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Engineering the ground-state orientations of donor and acceptor groups through steric control of
fluorophore conformations is an effective strategy for manipulating molecular electronics and, in turn,
their emissive properties. Where strong emission is retained in the crystalline state, a correlation of
structure with photophysical properties can be made, as is the case for the five pyridinium betaines
reported herein. Our findings provide strong evidence that an increase in dihedral angle between N,N-
diphenylamino donor and pyridinium acceptor induces a notable red-shift in emission maximum, with
the mechanofluorochromic response also correlated with the same process. This research aims to
address the oft-invoked explanation that planarisation induces red-shifted emission, highlighting that this
effect is not universal and that systematic studies are essential. Further, this elegant steric engineering
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Introduction

Elucidating the reason why a compound exhibits a change in
emission profile on application of mechanical force is not trivial
and is an important aspect to consider when attempting to
design new classes of such compounds or applying them in
functional materials." When considering fluorescence, this
phenomenon is known as mechanofluorochromism (MFC) and
there are some well-established design principles to help induce
it, such as imbuing molecules with charge transfer character
and sterically bulky groups to prevent aggregation-caused
quenching.”® Intramolecular charge transfer (ICT) requires
a molecule containing at least one electron donor and one
electron acceptor. When such a molecule is excited, a change in
dihedral angle can result in the molecule moving along its
potential energy surface, leading to relaxation to a local energy
minimum, known as a twisted intramolecular charge transfer
(TICT) state.* This increase in dihedral angle (usually to ~90°)
occurs about a bond that connects the donor and acceptor and
results in a red-shifted and quenched emission, compared to
the initial state. The increase in dihedral angle between donor
and acceptor also leads to a greater degree of spatial separation
between frontier orbitals and thus a greater degree of charge
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transfer when a transition occurs.® Intuitively, a TICT state
would be classified as less planar than the initial conformation.
Contrastingly, it is well evidenced that an increase in m-conju-
gation leads to a spectral red-shift (be it absorption or emission)
and that this is the result of a more planar conformation
yielding a higher degree of p-orbital overlap. While this may
apply generally to conjugated -systems without charge sepa-
ration, it may also occur as a relaxation mechanism in donor-
acceptor systems, where it is known under various terminology,
depending on the precise nature of the geometry change.®’
Thus, an emission red-shift can potentially be achieved by two
opposing geometry changes, towards a larger or smaller dihe-
dral angle between a donor and an acceptor, relative to the
ground state. It is important to note that these are not the only
proposed geometrical changes that can lead to red-shifts (e.g.
rehybridisation, bond-length changes, etc.).® Herein lies the
crux of the issue, namely, how can the direction or type of the
geometry change be elucidated? This raises further questions,
such as how do we define a net change in planarity when there
is more than one rotatable aromatic ring?® And can it be
different in solution compared to the solid-state? Theoretical
calculations provide valuable insight, but these need to be
rigorously backed up by experimental evidence, which is not
always conclusive, and calculation outputs are dependent on
the level of theory chosen.'>'* Two prime examples highlighting
the relevance of this issue (specifically for solution-state studies)
are 4-(N,N-dimethylamino)benzonitrile (DMABN) and nile red,
fluorophores whose proposed excited-state relaxation mecha-
nisms include planar-ICT (PICT) and TICT.® Both have been
studied for decades and the nature of their relaxation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Graphical explanation of the hypothesised rationale for red-shifting emission, including the structures of the main compounds under
study, their average N,N-diphenylamino-pyridinium C—N dihedral angles (6,), as well as representative images of their crystalline emissions under
365 nm irradiation. Emission images are a qualitative guide. For 1a, 3a, 4a, and 5a, an increase in the N,N-diphenylamino-pyridinium C-N dihedral
angle leads to overall average, red-shifted fluorescence maxima. For 2a, solvent inclusion in the crystal structure complicates the analysis, hence

it is not directly comparable.

mechanisms are still hotly debated to this day.> To add to the
complexity, the definitions of PICT and TICT do not encompass
all possibilities, such as 90° planarisations or smaller magni-
tude increases in dihedral angles.”® Planarised intramolecular
charge transfer (PLICT) specifically refers to a ground state
where a donor and acceptor are perpendicular.® Planarisation
about a single bond connecting them (via an intermediate
donor) occurs in the excited state. This is essentially the oppo-
site to TICT. PICT differs in that the initial geometry is planar
and rehybridisation from pyramidal to planar sp® nitrogen or
formation of a quinoidal form occurs in the excited state.

To further illustrate the issue, many reports of mechano-
fluorochromism attribute the red-shift observed after mechan-
ical force to planarisation of the conjugated m-systems,"*
sometimes when concurrently invoking TICT states in solu-
tion.” This is particularly evident in triphenylamine (TPA)
derivatives, which are structurally similar to the compounds
presented herein.® It is suggested here that for a given
compound, if the solution-state emission shows the same
spectral shift trend with increasing polarity as it does in the
solid-state on application of force, it is unlikely that opposing
mechanisms occur in solution and solid-states (ie. if the
direction of the spectral shift with increasing polarity is the
same as that after applying force, and either PLICT or TICT is
assigned as the mechanism in solution, then it should be the

© 2025 The Author(s). Published by the Royal Society of Chemistry

same mechanism in the solid-state).” Unless, of course,
detailed evidence is provided for both cases, such as an excited
state potential energy surface indicating multiple energetically-
accessible conformations.'® Importantly, this example assumes
no mechanisms other than geometry changes are involved. We
are not the first to notice and address this issue in the literature,
however, the confusion persists.” In an attempt to provide
clarity and ascertain the nature of the geometry change,
a simple methyl group substitution is utilised to test whether
increasing the dihedral angle (decreasing planarity) between
either a N,N-diphenylamino or enolate donor, and pyridinium
acceptor induces a red or blue-shift in emission. This methyl-
ation approach has been utilised successfully before to study
solution state emission in relation to TICT and PICT states, as
well as tuning singlet-triplet state energy gaps, however, to the
best of our knowledge, it has not been applied in relation to
solid-state emission to solve the nature of the geometry change
in MFC compounds.**?* Thus, we decided to test the methyl
“pre-twisting” strategy on a novel set of pyridinium betaines
(PBs), building on our previously studied compounds by intro-
ducing three new PBs (3a-5a) with varying dihedral angles and
degrees of planarity/rigidity (Fig. 1).

