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Materials based on small molecules characterized by multi-
component short and long-lived emissive behaviour are
extremely desirable for various applications. The derivative of
cyclic triimidazole (TT) functionalized with a carboxylic group,
namely TT-COOH, is isolated, investigated and used as
coordinative ligand to obtain a series of isomorphous mono-
nuclear complexes of general formula [M(TT-COO)2(H2O)2]
(M=Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II)). Crystals of TT-
COOH display aggregation induced enhanced emission (AIEE)
comprising dual fluorescence and dual phosphorescence of

molecular origin together with an aggregation induced long
lived, low energy phosphorescence. Emissive features are
retained in crystals of the Zn(II) and Cd(II) complexes, where the
metal plays the role of an external heavy atom perturber, but
strongly quenched in the others. The mechanisms involved in
the photophysics of TT-COOH and its metal complexes have
been disclosed thanks to combined structural, spectroscopic
and computational investigations which reveal the presence of
anti-Kasha emissions.

Introduction

Organic materials endowed with room temperature phosphor-
escence (RTP) are receiving an ever growing interest by the
scientific community due to their potential applications in
numerous fields such as bioimaging,[1] anti-counterfeiting,[2]

sensing[3] and displays.[4]

However, due to spin forbidden singlet–triplet transition,
small singlet–triplet energy gap and strong spin–orbit coupling
(SOC) are required to enhance intersystem crossing (ISC). The
stabilization of triplet states is also needed in order to obtain
high-performing organic RTP luminophores.[5] Many strategies

have been proposed to overcome these issues both at
molecular (e. g. through the introduction of suitable functional
groups like carbonyls, heavy atoms or heteroatoms with lone
pairs[6]) and supramolecular (e.g. through stacking
interactions,[7] hydrogen[8] and halogen bonding,[9] host-guest
assembly,[10] co-assembly based on macrocyclic compounds[10e])
levels.
In this context, in the last few years, we have been involved

in the preparation and characterization of a family of com-
pounds based on a triimidazo[1,2-a:1’,2’-c:1”,2”-e][1,3,5]triazine,
hereafter TT, scaffold characterized by a multifaced emissive
behavior. A peculiar feature of many TTs is a solid state
excitation-dependent emissive behavior comprising multiple
fluorescences and phosphorescences of molecular and
supramolecular origin[7d,11]. As an example, dual fluorescence
(high energy fluorescence, HEF, and low energy fluorescence,
LEF) has been recently observed for 3-(9H-carbazol-9-
yl)triimidazo[1,2-a:1’,2’-c:1’’,2’’-e][1,3,5]triazine (TT-(N)-Cz)[12] and
3-ethynyltriimidazo[1,2-a:1’,2’-c:1’’,2’’-e][1,3,5]triazine (TT-CCH)[13]

and has been associated to molecular (HEF) and supramolecular
(LEF) features. In TT-(N)-Cz, LEF has been attributed to an
aggregated excited singlet of π-π TT character, while in TT-CCH,
the first member of the TT family characterized by strong
intermolecular hydrogen bond (HB), it has been associated with
CH⋯N intermolecular HB.
An additional interesting feature of TT is the presence, at

the vertexes of a regular triangle, of three nitrogen atoms
available for coordination to metal ions, thus allowing its use as
photoluminescent ligand for the preparation of coordination
compounds. To this extent, TT has been successfully employed
for the preparation of Cu(I) and Ag(I) coordination networks in
which it behaves as a mono-, bi-, and tridentate ligand, giving
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rise to one-, two-, and three-dimensional (1D, 2D, 3D) polymeric
networks of different topologies.[14]

