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The investigated multiterpyridine chromophores form a 2D network upon metal ion complexation that
causes profound changes to their photophysical properties; the experimental results are complemented by
modeling of the electronic properties of isolated monomers as well as the structure of the polymeric

network.

Introduction

2,2"6'2"-Terpyridine (tpy) is one of the most investigated ligand
for d-block metal ions since it yields highly stable complexes
with interesting optical, electronic and magnetic properties.'? Its
rich coordination chemistry has been widely employed to build
up dyads and linear polynuclear metal complexes,’ grids and
racks,4 rnetallomacrocycles,5 as well as metal coordination
polymers.**®7 The resulting metal complexes have potential
applications in a variety of fields’ ranging from light-to-
electricity conversion and organic light-emitting diodes, to
luminescent or electrochemical sensors and catalysts in
(asymmetric) organic transformations.

Pristine terpyridine is weakly luminescent (®¢,, = 0.3%)* and has
been decorated with a variety of fluorophores in order to combine
luminescence and metal binding properties."”> Another approach
to get luminescent terpyridine molecules is extending the
conjugation and the rigidity of the system by appending proper
substituents in the 4’ position.?® Although the phenyl and
terpyridyl rings are not coplanar, the 4’-p-tolyl-2,2°:6°,2°’-
terpyridine  (hereafter called tol-tpy) displays improved
luminescent properties in the UV spectral region with 8%
emission quantum yield in CH,Cl, solution.”

In the present work, the tol-tpy unit has been appended to a
benzene core leading to highly luminescent multiterpyridine
ligands (., ca. 35%), containing 3 and 6 binding sites, M3 and
M6 respectively in Scheme 1. M6 has been previously
reported”'® to form, at the air/water interface, a free-standing
monolayer sheet held together by metal ions: the tpy units of one
M6 molecule are bound to a tpy unit belonging to one of the six
neighboring monomers by concomitant complexation of a metal
ion (Scheme 2). In the present paper, we have investigated M3
and M6 as ligands of Zn** and Fe*" ions in dichloromethane
solution. At low metal ion concentration, complexes of 2:1 tpy to

metal ion ratio are formed in both cases, giving rise to a
4s polymeric structure containing multiple ligands assembled by
coordinative  bonds.  Experimental results have been
complemented by modeling the electronic structure of isolated
monomers and by building models for the polymeric structure.

50 Scheme 1

Experimental section

M3 and M6 were
procedures.'!
Photophysical measurements. The experiments were carried out
ss in air-equilibrated dichloromethane solution at 298 K, unless
otherwise noted. UV/Vis absorption spectra were recorded with a
Perkin Elmer 140 spectrophotometer, using quartz cells with path
length of 1.0 cm. Luminescence spectra were performed with a
Perkin Elmer LS-50 or an Edinburgh FLS920 spectrofluorimeter,
o equipped with a Hamamatsu R928 phototube. Lifetimes were
measured by the above mentioned Edinburgh FLS920
spectrofluorimeter equipped with a TCC900 card for data
acquisition in time-correlated single-photon counting experiments
(0.4 ns time resolution) with diode lasers. Emission quantum
os yields were measured following the method of Demas and
Crosby'? (standard used: quinine sulphate in H,SO, 0.5 M)."
Estimated experimental errors are: 2 nm on the band maximum,
5% on molar absorption coefficients, emission intensities,
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fluorescence lifetimes and log K values, 10% on fluorescence
quantum yields.

Computational details. Atomic structures of M6-45 and M6-90
were optimized with density functional theory (DFT) calculations
using the CAM-B3LYP hybrid functional with the 6-31G* basis
set. Molecular orbital shapes and energies discussed in the text
are calculated at the lowest energy optimized structures. Orbital
and optimized geometry pictures were prepared with the Molekel
10 visual software,'* while structures of 3D and 2D polymers were
prepared with pymol.'"
oscillation strengths were computed for the 30 lowest singlet
excited electronic states of tol-tpy with time dependent (TD) DFT
calculations employing both the B3LYP and CAM-B3LYP
15 functionals. In plotting the computed electronic spectrum a
Lorentzian line width of 0.3 eV was superimposed to all
computed intensities to facilitate the comparison with the
experimental spectrum. Computed spectra did not include
vibronic structures associated with electronic bands. All
20 quantum-chemical calculations were performed with the
Gaussian09 package.'®

