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ABSTRACT: The alternating physical properties, especially melting points, of o, w-disubstituted n-alkanes and their parent n-alkanes
had been known since Baeyer’s report in 1877. There is, however, no general and comprehensive explanation for such phenomenon.
Herein, we report the synthesis and examination of a series of novel m-phenyl n-alkyl tropylium tetrafluoroborates, which also display
alternation in their physicochemical characters. Despite being organic salts, the compounds with odd numbers of carbons in the alkyl
bridge exists as room temperature ionic liquids. In stark contrast to this, the analogues with even numbers of carbons in the linker are
crystalline solids. These solid non-conjugated molecules exhibit curious photoluminescent properties, which can be attributed to their
ability to form through-space charge-transfer complexes to cause crystallization-induced emission enhancement. Most notably, the
compound with the highest photoluminescent quantum yield in this series showed an unusual arrangement of carbocationic dimer in
solid state. A combination of XRD analysis and ab initio calculation revealed interesting insights into these systems.

INTRODUCTION

Charge-transfer organic dyes have been extensively studied
in the past decades for applications from sensing and biological
staining to photocatalysis, and more recently organic light-emit-
ting diodes (OLEDs) to dye-sensitised solar cells.* Fluorescent
organic dyes are of particular interest as their easily tunable
structures and biocompatibility make them attractive frame-
works for the abovementioned applications.? Most of traditional
organic fluorophores are conjugated systems and conjugation of
extended w-frameworks was once deemed crucial for fluores-
cence.® However, the recent recognition and developments of
aggregation-induced emission (AIE)* in particular or clusteriza-
tion-triggered emission (CTE)?® fluorescent materials in general
have identified numerous non-conjugated frameworks that ex-
hibit visible emission in aggregates or solid states. These clus-
teroluminogens can be generally divided into categories of
metal complexes, polymeric materials or small organic molec-
ular systems.® The latter, being more structurally well-defined
and synthetically accessible, has an important role in this

emerging field as it can act as the platform for theoretical and
experimental studies to fully understand why non-conjugated
fluorophores emit light and to improve their performance by
structural design.

From our previous work in chemistry of tropylium ions,® we
have reported the use of non-benzenoid cationic tropylium moi-
ety as a convenient electron-deficient building block for photo-
active materials.” Tropylium ion has also been long known to
form inter- or intra-molecular ©-& complexes with phenyl rings
in arenes.® The phenyl group is a fundamental building block
for fluorescent materials, even in isolated positions.® Thus, it
would be fascinating to install a tropylium ion in conjunction
with a phenyl ring in a non-conjugated arrangement so that they
can interact with each other via through-space charge-transfer®
to obtain novel clusteroluminogenic molecules. Such simple
molecular frameworks can also be easily computationally sim-
ulated and studied as model systems to gain more insights into
the molecular dynamics of CTE.



SYNTHESIS AND PHYSICAL PROPERTIES

Thus, a series of novel w-phenyl n-alkyl tropylium salts
were synthesized in two steps from commercially available
starting materials 2 (Scheme 1).1! The first step was a direct cy-
cloheptatrienylation reaction of the @-phenyl n-alkyl magne-
sium bromide. The second step was a hydride abstraction at the
7-position of the newly formed cycloheptatrienes 3 to convert it
to the tropylium salts 1. This synthetic sequence was relatively
high yielding and required a minimal amount of effort on prod-
uct purification, making it practical for large scale synthesis.
Most of compounds 1 were relatively stable for quick handling
under ambient conditions in the laboratory and long-term stor-
age under argon atmosphere and refrigerated conditions. Com-
pounds 1-1 and 1-111 appeared to be dark-orange or dark-brown
colored (Scheme 1) due to trace amounts of inseparable impu-
rities.
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Scheme 1. Synthesis of m-phenyl n-alkyl tropylium salts.

