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In contrast to the traditional fluorescent dyes that exhibit a
decrease in fluorescence upon aggregation, Aggregation-
Induced Emission (AIE) molecules are a family of
fluorophors which exhibit increased fluorescence upon
aggregation. Consequently, AIE molecules represent an
interesting new material with potential applications in
fluorescent chemo/biosensors, light emitting devices and
medical diagnostics. Numerous mechanisms have been
proposed to explain this phenomenon, including
isomerisation, and restriction of intramolecular rotations
(RIR). However, there has not been any direct experimental
evidence to support either one of these hypotheses. Here we
use terahertz time-domain-spectroscopy (THz-TDS) and
solid-state computational simulations of an AIE molecule to
link the increase in intensity of intramolecular rotation and
rocking modes to the measured fluorescence and reveal direct
evidence supporting the RIR hypothesis. This is the first time
that terahertz spectroscopy has been used to directly probe
such molecular motions in AIE materials and in doing so we
have found conclusive evidence to fully explain the AIE
mechanism.

Introduction

Organic luminescent materials play a major role in applications
ranging from fluorescent sensors'? to imaging applications™, due
to advantages such as low cost, ease of fabrication, flexibility,
high sensitivity and selectivity. These materials are normally used
in either the solid state or in aqueous media, however efficient
emission from these aggregated states is often difficult as many
compounds quench their own fluorescence in the condensed
phase due to non-radiative decay pathways® . Many chemical,
physical and engineering solutions have been proposed to
alleviate this issue, but these have met with only limited success®
10

In 2001, a novel system was reported by one of the present
authors in which the aggregation of the luminescent molecule
enhanced the intensity of the emitted light''. These molecules,
including tetraphenylethene (TPE) and hexaphenyl silole (HPS),
are non-emissive when dissolved in good solvents but become
highly emissive when aggregated in poor solvents or in the solid
This phenomenon was called aggregation-induced
emission (AIE)'% Since this discovery, several mechanisms have
been proposed by different research groups, including restriction
of intramolecular rotations (RIR), conformational planarization,
J-aggregate formation, hydrophobic effects, E/Z isomerisation
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and twisted intramolecular charge transfer'>™'®. Despite some

indirect experimental and computational evidence in support of
the RIR hypothesis, there lacks direct evidence to support or
refute the proposed mechanisms'>'>!72°. It is imperative that
detailed mechanistic studies of the AIE phenomenon are
undertaken to benefit and direct further exploration of high-tech
applications, such as using AIE compounds in chemical®!,
chirality®® or gamma ray* sensing applications.

Terahertz time-domain spectroscopy (THz-TDS) has been
used to study the material, chemical and electrical properties of a
variety of sample systems, including crystalline polymorphs*’,
glasses™®, carbon nanotubes® 2 and proteins****. Electromagnetic
radiation at a frequency of 1 THz (10'? Hz, 4.1 meV) is low
enough in energy to probe the electronic structure of materials,
the low frequency intermolecular interactions, and also some low
energy intramolecular modes. Therefore, it is sensitive to small
structural changes in crystalline structures and the relaxation
dynamics in condensed matter, and can measure the frequency-
dependent conductivity of materials in a non-contact manner. In
addition, it is non-ionising due to its low photon energy when
compared to other measurement techniques such as X-ray and
UV-vis spectroscopy. Previous research has demonstrated that
low frequency rotational modes of phenyl groups, for example in
methamphetamine hydrochloride™, occur at terahertz frequencies.
It is also well established that the unit cell contracts as the
temperature decreases, similar to aggregation. Furthermore,
strong temperature dependence is observed in the solution state
for AIE molecules, which is expected to be due to a correlation
between molecular rotations and fluorescence'>*. Consequently,
we expect that a temperature dependent THz-TDS study in the
solid state of a simple AIE molecule (TPE) could provide a direct
measurement to test the validity of the RIR hypothesis as the
dominant fluorescence enhancement mechanism for these
molecules.

Experimental Methods

Tetraphenylethene (TPE) was prepared according to the literature
method®’. Single crystals of TPE were obtained by evaporating
solvent slowly from its dichloromethane/methanol (1:1 v/v)
solution.