w

Electronic excitation energies and

Results and discussion
Photophysical properties of M3 and M6

For solubility reasons, all the photophysical data have been
2s recorded in CH,Cl, solution. The absorption spectra of M3 and
M6 show a band with maximum at ca. 300 nm (Figure 1).
Comparison with the absorption profile of 6 tol-tpy units (dashed
green line in Figure 1, see also Figure S1 for a comparison
between computed and observed tol-tpy spectra) shows that M6
30 spectrum is not merely the sum of those of the model
compounds. Similar considerations are valid in the case of M3.
Also the emission spectra change going from tol-tpy to M3 and
M6, showing a progressive red shift of the maximum (Figure 1)
and an increase in emission quantum yield: from 8% for tol-tpy
isto 37% and 34% for M3 and M6, respectively. The
corresponding excited state lifetimes (Table 1) are in the
nanosecond time scale, as expected for a fluorescent excited state.
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Figure 1. Absorption (left) and normalized emission spectra (right, upon

40 excitation in the lowest energy band) of M6 (red line), M3 (blue line) and
tol-tpy (green line) in CH,Cl, solution at 298 K. For comparison purposes,
the absorption spectrum of tol-tpy has been multiplied by 6.

Electronic interactions are responsible for the difference in the

photophysical properties of the multi-terpyridine ligands

4s compared to those of constituent units, i.e. tol-tpy and benzene,
as it can be inferred from the computed frontier molecular
orbitals of M6 shown in Figure 2. The orbitals are delocalized
because of electronic interactions. In addition, the orbital order
has changed compared with that of the tol-tpy unit (see the

so orbitals depicted in the insets of Figure S1): the HOMO-1 of tol-
tpy is related to the HOMO of M6 shown in Figure 2. As a result,
it can be expected that the lowest excited state of M6 is related
with the strongly absorbing state, thereby showing also an
increased emission compared with tol-tpy.

Figure 2. Delocalized character of the CAM-B3LYP/6-31G* computed
molecular orbitals of M6 at its optimized geometry.

Table 1. Photophysical data of tpy, tol-tpy, M3 and M6 in air-
60 equilibrated CH,Cl, solution at 298 K, unless otherwise noted.

absorption emission
Amax/ Emax/ 10;‘ M Amax/ . T/
nm cm’ nm ns
tpy 280 1.6 336 0.003* -
tol-tpy 280 3.6 340 0.08 1.7
M3 298 12.2 364 0.37 3.1
Mé6 286 18.2 376 0.34 1.6

aln acetonitrile solution, from ref. 8.

MG6 as ligand of Fe?* ions: photophysical data

Titration of a 3.7 x 10 M solution of M6 in CH,Cl, with a 0.8
os mM Fe(CF3S0s3), acetonitrile solution leads to (i) strong changes
in the absorption spectra (Figure 3a) going from a colourless to a
purple solution and (ii) to a complete quenching of the emission
band at 376 nm (Figure 3b). From a qualitative point of view,
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these spectral changes are similar to those obtained for the model
compound tol-tpy (Figure 4): they are consistent with a charge
perturbation effect of the ligand absorption band in the UV region
and the appearance of a metal-to-ligand charge transfer (MLCT)

s band in the visible region, as expected for iron terpyridine based
complexes.'” Quenching of the fluorescence can be rationalized
on the basis of the low-lying MLCT excited state of [Fe(tpy),]*"
which is known to be non-luminescent because of a fast decay to
the ground state via metal centered (MC) excited states.'®
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Figure 3. Absorption (a) and emission spectra (b) of a 3.7 x 10° M

solution of M6 in CH,Cl, upon titration with Fe(CF3SOs),: O eq. (solid

black line), 3.0 eq. (solid red line). Aex = 308 nm. Inset shows normalized

absorption changes at 286 (solid triangles) and 326 nm (solid circles), and
15 normalized emission changes at 377 nm (empty triangles).