Intriguingly, this series of five tropylium salts showed an
alternating behavior in their melting points. The salts with odd
numbers of carbon atoms in the linkers (1-1 and 1-111) were
highly viscous oils at 25 °C, making them room-temperature
ionic liquids. Surprisingly, differential scanning calorimetry
analysis for 1-1 and 1-111 showed that there were no phase
change for these two compounds in the range of +70 °C (see
pages S12 and S14 in the SI).!! In contrast, the salts having even
numbers of carbons in the alkyl chains (1-0, 1-11 and 1-1V) were
crystalline solids with melting points higher than 100 °C
(Scheme 1), unambiguously excluding them from ionic liquids
by definition. The melting points seemed to decrease in the
even-numbered linker series as the length between the
tropylium moiety and the phenyl terminal increased, despite the
increasing molecular weights (Scheme 1). This interesting al-
ternation in melting points resembles the textbook phenomenon
in o, c0-disubstituted n-alkanes and their parent n-alkanes,*? but

the difference was much more amplified in this series. The dif-
ference in melting points for o-phenyl n-alkyl tropylium salts 1
containing an even or odd number of CH in the linker could be
affected by the ability to form crystal from monomer (indicating
by free binding energy), geometry of monomer in the crystal
environments, and packing force (see the Computational Stud-
ies section for more details). In the recent years, this phenome-
non has been observed for a range of ionic liquids and organic
structures,*® however only a few of them displayed photoactiv-
ity.1* Our crystalline salts with even-numbered linkers are pho-
toluminescent, as can be seen from the representative photos of
1-11 crystals under visible and UV light (Scheme 1).

CRYSTAL STRUCTURES OF 1-0, 1-11 AND 1-1V

To obtain insights into the interesting alternating behavior
of this compound series, we grew crystals of 1-0, 1-1l and 1-1V
to examine their X-ray single crystal structures. While it was
trivial to grow crystals of 1-0 and 1-1V, 1-11 proved to be a lot
more difficult to obtain a single crystal suitable for XRD anal-
ysis. Crystal structures of 1-0 and 1-11 are depicted in Figures
la-1b, respectively. The crystal structure of 1-1V is depicted in
Figure 2.

As expected, the tropylium rings in both 1-0 and 1-11 were
essentially planar®® and shaped as perfect heptagons, indicating
that they retain their unique non-benzenoid aromaticity (Figure
1). In the crystal structure of compound 1-0, the tropylium ring
(Trop, light green plane) is twisted 45° out of the plane of the
phenyl ring (Ph, light purple plane). The tropylium rings also
appear to be participating in intermolecular n-stacking interac-
tions with the phenyl rings of adjacent molecules, with their re-
spective planes twisted by ~14° and a distance between 3.235-
4.014 A (3.926 A between the two centroids, Figure 1a), which
is within the normal range for arenes.®

As mentioned above, obtaining a suitable crystal of com-
pound 1-11 proved more challenging, as it often led to clusters
of crystals. Eventually, a suitable crystal was obtained from low
temperature recrystallization from dichloromethane/diethyl
ether, however the structure refinement necessitated modelling
of significant orientational disorder of the 2-phenylethyl
tropylium ion as well as the BF, counterions over two positions
(Figure 1b). In the crystal structure of compound 1-11, the cen-
troids of the two aromatic cycles, Ph and Trop, unusually lie on
approximately the same axis plane made by the two carbons of
the alkyl linker (Figure 1b). The planes containing Ph and Trop
are almost parallel to each other with an angle between the
planes of only 3.4° and an intramolecular distance between
1.264-1.468 A. More notably, the intermolecular distances be-
tween the centroids of the Ph or Trop rings of one molecule to
the Trop or Ph rings of the adjacent molecule are 3.387 and
3.433 A, respectively. The Ph-centroid to Trop-centroid dis-
tance is 3.809 A. It clearly suggests that there are head-to-tail
(Trop-to-Ph) mt — & stacking interactions between 1-11 molecules
in the crystalline solid state. Presumably, these interactions al-
low through-space charge transfer, leading to the CIEE phe-
nomenon in 1-11, as discussed in the next section.