For the THz-TDS measurements, TPE was co-mixed with
polyethylene (PE) powder compressed pellets
approximately 3 mm thick containing 300 mg of material with a
TPE:PE ratio of 1:4. An additional 240 mg pellet of pure PE was
used as a reference. Variable temperature experiments were
performed under vacuum using a continuous flow liquid-nitrogen
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cooled cryostat (Janis ST-100, Janis Research) and temperature
controller (Lakeshore 331, Lakeshore Cryotronics Inc). Terahertz
spectra were obtained, with 5 K steps between 80 and 130 K, and
10 K steps between 130 and 290 K, according to methods
previously reported®®. The use of a silicon beam stop to block the
reflected pump beam resulted in a small post peak pulse that was
removed using linear modelling techniques®’.

Single crystal X-ray intensity data were collected at 100 K and
room temperature on a Bruker-Nonices Smart Apex CCD
diffractometer with graphite monochromated Mo-Ko radiation.
Processing of the intensity data was carried out using the SAINT
and SADABS® routines and the structure and refinement were
conducted using the SHELXTL* suite of X-ray programs
(version 6.10). The 100K structure has been previously
published e.g. CCDC no. 633293* but both structures are
provided as supplementary information.

Computational Density Functional Theory (DFT) calculations
for solid state TPE at 110 K and 290 K were performed using the
academic version of CASTEP*, using standard norm-conserving
pseudo-potentials and the PBE functional*. All calculations used
the following parameters: k-point separation of 0.05 A, plane
wave basis cutoff of 1200 eV, electronic convergence tolerance
of AE<1x10™"* eV/atom. In addition, we used the semi-empirical
dispersion correction (d-DFT) scheme first formulated by
Grimme*** to account for the London-type dispersion forces that
are expected to dominate the inter-molecular behaviour.
Geometry optimizations were performed to the following
tolerances: energy < 5x10® eV/atom, ionic forces < 3x10™ eV/ A
and ionic displacement < 1x10” A. In order to incorporate the
dispersion correction in the phonon mode calculations, the finite
displacement phonon calculation method was employed*’, using a
displacement amplitude of 1x107 A.

Photoluminescence (PL) measurements of TPE pellets were
performed by exciting the same pellets as used for THz-TDS

35 measurements with an Omnichrome 325 nm He-Cd laser. The PL
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signal was measured by a SPEX 500 monochrometer and a
photomultiplier tube (TE177RF003 Hamamatsu, Japan) at
temperatures between 20 and 290 K (Expander DE202, APD
Cryogenics, PA).

Results and Discussion
THz-TDS measurements

Fig. 1(a) shows the evolution of the absorption coefficient () for
TPE as a function of temperature over the measured frequency
range (0.1-2.2 THz). For clarity, example line plots taken at
280 K and 80 K (Fig. 1(b)) are also plotted, to highlight the main
features of the high and low temperature spectra. To test whether
isomerisation of the structure was a factor in the fluorescence®,
terahertz spectra were obtained both with and without UV
illumination. No difference (to within experimental error) was
observed between the illuminated and non-illuminated terahertz
spectra at any of the temperatures measured (an example of this is
shown in the supplementary information). At least three spectral
features can be identified at both high and low temperatures.
These are a shoulder at 1.0 THz and peaks at 1.55 and 1.87 THz
in the high temperature spectrum, and a peak at 1.2 THz, a
shoulder at 1.73 THz, and a sharp peak at 1.94 THz in the low
temperature spectrum. In addition, a further small peak can be
observed at 1.52 THz in the low temperature spectrum.
Integration of the areas under the absorption features shows that
the high temperature spectrum has a 38% higher absorption in
this frequency region when compared to the low temperature
spectrum. The change in composition and intensity of spectral
features suggests a change in the structure of the supramolecular
arrangement with temperature. To explore this possibility, we
calculated the vibrational modes for both the low and high
temperature structures of TPE using the software package
CASTEP, based upon crystal structures that were calculated from
single crystal X-ray diffraction experiments.
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70 Fig. 1 (a) Imagemap of the change in absorption coefficient for TPE with temperature. (b) shows representative absorption spectra for TPE at the high (red
dashed line) and low (blue solid line) temperatures.
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Fig. 2 Plane orientations for the (a) high temperature and (b) low
temperature structures viewed along the ¢ axis, with the C=C-Ph1 plane
highlighted in red. Comparison of the predicted CASTEP vibrational
5 intensities from the (c) high temperature and (d) low temperature
structures, respectively. The simulated spectra use Lorentzian lineshapes
with linewidths of 5 and 2 cm™ respectively. (e) Low temperature unit cell
viewed along the crystallographic b-axis with the two molecules
represented in different colours. The phenyl numbering is used to assign
10 the vibrational features in the subsequent discussion.

