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Several rigid 1,3,5-tris(phenylethynyl)benzenes with different
fluorination patterns were synthesized through selective Sono-
gashira-Hagihara coupling reactions to analyze the packing
behavior in solid-state structures. The aggregation is dominated
by various intermolecular interactions between aryl substitu-
ents, triple bonds, C� H bonds and H···F contacts. Co-crystalliza-

tion experiments for the analysis of preferred aryl-aryl-inter-
actions led to 1 :1 complexes. Intermolecular phenyl-
perfluorophenyl interactions with short centroid-centroid dis-
tances are dominating these co-crystal structures. They lead to
melting point increases of up to 49 °C for the co-crystals
compared to the pure substances.

1. Introduction

Rigid organic frameworks linked by aryl-alkynyl backbones and
efficient π-delocalization are used in many fields of chemistry.
Applications for 1,3,5-triethynylbenzene (TEB) include building
blocks for light emitting diodes (LED),[1] non-linear optics
(NLO)[2] or macromolecules,[3] the synthesis of tridentate Lewis
acids[4] as well as the formation of columnar supramolecular
solids.[5] All these studies are focusing on the molecular shape
and electronic characteristics of the TEB backbone. Non-
covalent interactions of the backbone were not yet highlighted
in these studies.

Over the past years, intermolecular stacking interactions
between arenes and perfluoroarenes, especially the solid-state
structures of benzene and hexafluorobenzene (HFB), received
significant attention.[6] As pure substances, both aggregate in
herringbone-like structures in their crystal lattices.[7] In contrast,
an equimolar mixture of benzene and HFB crystallizes in an
alternating array featuring both molecules in a parallel displa-
ced structure.[8] These intermolecular stacking interactions
increase the melting point by about 18 °C relative to the pure
substances.[9] This phenomenon was first observed by Patrick
and Prosser in 1960.[8] Recent studies pointed out that the
interaction energy is significantly composed of London dis-
persion forces,[10] the attractive part of van-der-Waals inter-
actions.[11] To analyze this stacking behavior, different aromatic

groups were linked with rigid or flexible backbones.[12,13–15] A
few literature examples deal with the stacking effects of
molecules with alkynyl-linked phenyl/perfluorophenyl groups
and demonstrate their use for preordering in solid or liquid
phases.[16–18]

In this work, we aim at combining the rigid backbone of C3-
symmetric TEB with the strong interactions between benzene
and perfluorobenzene groups as a driving force for the aggre-
gation of molecules in an attempt of crystal engineering. The
preparation of molecules with different fluorination patterns
and the investigations of their solid-state structures demon-
strate these aggregation processes, in order to help controlling
crystallization.

2. Results and Discussion

2.1. Syntheses

For the syntheses of triethynylbenzenes (TEBs) 1–8 (Figure 1),
we used the Sonogashira-Hagihara coupling reactions starting
from the aryl halides.[19] Fluorinated building blocks for coupling
reactions can be prepared in a facile and economic access, the
iodation of fluorobenzenes. We used a modified protocol of
Wenk et al. to synthesize 1,3,5-triiodo-2,4,6-trifluorobenzene
(90% yield).[20] TEBs 5–8, featuring a fluorinated core, were
synthesized starting from 1,3,5-triiodo-2,4,6-trifluorobenzene.
For the syntheses of 1,3,5-triethynylbenzenes 1–4 we used
commercially available 1,3,5-tribromobenzene. Depending on
the coupling partners for Sonogashira-Hagihara coupling reac-
tions, the experimental conditions had to be modified.[21] We
decided to use a co-catalyst system consisting of copper(I)
iodide and a palladium(0) species, [Pd(PPh3)4].

Tetrakis(triphenylphosphane)palladium ([Pd(PPh3)4]) is on
the one hand more selective for coupling reactions, but on the
other hand more expensive and more sensitive towards oxygen
and moisture than the analogous palladium(II) species [Pd-
(PPh3)2Cl2] which is also frequently employed in coupling
reactions. We decided to use catalyst A and diisopropylamine
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as solvent and base and added tetrahydrofuran in cases of
limited solubility of the compounds. After aqueous workup, all
coupling reactions afforded acceptable to good yields (Table 1).
Our chosen conditions led to higher yields for compounds 1, 3
and 4.[22,24,25] For TEBs with a fluorinated core, catalyst B
[Pd(PPh3)2Cl2] resulted in higher yields.[25] Compound 8, which is
fluorinated both central and radial, had not been documented
in literature before.

