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ABSTRACT: Small, apolar aromatic groups, such as phenyl rings, are —
commonly included in the structures of fluorophores to impart
hindered intramolecular rotations, leading to desirable solid-state
luminescence properties. However, they are not normally considered
to take part in through-space interactions that influence the
fluorescent output. Here, we report on the photoluminescence
properties of a series of phenyl-ring molecular rotors bearing three,
five, six, and seven phenyl groups. The fluorescent emissions from two
of the rotors are found to originate, not from the localized excited
state as one might expect, but from unanticipated through-space
aromatic-dimer states. We demonstrate that these relaxed dimer states
can form as a result of intra- or intermolecular interactions across a
range of environments in solution and solid samples, including conditions that promote aggregation-induced emission.
Computational modeling also suggests that the formation of aromatic-dimer excited states may account for the photophysical
properties of a previously reported luminogen. These results imply, therefore, that this is a general phenomenon that should be
taken into account when designing and interpreting the fluorescent outputs of luminescent probes and optoelectronic devices
based on fluorescent molecular rotors.

B INTRODUCTION

The development of advanced organic luminogens underpins
. . 1 .
progress in areas as diverse as fluorescent microscopy,

nonplanar conformations and introduces hindered single-bond
rotations. Tetraarylethylenes,'” for example, which are arche-
typal AIE luminogens, can be viewed as stilbenes modified by

mechanoluminescent materials,” and organic light-emitting
diodes.” In recent years, traditional planar luminogens have
been modified’ to introduce hindered rotation around sterlcally
overcrowded single bonds, juxtaposing “bright” and “dark”
excited states as a function of rotational and vibrational
freedom. The resulting fluorescent molecular rotors have been
exploited, among other applications, as materials for photo-
voltaic devices® or as probes to measure viscosities’ in
microheterogeneous environments, such as biological cells. 8
Some of these molecular rotors exhibit aggregation-induced
emission” (AIE). That is, they fluoresce weakly, or not at all,
when dissolved, but become significantly more emissive in the
solid state. In the most extreme cases, photoluminescence
quantum yields have been shown'’ to increase from below
detection limits in solution to near unity upon aggregation—
behavior that is not only desirable for applications in solid-state
devices, but is also contrary to the aggregation-caused
quenching (ACQ) commonly observed for traditional, planar
1um1n0gens A general tactic”” used to convert traditional
luminogens into fluorescent molecular rotors is to introduce
simple aromatic groups, such as phenyl rings,**~* positioned in
close proximity to one another. Steric overcrowding favors

-4 ACS Publications  © 2017 American Chemical Society

the addition of two aromatic groups to impart propeller-like
arrangements of the rings. Many of the other common AIE
motifs""* are similarly comprised of phenyl rings projecting out
from a central core.

The AIE phenomenon, in general, has been attributed” to the
suppression of nonradiative decay pathways. Confinement in
the rigid environment of amorphous aggregates or crystalline
solids attenuates vibrations, which leads to enhanced levels of
photoluminescence from conformationally restricted excited
states. However, an in-depth understanding of these excited
states and of why AIE luminogens behave differently from ACQ_
systems is yet to be fully developed.”*” To date, the accepted
roles of commonly used, monocyclic aromatic rings have
generally been limited to creating sterically overcrowded bonds.

Here, we report the unusual fluorescent properties of a series
of phenyl-ring molecular rotors, which give us insights into
their aggregated states. Not only do the emission intensities of
the rotors change under different conditions, but, unexpectedly,
the emission energies are also variable. Two of the rotors emit
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light from two distinct excited states depending on their
environments. We have investigated the luminescent properties
of these rotors (i) in solution across a range of temperatures
and viscosities, as well as in the solid state, as part of (ii) thin
films, (iii) crystals, and (iv) amorphous aggregates. By analysis
of the steady-state and time-resolved emission spectra, solid-
state superstructures, and density functional theory (DFT)
models, we distinguish (Figure 1) locally excited (LE) state

Intermolecular Dimers

Viscochromism

[T e B

Intramolecular Dimers

=

Local Emission

Figure 1. Schematic representation of the two processes that lead to
face-to-face aromatic dimer formation, observed in the luminescence
of the phenyl-ring molecular rotors. In the crystalline or aggregated
states, enforced proximity of phenyl rings leads to emission from
intermolecular aromatic dimers (shown in blue). A pair of interacting
molecules is depicted, representing the local structure in an extended
solid-state structure. In solution, (i) the excitation may be lost through
nonradiative decay, (ii) emission may arise from a relaxed state,
brought about by intramolecular pairing (blue) of aromatic rings, or
(iii) if dimer formation is prevented, a locally excited state decays by
higher energy emission (purple).