Calculation of the Vibrational Modes

Analysis of the high and low temperature unit cells revealed
small changes in the torsion angles of the four phenyl groups
between the two structures (see Supplementary Table 1). These

15 changes ranged between 0.60° and 4.00° in magnitude, with the
smallest change observed for the ph2 moieties.
orientation of the two molecules within the unit cell is observed
to change. Fig. 2(a) and (b) shows the differences in the two unit
cells by displaying planes generated by the C=C-Ph1 bonds.

20  d-DFT enabled geometry optimizations were performed for
both the high and low temperature structures. Initially, the unit
cell was not fixed, and the resulting crystal structure parameters

Furthermore, the

found are detailed in Supplementary Table 2. The two
experimental structures optimized to very similar final structures;
so we determined the suitability of the d-DFT derived structure
by comparing the rms Cartesian displacement for the
experimental and optimized structures®. The high temperature
structure had an rms Cartesian displacement of 0.29 A (max
displacement was 0.58 A) suggesting a temperature effect that
s cannot be modelled by the geometry optimization**™.
contrast, the low temperature structure only had an rms
displacement of 0.11 A, well within the typical displacement
observed for these geometry optimizations*’. Therefore, it was
decided to fix the unit cell dimensions for the high temperature
structure and perform phonon calculations on the resulting
optimised structure (note that the d-DFT corrections were still
used for these calculations). Given the close agreement with the
experimental structure, the non-unit-cell-fixed structure was used
for the phonon calculations of the low temperature structure.

40  Fig. 2(c) and (d) show the mode frequencies and intensities
predicted by CASTEP for the high and low temperature
structures, respectively, as well as simulated spectra and the
measured absorption spectra from our measurements.
Supplementary Table 3 details the vibrational modes calculated
for each structure in this region along with descriptions of the
significant modes, which are intramolecular rotations and
vibrations of the phenyl (ph) groups. Whilst being superficially
symmetric, the TPE molecule is actually asymmetric in the solid
state, as each of the ph groups has different sets of nearest
so neighbour interactions and consequently different equilibrium
positions and angles. There are small offsets in the frequency of
some of the modes which is common in these calculations®, and
the relative intensities and positions of the vibrational modes
agree more closely for the low temperature structure than the high
temperature structure.  This is not surprising, given the
limitations we have observed when optimizing and performing
phonon calculations on the high temperature structure, as the
current CASTEP implementation does not account for the
temperature dependent structural evolution observed for TPE;
consequently the optimized high temperature structure is not as
accurate as the low temperature version. However, the overall
trend of the two structures is reproduced satisfactorily, with the
shoulder and peaks being reproduced in both the high and low
temperature simulations with approximately the correct relative
intensities. Closer analysis of the types of vibrational modes
(Supplementary Table 3) suggest that whilst at high temperatures
the modes are dominated by movements of phl and ph4 groups,
at low temperatures the motions are dominated by the
movements of the ph2 group (and to a smaller extent the phl
70 group), in particular that of the large vibrational mode at

2.13 THz.
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TPE structure evolution during unit cell contraction

The changes in relative intensities of the vibrational modes found
using theoretical modelling are also seen in our THz-TDS
measurements. In these next sections we carefully analyse the
THz measurement data and relate the spectral changes to the
transitions occurring in the TPE molecule. From Fig. 1(a) we see
that the terahertz data has interesting features between 1.45 and
2.05 THz: as the temperature is increased, the low temperature
so peak at 1.94 THz loses intensity and shifts to 1.87 THz, and
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similarly the 1.73 THz peak shifts to 1.55 THz. We hypothesize
that the terahertz spectra of the high and low temperature
structures can be broadly modelled using these two peaks, which
themselves will be a superposition of multiple low/high

s frequency modes predicted by the computational models in the
previous section. As the peaks are relatively close in frequency
(compared with their widths) their spectral lines will overlap and
so we have fitted the data with two Lorentz oscillator functions
(over the region 1.45-2.05 THz). Results of this fitting are shown

10 for four of the temperatures in Fig. 3(a)-(d) (the rest are given in
the supplementary information).
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Fig. 3 (a) — (d) Two Lorentz function fits to the data for 80 K, 130 K,
180 K, and 240 K respectively between 1.45 and 2.05 THz. (e)

15 Comparison of PL measurements and the relative change in peak size as
measured by THz-TDS as a function of temperature.

