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Reactions of 2-(het)aryl substituted 1H-imidazo[4,5-f]-
[1,10]phenanthrolines with Cd?*, Zn2?*, Co?" and Fe?
perchlorates afford complexes of 2:1 and 3:1 ligand/metal
ratios. Complexes of ligands with Cd?* and Zn?* are
luminescent, while Co?* and Fe2* complexes are highly stable
(K > 10%), do not luminesce and demonstrate electron
transfer from metal to ligand.
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In the past three decades, organic compounds have attracted much
attention as active components in electronic, optical and sensor
devices. @ Derivatives of imidazo[4,5-f ][1,10]phenanthroline,
in particular 2-substituted ones, have been employed as photoactive
materials, luminescent sensors, OLED components, for nonlinear
optical applications.2@-() They also have biological and medical
value due to the ability to penetrate into cells, intercalate into
DNA and affect its function.®@-(@ 1 10-Phenanthroline
complexes with metal cations possess noticeable photo- or electro-
luminescence,*@-®) nonlinear optical properties,>@-®) biological
activity,5@-(d are able to participate in charge and energy transfer
processes’@® or can form metal-organic framework (MOF)
structures.8®@.®) The Ru™ complexes, which are used as photo-
sensitizers of molecular devices,® dye-sensitized solar cells,}0@-(©
photocatalysts*(®.® and components of luminescent sensors, (@)
worth highlighting in a separate category. However, examples of
systematic information on the structure—property dependence
within imidazo[4,5-f ][1,10]phenanthroline complexes are few
and require further development.

Herein, we synthesized ligands 14 and studied their complexation
with Cd?*, Zn?*, Co?* and Fe?* perchlorates (Scheme 1). Our
goals were to determine the structure of the complexes, their
behavior in solution and to analyze the effect of the substituents
in the ligand and the impact of central cation electronic structure on
the optical properties of the complexes. Within the series, ligands
vary according to the donor ability of the substituent at the
2-position of imidazole ring. Two groups of cations were chosen
for complex formation study: Zn" and Cd" possess a stable
completely filled d-shell; therefore, d—d transitions in their
compounds are impossible. Both the Fe2* and Co?* cations have
free d-orbitals; so, electron transfer between ligands and the central
cation is possible in their complexes.

Ligands 1-4 were prepared" as described.!3 The donor ability
of the substituent in the imidazole ring increases in the series

T For details, see Online Supplementary Materials.
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complexes, iron complexes, cobalt complexes, optical properties,

1 - 3~4 - 2and, accordingly, the absorption and fluorescence
maxima are redshifted.

Complexation between compounds 1-4 and Fe?*, Cd?*, Co?*,
Zn?* ions was studied by optical methods, NMR spectroscopy
(except for Co"" complexes since they are paramagnetic), and
ESI-MS analysis. The ESI-MS spectra of the mixtures of ligand
with metal ions Fe%*, Cd?*, Co?*, Zn?* were used to determine
the reaction scheme of complexation process.” For all cases,
mixtures of two complexes with 1:2 and 1:3 metal/ligand ratio
were formed (Table 1). According to the reported data, a
1,10-phenanthroline fragment should be the preferred binding
site for these cations.!* The tentative complexation mechanism
is outline in Scheme 1.

The NMR data (Figure 1) also show formation of complex
with 1,10-phenanthroline moiety of ligand and confirms the
formation of two types of complexes. When a three-fold excess
of Cd?* is added to the ligand, 2:1 (ligand—metal) tetrahedral

Table 1 ESI-MS spectra of reaction mixtures of ligands 1-4 and Zn?*,
Cd?*, Co?*and Fe?* perchlorates.?