emission from lower energy emission of excited face-to-face
aromatic dimers.'* The flexibility of the rotors and the relative
orientations of their peripheral rings influence the likelihood of
aromatic dimer formation, which can occur (Figure 1) in an
intra- or intermolecular fashion, despite a lack of comple-
mentary donor—acceptor interactions. This analysis allows
insight into the excited states responsible for emission in
aggregates. Moreover, with the aid of DFT calculations, we
demonstrate that the formation of face-to-face aromatic dimer
states accounts for the behavior of a previously reported
multichromic luminogen, suggesting this is a general phenom-
enon that should be considered when designing and exploiting
fluorescent molecular rotors.

B RESULTS AND DISCUSSION

Chemical Structures of the Molecular Rotors. sym-
Triphenylcyclopropene (PhyC;H), sym-pentaphenylcyclopen-
tadiene (PhyCsH), hexaphenylbenzene (Ph¢Cy), and sym-
heptaphenylcycloheptatriene (Ph,C,H) make up (Figure 2) a
homologous series of molecular rotors in which a central,
unsaturated carbocycle of increasing size is functionalized with
a phenyl ring at each vertex. The absence of heteroatoms in
these compounds simplifies the analysis of their photophysical
properties, while the radial substitution pattern of phenyl rings
projecting out from the central carbocycles establishes a
sterically encumbered environment. Analysis of X-ray crystal
structures reveals (Figure 2) that, for the most part, the close
proximities of the phenyl rings prevent coplanar conformations.
The only exception is Ph;C;H, in which the central

a C Ph
- Ph._-~_Ph
I — NG = \\
Ph/ ,\Ph Ph Fl,h Ph
Ph,C,H PhC,
b
l|°h Ph_ | /Pg m
Phe” \-Ph =
\ / = ~Ph
Ph/ \Ph \Ph
Ph.C.H Ph,C,H

Figure 2. Structural formulas and X-ray crystal structures of (a)
Ph,C;H, (b) PhyCiH, (c) PheCg, and (d) Ph,C,H, showing the radial
orientations of the peripheral phenyl rings around the central
carbocycles (orange).

cyclopropene ring lies (Figure 2a) coplanar with two of its
relatively unhindered phenyl rings, allowing for favorable orbital
overlap and conjugation without unfavorable steric interactions.
The propeller-like conformations of phenyl rings that
predominate in these compounds would be expected™ to
impart AIE-type properties. Indeed, PhyCsH'® and PhyC4'*"
are known to be emissive in the solid state. Although all of the
rotors are relatively rigid on account of their cyclic, conjugated
cores, PhyC;H and Ph,C,H possess moderate flexibilities
around the single sp® center present in their five- or seven-
membered ring, respectively. As a result, the cycloheptatriene of
Ph,C,H adopts (Figure 2d) a shallow, boat-like conformation
in the solid state, in which the phenyl ring bonded to the sp*
center is oriented above the central carbocycle.

Two-State Luminescence of Dissolved Rotors. To
probe the photoluminescence of the molecular rotors, we
acquired steady-state emission spectra'> of dilute 2-methyl-
tetrahydrofuran (2-MeTHF) solutions. All four of the rotors
are only weakly luminescent in solution at room temperature.
Upon cooling, however, their emission intensities (Figures
§27—-830) increase significantly. Cooling Ph,C,H solutions
below 200 K brings about a gradual hypsochromic shift (Figure
3) as the temperature decreases, with concurrent increases in
viscosity.'® The emission maximum (E,,,) shifts from 2.84 eV at
200 K to 3.32 eV at 90 K, undergoing a change in peak shape.
These observations lead us to conclude that Ph,C,H emits
from two different excited states under these conditions.

