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Intermediate diradical character and thermal cis—
trans isomerization of near-infrared absorbing
thionated squaraine dyes+i
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We synthesized squaraine dyes incorporating 4-membered thionated oxocarbon and chalcogenopyrylium
moieties, which displayed intermediate diradical character as confirmed by bond-length analysis and
temperature-dependent behaviors observed in *H NMR and ESR spectroscopy. The *H NMR signals of the
cyclobutenedithione dyes disappeared at lower temperatures compared to the cyclobutenedione ana-
logues, indicating a lower thermal transition to the excited triplet state and thus greater diradical charac-
ter. Moreover, we identified cis—trans isomerization in the thionated dyes. Notably, an increase in diradical
character lowered the activation energy of this isomerization, facilitating the structural transition between
cis and trans isomers. These dyes exhibit strong near-infrared absorption, with slight temperature-depen-
dent shifts likely arising from the closely matched electronic transition energies of the isomers.
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Introduction

Singlet diradicaloids are molecules characterized by intermedi-
ate diradical character, which is illustrated by resonance struc-
tures that include both closed-shell and open-shell forms.'™
In these molecules, two electrons with antiparallel spins are
only partially coupled in the ground state. This partial coup-
ling causes the electrons to occupy separate spatial regions to
minimize electron repulsion, thereby reducing the covalent
character of the = bond and stabilizing the diradical resonance
forms. As a result, singlet diradicaloids can facilitate thermal
excitation from singlet to triplet states.*”” Over the past two
decades, various stable singlet diradicaloids have been
demonstrated, including =n-extended quinodimethanes like
Chichibabin’s hydrocarbon,®™° quinoidal
oligothiophenes, and graphene fragments. These com-
pounds have attracted significant interest due to their unique
physical properties stemming from diradical forms, which
offer substantial potential for applications in nonlinear optics,
singlet fission, and semiconductor materials. ®™°
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The diradical character not only influences the physical pro-
perties of these molecules but also affects their structural con-
versions. For instance, some singlet diradicaloids induced
structural transformations through diradical configurations
(Fig. 1A).%° Kozaki, Okada, et al. reported the thermal cis-trans
isomerization of a dithienoquinoid analogue of Chichibabin’s
hydrocarbon (Fig. 1B).>" More recently, Wu et al. reported that
oxindolyl-based Chichibabin’s hydrocarbons induced cis-trans
isomerization due to the contribution of the diradical forms
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Fig.1 An example of a structural change in a diradical form (A).
Thermal cis—trans isomerization of Chichibabin’s hydrocarbon ana-
logues (B and C).

-
=1

This journal is © the Partner Organisations 2025


http://rsc.li/frontiers-organic
http://orcid.org/0000-0003-4382-6788
http://orcid.org/0000-0001-6503-1607
http://orcid.org/0000-0002-6187-8664
http://orcid.org/0000-0002-4383-748X
http://orcid.org/0000-0003-4190-9539
http://orcid.org/0000-0002-4287-1547
https://doi.org/10.1039/d4qo01722f
https://doi.org/10.1039/d4qo01722f
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qo01722f&domain=pdf&date_stamp=2024-12-14
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo01722f
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO012001

Open Access Article. Published on 23 October 2024. Downloaded on 3/15/2026 1:06:36 AM.

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

(cc)

Organic Chemistry Frontiers

(Fig. 1C).>* These cases collectively highlight the pivotal role of
intermediate diradical character in driving dynamic structural
changes.

Until recently, the range of compounds classified as singlet
diradicals was relatively narrow. However, it is now clear that a
variety of compounds with extended n-electron systems exhibit
sustained singlet diradical character. In fact, even molecules
traditionally considered as closed-shell, such as certain diketo-
pyrrolopyrrole derivatives and donor-acceptor conjugated poly-
mers with quinoid repeat units, can exhibit intermediate dira-
dical character.>**® We also demonstrated that croconaine
dyes, typically classified as closed-shell species, actually exhibi-
ted intermediate diradical character.”® These dyes consisting
of chalcogenopyrylium and five-membered oxocarbons (see
Fig. 2A), displayed notable temperature-dependent magnetic
properties due to their thermally accessible triplet states.