More recently, the introduction of the 2-pyridine moiety on
the TT scaffold in 3-(pyridin-2-yl)triimidazo[1,2-a:1’,2’-c:1’’,2’’-
e][1,3,5]triazine (TT-2Py)[11d], with the pyridine nitrogen atom in
an ortho position with respect to TT, provides the triazinic
ligand with new coordination abilities. In particular, TT-2Py can
act as either monodentate terminal ligand, when coordination
is accomplished through the pyridinic ring nitrogen atom,[15] or
as bridging[16] or bidentate-chelate ligand, resulting in an
intriguing and rare seven-membered metallacycle,[15–17] when
the nitrogen atom of the imidazolic core is also involved in the
coordination together with the pyridinic one.
Here we report on a new TT derivative, namely

triimidazo[1,2-a:1’,2’-c:1’’,2’’-e][1,3,5]triazine-3-carboxylic acid,
hereafter TT-COOH, in which the carboxylic moiety is exploited
both to influence the photophysics through intermolecular HB
and for the preparation of coordination complexes. The
simultaneous presence in TT-COOH of three exo-oriented
nitrogen atoms with trigonal symmetry together with the
COOH moiety allows to obtain a whole series of isomorphous
mononuclear complexes with general formula [M(TT-
COO)2(H2O)2] (M=Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II), 1–6
respectively), in which the deprotonated TT-COO� residue
coordinates in an N,O-bidentate chelate coordination mode
forming a seven-membered metallochelate ring. All compounds
have been characterized by single crystal XRD and IR spectros-
copies. The photoluminescent properties of TT-COOH, 5 and 6
have been determined and rationalized with the aid of DFT/
TDDFT calculations revealing an excitation dependent multi-
component emissive behavior comprising both fast and long
lived anti-Kasha emissions.[18] Moreover, an external heavy atom
role of the metal is disclosed in the two complexes.[19]

Results and Discussion

TT-COOH

TT-COOH has been synthetized by carboxylation of TT through
lithiation and further reaction with carbon dioxide (Scheme 1).
Purification has been accomplished by a two-step synthetic
protocol which provides Fisher esterification followed by
hydrolysis (see details in the Experimental Section). The product
has been characterized by 1H, 13C NMR and mass spectroscopies
(see SI).

TT-COOH crystallizes in the centrosymmetric triclinic P-1
space group (Table S1) with one molecule per asymmetric unit.

Similar to the parental TT luminophor[7e], TT-COOH has a
virtually planar skeleton, with the carboxylic group coplanar
with the triimidazole core. The planar shape is supported by the
intramolecular OH···N hydrogen bond in the form of R1

1(7) cyclic
graph set[20] (Figure 1 Top). Parallel to the (� 120) crystallo-
graphic plane, molecules pack in the H-bonded layer with
involvement of all H-donors and H-acceptors (O, N) in short
CH···O(N) intermolecular contacts (Figure 1 Middle, Table S2).
Adjacent layers stack in an offset mode (Figure 1 Bottom) in
such a way, that each molecule has short C···C contacts with
one (3.275(3) Å) and two (3.278(3), 3.374(3) and 3.217(3) Å)
neighbours from adjacent layers, with shortest distances
between triazinic centroids equal to 5.312(1) and 4.720(1) Å,
respectively.
Crystals of TT-COOH (Figure 2) reveal an excitation depend-

ent PL (photoluminescent) behaviour comprising two fluores-
cences and three phosphorescences. Specifically, with regards

Scheme 1. Synthesis of TT-COOH.

