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The "magic methyl” effect is widely regarded as one of the most extraordinary features in small-molecule
drug design and has recently been recognized as a subtle yet powerful tool for fine-tuning the photo-
physical properties of luminophores. In this context, we investigated how steric pressure influences the
structural and photophysical attributes in a series of sequentially methylated phenoxazines. Structural elu-
cidation using X-ray diffraction revealed that the steric strain of ortho-positioned methyl groups induces
out-of-plane twisting of the N-arylated rings, which significantly alters the packing interactions by pre-
venting dense & stacking. Complementary quantum chemical calculations indicate changes in the antiaro-
matic character due to partial rehybridization of the bridging nitrogen atom from sp? to a more trigonal
pyramidal geometry. Steady-state and time-resolved spectroscopy further highlighted the correlations
between out-of-plane bending and emissive behavior, as characterized by distinctly pronounced changes
in molar absorptivity and Stokes shifts. Finally, an effective strategy to overcome steric hindrance was
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Introduction

In recent years, the utilization of the methyl group, one of the
simplest functional organic units in chemistry, has attracted
tremendous interest in small-molecule drug design.’
Numerous reports mentioned that implementing a single
methyl group into a drug candidate can lead to a significant
increase in its pharmacological properties, often improving
biological activity and potency through changes in solubility,
selectivity, stability, conformation, and binding affinity.”*
Although intra- and intermolecular interactions of methyl
groups were largely overlooked in the past due to the relatively
weak nature of London dispersion forces, C-H:--n interactions
were proven to be of paramount importance in molecular reco-
gnition.* A prominent example is found in DNA, where the
methyl substituent at the 5-position of the nucleotide base
thymine aids in stabilizing the double helix.” In contrast, less
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absolute photoluminescence quantum yields in both solution and the solid state.

stable RNA has incorporated uracil units that lack methyl
groups at this specific position. The seemingly inexplicable
improvements in particular attributes resulting from the incor-
poration of methyl substituents have led to the phenomenon
being colloquially referred to as the “magic methyl effect”.®
Beyond biological applications, methyl groups are utilized to
improve energy storage properties in materials science,” modu-
late the rotation of molecular motors in supramolecular chem-
istry, and are frequently incorporated into luminescent
scaffolds for the precise tailoring of their photophysical
properties.”*’

Based on previous findings of steric demand caused by aro-
matic backbones in dihydrodibenzo[a,c]phenazines,"*'* Tian’s
group reported on the conformational changes and varying
photophysical properties of ortho-methylated 5,10-dihydrophe-
nazines."® These compounds can undergo excited-state planar-
ization from V-shaped geometries in their ground states,
resulting in long-wavelength emission through vibration-
induced emission (VIE)."“'® Specifically, the steric strain of
the ortho-positioned methyl groups induced bent geometries
in the electronic ground-states Sy, causing hypsochromic shifts
of the absorption maxima from 416 to 324 nm. Surprisingly,
these distorted structures exhibited an even higher tendency
for structural twisting in the excited state than the sterically
unaffected parent compounds, leading to bathochromically
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shifted emission maxima and thus large Stokes shifts. Hua
and coworkers'® leveraged these attributes for photodynamic
therapy (PDT) under both normoxic and hypoxic conditions by
employing compounds that exhibited aggregation-induced
emission (AIE),"”'® which were capable of mitochondrial tar-
geting and generating type I reactive oxygen species (ROS).

Bryce’s group observed similar effects of steric pressure in
phenoxazinyl-substituted dibenzothiophene-S,S-dioxides,
which can adopt pyramidal or axial conformations, resulting
in blue-shifted absorbances and enlarged Stokes shifts."
Although the methylated congeners displayed less pronounced
thermally activated delayed fluorescence (TADF), replacing
oxygen-containing phenoxazine (POA) groups with sulfur-con-
taining phenothiazine (PTA) groups enabled intense room
temperature phosphorescence (RTP) in the presence of ortho-
methyl groups.

These phenothiazine systems are known for their inherent
ability to switch between quasi-equatorial and quasi-axial con-
formations based on the substitution pattern.>*' Recently, Li
and colleagues examined the influence of steric hindrance on
the parent phenothiazine core, which allowed for gradual
changes in folding angles from 180° to 90°.>> In particular,
moving the ortho-methyl group from the PTA core to the
N-arylated substituted ring inverted the preferred geometrical
arrangement (from axial to equatorial and vice versa) upon
photoexcitation.??