An excitation energy (E,,) of 3.94 eV is used (Table 1) to
excite Ph,C,H. Therefore, the observed peaks correspond to
Stokes shifts of 1.04 and 0.62 eV, respectively. While the lower
energy emission is broad and featureless, there is some vibronic
structure apparent for the 3.32 eV peak, indicating'" that this
higher energy emission arises from the LE state, that is, S; — S
transitions. No solvatochromism was observed in a series of
fluorescence spectra acquired (Figure S31) using solvents of
differing polarities, so the shifts in emission do not arise as a
result of solvent relaxation. The emission at 2.84 eV must,
therefore, correspond to an electronic transition from a relaxed
state that resides below the S, energy level. A similar, but less
pronounced, phenomenon is also observed (Figure 3, inset) for
solutions of PhyCiH, whereby lowering the temperature
enhances photoluminescence at E,,, = 2.73 eV, which gradually
shifts to E., = 2.91 eV at 80 K. The emission profiles of
Ph;C;H and Ph4Cg, on the other hand, do not exhibit changes
in peak shapes or significant shifts of the emission maxima in
low temperature solutions. Their luminescence is enhanced at
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Figure 3. Steady-state photoluminescence spectroscopy of Ph,C,H
(10 uM solution in 2-MeTHEF, E,, = 3.94 eV, | = 10 mm) at a range of
temperatures reveals luminescence from two different states. Inset: In
contrast to Ph,C,H, the emission maxima of Ph;C;H and PhyCq
change very little as temperature is varied, whereas the emission from
PhCH undergoes a small hypsochromic shift at low temperature.
The peak labeled “R” is a result of Raman scattering from the
solvent.'”

lower temperatures, but the observed peaks are consistent with
LE state emissions.

We also acquired photoluminescence spectra of 1:5 v/v
methylcyclohexane—isopentane (MCH—i-pentane) solutions at
low temperatures. Unlike the 2-MeTHF solutions (T =91 K),
MCH-—i-pentane solutlons (T =77 K) do not freeze under the
experimental conditions.'®" No significant differences were
observed (Figures $27—30) between the spectra acquired in the
two solvent systems, indicating that the photoluminescence is
not influenced by the solvent phase change. Given the low
concentrations™ (1—10 uM) of the solutions analyzed by
variable temperature and viscosity experiments, we hypothe-
sized that an intramolecular phenomenon was responsible for
the emergence of two-state luminescence, prompting us to
investigate the available modes of intramolecular motion
present in the rotors.

Role of Conformational Freedom. The fluorescence
lifetimes, 7, of Ph,C,H and PhyCH increase (Table 1) at lower
temperatures, consistent with the decrease in rates of
nonradiative decay reported for other molecular rotors.”' To
gain insight into the relative rates of phenyl ring rotations,

which presumably contribute to the nonradiative decay, we
used DFT methods to calculate (Table S2) the associated
energy barriers. Variable-temperature NMR spectroscopy
measurements revealed (Figure S9) an energy barrier of
39.3 kJ mol ™" for the 180° rotation of the most hindered phenyl
rings present in Ph,C,H. This measured energy barrier is
slightly lower than the calculated energy barrier of
42.5 kJ mol™!, but demonstrates reasonably good agreement
between calculation and experiment. The DFT calculations
indicate (Table 1) that the phenyl rings of Ph4Cg are the most
hindered, followed by Ph,C,H, Ph,C H, and then Ph;C;H.
This trend is reflected in temperature-dependent behavior;
while the luminescence of PhyC;H solutions (Figure S27)
increases sharply only below about 100 K, for example, PhyCg4
solutions begin to emit (Figure S29) brightly from just under
250 K

The ground-state geometries (Figure 4, purple) predicted for
the four rotors resemble closely the single-crystal X-ray

PhsCsH

Ph,C,H

Figure 4. DFT minimum energy geometries calculated for the S,
(purple) and S; (orange) electronic states of (a) PhyC;H, (b)
PhyCiH, (c) Ph¢Cs and (d) Ph,C,H, using the CAM-B3LYP>
functional, Def2-SVP basis set, and a C-PCM model to approximate
PhMe as solvent. The dotted blue line illustrates a face-to-face
interaction between distal phenyl rings of Ph,C,H in the S, state,
characterized by a centroid—centroid distance of 3.89 A and torsion
angle of 22°. All H atoms at sp>-carbon centers are omitted for clarity.

structures (Figure 2). However, there are significant differences
in the calculated minimum energy geometries for the S; excited
states (Figure 4, orange) Calculations were performed using
the CAM-B3LYP** functional, Def2-SVP basis set, and a

