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The effect of substituents and molecular
aggregation on the room temperature
phosphorescence of a twisted n-system-

Cristian A. M. Salla,? Giliandro Farias,® Ludmilla Sturm,© Pierre Dechambenoit,©

Fabien Durola,
Andrew P. Monkman

© Aydemir Murat,“® Bernardo de Souza,*® Harald Bock,*©
*3 and Ivan H. Bechtold 2 **

Considering the relevance of room temperature phosphorescent (RTP) materials, we discuss the
influence of donor and acceptor groups substituted on to a twisted three-fold symmetric hydrocarbon

homotruxene, which presents a persistent RTP, even in the absence of donor or acceptor moieties,
under ambient conditions as a result of the twisted n-system. Compared to a fluorine acceptor, a donor

methoxy group increases the phosphorescence decay rate in solution, while in the solid-state,
molecular aggregation and packing yield a very persistent phosphorescence visible by the eye. The RTP

of the intrinsically apolar homotruxene is found to be modulated by polar substituents, whose main
impact on the solid-state emission is due to altered packing in the crystal.

Introduction

Persistent RTP materials have been explored for applications
in bioimaging,"” organic optoelectronics,’ sensors,’ anti-
counterfeiting,”® and encryption”® due to their significant
Stokes shift, long lifetime, stronger afterglow, simple operation,
and stability.”' Although most persistent RTP compounds are
heavy metal-containing complexes, metal-free organic materials
are an environmentally friendly, low-cost, and easy-to-process
alternative.”'"

In phosphors containing heavy metals, such as Ir and Pt, the
charge transfer between metal and ligand usually has a large
associated spin-orbit coupling (SOC), which enhances both the
intersystem crossing (ISC) and phosphorescence (Ph) rates.'>"’
On the other hand, with metal-free organic phosphors, the weak
SOC slows the triplet state population formation through ISC and
limits its radiative decay.'* Moreover, the longer excited-state
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lifetime of the triplet state increases the probability of quenching
and non-radiative decay under ambient conditions.” Thus,
several groups have investigated molecular designs and the
control of intermolecular interactions to promote ISC and
suppress non-radiative decay to obtain organic RTP materials
with high quantum yield and long lifetime."” The most common
strategies are based on the incorporation of heteroatoms with
lone pairs, such as O and N."'® Approaches involving molecular
aggregation,'”'® co-crystallization,'”** polymeric systems,*"
host-guest doping systems,”*** energy-gap narrowing,”**” twisted
n systems,'®*® and structures without lone pairs*” have also been
explored. The inclusion of functional groups has proved to be an
important tool for taking full advantage of the El-Sayed rule,
promoting an efficient ISC between states with different orbital
configurations, populating the triplet states, and adjusting the
RTP.'"***? The presence of functional groups also stabilizes the
excited triplet state by improved spatial packing.'>*°** Further-
more, introducing electron-donating or withdrawing substituents
could affect the n-r interactions of aromatic systems.'*'>?
Recently, we reported the hydrocarbon homotruxene (HTX) with
a twisted m-system that allows for pronounced SOC leading to
persistent RTP in ambient conditions and a quantum yield of
5.6%, clearly visible by the eye after switching off the excitation.*®
Its halogenation with the lightest halogen fluorine mainly impacts
the prompt fluorescence (PF), while the heavy atom effect (HAE)
enhances the ISC and Ph mechanisms with chlorine and bromine.
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, thus the HAE impacts Ph much more than ISC.'®



HTX HTX-MeQ
Fig. 1 Molecular structure of HTX, HTX-F and HTX-MeO.

Here, we explored the effect of the new methoxy homolog
(HTX-MeO) compared with its unsubstituted homolog (HTX)
and its homolog substituted with withdrawing fluorine (HTX-F)
(Fig. 1), both already reported. Time-dependent measurements
and density functional theory (DFT) calculations indicated that
the methoxy donor group does not significantly affect the spin—
orbit coupling matrix elements (SOCME), but the Ph rate was
increased in solution. The molecular packing and aggregation
in powder led to a long-lived emission, which allows the Ph to
be visible by the eye after switching off the excitation (see the
Movie of the ESI{).