Maly’s group reported several studies on N,N-diaryl diaza-
dioxatetrahydropentacene luminophores derived from ter-
ephthalonitrile scaffolds, investigating the effect of methylated
N-arylated substituents on the crystal structures and funda-
mental photophysical characteristics.”**** Building on this
work, we recently examined the effects of meticulously balan-
cing the steric hindrance caused by ortho-positioned methyl
groups on the photophysical properties of similar alkylated
heteropentacyclic luminophores.?® Steric pressure not only
enabled emission color tuning from red to green, but also
served as a design principle for novel structures that demon-
strate photoluminescence insensitive to the microenvi-
ronment. In general, this concept refers to the ability of a
material to exhibit solution and solid-state emission
(SSSE).>”*° This indicates that photoluminescence is the
favored deexcitation pathway, whether in diluted monomeric
conditions or in the solid state, including polycrystalline
powders, single crystals, aggregates, thin films, or when
embedded in materials.>***! In the past, it was often reported
that novel luminophores were effective emitters in either solu-
tion or the solid state, but not both. This limitation arises
from issues such as aggregation-caused quenching (ACQ)****
or AIE, also known as solid-state luminescence enhancement
(SLE).>* Consequently, achieving omnipotent emission is a
highly desirable key attribute for organic luminescent
materials, as it enables overcoming the challenges of quench-
ing in applications such as organic light-emitting diodes
(OLEDs),*® bioimaging,*®*” or photocatalysis.>**°

This study emphasizes steric strain as a fundamental design
principle, motivating our investigation into how sequentially
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relocated methyl groups affect the structural and photophysical
properties of functionalized phenoxazines. Molecular geome-
tries and structural changes were examined using single-crystal
X-ray diffraction (scXRD) and density functional theory (DFT),
and correlated with the photophysical properties using steady-
state and time-resolved spectroscopic techniques.

Results and discussion
Synthesis and design

The structural and photophysical response to steric pressure
was evaluated by comparing the properties of two primary
N-phenyl substituted phenoxazine compounds POA-XX,
differing in the absence (POA-00) or presence (POA-10) of an
ortho-positioned methyl group next to the central oxazine core
(Scheme 1). Additionally, the response of relocating the methyl
group to alternative positions was assessed. In reference com-
pound POA-1'0, the methyl group was set in the para position
of the oxazine nitrogen atom, allowing for controlling purely
electron donating effects. Further relocation was performed in
the ortho position of the peripheral N-aryl ring (-X1), resulting
in the tolyl-substituted derivative POA-01 and xylyl-functiona-
lized POA-02. Penultimately, an attempt was made to sur-
mount the steric hindrance of the ortho-positioned methyl
group by combining the phenoxazine scaffold POA-1X with the
N-tolyl (POA-11) or N-xylyl (POA-12) substituent. The series was
completed by forcing a conjugation of both the terminal
aminophenol-backbone and the N-aryl substituent through a
covalent bond. This was realized by the design of the indolo-
phenoxazine compound In-POA.

The synthesis was carried out starting from either 2-amino-
phenol (1a), 3-methyl-2-aminophenol (1b), or 5-methyl-2-
aminophenol (1c) for all POA-XX compounds (Scheme 1). The
specific N-arylations were achieved in high yields (>65%) by
using the respective iodobenzenes (2a-2c¢) as reagents and
employing copper-catalyzed Ullmann-Goldberg conditions,
following modified procedures from Li et al®® These
N-arylated aminophenol derivatives were subsequently con-
verted into the target phenoxazines via nucleophilic aromatic
substitution reactions with 2,3,5,6-tetrafluoroterephthalonitrile
(TFTN). Under these reaction conditions, competitive for-
mation of the corresponding heteropentacyclic side products
was observed,*® resulting in a low yield (17%) for POA-02 and
moderate yields (40-70%) for the other compounds. Although
the purifications of all products were feasible using column
chromatography, POA-10 co-eluted with its corresponding het-
eropentacene by-product as an inseparable mixture, necessitat-
ing recrystallization for complete purification.

The synthesis of the indolo-compound In-POA commenced
with tosylation of o-bromoaniline (4), which gave N-tosylated
aniline 5 in 96% yield. Compound 5 was reacted with 3-hydro-
xyphenylboronic acid to furnish biphenyl 6 in 46% yield, fol-
lowing procedures from Youn et al*' Then, palladium-cata-
lyzed C-H amidation was utilized for the formation of pro-
tected hydroxy-carbazole 7 (73%). Finally, deprotection of the
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Scheme 1 Synthesis route and isolated yields for all compounds in this study: (i) 2 eq. of 1la-1c, 1 eq. of 2a—2c, Cul (0.2 eq.), KsPO,4 (2 eq.), DMF,
80 °C, 18 h; (ii) p-TsCl (1.3 eq.), pyridine (0.2 m), 25 °C, 18 h; (iii) 3-hydroxyphenylboronic acid (1.5 eq.), Na,COs (2.1 eq.), Pd(OAc), (0.05 eq.),
acetone/H,0 1/1, 35 °C, 18 h; (iv) bathocuproine (0.1 eq.), Na,COs (1 eq.), Pd(OAc), (0.1 eq.), mesitylene, 100 °C, 36 h; (v) Mg (30 eq.), THF/MeOH (1/
1), 70 °C, 18 h; (vi) 1-2 eq. of 3a-3h, 2,3,5,6-tetrafluoroterephthalonitrile (1 eq.), K,COz (3—6 eq.), DMF, 25-100 °C, 18-72 h.