Table 1. Physical Properties of the Molecular Rotors

E,, (eV) QY (%) 7 (ns)©
E.®  2McTHF, 2-MeTHF, DMEF-H,0 MeCN—H,0 E.’ 2-MeTHF,  2-MeTHF,
rotor (eV) 150 K 80 K crystal  film (2:8) MeCN (2:8) (kJ mol™") 290 K 80 K
Ph,C;H 3.76 3.40 3.41 3.10 3.17 3.34 s - 20.61 2.07 2.05
Ph,C.H 3.65 2.73 291 2.70 2.73 2.76 0.3 14¢ 30.06 0.61 2.90
PhCq 4.43 3.76 3.83 3.67 3.78 3.83 0.4 4 79.22 0.46 1.63
Ph,C.H 3.94 2.90 3.32 3.04 2.77 2.89 0.1 6 4247 091 1.31

“Excitation wavelengths were chosen to match peaks in absorptlon spectra (Figure $26). bCalculated for the most hindered phenyl ring (BMK,
Table S2). “Values including errors can be found in Tables S7—S9. 9QYs of Ph,C;H could not be measured accurately on account of ACQ (Figure

S46). °QY of 3:7 MeCN—H,O suspension.
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C-PCM model to approximate PhMe as solvent. Most
noticeably, the minimum energy excited-state geometry of
Ph,C,H reveals close face-to-face contact between phenyl rings
at the 3- and 7-positions of the central cycloheptatriene. This
unexpected intramolecular interaction is characterized by a
centroid-to-centroid distance of 3.89 A, aligning the two phenyl
rings close together in space and allowing their 7-systems to
interact.”> We attribute our observation of two-state
luminescence to this interaction; excitation to a LE state can
be followed by the formation of a face-to-face aromatic dimer
by transannular interaction of the phenyl rings, leading to a
relaxed exciton and a red-shifted emission.”** Indeed, more
than one distinct minimum was found (Figure S38) for
Ph,C,H by sampling the potential energy surface of the first
excited state. The temperature- and viscosity-dependent
changes in E,;, can be rationalized, therefore, by considering
that the formation of a relaxed dimer is only possible under
conditions that allow for larger amplitude conformational
reorganization, that is, at higher temperatures and lower
viscosities. At lower temperatures and higher viscosities, on
the other hand, the conformational reorganization is slow on
the time scale of the fluorescent emission,'® and higher energy
emission from the initial LE state is observed.

Rotor Ph,C/H, in particular, is predisposed to undergoing
conformational reorganization to form an intramolecular
aromatic dimer on account of its sp® center, which allows the
central cycloheptatriene ring to deviate from planarity. There
are no such transannular interactions evident in the excited-
state geometries of PhyC;H or PhyCy, which is consistent with
their more conventional photophysical properties. By drawing
analogy to Ph,C,H, the small changes in E,, observed for
solutions of PhyCH are attributed to weak through-space
interactions that develop between the 7-systems by conforma-
tional reorganization in the excited state, which has (Figure
S38) a rather flat potential energy surface. The minimum
energy torsional angle between the phenyl rings at the 2- and 3-
positions decreases from 72° in the ground state to 55° in the
excited state, favoring a weak through-space interaction of the
n-electrons.”

Aromatic Interactions in the Solid State. To gain
further insight into the excited face-to-face aromatic dimers, we
analyzed the photophysical properties of the molecular rotors
in the solid state. We measured the fluorescence spectra of
crystalline solids, neat films, and 1 wt% dispersions in optically
clear poly(methyl methacrylate) (PMMA) and cyclic olefin
polymer (ZEONEX) matrixes, which were prepared by either
drop-casting or spin-coating polymer—rotor solution mixtures
onto quartz substrates. In the rigid environments of the closely
packed crystalline solids, the large-amplitude geometric
reorganizations required to form the intramolecular face-to-
face aromatic dimers are suppressed.”” Despite this restricted
motion, crystalline samples of Ph,C,H emit (Figure Sa) at
lower energy as compared to the LE state observed in
2-MeTHF at 80 K, indicative of a relaxed excited state.
Similarly, crystalline samples of PhgCsH also fluoresce from
partially relaxed excited states; the onset”® of emission occurs
(Figure Sb) about 0.3 eV below that of the LE state observed in
2-MeTHF at 80 K.

