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A novel [2.2]paracyclophane bridged tris(2,4,6-
trichlorophenyl)methyl-diradical and its
interaction with circularly polarized light
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Chiral diradicals that interact with light represent interesting molecules with potential applications in
quantum technology. Here, we report the synthesis of such a novel tris(2,4,6-trichlorophenyl)methyl
derived diradical, which is coupled to a chiral bis-acetylene [2.2]paracyclophane using Sonogashira cross-
coupling. Its optical properties are compared with those of a non-chiral [2.2]paracyclophane diradical
homologue and a phenylacetylene tris(2,4,6-trichlorophenyl)methyl radical reference compound. We study
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the weak electronic and magnetic interactions between the two unpaired electrons and the chiroptical
properties of the diradicals. The enantiomers of the chiral diradical are separated via chiral HPLC and
studied by circular dichroism. Magnetic characterization reveals triplet state population, due to near-
degenerate singlet—triplet energy levels with a vanishingly small splitting (AEst < 0.1 kJ mol™?), consistent
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Introduction

Molecules with two interacting and unpaired electrons are of
special interest for quantum technological applications, for
example, in quantum sensing of magnetic fields."> Recently,
optically distinguishable electronic spin isomers have been
demonstrated in a stable organic diradical, further underlining
the potential of such systems for quantum material research.’
Moreover, dyes that interact with circularly polarized light have
become an essential tool for various sensing scenarios in the
life sciences.” While chiral units can be easily incorporated into
molecules with closed electronic shells, the design of chiral
diradicals is a more challenging endeavour. Key problems in
diradical design and synthesis remain in overcoming incom-
plete conversion to the diradical and achieving high stability in
the resulting radical centers.>®

Stable open-shell molecules - radicals - have long been of
interest, due to their unique electronic and photophysical
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with the results from DFT calculations.

properties. Among them, tris(2,4,6-trichlorophenyl)methyl
(TTM) radicals are particularly well-studied, known for their
remarkable stability and doublet emission characteristics.”™°
Their robustness arises from the propeller-like conformation of
the phenyl rings, where the chlorine atoms screen the hemi-
spheres above and below the radical center, effectively prevent-
ing dimerization."" The photoluminescence of TTM radicals
has been explored extensively, especially in the context of
tuning the optical properties through substitution with differ-
ent electron donating moieties and their impact on the photo-
luminescence quantum yield (¢).**"?

While monoradical TTM species are well understood, the
growing interest in TTM-derived diradicals introduces new
challenges and opportunities. A notable example is the TTM-
TTM Chichibabin diradical, which exhibits a significant red-
shift in its emission band compared to TTM monoradicals.
This shift has been attributed to enhanced conjugation, with
emission originating from the lowest excited state, in accor-
dance with Kasha’s rule, albeit with only a modest ¢ of
approximately 1%.'%"> Another intriguing TTM diradical is
the para-connected TTM-Ph-TTM Miiller hydrocarbon, charac-
terized by a singlet ground state with a thermally accessible
triplet state.’® Such systems exemplify how subtle structural
modifications tune electron spin interactions in organic
diradicals.””*® Recent computational studies on yet elusive
TTM-Ph-Ph-TTM reveal a singlet ground state as well as an
unexpected blue-shift in emission, likely due to the increased

This journal is © The Royal Society of Chemistry 2026
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distance between the radical centers.”® A particularly compel-
ling objective is the realization of a TTM-based diradical with a
true triplet ground state. To date, meta-connected TTM-Ph-TTM
has remained the only example of TTM derivatives exhibiting
such behavior, while this meta-connectivity prevents quinoidal
conjugation and plays a crucial role in favoring the triplet
ground state.”’ Interestingly, many [2.2]paracyclophanes
(PCPs), including those in which each phenyl ring is only
functionalized once, can also prevent quinoid formation. The
connectivity through such PCPs where the individual phenyl
rings are only mono-functional is therefore termed pseudo-
geminal, -ortho, -meta and -para.”> Moreover, apart from
through-space conjugation,> no real electron delocalization
(and formation of a quinoidal structure) is possible (see
Fig. 1)."7?*?7 The coupling between the TTM units and the
PCP can be performed via Sonogashira cross-coupling, ensur-
ing a sufficient distance between the radical centers by intro-
ducing rigid ethynyl-spacers (PCP-A), obviating steric stresses in
the diradical, and thus minimizing undesired radical recombi-
nation (see Fig. 1).'”?® In the case of pseudo-o-PCP-A, this
structural approach introduces an additional intriguing prop-
erty, namely, planar chirality, endowing the pseudo-o-PCP
coupled TTM-diradicals with unique chiroptical properties
and potentially opening new pathways for designing stable
and tunable diradical systems (see Fig. 1).*?°