2.2. Structural Analysis in the Solid State

Although 1,3,5-triethynylbenzenes (TEBs) have been known for
many years and have many applications, some of the crystal
structures had not yet been available. Herein we report the so

far not described solid-state structures (TEBs 1, 6, 7, 8) and
compare their structural parameters with those of literature-
known structures to analyze the packing behavior (Table 2).

1,3,5-Tris(trimethylsilylethynyl)benzene (TEB1) crystallizes in
the orthorhombic space group Pbca (Figure 2). In the crystal
lattice, its molecules arrange in parallel stacks with long
distances between their centroids within the stack [7.908(1) Å].
One of the trimethylethynyl units of TEB1 is directed into the
neighboring stack, leading to σ-π-interactions between a meth-
yl group and the benzene core of the neighboring molecule.
The distance between the carbon atom of the methyl group
and the centroid of the benzene core is 3.847(2) Å. On the
opposite side of the core, a corresponding and slightly longer
contact of 3.929(2) Å is present. Fourmigué et al. determined
the crystal structure of the fluorinated analogue 5;[28] it
crystallizes in a structure of parallel sheets and is dominated by
multiple intermolecular H···F-contacts [2.58(1) Å H(7)···F(1)] be-
tween the fluorinated benzene core and the methyl groups of
the terminal TMS groups.

The crystal structures of TEBs 2–4 and 6–8 (Figures 3 and 4)
show a different aggregation motif. In their crystal lattices, the
molecules arrange in parallel displaced structures with short
intermolecular contacts between aryl groups and the neighbor-
ing C�C triple bonds.[18,26,27] The resulting distances are given in
Table 2.

Compound 6 crystallizes in the monoclinic space group P21/
c. The molecules in the crystal lattice arrange in an offset
orientation with an intermolecular centroid-centroid distance of

Figure 1. Substitution pattern of 1,3,5-triethynylbenzenes (TEBs) 1–8.

Table 1. Isolated and literature yields.

Compound R R’ Yield [%] Literature Yield [%]

1 H TMS 80 74[22]

2 H H 90 92[23] [a]

3 H Ph 97 82[24]

4 H PhF 38 30[16]

5 F TMS 42 69[25] [b]

6 F H 34 46[25] [a]

7 F Ph 28 71[25] [b]

8 F PhF 27 [c]

[a] Authors used different deprotection method; [b] authors used catalyst
B [c] compound is unknown in literature.
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4.826(1) Å and receive additional stabilization through an
intermolecular H···F contact between neighboring columns.
Interestingly, the triple bond sits right atop the neighboring
benzene ring in central orientation with a centroid-triple bond
distance of 3.373(1) Å. This sandwich-like arrangement relative
to the neighboring counterpart is unique among the 1,3,5-
triethynylbenzenes 1–8 and the aryl-triple bond distance is the
shortest observed for those molecules.

Terminally arylated TEBs show a similar aggregation behav-
ior. Compound 7 shows at least four contacts between triple
bonds and neighboring aryl groups (Figure 4b) with intermo-

lecular distances around 4 Å. The centroid-centroid distances
between neighboring molecules in the crystal lattice
[5.001(1) Å] are too long for an aryl-aryl-interaction.

For terminally aryl-substituted TEBs (3, 4, 7, 8) a different
structural parameter appears to influence aggregation in the
solid. The electrostatic repulsion of the terminal phenyl groups
causes distortion and twisting along the acetylene bridge,
leading to a propeller-type structure (except for TEB8). The
interplanar twist angle θ between the central benzene unit and
the terminal aryl systems indicates how much these molecular
parts are twisted. The electrostatic repulsion of the aryl groups
seems to modify the planar star-shaped structure into a
propeller form. Interplanar angles (θ) between the central and
radial benzene rings are 0.2(3)–89.9(3)° and the acetylene bonds
are slightly bent (174–178°; Ø=178°). This phenomenon was
also observed in the earlier reported solid-state structures of
compound 3 and 4.[16,27] The newly investigated TEB8, fluori-
nated at the central and radial benzene rings, shows a different
solid-state structure. Whereas the centroid-centroid and cent-
roid-triple bond distances are comparable to TEBs 3, 4 and 7

Table 2. Structural parameters of compounds 1–8. Listed distances (<5 Å) represent the shortest observed intermolecular distances.