(b) Crystal structure of 1-11 showing 50% probability ellipsoids for all nonhydrogen atoms; top-left: asymmetric unit depicting orientational
disorder over two positions for both the 2-phenylalkyl tropylium ion as well as the BF4 anion. Only one of the orientations is depicted
thereafter (the second orientation is omitted) for clarity; bottom: BF omitted for clarity.

Figure 1. Crystal structures of 1-0 and 1-11 with relevant distances and angles. The mean planes of the tropylium rings and the phenyl rings

are green and purple colored, respectively.

On the other hand, the crystal structure of 1-1V revealed sur-
prising features. Similar to 1-0 and 1-11, the tropylium ion is
planar, and like 1-11, the centroids of Ph and Trop lie on approx-
imately the same axis plane made by the four carbons of the
alkyl linker (Figure 2). However, the planes containing two ar-
omatic cycles, Ph and Trop, in the same molecule are not paral-
lel to each other but instead are twisted by ~20°. Most im-
portantly, the intermolecular interactions within the crystal lat-
tice revealed some astonishing results. Two tropylium ions
from two adjacent molecules are perfectly parallel to each other
and appeared to be in an offset head-to-head (Trop-to-Trop) 7 —
n stacking arrangement. It is highly unusual that the electronic
repulsion forces seem to have little or no impact on the crystal
packing, with an extraordinarily close plane-to-plane distance

of 3.455 A, typical of n-stacking in neutral arenes.® This is sim-
ilar to the close stacking of the trialkylaminocyclopropenium
(TAC) cationic dimer reported by Crittenden, Curnow and co-
workers,*® which had a distance between centroids of the cyclo-
propenium dimers around 3.23 A. The small centroid distances
in Crittenden and Curnow’s case were attributed to the stabili-
zation of the positive charges by the exocyclic amino groups
and the rotational offset of 60° between the two deltic frame-
works. However, our compound I-1V does not have the capac-
ity to delocalize the positive charge over amino-groups, hence
this lattice arrangement is remarkable. Also evident in the crys-
tal structure is a C-H — = interaction, at a distance of approxi-
mately 2.680 A, between the tropylium C-H and the 7-System
of a phenyl group on the adjacent molecule (Figure 2). We



believe that the dimeric head-to-head tropylium z-x stacking in-
teractions are possible due to the charge stabilization through
these CH — & interactions as well as the electrostatic bridges by
BF,~ counter ions. These networks of weak short-range

interactions, as depicted in Figure 2, presumably lead to effi-
cient through-space charge transfer, causing the CIEE phenom-
enon in 1-1V as discussed later.

Figure 2. Crystal structure of 1-1V showing 50% probability ellipsoids for all nonhydrogen atoms with relevant distances and angles dis-
played. The mean planes of the tropylium rings and the phenyl rings are green and purple colored, respectively. Short-range interactions
(defined as distances less than the sum of the van der Walls radii) between depicted molecules are displayed by dashed red lines. C-H — =
interactions are displayed by dashed green lines. Top: BF4 omitted for clarity.?

PHOTOPHYSICAL PROPERTIES

We subsequently studied the photophysics of these w-phe-
nyl n-alkyl tropylium salts, with the expectation to observe a
similar alternating behavior. Indeed, the compounds odd num-
bers of carbon atoms in the linkers (1-1 and 1-111) did not ex-
hibit any photoluminescence in both neat or solution forms. On
the other hand, the crystalline solids 1-0, 1-11 and 1-1V were
light blue luminescent under 365 nm UV irradiation (Table 1).
However, 1-11 and 1-1V were almost completely non-lumines-
cent in solution forms, as can be seen in the photo of their crys-
tals inside recrystallization mother liquors (Table 1), suggesting
that they are probably clusteroluminogenic molecules. It should
be noted here that the photographed mother liquors still con-
tained 1-11 and 1-1V at more than 10 mM concentration. Also,
these compounds are relatively photo-stable (see photostability
studies, pages S24-S44 in the SI). A further study embedding