Chiral radicals with chiroptical properties have been
explored in TTM-based monoradicals, by introducing chiral
electron donor units. The configurational stability and photo-
stability of helicene-based radicals enable their enantiomeric
separation via chiral HPLC, facilitating precise studies of their
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interaction with circularly polarized light.>**° While the TTM
radical exists in a propeller geometry and therefore automati-
cally exhibits chirality, the TTM propeller enantiomers can
interconvert and racemize quickly at room temperature, obviat-
ing the application of TTM as a chiroptical material.>* Only a
few chiral diradicals are known. A related (dichloropyridyl)
bis(trichlorophenyl) methyl radical (PyBTM) has been linked
with a binaphthyl unit exhibiting axial chirality.*”> Another
example reported is a double helical aminyl diradical exhibiting
a pronounced triplet ground state.>®> However, to date, TTM-
derived diradicals with a stable chiral connector and their
potentially interesting properties have remained unknown.

In this study, we present the synthesis of a chiral pseudo-
ortho-bis-ethynylene paracyclophane bridged TTM diradical
(pseudo-0-PCP-TTM,) and a non-chiral pseudo-para-bis-
ethynylene paracyclophane bridged TTM diradical (pseudo-p-
PCP-TTM,). As a reference compound, we also synthesize the
respectively related phenylethynylene-TTM monoradical
(Ph-TTM) (see Fig. 1). We compare the spectral properties of
the chiral and non-chiral diradicals and the circular dichroism
(CD) of the enantiomerically resolved pseudo-0-PCP-TTM,.
While the pseudo-p-PCP-TTM, with oppositely positioned
TTM radicals and the phenylethynylene-TTM radical exhibit a
similar doublet signal in the electron paramagnetic resonance
(EPR) spectrum, the chiral pseudo-o-PCP-TTM, diradical exhi-
bits zero-field splitting, resulting from dipolar interaction
between the two radical centres.

These findings establish PCP-based diradicals as a promis-
ing platform for chiral diradicals with the ability to deliberately
control the electron spin interactions.
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Fig. 1 Synthesis of the chiral (planar chirality, S, and Rp) and non-chiral TTM-diradical compounds, as well as the monoradical reference compound

phenylacetylene-TTM via Sonogashira cross-coupling.
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Results and discussion
Synthesis

To synthesize our chiral and non-chiral TTM-diradicals, we start
from pseudo-o-PCP-A and pseudo-p-PCP-A (their synthesis is
described elsewhere).’* In addition, we employ phenylacetylene
representing one half of the bis-ehtynylene-PCP bridge. We
connect the racemic chiral and non-chiral bis-acetylene PCPs
and phenylacetylene to the closed-shell iodine-functionalized
HTTM radical precursor using Sonogashira cross-coupling (see
Fig. 1).** For the conversion of the closed-shell precursors to
the radicals and diradicals, the widely established deprotonation-
oxidation mechanism using KO‘Bu and p-chloranil is repeated
three times for the diradicals to maximize the diradical conver-
sion, until no more monoradical impurities are observed in high-
resolution mass spectrometry (HRMS).®

While Pd-catalyzed cross-coupling reactions such as Suzuki
coupling can be used to directly couple the TTM-radical to
other conjugated units without losing the open-shell character,
Sonogashira coupling provides only the closed-shell product,
even when we start from the open-shell iodo-TTM radical. To
rule out the conceivable reduction of the TTM radical by the
copper co-catalyst, we also tested a copper-free Pd-catalyzed
Sonogashira reaction protocol (see the Experimental section in

B/mT
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the SI).>° Interestingly, even in this copper-free approach, the
product is also the closed-shell PCP-HTTM, radical precursor in
a yield of 95%, requiring once again the deprotonation-oxida-
tion cycle after Sonogashira coupling for the conversion to the
diradicals. Beneficially, we can make use of the closed-shell
pseudo-0-PCP-HTTM, as a reference compound and as an
isosteric closed-shell matrix to “dilute” the diradicals in the
solid state.

