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a tool to modulate phosphorescence at room
temperaturef

{ ") Check for updates ‘

Cite this: Chem. Sci.,, 2021, 12, 15116

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Giliandro Farias,® Cristian A. M. Salla,”> Murat Aydemir,“® Ludmilla Sturm,®
Pierre Dechambenoit,® Fabien Durola, ¢ € Bernardo de Souza,*® Harald Bock,*®

Andrew P. Monkman @2 *¢ and Ivan H. Bechtold {2 *°

Halogenation of a twisted three-fold symmetric hydrocarbon with F, Cl or Br leads to strong modulation of
triplet—triplet annihilation and dual phosphorescence, one thermally activated and the other very persistent
and visible by eye, with different relative contributions depending on the halide. The room temperature
phosphorescence is highly unusual given the absence of lone-pair-contributing heteroatoms. The
interplay between the spin—orbit coupling matrix elements and the spatial configuration of the triplet
state induces efficient intersystem crossing and thus room temperature phosphorescence even without
relying on heteroatomic electron lone pairs. A ninefold increase of the ISC rate after introduction of
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Introduction

Persistent room temperature phosphorescence (RTP) has drawn
considerable attention in the past few years, and its potential
application has extended to bioimaging,'* encryption,* light
sources,”” and nonlinear optics.® However, phosphors have
been mainly limited to inorganic or organometallic mate-
rials,>*'* while pure organic phosphors with RTP are extremely
rare but of great practical interest.**> This scarcity of organic
phosphors is mainly due to the usually very weak spin-orbit
coupling (SOC) and the instability of triplet excitons, combined
with an only sketchy understanding of the inherent mecha-
nisms involved.*»*3¢

SOC is the dominant mechanism that induces the spin-flip
transition and generates the triplet states through intersystem
crossing (ISC)."””** In general, the SOC is much greater in heavy
element-containing systems due to its dependence on the nuclear
charge, which is referred to as the heavy atom effect (HAE)." Thus,
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three bromine atoms is accompanied by a much higher 34-fold increase of phosphorescence rate.

in many systems containing atoms such as Ir and Pt, ISC and
phosphorescence (Ph) are dominant.'®**** However, enhancing
SOC in purely organic chromophores through a non-metal HAE
using Cl, Br, I,**® and most recently S, Se, and Te*™* has attracted
attention for developing sustainable strategies to induce ISC.

Several groups have employed different methodologies to
develop efficient organic RTP systems. However, only a few
examples of organic materials with persistent RTP in the air
with a long lifetime (7) (>10 ms) have been described.*****>"-3
The incorporation of heteroatoms with electron lone pairs, such
as N and O, has been the most common strategy to induce RTP
due to the effective SOC related to transitions between (m,7*)
and (n,m*) states, following El-Sayed's rule.** Halogenation of
such systems has been shown to be a versatile tool to control
lifetime and quantum yield (®).****** Recently, alternative
strategies to induce RTP and enhance its efficiency were inves-
tigated, including molecular aggregation,'®*”*® energy-gap nar-
rowing®*”*® and twisting of the m-system.*

In order to elucidate these aspects, we investigated our
recently discovered twisted hydrocarbon homotruxene (HTX)*
through the introduction of three new triply halogenated
homologs HTX-F, HTX-Cl, and HTX-Br (Fig. 1a), which are
highly unusual as they show pronounced RTP in the absence of
(heteroatom) electron lone pairs. The RTP of HTX, HTX-F, and
HTX-CI is long-lived and readily visible by the eye after switch-
ing off the excitation source, while HTX-Br shows strong Ph
under UV-illumination (Fig. 1b). Time-dependent measure-
ments and density functional theory (DFT) calculations reveal
that these twisted -systems can effectively induce ISC and thus
RTP. Using the halogenated homologs, we evaluated the HAE in
terms of radiative decay rates and spin-orbit coupling matrix

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structures and RTP under air from the powder. (a) Homotruxenes with increasingly heavy halogens. (b) Emission from HTX,
HTX-F, HTX-Cland HTX-Br (left to right) captured during the excitation under UV light (~365 nm) and after switching off the excitation. The time
delay was estimated to be approximately 10, 20, 30 and, 70 ms for these selected images. See movie of the emission in the ESL}

elements (SOCME). The HAE has distinct, independent effects
on ISC and Ph depending on the configuration of the low-lying
excited states, which depends on the halide atom. Our results
show the relations between emission mechanisms, the spatial
configurations of the triplet state wavefunctions, and SOCME,
which control both the independent access and the deactivation
of the triplet state in twisted 7-systems, allowing the design of
new and efficient purely organic RTP emitters.

Results and discussion
Synthesis and photophysical properties

The three trihalogenated derivatives were synthesized by TiCl,-
induced trimerization of the corresponding tetralone, as

previously described for the synthesis of unsubstituted HTX.*
Single crystals of HTX-Cl and HTX-Br for X-ray crystallography
were obtained as colorless plates by slow diffusion of ethanol
into chloroform solutions. The packing structure of both
exhibits - interactions, which directly impact their photo-
physical properties in the solid state (Fig. 2a for HTX-CI packing
and ESI¥).