Experimental
Single crystal X-ray diffraction

The crystallographic data were collected with a Bruker APEX II
diffractometer equipped with a graphite monochromator cen-
tered on the path of MoKu radiation. A single crystal, made by
slow diffusion of ethanol in chloroform solution, was coated with
CargilleTM NHV immersion oil and mounted on a fiber loop,
followed by data collection at 120 K. The program SAINT was
used to integrate the data, which was thereafter corrected using
SADABS.* The data were cut at a resolution of 0.95 A as there is
no diffraction above, and R;, becomes larger. The result is a low
0nax value as well as poor resolution and data/parameters ratio.
As the crystal is a very thin needle, the diffraction is very low, and
the anisotropic shape makes the diffraction strongly dependent
on the orientation of the crystal. Hence, several reflections at
“high” angles were not present. The structure was refined by a
full-matrix least-squares method on F* using SHELXL-2018.>* All
non-hydrogens were refined with anisotropic displacement para-
meters. Hydrogen atoms were assigned to ideal positions and
refined isotropically using a riding model. CCDC 2191273.7
C33H3003, monoclinic, P2,/c (no. 14), a = 21.3546(13), b =
8.2429(6), ¢ = 27.6061(18) A, f = 102.563(3)°, V = 4743.0(5) A%,
Z=8,T=120K, 192119 reflections measured, 4558 unique (R;, =
0.1463), GoF = 1.037, R, = 0.0436, wR, (all reflections) = 0.1153.

Photophysical measurements

Absorption and fluorescence spectra were collected using a
UV-3600 double beam spectrometer (Shimadzu) and Fluoromax
fluorescence spectrometer (Jobin Yvon), respectively. 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 measurements 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 (330 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,
EKSPLA); the pulse duration was approximately 150 ps and the
energy of per pulse was chosen around 100 pJ. Emission was
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 with an integrating sphere.

Theoretical modeling

Geometries of the molecules were optimized in vacuum, using
the Orca 4.2.1% software package within ZORA-PBEO/ZORA-
Def2-TZVP(-f) level of theory. Dispersion effects were included
using Grimme’s D3 Becke-Johnson  (B])
damping.®® The evaluation of the four-center integrals was accel-
erated with the RIJCOSX algorithm.*”** RIJ requires the specifica-
tion 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.”> TD-DFT/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-
methyltetrahydrofuran (2-MeTHF) where the refractive index and
dielectric constant were used as published by Aycook.” SOC on
top of the TD-DFT results was included by using quasi-degenerate
perturbation theory.*” The SOC integrals used here are calculated
using a mean-field named RI-SOMF(1X), described elsewhere.*’
Images of the complex geometries were obtained using the
Chemcraft program.

correction with

Results & discussion

Synthesis and photophysical properties
2,8,14-Trimethoxy-homotruxene HTX-MeO was obtained in
41% vyield following the original procedure of Pyrko'' by
trimerization of 6-methoxytetralone in the presence of TiCl,
and triethylamine at room temperature.

Single-crystal X-ray diffraction measurements reveals that
HTX-MeO crystallizes in the centrosymmetric P2,/c space
group, with two different molecules in the asymmetric unit
with same conformations of the methoxy groups (Fig. S1, ESIT).
The four aromatic rings are clearly identified by their planar
geometry with C-C bonds ranging from 1.374(4) to 1.414(3)
whereas the other C-C bond distances in other cycles range
from 1.489(4) to 1.539(4). In the crystal, the molecules pack
with weak parallel-displaced m-stacking interactions through
some external rings and T-shaped C-H- - -m interactions (Fig. 2
and Fig. S2, ESIT).



Fig. 2 Representation of the intermolecular n stacking interactions. C:
grey, O: red. Hydrogen atoms are omitted for clarity, except the one
involved in C—H- - - interaction.