Magnetic characterization and DFT geometry optimization

We investigate the magnetic properties of the novel radicals by
EPR spectroscopy (see Fig. 2). In flash-frozen toluene solution
and polymethyl methacrylate (PMMA), we observe a strong
central EPR signal for all samples, similar to the signal of a
monoradical (g ~ 2), which either indicates incomplete con-
version of the precursor to the diradical or the formation of
radical-radical associates (n-dimers or higher aggregates) (see
Fig. S2 and S3 in the SI). In such aggregates, the majority of
electron spins can couple antiferromagnetically, leaving a small
fraction of individual electron spins that produce the apparent
monoradical-like signal.>”*® We do not assume c-dimerization
of the chlorinated trityl units, which is suppressed in these
systems.>® This problem of aggregation can be reduced when
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Fig. 2

(a) Comparison of the continuous wave (cw-)EPR spectra of the pseudo-o-PCP-TTM, with phenylacetylene-TTM and pseudo-p-PCP-TTM, at

190 K in their respective isosteric matrices. The inset shows the signal of pseudo-o-PCP-TTM; at half-field. (b) cw-vt-EPR measurements of pseudo-o-
PCP-TTM; (0.05 wt%) in the precursor (pseudo-o-PCP-HTTM,) matrix and fitting of the experimental data at 100 K using EasySpin to extract magnetic
parameters. (c) Pulsed EPR spectra of pseudo-o-PCP-TTM; (0.05 wt%) in the radical precursor (pseudo-o-PCP-HTTM,) matrix in the temperature range
of 4 K to 35 K (helium). (d) Pulsed EPR signal intensity multiplied by temperature (/ x T) as a function of temperature (4 K to 35 K) of pseudo-o0-PCP-TTM,
with a constant model fit. (e) cw-EPR signal intensity multiplied by temperature (/ x T) as a function of the temperature (100 K to 295 K) of pseudo-o-

PCP-TTM, with a constant model fit.
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we employ the diradicals in a matrix of their closed-shell
(respective HTTM) precursor. To obtain this “solid solution”
(of the radicals in their precursors), we dissolve the respective
closed-shell precursor and the (di)radicals in benzene and then
remove the solvent by freeze-drying, providing us with the solid
powder. This solid solution allows for measurements in the
solid state at room temperature, while the self-similar molecu-
lar geometry of the precursor and the radical prevents aggrega-
tion. For pseudo-0-PCP-TTM,, in its isosteric matrix, we observe
zero-field splitting (ZFS) in the EPR spectrum, indicating dipo-
lar interactions between the unpaired electrons (see Fig. 2a).
The sharp central peak is much reduced, corroborating that it
is not a result of monoradical impurities but rather due to the
formation of aggregates, as hypothesized above (¢f. Fig. 2a with
Fig. S2 and S3). As indicated above, we could not detect any
residual monoradical after synthesis by HRMS, further sub-
stantiating the claim that a certain amount of formed aggre-
gates is responsible for the sharp central signal (see HRMS
spectra in Fig. S23, SI). In contrast, both pseudo-p-PCP-TTM,
and phenylacetylene-TTM (Ph-TTM) show signals of a doublet
ground state in the EPR spectrum (see Fig. 2a). While this
doublet is natural for the Ph-TTM monoradical, the signal is
also reasonable when considering the larger inter-spin distance
in the pseudo-p-PCP-TTM,, indicating that the molecule is a
biradical, in which the spin-centers act independently as doub-
lets. In contrast, the diradical character of pseudo-o-PCP-TTM,
is further corroborated by the formally forbidden transition
with |Amg| = 2 at half field (see the inset in Fig. 2a). For
extracting magnetic parameters such as the dipolar coupling
constant |D/hc| and the symmetry of the spin density distribu-
tion |E/hc|, we simulate the spectra (using EasySpin), which
allows us to determine the electronic and structural properties
and the relative occupation of the triplet sublevels (population
distribution), which influences the spectral shape (see
Fig. 2b).*>*' The experimental data for pseudo-o-PCP-TTM,
can be fitted with a single diradical species and a central
component with spin § = 0.5, representing the signal from
aggregates (see Fig. S4 in the SI). To verify these data, we turn to
density functional theory (DFT) at the UB3LYP/def2-TZVP level
of theory for structural optimization and to relate the geometry