This approach provides convincing evidence that allows one
to answer the question of the nature of the geometry change.
Namely, increasing the dihedral angle between the N,N-
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diphenylamino and pyridinium acceptor red-shifts the emis-
sion, agreeing with a TICT-like excited state. In this context,
a TICT state refers to a 90° dihedral angle between donor and
acceptor in the relaxed excited state, whereas TICT-like requires
an increase in dihedral angle in the relaxed excited state, but
not necessarily to 90°. This mechanistic explanation arises from
the donor-acceptor-donor’ (D-A-D’) electronic structure of
these molecules and is graphically illustrated in Fig. 1, however,
this type of electronic structure is far less-common than simpler
donor-acceptor molecules that are ubiquitous. The additional
donor adds a layer of complexity to the initial question on the
nature of the geometry change we set out to answer, however,
our systematic approach has identified the orientation of the
N,N-diphenylamine donor with respect to the remainder of the
molecule as critically responsible for the red-shifted emission in
solution and the mechanically ground solid-state. We have
previously shown this in a pure D-A analogue that used boron
trifluoride to create the pyridinium acceptor.” In this way, the
complication of a second donor was avoided. Here, we primarily
focus on sterically tuning the N,N-diphenylamino-pyridinium
dihedral angle to show that increased dihedral angle, and not
planarisation, is responsible for the MFC red-shift. A key
advantage of applying this approach to the solid-state is the
ability for direct comparison between structure and emission
properties. This approach may prove to be fruitful for ascer-
taining the nature of the geometry changes in various other
MFC systems.

Results and discussion
Synthesis and optical properties

Scheme 1 shows the synthetic pathways to the newly prepared
compounds for this study. Firstly, 3,5-dimethylpyridine (3,5-
lutidine) was reacted with octafluorocyclopentene in THF, with
addition of a small amount of water, to form the lutidine
betaine (Lut-bet) with a 37% yield, as per our previously pub-
lished procedure.** This was prepared as a control to account
for potential methyl inductive electronic effects. Next, three
pyridyl precursors (3-5) were synthesised using copper-
catalysed Ullmann-type coupling,” with 4 being prepared
following an alternative literature procedure.*® Yields for 3 and 5
were low (34 and 14%, respectively), presumably due to addition
of the methyl groups in the 3 and/or 5 positions of pyridine
giving rise to steric hindrance, along with reduced reactivity of
secondary amines under these conditions resulting in a mixture
of monosubstituted and disubstituted products. Conversely, the
carbazole precursor requires formation of only one C-N bond
and thus 4 was prepared with a good yield of 81%. Finally, the
corresponding PBs (3a-5a) were synthesised in moderate to
high yields (49, 33 and 94%, respectively) by addition of octa-
fluorocyclopentene to the relevant precursor, following the
same procedure as Lut-bet. All new compounds were extensively
characterised using standard techniques (see ESI S1 - Experi-
mental section for detailst). Attempts to synthesise the 2,6-
dimethyl-N,N-diphenylaminopyridine analogue were unsuc-
cessful, most likely due to the additional steric hindrance pre-
venting nucleophilic attack by the pyridine lone pair. Rather,
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Scheme 1 Synthetic pathway to (a) lutidine betaine (Lut-bet); (b)
precursors (3 and 5) and corresponding betaines (3a and 5a); (c)
carbazole precursor (4) and corresponding betaine (4a).

the product isolated from this reaction is an ionic compound
(Co4H1oF5N,0, — 6H" enolate), which was characterised crys-
tallographically, and its structure is reported herein, along with
that of its precursor (6).

Before detailing the PBs, an important assumption in this
research will be considered. It is assumed that the additional
methyl groups do not red-shift the emission, which would result
in a confounding variable. This methylation approach is well-
established and assumes that these groups are electronically
innocent.”” Nevertheless, to address the impact of the methyl
groups on the solid-state emission spectra, Lut-bet is compared
to the previously reported unmethylated pyridine betaine (Pyr-
bet).>* An important caveat is that both compounds contain
partially occupied solvent, which is assigned as a water mole-
cule in the unit cell and this may affect the emission through
mechanisms including interaction-induced conformation
differences or intermolecular energy transfer. Therefore, steady-
state emission measurements were performed on dry material
(150 °C for 1 hour, the temperature above which TGA shows no
discernible water content), as well as undried crystalline mate-
rial. The fluorescence maxima for dried Pyr-bet and Lut-bet are
420 nm and 414 nm, respectively, indicating a subtle blue-shift
in the methylated analogue (Fig. 2). A comparison of the dried
and undried samples is given in Fig. S1,f showing that the
solvent broadens and slightly red-shifts the emission spectra,
most noticeably in Pyr-bet (Ana. 428 nm), where the solvent
occupancy is higher, as determined from crystallographic, TGA
and FTIR data. Pyr-bet contains a partial water molecule above
the enolate carbonyl groups, which is consistent with a weak n
— m* interaction. The O---C distance is 3.18 A, which is slightly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Solid-state crystalline fluorescence spectra of dried Pyr-bet
(Amax 420 nm) and Lut-bet (A, 414 nm). Inset: excitation wavelengths
and depictions of their structures determined by SC-XRD. Spectra are
cut above double the excitation wavelength.