Figure 1. Crystal structure of TT-COOH. (Top) ORTEP drawing with number-
ing scheme. Thermal ellipsoids are shown at the 50% probability level.
(Middle) H-bonded layer. (Bottom) Packing of the layers.
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to the fluorescent contributions, a high-energy fluorescence
(HEF, black line in Figure 2) with maximum at about 342 nm
(τ=2.32 � 0.05 ns, Figure S8) and a low-energy fluorescence
(LEF, blue line in Figure 2) with main components at 386, 408
and 432 nm (τ=2.7 � 0.2 ns, Figure S9) are recognizable in the
spectra when exciting at high energy (λexc=300, Φ=28% and
340 nm, Φ=40%, respectively). The same features are observed
at 77 K, with HEF better vibronically resolved with respect to RT
(HEF: 326 and 341 nm, τ=2.5 � 0.1 ns, Figure S13; LEF: 385, 408
and 435 nm, τ=5.5 � 0.6 ns, Figure S14). Interestingly, a
recognizable mirror-symmetry relationship appears for LEF and
its excitation profile (with vibronic replicas at 340, 359 and
381 nm; see inset of Figure 2) suggesting their S0-S1 origin.
Moreover, HEF and LEF display approximately the same vibra-
tional progression (with ΔE ffi 0.18 eV), indicating a common
de-excitation ground state. It is therefore reasonable to
associate HEF to an anti-Kasha radiative relaxation from S2
rather than to explain HEF and LEF as deriving, respectively,
from molecular and supramolecular species, a mechanism
previously invoked to justify the dual fluorescence in the parent
TT-CCH compound.[13] In fact, while for the latter the acidic
(C�)CH group gives rise to strong intermolecular CH···N HB,
activating LEF, here the (CO)OH HB donor is involved in
intramolecular HB, inhibiting the formation of a strong inter-
molecular interaction.
The hypothesis of a molecular origin for both fluorescences

of TT-COOH is supported by its photophysical characterization
in diluted DMSO solution (5·10� 6 M) which reveals, as well, the
presence of HEF (327 and 343 nm) and LEF (404 nm, see
Figure S18). The 3.8% overall quantum efficiency measured for
the DMSO solution, a value much lower than that measured in
the solid state, reveals the aggregation induced enhanced
emissive (AIEE) behaviour of the compound.
DFT/TDDFT calculations on TT-COOH at molecular level

provide low energy excited states of different (i. e. (π,π*) and
(σ,π*)) symmetry, justifying two separate deactivation radiative

paths (Table S5 and Figures S33-S34). In particular, S1 is mainly
(65%) a (π,π*) HOMO!LUMO transition localized on the TT
moiety, while S2 is a (σ,π*) HOMO-3!LUMO transition (64%)
mainly localized on the COOH group. Further confirmation of
the different mechanism at the basis of the dual fluorescence in
TT-CCH and TT-COOH comes from calculations on their
stronger H-bonded dimers, displaying very similar CH···X (X= N,
O, respectively) geometrical features as individuated in the
respective crystal structures (Figure S35 and Table S6). TDDFT
calculations on dimeric aggregates obviously provide a two-
fold (S1

(1), S1
(2)) splitting of the original ‘monomeric’ S1, with one

level generally much stronger (i. e. with greater oscillator
strength, f) than the other. For TT-CCH, the stronger S1

(1) state,
redshifted by 0.06 eV with respect to S1, displays an impressive
increase of f, from 0.25 (monomer) to 0.74 (dimer). On the
contrary, for TT-COOH the stronger S1(2) level is almost at the
same position as S1 and its oscillator strength, 0.25, approx-
imately corresponds to the double of that of the monomer
(0.11). The different intermolecular HB effect on the solid state
photophysics of the two compounds can be rationalized with
the very different interaction energy as evaluated for the HB
dimers which decreases from 9.82 to 6.09 kcal/mol for TT-CCH
and TT-COOH, respectively.
Concerning the long-lived components, a high energy

(HEP), a medium energy (MEP) and a low energy phosphor-
escence (LEP) appear in the PL spectrum both at RT and 77 K at
different excitation wavelength. In particular, HEP (445 nm, τ=

3.6 � 0.2 ms and 457 nm, τ=117 � 11 ms, at RT and 77 K
respectively, Figures S10 and S15), is selectively visible in the
spectrum when exciting at 390 nm (Φ=20%). At 440 nm
excitation, MEP (487 nm, τ=5.58 � 0.2 ms and 505 nm, τ=526
� 140 ms, at RT and 77 K respectively, Figures S11 and S16)
becomes the main component in the PL spectrum. LEP (549,
590 and 642 nm, τ=177 � 43 ms and 1.1 � 0.1 s at RT and
77 K, respectively, Figures S12 and S17) can be observed at
500 nm excitation. Of the three phosphorescences, LEP seems
to be associated to aggregation phenomena as frequently
observed for this family of compounds[7d,e, 11c–e, 12, 21], character-
ized by strong π-π stacking interactions. In agreement, low
energy peaks at 500 and 540 nm are observed when monitoring
the excitation profile of LEP (Figure S7). HEP and MEP are
reasonably assigned to molecular triplets of different symmetry
as analogously interpreted for HEF and LEF and confirmed by
DFT/TDDFT calculations providing low energy molecular triplets
of (π,π*) and (σ,π*) symmetries (Table S5 and Figure S33).