Analysis of the solid-state superstructures of Ph,C,H (Figure
Sc) and PhyC{H (Figure Sd) reveals coplanar, face-to-face
interactions between the phenyl rings of neighboring molecules
in the crystals. Thus, similar to the relaxation of dilute solutions,
the initial excitons evolve to form excited aromatic dimers, but
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Figure S. Emission profiles of (a) Ph,C,H and (b) PhCiH in
crystalline and amorphous condensed phases are contrasted with the
emission from frozen 2-MeTHF solutions. Solid-state packing
interactions are shown for the carbocycles in (c) and (d), respectively.
Colored spheres denote centroids, and ¢ denotes the torsion angles
between the planes defined by the atoms of the benzene rings.

they do so as a result of intermolecular contacts, rather than by
intramolecular phenyl-ring dimer formation. Notably, the
phenyl rings involved in these interactions in the solid state
are different from those in solution; for example, the phenyl
group at the sp*-carbon center of Ph,C,H, which takes part in
the face-to-face aromatic dimer in solution, is only in close
contact with the edges of neighboring aromatic rings in the
crystal (Figure $22). Nevertheless, the spectroscopic data show
that the photophysical outcome is similar. The exciton relaxes
from the S, energy level by sharing the excitation energy across
two phenyl rings, reaching an excited state that resides at an
energy similar to that observed in solution. Neither Ph;C;H
nor PhyCy displays any evidence of relaxed emission in the
solid state, which is consistent with the lack (Figures S12 and
S18) of significant face-to-face contacts of their conjugated
phenyl rings.

The neat films also emit from aromatic dimer states.
Emission onsets of both Ph,C,H and PhyCsH films are close
(Figure S) to those observed for crystalline samples, although
the peaks are broader on account of the greater inhomogeneity
in the amorphous samples. Slightly higher energy emissions are
observed from the films, which are presumably a result of the
less efficient packing in the amorphous films, reducing the
likelihood of close face-to-face contacts between phenyl rings.

By preparing polymer blends of the rotors, we dilute their
concentrations in the films, which would be expected to
diminish the presence of intermolecular dimers and favor
fluorescence from LE states. The emission onsets of the 1 wt%
PhC;H films do indeed coincide with the LE state emission
observed from the frozen 2-MeTHF solution, showing that the
rotor is well-dispersed in the PMMA or ZEONEX and is,
therefore, prevented from forming intermolecular aromatic
interactions. Atomic force microscopy (AFM) images (Figure

DOI: 10.1021/jacs.7b08570
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http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b08570/suppl_file/ja7b08570_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b08570

Journal of the American Chemical Society

o

wu /1y3isH

0.0

Figure 6. AFM images of spin-coated films of (a) PhyC;H in PMMA,
(b) PhyC4H in ZEONEX, (c) Ph,C,H in PMMA, and (d) Ph,C,H in
ZEONEX. Scale bars = 200 nm.

6) reveal that both of the spin-coated PhyC;H—polymer films
have smooth topographies, supporting the notion that the films
are homogeneous and the PhyCH is evenly distributed.

In contrast to PhyCH, the fluorescence of the 1 wt% films of
Ph,C,H appears to be dominated (Figure Sa) by relaxed dimer
emission. The emission maxima move (Figure S25) in response
to changes in temperature, similar to the behavior observed
(Figure 3) for 2-MeTHF solutions, which is indicative of
similar intramolecular phenyl-ring dimers. Notably, however,
the higher viscosity environment of the polymer matrixes
causes these changes to occur at higher temperatures. AFM
topographical images of the Ph,C;H-ZEONEX film show
(Figure 6d) a surface that is significantly rougher than the other
films. There are visible protrusions of ~20 nm, suggesting that
the Ph,C,H is not well dispersed, but has formed some small
aggregates.29 The values for surface roughness, R, were
measured to be 153.6 pm for the PMMA film and 212.5 pm
for ZEONEX. Moreover, the emission from the Ph,C,H—
ZEONEX film is slightly red-shifted (Figure Sa) relative to the
PMMA film. In addition to the intramolecular iterations,
therefore, there is also some contribution from intermolecular
interactions present in the Ph,C,H-ZEONEX film.

Effects of Aggregation. Distinguishing the interactions
between molecules during the aggregation process is crucial to
developing a robust understanding of AIE processes.’’ Having
established the luminescence pathways for the phenyl-ring
molecular rotors in solution and bulk solid phases, we
investigated the emissive properties (Figures 7 and S$34—S37)
of nanoaggregates prepared by adding a poor solvent (water) to
dimethylformamide (DMF) and MeCN solutions of the rotors.