In 2-methyltetrahydrofuran (2-MeTHF) solution at room
temperature (RT), HTX and its halogenated derivatives show
a weak absorption band (¢ = 100-200 cm™" M™') at ca. 340-
370 nm (Fig. S21). A further, even weaker band (e = 10-30 cm ™
M) is observed between 370 nm and 400 nm. The band at 340-
370 nm can be assigned to the S, — S, transition by comparison
of the theoretical and experimental oscillator strength (OS)
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Fig.2 Packing of HTX-Clin the crystal and Absorption of the HTX and halogenated homologs in different solvents. (a) Packing of HTX-Clin the
crystal. Stick representation of the packing in the (ab) plane (left) and along the c axis (right); C grey, Cl green, hydrogen atoms omitted for clarity.
(b) Absorption of the HTX and halogenated homologs in dilute chloroform (left) and 2-MeTHF (right) solutions, 10~> mol L~* and 10> mol L%,

respectively.
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(Table S2t), showing an acceptable error, which is mainly due to
overestimation of the integrated area of the combined S; and S,
absorptions in the experimental spectra. The identity of the
absorption at 370-400 nm with the S, — S; transition was
likewise verified by comparing the theoretical and experimental
OS and by dilute solution measurements (Fig. S3at). The
absorptions centered at 370-400 nm are extremely weak for very
dilute solutions, but excitation at these wavelengths gives
strong emission (Fig. S3b-dt). Absorption spectra of the four
homologs in dilute chloroform solution exhibit a maximum at
275 nm with a shoulder-like band at 290 nm for HTX, while with
the halide derivatives, the band close to 290 is less intense (¢ < 4
x 10* L mol™ " em™") but more resolved and extends plateau-like
with some vibrational resolution to approximately 305 nm. All
these intense high energy bands are attributed to m,7* transi-
tions originating mainly from locally excited (LE) states, as
confirmed by time-dependent density functional theory (TD-
DFT) analysis. Fig. 2b shows the absorption of the four homo-
logs in dilute chloroform (left) and 2-MeTHF (right) solutions.

The steady-state emission spectra of all compounds in dilute
2-MeTHEF solution consist of one structured emission peak, with
two maxima at about 398 and 412 nm and a shoulder at about
434 nm (Fig. 3) having an average spacing of 190-200 meV (ca.
1620 cm ™ '). Excitation spectra were measured from these two
emission bands, 390 nm and 410 nm (Fig. S31). The emission at
410 nm is much stronger when excited in the 370-400 nm
absorption band, whereas excitation at 340-370 nm yields
primarily 390 nm emission. This we assign to two lowest-lying
excitation bands giving rise to two overlapping but different
emission bands with different vibronic spacings. We further
measured the excitation spectra at low concentration
(Fig. S3dt). Monitoring at 390 nm reveals excitation peaks at ca.
320-330 nm and 345 nm, which could be a vibronic progression
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Fig.3 Emission spectra in dilute 2-MeTHF solution. The solid lines and
filled areas are the steady-state spectra in degassed and in aerated
solution at RT. Emission intensity increases by 87% for HTX, 30% for
HTX-F, 27% for HTX-Cl and 18% for HTX-Br in degassed solution
compared to aerated solution. The dashed lines are the emission
spectra collected at 90 K.
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with vibronic spacing of 110 meV, whilst monitoring at 410 nm,
we observe a distinct excitation band with the electronic 0-
0 emission peak at ca. 331 nm and three well-resolved vibronic
peaks with spacing of 169 meV. These observations fully
support our assignment of absorption and emission from both
the S, — S; and Sy, — S, transitions and agree with our theo-
retical predictions (see below). The emission of all compounds
is slightly dependent on the solvating environment (Fig. S47). In
toluene solution, a slight red shift of approximately 1 nm is
observed compared to 2-MeTHF. For the halogenated
compounds, an extra emission feature on the blue edge at ca.
375 nm can be observed, which is weaker in toluene than in 2-
MeTHF. As a further distinction between HTX and its haloge-
nated derivatives, the mode related to the maxima at 412 nm in
HTX is slightly more intense than the mode related to the
maxima at 398 nm, suggesting a larger distortion in the excited
state than for the halogenated systems where the 398 nm mode
is strongest, which was confirmed analyzing their optimized
geometries (compare S, RMSD in Table S107). At 80 K, a new
emission peak is observed for all compounds with two maxima
in the range of 555-616 nm, which may be assigned to Ph
(Fig. 3, dashed line).

The whole emission band is oxygen-dependent (Fig. 3, filled
area and Fig. S51), and the part suppressed in air is assigned to
delayed fluorescence (DF) from triplet-triplet annihilation
(TTA), whereas the part observed in air is assigned to prompt
fluorescence (PF). The measured PF quantum yields (@pg) (Table
S3t) are in the range of 32.8% (HTX-F) to 1.1% (HTX-Br) in 2-
MeTHF, and 17.9% (HTX) to 1.2% (HTX-Br) in toluene. The DF
quantum yields (®pr) determined by the comparison of
degassed to aerated emission intensity show that the contri-
bution of the (oxygen-sensitive) delayed emission decreases
from HTX (18.5%) to HTX-Br (0.2%) in 2-MeTHF, while in
toluene, it is highest for HTX-F (2.1%) and lowest for HTX-Br
(0.4%). HTX-Br presents the lowest ®pr and @ values, and it is
the only compound where DF is higher in toluene than in 2-
MeTHF. The decrease of @pr in 2-MeTHF with increasing
substituent weight is due the increasingly fast HAE-assisted
deactivation of the triplet state by Ph or non-radiative decay.
As DF from TTA depends on the triplet concentration, a strong
decrease of the DF intensity is observed as the triplet population
is quenched by these other decay channels.

Time-correlated single-photon counting (TCSPC) emission
decays obtained from 2-MeTHF solutions and fitted with tri-
exponentials (Fig. S61) revealed one dominant fast decay life-
time close to 1 ns (typically, >90%) and one ranging from 2.5 ns
(HTX-CI) to 13 ns (HTX) ns (typically, 5-10%). These two intense
components with lower lifetimes perfectly match with the
observed emission band from two overlapping states. The third
component with a lifetime close to 23 ns has a very low
contribution (typically 0.2%) and potentially could indicate
a very small aggregate content.