these two compounds on polymethylmethacrylate (PMMA)
matrix did not show any detectable luminescence either (see
page S18 in the Sl for further details). Therefore, it can be con-
cluded that 1-11 and 1-1V have their emission induced or en-
hanced by crystallization. The excitation spectrum of the crystal
and PMMA film samples were a reasonable match to the corre-
sponding absorption spectra (see Figure S4 in the Sl).

Examination of the distance and orientation of tropylium
and phenyl groups in the crystal structures of 1-11 and 1-1V sup-
ports these photophysical observations (Figure 1b and Figure
2). The crystal structure of 1-11 revealed intermolecular n—r in-
teraction between tropylium and phenyl units. Strong charge
transfer interaction is expected between the electron-rich phe-
nyl and electron-poor tropylium units in this crystal structure
arrangement. The UV-vis absorption and photoluminescence
spectra of crystal samples of these compounds (Figure 3) show
that absorption intensities are correlating to charge transfer



interactions in their crystal structures. The absorption peaks at
400 and 460 nm for the 1-11 crystal sample (Figure 3) can be
assigned to charge transfer interactions due to the parallel-dis-
placed m-stacking of the Ph and Trop rings (Figure 1b). The
crystal structure of 1-1V revealed an edge to face interaction (T-
shaped r-stacking) between the phenyl and tropylium rings,
making the charge transfer interaction weaker for 1-1V com-
pared to 1-11 (Figure 2). This corresponds with the less

prominent absorption features of the 1-1V crystal sample. Both
1-11 and 1-1V crystal samples were highly photoluminescent
with emission peaks at 490 and 494 nm and PLQY of 28% and
29% respectively. The photoluminescence lifetime for both 1-
Il and 1-1V are rather long at 26.8 ns and 56.8 ns, respectively.
These long lifetimes, along with the fact that both compounds
are non-emissive in solution, indicate the emission in crystals is
a result of intermolecular charge transfer species.®

Table 1. Photophysical properties of w-phenyl n-alkyl tropylium salts 1.

®B|=4 @BFA
Photophysical @ ‘/\/. ‘/\/\/.
iesldl
Propertiest® OBFs 1 O 1 III
Aabs (solution®!) nm 274, 384 282, 340 296, 345 282, 345
Xem/Aex (Solution) nm 478/384 564/340 574/345 565/345 -]
PLQY (solution) 5.0+0.1% @ - - -
Lifetime (solution) 0.97 ns - 2.56 ns -d] 1.91 ns
Solid/neat oil form -
under 365 nm UV 2 =
Aabs (crystal) nm 380 -[e] 314, 400, 460 -l 300, 380
hem/Aex (Crystal) nm 470/380 -l 490/380 -l 494/380
PLQY (crystal) 11+1% -l 28 + 2% el 29 + 2%
Lifetime (crystal) 1.95 ns -] 26.8 ns -] 56.8 ns

[a] See the experimental Supporting Information for UV-vis and emission spectra, fluorescence decay profiles and further technical details;
[b] All solutions were in CH2Cl solvent; [c] Value was too low to be detected or negligible; [d] Value was not measured. [e] No crystal

obtained. [f] Photo of crystals growing in mother liquor DCM/Et20.
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Figure 3. Normalized UV-vis absorption and photoluminescence
(350 nm excitation) spectra of crystal samples of 1-0, 1-1l and 1-
V.

Interestingly, compound 1-0 was luminescent in solution
and as a crystalline solid, with PLQY of 5% and 11% respec-
tively (Table 1). The excitation spectrum of 1-0 in CH,Cl, and
in crystal form showed a good match with the corresponding
absorption spectrum (Figures S2 and S4 in the SI). Compound
1-0 also suffered from aggregation-caused quenching in solu-
tion state (see page S23 in the Sl for further details), so its emis-
sion in solid state is due to crystallization-induced emission en-
hancement (CIEE) rather than the typical AIE phenomenon.

