0828(10)
15.0828(10)
18.5405(14)
90.00

90.00
120.00
3652.7(4)
0.45*%0.4*%0.38
118(2)

6

1980

5.219

1349

91

0.0555
0.1700
1.113

BrPOT.DCM-
channel, 118 K

CH4Br3Cly N3O3

678.99
hexagonal
P63/m
15.6381(16)
15.6381(16)
6.9069(5)
90.00

90.00
120.00
1462.8(2)
0.4*%0.25*%0.2
118(2)

2

660

4.344

1297

55

0.0734
0.2088
1.012

BrPOT.THF-
cage-1, 120 K
Ca9HogBr3N30s
738.27
hexagonal
P63/I1’1
15.5333(9)
15.5333(9)
33.553(2)
90.00
90.00
120.00
7011.3(7)
0.48%0.36%0.32
120(2)
10
3680
4.360
5570
235
0.0863
0.2259
1.047

BrPOT.THF-

channel, 120 K
Co3H6Br3sN30;5 5
630.12
hexagonal
P63/m
15.6462(7)
15.6462(7)
6.8645(3)
90.00
90.00

120.00
1455.32(12)
0.6*0.5*%0.4
120(2)
2
616
4.184
1275
73
0.0352
0.0944
1.138

BrPOT.HMB-
cage-II, 118K
Cs4H42BrsNgOg
1350.40
trigonal
R3
15.3892(5)
15.3892(5)
18.1170(8)
90.00
90.00
120.00
3715.7(2)
0.55%0.4*%0.2
118(2)
3
1998
4.922
4624/1899
110
0.0304
0.0687
1.031

the ordered one-sixth of the HMB guest molecule has
been located in the asymmetric unit of the BrPOT-
HMB —cage-II structure. The 'H-NMR and TG exper-
iments suggest a 1:1 host to the guest ratio in the
BrPOT-DCM —cage-II inclusion complex. In the cage-
IT structure, the 2D layers are stacked with some offset
but is distinct from the cage-I network and generate a
different type of cage like structure, cage-II (figure 1c).
With respect to the bottom two layers, there is a

BrPOT.HMB-
channel, 120 K
Ca7H31Br; N3O;
675.20
hexagonal
P63/m
15.615(4)
15.615(4)
6.8639(17)
90.00

90.00

120.00
1449.3(6)
0.5%0.4*0.3
120(2)

2

666

4.206

1233

55

0.0718

0.1673

1.081
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(b)

Figure 1.

The bromo trimer synthon mediated 2D honeycomb layers are stacked along the ¢ axis with different offsets to

form (a) BrPOT.DCM-channel, (b) cage-I, and (c) cage-II structures. The cavities are represented by yellow coloured space
and the bromine atoms are shown as spheres. (d) Packing diagram of the BrPOT molecules in the guest-free form.

translation of the next pair of layers by a distance
equal to the radius of the hexagon and the 5™ and 6
layers also move by the same distance with respect
to the 3 and 4" layers in the same direction to
complete the repeating unit along the ¢ axis. Due to
this off set stacking of the layers, voids are created
in the hexagonal network. The side-walls of each of
these hexagonal voids are constructed by the two lay-
ers of phenoxy groups of the host molecules and the
guest molecules in the cavity are embedded between
an inversion related pair of bromo trimer synthon
and triazine ring to form a pentadecker sandwich of
triazine—bromo trimer synthon—cavity—bromo trimer
synthon—triazine, which is the repeating unit along the
¢ axis. In this type of structure the triazine rings are
stacked in a C5;-PU similar to the cage-I structure.

The guest-free form crystallizes in R3¢ space group
with only 1/3 molecule of the compound in the

asymmetric unit (table 2). In contrary to the host net-
works, the crystal structure is devoid of any Br---Br
interactions. Rather, the bromo groups are involved
in Br--- 7 interactions in this crystal structure. The
molecules are stacked atop each other and form molecu-
lar rod and these rods are arranged in a hexagonal array
via Br- - - 77 interactions (figure 1d).

3.2 Thermal stability

This series of structures show an interesting structure-
thermal stability relationship. The cage types of struc-
tures are thermally more stable than the channel type of
networks. The 2D arrangements of the host molecules
in these structures are basically similar and they dif-
fer mainly in the 3™ dimension. As a result, all the
three types of cavities, generated in these host net-
works, are hexagonal and are of similar diameter, but
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the heights of the cavities change and hence the sizes
of the cavities also differ. The cavity size in the channel
is largest which is essentially infinite along the chan-
nel axis, whereas it is smallest in the case of cage-
IT structure. Interestingly, the channel and the cage-
I or II clathrates of BrPOT form concomitantly from
the THF or DCM solution of the host respective-
ly. Therefore, these pseudo polymorphs are also prac-
tically of similar energy like concomitant polymorphs.
In general, the physical properties of the polymorphs
do not differ widely,”’~°! but in the case of two DCM
solvates the thermal stabilities of the systems dif-
fer quite dramatically. The rod shaped single crystals
(BrPOT-DCM—channel) were turned opaque within
a few seconds after they were taken out from the
mother liquor, whereas the distinct block shaped crys-
tals (BrPOT-DCM-cage II) were stable for months at
room temperature outside the mother liquor. On the
other hand, the crystals of the cage-I THF clathrate were
stable for a few minutes, and the concomitantly formed
channel type THF clathrate crystals were stable only for
1-2 minutes at ambient condition outside the mother
liquor. Even though, the boiling point of THF (66°C) is
considerably higher than that of DCM (39.6°C) guest,
the cage-II type DCM clathrate is thermally the most
stable system among these four solvate systems. Ther-
mal analysis shows that the onset temperature of the
DCM molecules in the cage-1I network is around 65°C,
whereas in the case of THF molecules for the cage-I
framework it is only 45°C (figure 2). There is also an
interesting correlation between the thermal stability and
cavity size in this series of networks. PLATON calcu-
lation shows that the % of solvent accessible volume

cage-|
cage-ll
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o
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@
1
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@
o