Nanosecond time-resolved delayed emission data were ob-
tained using a gated detection technique,” in degassed 2-
MeTHEF solution. The decay curves of all compounds are char-
acterized by a rapid component (PF) followed by a slower one
(Fig. 4a). For HTX at RT, from time delay (TD) = 1.1 ns to 100 ns

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time-resolved measurements for HTX and halogenated homologs. (a) Time-resolved decay in 2-MeTHF at RT. (b) Normalized emission
spectra in degassed solution at 295 K for HTX (black line: TD = 1.1-100 ns; grey line: TD = 1.6—-27 ps; light grey line: TD = 422 ps to 1.2 ms) and
normalized emission spectra of the long-lived component collected at 90 K (TD = 376 ps to 8.4 ms, dashed line). (c) Time-resolved decay of HTX
in 2-MeTHF as function of temperature (see ESIT for fitting parameters). (d) Time-resolved decay of HTX as function of the environment. (e)
Emission spectra and (f) intensity as a function of the laser excitation dose for HTX in the absence of oxygen (excitation at 337 nm, TD = 13 ps,

time of integration (Ti) = 100 us). The excitation wavelength is 355 nm.

(Fig. 4b, black line), an emission peak at 415 nm (r = 12.7 ns)
with a weak vibronic structure is observed. At TD = 1.6-27 us,
emission from the same peak is observed, ascribed to TTA-DF.
At an even longer delay, beyond TD = 27 ps, a continuous
red-shift is observed, and the band becomes Gaussian-shaped,
which is associated with the contribution from a relatively fast
Ph at 440-450 nm (v = 89.6-293.7 ps) (Fig. 4b, light grey line).
The decay curves as a function of the temperature show only
a slight difference in the PF (Fig. 4c). At 90 K the emission at TD
= 1.1 ns is slightly blue-shifted, centered at 412 nm, due to the
decrease of vibrational relaxation at low temperature. The long-
lived emission component in the ps to ms range is almost
completely gone, in line with the DF arising from collisional
TTA, which is frozen out at 90 K and the faster Ph being

© 2021 The Author(s). Published by the Royal Society of Chemistry

thermally activated. However, a clear emission peak ascribed to
a slower Ph emission (t = 498 ms) is dominant from TD = 376
us to 8.4 ms (Fig. 4b, dashed line). The slower Ph emission is
well-structured and shows two main peaks at 565 and 604 nm
and a shoulder close to 650 nm. The decay curve in toluene at
RT (Fig. 4d) is very similar to the curve in 2-MeTHF in the ns
window, whereas the long-lived emission is more intense in
toluene than in 2-MeTHF. According to our theoretical predic-
tions, this is attributed to the CT character of the fast Ph
species, which is less quenched in the non-polar solvent
through a non-radiative pathway to the longer lived species,
thus the intensity of the long-lived component in toluene
solution is higher. In aerated solution, the DF and Ph compo-
nents disappear, confirming the triplet state contribution (see

Chem. Sci., 2021, 12, 15116-15127 | 15119
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ESI and Fig. S71 for fitting parameters and peak positions as
a function of TD). To confirm the TTA mechanism, the intensity
dependence of the DF emission was analyzed as a function of
the laser excitation dose, where a slope close to 2 (1.70 % 0.06)
was found, indicating a bimolecular process (Fig. 4e and f) as
required for TTA.

By measuring the decay curves at decreasing concentrations
(Fig. S8at) the PF decay can be resolved into a triexponential
decay at RT, very similar to the TCSPC results. This is attributed
to decreasing non-radiative decay pathways through molecular
collision, thus increasing the S; and S, states lifetime. The
normalized spectra taken over the entire measurement
confirmed the existence of different emitting species. At TD =
1.1 ns in dilute conditions, a well-resolved emission peak
centered at 432 nm is observed related to S; emission
(Fig. S8bt). Around TD = 5.85 ns for all concentrations, the
dominance of the S, emission is observed at 412 nm (Fig. S8c*¥).
No evident relaxation of this state is seen over ns time frame for
all concentrations. For the long-lived decay, the TTA DF from
the same excited state can be observed for all concentrations
(Fig. S8d+t). The spectra taken at low temperature show a similar
concentration dependence. The spectra taken at low tempera-
ture confirm low energy PF from S;. By cooling down, very well-
structured spectra are obtained in dilute solutions in the fast TD
regime (Fig. S8et). The Ph measured in dilute conditions shows
a slight blue-shift of the emission and an increase of the 0-
0 mode with decreasing concentration (Fig. S8ff). The Ph shift
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to low energy in more concentrated solutions can be attributed
to the triplet state stabilization through intermolecular
interactions.

We further investigated the initial prompt emission spectra,
given that it decays biexponentially. We observe a rapidly
evolving emission band at the earliest times that we can
measure (Fig. S9T). We observe a relatively red-shifted red band
that peaks around 440-450 nm in the first few measurement
time frames around time zero. This emission peak vanishes
within 1 ns, giving the fast decay component observed. We are
left with a stronger band peaking at 410 nm, having a lifetime of
ca. 12 ns. The time-resolved emission from this band shows no
significant vibrational structure, compatible with hot emission
from unrelaxed states.** These observations fit with the
emission-dependent excitation profiles we observe and confirm
the mixed nature of the prompt emission.