Metal mz [LyM]?* vs. mVz [LyM]?*

(M) ion 1

2 3 4

372 [2,Zn]% 389 [3,Zn]%* 335 [4,Zn]%
542 [25Zn]% 567 [3,Zn]%* 486 [45:Zn]*
395 [2,,CdJ?* 433 379
[3,-Cd-MeCNJ?* [4,-Cd-MeCNJ?*
565 [2;-Cd]2* 591 [34Cd]?* 511 [44Cd]2*

Zn* 329 [1,.Zn]%*
478 [13.Zn]%*
Cd?* 352 [1,Cd*

501 [15CdJ2*

Co? 347 369 [2,,CoJ2* 406 351
[1,-Co-MeCN]?* [3,:Co-MeCN]?* [4,-Co-MeCN]?*
495 538 [2;:Co]?* 564 [33Co]?* 501

[13-Co-MeCN]#
Fe2* 345 [1,Fe]?*

[45:Co-MeCN]?*
368 [2,Fe]?* 405 351
[3,,Fe MeCNJ2* [4,Fe-MeCN]2*
474 [1,Fe]? 537 [25Fel®* 563 [3yFe]?* 482 [44Fe]

anitial ligand/cation ratio of 1: 1, MeCN.
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complexes are formed. As a result of pulling the electron density
from the ligand to the positively charged central cation, the protons
of the phenanthroline moeity are deshielded and their signals are
shifted downfield [see Figure 1(a)]. When 1/3 equiv. of metal
cations is added, mostly 3:1 complexes (ligand/metal) with the
octahedral configuration are formed. In these complexes, the
protons H2 and H? of the phenanthroline moeity also undergo
deshielding, however, proton H! enters the shielding region of
the rt-electrons of the pyridine ring of the adjacent ligand, and its
signal is upfield shifted [see Figure 1(c)]. In either case (3 equiv.
or 1/3 equiv. of cadmium(1r) perchlorate) we observed only one type
of complex in a spectrum.

According to the ESI-MS data, for all the cations and ligands
studied, the following complexation scheme may be assumed:

+ . [(L)sM*1]
3L+ M? (L)3M2 Ka1 = W
. . [(L)2M*1]
2L+ M2 (L)zM2 Ky = W

where L - ligands 1-4, M2* — cations Fe?*, Cd?*, Co?*, Zn?*.
The addition of Fe?*, Cd?*, Co?*, Zn?* salts to solutions of
ligands 1-4 leads to changes in the absorption and fluorescence

spectra as a result of complexation and redistribution of electron
density in the ligands. In case of ligand 1 and Zn", complex
formation results in the appearance of prominent maxima in the
absorption spectra at 278 and 300 nm [Figure 2(a)]. We calculated
the stability constants of complexes with Cd?*, Zn?* cations
based on changes in the absorption spectraduring spectrophotometric
titration (for details, see Online Supplementary Materials) and the
proposed complexation scheme using the SpecFit32 program?®®
(Table 2).

Fluorescence spectra of ligands 1-4 show more pronounce
changes upon the addition of Cd?*, Zn?* than changes observed
in absorption spectra (see Figure 2). Emission of the complexes
is less intense and significantly shifted to the longer wavelengths
(up to 130 nm for ligand 3) compared to free ligand band.

The main mechanism of excitation of the Zn" and Cd" complexes
is the intraligand transitions (m—n* transitions) since they have a
filled d0 electronic configuration. Thus, the role of Cd?*, Zn?*
cations in complexes consists mainly in the stabilization of ligand
molecules.’® As a result, emission occurs from an excited state of
ligand-centred position.’

The nature of the substituent at the 2-position of imidazole ring
in ligands affects the characteristics of Zn"" and Cd" complexes.
For either 3:1 or 2:1 complexes (ligand—metal), their stability
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Figure 1 'H NMR spectral changes of ligand 1 protons upon complexation: (a) with 1/Cd(CIO,), ratio 1:3; (b) free ligand 1; (c) with 1/Cd(ClO,), ratio 3: 1.
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Figure 2 Electronic (a) absorption and (b) emission spectra of a MeCN
solution of ligand 1 at various concentrations of zinc(ir) perchlorate. The
initial concentration of the ligand C,=1x 10~ M, the concentration of salt varies
in the range of 0-3.5x107° M.

decreases in the sequence 2>1>4>3 (for Zn*)and 1~2~4>3
(for Cd?"). Ligand 3 is the poorest metal binder probably due to
the —I-effect of the methoxy groups which slightly reduce the
electron density on the phenanthroline nitrogen atoms, although
the differences are not so large approaching the measurement errors.
More donor substituent in the ligand causes the larger red shift
of the emission maximum as well as the larger quench of
luminescence intensity upon complexation up to virtually zero in
case of complexes with ligand 2 (for details, see Online Supple-
mentary Materials).