From a quantitative point of view, in the case of tol-tpy, the
plateau is reached at 0.5 eq. of Fe*" per ligand, as clearly visible
by the plot of the normalized absorption and emission intensity in
the inset of Figure 4. This result is consistent with the formation
0 of the [Fe(tol-tpy),]*" complex, as previously reported.'® Job’s
plot is reported in Figure S4a. Global fitting analysis of the
absorption changes by the SPECFIT software®™ leads to very
high formation constant for [Fe(tol-tpy),]*" complex: log B, ca.
20. This value is too high to be precisely estimated by this
2s technique, however it is very similar to that reported for tpy in
water.”!
For M6, normalized absorption spectral changes reach a plateau
at 3 eq. of Fe*" (Figure 3a, inset), i.e. at 0.5 eq. of Fe*" per tpy
unit, with no further change upon addition of up to 10 eqgs. This
s0 result can be interpreted as follows: (i) as an average, roughly
half of the tpy units of each M6 molecule are engaged in
formation of complexes with 1:1 stoichiometry, or (ii) complexes
of [Fe(tpy),]* -type are formed, engaging all the tpy units present
in each M6 molecule. The first hypothesis is quite unlikely since
35 all tpy units are readily accessible to metal ions and a 2:1 ligand

to metal complex is formed with very high stability constant at
low metal ion concentration in the case of the model compound
tol-tpy. As to the second hypothesis, two tpy units of the same
molecule cannot cooperate to bind a single metal ion since the
40 ligand structure is quite rigid. Therefore, the most likely structure
is a polymer in which each Fe?" ion is complexed by two tpy
units belonging to two different M6 molecules (see pictorial
representation in Scheme 2). Such issue has also been addressed
through a rigid modeling of the Fe** complex with M6, as it is
45 described below. Global fitting of the absorption spectra yields a
very high stability constant for the 2:1 ligand to metal complex,
not allowing an accurate estimation of its value by this technique.

AA/A, Alll
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so Figure 4. Absorption spectra of a 3.5 x 10 M solution of tol-tpy in CH,Cl,
upon titration with Fe(CF3S0s),: 0 eq. (solid blue line), 0.5 eq. (solid green
line). Inset shows normalized absorption changes at 382 (solid triangles)
and 570 nm (solid circles), and normalized emission changes at 388 nm
(empty squares, Aex = 295 nm).

ss The emission intensity plot, obtained upon excitation at the
isosbestic point at 308 nm, is not superimposed to that of the
absorption decrease at 286 nm (Figure 3a, inset), at variance with
the plots reported for the model tol-tpy ligand (Figure 4, inset).
Upon addition of 1.5 eqs. of Fe** per M6, normalized absorption
0 intensities are 50% of the value at the end of the titration,
meaning that half of the tpy units are engaged in metal ion
complexation, but the emission intensity of the free ligand is
decreased to less than 20% of the initial value. This result points
out the occurrence of interactions in the excited states between
os free and complexed tpy units of the same molecule as it is
suggested by the delocalized nature of frontier molecular orbitals
in Figure 2. Indeed, intermolecular interactions are ruled out by
the ns-lifetime of the luminescent excited state and the low
concentration of M6 (micromolar range). The luminescent
70 excited state of free tol-tpy units is quenched by either energy
transfer to the complexed ones, characterized by low-energy
excited states, or by electron transfer from [Fe(tpy),]*" units.

Modeling of Fe’* metal complexes with M6

To investigate the likelihood of a polymeric structure where each

75 Fe** ion is complexed by two tpy units, as well as to obtain more
information about its spatial arrangement (either in a plane, as
reported in Scheme 2 and observed at the air/water interface,” or a
3D arrangement), we modeled two different possible structures
for M6 oligomers.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Photochemical & Photobiological Sciences

The complexes were built starting from monomer, assumed in a
given conformation, and linked to identical monomers (that is,
featuring the same conformation) to every tpy moiety available.
The modeling of polymeric structures was rigid — namely based
on an addition of identical monomers rigidly translated and
rotated.