In 2-MeTHF solution at room temperature (RT), HIX-MeO shows
aweak absorption band at 345-380 nm (¢ = 34-38 cm™' M) (Fig. 3)
and a further even weaker band (& = 7-8 em™" M~ ") between 385 and
400 nm. According to our previous studies, the band at 345-380 nm
is assigned to the S, — S, transition, and the absorption at
385-400 nm to the S, — S; transition. The absorption spectrum
in dilute chloroform solution was measured (Fig. S3, ESIT), and
an intense absorption band with a maximum at 283 nm is
attributed to m,m* transitions originating mainly from locally
excited (LE) states. The steady-state emission spectra of HTX-MeO
in dilute 2-MeTHF solution consist of one structured emission
peak, with two maxima at about 404 and 422 nm and a shoulder
at about 450 nm (Fig. 3). Absorption and emission are slightly
dependent on the solvating environment (compare Fig. 3 absorp-
tion and emission in 2-MeTHF and toluene). The emission band
is oxygen-dependent, and its intensity in 2-MeTHF solution
increases by 29% in degassed solution compared to aerated
solution. The part suppressed in air is assigned to delayed
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Fig. 3 Absorption (10~ mol L™ and emission (optic regime conditions)
spectra of HTX-MeO in toluene (black line) and 2-MeTHF (light orange
line) solutions. The solid lines are the steady-state emission spectra at
RT collected in degassed 2-MeTHF solution and the filled area is the
spectrum collected in aerated solution. The dashed orange line is the Ph
emission collected at 90 K in 2-MeTHF.

fluorescence (DF) from triplet-triplet annihilation (TTA), whereas
the part observed in air is assigned to PF. At 90 K, a well-
structured emission peak attributed to the Ph is observed with
two main peaks at 560 and 602 nm and a shoulder close to
655 nm.

The measured PF quantum yields (@) are 33.2% and 38.7%
in toluene and in 2-MeTHF. The DF quantum yield (@) in
2-MeTHF was determined by the comparison of degassed to
aerated emission intensity, showing that the contribution of
the oxygen-sensitive delayed emission decreases to 29.5%.
TCSPC emission decays from 2-MeTHF solutions collected in
the ns range were fitted with tri-exponentials (Fig. S4, ESIT). As
previously reported for its non-substituted homolog (HTX),
emission occurs from two overlapping states, S, with t = 0.94 ns
(A, = 53%) and S; with 7 = 6.65 ns (4, = 38%)."® The third
component with a lifetime of 16.28 ns has a low contribution
(9%) and could indicate an aggregate content.

Nanosecond time-resolved delayed emission data for HTX-
MeO were obtained using a gated detection technique in
degassed 2-MeTHF solution. The decay curves are characterized
by a rapid component (in the ns time frame) and a slower one
(in the ps to ms time frame) (Fig. 4). At RT from time delay (TD) =
1.1 ns to 41.8 ns (Fig. 4(b), black line), an emission peak at
425 nm (t = 9.98 ns) with a weak vibronic structure is observed,
attributed to decay from the S, state. The difference between
the steady-state and time-resolved spectra is due to the emis-
sion of the mixed S, and S, states. S, is a LE state having a
radiative rate higher than the S; CT state. Therefore, S, largely
contributes to the steady-state emission, confirmed by TCSPC
measurements, and its emission is not observed in time-
resolved measurements, as it decays faster then ns time frame.
At TD = 5.9-84.3 us, the same peak emission (r = 189 ps) is
observed and attributed to DF by TTA. After TD = 84.3 ps, a
continuous red-shift until 455 nm is observed (Fig. 4(b), light
orange line). This peak at 455 nm is temperature sensitive, and
its lifetime increases on cooling (Fig. 4(a)). Therefore, it is
attributed to a faster and thermally activated Ph component,
as already reported, for its homologs.'® The DF and Ph compo-
nents disappear in the aerated solution, confirming the triplet
state contribution (Fig. 4(c)). Measuring the emission intensity
as a function of the laser excitation dose, a value of 1.53 +
0.05 was obtained, implying a mixture of TTA (with a slope of 2
as required for a bimolecular process) and the competing'
monomolecular faster Ph decay, which spectrally overlaps with
the TTA (Fig. 4(d)). In addition, the larger S, and T, energy gap
(AEgr = 0.869 eV), obtained from the on-set of PF and Ph
spectra at the high and low temperatures shown in Fig. 3, rules
out the thermally activated delayed fluorescence mechanism.
The decay curves as a function of temperature showed only a
slight evolution of the PF emission (Fig. 3(b), 4(a) and Fig. S5,
ESIT). At 90 K, the PF emission at TD = 1.1 ns is slightly blue-
shifted, centered at 420 nm. The DF and faster Ph emission
component is almost completely gone in the ps to few ms time
frame. The DF arising from TTA is frozen out by cooling the sample,
and the faster thermally activated Ph is seen as a small component
around 490 nm (Fig. 4(b), light orange line). The red-shift observed



a 1w
0 295K
i
101 }\ 250K
o PE . o 180K
S 1074 \ 120K
=9 DF + Ph 90 K
_*E 10°4 ‘
2 o, Ph
E 1011 W ‘
1 o
101] L%
1
FE e e e e e