View Article Online

Journal of Materials Chemistry C

to the magnetic properties. We perform a conformational
analysis via DFT for the R, isomer, which reveals three distinct
diradical species, differentiated by the rotational configu-
ration of the TTM propeller units (see the SI, Table S1 and
Fig. S10 and 11; the S, isomer exhibits the same energies as its
respective mirror-imaged stereoisomers). The most stable
Ry-based diastereomer is the one with the trityl propellers in
the (+,+) conformation, whereas the (+,—) and (—,—) diaster-
eomers are less stable by 12.22 k] mol ™" and 15.48 kJ mol ,
respectively (see Fig. S10). Such a large gap excludes signifi-
cant populations of higher-energy species, justifying the fit of
the experimental EPR data with a single diradical species.
However, we would like to point out that the EPR analysis is
performed in the solid solution (of the diradicals in a matrix
of their closed shell homologue), whereas the DFT calcula-
tions are performed in the gas phase. The difference between
the experimentally determined EPR data and the fitted spec-
trum might arise from matrix stabilization of the other
diastereomers or of conformers or dimers not predicted by
the gas-phase calculations. The DFT geometry optimization
reveals a distance of d = 0.75 nm between the radical centers
(for all diastereomers) (see Fig. S10 in the SI). These values are
in the same range as the spin-spin distances obtained from
the experimental |D/hc| values using the dipolar coupling
equation,***? giving d = 0.80 nm. The dihedral angle between
the p-orbitals (0,,) will influence the strength of the dipolar
coupling. The (+,+) diastereomer, calculated as being the most
stable, has the smallest 0, = 28.2° resulting in an almost
parallel alignment of the p-orbitals (see Fig. S10a). For the
interpretation of the pseudo-p-PCP-TTM, EPR spectrum, the
chirality of the TTM propellers appears to be irrelevant, since
the distance between the radical centers is large at 1.9 nm and
the calculated single point energies are independent of the (+)
or (-)-conformation of the TTM propellers (see Table S2 and
Fig. S15, SI). Fitting of the EPR spectra allows us to determine
the strength of the dipolar coupling in pseudo-o-PCP-TTM,
through the ZFS parameters |D/hc| = 85 MHz and |E/hc| =
14 MHz (see Table 1). The relatively large value of |E/hc|
indicates that the spin density distribution is
symmetrical along the axis of maximum dipolar coupling.**

non-

Table 1 Summary of the photophysical, geometrical, and EPR properties: g is the Landé central splitting factor (anisotropic), |D/hc| and |E/hc]| are the
ZFS parameters, d is the distance between the spin-centers, 0, is the dihedral angle between the p-orbitals at the two spin-centers, A, is the maximum
absorption wavelength, /p is the maximum photoluminescence wavelength, and ¢ is the photoluminescence quantum yield

Zxy,2 (aniso.) |D/hc|/MHz |E/hc|/MHz d/nm* Opp!/ ™ Jabs/NM Jp/nm d1%
pseudo-0-PCP-TTM, 2.0030, 2.0024, 2.0045 85 14 0.80 28.2 314 688 0.9
375
436
pseudo-p-PCP-TTM, 2.0038 1.92 300 660 0.8
375
440
Ph-TTM 2.0033 375 620 1.2
413
¢ Calculated from the DFT optimized molecular geometries.
This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. C, 2026, 14, 1666-1674 | 1669
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Finally, we note that chiral diradicals can, in principle,
present a non-zero antisymmetric coupling of the form
(S; x 8,) x d, arising from the spin-orbit interaction.*>*
However, adding this coupling in the spectral simulation does
not improve the fit, suggesting that the antisymmetric inter-
action is negligible.