The emission behavior of HTX-F and HTX-CI is similar to
HTX, with the emission decay curves showing a dual prompt
and a delayed emission at RT and long-lived Ph becoming
dominant on cooling (Fig. S10 and S11%). For HTX-F the emis-
sion curves shift from 440 nm (TD = 1.1 ns, T = 9.4 ns) to
411 nm (TD = 101 ns, T = 48.9 ns) and for HTX-CI the emission
curve shifts from 444 nm (TD = 1.1 ns, t = 2.46 ns) and stabi-
lizes at 412 nm (TD = 30 ns, t = 31.5 ns). For HTX-F the faster
Ph is observed from TD = 75 us to 2.12 ms and for HTX-CI from
TD = 133-670 ps. These differences observed between HTX and
the lighter halogenated homologs are due to the distinct decay
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Fig. 5 Time-resolved measurements for HTX-Br. (a) Time-resolved decay of HTX-Br in 2-MeTHF as function of temperature. (b) Normalized
spectra taken after different TD at RT; TD = 1.1-9 ns (black line); TD = 12—-66 ns (grey line); TD = 12-699 s (light grey line); TD =751 usto 3.7 ms
(purple line). The excitation wavelength was 355 nm. All measurements were performed in the absence of oxygen. Emission spectra (c) and
intensity (d) as a function of the laser excitation dose, excitation at 337 nm, TD = 20 us, Ti = 1 ms.

15120 | Chem. Sci, 2021, 12, 15116-15127

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04936d

Open Access Article. Published on 01 November 2021. Downloaded on 2/26/2026 12:58:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

rates of low-lying states upon halogenation. The DF analysis as
a function of the laser excitation dose also showed quadratic
gradients of 2.06 + 0.05 (HTX-F) and 2.22 £+ 0.07 (HTX-CI)
coherent with TTA (Fig. S14t). On cooling down to 90 K the long-
lived decay is mainly due to slow Ph emission with 1 = 766 ms
for HTX-F and 7 = 315 ms for HTX-CL

Compared to the three other compounds, HTX-Br shows in
the PF a blue-shift of the red edge of the emission peak and
stabilizes at 416 nm (TD = 12 ns) (Fig. 5b). The slower compo-
nents of the emission show distinct features: the slow Ph can be
seen at RT along with the TTA, the Ph being the dominant
component and increasing on cooling down to 90 K (Fig. 5b and
S127). On cooling down, the lifetime of this Ph increases from
805 us (RT) to 14.8 ms (90 K). Fig. 5¢ shows emission spectra as
a function of the laser excitation dose, where the DF (435 nm)
and Ph (590 nm) peaks are clearly visible. In Fig. 5d the
quadratic gradient of 2.01 £ 0.15 at low excitation dose turns to
1.44 £ 0.03 at higher excitation doses for the 435 nm peak,
where not yet triplet-excited molecules become scarce, again
confirming that the DF arises from a TTA mechanism.** One the
other hand, the 1.01 % 0.04 slope of the 590 nm peak confirms
(monomolecular) Ph emission at long wavelengths.

In the solid state, the PF is observed in the time-resolved
emission spectra at earlier times with biexponential decay for
HTX, HTX-Cl and HTX-Br due to a dimmer/aggregation emis-
sion contribution (Fig. S16t). For all compounds, the slow Ph
pathway dominates. Only a small contribution of the fast Ph
pathway is seen. The slow Ph at seen at low energy in the three
lighter homologs is long-lived, with lifetimes of 0.21, 0.20, and
0.11 s for HTX, HTX-F, and HTX-Cl, respectively. The ®p, was
not measurable in solution, but in powder, at RT it is 6.2%,
3.3%, 2.7% and 6.3% for HTX, HTX-F, HTX-Cl and HTX-Br
(Table S57), respectively, which allows the Ph in the solid to be
visible by eye after switching off the excitation (except for HTX-
Br, whose Ph is too fast for visible afterglow). This increased
efficiency of the Ph emission in the solid state is attributed to
the molecular aggregation due to dense stacking as observed in
the X-ray structures.'® The @p,, of HTX-Br is the same as of HTX,
but with a much shorter lifetime of 8.14 ms, not being observ-
able by eye after switching-off the excitation. But as the relative
intensity of the orange phosphorescence versus the blue fluo-
rescence of HTX-Br is much higher than with HTX, the Ph of
HTX-Br is apparent to the human eye in the dark by the deep
orange color of the emission from the powder under UV exci-
tation, whereas the emission of HTX is bluish in the same
conditions.

With the usual assumption that the quantum yield for
internal conversion (®;¢) is negligible, we computed the decay
rates of (prompt) fluorescence (kpr), phosphorescence (kpp) and
intersystem crossing (kisc). In solution the highest kpg is ob-
tained for HTX-F, while the substitution of halides increases the
kisc (Table 1). In solid state the PF rate decreases from HTX to
HTX-Br while kisc increases. kpy, is particularly affected by the
heavier bromide atom. This large enhancement of kp,, while ks
is not much affected by the Br substituent can be explained by
different heavy-atom effects operating in the ISC and the Ph
processes (see below).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical data in powder

HTX  HTX-F HTX-Cl HTX-Br
Solution  tpg (ns)* 8.19 2.60 1.36 1.06
Dpp 0.211  0.328 0.078 0.011
Tpn (ms)? 498 766 315 14.8
kpp x 107 (571 2.58 12.61 5.74 1.04
kisc x 10° (s7)?  0.96 2.58 6.79 9.33
kpn (s7H° 2.01 1.30 3.17 67.57
Powder Tpp (n8) 11.40  8.90 5.97 2.26
Dpp 0.410  0.197 0.103 0.012
Tpp (ms)? 210 200 111 8.34
Dpp, 0.062  0.033 0.027 0.063
kpp x 107 (s71)° 3.60 2.21 1.73 0.53
kisc x 107 (s 5.18 9.02 15.03 43.72
kpn (571 0.29 0.17 0.24 7.55

¢ Obtained from TCSPC measurements at RT and defined as © = > 1;°4/
S 14, for a tri-exponential profile. ? Obtained from time-resolved
measurements at 90 K. € kpp = Ppp/tpp. ¢ kisc = Prsc/Tor considering
disc = 1 — Ppr and assuming, as usual, that the & for internal
conversion is nil, ®;c = 0. “kpn ~ Tpn '. 7 Obtained from time-
resolved measurements at RT. € kp,, = Ppp/Tpn.