less than the sum of the van der Waals radii (3.22 A) and the
O---C=0 angle is 101.6°, which falls approximately along the
Biirgi-Dunitz trajectory for such an interaction.”® In Lut-bet this
interaction is replaced by a similar enolate oxygen to carbonyl
interaction. Delayed emission was also detected with maxima of
~420/520 nm in Pyr-bet (Fig. S1ct) and ~414/520 nm in Lut-bet
(Fig. Siff), with the broad lower energy peak contributing
significantly for Pyr-bet at 0.1 ms delay time but the corre-
sponding lower energy peak in Lut-bet only becoming more
prominent at a longer delay time of 1 ms (Fig. Siff). It is
noteworthy that methyl groups have been shown to induce blue-
shifts in phosphorescence in the gas phase but that is not
apparent here.” In this case, the delayed spectra partially
overlay with the prompt emission spectra, indicating some
long-lived decay from the singlet state, as well as a weaker
intensity lower energy phosphorescence band. This was quali-
tatively observed as a green after-glow in both compounds on
cooling the samples to ~77 K. While this data suggests that the
methyl groups are not entirely electronically innocent, they
minimally perturb the emission maxima and thus methyl group
substitution is a valid approach to study the geometry effect.
This is important as the methyl groups can be ruled out as
inducing red-shifts.

The three new PBs (3a-5a) were hypothesised to exhibit red-
shifting emission profiles with increasing steric-induced
twisting about the N,N-diphenylamino-pyridinium C-N bond
(61 - Fig. 1). The rationale for designing these PBs was that the
same mechanism proposed for the MFC red-shifts in previously
published 1a and 2a will still hold and can be tested.*® That is,
when the dihedral angle increases (from 0° up to a maximum of
~90°) between the N,N-diphenylamino and pyridinium moie-
ties, the emission will gradually red-shift (TICT-like). They
should also show MFC with red-shifts on application of aniso-
tropic mechanical force, just like 1a and 2a, due to larger
dihedral angles being attainable in amorphous forms.
Furthermore, if an MFC red-shift is observed, a planarisation
mechanism can be ruled out, due to steric hindrance blocking
planarisation about this bond.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The pyridyl precursors 3-5 exhibit fluorescence in crystalline
form, as well as delayed emission components at lower ener-
gies, attributed to phosphorescence (Fig. S2 and Table S1+t). The
solid-state fluorescence of 4 has previously been reported.** The
longer wavelength emission bands present in the steady-state
spectra (most prominent in 5) are assigned as phosphores-
cence, which is supported again qualitatively by after-glows on
cooling the samples to ~77 K. Of note is the considerable
overlap between fluorescence emission and phosphorescence
excitation spectra in 3 and 4, which can result in reabsorption
and enhanced excited-state population.

Formation of the corresponding PBs (3a-5a) enhances the
ICT character by converting pyridine to the electron deficient
pyridinium moiety and red-shifting the absorption and emis-
sion profiles. Solution-state spectra reveal subtle negative sol-
vatochromism (absorption) and strong positive
solvatofluorochromism (emission) for all three PBs. The lowest
energy absorption bands are reported and assigned as CT
states, and the emission bands are also assigned as CT states
(Fig. S3-S51). The opposing types of absorption and emission
chromism lead to increasing Stokes shifts with increasing
solvent polarity. Fluorescence lifetimes and quantum yields
decrease with increasing polarity as expected for ICT states
(Tables S2-S47). The decrease in fluorescence quantum yield is
consistent with a forbidden TICT state emission, as well as the
energy gap law.*> While 3a and 5a are very similar, the emission
maxima are slightly blue-shifted in 4a. The similarity in emis-
sion maxima and peak shape for all three PBs is important. The
strong similarity suggests emission from similar excited states,
regardless of the ground-state geometry. In this case it is
attributed to a TICT-like state, as 3a and 5a cannot planarise
about the N,N-diphenylamino-pyridinium C-N bond due to the
blocking methyl groups, and 4a likely cannot planarise due to
intramolecular hydrogen-hydrogen contacts presenting an
energetic barrier to planarisation. There is some subtle vibronic
structure in the lowest lying CT absorption band of 4a in less
polar solvents (toluene and dichloromethane - Fig. S4t). This is
attributed to the planar carbazole moiety providing enhanced
rigidity. To summarise the solution data, all three PBs are
reaching a similar, twisted excited-state geometry in the rela-
tively conformationally-unrestrictive solution state. This is not
expected to be the case in the conformationally-restrictive
crystalline forms.

To gain a better understanding of the solid-state emission
properties, the spectra of the two previously published PBs, 1a
and 2a, are included, in addition to the three new PBs.>* A
comparison of all five PBs in four physical forms is provided in
Fig. 3. The forms were chosen to match previous data on 1a and
2a, giving information on the solvent-induced and thermal
reversibility: C = crystalline powder, G = mechanically ground
sample (mortar and pestle, ~10 min), R = mechanically ground
sample exposed to solvent to facilitate reordering, An = R
samples annealed for 1 hour at 100 °C. The excitation spectra in
Fig. 3a reveal a gradual red-shifting of the lowest energy
maximum peak in the order 2a, 1a, 3a, 4a, 5a. A grey reference
bar is marked at 376 nm indicating the maximum of 1a-C.
Comparison of 1a and 3a shows that the two main broad bands

Chem. Sci., 2025, 16, 15320-15332 | 15323
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(a) Excitation spectra

(b) MFC images
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Fig.3 MFC behaviour of the five PBs under study. From top to bottom: 2a, 1a, 3a, 4a and 5a. (a) Excitation spectra with a grey solid vertical bar at
376 nm indicating the excitation maximum of 1a-C as a reference point. The detection wavelength is indicated in each graph legend and spectra
were cut below half the detection wavelength; (b) representative MFC images of the four physical forms under UV irradiation at 365 nm (images
are included as a qualitative guide and not the actual samples used for measurements); (c) emission spectra for the four forms with a grey solid
vertical bar at 469 nm indicating the emission maximum of 1a-C as a reference point. Excitation wavelengths are given in the legend, and spectra
were cut above twice the excitation wavelength. Excitation and emission spectra and images of 1la and 2a are reproduced from previously

published research with permission and are copyright RSC (J. Mat. C).?