From the fits we extract the relative heights of the two spectral
features (independently of each other), which we denote as P,
and P,. At low temperatures, the spectrum has a large P,
20 component and a relatively small P, component, whereas at high
temperatures, the spectrum has P; and P, components that are
more similar in intensity. Consequently, the ratio of these values
is a way to estimate the relative strengths of the vibrational
modes in these regions at a particular temperature. Equation 1
»s defines a strength ratio, ¥, such that:

b-A
b,

W=
(1)

Y is plotted in Fig. 3(e) for measurements between 80 and 290 K
along with the fluorescence intensity measured at the same
temperatures. The observed similarity in the evolution of this
s relative measure of the two features and that of the
photoluminescence (PL) fluorescence intensity with temperature
is marked. There are some outliers, noticeably at 150 K and also
at 270 and 280 K but these can be attributed in part to baseline
measurement issues (the former) and difficulties in accurately
35 fitting the function at higher temperatures due to the broadness
and overlapping nature of the response. Despite this, there
appears to be a compelling correlation between the relative peak
intensity and therefore the change in vibrational modes, and the
fluorescence of TPE due to the AIE phenomenon. The
40 observation that the fluorescence intensity does not further
increase below 150 K is counter intuitive — as the lower
temperature decreases separation and thus increased intensity
would be expected. Why does the intensity not increase further?
We address this question in the next section by examining P, in
45 more detail.

Uneven conversion of vibrational modes?

Closer inspection of the large low temperature peak (P2) at
1.94 THz reveals a further shoulder at 1.88 THz that increased in
intensity with increasing temperature whilst the original main
so peak decreased in intensity, until the 1.88 THz feature became the
dominant mode (at high temperatures). From our observations in
the previous section, we deduce that this is due to the conversion
of the dominant vibrational mode in this region from the low
temperature to the high temperature version; furthermore the
ss vibrational analysis in Supplementary Table 3 suggested that the
vibrations tentatively assigned to this feature are dominated by
the ph4 moiety at high temperatures yet display mostly ph2 (and
some ph4) character at low temperatures. We therefore performed
similar analysis to that done previously, but this time fitted two
e Lorentz functions to the data between 1.82-2.05 THz to observe
how this peak changes with temperature. We chose to model this
peak using two discrete functions as the high and low temperature
structures predicted only a small number of vibrations closely
spaced in frequency. Results of this fitting are shown for four of
s the temperatures in Fig. 4(a)-(d) (the rest are given in the
supplementary information).



n is plotted in Fig. 4(e) and we can see that the evolution of this
15 ratio with temperature is very different to the evolution observed
for the broader peaks (and the PL data). Namely that the high
temperature mode increases relative to the low temperature mode
from 80K, and by approximately 140 K the high temperature
mode dominates this feature. In contrast to the results in Fig. 3(e)
20 for Py and P,, above 140 K there is just a gradual decrease of the
low temperature mode despite the rapid decrease in fluorescence
intensity. This suggests that the evolution of the high frequency
terahertz modes from the low to high temperature versions have a
different effect on the fluorescence than that which was observed
in the previous section. Above 140 K, where the fluorescence is
observed to drop, the high frequency modes exhibit little change.
Below 140 K, where the modes are observed to transform from
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40 —— . . . 40— . , . the high temperature ph4 dominated modes to the low
(c) |180K (d) 240K temperature ph2 (and ph4) dominated modes, the fluorescence
= 33 $ Data 30 exhibits little change.
30 30 |:|Peak A area The evidence that the high temperature and low temperature

-Peak B area structures are different and not merely a unit cell expanded by
1 different amounts has already been mentioned when the
vibrational mode calculations were first introduced. Therefore to
understand the results from the terahertz measurements it is
useful to return to this observation. Firstly, the unit cell
contraction from high to low temperatures is asymmetric, from
9.8370, 9.5017 and 10.7087 A (a,b,c) for the high temperature
structure and 9.7771, 9.1722 and 10.7780 A (a,b,c) for the low
40 temperature structure, implying that the majority of this
18 19 195 2 0 18 19 195 2 compression would occur along the b axis. However, the rms
frequency / THz frequency / THz Cartesian displacement of the atoms in the unit cell is very
130 different for the optimized high and low temperature unit cells.
When the unit cell is allowed to relax, the resultant low
temperature structure is very close to the experimental result (a
small rms displacement of 0.11 A), whereas the high temperature
structure alters a lot (a relatively large rms displacement of
0.29 A). This is indicative of a subtle temperature dependent
structural change. Yet the evolution of the terahertz dependent
so vibrational modes suggests that this structural change is a gradual
change, as evidenced by the evolution of particular vibrational
features. Whilst a consideration of the overall spectrum reveals a
structural evolution consistent with the PL changes, the evolution
of a particular vibrational mode has a different temperature
dependency.
The two temperature structures differ in the strength and
distribution of the London dispersion forces within the unit cell.

k}

b3

en]

b

125 4

120

th

fluorescence intensity / a.u.