Compound 1-0 was also luminescent in PMMA matrix with
emission peak at 430 nm and PLQY of 11% (see Figure S3 in
the SI). There is significant spectral variation between the solu-
tion, crystal and PMMA samples of 1-0 which can be attributed
to molecular rigidification, aggregation and crystal packing ef-
fects. The photophysical behaviour differences between 1-0 and
the other tropylium salts can be attributed to the fact that 1-0 is
the only compound with a direct biaryl-type phenyl-tropylium
C-C bond. In CHCl; solution, compound 1-0 has an absorption
peak at 384 nm which can be assigned to the n—r* transition of
the conjugated phenyl-tropylium structure (Figure S1 in the
S1).2! The solution spectrum of compounds 1-1, 1-11 and 1-111
showed absorption peak at 340, 345 and 345 nm respectively
with decrease in absorptivity as the alkyl spacer length in-
creased (see Figure S1 in the SI). This is a strong indication that
this absorption feature is a result of through-space intramolecu-
lar charge transfer. Absorption peaks at similar wavelengths
was reported in tropylium ion-aromatic hydrocarbon charge-
transfer complexes in solution.?

Thus, within a simple series of w-phenyl n-alkyl tropylium
salts, we have observed an interesting alternating behavior of
physical and photophysical properties. The even-numbered
linker analogues (1-0, 1-11 and 1-1V) are novel clusterolumino-
gens with CIEE phenomenon, while the odd-numbered linker
compounds (1-1 and 1-111) are novel room-temperature ionic
liquids. To the best of our knowledge, 1-1 and 1-111 marked the
first examples of the non-benzenoid aromatic tropylium ion in



ionic liquids, despite the relevant cyclopropenium ionic liquids
having been known for years.® 2®

COMPUTATIONAL STUDIES

It was very curious as to why the even-numbered linker -
phenyl n-alkyl tropylium tetrafluoroborates are crystalline solid
and clusteroluminogenic while the odd-numbered linker ana-
logues are quite the opposite. Is this just a coincidence or does
linker chain length play an important role in dictating the prop-
erties of these simple clusterlumigenic molecules? In order to
get more insights into interactions at each species, ab initio cal-
culations on the possibility to form dimers of these compounds
were carried out at the DLPNO-CCSD(T)/cc-pVTZ//M06-2X~
D3/def2-TZVP level of theory (see the computational part of
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the SI for more details). The optimized structures for head-to-
head (i.e., Trop-to-Trop, denoted as suffix HH) and head-to-tail
(i.e., Trop-to-Ph, denoted as suffix HT) dimers of phenylalkyl
tropylium salts 1 are shown in Figure 4. In all dimers, various
noncovalent interactions are found, including 7/CH-r interac-
tions, C-H---F hydrogen bonds, and through-space electrostatic
interactions (see Figure S17, S18, S19 in the Sl for noncovalent
analysis, molecular electrostatic potentials, and C-H---F dis-
tances in all dimers, respectively). These interactions could fa-
cilitate the formation of these dimers indicated by large binding
free energy AGping Values. It should be mentioned that we have
also optimized tail-to-tail, i.e., Ph-to-Ph, dimers (see Figure S20
the SI). However, these dimers are calculated to be unfavoura-
ble, as indicated by their positive AGping Values.
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Figure 4. Optimized structures for the head-to-head and head-to-tail dimers of (A) 1-0, (B) 1-1, (C) 1-I1, (D) 1-111, and (E) 1-1V. Tropylium
moieties are highlighted in green. 1-0_HT, 1-11_HT, and 1-1VV_HH are dimers that were found in the corresponding crystal structures. The
n/CH—r distances are calculate from the ring centroids to the corresponding ring planes. Binding free energy is calculated as AGbind = Gdimer

— 2%xGmonomer (in kcal/mol).