-
10 10° 10’ 10

Time Delay (ns)

cC 10
] o Aerated
10°4 °o Degassed
(¢]
119
S 104 PF%’ DF +Ph
i
> 1 l
= ARy
é‘ 10°+ & \::
g
c 1
10°4
E
10-’9,,y, Ty l
10 10 10 10 10

Time delay (s)

o

1.0
0.8
0.6

044 4

Normalized Intensity

024§

400 500 600
Wavelength (nm)

d w0
117.5m) -

o

10’ 0®
o
o

o

" % Siope 1.53 4/-0.05
o

3x10°

41ml

Intensity (a.u.)

2x10°4

100

Intensity (a.u.)

1x10'4

T

T T
400 500 600 700

Wavelength (nm)

Fig. 4 Time-resolved measurements for HTX-MeO. (a) Time-resolved decay in 2-MeTHF as a function of temperature. (b) Normalized spectra were
taken at distinct time delays at RT: TD = 1.1-41.8 ns (solid black line), TD = 5.9-84.3 ps (solid grey line) and TD = 969 ps—2.1 ms (solid light orange line);
and at 90 K: TD = 1.1-49.1 ns (dotted black line) and TD = 1.1- 8.4 ms (dotted light orange line). (c) Time-resolved decay in degassed and aerated toluene
solutions. (d) Emission spectra and intensity as a function of the laser excitation dose with excitation at 355 nm for toluene degassed solution.

for the faster Ph can be attributed to the mixed emission from
both faster and slower Ph. The dominant slower Ph emission
(t =27 ms) is observed from TD = 1 ms to 8.4 ms. For HTX-MeO
the absorption and steady-state emission of the powder are very
similar to the ones in solution, as shown in Fig. S6 (ESIf). The
PF from S, is observed in the time-resolved emission spectra at
earlier times with a slightly lower lifetime (z = 8.95 ns) due to the
increase of the PF radiative pathway in solid-state (Table S1,
ESIT). Only the slow Ph pathway deactivates the triplet state in
the long-lived component (Fig. S7, ESIF). Differences between
the Ph emission in the solid-state in Fig. S6 and S7 (ESIT) can be
attributed to a loss of vibronic resolution at room temperature.
Time-correlated single-photon counting in powder revealed a Ph
lifetime of 0.34 s (Fig. S8, ESIF). The @p), was not measurable in
solution, but in powder, it is 4.7% at RT (Table S1, ESIY),
allowing the Ph in the solid to be observed by eye after switching
off the excitation.

Theoretical investigations

By DFT calculations, the ground state geometry was optimized
(Fig. S9, ESI¥), showing a good agreement with the X-ray crystal
structure. The calculated frontier orbitals for all compounds are
shown in Fig. 5, where the HOMO and HOMO—1 are almost
degenerate © orbitals with contributions on the inner and part
of the outer rings. LUMO and LUMO+1 is the corresponding m*
orbitals. The HOMO-2 and the LUMO+2, in contrast, are

located quite selectively at the outer rings. A significant con-
tribution of the oxygen atom to the HOMO—2, HOMO—-1 and
HOMO is observed.

The low-lying excited states were modeled using TD-DFT and
SOC-TD-DFT approaches (Fig. 5). TD-DFT density difference
plots and the oscillator strengths indicate that the S, arises
from m,n* transitions at the central ring with characteristics of a
charge-transfer (CT) resonance state, while the upper singlet
states S,-Ss are more likely m,n* LE states (Fig. 5 and Table S2,
ESIT). HTX-MeO S, and S, states have closer energy, and S, has
higher oscillator strength (Table S2, ESIT) in agreement with
the dual PF observed experimentally and for its reported
homologs.'® Similar to the singlet states, the low-lying triplet
states are primarily combinations of the frontier orbitals, with
higher contributions from the outer rings and oxygen atoms.
For the triplet states, T, is the first with significantly higher
oscillator strength and an orbital configuration similar to S;.
Thus the faster Ph emission should arise from this state."'