N-tosyl group (56% yield) allowed the reaction of hydroxy-car-
bazole 3h with TFTN, giving In-POA in 51% yield (see the SI
for detailed procedures). All final products were characterized
using IR spectroscopy, high-resolution mass spectrometry, 'H,
3¢, and "°F NMR spectroscopy (Fig. S2-S13), and the signals
were assigned using 2D NMR techniques. High-performance
liquid chromatography (Fig. S14) ensured high sample purity
(>99%).

X-ray diffractometric analysis

Single crystals of seven compounds were grown and measured
using X-ray diffractometry. Deposition numbers CCDC
2490301-2490307 contain the crystallographic data used for
this study. Except for POA-02, which was crystallized by slow
evaporation from a concentrated acetone solution, the crystals
were grown by slow diffusion of overlayered solvent mixtures.
For POA-10, a chloroform solution was overlayered with cyclo-
hexane, whereas for the other compounds, dichloromethane
was used as the base solvent and overlayered with cyclohexane
(POA-00), butanone (POA-01), methanol (POA-1'0, In-POA), or
ethyl acetate/chlorobenzene (POA-12). Despite several
attempts, no suitable crystals of POA-11 were obtained due to
poor sample scattering. However, by serendipitous discovery,
the heteropentacyclic side product was crystallized and
measured using X-ray diffractometry (deposition number
CCDC 2490263, see Fig. $40).*> Fig. 1 displays the molecular
crystal structures of selected compounds with perpendicular
and in-plane views of the luminophore unit (see Fig. S39 for
the remaining compounds).

This journal is © the Partner Organisations 2025

Compounds POA-00 and -10 crystallize in the monoclinic
space group P2,/c, albeit POA-10 crystallized with two mole-
cules in the asymmetric unit, showing pseudo-translational
symmetry along b (see Table S14 for more information). The
methyl group at position C11 in POA-10 induces a discernible
bending of the heteroaromatic core by pushing the N-aryl sub-
stituent out of plane. This is apparent from the measured
angles agnc of the bridging oxygen (O1) and nitrogen atoms
with the ipso-carbon atom of the aromatic substituent (C15),
which reduces from almost in-plane (177°) in POA-00 to out-of-
plane (120°) in POA-10 (Table 1). Additionally, the steric
pressure induces a bending of the oxazine ring, resulting in a
generally less planar structure. This is indicated by the
increase in the fold angle G,p n (5° compared with 22°) as a
planarity indicator, which was determined by defining mean
planes for both the aminophenol and terephthalonitrile rings.
Consequently, the adjacent nitrile group is less bent in POA-10
(acen = 176°) than in POA-00 (172°), because repulsive inter-
actions are reduced.

Interestingly, the steric hindrance is countered in POA-12
by the bulky xylyl-substituent, which aids in maintaining a
somewhat in-plane geometry (aonc = 176°), although it causes
a distorted structure (6ap_rn = 11°). This is particularly surpris-
ing since the related xylyl-substituted compound POA-02
without the core-methyl group at position C11 displays a com-
parably higher out-of-plane twisting (aonc = 155°), similarly to
Maly’s reported heteropentacyclic congener.>* Both xylyl-sub-
stituted compounds, as well as POA-01 and POA-1'0, crystal-
lized in the triclinic space group P1. In the latter two, relocat-
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POA

perpendicular

in-plane

Fig. 1 Molecular crystal structures of the compounds POA-00, -10,
-12, and In-POA (perpendicular and in-plane views). The displacement
ellipsoids are displayed at 50% probability levels.

ing the methyl group away from position C11 eliminates the
steric demand, resulting in similar structural parameters to
those of POA-00. Implementing a covalent bond between the
aminophenol ring and the N-aryl substituent forms the indolo-
compound In-POA, which crystallized in the orthorhombic
space group Pbca (see Table S15 for more information). Since
the thin plate diffracted poorly, quantitative results should be
interpreted with caution. Overall, all rings are forced into con-
jugation, but the repulsive interactions with the adjacent
nitrile group induce a slight helical distortion in the molecular
backbone.