For the phenyl tropylium salt 1-0, because of stronger bind-
ing energy, the head-to-tail arrangement is favorable. Because
of the strong binding affinity (AGping=217.7 kcal/mol), the head-
to-head arrangement of 1-0 (1-0_HH) is also possible. How-
ever, the probability to observe this structure is calculated to be
much smaller than the head-to-tail arrangement. Because of the
electrostatic repulsion between tropylium and tropylium group,
the ring — ring distance in head-to-head dimers are longer than
that in head-to-tail complexes, which suggests that the ring —
ring dispersion in head-to-tail dimers is stronger than that in
head-to-head complexes. Interestingly, because of the electron-

withdrawing inductive effect of the benzyl group, the natural
atomic charge (NPA), which is derived from natural atomic or-
bitals,?* of tropylium moiety in 1-1 is calculated to be 0.90. The
calculated NPA charge is higher than that in other phenylalky!l
tropylium salts, resulting in a very long ring — ring distance in
1-1_HH (~5.00 A, Figure 4B) in order to relieve electrostatic
repulsion between tropylium — tropylium groups. The long ring
— ring distance in 1-1_HH could lead to low packing force for
1-1, explaining the very low melting point of the room-temper-
ature ionic liquid 1-1 (Scheme 1).



For the phenylethyl tropylium salt 1-11, although the free
binding energy of head-to-head dimer 1-11_HH is higher than
that of the head-to-tail dimer 1-11_HT (Figure 4), the head-to-
tail arrangement is observed in solid state (Figure 1b). This re-
sult suggests that the ability to bind other phenylalkyl tropylium
molecules to generate larger complexes, including trimer and
tetramers, is important and should be considered. Thus, we car-
ried out representative calculations for the tetramer complexes
obtained from head-to-head or head-to-tail dimers of 1-1l,
which are depicted in Figure 5 below. The crystal packing of 1-
11 was likely controlled by the formation of more complicated
clusters than these tetramers; however, these systems calculated
in Figure 5 can serve as simplified models. In the tetramer gen-
erated from 1-11_HH, a combination of head-to-head and tail-
to-tail n-n stackings was observed. On the other hand, in the
tetramer generated from 1-11_HT, only head-to-tail arrange-
ment was possible. Because of the unfavorable of tail-to-tail z-
n stacking (see Figure S20 in the Sl), the tetramer generated
from 1-11_HH is less favorable than that obtained from 1-
I1_HT, leading to the preference of head-to-tail arrangement in
crystal structure of 1-11.
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Figure 5. Tetramers of 1-11 generated from (top) head-to-head
dimer and (bottom) head-to-tail dimer. AGuping = Gdimer — 4* Gmon-
omer (N kcal/mol).

In the case of 1-111, we found that the optimization of its
structure led to a strong intramolecular n—n interactions be-
tween the tropylium and the phenyl rings in its monomeric form
(Figure 4D). This is a unique feature of 1-111 as no other mem-
ber of this series has the right linker length for such intramolec-
ular interaction. It led to low binding free energies of 1-111_HH
and 1-111_HT dimeric forms (Figure 4D), disfavoring the di-
merization of 1-111. This is probably the reason why 1-111 is
also an ionic liquid at room temperature. For 1-1V, because the
head-to-head arrangement (1-1V_HH) is ~ 6.8 kcal/mol lower
in energy than the head-to-tail arrangement (1-1V_HT), the 1-
IV_HH is a lot more favourable, which is consistent with our
XRD data.