R=H R=F

R’= � TMS � H � Ph � PhF � TMS � H � Ph � PhF

Compound 1 2 3 4 5 6 7 8
Reference [a] [26] [27] [16] [28] [a] [a] [a]
Space group Pbca C2/c P21/c P21/c P31C P21/c P21/c P21/c
R [%] 3.37 5.83 7.65 7.49 4.71 4.70 3.75 3.45
θ
Ph(centl)� Ph(rad)

[°]

– – 0.4, 8.6, 80.5 4.1, 27.8, 89.9 – – 9.0(1), 13.3(1),
70.6(1)

3.5(1), 3.8(1), 6.5(1)

dcentr-centr [Å] – 3.947(2) 4.857(1) 5.001(1) – 4.826(1) 5.001(1) 5.023(1)
dcentr� C�C [Å] [b] – 3.833(4),

4.553(3),
4.525(3)

3.497(7), 3.377(7),
4.747(7), 4.769(7)

3.395(8), 3.444(8),
4.241(8), 3.535(8)

– 3.373(1),
4.867(1),
4.743(1)

3.537(1), 3.616(1),
4.125(1), 4.243(1)

3.855(1), 3.894(1),
3.613(1), 3.616(1)

dC� C [Å] 3.629(2)
(C4···C18)

3.508(4)
(C5···C11)

3.420(10)
(C2···C23)

3.418(14)
(C16···C20)

3.340(5)
(C8···C9)

3.433(2)
(C1···C4)

3.433(2)
(C1···C4)

3.244(2)
(C6···C24)

[a] This work; [b] distance between the centroid of the aryl group and the centroid of the C� C-triple bond.

Figure 2. Molecular structure and aggregation of 1 in the crystalline state
with an intermolecular centroid-CCH3 distance of 3.847(2) Å (1=2–x,

1=2 +y, + z).
Displacement ellipsoids are drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity. Interlocking molecules from the neighboring
stack are drawn at 50% transparency level. Symmetry operation for
generating equivalent positions: +x, � 1+y, + z.

Figure 3. Molecular structure and aggregation of 6 in the crystalline state
with an intermolecular centroid-centroid distance (blue) of 4.826(1) Å and a
centroid-triple bond distance (red) of 3.373(1) Å. Displacement ellipsoids are
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.
Symmetry operation for generating equivalent positions: � 1+x, +y, +z and
1+x, +y, + z.
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(Table 2), the interplanar angles between the central and radial
benzene rings are significantly smaller [θ=3.5(1)°, 3.8(1)° and
6.5(1)°]. The nearly co-planar terminal perfluorophenyl groups
lead to a star-shaped structure. The propeller form caused by
the electrostatic repulsion is not favored.

The herein reported solid-state structures of pure 1,3,5-
triethynylbenzenes show different aggregation motifs of their
molecular constituents. Whereas the packing behavior of
compounds 1 and 5 is dominated by interactions of the
terminal trimethylsilyl groups with the neighboring stack in the
crystal lattice, the terminally arylated TEBs 3, 4, 7 and 8 are
stabilized by a mixture of intermolecular aryl-aryl and aryl-
acetylene contacts. The inter-planar twist angles between
terminal and central aryl rings reach up to 90°. Intermolecular
phenyl-pentafluorophenyl interactions as a packing motif were
not observed for the partially fluorinated compounds 4 and 7.
In order to evaluate the influence of such heteroaryl-aryl-
interactions, we investigated the formation and structure of co-
crystals.