Additionally, the intermolecular contacts in crystal struc-
tures were analyzed to identify the most relevant interactions
in the crystal packing, particularly the changes that occur
when methyl groups are introduced. Generally, the compounds
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Table 1 Top: measured angles [°] in the X-ray diffractometric struc-
tures: aonc = plane angle of the O1/bridging nitrogen/ipso carbon
atom; accn = bending angle of the adjacent nitrile-group; ap_tn = fold
angle between the calculated mean planes of terminal aminophenol
and terephthalonitrile rings. Bottom: illustration of the respective angles
for POA-10

Compound aoNG acen Oap_TN
POA-00 177 172 5.1
POA-10 120 176 22
POA-01 175 170 6.4
POA-1'0 176 172 0.4
POA-02 155 172 9.3
POA-12 176 172 11
In-POA 160 173 8.1

g
e

QAP-TN
[ 22°

with planar geometries (POA-00, -01, -1'0) form columns domi-
nated by inverted anti-co-facial oriented =n---n interactions (see
Fig. S41A and S43A-S44A, blue lines). The alternating orien-
tation of the terminal rings enhances the electrostatic inter-
actions between the electron-deficient terephthalonitrile ring
and the electron-rich aminophenol ring. The = stacks are inter-
connected by either fluorine- or nitrile-driven contacts (see
Fig. S41B and S43B-S44B, orange lines), forming sheets that
extend into three-dimensional networks through hydrogen
bonding (green and red lines). These interaction motifs are
consistent with reported packing analyses of related phenoxa-
zine-based derivatives.** The introduction of a methyl group
into tolyl-substituted phenoxazine POA-01 leads to a slightly
larger m---m distance (3.71 A) compared to that of POA-00
(3.57 A, see Tables S16, $17, S20 and S21). To compensate for
this increase, the methyl group is involved in additional
nitrile-driven hydrogen bonds (2.87 A, 2.88 A, see Fig. 543 and
Table S21). Compound POA-1'0 with the highest overall planar-
ity also exhibits the closest - contacts (3.56 A, Fig. 2A and
Tables S22, S23).

Significant packing divergences emerge with increasing
molecular distortion, as observed in the xylyl-functionalized
molecules POA-02 and -12 (see Fig. S45 and $46). The lower in-
plane angle aonc in POA-02 (155°) causes one methyl group to
shield the core system from classic n---m stacking. Instead,
CN---7 stacking (3.49 A, 3.55 A, Tables 24 and S$25) primarily
characterizes dimer-like arrays interlocked by hydrogen bonds
(purple line, see Fig. S45A). Similar CN---x stacking occurs in
POA-12, but due to the higher core planarity, the contacts are
closer (3.39 A, 3.39 A, see Fig. S46A, Tables S26 and S27). The
dimers are interconnected by C-H---xt (3.00 A) and slipped -1
contacts (3.43 A, 1.75 A offset), forming a tilted staircase

This journal is © the Partner Organisations 2025
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Fig. 2 Excerpt of the crystal packings of (A) POA-1'0 and (B) POA-10,
showcasing the formation of (A) = stacked arrays with oxygen-driven
hydrogen bonds between dimeric structures (blue lines) interconnected
by nitrile-mediated hydrogen bonds (orange lines); (B) brick-like for-
mation of trimeric layers with offset n---x contacts (blue), interconnected
by nitrogen-driven hydrogen bonds (orange lines). The displacement
ellipsoids are displayed at 50% probability levels.

(purple lines). Although the methyl groups are involved in
hydrogen bonding, the large spacing results in a significantly
fewer intermolecular interactions. As a result, F---F inter-
actions (2.85 A) are present in the formation of sheets.

The highly conjugated structure In-POA shows the expected
high degree of again inverted anti-co-facial oriented =---& stack-
ing (3.44 A, 3.59 A, Tables S28 and S29), forming distorted
honeycomb-like sheets through hydrogen bonding (see
Fig. S47, blue lines).

The most discernible deviations in the crystal packing are
again evident in POA-10. Due to the distorted central geometry,
n stacked arrays are not formed. Instead, a brick-like pattern is
present (see Fig. S42), comprising trimeric units with consider-
able slipped m---m (3.54 A, 14° angle of mean planes) and C-
H---t interactions (2.53 A, blue lines, Fig. 2B and Tables S18,
S19). The individual layers are interlinked by close hydrogen
bonding originating from the bridging nitrogen atom of the
oxazine core (2.58 A, orange lines, Fig. 2B). This nitrogen atom
exhibits a trigonal pyramidal geometry with partial sp* hybrid-
ization (vide infra), which improves its ability to accept hydro-
gen bonds compared to the nitrogen atom in POA-00.
Moreover, the layers expand to a three-dimensional network
through nitrile-mediated interactions, including hydrogen
bonding and = contacts (see purple lines, Fig. S42B). Notably,

This journal is © the Partner Organisations 2025
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the individual interactions of the two independent molecules
in the asymmetric unit differ only slightly and can be con-
sidered approximately equivalent. Energy decomposition ana-
lysis (EDA)** calculations for trimers of compounds POA-00
(Fig. 2A) and POA-10 (Fig. 2B) confirmed that the total inter-
action energy of POA-10 is decreased due to reduced = stacking
(see Table S35). The interaction energies are dominated by
dispersion.