The general shapes for each monomer in phenylalkyl
tropylium salts dimers are shown in Figure 6. In the species that
have an even number of CH, i.e., 1-11 and 1-1V (and 1-0), the
phenyl and tropylium groups are essentially parallel; whereas,
in the species that have an odd number of CHy, the phenyl and
tropylium group are inclined to each other. The parallel shape
of each monomer could lead to a better packing force? than that
of the inclined shape, resulting in different behavior for mole-
cules that have an even and an odd number of CH, group
(Scheme 1). This effect is similar to the odd-even effect in n-
alkanes, where odd-numbered alkanes were found to have
lower melting points than even-number alkanes.*?°

even-numbered linker 0
S~ e
BF,
1l

odd-numbered linker

.
Ogr 141 Q BF4
v { ) ¢
©BF, ©BF,

Figure 6. General shape for monomers of w-phenyl n-alkyl
tropylium salts 1 containing an even or odd number of CH,.

In head-to-head dimers, the partial positive charges are
close to each other, which may lead to strong electrostatic re-
pulsions. Taking into account the presence of BF4~ counter-ions,
however, most head-to-head dimers have stronger binding free
energy than head-to-tail dimers (except dimers of 1-0). This re-
sult indicates that the interactions of other components in each
dimer, i.e., BF4~ counter ion, could play important role in the
formation of unusual head-to-head =-stacking dimer via
through-space electrostatic attractions as revealed by molecular
electrostatic potentials (see Figure S18 in the SI).

To shed more light on the formation of unusual head-to-
head dimers of compound 1-1V, symmetry-adapted perturba-
tion theory (SAPT)? is then applied using SAPTO algorithm to
dissect noncovalent interaction energy (Ein) into physically
meaningful terms, including electrostatic (Eeiswat), €XChange re-
pulsion (Eexcn), polarization (Eyo), dispersion (Euisp), and charge
transfer (E«)." Interestingly, a strong correlation (R? = 0.91) be-
tween relative interaction energies AEiy; obtained from SAPTO
calculations and binding free energies AGying is found (Figure
7). This result gives a solid validation for our SAPTO results.
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Figure 7. Correlation between relative interaction energies AEint

and binding free energies AGina. Ep 7~ =" and Epyt 7"
values are phenylalkyl tropylium — phenylalkyl tropylium and BF4~
anion — phenylalkyl tropylium interaction energies, respectively.

Energy components dissected from interaction energies of
all dimers using the SAPTO algorithm are shown in Table 2. In
the interaction of phenylalkyl tropylium — phenylalkyl
tropylium, because of the close distances of two partial positive
charges, the electrostatic interactions are unfavored indicated

by positive EZ"-TTOP~PRITOP yalyes. Whereas interactions be-

elstat

tween tropylium/phenyl — tropylium rings are mainly driven by

dispersion interaction. This result is consistent with the previ-
ous study by Crittenden and coworkers suggesting that the dis-
persion force drives dicationic dimer formation.® The

Egien P~ interaction for head-to-tail dimers are stronger
than that in head-to-head ones indicating that the ring — ring
dispersion interaction is stronger in head-to-tail complexes,
which is in agreement with the shorter ring — ring distances in
head-to-tail dimers than that in head-to-head ones (Figure 4). In
all dimers, because of the absence of bulky substituent group,
Pauli repulsion terms Eecn are quite small compared to other
components and do not play important role in the interactions
of monomers.

Table 2. Energy decomposition analysis for noncovalent interactions of phenylalkyl tropylium — phenylalky! tropylium (denoted as
Ph_Trop—Ph_Trop) and BF,~ anions — phenylalky! tropyliums (denoted as BFs—Ph_Trop) in all dimers. Energy values are in kcal/mol.