3

Scheme 2

Concerning the choice of the monomer conformation, we focused
10 on two, a first featuring every tpy unit tilted of 45° with respect to
the core plane (hereafter labeled M6-45) and a second with tpy
units alternately orthogonal to or laying in the core plane

(hereafter labeled M6-90), as shown in Figure 5.

20

25

respect to the core plane and (b) M6-90 monomers, where tpy units are
alternately orthogonal (triangle) to or laying (square) in the core plane.

Geometry optimization of a single M6 monomer at CAM-
B3LYP/6-31G* level shows that conformer M6-45 is 2.62
kcal/mol more stable than the optimized M6-90 (Figure 6), where
the originally perpendicular tpy units are considerably distorted.
This suggests that the preferential unit for building polymeric
structures is M6-45 rather than M6-90.

Figure 6. CAM-B3LYP/6-31G* optimized conformers of M6: (top) the less
stable M6-90 and (bottom) the more stable M6-45 conformer.

Figure 7 shows the 2D polymer (a,c) and one possible 3D
structure (b,d) built from M6-45 conformers. For simplicity the

30 2D and 3D structures were built from non-optimized M6 units of

35

Figure 5, but results would not change using optimized structures
of Figure 6. Figure 7 (a,c) shows the second generation 2D
oligomer, i.e. the central M6 monomer (red) linked to two shells
of M6 monomers (light yellow and green). It can be clearly seen
how M6-45 monomers lead to the already reported planar
structure,” which could be obtained also from M6-90 monomers,
a possibility which is not further discussed, given their computed
higher energy. The 3D structure in Figure 7 (b,d) is originated by
a central M6-45 unit around which a defect is developed because

40 of the alternate orientation and linking of the six M6 monomers

15 Figure 5. The two conformers of M6 considered for building 2D or 3D
polymeric structures: (a) M6-45, where every tpy unit is tilted of 45° with

(yellow in Figure 7) surrounding the central unit.

Page 4 of 8
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Figure 7. Models of 2D (a,c) and 3D (b,d) structures built using M6-45
conformers. The core monomer is shown in red, the first generation row
in yellow, the second generation row in green and the third generation
(only for the 3D structure) in magenta; Fe’" are shown as brown spheres
when involved in 2:1 ligand to metal binding and grey for Fe** bound to
only one tpy unit. See the discussion in the text.

This alternation triggers the development of three regions in
which the typical 2D complexation develops, separated by three
perpendicular planes, each rotated by 120 degrees around the
central monomer C3 axis. The less stable M6-90 conformer could
also contribute to the development of 3D structures similar to that
of Figure 7 (b,d) and shown Figure S2. A central (red in Figure
S2) M6-90 defect with the alternation of perpendicular and planar
tpy units would also lead to a 3D structure. In both cases, we
attribute the formation of a 3D structure to the presence of a
defect since the development of the 3D structure is accompanied
by an incomplete linking of metal ions to tpy units (see below).
Note that the 3D structures in Figures 7 and S2 are only examples
of the possible 3D structures that can be built from M6 units.
Others could be considered, for instance developing additional
planes parallel to the main polymer plane in Figure 7b. More
important, however, is the fact that in the 3D structures not all the
internal tpy moieties can link to Fe** in a 2:1 ligand to metal ratio
because of steric hindrance. This can be appreciated in Figure 7,
where the metal ions linked to two tpy units are depicted in
brown, while those linked to one tpy unit are grey. It is clear that
the defect originating 3D structures is accompanied by a number
of metal ions linked to only one tpy unit. On the other hand, for
the planar network, all the internal tpy units are linked in a 2:1
ligand to metal ratio and the 1:1 ligand to metal ratio is limited to
the peripheral tpy units. In view of the large stabilization
associated with the formation of the 2:1 ligand to metal
complexes, it can be concluded that a larger stability is expected
for the 2D network. Moreover, because of the unfavorable ligand
to metal ratio, a structure containing a number of defects
triggering the 3D structure is not consistent with the
photophysical results showing a plateau at 0.5 egs. of Fe*" per tpy
unit. The total number of Fe*" ions linked to tpy units in the 2D
and the proposed 3D structure (either in a 1:1 or in a 2:1 ligand to
metal ratio) has been calculated for increasingly larger 2D and 3D
networks and is reported in Table 2 along with the total number
of available tpy units.