[M(TT-COO)2(H2O)2] (M=Mn(II), Co(II), Ni(II), Cu(II), Zn(II),
Cd(II))

The carboxylic functionalization has been further investigated
for its coordination ability towards different metal ions (i. e.
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II)). By reaction in soft
synthetic conditions at room temperature of the corresponding
metal nitrate with TT-COONa (easily prepared by treating its
carboxylic precursor with NaOH in water, see details in the
Experimental Section) in a water-ethanol solvent mixture (2 : 1

Figure 2. Normalized emission spectra of TT-COOH crystals at RT (continu-
ous lines) and 77 K (dotted lines). λexc=300 nm (black); 340 nm (blue);
390 nm (green); 440 nm (red) and 500 nm (grey). Inset: normalized emission
(continuous, λexc=340 nm) and excitation profile (dotted, λem=409 nm) at
77 K.
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molar ratio), complexes [M(TT-COO)2(H2O)2] (M = Mn(II), Co(II),
Ni(II), Cu(II), Zn(II), Cd(II), 1–6, respectively) have been obtained
(Scheme 2). In all cases the reactions resulted in thin needle
crystals with the characteristic colors for Co, Ni and Cu and
colorless for Mn, Zn and Cd (Figure 3).
The compounds have been characterized by FTIR spectro-

scopy and single crystal X-ray diffraction analysis. FTIR spectra
recorded for 1–6 display similar profiles, Figure S32 with two
characteristic intense carboxylate bands, νas(COO� ) and νs-
(COO� ), at ~1400 and 1525 cm� 1, respectively (see Table S4) and
intense ν(C=C) and ν(C=N) of the TT ring at 1607 and
1575 cm� 1, respectively. The C� H bonds are identified by the
ν(CH) stretch in the range 3160–3000 cm� 1 and γ(CH) out-of-
plane bands in the range 860–670 cm� 1. Coordinated water
molecules show a broad ν(OH) stretch at 3500–2800 cm� 1

indicating hydrogen bonds in complexes.
Compounds 1–6 represent an isomorphous series of

mononuclear complexes that crystallize in the centrosymmetric
triclinic P-1 space group with similar unit cell dimensions and
one molecule per unit cell. Because of similarities, only complex
[Mn(TT-COO)2(H2O)2], 1, will be discussed in details, whilst the
selected numerical data for all 1–6 are given in Tables S2–S3.
Mononuclear complex 1 resides on an inversion center.

Mn(II) atom takes a distorted octahedral N2O4 coordination
geometry going from two water molecules in axial positions
and two imidazole N-donors and two carboxylic O-donors in
the equatorial plane (Figure 4 Top). The deprotonated TT-COO�

residue coordinates in an N,O-bidentate chelate coordination
mode forming a rare-met seven-membered metallochelate

ring[22] with the rms deviation of fitted atoms of 0.124 Å. Two
TT-COO� residues in the Mn(II) equatorial plane form an
extended platform with the length of 16.457 Å (as a cross-
section distance between the most distal H-atoms). The self-
association of complexes occurs via OH(H2O)···O and OH(H2O)···N
hydrogen bonds. The former, O(3)-H(1)···O(2)(� x+2,–y+1,–z+

1) acts along the a axis in the form of fused centrosymmetric
R2
2(12) graph sets, and alternate along the b-axis with the latter,

O(3)-H(2)···N(1)(x, y+1, z) forming the R4
2(16) graph set, thus

combining the complexes in the H-bonded layer with the
thickness of ~9.92 Å (Figure 4 Middle). This tight association
results in partial overlap of TT-COO residues within the H-
bonded layer with numerous short C···C distances, more
numerous, than between the H-bonded layers where a few
short C···C contacts were registered as well. The shortest
distance between overlapped triazinic centroids ranges from
4.394(2) to 4.480(2) Å (in Zn and Cu complexes, respectively).
The H-bonded layers stack along the c axis in a zip-like mode

Scheme 2. Synthesis of [M(TT-COO)2(H2O)2] (M=Mn(II), Co(II), Ni(II), Cu(II),
Zn(II), Cd(II), 1–6).