When Co?* or Fe?* is added to solutions of ligands, the absorption
bands shift in the near UV region and their intensity increases
until 0.33 equiv. of the cation is reached, after which the changes
cease [Figure 3(a), for details, see Online Supplementary Materials].
A further increase in the metal cation concentration up to 20 equiv.
leads to insignificant changes in the absorption spectra. This
indicates the strong coordination of Co?* and Fe?* cations with
ligands with the predominant formation of very stable 3:1
complexes (ligand/metal). In the NMR spectra of 3:1 and 1:3
mixtures [2/Fe(ClO,),], we also revealed only one type of
complexes. Based on these data, it was not possible to calculate
the stability constants of the complexes because of their very high
values.

The interaction of ligands 1-4 with Co%* and Fe?* cations
differs from the case of Cd2* and Zn?* in fluorescence spectra.
Complexation with Co?* and Fe?* leads to complete quenching of
fluorescence when adding 0.33 equiv. of metal [see Figure 3(b)].

Table 2 Stability constant logarithms? for complexes of Cd?* and Zn2*
ions with ligands 1-4.

Ligand, ion l9(K31) lg(K51)

1, Zn% 18.0+04 11.6+0.2
1, Cd?* 18.8+0.6 12.1+0.5
2,Zn%* 20.0+05 13.2+0.5
2, Cd#* 18.5+0.7 12.8+0.7
3, Zn%* 16.0+0.7 10.5+0.8
3, Cd?* 16.9+0.3 10.5+0.7
4, Zn%* 16.9+£0.4 11.8+0.2
4, Cd* 18.9+0.5 12.6+0.3

aKg, for 3:1 ligand/M?2* ratio, K5, for the 2:1 one.
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Figure 3 Electronic (a) absorption and (b) emission spectra of a solution
of ligand 1 at various concentrations of Fe(ClO,4), in MeCN. The initial
concentration of the ligand C,=1x 10-° M, the concentration of Fe(ClO,), in
the range of 0-1x10-° M.

In the octahedral complexes of transition metals, the electric field
of the ligands splits five degenerate metal d-orbitals into two groups
(t, and e) with an energy difference A.X® For iron and cobalt
cations, the splitting energy is small; therefore, the lowest excited
state of their complexes is of d—d nature!” (Figure 4). Such states
are not emitting, since direct d—d transitions are forbidden. As a
result, ligand fluorescence quenches during complex formation.
The absorption bands in the UV region of complexes with
ligands 1-4 and Co?* and Fe?* cations correspond to the m—m*
transitions. Excited states resulting from these n—r* transitions
then relax to the lowest excited states of non-radiating d—d nature.
Wide low-intensity maxima at 530 nm (Fe?* complexes) and
390 nm (Co?") should be attributed to metal-to-ligand charge
transfer (MLCT).19@.0) The position and intensity of these bands
do not depend on the substituent in the ligand. That indicates the
localization of the MLCT excited state mainly on the invariant
imidazophenanthroline moiety of the ligands.

In summary, complexation of ligands 1-4 with Cd?*, Zn?*
cations affords mixtures of 3:1 and 2:1 complexes which exhibit
luminescence and are not capable of intramolecular charge
transfer. In the case of Fe*2 and Co*?, very stable complexes are
formed predominantly with a 3: 1 composition showing electron
transfer from metal to ligand. In our previous study* we found an
opposite electron transfer from ligand to metall in some copper ()
complexes of ligands 1-4. Thus, it appears that 2-substituted
imidazophenanthroline derivatives are not only universal, strongly
bonding chelating agents for a wide range of metal cations, but
also can act either as donor, neutral or acceptor ligands, depending
on the researcher’s needs.
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Figure 4 A model of the electronic structure of octahedral homoleptic
complexes of d®-metals MXg involving d, n and n* orbitals, arrows indicate
electronic transitions.
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