The obtained g-factors are close to the value of
2.0036 as is typical for TTM diradicals (see Table 1).'*'® The
deviation from the g-factor of a free radical electron, with g. =
2.0023, is because of the orbital angular momentum, in other
words the spin-orbit coupling, which is larger for states near
degeneracy.”’

To better understand the nature of the ground state
of pseudo-o-PCP-TTM,, we perform variable-temperature
(vt-)EPR spectroscopy using both pulsed and continuous wave
(cw) techniques. Pulsed EPR measurements are carried out at
helium temperatures (4 K to 35 K, see Fig. 2c), while cw-EPR
spectroscopy is used in the temperature interval from 100 K to
295 K (see Fig. 2b). Although both methods are suitable in
principle, cw-EPR spectroscopy suffers from strong microwave
power saturation at low temperatures, making pulsed EPR
spectroscopy the method of choice in this range. This satura-
tion effect suggests that one of the relaxation times (74 or T5)
increases as the temperature decreases.*® T, was measured by
varying the interpulse delay () in a two-pulse electron spin
echo experiment, yielding a value of T, = 2 us after fitting it

-2
with a biexponential decay function /(2t) = exp (TT) (see
2

Fig. S6 in the SI). Apparently, T, is limited by hyperfine
interactions with nearby protons.’® In both techniques, the
overall spectral shape is consistent with a diradical species.
While cw-EPR spectroscopy detects the first derivative of the
absorption spectrum, pulsed EPR spectroscopy provides the
absorption spectrum directly. Integrating the pulsed EPR
spectrum yields an intensity equivalent to the doubly inte-
grated cw-EPR signal. When we plot the intensity of the EPR
signal multiplied by the temperature (I x T) as a function of
temperature, the intensity remains largely constant across
the measured temperature range, showing no systematic
variation and only minor scatter (see Fig. 2d and e). The
close similarity of the values strongly indicates that the
singlet and triplet energy levels are effectively degenerate.
This conclusion is further supported by DFT calculations,
which predict near-degeneracy of the singlet and triplet
states (see Table S1 in the SI). For the non-chiral pseudo-p-
PCP-TTM,, no complex coupling patterns are visible in the
EPR spectrum (see Fig. 2a). This absence of coupling can be
explained by the radical-radical distance of 1.92 nm
(obtained by the DFT calculation), which is very large com-
pared to the 0.76 nm obtained for pseudo-o-PCP-TTM,.
Effectively, in pseudo-p-PCP-TTM,, the distance between
the radical centers is too large for interaction. While per-
forming vt-EPR measurements for pseudo-p-PCP-TTM,
in frozen toluene, we do not observe any systematic correla-
tion between the signal intensity and the temperature (see
Fig. S1 in the SI). In conclusion, pseudo-p-PCP-TTM, is a

1670 | J Mater. Chem. C, 2026, 14, 1666-1674
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biradical with isolated spins that are best described as
separated doublet species.