To evaluate the methoxy group effect on the Ph and the ISC
pathways, SOCMEs were calculated for the S; and T, geometries.
The ISC rate from S,, is proportional to the magnitude of the
SOCME between this state and all the triplets below or energe-
tically close, in this case, T;-T,. The sum of the SOCME between
these states is 1.71 ecm ™', which is relatively low compared to
those of metal-containing complexes, but high enough to
induce an efficient ISC. The Ph is induced by the SOC between
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the low-lying singlet and triplet states.

between the first ten singlet and triplet states is 30.26 cm™".

This value of SOCME is mainly attributed to the SOC associated
with the transitions inside the inner and other rings in the
twisted m-system. This is confirmed by the TD-DFT difference
densities, where the contribution of the n-system is much more
significant than that of the oxygen atoms.

Donor-acceptor effect on the twisted n-system

The donor-acceptor effect on this twisted n-system can be
discussed by comparing HTX-MeO with its threefold fluorine-
substituted (i.e. acceptor-substituted) homolog HTX-F and the
unsubstituted homolog HTX.'® In 2-MeTHF diluted solution,
HTX-MeO and HTX-F have higher fluorescence and ISC rates
than HTX, see Table S1 (ESIT). The kpy is increased due to the
higher transition moment dipole when F and O atoms are
involved, while kg is related to the SOC between S, and the
closer triplets and their orbital localization. With the methoxy
group, the greater number of triplet states below S; compared
to its non-substituted homolog increases the sum of the
SOCME between these states by =x2. This agrees with the
observed increase of the ksc by a factor of 7, as this rate
depends on the square of the SOCME.

For the isolated molecule of HTX-MeO in solution, a higher
kpn, is observed compared to its homologs, indicating a larger
SOC associated with the low-lying triplets. The Ph is induced by
the SOC between the low-lying singlet and triplet states. As with
fluorine substitution in HTX-F, relatively little impact on the
SOCME is observed with methoxy substitution in HTX-MeO.
The HTX-MeO Ph rate increases due to the Herzberg-Teller
(HT) vibronic coupling effect, as previously found for HTX and

its halogenated homologs.'® 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.

In the solid state, the fluorescence rate of HTX-MeO is quite:
similar to the rate in solution, but the Ph lifetime becomes:
larger than with HTX and HTX-F, and @y}, increases compared|
to HTX-F. This significant difference is related to the molecular
packing: while HTX and HTX-F form crystals with molecules:
stacked on top of each other, the presence of the methoxy moiety
led to m-stacking interaction with closer distances between themy
(d(C14-15) = 3.640(3) A, d(C60-C3) = 3.669(3) A) (Fig. 2). Suchi
molecular aggregation of HTX-MeO can stabilize the triplet state,,
increasing its lifetime and allowing the observed RTP.'***** The:
triplet stabilization through the packing results in a more signifi-
cant energy difference between the on-set energy for the slower Phy
emission in solution at 90 K, ideally from an isolated molecule tox
solid-state with a m-stacking interaction. The HTX-MeO slower Phi
shifts by 0.09 eV, while its homologs HTX and HTX-F shift by
0.01 eV and 0.05 eV, respectively. Furthermore, the reduction
observed in the intensity of the 0-1 peak (Fig. S6, ESIF), indicates:
that the n-stacking packing decreases the HT contribution, probably:
restricting the C—C vibrational modes and reducing the radiative:
rate from T,. Thus, the donor-acceptor effect observed for this:
twisted m-system is similar to that described for planar m-systems,,
and the RTP is due to the molecular packing and aggregation.

Conclusions

In summary, including a donor group in a twisted m-systenu
does not significantly affect the SOCME compared to its non-
substituted homolog, but the vibronic coupling enhances its:
phosphorescence rate. The donor-acceptor effect in this systemu
is similar to molecules with a planar n-system. The packing and|
the aggregation of HTX-MeO led to a long-lived phosphores-
cence with alifetime of 0.34 s and quantum yield of 4.7%, being
visible by the eye after switching off the excitation. We conclude
that the RTP at the solid-state depends more on the packing
than the donor-acceptor substituent effects.
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