Theoretical investigations

DFT calculations were performed to obtain the ground state
geometries (Fig. S177), showing a good agreement with the X-
ray structures. The calculated frontier orbitals for all
compounds are shown in Fig. S18,7 where the HOMO and
HOMO-1 are almost degenerate 7 orbitals located mainly at
the central ring, while the LUMO and LUMO+1 are the corre-
sponding m* orbitals, with contributions both on the inner and
part of the outer rings. The HOMO—2 and the LUMO+2, in
contrast, are located quite selectively at the outer rings. For the
halide substituted compounds, a significant contribution of the
heteroatoms to the HOMO-2, HOMO-1 and HOMO is
observed.

Based on these geometries, the theoretical absorption
spectra were modeled using TD-DFT (Fig. S19t). TD-DFT density
difference plots indicate that the S; and S, excited states arise
from m,7* transitions at the central ring. S; has characteristics
of a charge-transfer (CT) resonance state,* while S, is more
likely a LE state. This agrees with the experimental data with the
S; — So transition having very low extinction and low OS. The
low-lying triplet states are essentially combinations of the same
excitations from these frontier orbitals, however with additional
contributions from the outer rings to T;-T;, with implications
on the SOCME.

To evaluate both the Ph and the ISC pathways, SOCME were
calculated for the S; and T; geometries (Fig. 6a, b, S20 and
S21t).** As the ISC should occur mainly from S;, the ISC decay
rate is proportional to the magnitude of the SOCME between S,
and all the triplets below (T;-T¢). From HTX to HTX-Br, the sum
of the SOCME between S, and T,-T, increases approximately by
a factor of four. The Ph can be correlated to the SOC between all
the low-lying triplets and the ground state. Compared to HTX,
substitution by the light F atom has, as expected, relatively little
impact on the SOCME. However, the substitution by the heavier
Cl and Br atoms leads to an increase. Whilst the SOCME for
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Fig.6 SOC-TD-DFT and predicted emission data. (a) Jablonski diagram for HTX and calculated SOCME for S; — T, transitions (orange arrows)
atthe S; optimized geometry and for the Ty — Sg transition (green arrow) at the optimized T; geometry. The SOCME were calculated using /> (T;
(Ms:o,ﬁ)|Hso\Si)2 and the Y SOCME is the sum of all matrix elements between the first ten singlet and triplet states, > (T1_10|Hso|So-10). The OS
for S; and S; are indicated on the vertical excitation arrows. (b) Analogous Jablonski diagram for HTX-Br showing a larger SOCME between the
low-lying states. (c) Experimental and predicted normalized fluorescence and phosphorescence using PBEQ/Def2-TZVP(-f) and the path-
integral approach. The singlet 0—0 energy difference was red-shifted by 0.30 eV to match the experimental data for both S; and S, emission. (d)
Normal modes close to 1600 cm™* (200 meV) for HTX. An animation of these normal modes can be seen in the ESL}

HTX-Cl are about two times larger than for HTX, for HTX-Br it is
fourteen times larger. This fits extremely well with our experi-
mental observations. S; has a very short lifetime, which is likely
due to rapid non-radiative quenching by ISC, especially for HTX-
Br where emission from the S; state is almost completely
quenched. However, S, is not affected by the non-radiative
decay in the same way. The time-resolved spectra also indicate
that there is little IC from S, to S;, indicating zero crossing
between the respective potential energy surfaces, even with
vibronic coupling. This is further supported by the fact that S;
and S, have different natures, with S, being a LE state (strongly
coupled to S,), whereas S; is a resonant CT configuration and
therefore weakly coupled to S,.

Combining the path-integral approach with the SOC results,
we obtained individual emission rates for S,, S,, and T; (Table
S107). These decay rates are predominantly governed by the
Herzberg-Teller (HT) vibronic coupling effect. The predicted

15122 | Chem. Sci, 2021, 12, 15116-15127

emission spectra obtained from the simulated emission rates
are in good agreement with the experimental emission spectra
(Fig. 6c and S22-S24f%), confirming the coexistence of long-
wavelength Ph with short-wavelength dual PF from S; and S,
states. Furthermore, the vibronic structure in the emission
spectra related to the C=C stretching vibration modes close to
1600 cm ' confirms that these modes are strongly coupled to
the electronic transitions. These vibrations break the symmetry
of the inner and other rings and increase the dihedral angle
between them (Fig. 6d).

Relationship between experimental and theoretical
photophysical properties

The experimental and theoretical results together confirm
a mixed PF from S; and S, states. Fluorine substitution yields an
improved PF decay rate (Table 1) and thus enhances the PF.
This occurs through the significant contribution of HOMO —

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LUMO (82%) for S, in HTX-F (Table S77), giving a strong LE
character and a high OS. On the other hand, a relatively weak OS
for the lowest two excited singlet states (Tables S6 and S8-S10+)
is observed for the other three compounds. Due to the weak OS
and consequently a lower deactivation rate for the fluorescence
channel for the other three compounds, ISC is competitive to
PF, especially in quenching the S; — S, resonant CT transition.