On the basis of emission intensities alone, it is clear that
Ph;C;H undergoes ACQ, whereas the other three rotors are
AIE active. Apart from Ph;C;H, the photoluminescence
quantum yields (QYs) of the rotors increase upon precipitation
from MeCN (Table 1) or DMF (Table S10) solutions. The
differing behaviors of the rotors are dictated by the preferred
orientations of their phenyl rings and the geometrical restraints
placed on their interactions. The least hindered rotor, Ph;C;H,
preferentially takes up (Figure 2a) a coplanar, stilbene-like
conformation, which leads to static quenching'' of fluorescence
upon aggregation. Aggregates of PhyCg, on the other hand,
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Figure 7. Steady-state photoluminescence spectra of (a) Ph,C,H and
(b) PhyCsH suspensions in H,O—DMF (E,, = 3.94 ¢V [Ph,C,H]/
3.65 eV [PhyCH], I = 10 mm, T = 298 K). As increasing proportions
of water are added to the DMF solutions, emissive aggregates are
formed. At high water contents, the emission energies are similar to
the relaxed phenyl-dimer states observed in crystalline samples, which
we ascribe to intermolecular interactions in the aggregates. Low
intensity, higher energy emissions are observed from suspensions with
lower water content (e.g,, 10—50% for Ph,C,H), consistent with some
localized emission. Small, sharp peaks above 3.20 eV in (b) correspond
to Raman scattering from the solvent.

display conventional AIE characteristics, emitting with
increasing brightness as the concentration of water is increased,
but without undergoing variation in E,,. Recalling that PhCg is
the most hindered (Table 1) of the four luminogens, (i) the
peripheral phenyl groups are held out of the plane of the central
benzene, but (ii) they are also unable to undergo either intra-
or intermolecular pairing in the nanoaggregates.

Unlike Ph;C;H and Ph¢Cg, the AIE spectroscopic character-
istics of Ph,C,H (Figure 7a) and PhyC,H (Figure 7b) are
dominated by excited face-to-face aromatic dimers. Dynamic
light scattering (DLS) measurements show an increase in
scattering (Figure S23), consistent with the formation of
nanoaggregates under these conditions. Intermolecular inter-
actions, similar to those observed (Figure 6) in the crystals, are
responsible for the relaxed emission. Comparison of the UV—
vis spectra of solutions and aggregated mixtures shows (Figure
$26) red-shifts in the absorption peaks, arising from the
intermolecular aromatic interactions. In DMF solution,
PhC;H displays two distinct fluorescence peaks, one at
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E.n = 327 €V that is assigned to the LE state, and the other at
E.n = 2.76 eV that is characteristic of relaxed phenyl-ring
dimers. Similarly, there is some contribution from the LE state
to emissions from Ph,C-H suspensions at low water contents,
for example, 10% water in DMF, as evidenced by a low
intensity peak at E,,, = 3.32 eV. However, the strongly emissive
aggregates that form at higher water contents (i.e.,, above 50%)
display E.,, values and onset energies that match the relaxed
excited states discussed above.

Discussion. Shifts in the emission wavelengths of
fluorophores under different experimental conditions are not
uncommon. Depending on the structure of the fluorophore,
they may be attributed to phenomena such as (i) solvent
relaxation, (ii) internal charge transfer, or (iii) changes in the
Coulombic coupling of aggregates (i.e., J- or H-aggrega-
tion).""** Yet these effects are normally only prominent for
fluorophores that (i) are polar, (ii) contain donor and acceptor
groups, or (iii) are comprised of a large, planar z-surface. The
molecular rotors described here are nonplanar, apolar hydro-
carbons; they lack any of the features that would normally be
associated with variable E,,, in different environments, so the
significant shifts between the LE and relaxed emissions of
Ph,C;H and PhyC;H are surprising.24 Observation of the
aromatic-dimer excited states for these rotors, therefore, raises
the questions “is this a general phenomenon?” and “which
factors favor formation of the aromatic dimers?”.