Powder X-ray diffractometry was used to quantify the crys-
tallinity of the bulk powders (see Fig. $48). All data indicate
similar crystalline phases, as observed in the single crystals.
Although the PXRD pattern could not be simulated for POA-11,
the experimental peak profile is similar to that of POA-01. For
POA-01, -1'0, -12, and In-POA, additional minor phases were
observed (marked with asterisks). All extracted crystallite sizes
indicate the presence of microcrystalline domains (>100 nm).

Quantum chemical calculations

Density functional theory (DFT)** calculations within the
Gaussian 16 *° program were performed to elucidate structural
and electronic effects induced by steric strain. All calculations
employed the functional PBEO*” with the TZVP*® basis set,
which has proven reliable for calculating related phenoxa-
zines.’® Dispersion correction (D3BJ)" was considered for
ground-state calculations, whereas excited states were evalu-
ated wusing time-dependent density functional theory
(TD-DFT).>° All optimized geometries were confirmed as ener-
getic minima by the absence of imaginary frequencies. Crystal
structure geometries were applied as initial guesses, and the
obtained geometries after optimizing the structural parameters
generally match those acquired from X-ray diffractometry (vide
supra). In the case of POA-11, a bent starting geometry analo-
gous to POA-10 was adopted, based on the structure of the
aforementioned heteropentacyclic side product (Fig. $40).*?
The optimized bending angle for POA-11 was 129°, indicating
a preferred out-of-plane twisting, albeit less pronounced than
for POA-10 (117°).

To quantify the steric effects of the ortho-methylated struc-
tures POA-10, -11, and -12, relaxed potential energy scans were
performed for the out-of-plane bending of the N-arylated
rings. The plane angle agnc of 178° in POA-00 was sequentially
reduced in 5° increments over 20 steps. Methyl groups were
attached to their respective positions, and the geometry was
optimized at each step. The resulting energies are plotted in
Fig. 3 as a function of the bending angle aonc, relative to the
energy at the initial geometry.

In the absence of an ortho-methyl group, such as for
POA-00, the out-of-plane bending leads to the expected ener-
getic destabilization. In contrast, the out-of-plane bending in
POA-10 stabilizes the structure significantly by 5.1 kcal mol™
at an energetic minimum near aonc = 118°, similar to that for
previously reported substituted heteropentacenes.>®
Interestingly, POA-11 displays energetic minima at both
respective angles of interest (129° and 178°). Due to steric
pressure, the out-of-plane conformation is again preferred,
with a stabilization energy of 2.5 kcal mol™" at 129° compared
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Fig. 3 Relative energies of the optimized geometries at every relaxed
scan step of the bending angle aonc for compounds POA-00 (black),
-10 (red), -11 (blue), and -12 (green), calculated using PBEO-D3BJ/TZVP.

with the conformer optimized at 178°. The parameters of both
conformers were then optimized without restraints to estimate
their relative populations at room temperature. The resulting
Gibbs free energy difference of 1.0 kcal mol™" corresponds to
Boltzmann populations of 84% (aonc = 129°) and 16% (aonc =
178°), respectively, indicating the coexistence of both confor-
mers. In the case of two methyl groups present at the N-aryl
ring, as in POA-12, out-of-plane bending becomes disfavoured
due to repulsive interactions, as demonstrated by the evident
destabilization (Fig. 3, green curve). Hence, the N-xylyl substi-
tution facilitates surmounting structural rearrangements
induced by steric strain.

Since steric pressure affects the molecular geometry, a
natural bond order (NBOs) analysis was conducted (Fig. 4). In
POA-00, the lone pair of the bridging oxazine nitrogen atom
exhibits almost pure p-character (>99%), consistent with sp’-
hybridization of this atom. In contrast, while this lone pair
still shows predominant p-character (90%) in POA-10, an
additional s-character (10%) also contributes. Consequently,
the nitrogen atom showcases partial sp*/sp’-like hybridization,

Nitrogen‘s lone pair character

POA-00: >99% p-character
— sp2-geometry

POA-10: 90% p-character
— mixed sp?/sp3-geometry

Fig. 4 Comparison of the lone pair character of the bridging oxazine
nitrogen atom for POA-00 (left) and POA-10 (right) from the in-plane
view, calculated using PBEO-D3BJ/TZVP.
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which significantly perturbs the electronic properties of this
molecule.