2.3. Co-Crystallization Experiments

From our experience with inter- and intramolecular stacking
interactions between phenyl and perfluorophenyl groups in
partially fluorinated linked bis-arenes, we knew that such
interactions have a striking impact on the aggregation behavior
in the solid-state but also on the conformational behavior in
the gas-phase.[13–15] Siegel et al. already investigated the
structures of TEBs 3 and 4, as well as the corresponding co-
crystal (Co II) of both.[16] Inspired by this work, we investigated
the co-crystallization behavior of the terminally arylated TEBs.
All possible combinations were attempted to be realized, but
only the successful experiments are reported here. Table 3 lists

Figure 4. Molecular structure and aggregation of 7 and 8 in the crystalline state. Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms
are omitted for clarity. Top view (a, c): intermolecular centroid-centroid distance (blue) and interplanar twist angles θ. Side on view (b, d): centroid-centroid
(triple bond, mean plane) distances (red). Symmetry operation for generating stacks (+ x, 1+y, + z) and equivalent positions: 7: +x, � 1+y, + z; 8: +x, � 1+y,
+ z.

Table 3. Co-crystallization experiments for TEBs 3, 4, 7 and 8.

Combination Component 1 Component 2
Complex ring substituent

inner outer

Co I H·F H·H 3 C6H3(CC� C6H5)3 7 C6F3(CC� C6H5)3
Co II [a] H·H H·F 3 C6H3(CC� C6H5)3 4 C6H3(CC� C6F5)3
Co III F·H H·F 7 C6F3(CC� C6H5)3 4 C6H3(CC� C6F5)3
Co IV H·F H·F 3 C6H3(CC� C6H5)3 8 C6F3(CC� C6F5)3

[a] Co-crystal was examined by Siegel et al.[16]
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the different combinations of TEB species. First, we investigated
the influence of the fluorination pattern on the aggregation
motifs in the co-crystals. Subsequently, the macroscopic
stability of the co-crystals, in comparison to their individual
pure substances, was checked by determining their melting
points.

In order to learn more about the aryl-aryl interactions at the
central and terminal benzene units of the 1,3,5-triethynylben-
zenes, we attempted to evaluate the individual contributions by
combining the co-crystal constituents systematically: only one
position in the fluorination pattern of the used TEBs was
changed from system to system (see Table 3).

First, we investigated the aryl-aryl interaction at the central
benzene unit by varying the respective TEBs only at the central
position in their fluorination pattern. The structure of Siegel’s
Co II was used to study the interactions between terminal aryl

groups. Finally, two combinations (Co III, CoIV) of TEBs that
differ in their fluorination pattern both terminally and centrally
were investigated. The generation of the co-crystalline speci-
mens was achieved by slowly evaporating hexane/dichloro-
methane-solutions of equimolar amounts of the respective
compounds. The resulting crystals were picked and investigated
by X-ray diffraction.

With the first co-crystal (Co I), we intended to investigate
the influence of an aryl-perfluoroaryl interaction at the central
benzene unit. Co-crystal Co I (Figure 5) crystallizes in the same
space group (P21/c) and is isostructural to the crystal structure
of pure TEB7 (Figure 4). In the crystal lattice of Co I, molecules
of TEBs 3 and 7 share the same place, building a mixed crystal.
The occupation sites in Co I are not occupied in an alternating
sequence of both co-crystal constituents, but instead are
statistically distributed with a ratio of 86 :14 (TEB3: TEB7). The
structural parameters of Co I (Table 4) are nearly identical to
that of TEB7. Due to the statistical distribution, it is not possible
to derive clear information on the influence of the fluorination
pattern on the aggregation in the solid. The stacks are formed
along the b-axis (like for TEB7) with nearly identical centroid-
centroid distance [4.993(1) Å]. However, because of the almost
identical aggregation behavior in relation to the structure of
pure TEB7, it can be assumed that there is no significantly
stronger attractive interaction and vice versa no influence to the
aggregation in solid.

Table 4 contains structural parameters of Siegel’s Co II. The
observed co-crystal had a remarkably changed packing behav-
ior in contrast to corresponding pure TEBs or CoI. The
alternating stacks, formed by TEBs3 and 4, aggregate in a
sandwich orientation and the molecules within the column are
essentially planar. In contrast to crystal structures of pure TEBs
3 and 4, the centroid-centroid distances of 3.654(4)–4.034(4) Å
are decreased and indicate intermolecular aryl-aryl-interactions
between phenyl and pentafluorophenyl groups.