In answer to the first question, a survey of previously
reported data for phenyl-ring luminogens shows that, in some
cases,”?"*¥™P there are spectroscopic shifts upon formation of
nanoaggregates that are comparable to our observations (Figure
7). So, it appears that the excited-state aromatic dimer
formation may be a general phenomenon that is not limited
to the carbocyclic rotors reported here. For example, 2,2'-
biindene 1 (Figure 8), which was described by Tian et al. in

Figure 8. (a) Previously reported 2,2'-biindene 1 undergoes
hypsochromic shift in its fluorescence upon aggregation. (b) Our
DFT modeling of the S, (purple) and S; (orange) electronic states
suggests this effect results from a through-space aromatic dimer in
solution, which cannot form in the aggregated state. All H atoms are
omitted for clarity.

2011, shows distinct peaks at E,, = 2.58 eV and E_, = 3.00 eV
in its photoluminescence spectra in the solution and aggregated
states, respectively.'*® Rotation around the central single bond
of 1 interconverts (Figure 8a) the anti- and syn-isomers. Our
calculations indicate (Figure 8b) that anti-1 is preferred in the
ground state, but a syn-conformation becomes favorable in the
excited state, which is accompanied by a face-to-face interaction
between the phenyl rings. Therefore, the hypsochromic shift'*#
brought about by aggregation can be attributed to intra-
molecular aromatic dimer formation in solution. The dimer

formation is prevented by the restricted environment of the
aggregates, leading to higher energy emission from the LE state.

On the other hand, there are, of course, many examples of
molecular rotors that do not form aromatic dimer excited
states. There do not seem to be any regorted data that suggest
the widely used tetraarylethylenes'” are subject to this
phenomenon, for example, and nor are Phy;C;H and PhyC,
according to the data described here.

At this stage, it is difficult to delineate the structural
characteristics that favor aromatic dimers over LE in the excited
states. In the solid state, weak noncovalent interactions dictate
the packing and ultimately determine whether or not the
aromatic groups of neighboring molecules are held together,
promoting intermolecular aromatic dimer states. However,
analysis of the series of rotors reported here does hint that the
degree of conformational flexibility is an important factor for
intramolecular dimer formation;>' there must be sufficient
flexibility to allow the faces of the aromatic rings to come into
contact, while also maintaining a sterically crowded environ-
ment to minimize nonradiative decay. Moreover, an intra-
molecular aromatic dimer may form in the excited state, even
when the relevant conformation is not favored in the ground
state. It is well-established that weak ground-state interactions>
between phenyl rings stabilize” the secondary structures of
proteins, and that the interaction potential energy surface of
two aromatic rings is relatively flat. So, the stabilizing effect of a
shared exciton could provide the driving force to alter
minimum energy conformations in this way.

Overall, our results indicate that simple aromatic rings
present in molecular rotors can do more than merely introduce
steric hindrance. Their interactions can lead to emission from
previously unexpected excited-state dimers. This phenomenon
should be considered, therefore, when designing and
interpreting the behavior of fluorescent molecular rotors,
even those based on unfunctionalized hydrocarbon backbones.
Shifts in emission energy need not always be attributed simply
to “solvent effects”. At a time when molecular rotors are being
used more frequently as probes for quantitative measurements,
it is important to have a full understanding of how their
photophysical output can respond to changes in their
environments.

B CONCLUSION

In summary, by investigating the properties of a series of
phenyl-ring molecular rotors, we have identified photo-
luminescence from through-space aromatic dimers. The dimers
form in either an intra- or an intermolecular fashion between
small, unfunctionalized aromatic rings, leading to relaxed
excited states. Previously, fluorophores lacking large, flat z-
systems or polarized functional groups have generally not been
expected to undergo such significant relaxation.”* The least
hindered rotor, Ph;C;H, shows the characteristics of a
traditional fluorophore, undergoing quenching in the solid
state, while the most hindered, PhC4, undergoes AIE. Both
fluoresce from the LE state under all conditions. Rotors
Ph,C.-H and PhCH, on the other hand, emit from the LE
state at very low temperatures or high viscosities, but otherwise
luminesce from through-space aromatic dimer states. Intra-
molecular dimer formation appears to be influenced by the
degree of conformational flexibility present in the rotors in
solution, while the intermolecular excited states are governed
by the interdigitation of the rotors in the solid state. Our results
illustrate that, given the right spatial orientations, interactions
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between simple aromatic rings are sufficient to cause significant
shifts in photoluminescence energies. DFT modeling and
analysis of previously published spectroscopic data suggest that
this is a general phenomenon. Care should be taken, therefore,
when designing and interpreting the results of sensing systems
or optoelectronic devices based around similar molecular
rotors.
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