Fig. 5 illustrates the stabilizing out-of-plane bending in
POA-10 by the significant decrease in energy of the highest
occupied molecular orbital (HOMO, —6.7 eV), which is
reduced by 0.6 eV compared with that of POA-00 (—6.1 eV,
Table S32). In cyclic voltammetry experiments (the potential
reported here is normalized vs. Fc/Fc"), POA-00 indeed exhibits
a lower reversible redox potential (+0.803 V) than POA-10
(+0.934 V, Fig. S51), consistent with the qualitative theoretical
HOMO ordering, see details in SI. In contrast, the energies of
the lowest unoccupied molecular orbitals (LUMOs) are less
influenced by the steric demand. This is because the LUMOs
are localized at the terephthalonitrile side, which experiences
less impact from the geometrical rearrangement due to steric
effects, as displayed by the virtual natural transition orbitals
(NTOs, see Fig. S49 and S50). In total, the HOMO-LUMO
energy gap increases for POA-10, coinciding with a hypsochro-
mic shift of the absorption maximum (from 4,, = 421 nm for
POA-00 to 4,, = 399 nm for POA-10).

The sterically induced geometrical reorganization also
affects the aromaticity of the oxazine core, as assessed by com-
puting nucleus-independent chemical shifts (NICS) 1 A above
the ring centroids.”*> The calculated NICS(1) value of
—10.0 ppm of the model compound benzene using
GIAO-PBEO/TZVP matched the literature value, signifying aro-
maticity.>® For POA-00, the central oxazine ring shows a NICS
(1) value of 6.2 ppm, denoting an antiaromatic character as
expected for phenoxazines. In contrast, a NICS(1) index of
—0.2 ppm was obtained for POA-10, indicating a non-aromatic
character. Analogous trends were obtained from using the out-

POA-00 POA-10 In-POA
9 9
3 9 -9
3 @ . 3@ o9 o
S0n@, .18 sb
b o @
Vitual 99 ‘ " 9™y A .
Po%e 0 o 9% o 29% . °
9 9 9
LUMO e 2L 2.79 eV -2.90 eV
/lah=_421 nm Q=399 nm Agp=438 nm
fap=0.158 f.5=0.075 far=0.196
HOMO —
-6.11eV -6.37 eV

s 3 : . J"J J:
;)‘(‘o. ) ) ,SIZ

Fig. 5 Calculated optimized geometries in the Sy states with the
corresponding virtual and occupied natural transition orbital (NTO)
pairs, energies of the HOMOs and LUMOs, as well as calculated absorp-
tion wavelengths 1, and oscillator strengths f,, (calculated using
TD-PBEO/TZVP) for compounds POA-00, POA-10, and In-POA.
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of-plane component of the shielding tensors as indicated by
the corresponding NICS(1),, values (see Table $31).>* Although
NICS indices quantitatively indicate (anti)aromaticity, their
single scalar descriptors of magnetic responses must be inter-
preted cautiously in heteroaromatic systems with partial pyra-
midalization.”® Accordingly, the trends were corroborated by
complementary bond length analysis using the harmonic
oscillator model of aromaticity (HOMA, see eqn (S1), Table S30
for details).>*>®

POA-10 showcases a disrupted conjugation compared with
POA-00, which also results in a reduced oscillator strength fy,
(0.075 versus 0.158) for the monoelectronic excitation involving
the HOMOs to the LUMOs (see Table S32). Notably, compound
In-POA displays the most extended conjugation through the
contribution of the terminal carbazole ring to the HOMO
(Fig. 5), leading to the highest overall increased oscillator
strength for absorption (fy, = 0.196). In terms of theoretical
absorption wavelengths, all calculated 1, ca1c Values show good
agreement with the experimentally determined absorption
maxima in THF (see Table S33). Additionally, the geometrical
parameters of the compounds were optimized in their respect-
ive excited singlet states S;. All POA-XX derivatives display
rotations of the N-arylated rings in the S, states, which corre-
late with large Stokes shifts. Indeed, the theoretical emission
wavelengths Aem calc generally match the emission wavelengths
measured for the THF solutions, except for POA-10
(Adem,THF-cale = 0.421 eV). This deviation is attributed to the
well-known underestimation of charge transfer excitation ener-
gies in the selected computational method, as a quinoid struc-
ture is formed (see Fig. $49). The deviation can be overcome by
using the CC2/def2-TZVP method, which provides more accu-
rate results (see Table $34).%7-8

Investigation of the photophysical properties

Ultimately, the effect of steric pressure on the photophysical
properties of the compounds was investigated, commencing