Figure 3. Crystal images for compounds 1–6.

Figure 4. Crystal structure of 1. (Top) ORTEP drawing with numbering
scheme. Thermal ellipsoids are shown at the 50% probability level. (Middle)
H-bonded layer. (Bottom) Packing of the layers.

Wiley VCH Mittwoch, 27.11.2024

2433 / 382472 [S. 101/104] 1

Eur. J. Inorg. Chem. 2024, 27, e202400338 (4 of 7) © 2024 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202400338

 10990682c, 2024, 33, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202400338 by U
niversita'D

egli Studi D
i M

ila, W
iley O

nline L
ibrary on [10/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



with partial overlap of coordinated luminophores (Figure 4
Bottom).
From a qualitative investigation of the luminescent behav-

iour of 1–6, only 5 and 6 resulted worth of a complete
photophysical characterization being 1–4 hardly emissive in the
solid state.
Crystals of 5 and 6 (Φ=9 and 1.4%, respectively) display a

PL behavior quite similar to that of free TT-COOH having
excitation dependent emissions comprising two fast and three
long lived components and anti-Kasha behavior (Figure 5).
Specifically, for 5 HEF at 338 nm (τ=0.88 � 0.02 ns, Figure S21)
clearly appears in the spectrum by exciting at high energy
(below 300 nm) while for 6, HEF appears at about 352 nm (τ=

0.77 � 0.02 ns, Figure S27) as a shoulder of the stronger LEF.
This latter is observed at 382, 405 and 430 for both compounds
(τ=1.94 � 0.02 and 1.59 � 0.02 ns, for 5 and 6, respectively,
Figures S22 and S28). HEP at 452 (τ=1.42 � 0.08 and 2.2 �
0.2 ms, for 5 and 6, respectively, Figures S23 and S29), MEP at
490 nm (τ=4.3 � 0.1 ms, Figure S24) and 523 (τ=10.4 �
0.9 ms, Figure S30), LEP at 556 nm (τ=479 � 79 ms, Figure S25)
and 577 (τ=116 � 8 ms, Figure S31), are observed for 5 and 6,
respectively, when exciting at proper energy. These results
suggest an external role (resulting in a reduced quantum yield
and slightly different lifetimes) of the metal on the photo-
physics of TT-COOH. In agreement, DFT-TDDFT calculations

performed on 5 provide electronic levels approximately in the
same range as those of the free ligand, with negligible metal
contribution (see Figure S33 and Table S7).

Conclusions

In the present manuscript, the functionalization of the TT
scaffold with a carboxylic functionality is investigated both from
a photophysical point of view and for the preparation of a full
series of metal complexes. The free ligand and its Zn(II) and
Cd(II) derivatives reveal an almost overlapped excitation
dependent multiemissive behavior comprising both fast and
long lived components where anti-Kasha dual fluorescence and
dual phosphorescence are recognized. In 5 and 6 the metal is
found to play the role of an external perturber on the PL
properties of the ligand, mainly resulting in lower quantum
yields. The origin of this behavior has been fully disclosed
through experimental, spectroscopical, structural and theoret-
ical studies.

Experimental Section

General Procedures and Materials

All commercial reagents and solvents employed (Merck–Aldrich)
were of high-grade purity and were used as supplied without
further purification. TT precursor was synthetized as reported in the
literature.[23] All manipulations were performed under aerobic
conditions unless standard Schlenk techniques were required.