Table 2. Total number of metal ions linked and total number of tpy units
available for increasingly larger generations of 2D and 3D networks of

45 M6 and their ratio. The ratio decreases from 1 and tends to 0.5 for
increasingly large 2D networks.

H 2+
Ollgomer No. Fe*' ions No. tpy units No. Fe™ /No.
generation tpy

2D structure
Monomer 6 6 1.00
1 30 42 0.714
2 72 114 0.632
3 132 222 0.595
4 210 366 0.574
5 306 546 0.560
6 420 762 0.551
7 552 1014 0.544
8 702 1302 0.539
3D structure
Monomer 6 6 1.00
1 36 42 0.857
2 144 186 0.774
3 288 414 0.696
4 486 738 0.659
5 714 1134 0.630

The ratio between the two numbers decreases with the increase of
the 2D network and tends to 0.5 in very good agreement with the
so experimental results discussed above. The ratio also decreases
with increasing the dimension of the 3D structure but more
slowly. In addition it should be noted that the 3D structure in
Figure 7 contains only a single defect, while a larger number of
defects driving more rigid 3D structure would slow further down
ss the ratio decrease. Based on the data of Table 2, it can also be
concluded that the dimension of the 2D networks generated by
complexation is expected to be relatively large to account for the
observed value of the eq. of Fe®* per ligand, since small
oligomeric structures would lead to considerably larger values
60 (0.7 and 0.6 for generations 1 and 3, respectively) of eq. of Fe**

per tpy.

M6 as ligand of Zn*" ions

Titration of a 5.3 x 10°® M solution of M6 in CH,Cl, with a 1.8

es mM Zn(CF;SO3), solution causes the decrease of the absorption
band at 286 nm and the increase of a new band at 340 nm (Figure
8a), with isosbestic points at 316 nm between 0 and 1.2 egs. of
Zn*" and at 312 nm from 1.2 to the end of the titration. Similar
spectral changes have been observed for tol-tpy upon titration

70 with Zn>" ions and they are consistent with a charge perturbation
effect on the ligand centered absorption and emission bands, as
previously reported in the literature.®#%%2

This journal is © The Royal Society of Chemistry [year]
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Figure 8. Absorption (a) and emission spectra (b) of a 5.3 x 10° M
solution of M6 in CH,Cl, upon titration with Zn(CF3SOs),: O eq. (solid
black line), 3.0 egs. (solid red line). Aex = 315 nm. Inset shows normalized

s absorption changes at 285 (solid triangles) and 343 nm (solid circles), and
normalized emission changes at 378 (empty triangles) and 500 nm
(empty circles); solid lines represents the fitting by SPECFIT (for more
details, see text).

For tol-tpy, spectral changes demonstrate the formation of

10 [Zn(tol-tpy),]** complex at low metal ion concentration, replaced
by [Zn(tol-tpy)]*" complex upon further addition of metal ions
(Figure S3). Global fitting of the absorption spectra yields very
high formation constants for the 1:1 (;) and 1:2 (B,) metal to
ligand stoichiometry: log B; = 8.2, log §, = 15.7.

15 In the case of M6, normalized absorption changes reach a plateau
at ca. 3 eqgs. of metal ion per M6 molecule with no further change
upon addition of up to 10 equivalents (Figure 8b, inset). On the
basis of the previous discussion, this result can be interpreted by
formation of the polymeric structure reported in Scheme 2.