Both CoIII and Co IV (Figure 6) crystallized in columnar
stacks with alternating molecules of the corresponding TEBs.
Whereas aryl-triple bond contacts are negligible, the columnar
packing behavior in the crystal lattice is comparable to the

Figure 5. Molecular structure of CoI in the crystalline state. Displacement
ellipsoids are drawn at the 50% probability level. TEB3 and TEB7 share the
same site with an 86 :14 distribution. Symmetry operation for generating
equivalent positions: +x, � 1+y, + z.

Table 4. Structural parameters of co-crystals Co I–Co IV. Shown distances (<5 Å) are the shortest observed intermolecular distances.

Co I Co II [a] Co III Co IV

Space group P21/c P�1 P�1 P21/n
R [%] 3.68 5.84 5.04 7.56
Θ Ph(central)� Ph(radial) [°] 8.7(1), 13.2(1), 70.7(1) 2.5, 3.0, 9.9,

5.4, 5.8, 8.9
1.7(1), 2.5(1), 5.3(1), 4.2(1),
5.4(1), 7.2(1)

5.6(2), 13.1(2), 23.4(2), 3.2(2),
10.6(2), 23.9(2)

dcentr-centr(central) [Å] 4.993(1) 3.827(3); 3.765(3) 3.715(1); 3.700(1) 3.729(2);
3.788(2)

dcentr-centr(radial) [Å] 4.993(1) A: 3.654(4); 4.034(4)
B: 3.706(5); 3.879(5)
C: 3.794(4); 3.815(4)

A: 3.693(1); 3.730(1)
B: 3.730(1); 3.693(1)
C: 3.540(1); 3.942(1)

A: 3.739(3); 3.778(3)
B: 3.773(3); 3.744(3)
C: 3.713(2); 3.806(2)

dcentr-C�C [Å] [b] 3.537(1),
3.616(1),
4.129(1),
4.236(1)

A: 4.050(5)
B: 4.862(6)
C: 4.189(6)

A: 4.393(1)
B: 4.070(1)
C: 4.090(1)

A: 4.008(2)
B: 3.917(2)
C: 4.956(2)

dC-C [Å] 3.531(2)
(C5…C7)

3.437(9)
(C18…C39)

3.313(2)
(C18…C47)

3.392(6)
(C16…C47; C30…C55)

[a] Solid-state structure was determined by Siegel et al.;[16] [b] distance between the centroid of the aryl group and the centroid of the C� C-triple bond.
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solid-state structure of Co II. The packing in the crystal lattice of
Co IV is slightly more ordered compared to CoIII (see Figures 6a,
6c). The arrangement of columns in the structure of Co III is
promoted by intercolumnar H···F contacts [for example 2.53(2)
Å H(42) ···F(15), 2.59(2) Å H(50)···F(7), 2.56(2) Å H(49)···F(8)] and
also the benefit of maximum packing density. In contrast to
Co I, we found eight independent centroid-centroid distances
[3.540(1)–3.942(1) Å] between the aryl groups in each site of
crystal lattice in Co III, which are slightly shorter than for CoII,
but significantly shorter than for the pure TEBs 1–8 (Table 2).
The parallel arrangement in displaced order is nearly congruent,
with small slip angles about 20° (sandwich: 0°, off-stacked: 45°).
The propeller form is not favored for Co III and Co IV; instead,
the molecules are essentially planar. With Co IV, we investigated
the combination of the fluorinated TEB10 and the pure
hydrocarbon TEB3. For this co-crystal, we expected a planar
alignment of the terminal aryl groups, because the molecular
structure of pure TEB 8 in the solid state is essentially planar
(Figure 4d). In order to prepare Co IV, hexane/dichloromethane-
solutions of equimolar amounts of both constituents were
combined, resulting in an instantaneous precipitation of a
colorless, non-crystalline solid. This solid could not be dissolved

again in these solvents, even by heating and ultrasonication. A
crystallization from hot toluene finally afforded needle-shaped
crystals. After examination of a large number of crystals from
different crystallization experiments, a solid-state structure of
Co IV could finally be determined. We found a columnar
structure (Figure 6b) of alternating molecules of TEBs 3 and 8
with eight independent centroid distances [3.713(3)–3.806(2) Å].
The expected coplanarity, initiated by a pre-organization of
TEB8, was not observed; instead, the interplanar twist angles
found in the co-crystal are quite large [θ=5.6(2)°, 13.1(2)°,
23.4(2)°, 3.2(2)°, 10.6(2)°and 23.9(2)°].