Optical characterization and TD-DFT calculations

The UV-vis absorption spectra of pseudo-0-PCP-TTM,, pseudo-
p-PCP-TTM,, and Ph-TTM exhibit similar features, with an
intense absorption band in the near UV region (with a max-
imum at A;,s ~ 375 nm), an absorption or shoulder at
Jabs & 415 nm and broad absorption bands in the visible
range, as is typical for the TTM radical and its derivatives (see
Fig. 3a).”®°° Moreover, we observe absorption bands around
Aabs & 300 nm as well as at /1,5 & 436 nm and A,ps & 440 nm
for pseudo-o- and pseudo-p-PCP-TTM,, respectively. We assign
the band at 4,55 &~ 415 nm to an absorption associated with the
TTM-ethynylene-PCP or TTM-ethynylene-phenyl bridge, since
this feature is prominent in all samples and cannot be assigned
to the other individual molecular building blocks. The bands at
436 nm and 440 nm, respectively, for the two diradicals, are
attributed to extended m-conjugation and through-space elec-
tronic interactions involving the [2.2]paracyclophane core and
the conjugated ethynylene-TTM units, resulting in a red-shifted
transition relative to the individual components (see Fig. 3a).
Similar acceptor functionalized PCPs also show this bathochro-
mic shift through extended n-conjugation across the ethynylene
bridges and substantial through-space conjugation into the
other PCP deck.***'”>* To understand the transitions in the
visible spectrum better, we perform time-dependent (TD)-DFT
at the UB3LYP/def2-SVPD level of theory using the above
optimized ground state geometries. We compute the natural
transition orbitals (NTOs) for the lowest energy transitions for
the three molecules. This analysis allows us to assign NTOs to
the absorption bands at 436 nm and 440 nm in the pseudo-o-
and pseudo-p-PCP-TTM,, where we observe the expected CT
and through-space delocalization of the hole across the two
PCP decks, whereas the electron resides predominantly on the
TTM unit, corroborating our above interpretation (see Fig. S14).
Since the diradicals are symmetric, we observe isoenergetic
So — S;and Sy — S, transitions. When we inspect the NTOs, we
observe charge transfer (CT) transitions for these S, — S; and
So — S, transitions with the lowest energies. Since the pseudo-
0-PCP-TTM, and the pseudo-p-PCP-TTM, are symmetric, the
NTOs for the S; and S, transitions are mirror images, which is
why we only display one of the two mirroring states and only
the state with the greatest contribution to the transition (see
Fig. 3b). The full set of NTOs is displayed in Fig. S13 in the SI.
The next transition for the two diradicals is the T, transition at
slightly higher energy. When inspecting the corresponding
NTOs, it becomes apparent that the T, transitions exhibit
hybridized local and charge transfer (HLCT) character. It
should be noted that the NTO of the D, transition of the Ph-
TTM monoradical is very similar to the NTO of the T, transition
of pseudo-p-PCP-TTM, (see Fig. 3a). While the computed A,ps
values of the T, transitions of the diradicals are similar in
energy (588 nm and 589 nm), the S,/S, transitions differ in their
energy. For the S,/S, transition, pseudo-o-PCP-TTM, exhibits
Japs = 726 nm and for the pseudo-p-PCP-TTM,, Aaps = 670 nm

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02343b

Open Access Article. Published on 30 October 2025. Downloaded on 3/3/2026 11:25:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A/nm
300 400 500 600 700 800

30000 T T
——pseudo-p-PCP-TTM,
——Ph-TTM

25000 ——pseudo-0-PCP-TTM, |

20000

1 cm-1

15000

&/ 1 mol

10000

5000

Ae /A*L mol”'cm™’

I I L
300 400 500 600 700

101€ N ——Ph-TT™ B
[ —— pseudo-p-PCP-TTM,
/ [ \ —— pseudo-0-PCP-TTM,

0.8

0.6

1/a.u.

0.4

0.2

0.0 = 1 1 1 L
550 600 650 700 750 800 850 900

A/nm
Fig. 3

View Article Online

Journal of Materials Chemistry C

£<0.01

Aapbs = 588 nm

$i/S,

f=0.01
Aabs = 670 Nnm

T

f=0.18
Aabs =589 nm

D,

f=0.09
Aabs = 558 nm

(a) Normalized absorption spectra of pseudo-o-PCP-TTM, (blue), pseudo-p-PCP-TTM, (violet) and Ph-TTM (grey) in cyclohexane solutions

(c =107°M). (b) Hole (h*) and electron (e™) natural transition orbitals (NTOs) for the Sg — S1/» and To — T transitions in pseudo-o-PCP-TTM,, calculated
at the UB3LYP/def2-SVPD level of theory. (c) CD spectra of the R, (blue) and S, (red) enantiomers with a comparison to the theoretical CD spectrum of
the R, enantiomer (dashed lines) and a chiral HPLC elugram of pseudo-o0-PCP-TTM (inset). (d) Hole (h*) and electron (e~) natural transition orbitals
(NTOs) for the Sy — Sy/2 and To — Ty transitions in pseudo-p-PCP-TTM,, calculated at the UB3LYP/def2-SVPD level of theory. (€) Normalized emission
spectra in cyclohexane of pseudo-o-PCP-TTM, (blue), pseudo-p-PCP-TTM, (violet) and Ph-TTM (grey) (c = 107> M). (f) Hole (h*) and electron (e7)

natural transition orbitals (NTOs) for the Do — D; of Ph-TTM, calculated at the UB3LYP/def2-SVPD level of theory.