View Article Online
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with optically diluted solutions. To cover a range of different
solvent polarities, cyclohexane (CH), tetrachloromethane
(CCly), dichloromethane (DCM), tetrahydrofuran (THF), aceto-
nitrile (MeCN) and methanol (MeOH) were selected. UV/Vis
absorption spectra were recorded in all solvents, exhibiting
similar features with intense, strong, and sharp absorption
bands around 235 nm along with broader, less intense absorp-
tion maxima at 390-450 nm (Fig. S15). Generally, the
measured absorption maxima follow the trends predicted by
the DFT calculations (vide supra). The 1,, values for the in-
plane compounds, such as POA-00, are around 450 nm in
DCM and shift towards 396 nm for POA-10 (Fig. 6A).
Compound POA-11 displays an expected in-between behavior
(Aap = 427 nm, see Table S1).

Additionally, molar absorption coefficients ¢ were deter-
mined for all compounds in THF solutions (Fig. S16 and S17).
The out-of-plane bending leads to a considerable reduction in
£ when comparing POA-00 with -10 (5940 versus 3380 L mol™*
cm™"). Noteworthy, In-POA demonstrates the highest overall &
with a value of 10 040 L mol™" ecm™". Hence, the molar absorp-
tion coefficients agree well with the calculated oscillator
strengths.

Steady-state and time-resolved photoluminescence spec-
troscopy studies were employed to examine the excited-state
properties. All lifetimes 7,, amp are in the nanosecond range
up to 10 ns, confirming fluorescence as the dominant radiative
deactivation mechanism (Fig. S30-S37). All compounds
demonstrate analogous solvatochromism, showing turquoise
emission in cyclohexane, green in CCl,, yellow luminescence
in DCM, and dark yellow in MeOH (see Fig. S18-S25). This
color change in emission with increasing solvent polarity
reflects the progressive stabilization of intramolecular charge-
transfer (ICT) states.”® The structured emission bands
observed in non-polar solvents correspond to vibronic pro-
gressions. In contrast, in polar solvents such as acetonitrile
and methanol, the emission bands become broader and less
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Fig. 6 Selected display of the photophysical properties of compounds POA-00, POA-10, and In-POA: (A) UV/Vis spectra in DCM (15 pM); (B) photo-

luminescence spectra in DCM (15 pM) relative to POA-00; (C) absolute

photoluminescence quantum yields @p_ in cyclohexane, DCM, and as

powders; (D) photographs of the three compounds in cyclohexane (left column), in DCM (centred column), and as powders (right column) under

UV-light (365 nm).
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structured, accompanied by reduced intensities, indicating
that enhanced non-radiative relaxation processes occur in
these environments. Most interestingly, POA-00 and -10 exhibit
approximately identical emission wavelengths in all solvents
(Table S2), although displaying distinct absorption differences
(Fig. 6B). Consequently, POA-10 possesses Stokes shifts that
are nearly twice as high as those of POA-00 (Table 2). The
Stokes shifts were plotted as a function of the orientation
polarization factors Af using the Lippert-Mataga equation
(Fig. $26 and Table $11).°° The slope and intercept values of
POA-00 are around 4000 cm™, increasing to approximately
6000 cm ™' for POA-10. On the one hand, the steeper slope of
POA-10 indicates a more pronounced polarity enhancement
upon excitation compared with POA-00, suggesting increased
sensitivity to solvent polarity. On the other hand, the larger
intercept of POA-10 reflects an intrinsically higher ground-
state polarity, aligning with a larger inherent dipole moment
change associated with the twisted geometry.®*

The enhanced geometrical rearrangements of POA-10 result
in generally lower absolute photoluminescence quantum
yields ®p;, (see Fig. S38 for an exemplary report file) and
reduced radiative deactivation rate constants k, compared with
POA-00 (Table 2). In contrast, relatively high ®p;, values up to
0.65 (In-POA) were measured for the non-polar cyclohexane
and CCl, solutions, highlighting the strongly emissive nature
of the compounds (see Tables S3-5S10). Particularly, In-POA
showcases the best overall @p;, and &, values, even reaching a

Table 2 Overview of selected photophysical properties of compounds
POA-00, POA-10, and In-POA in cyclohexane, DCM (each 15 pM) and as
powders: wavelengths A [nm] for absorption 4, excitation ey, and emis-
sion Aem, Stokes shifts Av [cm™], absolute photoluminescence quantum
yields @p, and amplitude-weighted average fluorescence lifetimes

