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A dinuclear ruthenium bipyridyl complex with 1,10-diaza-18-crown-6 bridging ligand was synthesized
and characterized. Its photophysical and electrochemical properties were also studied. DFT computations
were performed to complement the experimental investigations. Analysis of the results indicates that the
path in which charges move from one metal center to the other is significant for effective electronic cou-
pling. However, electron transfer between the two ruthenium centers is hindered by the azacrown bridg-
ing ligand, compared to the smooth electronic transfer reported for a related dye involving an azo

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Ruthenium bipyridyl-based complexes are receiving consider-
able attention, in the quest of converting solar energy into electric-
ity [1-3]. This research interest is triggered by the depletion of
fossil fuels which contribute to around 80% of global energy con-
sumption [4]. The emission of carbon dioxide into the atmosphere
due to the burning of fossil fuels is also entailing global warming
and severe climate changes. This has prompted resource invest-
ments, toward alternative “green energy” sources with a view to
meet the energy demand [2,3]. Dye-sensitized solar cells (DSSCs)
based on ruthenium bipyridyl complexes emerged as alternatives
to fossil fuels [3]. Several ruthenium bipyridyl derivatives [2,5,6]
have been explored since the seminal work of O’'Regan and Gratzel
[7] on the photocatalytic activities of prototypical complexes.
Their relatively good chemical stability, broad metal-to-ligand
charge transfer (MLCT) absorption bands, strong luminescence,
and suitable ground and excited states potentials [8] make
ruthenium bipyridyl-based complexes ideal candidates not only
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as dye-sensitizers but also in the field of catalysis [9,10] and med-
icine [11-13]. Strong luminescent properties of the dye extend the
light-harvesting ability of a DSSC, where the parts of the incident
radiation from the wavelengths that the dye absorbs poorly are
converted to wavelengths at which the dyes absorbs better,
through either high-energy photons which are converted to low-
energy photons or the reverse; designated as down-conversion
(DC) and up-conversion (UC), respectively [8].

For a DSSC to function efficiently and effectively, all compo-
nents (TiO, nanoparticles, dye sensitizer, redox mediator, and
counter electrode) constituting the system must play their roles
adequately. The dye sensitizer is regarded as the key component
which governs the photovoltaic performance of DSSCs [2]. Differ-
ent strategies are adopted to optimize the performance of ruthe-
nium bipyridyl-based complexes to fit specific functionalities,
namely, employing different ancillary ligands [2], using light har-
vesting antennas which funnel their photonic excitation to the
dye sensitizer modules [14,15], or designing spacers (bridging
ligands) which separate photoactive terminals [16-18], among
others. The role of bridging ligands is particularly attractive for
they not only allow control over the spatial arrangement of the
complexes but also provide an insight into the electronic coupling
of the separated metal centers [19].

Dinuclear ligand-bridged mixed/homo-valent ruthenium
bipyridyl complexes of the type [{L,M}(u-BLY{ML,}]™* (M = metal
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centers, L, = ancillary terminal ligands, and BL = bridging ligand)
account for several studies [20-29]. However, corresponding stud-
ies with bridging ligands based on aza-crown ethers, in particular,
the 1,10-diaza-18-crown-6, are scarce in literature [30-33]. To the
best of our knowledge, the X-ray crystal structure of only one
homo-dinuclear ruthenium complex with a 1,10-diaza-18-crown-
6 derivative as bridging unit and terpyridine as an ancillary termi-
nal ligand is known insofar (see Scheme 1) [30].

Further to our interest on novel dye sensitizers [23,24,34,35],
we are herein reporting the synthesis of the first dinuclear
azacrown-bridged homo-valent ruthenium bipyridyl complex,
[{Ru"(bpy)2}2(1-BL1)|(PFg)s  (bpy = bipyridine and BL; =7,16-
bis(4-(6-phenyl-[2,2’-bipyridin]-4-yl)benzyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane) which is denoted as Dye 1 (see
Scheme 2). Cyclic voltammetry, spectro-electrochemistry and
density functional theory (DFT) method were employed to have
an in-depth understanding into the metal-to-metal charge transfer
(MMCT) occurring in Dye 1 via the 1,10-diaza-18-crown-6 bridge.
DFT computations were also carried out on a related dye based on
an azo bridge [{Ru"(bpy)}2(u-BL,)](ClO4)4, where BL, = 2,2'-{(E)-1,
2-diazenediylbis[2,1-phenylenenitrilo(E)methylylidene]}diphenol
and ClOz = perchlorate (denoted as Dye 2; see Scheme 2), which
was previously reported [23,24]. A comparative study was
subsequently conducted between Dye 1 and Dye 2. The electronic
communication effect between the two separate metal centers
upon substitution of BL, (azo bridge) for BL; (azacrown bridge)
on the electrochemical and photophysical activities of the
complexes was probed.