Dimer AGbind AEintb Interaction Eint® Eelstat Eexch Epol Edisp Ect
1-0_HH 177 886 Ph_Ttrop_Ph_Trop 468 542 110 21 139 04
BF. 3064 2877 310  -351 117 29
Ph_Trop (=76.6)
Ph Ttrop- 415 479 141 50149 06
. B B Ph_Trop
1-0_HT 18.8 983 gE,. 3037 2850 316 336 140 27
Ph_Trop (=75.9)
Ph Ttrop- 472 50.3 0.0 ‘16 ‘15 0.0
Ph_Trop
1-1_HH 163 852 g 3081  -291.0 318 334  -136 20
Ph_Trop (=77.0)
Ph Ttrop- 36.6 411 54 16 iy 02
Ph_Trop
1-I_HT 45 665 pE, 2789 2613 208 328 123 23
Ph_Trop (-69.7)
Ph Ttrop- 51.8 58.6 48 32 82 02
Ph_Trop
1-1l_HH -13.8 849 BE. 3081 2866 292 365 116 26
Ph_Trop (=77.0)
Ph Ttrop 36.1 39.0 131 3324 03
Ph_Trop
1-1_HT —9.9 REEEI 2830 2622 272  -341  -115 23
Ph_Trop (=70.7)
Ph Ttrop- 52.3 585 52 57 85 02
Ph_Trop
1-1H_HH 5.6 T 3040 2815 305 377 123 29
Ph_Trop (=76.0)
Ph Ttrop- 305 335 124 “34T 1 04
Ph_Trop
L_HT 0.4 6719 R 2748 2532 287  -355 124 25
Ph_Trop (-68.7)
Ph Ttrop- 525 58.7 5.9 58 91 702
Ph_Trop
1-IV_HH? -118 “8l4 pp 3066 2835 288 372 119 29
Ph_Trop (=76.7)
Ph Ttrop- 28.5 314 124 o9 0 03
Ph_Trop
L-IV_HT -0 687 BE,. 2609 2454 252 355 119 22
Ph_Trop (-67.5)

@ Dimers that are found in the corresponding crystal structures.
h_Trop—Ph_Trop BF4—Ph_Trop
int + E; )

b Relative interaction energy is calculated as AE, = (E

BF,—Ph_Trop
Eint

P

BF,—Ph_Trop
int —2X (Eint )

dimer monomer

is the summation of four pair-wise interactions between BF,~ anion and phenylalkyl tropylium in a dimer.

¢ The number in parenthesis is the average value for one BF,—Ph_Trop interaction in a dimer.



Importantly, in all dimers, strong electrostatic interactions
between BF,  anions and phenylalkyl tropyliums are found,
which compensates phenylalkyl tropylium — phenylalkyl
tropylium electrostatic repulsion EL"-T7P~P"-T"°P and domi-
nants all interactions. It should be notice that only one BFs—
Ph_Trop interaction is sufficient to balance the Ph_Ttrop—
Ph_Trop repulsion, which indicates that other three BF,—
Ph_Trop interactions can be employed to stabilize the structure

rendering stable dimer complexes. The E5 P77 values in
head-to-head dimers are found to be stronger than that in head-
to-tail complexes resulting in the more favorable formation of
head-to-head dimers (except dimers of 1-0). These findings
suggest that through-space electrostatic interactions are the
main origin for the complexation of all dimers, in particular for
head-to-head dimers, leading to the head-to-head arrangement
in phenylalky! tropylium salt 1-1V in crystalline environment.
In the 1-0_HH and 1-0_HT dimers, because the distances be-
tween tropylium groups and BF, cations are similar, the
EBF+PR-TT°P \alues are comparable. The dimer formation of 1-
0 is therefore driven by the phenylalkyl tropylium — phenylalkyl
tropylium interactions. Because of the weaker electrostatic re-
pulsion and stronger dispersion attraction, the head-to-tail ar-
rangement of 1-0 is more favorable.

CONCLUSION

In brief, we have developed a series of novel w-phenyl n-
alkyl tropylium tetrafluoroborates with interesting alternation in
their physical and photophysical characters. The odd-numbered
linker compounds are novel room-temperature ionic liquids
while the even-numbered linker analogues are clusterolumino-
genic molecules. The curious photoluminescent properties of
these compounds can be attributed to their ability to form unu-
sual through-space charge-transfer complexes to trigger crystal-
lization-induced emission enhancement.
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