-10 1 T
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Temperature(°C)

Figure 2. DSC and TG plots of BrPOT.THF-cage-I (pur-
ple) and BrPOT.DCM-cage-II (green) structures of BrPOT.
The guest release in the case of cage-II occurs at higher
temperature than cage-I.
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Figure 3. PXRD pattern of the solids after removal of the
guests from BrPOT-THF-channel and cage-I, BrPOT-DCM-
channel and cage-II, and the simulated guest-free form of
BrPOT.

and the size of each cavity decreases as channel (36%,
infinite) >cage-1 (33%, 1158 A3) >cage-1I (23%,
280 A3). Therefore, the cage-II structure is host like,
whereas in the channel structure the guest properties
dominate compared to the other structures and hence
more susceptible to the thermal vibrations. As a result,
the thermal stability of the systems increases as the size
of the cavity decreases. Interestingly, after removal of
guest molecules from the lattices, all the three types of
networks collapse to the same guest free form of BrPOT
as seen by PXRD analysis (figure 3).

3.3  Thermal expansion study

We have compared thermal expansion properties of
these seven systems by analyzing single crystal X-ray
diffraction data at 5 or 6 different temperatures (table S2).
According to the calculation using PASCal®® program,
all the systems show positive thermal expansion
along all the three principal axes (figure 4) and
the major axis is aligned along the crystallographic ¢
axis in all these cases (table S3). Interestingly, ther-
mal expansion along the unique axis c, i.e., perpendic-
ular to the central triazine plane, is 2.5—5 times higher
than the expansion along the other two principal axes,
which are aligned in the plane of bromo trimer medi-
ated 2D sheets. Along the c¢ axis, the interactions are
mainly of weak m - - - 7 types, whereas in the 2D plane
the molecules are assembled via Br- - - Br (in the inclu-
sion compounds) or Br---m (in the guest-free form)
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Figure 4. Thermal expansion coefficients along the major
axis (a3), medium/minor axes (o1) and in volume (ay)
are plotted for the seven systems.

interaction (table S4). C—H---N and C—H- - - O inter-
actions contribute along both the directions (table S5).
The near perpendicular conformation of the phenoxy
groups with respect to the central triazine ring also
might play some role in this anisotropic thermal expan-
sion. The volumetric thermal expansion in the guest-
free form is lowest (o, = 157(5) MK~!) among these
seven systems. The channel structures show compar-
atively lower thermal expansion than the correspond-
ing cage structures and in fact thermal expansion in
BrPOT-DCM —channel (o, = 165(6) MK™!) is compa-
rable to the guest-free form. Previously we had shown
that thermal expansions of solvates are ~25% more
than that of guest-free forms in a series of interhalogen
interaction mediated organic lattices.®® Relatively small
thermal expansion in the channel structures, especially
in the case of BrPOT-DCM—channel system, could be
due to lower guest content of the channels. In spite
of having solid guest molecule in the cavity, the cor-
responding isostructural channel structure of BrPOT-
HMB —channel («, = 198(7) MK™!) exhibits stronger
thermal expansion than that of BrPOT-DCM—channel
but smaller thermal expansion than the BrPOT-
HMB—cage-1I (o, = 225(7) MK™") structure. Due
to very unstable nature of the lattices of the chan-
nel type of solvates, some of the guest molecules
might have escaped during sample handling and experi-
ments. Detail quantitative study could not be performed
because of thermal instability of the lattices even at
ambient condition. Except very few examples, gener-
ally the host networks of organic solvates do not sustain
after the guest loss.’>%-% Previously, lower thermal
expansion due to low guest content have been shown
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only in the case of metal-organic frameworks. Thermal
vibration of the guest molecules along the open channel
axis does not cause expansion in the host network. This
could be another reason for lower thermal expansion in
the channel structures.

4. Conclusion

In this work we have studied three different types of
host networks of the BrPOT host. Three pairs of the
inclusion compounds of BrPOT formed concomitantly
with the DCM, THF and HMB guests. These three
types of structures are 2D isostructural®’~* but differ in
the cavity size due to differences in the 3™ dimension.
The concomitant pseudo polymorphs of the inclusion
compounds are widely different in their thermal stabil-
ity. The cage types of structures are more stable than the
channel structures and also the structure with the larger
cavity size is thermally less stable irrespective of the
boiling point of the liquid guest molecules. The channel
structures have opening and the solvent guest molecules
could escape easily through these openings, whereas in
the cage structures the guest molecules have to rupture
the host network to escape from the lattice. Thermal
expansions of the solvates are higher than the guest-free
forms. Thermal expansion among the inclusion com-
pounds also depends upon the network as well as type
of guest molecules and the content of guest molecule
incorporated in the cavities.

Supplementary Information

ORTEP plots, pictures of the single crystals, crystal-
lographic information table, thermal expansion coef-
ficient values, and interhalogen interaction geometry
are given. Electronic supplementary information can be
seen at www.ias.ac.in/chemsci.
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