2. Methodology
2.1. Synthesis

Dye 1 and its bridging ligand were synthesized according to the
reported method [30], while Dye 2 [23,24] and its bridging ligand
were synthesized according to our previous work [36,37].

Dye 1: 'H NMR (300 MHz, Methanol-d,: § 8.70 (s, 2H ArHppy),
8.39 (s, 10H ArHpypy), 8.15 (s, 4H ArHyyy), 7.97 (d, J=6.9 Hz, 10H
ArHypy), 7.65 (d, J=7.8 Hz, 4H ArHppy), 7.58 (m, 6H ArHyyy), 7.42
(m, 10H ArHpenz), 7.00 (s, 4H, ArHgpy), 3.86 (s, 4H), 3.31
(d, J=2.3 Hz, 4H, N-CH;), 3.00 (s, 4H, ArHcow-etn), 2.89 (s, 4H
ArHcrow-etn). Ligand 1 (Dye 1): '"H NMR (300 MHz, Chloroform-d)
5 8.76-8.59 (m, 3H), 8.25-8.15 (m, 2H), 7.97 (d, J=1.6 Hz, 1H),
7.93-7.72 (m, 3H), 7.59-7.40 (m, 5H), 7.34 (dd, J=7.4, 4.9 Hz,
1H), 3.79 (s, 2H), 3.67 (d, J=8.5 Hz, 8H), 2.89 (t, J=5.9 Hz, 4H),
1.34-1.19 (m, 3H).

2.2. Computational details
Reported X-ray crystals structures of related complexes

[30-32,29] together with those derived from ChemSpider database
[38,39] were used as initial guess structures to obtain the

optimized geometries of Dye 1 and Dye 2. Full geometry optimiza-
tions of Dye 1 and Dye 2 were performed in the gas phase and in
methanol (MeOH) and acetonitrile (MeCN) solvents [40,41]. Sol-
vent computations were carried out using the conductor-like
polarizable continuum model (CPCM) [42-44]. The DFT functional
B3LYP [45-47] in conjunction with the 6-31G(d,p) basis set for the
H, C, N, and O atoms [48] and the ECP LANL2DZ for Ru [49] were
employed for all computations. The method [50-52] and solvation
model [28,29,52,53] were selected based on previous studies
involving ruthenium complexes. Each Ru atom in the complex is
in an oxidation state of +2 and hence, a charge of +4 was consid-
ered for both dyes. Geometry optimization was followed by ana-
lytic Hessian computation at the same level of theory, and the
absence of negative Hessian eigenvalues confirmed the stationary
points as minima on the potential energy hypersurfaces. The UV-
Vis spectra were obtained from the time-dependent DFT (TD-
DFT) computations [48,54,55] using the geometry optimized in
MeOH. The 70 lowest singlet energy optical excitations were calcu-
lated using the TD-DFT method. HOMO-LUMO gap are also
reported for the complexes optimized in MeCN. All DFT computa-
tions were performed using the caussian o9 package [56] using
resources provided by seacrip [57-61].

3. Results and discussion
3.1. Structural properties

In the absence of X-ray crystal structures for Dye 1 and Dye 2,
their structures are herein predicted and characterized via the
DFT and TD-DFT methods in view to complement the experimental
findings. Two optimized structures 1a (Fig. 1) and 1b (Fig. S1) were
modeled for Dye 1 based on the X-ray crystal structures of [Ru(tpy)
(BLo)I(PFe)> [31], [Ru(bpy)x(BL3)I(PFs), [32] and [{Ru(tpy)}>(u-
H,BLo)](PFg)s [30]. Two optimized structures 2a (Fig. 1) and 2b
(Fig. S2) were also modeled for Dye 2 based on the BL, backbone
acquired from ChemSpider database [38,39] and the X-ray crystal
structure of {[Ru"(bpy),]2(1i-BL4)}(ClO4), (BL4 = fully deprotonated
indigo) [29]. Structures 1a and 2a are energetically more stable
than 1b and 2b, respectively (see Tables S1 and S2). Thus, this work
will mainly focus on structures 1a and 2a while results pertaining
to structures 1b and 2b are provided in the supplementary infor-
mation (SI). Structures 1a and 2a are henceforth simply denoted
as Dye 1 and Dye 2, respectively, throughout the paper. Selected
geometrical parameters for Dye 1 and Dye 2 are provided in
Tables 1 and S3. The ruthenium bipyridyl units are compared with
related X-ray crystal structures including [Ru(bpy),(u-BL3)](PFs)2
and {[Ru'(bpy),]2(u-BL4)}(ClO,),. Good correlation in terms of
the Ru-N bond distances and N-Ru-N bond angles is obtained
between theory and experiment (see Table S4) [29,32,62-64].
The IR spectra of Dye 1 and Dye 2 are also provided in Fig. S3.
Dye 1 (8.127 D) is more polar than Dye 2 (1.137 D) and the dipole
moments of the other two structures are given in Table S5.