In organic molecules, efficient SOC usually occurs only in
transitions between (m,7*) and (n,m©*) states, following El-
Sayed's rule.*® By contrast, when the donor and acceptor orbitals
have the same (7t,t*) configuration, ISC is disfavored in planar
systems. However, as observed in the compounds investigated
here, another possibility to efficiently induce a spin-flip arises if
the initial and final (7,7*) states are spatially twisted with
respect to each other in a non-planar molecular configuration
(Fig. 7a—c). Then, due to the angle between the states, there is
a change of orbital angular momentum on excitation (de-
excitation) associated with a non-zero SOC operator allowing
access to the triplet state.

a El-Sayed rule b

Conjugated Tr-system Cc

View Article Online
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The HAE on SOC in such twisted 7t-systems is potentially an
efficient way to modulate RTP in organic molecules. The
measured k;sc (Table 1) is not much affected by the introduction
of F into HTX but increases by about 6 times for HTX-Cl and
nine times for HTX-Br. Whereas the substitution with fluorine
and chlorine does not significantly affect the Ph, HTX-Br shows
a remarkable 34-fold increase compared to HTX. This larger
enhancement of Ph decay rate (kpy) compared to kisc can be
rationalized from the observation that the higher triplet states
that are energetically close in energy to S;, which should
contribute most to ksc, have large components on the inner
ring, similarly to S;. Due to the similar configuration, the
SOCME is small, and due to the orbital localization far from the
halogen atoms, the HAE is small as well. Nevertheless, even
small values of SOCME between the low-lying states close to 1-
5 cm " efficiently induce a spin-flip transition. The halide
attached to the outer rings contributes significantly to the
lowest triplet orbitals and thus causes a strong enhancement of
the SOCME, making it possible for a strong HAE on kpj,, most

Twisted 1r-system

fa

i /
v Faster RTP T1‘TS/\
\

Slower RTP

Strong heavy-atom effect

Fig. 7 Possible ISC pathways and emission mechanism. (a) Representation of transitions from (7, 7t*) to 3(n,*) states, in agreement with El-
Sayed's rule, from p, to p, orbitals that efficiently overlap under SOC, inducing an efficient ISC mechanism. Yn,mc*) to 3(m,7*) transitions are
likewise allowed by El-Sayed's rule. (b) By contrast, ISC from (rt,7c*) to 3(r,7c*) (or from (n,*) to 3(n,*)) is disfavored in a planar aromatic system
because orbital overlap is poor and SOC is inefficient. (c) In a twisted aromatic molecule, a transition between two (r,w*) states comes with
nonvanishing SOC matrix elements, allowing an efficient ISC. (d) Proposed mechanism for RTP in HTX and its halogenated derivatives. After
excitation, dual PF deactivates the S; and S, excited states to the ground state (Sq) (Fig. S8—S5127). Considering that kpg (Sp) > kisc, the excited
molecule may also transform from S; to T; through ISC, enabling a faster Ph decay and the slower Ph with ps to ms lifetimes at RT. Due to the
presence of low-lying excited triplet states well below S;, the HAE enhances only slightly kisc, whereas kpy, is strongly affected.
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prominently from bromine. Therefore, the twisted geometry
allows an efficient ISC and RTP, while the HAE mostly speeds up
Ph (Fig. 7d). A long-lived triplet state allows collisional TTA to
compete with Ph to give TTA DF. For HTX-F and HTX-Cl, the
smaller increase of SOC is not enough to efficiently favor Ph
emission over TTA and we observe similar DF as in the parent
HTX. On the other hand, for HTX-Br, the large SOC increase
results in a strongly enhanced Ph dominating over the TTA. This
difference between HTX-Br and the lighter homologs is clearly
observed in power dependence measurements, where at high
power, the power dependence of the DF intensity flattens to 1.44
implying a mixture of TTA and competing monomolecular
decay. Furthermore, the calculated Ph rate shows that even for
heavy HTX-Br, the Ph path is dominated by the vibronic
coupling, related to the “twisting” mode around 1600 cm™ . At
low temperature, TTA vanishes because intermolecular hopping
of triplet excitons is greatly reduced, whereas even though the
Ph rate decreases as the 1600 cm™ ' modes are frozen out, Ph
still occurs as no TTA depletes the triplet population.

For all four compounds, a weak emission in the 100 ps to ms
window at 440-450 nm is observed (Fig. S7 and S10-S127). This
emission is temperature sensitive and the lifetime increases on
cooling. However, the larger energy gap between the S; and T,
states for these molecules at ca. 0.90 eV rules out the assign-
ment to thermally activated DF. Even if the T; and T, states
vibronically couple to drive second order SOC, T, is still far
below the S; as well, resulting in a highly unlikely TADF
mechanism for these molecules. This is why we assign the fast
Ph to emission from the triplet CT state T4, due to its large OS
and similar orbital geometry compared to S;.*“**** This
monomolecular decay process spectrally overlaps with the TTA
and for HTX-Br starts to compete with TTA, influencing the
power-dependent decay described above.