Tav_amp [ns]
POA-00 POA-10 In-POA
Cyclohexane A, [nm] 436 388 441
Jem [NM] 516 499 518
Algpem [em™'] 3556 5733 3371
Dpy, 0.52+0.03 031+ 0.65 +
0.02 0.03
k(kn)[10%s7']  0.59 (0.54)  0.35(0.78) 0.69 (0.37)
Tav_amp [D1S] 8.88+0.01 8.88+ 9.40 +
0.01 0.01
DCM Jap [nm] 449 396 454
Jem [NM] 553 559 551
Algpem [em™'] 4189 7363 3878
Dpy, 0.10 £0.02  0.05 + 0.30 +
0.02 0.02
k(kn)[108s7'] 0.4 (3.6) 0.2 (4.3) 0.53 (1.24)
Tav_amp [D1S] 2.50 £0.01 222+ 5.64 +
0.02 0.01
Powder Aex [NM] 512 462 533
Jem [NM] 548 516 565
Aley_em [ecm™] 1283 2265 1063
Dpy, 0.30 £0.02 038+ 0.44 +
0.02 0.02
ke (knr) [10° 0.24 (0.56)  0.41(0.67) 0.64 (0.81)
s77]
Tav_amp [DS] 12.59 + 9.21 + 6.89 +
0.05 0.04 0.02
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®py, value of 0.12 in acetonitrile (Table S10), which matches
the calculated high oscillator strength f,, (0.146). Because In-
POA possesses a covalent bond between the phenoxazine
stator unit and the rotor N-aryl ring, non-radiative dissipation
through rotation is suppressed in solution, which is evident by
the generally lower k,, values (Table 2). Table 2 summarizes
selected photophysical parameters of the compounds POA-00,
POA-10, and In-POA.

Additionally, the photophysical properties of the powders
were assessed (Table S12). It is worth noting that all com-
pounds displayed strong solvent dependency in terms of their
optical properties, resulting in various poly-microcrystalline
habits. To ensure comparability, the compounds were
measured after rapid evaporation of their DCM solutions. In
general, all compounds show intense emission in the solid
state (Fig. S27). As already observed in the crystal packings, the
out-of-plane twisted ring of POA-10 averts dense n stacking,
resulting in a higher @p;, value for the powder of POA-10 (0.38)
compared with -00 (0.30). Since geometric relaxations in the
solid state are more restricted than in solution, the emission
color of POA-10 appears green (le, = 516 nm) instead of
yellow, as seen for POA-00 (¢, = 548 nm). Compounds POA-11
and -01 both show photophysical properties similar to those of
-00 as powders, although possessing higher k,, values, which
may be due to the presence of additional methyl groups in the
rotor unit. Orange emission colors are displayed by POA-1'0,
-02, and -12, whereas In-POA again exhibits the highest @p;,
(0.44) and k, values (0.64 x 10® s™*). Due to the pronounced
absolute photoluminescence quantum yield values in most
solvents and the solid state, In-POA demonstrates the best
SSSE properties among the presented compounds (Fig. 6D).

This trend is further supported by comparing the emissive
behavior in aggregation studies (at 15 pM) using binary THF/
water mixtures (Fig. S$28). While increasing water content
(20-60%) initially causes polarity-induced quenching, aggrega-
tion at higher water contents restores or even enhances emis-
sion in most cases.®” However, because all measurements were
conducted using a fixed excitation wavelength, the @y, values
must be discussed for accurate comparison (Table S13). Here,
all aggregates formed at THF/H,O 10/90 show significantly
higher &y, values than the THF solutions, except for In-POA
(0.22, 0.32, respectively; see Fig. S29 for the corresponding
sizes at the 10/90 THF/H,O ratios using dynamic light scatter-
ing, DLS).

Conclusions

In conclusion, this study elucidated how sterically demanding
ortho-positioned methyl groups influence the structural and
photophysical properties of eight phenoxazine-derived lumino-
phores. Single-crystal X-ray diffractometry revealed that the
ortho-methyl groups induce significant geometrical distortions
through out-of-plane twisting and disrupt =---n1 dominated
interactions in the crystal packing. Complementary DFT calcu-
lations disclosed partial rehybridization of the oxazine nitro-
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gen atom, transitioning from planar sp” to a trigonal pyrami-
dal sp®/sp® geometry, accompanied by a loss of the antiaro-
matic character. While all compounds exhibit pronounced
photoluminescence in various molecular environments, the
geometric and electronic perturbations manifested in distinct
photophysical responses. POA-10 exemplifies the most sub-
stantial impact of steric pressure through enlarged Stokes
shifts. In contrast, the rigid derivative In-POA highlights the
strongest and most balanced solution and solid-state emission
behavior due to increased conjugation. Hence, this study com-
prises a modular approach to leverage the efficient steric strain
of methyl groups as a strategy for fine-tuning structural and
photophysical properties. Establishing steric pressure as a
molecular design principle is anticipated to further advance
the development of stimuli-responsive and microenvironment-
insensitive materials in smart photonic systems and opto-
electronic applications.
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