are red-shifted in 3a and that the lower energy band in 3a-G is
more prominent than in 1a-G. In 4a and 5a, both of these broad
bands are even further red-shifted, and a key feature is that
there is far less change after force application (relative to the C,
R and An forms). The lower energy band in 4a-G and 5a-G is
broader than in the other forms and a subtle blue-shift is
detected in both bands of the excitation spectrum in 5a-G
(relative to the C, R and An forms). Fig. 3b provides represen-
tative visual images of all five PBs in the four forms under
365 nm irradiation. The corresponding emission spectra are
given in Fig. 3c, again with a reference bar at 469 nm repre-
senting the emission maximum for 1a-C. As predicted, a red-
shift in emission maximum occurs from 3a-C to 4a-C to 5a-C,

15324 | Chem. Sci,, 2025, 16, 15320-15332

with maxima of 462, 496 and 540 nm, respectively (Table 1). 2a-
C represents the most blue-shifted maximum at 437 nm and the
blue-shift relative to 1a may be caused by several factors. These
include the fact that 2a crystallises with solvent inclusion,
electronic effect of the additional methyl group, and a lower
number of available conformational states due to the methyl
group suppressing rotation. The first factor can result in specific
interactions that alter the emission profile, the second factor
was seen as having a minor influence in Lut-bet, and the third
factor may result in a sharper emission band and apparent blue-
shift due to less emissive states. The similar band onsets for 1a
and 2a support this notion. Due to these complications, it is
difficult to compare 2a with the other PBs, thus the main

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Solid-state fluorescence properties of 3a, 4a and 5a

Form  Apaxnm 1% (%) ns 1, (%) ns ravgb ns x*
3a C 462 3.08(52) 6.12(48) 4.54 1.054
G 529 3.30(19) 8.14(81) 7.22 1.060
R 462 3.22(46) 7.33(54) 5.44 1.098
An 459 2.96(56) 6.07(44) 4.34 1.098
a C 496 2.79(50) 6.13(50) 4.46 1.102
G 524 2.64(33) 7.54(67) 5.90 1.097
R 490 2.87(58) 6.63(42) 4.45 1.045
An 496 2.53(87) 6.14(13) 2.99 1.000
5a C 540 4.18(14) 9.88(86) 9.09 1.029
G 558 2.94(24) 8.64(76) 7.30 1.134
R 538 3.79(19) 8.77(81) 7.85 1.117
An 540 5.07(12) 10.22(88) 9.61 1.016

“ Fractional intensities. ” Intensity weighted average lifetime.

comparison is between the other four PBs, all of which crys-
tallise without inclusion of solvent in the lattice. After force
application, 3a exhibits the largest MFC red-shift (A67 nm),
followed by 4a (A28 nm), and finally 5a shows the smallest MFC
shift (A18 nm). After solvent exposure, blue-shifts were observed
in all three compounds to give spectra that closely resemble the
respective C forms. After annealing the R forms, a slight blue-
shift was measured in 3a and slight red-shifts in 4a and 5a.
Full width at half maximum (FWHM) values for 4a-C
(1958 cm™*) and 5a-C (2190 cm ™ *) are significantly smaller than
that of 3a-C (3980 cm™ '), which indicate a greater colour purity
for the former two PBs. For 3a-5a, the C, R and An forms
resemble one another more closely than 1a and 2a, indicating
less available conformational states due to the steric restric-
tions. A consequence of large geometry changes on excitation is
access to additional vibrational and conformational relaxation
pathways, resulting in broadened emission bands, and this
helps to explain why the FWHM for 4a-C and 5a-C are smaller
than 3a-C (as well as the broader spectra of 1a and 2a).** The
fluorescence decays were fit with two exponentials in all cases
with satisfactory x> values (Table 1). 3a and 4a behave similarly,
with a dominant contribution from the shorter component in
the C form, then an increasing contribution from the longer
lifetime component in the G form, followed by an increasing
shorter contribution on reordering and annealing, aligning
with the cyclability between solid states. Notably, 5a behaves
differently, with the longer component dominant in all four
forms. Both components become shorter in the G form, with an
increased proportion of the shorter component. Due to the
sterically bulky geometries of the PBs and lack of close -7
interactions it is unlikely that excimer formation is possible,
however other intermolecular energy transfer pathways are
plausible. An alternative explanation for two decay components
is a mixture of LE and CT states, or even two CT states,
considering the two donors. The contribution of each state to
the transition depends on the angle between donor and
acceptor, with more CT character generally observed when the
angle increases.* Thus, increasing the angle towards 90° may
increase the percentage of the CT state and lower the contri-
bution of the LE state, or shift the balance between two CT
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states. The behaviour seen in 5a may stem from a decrease in
the magnitude of the lifetime above a certain dihedral angle
only achieved in 5a-G. However, the data on 5a suggests that it
may not be as simple as just a mixture of LE and CT states. The
fluorescence maxima and lifetimes for 3a-5a are summarised in
Table 1. Like the precursors, the presence of delayed emission
was detected in each PB (Fig. S6t), with a remarkable decrease
in the singlet-triplet energy gap to close to zero in 4a-C and 5a-C,
relative to 3a-C, as inferred from band onsets, and the prompt
and delayed emission maxima (Table S5t). This emission is
attributed to room temperature phosphorescence (RTP) in 3a,
with a probable mixture of thermally-activated delayed fluo-
rescence (TADF) and RTP in 4a-C, and exclusive TADF occurring
in 5a-C, due to the near identical overlay of the prompt and
delayed spectra.”” However, it is important to state that micro-
second and millisecond decays are required to unequivocally
assign these processes, but that is beyond the scope of this
study. One of the requirements for effective TADF is a small
singlet-triplet energy gap to facilitate reverse intersystem
crossing, and this has been shown to be dependent on the
geometry between donor and acceptor, with a more twisted
orientation lowering the gap, while also reducing the frontier
orbital energy gap.>**** RTP and TADF are highly sought after
phenomena in organic materials and both have utility in
various optical applications.*® Overall, the solid-state emission
maxima red-shift from 3a to 4a to 5a and the MFC red-shift
decreases in the same order. To rationalise these properties
structural analysis is instructive.