Conclusion

In summary, efficient ISC between two (m,m*) states with
a SOCME of up to 5 cm ™' is enabled by a twisted molecular
geometry, leading to RTP in purely organic molecules without
lone-pair-providing heteroatoms such as N or O. For the twisted
compounds described here we find that a dual fluorescence
emission competes with the ISC. Substitution with the lightest
halogen fluorine mainly impacts the PF, while with chlorine
and bromine, the HAE enhances the ISC and Ph mechanisms in
distinct ways. This enhancement depends on the strength of the
HAE on the states involved in the spin-flip transition and the
spatial position of the relevant triplet orbitals on the molecule:
As the higher excited triplet states that dominate in ISC are less
centered on the heavy atoms than the lower excited triplet states
that dominate Ph, the HAE impacts Ph much more than ISC.
The ISC rate is increased only by about nine times on the
introduction of three heavy Br atoms into HTX, while the Ph rate
is increased by about 34-fold. Thus, a molecular design based
on twist, HAE, and threefold symmetry providing a nonvan-
ishing SOC in the absence of typical electron lone-pair (i.e. n,r-
orbital) heteroatoms is found to be a fruitful approach to triplet-
emissive materials.

15124 | Chem. Sci,, 2021, 12, 15116-15127
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Experimental section
Synthesis

HTX and its trihalogenated derivatives were synthesized in 3 to
5% yield by RT trimerization of the corresponding 1-tetralone in
the presence of TiCl, and triethylamine in dichloromethane
(DCM). This procedure gives about two times lower yields than
the solvent-free trimerization with TiCl, alone at higher
temperatures previously used for the synthesis of HTX,* but it
proved to be more adapted to the handling of moderate quan-
tities of 7-halo-1-tetralones as starting materials, which are far
more expensive than unsubstituted 1-tetralone. The RT trime-
rization used here is a modification of the procedure of Pyrko*
for the trimerization of 6-methoxy-1-tetralone. Whereas Pyrko's
procedure, where the tetralone is added first under cooling to
a solution of TiCl, in DCM and triethylamine is added last, fails
with unsubstituted tetralone, HTX is formed when the tetralone
and triethylamine are rapidly added simultaneously without
cooling, and the three trihalogenated homologs are obtained
similarly (see ESIt). In spite of the low yields, the products could
be purified easily due to their distinct apolarity compared to
starting material and side products, and due to their much
stronger tendency to crystallize from solution.

HTX was synthesized as previously described.*® Alternatively,
it could also be obtained in 5.0% (193 mg, 0.50 mmol) yield by
the following procedure used for the synthesis of the three
halogenated homologs.

HTX-F, HTX-Cl and HTX-Br were synthesized as follows:

Under exclusion of moisture, TiCl, (8 mL, 73 mmol) is added
to dry DCM (40 mL) under stirring. Then a solution of 7-halo-1-
tetralone (30 mmol) and triethylamine (3.0 g, 30 mmol) in DCM
(30 mL) is added quickly from a dropping funnel, such that the
reaction mixture boils during addition. The mixture is stirred
for 16 h at RT and then poured into water. After extraction with
DCM, the organic phase is evaporated, the residue is chroma-
tographed in a 1: 1 mixture of DCM and petroleum ether (PE)
on silica, whereby the apolar trimeric product is eluted quickly,
whereas large quantities of the dimeric ketone side product
elute more slowly. The product crystallizes upon concentration
of the DCM-PE solution, is filtered off, and boiled out with
acetone. All three homologs show the same characteristic
broadening of the four aliphatic '"H NMR signals due to
moderately fast conformational fluctuations of the twisted
aliphatic bridge, as previously observed for HTX.*

HTX-F. Yield: 148 mg (0.34 mmol, 3.4%). *"H NMR (CDCl,-
CDCl,, 400 MHz): 6 = 7.26 (t, 7 Hz, 3H), 7.14 (d, 10 Hz, 3H), 6.96
(t, 8 Hz, 3H), 3.31 (broad, 3H), 2.90 (broad, 3H), 2.72 (broad,
3H), 2.55 (broad, 3H) ppm. "*C NMR (CDCI,CDCl,, 100 MHz, F
doublet coupling constants given if observed): 6 = 161.0 (250
Hz), 136.8, 136.8 (9 Hz), 135.7 (2 Hz), 132.8, 128.1 (8 Hz), 115.9
(22 Hz), 113.5 (21 Hz), 30.6, 29.7 ppm. '°F NMR (CDCI,CDCl,,
376 MHz): 6 = —116.3 ppm. IR (ATR): vya = 3030, 2951, 2906,
2845, 1876, 1610, 1585, 1556, 1489, 1433, 1381, 1308, 1259,
1246, 1203, 1178, 1157, 1138, 1093, 958, 930, 893, 852, 820, 812,
791, 764, 737, 719, 669 cm ™. FD HRMS: m/z calcd for CyoH,,F;
[M]": 438.1595; found: 438.1598. Mp 264 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HTX-CL Yield: 217 mg (0.44 mmol, 4.4%). "H NMR (CDCl,-
CDCl,, 400 MHz): 6 = 7.39 (d, 2 Hz, 3H), 7.25 (d, 8 Hz, 3H), 7.22
(dd, 2 Hz, 8 Hz, 3H), 3.28 (broad, 3H), 2.91 (broad, 3H), 2.74
(broad, 3H), 2.54 (broad, 3H) ppm. "*C NMR (CDCI,CDCl,, 100
MHz): 6 = 138.5, 136.7, 136.4, 132.6, 131.2, 128.8, 128.3,
126.8.30.4, 29.9 ppm. IR (ATR): vpmax = 3060, 2972, 2944, 2906,
2837, 1885, 1597, 1429, 1414, 1373, 1356, 1308, 1257, 1200,
1169, 1151, 1111, 1090, 1032, 941, 897, 829, 816, 806, 789, 762,
679 cm~'. FD HRMS: m/z calcd for C;oH,;Cl; [M]™: 486.0709;
found: 486.0712. Mp > 330 °C.