(see Fig. 3b and d). This computed bathochromic shift in the
S1/S, transition of the pseudo-o-PCP-TTM, compared to the
pseudo-p-PCP-TTM, can also explain why the chiral pseudo-o-
PCP-TTM, diradical exhibits the most red-shifted photolumi-
nescence (see Fig. 3e). The emission will most likely occur from
the transition with the smallest energy gap (Kasha’s rule),
which is why the S;/S, energies are important for the emission
process (S,/S, — Sp). By contrast, Ph-TTM only exhibits a
lowest excited D, state, which is energetically most similar to
the T, in the diradicals (see Fig. 3f). This explains why we
observe the most blue-shifted emission from the monoradical
(see Fig. 3e).

This journal is © The Royal Society of Chemistry 2026

The photoluminescence quantum yield of the diradicals is
rather low at ¢ &~ 1%, which is common for alternant TTM-
based diradicals due to their symmetry breaking charge separa-
tion upon excitation.'* Moreover, the balance between donor
and TTM acceptor strengths in the Ph-TTM monoradicals does
not seem to be ideal, as we obtain only slightly higher ¢ = 1.2%.
Excitation spectra recorded at the maximum photolumines-
cence wavelength (1p;) of the two diradical species closely
resemble the corresponding UV-vis absorption profiles, con-
firming that the observed low photoluminescence indeed ori-
ginates from the diradicals rather than from emissive
impurities (see Fig. S8, SI).
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To elucidate the chiroptical properties of the chiral diradi-
cal, we first resolve the racemic mixture of pseudo-0-PCP-TTM,
into the planar chiral enantiomers (with regard to the PCP unit)
using chiral high-performance liquid chromatography (HPLC).
We obtain an almost baseline separation between the HPLC
peaks on a chiral Lux® i-Amylose-3 column, allowing us to
isolate the corresponding enantiomers (see HPLC trace in the
inset of Fig. 3c). We investigate the pseudo-o-PCP-TTM, enan-
tiomers using circular dichroism (CD) spectroscopy.

Mirror-image CD spectra are obtained for the two enantio-
mers. We can clearly observe the Cotton effect in the CD
spectrum at A,ps = 314 nm and 436 nm, originating from the
PCP unit. The spectrum drawn in red is subject to the positive
Cotton effect, since we have a positive A¢ below the A,,s and at
longer wavelengths, A¢ is negative. Conversely, the spectrum
drawn in blue is subject to the negative Cotton effect (see
Fig. 3c). The dissymmetry factor g.,s is determined to be
2.1 x 10 which is in the same range as that of other
substituted [2.2]PCPs.>*** By comparing the theoretical CD
spectrum (obtained by TD-DFT) with the experimental data,
the blue curve in Fig. 3c can be assigned to the R;, enantiomer,
and the red curve can be assigned to the S, enantiomer.
Unfortunately, the ¢ is too low to determine a dissymmetry
factor for the circularly polarized emission CPL (gjum < 107%)
(see Fig. S7 in the SI).

Conclusions

In this work, we have successfully synthesized a novel chiral
pseudo-ortho-PCP-TTM, diradical species, with degenerate
singlet and triplet ground states with ZFS. The chiral diradical
can be enantiomerically resolved and the enantiomers show
strong CD though weak photoluminescence. Further research
should focus on increasing ¢, for example, by introduction of
electron donor moieties, such as carbazole.”® To optimize the
application in the field of quantum information processing or
for quantum sensors in general, it could also be interesting to
stabilize the triplet ground state against the singlet state to
avoid the population of the latter at room temperature. We
anticipate that these results will inspire further exploration of
molecular architectures with tailored spin-state landscapes,
advancing both the understanding and application of organic
open-shell systems.
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