Structural analysis

Crystallography is an invaluable tool to help discern structure-
property relationships. The crystal structures of 6, 6H" enolate,
Lut-bet, and the three precursors (3, 4, and 5) were collected at
123 K and are reported with key interactions shown in Fig. S7
and S87 (crystallographic details in Tables S6 and S71). No 7+ 7
interactions were observed in 3 or 5, instead the key interactions
are CH---7 (3.40 A) and CH---N (2.48 A), respectively. Precursor
4 has previously been reported, and was crystallised with the
same unit cell parameters and chiral space group P2,2,24,
exhibiting -7 interactions between carbazole rings (~3.4 A).*
These observations were expected due to the twisted confor-
mations accessible through the phenyl rings, indicating that
only 4 or corresponding PB 4a might show intermolecular
energy transfer via m---7 interactions. For the precursors, when
including the previously reported 1 and 2, a linear correlation is
observed between the average dihedral angle about the N,N-
diphenylamino-to-pyridine C-N bond (6,) and its correspond-
ing bond length (Cp-Nj;) (Table S8 and Fig. S91). Notable elon-
gation of this bond occurs as the dihedral angle increases,
indicating electronic decoupling.

Crystal structures for the PBs were collected at 123 K and
room temperature to better represent the conditions of the
emission experiments and check for any temperature-induced
phase changes (crystallographic details in Tables S9-S117t). No
phase changes were observed, only the expected thermal
expansion at elevated temperature. The room temperature
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Fig. 4 The molecular structures of 1la—5a, with labelling of key atoms and dihedral angles given on 2a (left) that apply to all five PBs. 6, is the
dihedral angle that primarily red-shifts the emission. Below are the corresponding room temperature crystal structures looking down the N,N-
diphenylamino-pyridinium C—N bond, with the N,N-diphenylamino moiety in blue and methyl groups in green. The structure of 4a shows only
one of the three representative molecules in the asymmetric unit, which each have different geometries. 4, is the average of the three molecules.

structures will be exclusively discussed hereafter. The compli-
cation of solvent effects is avoided here as none of the PBs
incorporated solvent in their crystal structures. All three PBs
exhibit intra and/or intermolecular CH---O interactions
(Fig. S107). Hirshfeld surface analysis (CrystalExplorer) shows
that these are some of the closest interactions and account for
13.7, 13.3 and 13.7% of the surface area in 3a, 4a, and 5a,
respectively (Fig. S117). 3a was crystallised in the same space
group as 1a, with very similar unit cell parameters and packing,
and these will be discussed and compared in the next section.
Three molecules with subtly different geometries make up the
asymmetric unit of 4a. There are three types of m---7 interac-
tions in 4a, two between carbazole-carbazole moieties with
centroid—-centroid distances of 3.62 and 3.71 A, and one
between carbazole-pyridinium moieties at 3.78 A. However,
these are longer than those found in 4 and greater than two
times the van der Waals radius of carbon (3.4 A), thus likely
weak. A notable CF- - -N interaction is seen in 5a (2.80 A, 151°,
sum of F/N van der Waals radii = 3.02 A).?® This short interac-
tion is known to occur between fluorine and pyridinium moie-
ties.** One possible outcome of this CF---N interaction is
a contribution to the elongation of both lifetime components
measured in the C, G and An forms of 5a. Another important
aspect of fluorine is that it has been shown to enhance photo-
luminescence efficiency in condensed states relative to non-
fluorinated analogues, due to intermolecular H---F interac-
tions suppressing molecular motion.** All three PBs show
significant CH:---F interactions, accounting for 26.5, 31.3 and
23.7% of the Hirshfeld surface area in 3a, 4a and 5a, respec-
tively, and which likely contribute to suppressing non-radiative
relaxation pathways.

Several key structural parameters will be discussed next, the
N,N-diphenylamino-pyridinium and enolate-pyridinium C-N