Purification of TT-COOH has been accomplished by basic hydrolysis
of the corresponding ethyl ester, TT-COOEt, previously prepared
from TT by a two-step synthesis involving carboxylation followed
by a Fisher esterification (Scheme 3).

Synthesis of TT-COOEt

In a typical reaction, TT (0.600 g, 3.03 mmol) was dissolved in
120 mL of freshly distilled THF and cooled to � 78 °C under argon
atmosphere. A 2.5 M hexanes solution of nBuLi was added
(1.33 mL, 3.33 mmol), and after 5 minutes of stirring, dry CO2 was
bubbled for 30 minutes in the solution. The system was allowed to
warm to room temperature, and the solution was stirred under
static CO2 atmosphere overnight. Then, THF was removed under
reduced pressure giving a white solid, which was suspended in

Figure 5. Normalized emission spectra at RT. Top: crystals of 5 λexc=280 nm
(black); 340 nm (blue); 390 nm (green); 435 nm (red) and 493 nm (grey).
Bottom: crystals of 6 λexc=300 nm (black); 340 nm (blue); 390 nm (green);
454 nm (red) and 523 nm (grey). Scheme 3. Synthetic protocol for the purification of TT-COOH.
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30 mL of absolute EtOH and 2 mL of concentrated H2SO4. The
suspension was stirred at 80 °C for 1 h after all the solid dissolved in
the solution. It was then allowed to cool to room temperature, and
the mixture was concentrated under reduced pressure. The
obtained white solid was suspended in DCM (50 mL) and pH was
adjusted to 9 using saturated aqueous NaHCO3 (50 mL). The two
phases were divided, and the aqueous phase was extracted using
DCM (3x50 mL). The combined organic phases were washed with
brine (50 mL), dried over Na2SO4 and evaporated to dryness. The
obtained mixture was purified by flash column chromatography on
silica gel using a gradient of MeCN in DCM (Rf=0.13 in DCM:MeCN
8 :2), giving the target compound (TT-COOEt) as a white solid
(0.339 g, 41% y).

Synthesis of TT-COOH

In a typical reaction, TT-COOEt (0.200 g, 0.740 mmol) was
suspended in 10 mL of a 3 :1 mixture of 1,4-dioxane:water. Lithium
hydroxide (0.088 g, 3.70 mmol) was added and the solution was
heated at 60 °C under static nitrogen for 4 hours, during which the
suspension initially dissolved and then precipitated again as white
solid. It was cooled to room temperature, and the pH was adjusted
to 1 using concentrated HCl, followed by the addition of 20 mL of
distilled water. The target compound (TT-COOH) was isolated as
white solid by filtration (0.130 g, 73%y).

Synthesis of TT-COONa

In a typical procedure, TT-COOH (0.242 g, 0.1 mmol) was sus-
pended in 15 mL H2O, and 1 mL 1 N NaOH (0.04 g, 0.1 mmol) was
added. The insoluble product immediately dissolved. The solvent
was evaporated to dryness affording TT-COONa as a white solid
(0.245 g, 92%y).

Synthesis of [M(TT-COO)2(H2O)2] (1–6)

All compounds were obtained according to the following synthetic
procedure here described for complex 1. Details are reported in the
SI.

[Mn(TT-COO)2(H2O)2] (1). TT-COONa (0.026 g, 0.1 mmol) was dis-
solved in 5 ml of water and transferred in a test tube. This solution
was carefully added with 2 mL of a H2O:EtOH mixture (1 : 1 ratio).
Then Mn(NO3)2·4H2O (0.012 g, 0.05 mmol) dissolved in 5 mL of EtOH
was carefully added on top. The tube was covered with parafilm
and left at room temperature. After 5 days, crystals of pink hue
were formed in the middle of the test tube and collected by
filtration. Yield 85%.

Supporting Information Summary

Detailed information on general procedures and materials, full
characterization data (1H and 13C NMR and mass spectra), crystal
and photophysical data and computational details. Deposition
Numbers 2325731–2325737 for TT-COOH and 1–6 contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service. The authors have cited additional
references within the Supporting Information.[22–26]
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