In addition to the croconaine dyes, chalcogenopyrylium-
based squaraine dyes, that were four-membered oxocarbon
analogues for the variable applications,**?? also exhibited
intermediate diradical character.®® Although we previously
confirmed that the chalcogenopyrylium moiety influences the
contribution of the diradical structure, the impact of the
central oxyallyl structure on the diradical character remains
unclear. Thioxyallyl derivatives, where sulphur atom replaces
the oxygen atom in the oxyallyl structure, are known to exhibit
diradical character, unlike oxyallyl derivatives.>® Therefore,
investigating the effect of sulphur-substitutions in the central
skeleton on diradical character of squaraine dyes is of particu-
lar interest.

In this study, we synthesized novel chalcogenopyrylium-
based squaraine dyes featuring a cyclobutenedithione central
skeleton (SQ2a: X = O, SQ2b: X = S) to evaluate their intermedi-
ate diradical character (Fig. 2B). These dyes exist as cis-trans
isomers, where their intermediate diradical character is likely

Lawesson's

reagent
—_—

cis-trans
isomerization

Fig. 2 (A) A resonance structure contributed by a diradical form of cro-
conaine dyes consisting of a 5-membered oxocarbon moiety and chal-
cogenopyryliums. (B) Chalcogenopyrylium-based squaraine dyes with
cyclobutenedithione moiety (SQ2a—b) synthesized from corresponding
cyclobutenedione analouges (SQla-b). (C) Thermal cis—trans isomeriza-
tion of the series of squaraine dyes.
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to influence the isomerization behavior. To investigate this
further, we examined the cis—trans isomerization of the
obtained dyes and compared their behaviour with existing
squaraine dyes containing cyclobutenediones (SQ1a-b).

Results and discussion

SQ2a and SQ2b were synthesized by thionation of precursor
dye SQ1a and SQ1b with cyclobutenedione, respectively, using
Lawesson’s reagent in moderate yields (77% for SQ2a and 74%
for SQ2b, see ESIf).>® They are stable in the solid state even at
high temperature and in solution under dark conditions
(Fig. $1%), allowing for reliable measurements of 'H NMR,
ESR, and electronic absorption spectra.

Fig. 3 displays the X-ray structures of SQ2a and SQ2b, with
detailed information available in the ESIL.{ Both dyes were ana-
lysed as planar trans isomers. In the crystal structure of SQ2a,
two crystallographically independent molecules are present.
We investigated the degree of diradical character by examining
four major resonance forms (« to &) chosen from 16 possible
resonance forms (Fig. 3C, and Fig. S31). To evaluate their con-
tribution, we analysed the difference in average bond lengths
along the thio-oxyallyl part, denoted as AD = ave(g, p) — ave(h,
q), where ave(a, b) represents the average of bond lengths a
and b. For closed-shell mesoionic structures (« and p), AD = 0
due to identical bond lengths in the double and single bond
pairs (g, p) and (%, q). In contrast, for the diradical & form, AD
> 0 because the outer parts (g and p) are single bonds while
the inner parts (7 and g) are double bonds. The y form shows
the reverse trend with AD < 0. Importantly, the AD values from
the X-ray structures of SQ2a and SQ2b are positive (AD > 0),
suggesting that the large contribution of diradical & form, with
unpaired electrons on the chalcogenopyrylium components
(Table 1).
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Fig. 3 Single crystal X-ray structures of SQ2a (A) and SQ2b (B) at 100 K.
Bond lengths of the methine part (g and p) are shown in the Table 1.
Resonance contributors of mesoinonic structures (a and ), thio-oxyallyl
diradical (y), and chalcogenopyranyl radical (5) (C). AD is defined as AD =
ave(g, p) — ave(h, q).
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Table 1 Bond length difference AD for singlet and triplet states of
present squaraine dyes

By Y, q,Pm0 ‘Bu
e L 0
X q i i X
g k1j
By p c9 h Y

Bu

AD = ave(g, p) — ave(h, q)

Dye Singlet” XRD Triplet®
SQ2a (X=0,Y=5) 0.004 0.002/0.007 0.030
SQ2b (X=Y=5) 0.011 0.024 0.039

“Obtained from optimized structures at the UB3PW91/cc-pVDZ level.

The singlet diradical nature of SQ2a-b was also confirmed
by DFT calculations (see ESI, Table $3}).>”*° The AD value
obtained from the crystal structure was intermediate between
the values for the singlet and triplet states from DFT-optimized
structures at the UB3PWO91/cc-pVDZ level (Table 1). This
suggests that SQ2a-b is in a state that lies between a pure
singlet and triplet state.