15326 | Chem. Sci,, 2025, 16, 15320-15332

bond lengths (Cp-N; and Cg-N,, respectively) and correspond-
ing N,N-diphenylamino-pyridinium and enolate-pyridinium
average dihedral angles (f; and 6,, respectively), as well as the
pyramidal nature of N; (¢), and the quinoidality factor of pyr-
idinium (Qy). Increasing the average dihedral angle between the
N,N-diphenylamino moiety and the pyridinium ring (6,) corre-
lates with an average red-shift in emission in the order 1a (5.4°),
3a(18.6°),4a(34.9°), 5a (64.9°). This change in dihedral angle is
not symmetrical for each phenyl ring in a given PB and this can
be seen by looking down Cp-N; (Fig. 4). Of note, 6, spans from
29.2 to 39.5° in the three conformations of 4a, a range of 10.3°.
With a 4, of 10.4°, 2a does not fit into this trend, but due to it
crystallising with various solvents incorporated, it has the
potential for specific interactions and is thus not comparable.
There is significant variation in 6,, with 2a showing the largest
value of 58.0° due to the steric effect of the methyl group (Table
S127). 1a, 3a, and 5a have similar values of 32.0, 36.2, and 31.4°,
respectively, while 6, spans from 2.7 to 42.2° (a range of 39.5°) in
the three conformations of 4a, which is greater than three times
the range of its ¢, variation. Recall that 4a has the sharpest
emission band. This suggests that 6, is not the dominant factor
in the emission variation between these three PBs. The bond
length Cg-N, remains mostly unchanged across all five PBs,
ranging between 1.424 and 1.433 A. Cp-N, contracts going from
precursor to PB indicating enhanced donation of electron
density from the amine nitrogen lone pair into the electron
deficient pyridinium moiety. Like the precursors, Cp-N; shows
a linear correlation with #; ranging from 1.351 to 1.415 A
(Fig. S121). This is to be expected, as the amine nitrogen lone
pair will be less available for electron donation with increasing
dihedral angle. This results in an increasing degree of electronic
decoupling with increasing dihedral angle and is consistent
with TICT theory.>® Pyramidalisation of nitrogen is a proposed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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factor in red-shifting emission, so this was measured for N; as
the angle (¢) between the plane formed by N; and the two
bonded carbons in each phenyl ring (C;N;C-) and the vector Cp—
N; (see Fig. 4 for labelling schematic).? For all the PBs, ¢ is
between 0 and 2.7°, indicating a low degree of pyramidalisation
(Table S137). This shows that there is no correlation between 6,
and ¢ in the ground state geometry but does not rule out ¢
increasing in the excited state. The quinoidal nature of the
pyridinium moiety is another factor that can influence the
emission and is measured as the ratio of two bonds in the
pyridinium ring known as Qr?* A larger value of Q¢ indicates less
quinoidal nature. For the PBs there is a general trend of
decreasing quinoidal nature as Cp-N; increases (Table S137).
This indicates that increasing the quinoidal nature correlates
with blue-shifted emission, which means the red-shifted emis-
sion cannot be explained by a quinoidal state.

The carbazole moiety in 4a is planar and allows for the effect
of planarisation and increased conjugation of the phenyl rings
to be accounted for. As the emission in 5a is more red-shifted
than 4a, it is inferred that the dihedral angle plays a more
dominant role in red-shifting the emission than does planar-
isation of the phenyl rings. It also raises the question of how
planarity is defined. For example, if the phenyl rings become
coplanar but 6, increases to 90°, is the molecule more, or less
planar? This should be carefully considered when assigning
overall molecular conformation as more or less planar. The
larger ground-state ¢, values in 4a and 5a mean that a smaller
change in magnitude is required to increase the dihedral angle
to the nominal TICT-state angle of 90° after application of force
compared to 3a, potentially explaining why they have smaller
MFC red-shifts. Further, the higher energy emission maxima of
3a-G (529 nm) and 4a-G (524 nm) relative to 5a-C (540 nm)
indicate that these PBs are not reaching a 90° dihedral angle in
the excited state. Thus, the degree of the increase in dihedral
angle on relaxation is not strictly defined. What can be defined
is the trend of the greater the dihedral angle (which is correlated
with an increase in Cp-N;), the more red-shifted the emission. It
is important to note here that ground-state planarisation and
excited-state twisting are not mutually exclusive (and vice versa).
For example, if there is release of strain energy after force
application due to perturbation of intermolecular interactions,
the ground-state conformation may become more planar.** But
now that the rigidifying intermolecular interactions are per-
turbed, an excited molecule may undergo a greater increase in
dihedral angle than it could pre-application of force, if the TICT-
like state is the lowest energy excited-state conformation. In this
hypothetical situation, the absorption could be red-shifted due
to increased planarisation, but the emission red-shifted due to
decreased planarisation. This is raised to reinforce the point
that the ground and excited states should not be conflated and
must be treated separately.

Comparison of 1a with 3a. The two PBs crystallise remark-
ably with near identical packing. This serendipity allows for
a direct structure—property comparison. Crystal structure data
for 1a and 3a reveal that they have near identical packing, space
group and unit cell parameters. Crystal packing similarity was
determined using the COMPACK method.*> A packing overlay
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based on 15 molecule clusters calculated a low root-mean-
square deviation value of 0.399 A with 14 molecules in
common, representing strong similarity (Fig. 5a). This method
is useful as it is not dependent on space group or unit cell. The
nature of the intermolecular interactions can be quantified
using the CrystalExplorer software package and represented by
total energy frameworks. These are given in Fig. S131 and
confirm that the intermolecular interactions found in 1a are
retained in 3a.

Having confirmed the strong similarity in packing and
interaction types/energies, the emission spectra of 1a-C and 3a-
C may be compared and correlated with structural differences.
The emission band of 3a-C is narrower than that of 1a-C and
encompassed by the broad emission range of 1a-C, with both
having very similar maxima (Fig. 5b; 1a-C - 469 nm, 3a-C - 462
nm). An overlay of both structures looking down Cp-N; on the
N,N-diphenylamino end highlights the key structural difference
(zoomed region in Fig. 5a). The phenyl ring adjacent to the
methyl group is displaced giving 3a a larger #; and Cp-N; is
elongated (1a-1.351 A, 3a - 1.366 A). This indicates that there is
less conformational freedom in 3a, due to the steric restraints
imposed by the methyl group. For example, the lack of higher
energy shoulder emission band is consistent with 3a being
unable to adopt the same geometry as 1a with respect to the
displaced phenyl ring. To illustrate that 3a has overall more red-
shifted emission than 1a, the annealed forms provide a useful
comparison. These represent the most blue-shifted emission
maxima for all PBs, likely due to a higher degree of crystallinity.
The emission maxima of these forms indicate a more obvious
red-shift in 3a compared to 1a (Fig. 5¢; 1a-An - 439 nm, 3a-An -
459 nm). As will be discussed in the next section, the PXRD
indicates no phase change, thus it is fair to say that they both
retain the same crystalline phase and that 3a has a more red-
shifted emission than 1a in crystalline form. The spectral
difference is also evident in the mechanically ground forms
where the emission maximum in 3a is significantly more red-
shifted than 1a (1a-G - 502 nm, 3a-G - 529 nm). However, this
analysis neglects subtle changes in PXRD patterns that may
indicate structural differences and will be returned to in the
electron diffraction section.