5

a

_ " L L L 0
550 100 150 200 250 300
temperature / K

Fig. 4 (a) — (d) Two Lorentz function fits to the data for 80 K, 130 K,

180 K, and 240 K respectively between 1.8 and 2.05 THz. (e) Relative These intermolecular forces serve to dampen or restrict the
change in peak size as measured by THz-TDS as a function of intramolecular modes; consequently when the TPE crystal is
s temperature. The PL data is plotted for comparison. «0 cooled the force distribution restricts the intramolecular motions

of the phl moiety (in particular); these are the dominant terahertz
features at high temperatures. As a result, the energy losses from
the intramolecular rotations of phl are quenched. Instead, further
energy losses are dominated by rotational modes of the ph2 (and
ph4) moieties that are less strong than the phl dominated modes.
It is the quenching of the phl dominated rotations that result in
the observed increase in fluorescence, which is consistent with
the RIR hypothesis. However, energy losses associated with the
P —P, modes dominated by the ph2 (and ph4) group remain, a result that
= 70 appears to be due, in part, to the subtle structural change of the
F, . ) unit cell with temperature. Consequently, there is a point where,

The use of two vibrational modes to fit this peak worked well. In
particular it was able to accurately reproduce the asymmetric
peak shape observed for the intermediate temperatures (for
example at 130 K as shown in Fig. 4(b)). Following a similar

10 theory as in the previous section, we can use a measure of the
ratio of the two peak heights to estimate the relative strengths of
the high (P,) and low (P,) temperature modes:
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despite more contraction of the unit cell further suppressing the
phl dominated modes, the ph2 (and ph4) dominated modes act to
suppress any further fluorescence enhancement, due to their
relative freedom, resulting in the plateau in fluorescence intensity
observed below 150 K. Again, this observation from the
terahertz and the crystal structures provides experimental
evidence to support the RIR hypothesis, as we see that if the
intramolecular modes are not restricted by intermolecular forces
then the fluorescence does not increase.

What is particularly significant about both the terahertz
spectral evolution observed herein and the computational
calculations undertaken is that it is revealing subtle structural
changes which are insufficient to be termed a “phase change”.
Despite this, these changes are enough to significantly alter the
fluorescent behaviour of the molecule. To our knowledge,
previous terahertz spectral studies of this type have focused on
following phase changes and dehydration kinetics®*?>%*; this is
the first demonstrating the sensitivity to subtle structural
evolution that has clearly observable consequences to the material
behaviour.

Conclusions

This work represents the first direct evidence of a restriction of
intramolecular modes being the dominant mechanism of emission
enhancement in AIE molecules. These low frequency modes fall
into the terahertz frequency range and so we were able to follow
the terahertz spectral evolution of this material with temperature,
where we observed a change in the features present in the
terahertz spectrum, in particular a 38% increase in the integrated
terahertz spectral intensity at high temperature compared to low
temperature. The fact that no change was observed upon UV
illumination suggested that isomerisation was not occurring, as
this would change the TPE spectra. Using structures determined
from single crystal X-ray studies at both room and low
temperatures, we performed computational simulations of the
vibrations using CASTEP and found evidence of a subtle
structural evolution with temperature (that hampered the high
temperature phonon mode calculations) that satisfactorily
predicted the observed change the terahertz spectra.
Furthermore, we observed that the relative heights of two spectral
regions appeared to change between low and high temperature,
and when the ratio between these was compared with the
observed fluorescence intensity we observed a correlation. Using
terahertz spectroscopy and computational modelling we found
that it is the restriction of intramolecular modes dominated by
phenyl group 1 causing the increase in fluorescence intensity,
which we believe is the first time such a subtle structural
evolution has been quantitatively measured using terahertz
spectroscopy. Finally, study of the calculated vibration modes
and crystal structures revealed that further enhancement of the
AIE effect was hindered by the relative freedom of the phenyl 2
(and 4) group within the low temperature structure, which we
hypothesised results from the intermolecular forces felt by the
TPE molecule. There remains, however, a complex interplay
between optimum stacking arrangement
intramolecular rotation, and n—m stacking interactions that would
lead to other non-radiative energy loss processes .
Nevertheless, these results suggest that the restriction of
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intramolecular modes, brought about by the subtle temperature-
dependent structural evolution, is the dominant enhancement
mechanism for the fluorescence behaviour of TPE in the solid
state.
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