The diradical index y,, where y, = 0 and y, = 1 correspond
to a perfect closed-shell and an open-shell electronic structure,
respectively, is commonly used to express the degree of contri-
bution of the diradical form in singlet diradicaloids (see
ESI}).*" We estimated y, values for trans isomers of SQ2a and
SQ2b using the spin-projected unrestricted Hartree-Fock
(PUHF) theory using the 6-31G(d,p) basis set, obtaining values
of 0.24 and 0.37, respectively (Table 2). These results suggest
that the thiopyrylium skeleton enhances the contribution of
the diradical form.

In addition to the bond length analyses, ESR spectra of
these dyes displayed a signature of singlet diradicaloids. While
the signal intensity of SQ2a was very low, both SQ2a and SQ2b
exhibited signals with g values of 2.006, indicating the pres-
ence of carbon-centred radicals (Fig. 4). While SQ2a displayed
negligible temperature-dependent behaviour, SQ2b showed
increased signal intensity with rising temperature, indicating a
thermal transition from singlet to triplet states that reflects its
singlet diradical nature. This observation suggests that the
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Fig. 4 ESR spectra of SQ2a (A) and SQ2b (B) in the solid state.

Unlike metal-free organic dyes with closed-shell structures,
SQ2a-b exhibit characteristic temperature-dependent behavior
in their "H NMR spectra in DMSO-ds due to their diradical
character (Fig. 5A for SQ2a, Fig. 5B for SQ2b). At 303 K, SQ2a
showed signals attributed to the proton on the pyrylium com-
ponent. As the temperature increased, the signal broadened
and completely disappeared at 333 K (Table 2). In SQ2b, no
signal corresponding to the proton on the thiopyrylium com-
ponents was observed, even at 303 K, where DMSO-d¢ barely
freezes. These results indicate an increase in thermally excited
triplet species with increasing temperature, confirming the
intermediate diradical nature of SQ2a-b. Thus, 'H NMR
studies, along with ESR data, clearly show that the intermedi-
ate diradical character of SQ2b is higher than that of SQ2a.

We previously reported that SQ1a-b, with cyclobutenedione

thiopyrylium  skeleton likely ~enhances the diradical = gkeletons (precursors to SQ2a-b), also exhibits intermediate
contribution. diradical character. For SQ1a-b, the proton signals disappear
Table 2 Indices associated with diradical character and cis—trans isomerization for SQ2a, SQ2b, SQ1a, and SQ1b

Dye Signal-disappearance temperature in "H NMR ®  Vibrational frequency (cm™)?  Ap. (nm) (loge)®  AG* (kcal mol™)  y,°
SQ2a 333 1480 754 (5.22) 13.7 0.24
SQ2b >303 1470 849 (5.28) 13.4 0.37
SQ1la <423 1487 721 (5.37) — 0.37
SQ1b 403 1478 822 (5.44) 14.5 0.47

“The temperatures at which the signals assigned to the protons of the chalcogenopyrylium skeleton disappear in DMSO-d,. ” Frequencies of the
stretching bands around methine groups in CHCl;. Details are shown in ESI. ¢ Electronic absorption maxima in DMSO. The values in parenth-
eses indicate logarithm of molar absorptivity.  The Gibbs free energies of activation (AG*) for the cis-trans isomerization calculated by dynamic
NMR method. Details are shown in ESL} °The diradical index calculated by the spin-projected unrestricted Hartree-Fock (PUHF) theory using

the 6-31G(d,p) basis set. Details are shown in ESL}
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Fig. 5 (A) VT-'H NMR spectra of SQ2a in DMSO-dg (333-303 K) and
CDCl;z (278-213 K). (B) VT-'H NMR spectra of SQ2b in DMSO-d (303 K)
and CDCls (293-213 K). (C) Schematic diagram of the thermal cis—trans
isomerization and the Gibbs free energies of activation (AGY) for the
isomerization.

above 400 K, whereas for SQ2a-b, the proton signals vanish at
a lower temperature, around 300-330 K (Table 2). This is
because SQ2a-b reach their thermally excited triplet state at a
lower temperature, indicating a smaller energy gap between
the singlet and triplet states and a significant contribution
from the diradical forms. Thus, thionation of the central skel-
eton enhances the contribution of the diradical structure, even
though the diradical index y, values for SQ1a-b are estimated
to be larger than those for SQ2a-b due to limitations in com-
putational accuracy.