Several reports have postulated that excited-state twisting
can occur in crystalline materials if there is enough space to
accommodate the geometry change.* The similarity between 1a
and 3a suggests that there is conformational freedom in 1a
without disrupting the crystallinity. This access to more
conformations can explain the broader emission in 1a-C. Thus,
this packing formation can facilitate a certain degree of
conformational freedom, and this can be directly correlated to
changes in fluorescence. The more red-shifted emission
maximum of 3a-G compared to 1a-G (A27 nm) can be ration-
alised by 3a-G having access to greater ¢, values than 1a-G,
although, as mentioned earlier, this is still less than 90° for
both compounds. In aggregated forms, there will generally be
restriction of motion, the degree of which will depend on
parameters such as the packing density and the nature of the
intermolecular interactions. Thus, as 3a-C has a larger ¢, than
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(a) Packing overlay of 1a and 3a with zoom in highlighting the key conformational difference.

(b) Crystalline emission spectra
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(c) Annealed emission spectra

o == 1la-An 3a-An
3
2
©
< 1.0t pr— 1
2 ‘ *
w 1] \
g ] \
- \
£ 4 \
[
3 0.5¢ ' 2 -
= ' \
\

€ ,' N
5 ] X ~
=z P Sso

0.0t =L, , T

300 400 500 600 700

Wavelength (nm)

(a) Crystal packing diagram overlay of 1a (blue) and 3a (cyan) looking down the b-axis and showing several molecules with strong packing

similarity. A zoomed in region of one overlaid pair highlights the key conformational difference. Viewing down the Cp,—N; bond on the N,N-
diphenyl side of the molecules shows that the methyl group pushes a phenyl ring out of the plane relative to 1a; (b) normalised solid-state
fluorescence spectra in crystalline forms showing the narrower band of 3a with an energy distribution encompassed within that of 1a. The
excitation wavelength is 350 nm for both. Inset: images of 1a-C (left) and 3a-C (right) under 365 nm UV irradiation; (c) normalised solid-state
fluorescence spectra in annealed forms showing the narrower band of 3a with a red-shifted maximum compared to la. The excitation
wavelength is 350 nm for both. Inset: images of 1la-An (left) and 3a-An (right) under 365 nm UV irradiation. Emission spectra and images of 1a are
reproduced from previously published research with permission and are copyright RSC (J. Mat. C).3

1a-C, it is posited that after force application 3a-G will still reach
larger 6, values than 1a-G.

Another important aspect to consider is the local polarity
experienced by a molecule in a crystal due to the surrounding
intermolecular interactions. The interactions often change on
application of force in the amorphous regions, which can
effectively result in changes to the local polarity.” This can then
lead to spectral shifts, much like solvatofluorochromism.**
While this may play a role, the evidence presented suggests it is
not a dominant cause of the spectral shifts.

Overall, it is highly unlikely that the red-shifts observed in the
mechanically ground forms are the result of planarisation about
the Cp-N; bond due to the steric hindrance provided by the
methyl groups or carbazole hydrogens blocking this process. For
example, this is clear in 5a, where the two methyl groups inhibit
a decrease in 6;. Further, if we discount any methyl group elec-
tronic effect or local polarity effects, then elongation of Cp—N;

15328 | Chem. Sci., 2025, 16, 15320-15332

and increased 6, are the key differences that lead to a red-shifted
emission. Planarisation about the Cz-N, bond can also be ruled
out from the methyl group at the two-position in 2a, which also
shows a red MFC shift comparable to 1a.

Powder X-ray diffraction. Powder patterns were collected at
room temperature for the new compounds in crystalline powder
forms and compared with simulated patterns from SC-XRD data
(Fig. S14-S20t). For the PBs, additional data was collected in the
four forms under study (Fig. S18-5207). Qualitatively, 3a and 5a
show broadened peaks with weakened intensities after appli-
cation of force, indicating a mixture of crystalline and amor-
phous phases. No new phase was detected in either.
Contrastingly, 4a transitioned completely to an amorphous
phase in the G form, indicative of overall weaker intermolecular
interactions. The increased intensities and sharper peaks in the
R and An forms indicate restoration of crystallinity for all PBs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The partial retention of crystallinity in 3a prompted us to probe
any subtle structural changes in more detail.

Electron diffraction on 3a. To further investigate the G form
of 3a, electron diffraction was performed on several micro-
crystalline grains at 100 K and 294 K (Tables S14-S167 for data
parameters and processing statistics). The grains chosen were
less than 2 pm in diameter and provided diffraction images at
resolution less than 1 A (Fig. S21 and S22t). This powerful
technique allows for full structure determination on the red-
shifted G form particles to probe whether any changes have
occurred that can explain the change in emission colour. This is
important as subtle changes in PXRD patterns are often difficult
to analyse due to several complicating variables, including peak
overlap concealing individual peak intensities.** Thus, it should
not be assumed that because the PXRD pattern does not show
an obvious phase change, that there is not an important, albeit
likely minor, structural change occurring. In this case, the room
temperature ED and SC-XRD overlay shows that the structure is
essentially the same (Fig. 6). This is the same result we noted
previously for 1a, providing further strong evidence for the
existence of an amorphous coating on microcrystalline mate-
rial. This data allows us to be confident that the PXRD of the G
form is indeed showing partial retention of the same long-range
order (i.e. same crystal phase) along with an increased amor-
phous contribution. But, as mentioned, due to the complica-
tions inherent in PXRD pattern analysis, this is not necessarily
the case, and thus ED provides valuable information to verify
that the conclusion drawn of no additional crystalline phase
being present is valid.