Based on the analysis of the obtained co-crystals, we were
able to draw conclusions on the relationship between the
fluorination motif and the aggregation behavior of the used
TEBs. Differentiation of the fluorination pattern only at the
central benzene unit (CoI) did not lead to significantly changed
aggregation motifs compared to pure substances. The combi-
nation of TEBs with different fluorination patterns at the
terminal aryl groups (Co II) led to highly ordered columnar
structures. By analyzing the solid structures of co-crystals Co II–
IV, we found aryl-aryl interactions between fluorinated and
non-fluorinated aryl groups with short intermolecular centroid-

Figure 6. Molecular structure and aggregation of CoIII and CoIV in the crystalline state. Displacement ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity. (a, b) Top view with stacking of both components along the a-axis. (c, d) Side view with eight independent
intermolecular aryl-aryl-interactions to neighboring molecules (A, B, C, central) with corresponding centroid-centroid distances. Symmetry operations for
generating equivalent positions for CoIII and CoIV: � 1+x, +y, +z.
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centroid distances. The additional aryl interactions between the
central benzene (Co III, Co IV) units do not significantly alter the
packing behavior.

In order to see if the aryl-aryl interactions influence the
macroscopic stability, we analyzed the melting points of pure
substances and co-crystals (see Table 5 for melting points of the
co-crystals and corresponding TEBs). These results clearly
demonstrate the influence of aryl-aryl-interactions of fluorinated
and non-fluorinated aryl groups on the stabilization of solid-
state structures. The difference was determined by using the
melting point of the co-crystal and the highest melting point of
the pure compounds, respectively. The difference is up to 49 °C
(Co IV) and shows the strong influence of the aryl-aryl
interaction between fluorinated and non-fluorinated aromatic
groups of the studied TEBs. A direct relationship between the
melting point difference and the number of aryl-aryl interac-
tions, centroid distances or the planarity of the molecules in the
solid could not be established. However, it could be shown that
the strong influence of the investigated interactions influenced
the stacking behavior in the solid-state and the melting point of
the resulting co-crystals. The combination of a rigid backbone
and precisely tuned substituents leads to aggregation in the
solid-state, which could be used for a wide range of appli-
cations depending on the composition of the individual TEBs.

Further co-crystallization studies were undertaken, inspired
by Gabbaï’s columnar supramolecular solid.[5] Therefore, we
slowly evaporated THF solutions of equimolar amounts of TEBs
1–8 and [o-C6F4Hg]3 and analyzed the resulting crystals with X-
ray diffraction. We were able to examine a co-crystal CoV,
which showed the formation of columnar stacks of alternating
entities of TEB3 and [o-C6F4Hg]3 (see Figures S32 and S33,
Supporting Information). Within the stacks, the interplanar
distances and distances between the Hg atoms to the neigh-
boring TEB3 in the crystal lattice are slightly shorter than for
Gabbaï’s co-crystal and are given in detail in the Supporting
Information.

3. Conclusion

The solid-state structures of 1,3,5-triethynylbenzenes (TEB)
show aggregation motifs depending on their substitution
patterns. While the packing behavior of compounds with
terminal trimethylsilyl groups is dominated by intermolecular σ-
π interactions and H···F contacts to neighboring molecules in

the crystal lattice, the aggregation of terminally arylated TEBs is
dominated by a combination of intermolecular aryl-aryl and
aryl-acetylene contacts. Depending on the fluorination pattern,
the planarity and rigidity of the backbone can be modified. In
order to analyze intermolecular interactions between fluori-
nated and non-fluorinated aryl groups, we investigated a series
of co-crystals of two different TEBs. The differentiation of the
fluorination pattern at the terminal aryl groups led to alternat-
ing columnar structures in the solid state. Melting point
analyses of the co-crystals showed the striking impact of
phenyl-perfluorophenyl interactions on the stabilization in the
solid state by increasing the melting points by 34–49 °C in
contrast to the pure co-crystal constituents. These investiga-
tions of solid-state structures of modified 1,3,5-triethynylben-
zenes could lead to applications in molecular recognition
processes, reversible surface loading and crystal engineering.
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