HTX-Br. 298 mg (0.48 mmol, 4.8%). "H NMR (CDCI,CDCl,,
400 MHz): 6 = 7.53 (s, 3H), 7.37 (d, 8 Hz, 3H), 7.19 (d, 8 Hz, 3H),
3.28 (broad, 3H), 2.91 (broad, 3H), 2.74 (broad, 3H), 2.52 (broad,
3H) ppm. C NMR (CDCI,CDCl,, 100 MHz): é = 139.0, 136.8,
136.7,132.5,131.7,129.8, 128.7,119.3, 30.2, 30.0 ppm. IR (ATR):
Vmax = 3062, 2969, 2939, 2904, 2834, 1886, 1593, 1576, 1562,
1477, 1427, 1408, 1369, 1336, 1309, 1298, 1257, 1200, 1167,
1151, 1109, 1080, 1020, 1001, 980, 941, 924, 903, 891, 822, 814,
795, 787, 760, 733, 675 cm ™ *. FD HRMS: m/z calcd for C3oH,,Br;
[M]": 617.9193; found: 617.9196. Mp > 330 °C.

Single crystal X-ray diffraction

Single crystals of HTX-Br and HTX-Cl were obtained as colour-
less plates by slow diffusion of ethanol into chloroform solu-
tions. They were coated with CargilleTM NHV immersion oil
and mounted on a fiber loop, followed by data collection at 120
K. The crystallographic data were collected with a Bruker APEX
II Quasar diffractometer, equipped with a graphite mono-
chromator centred on the path of MoKa radiation. The program
SAINT was used to integrate the data, which was thereafter
corrected using SADABS.** The structure was solved using
SHELXT®! and refined by a full-matrix least-squares method on
F* using SHELX1-2018.5 All non-hydrogen atoms were refined
with anisotropic displacement parameters, whereas hydrogen
atoms were assigned to ideal positions and refined isotropically
using suitable riding models. The CIF files have been deposited
at the Cambridge Crystallographic Data Centre as supplemen-
tary publication no. CCDC 2081280 and 2081281 for HTX-Br and
HTX-Cl, respectively.t

Photophysical measurements

Absorption spectra were collected using a UV-3600 double beam
spectrometer (Shimadzu), and fluorescence spectra were
collected using Fluoromax fluorescence spectrometer (Jobin
Yvon). The solutions were degassed in a long-necked quartz
cuvette using three freeze-thaw cycles and then mounted in
a liquid nitrogen cryostat (Janis Research) for the measure-
ments at low temperatures. Time-resolved photoluminescence
spectra (including Ph) decays were measured using either
a time-correlated single photon counting set-up (TCSPC, Horiba
Deltaflex) with a range of nanoLED (357 nm) and laser diode
(405 nm) excitation sources, or a nanosecond gated
spectrograph-coupled iCCD (Stanford, 4Picos) and a high
energy pulsed Nd:YAG laser emitting at 355 nm (SL312, EKS-
PLA); the pulse duration was approximately 150 ps and the
energy of per pulse was chosen around 100 pJ. Emission was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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focused onto a spectrograph and detected on a sensitive gated
iCCD camera (Stanford Computer Optics) having sub-
nanosecond resolution. The quantum yields were determined
using a Hamamatsu Photonics Absolute Quantum Yield
Measurement System model ¢9920-02G. For powder measure-
ments, a cylindrical quartz cuvette was used.

Theoretical modeling

The geometry of the emitter molecules was optimized in vacuum,
using the Orca 4.2.1 (ref. 53) software package. For the modeling
of the electronic structures, DFT with the PBEO functional was
chosen, and the ZORA-Def2-TZVP(-f) basis was used for all atoms,
including ZORA scalar-relativistic corrections. Dispersion effects
were included using Grimme's D3 correction with Becke-John-
son (B]) damping.** The evaluation of the four-center integrals
was accelerated with the RIJCOSX algorithm, using the resolu-
tion of identity approximation for the Coulomb part (RIJ), and
the chain of spheres approach for the Fock exchange (COSX).>**
RI] requires the specification of an auxiliary basis set for the
Coulomb part (Def2/]) and a numerical integration grid for the
exchange part (GRID4 and GRIDX4), as discussed elsewhere.*®
The vibrational frequencies computed at the optimized geometry
for all molecules included no imaginary ones, confirming that
they were true minima. The DFT ground state geometries were
compared to the X-ray structure and the maximum average error
found was of the order of 0.44% for bond lengths and of 0.65%
for bond angles, legitimizing the use of the PBEO functional and
def2-TZVP(-f) basis set in subsequent investigations. TD-DFT
under Tamn-Dancoff approximation (TDA) was employed to
obtain the first 30 singlet and spin-adapted triplet excited states.
The same calculation protocol was used to optimize the geometry
and calculate the Hessian of the first excited state. The first
triplet was optimized from the ground state of a UKS calculation.
To include solvent effects in the excited state energies,
a conductor-like polarizable continuum model (CPCM) was used,
using 2-MeTHF where the refractive index and dielectric constant
were used as published by Aycock®” and toluene as solvent. SOC
on top of the TD-DFT results was included by using quasi-
degenerate perturbation theory.>” The SOC integrals used here
are the ones calculated using a mean-field named RI-SOMF(1X),
described elsewhere.*® In order to compute the fluorescence and
phosphorescence spectra, the path integral approach imple-
mented in the ORCA_ESD module*** was used with the same
protocol as above for the SCF and TD-DFT. Defaults were used
unless mentioned. The normal modes chosen for the model were
those with frequencies above 300 cm™ ' and a Gaussian line
shape was set, with a line width of 350 cm ™" for phosphorescence
and for fluorescence spectra. Images of the complex geometries
were obtained using the Chemcraft program.
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