Quantum chemical calculations

Having experimentally ascertained CT states to be involved in
the radiative transitions, and 6, as the parameter likely to be
most influential on the emission profile, quantum chemical
calculations were undertaken to determine the validity of this
hypothesis. Coordinates for the three new PBs, as well as 1a,
were acquired from the room temperature crystal structure data
and linear-response time-dependent density functional theory*®
(TD-DFT) calculations were carried out to obtain vertical exci-
tation energies and natural transition orbitals*” (NTOs). The
latter allow better analysis of relevant donor and acceptor
orbitals during an electronic excitation compared to a more
conventional molecular orbital analysis. To properly describe

(a) (b) (c)

—_—
100 um

Fig. 6 (a) Electron diffraction and SC-XRD structure overlay for 3a —
ED (red) and SC-XRD (blue); (b) visual image of representative grain
used for ED data collection; (c) visual image of crystal used for SC-
XRD. Note the scale bars.
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CT transitions, the wB97XD3 *®* method and the Ahlrichs-type
split-valence triple-{ atomic-orbital basis set with one set of
polarisation functions def2-TZVP* were chosen, and calcula-
tions were carried out with ORCA 5.0.4.>° The crystal coordi-
nates were chosen to simulate the transitions in the relatively
fixed geometries present in the crystal and thus no geometry
optimisations were performed. This assumes isolated mole-
cules in the gas phase with no intermolecular short-range or
long-range electronic effects and simulates the expected
orbitals and vertical transition energies. The first singlet excited
state transition in 1a is very similar to that of 3a, consisting of
mixed character with contributions from enolate, pyridinium,
and the N,N-diphenylamino moieties (Fig. 7a and b). The donor
NTO is predominantly composed of enolate, pyridinium -
orbital, and N,N-diphenylamino nitrogen non-bonding orbital
contribution. The acceptor NTO is more distributed across the
molecule with ©* character at the pyridinium moiety. 4a also
shows this mixed enolate and pyridinium m-orbital character
but with a greater contribution in the donor orbital from the
phenyl rings in the carbazole moiety (Fig. 7c). In 5a, the
contribution from the phenyl rings is qualitatively even greater
than in 4a (Fig. 7d). This indicates a mixed LE/CT or CT/CT
transition involving both enolate and N,N-diphenylamino
moieties as electron donors. Calculated first singlet excited-
state vertical transition energies (1) red-shift from 1a (309.1
nm) to 3a (314.1 nm) to 4a (342.5 nm) to 5a (352.5 nm), in
accordance with the experimental data in the C forms for 3a, 4a,
and 5a. For 1a, the vertical transition energy is blue-shifted by
5 nm relative to 3a, and this aligns with the An form of 1a having
a blue-shifted emission maximum (see Comparison of 1a with
3a section and Fig. 5). All values are systematically blue-shifted
due to the wB97XD3 method chosen.*® Additional calculations
were performed with CAM-B3LYP" to verify these trends and
are given in the ESI (Fig. $23).1 Together, these support the
experimental evidence showing that increasing 6, leads to
a greater orbital contribution from the N,N-diphenylamino
moiety and red-shifts the emission, and not planarisation.
Furthermore, the presence of conformationally less restricted
molecules in the amorphous phase of the mechanically ground
forms can result in greater excited-state twisting and the
observed MFC red-shifts.

(a)1a (b) 3a (c)4a (d) 5a
o
Acceptor pr4
SR S s, — S,——
& A=309.1nm A=314.1nm A=342.5nm A=352.5nm
2 f=0.534 f=0.533 f=0.923 f=0.486
&

Sp =

5, = Sy — So—
<
Donor

Fig. 7 Natural transition orbitals, vertical transition energies (1), and
oscillator strengths (f) calculated in the gas phase for the So — Sy
transition in (a) 1a; (b) 3a; (c) 4a; and (d) 5a. Calculations were per-
formed at the wB97xD3 def2-TZVP level, on crystal coordinates. Iso-
surface values are 0.01.
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Conclusions

A thorough mechanistic understanding of MFC materials is
beneficial for establishing design principles to prepare new
MFC materials so they can be used effectively in cutting-edge
applications. By introducing judiciously placed methyl groups
or rigidification of phenyl rings, a steric induced increase in
dihedral angle between excited-state donor and acceptor
moieties allows one to probe the nature of the geometry
changes in MFC compounds. In this study of PBs, an increase in
dihedral angle between N,N-diphenylamino and pyridinium
results in red-shifts of emission. Application of mechanical
force induces perturbation of intermolecular interactions and
enables access to more twisted excited states in an amorphous
phase. This is supported by PXRD and ED experiments, which
show that crystalline and amorphous phases can coexist. Two of
the compounds differing by only one methyl group crystallise in
the same space group with near identical packing, but different
emission properties, serendipitously allowing for a direct
comparison of structure and emission. Regarding 3a, the
increased dihedral angle and N,N-diphenylamino-pyridinium
bond length, as well as reduced conformational freedom
between donor and acceptor induced by the methyl group are
responsible for the red-shifted and sharper emission profile.
Planarisation of the N,N-diphenylamino donor moiety is found
to be less influential in red-shifting the emission than the
dihedral angle between this donor and acceptor. This is shown
by comparing a planar carbazole donor analogue (4a) to a N,N-
diphenylamine analogue that is twisted by two methyl groups
(5a).

Using this methodology to adjust the dihedral angle, the
nature of the geometry change may potentially be solved for
other MFC systems, whether twisting, planarisation, or neither.
It is also an effective approach for tuning the emission wave-
length and the singlet-triplet energy gap, which is one of the
properties required for effective TADF.

More generally, one must be careful when assigning a red-
shift in emission on application of mechanical force to pla-
narisation, as many donor-acceptor systems have been shown
to exhibit excited-state twisting. Thus, a more planar confor-
mation does not necessitate red-shifted spectra. Therefore,
employing methyl groups and rigidification judiciously can be
a straightforward strategy for elucidating the MFC mechanism,
as well as tuning the optical properties of donor-acceptor type
systems. This leads to a deeper understanding of the optical
properties of stimuli-responsive solid-state materials.
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