20 Global fitting of the absorption spectra reaches a good match with
experimental data by taking into account formation of complexes
of 1:1, 2:1, and 3:1 ligand (M6) to metal stoichiometry: log ; =
6.2, log B, = 13.3 log B; = 19.0. In agreement with the data
reported in the literature,' the binding constant of tpy ligands for

25 Zn*" are lower than those for Fe?".

Upon excitation at 316 nm, a decrease of the emission band at
376 nm is accompanied by the appearance of a lower energy band
which increases up to 1.8 eqs. and then shifts toward the blue
while slightly decreasing in intensity (Figure 8b). Absorption and

30 emission intensity changes as a function of the metal ion
concentration are clearly different from each other (Figure 8b,
inset). Before reaching the plateau, emission plots are much
steeper than absorption ones. On the contrary, the first part of the

titration of tol-tpy with Zn>" shows overlapped absorption and
35 emission changes (Figure S3). In the case of M6, at 1.1 egs. of
Zn**, the normalized absorbance variation accounts for 50% of
the total absorption changes, while the emission intensity at 378
and 500 nm reach 80% of the maximum variation. The
corresponding excitation spectrum, recorded at A, = 500 nm,
40 shows a close match with the corresponding absorption spectrum.
This indicates an efficient energy transfer between free and
complexed moieties of the same molecule which explains the
faster variations underwent by the emission intensity profiles.
Intermolecular interaction can be ruled out as previously
ss discussed. Upon further addition of metal ion, in particular
between 2 and 3.5 egs. of Zn®>" per molecule, the spectral
variations undergone by the low energy emission band are likely
due to a charge perturbation effect, consistent with the increase of
the number of Zn>* ions per molecule. Upon addition of 3 egs. of
s0 Zn”" (red line in Figure 8b) a species with @, = 14% is obtained.

Fe** and Zn?* metal complexes with M3

In the case of M3, titration of a 3.6 x 10°® M solution in CH,Cl,
with Fe(CF;S03), leads to analogous absorption and emission
ss spectral changes with respect to those observed for M6, and the
plateau is reached at 1.5 eq. of Fe*" per M3 molecule, i.e. at 0.5
eq. of metal ion per tpy unit. Also in this case the results suggest
the formation of the same structure in which each Fe*' ion is
coordinated by two tpy units of two different M3 molecules.

e Upon titration of the same solution with Zn(CF;S03),, absorption
spectral changes similar to those reported in Figure 8a have been
reported with a plateau at 1.5 eqs. of metal ions. The emission
spectra (Figure 9) performed upon excitation at 321 nm
(isosbestic point) show a decrease of the band at 364 nm, and the

s appearance of a new band at 412 nm which reaches its maximum
at 0.5 eq. and then decreases in intensity and shifts toward the red
reaching a plateau at 1.5 eqgs. with A, = 465 nm. These results
suggest the formation of complexes with different ratios of metal
ions to M3.

5
o

70 Xlnm

Figure 9. Emission spectra of a 3.6 x 10°® M solution of M3 in CH,Cl, upon

titration with Zn(CF3S0s),: 0 eq. (solid black line), 1.5 egs. (solid red line).

Aex = 315 nm. Inset shows normalized absorption changes at 298 (solid

triangles) and 343 nm (solid circles), and normalized emission changes at
75 364 (empty triangles) and 412 nm (empty circles).

Conclusions

The investigated multi-terpyridine ligands M3 and M6 display
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high luminescence in the spectral region between near UV and
blue, compared to the very weak luminescence of pristine
terpyridine. Based on  preliminary = quantum-chemical
investigations on tol-tpy and M6, it is suggested that the different
emission properties are due to a different orbital nature of the
emitting excited state. Metal complexation brings about strong
changes in the photophysical properties: the Fe*" complex is
purple and not-emissive, while the Zn*" complex is colourless
and blue emitting. The most interesting result is the formation of
a polymeric structure upon metal ion complexation. In the case of
Fe*" and M6, each metal ion is bound to two tpy units of two
different ligands, as suggested by the fact that absorption spectral
changes reach a plateau at 3 eqgs. of metal ions per M6, i.e. at 0.5
eq. of metal ion per tpy unit. By modeling realistic 2D and 3D
structures, we concluded that, in analogy to previous findings at
the air/water interface, a dominant 2D network is formed in
solution. It is likely that, differently from the air/water interface,
in solution the structure is partially folded. Our results show that,
although the presence of 3D defects cannot be ruled out, their
concentration should be definitely small to account for the
observed ligand to metal ratio.

These findings disclose important information for the
construction of 2D metal coordination polymers, a new and
challenging research field that is intended to propose new
candidates for molecular sieves, ultrasensitive pressure-sensors,
and surface coatings.
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