The single crystal of SQ1b contains both cis and trans
isomers, confirming that cis-trans isomerization occurs in
solution.*? Similar to SQ1b, SQ2a-b also exhibited cis and
trans isomers at lower temperatures in CDCl; (Fig. 5A for
SQ2a, Fig. 5B for SQ2b and Fig. S9-10% for SQla-b). Signals
corresponding to the protons on the chalcogenopyrylium com-
ponent coalesced at 278 K for SQ2a and at 273 K for SQ2b,
suggesting that the isomerization is promoted at higher temp-
erature condition and the signals for isomers is no longer
observed in the NMR timescale. The Gibbs free energies of
activation (AGY) for the cis—trans isomerization of SQ2a and
SQ2b were estimated using the dynamic NMR method, result-
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ing in values of 13.7 and 13.4 kcal mol ™", respectively (Fig. 5C,
and Table 2).** Although some error was introduced by the
inability to observe peak shifts at temperatures below 213 K
due to the freezing of CDCl; used in the measurements, SQ2b,
with a cyclobutenedithione skeleton, exhibits a lower AG* than
SQ1b, which has a cyclobutenedione skeleton (AG* = 14.5 kcal
mol™").** The higher diradical contribution of SQ2b compared
to SQ1lb may lower the activation barrier and promote
isomerization.

To measure the strength of the C-C double bond involved in
isomerization, FT-IR spectra of these dyes in CHCl; were
recorded. The IR absorption corresponding to the stretching
vibration around the methine group in SQ2b was observed at a
lower wavenumber compared to SQ2a, indicating that the bond
in the methine group of SQ2b is relatively weaker (Table 2,
Fig. S11 and 12%). Thus, increased diradical character appears to
diminish the double bond character of the methine group in the
ground state, thereby promoting cis-trans isomerization.

The electronic absorption spectra for the dyes SQ2a and
SQ2b, compared with those of SQ1a and SQ1b, are illustrated
in Fig. 6 and summarized in Table 2. SQ2a and SQ2b each
exhibit strong and sharp absorption peaks at 754 nm and
849 nm, respectively. The dyes with the cyclobutenedithione
skeleton (SQ2a, SQ2b) exhibited absorption bands in a longer
wavelength region compared to those with corresponding
cyclobutenedione analogues (SQla, SQ1b). Notably, SQ2b,
which has a high contribution from the diradical structure,
demonstrated a lower transition energy. This is consistent with
our previous results that a greater diradical character results in
reduced transition energy according to the perturbation theory
proposed by Fabian et al.>**> We also examined the tempera-
ture-dependence in absorption spectra of these dyes (Fig. 6B,
and Fig. S15%). With increasing temperature, the absorption
bands of SQ2a and SQ2b were red-shifted by 2 nm and 5 nm,
respectively. This change in absorption band with temperature
might be attributed to cis-trans isomerization. DFT calcu-
lations estimate that the transition energy of the cis isomer is
slightly lower than that of the ¢rans isomer, suggesting that the
equilibrium shifts towards the trans isomer at low tempera-
tures due to cis-trans isomerization (Table S3 and S4%).

A) 3 B)
— SQ2a 303K
— sQ2b ) T
v — SQla 3 | Larak
£ 2| —sab =
g @
T N | sQza sQ2b
= ®
= z
©
0 @‘ . . ;
400 600 800 1000 650 750 850 950
Wavelength/ nm Wavelength / nm
Fig. 6 (A) The electronic absorption spectra of SQ2a (green), SQ2b

(purple), SQ1a (red) and SQ1b (blue) in DMSO (5 pM). (B) Normalized
electronic absorption spectra of SQ2a and SQ2b in the temperature
range from 373 to 303 K.
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Conclusions

In summary, we synthesized cyclobutenedithione-based dyes
SQ2a-b and analysed their intermediate diradical character
using "H NMR, ESR, and theoretical calculations. Our results
reveal that dyes incorporating a thiopyrylium component
exhibit large degree of diradical character compared to those
with a pyrylium component. Furthermore, SQ2a-b demon-
strate a higher degree of diradical character than their cyclobu-
tenedione counterparts (SQla-b). This enhanced diradical
character promotes cis-trans isomerization, which is attributed
to the weakening of the C-C double bonds involved.
Additionally, SQ2a-b show subtle temperature-dependent
changes in their electronic absorption spectra within the near-
infrared region. Our study exemplifies the impact of diradical
character on the physical and chemical properties of squaraine
dyes, offering valuable insights for the design of advanced
near-infrared absorbing dyes.
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