Scheme 1. Molecular structure of [{Ru(tpy)}.(u-H2BLo)](PFs)s where tpy = terpyridine, BLy = N,N'-bis[4-{4'-(2,2':6',2"-terpyridyl}benzyl]-1,4,7,10-tetraoxa-13,16-diazacy-

clooctadecane) and PFg = hexafluorophosphate [30].
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Dye 1: [ {Ru"(bpy)2}2(u-BL1)](PFe)a

Dye 2: [{Ru'(bpy)z}2(u-BL2))(ClO4)s

Scheme 2. Structures of Dye 1 and Dye 2.

Dye 1

Dye 2

Fig. 1. Gas-phase optimized structures of Dye 1 and Dye 2 including atom labelling. All H atoms are omitted for clarity.

3.2. Optical properties

The UV-Vis spectra of the two dyes are displayed in Fig. 2. TD-
DFT computations were also employed to obtain the simulated
UV-Vis absorption spectra for Dye 1 and Dye 2 (Figs. S4 and S5).
The TD-DFT calculated electronic transition for both dyes are pro-
vided in Table 2 and Fig. S6. Dye 1 is characterized by two distinc-
tive peaks at 288 and 455 nm. The broader band with a peak
maximum at 455 nm which displays the characteristics of rela-
tively high absorptive coefficients, is ascribed to the MLCT. The
simulated spectrum for Dye 1 compares satisfactorily well with
the one obtained experimentally with two peaks at 328 and
415 nm. According to the TD-DFT computations, the maximum
absorption at 415 nm is attributed to mixed MLCT, ligand-to-
ligand charge transfer (LLCT) and intra-ligand charge transfer
(ILCT). Dye 1 is predicted to anchor to the surface of TiO, via the

pyridyl groups of the ligand, in the absence of the traditional car-
boxylic groups [65].

Dye 2 is characterized by two distinct peaks at 293 and 485 nm
and one shoulder peak at 340 nm. Absorption bands below 350 nm
are usually ascribed to the overlapped n-7* ILCT while the broad
band with weaker intensity from 423 to 600 nm is attributed to
the MLCT in the complex [66-69]. The simulated spectrum for
Dye 2 (Fig. S5) depicts three peaks at 358, 454 and 552 nm. The
TD-DFT computations indicate that the peak at 358 nm corre-
sponds mainly to w—n* ILCT of the bridging ligand BL, and MLCT
[Ru(dm) — BLy(7*)]. A minor contribution from the LLCT and MMCT
absorptions are also observed. The MLCT absorption [Ru(dr) —
bpy(n*)] and 7-7* ILCT occurs at 454 nm. Dye 2 anchors to the sur-
face of TiO, via the loose oxygen bridges of the ligand, which attach
and timeously detach the surface of TiO, based on the circum-
stance of the coordination environment of Ru(ll) centers which
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Table 1

Selected computed geometrical parameters of Dye 1 and Dye 2 in the gas phase.
Dye 1 Dye 2
Bond distances (A)
Ru114-N49 2.118 Ru51-01 2.031
Ru114-N50 2.113 Ru51-N9 2.169
Ru114-N51 2.105 Ru51-N52 2.115
Ru114-N52 2.199 Ru51-N53 2.122
Ru114-N127 2.132 Ru51-N54 2.119
Ru114-N128 2.109 Ru51-N55 2.104
Ru194-N129 2.118 Ru92-024 2.031
Ru194-N130 2.114 Ru92-N20 2.169
Ru194-N131 2.105 Ru92-N93 2.115
Ru194-N132 2.199 Ru92-N94 2.122
Ru194-N207 2.131 Ru92-N95 2.119
Ru194-N208 2.110 Ru92-N96 2.104

Bond angles (°)

N49-Ru114-N127 773 01-Ru51-N9 87.0
N50-Ru114-N128 77.8 N52-Ru51-N53 78.1
N51-Ru114-N52 77.5 N54-Ru51-N55 77.8
N129-Ru194-N207 773 024-Ru92-N20 87.0
N130-Ru194-N208 779 N93-Ru92-N94 78.1
N131-Ru194-N132 77.7 N95-Ru92-N96 77.8

1.0

—Dye1

0.8 Dye 2
—"E 0.6
_Q
=
~ 04
"é
e
“ 0.2

T
0.0 ¥
250 350 450 550 650 750

Wavelength (nm)

Fig. 2. Absorption spectra of Dye 1 and Dye 2, in MeOH both at 1 x 10~ M, room
temperature.

must vary to meet the change in valence state after electrons injec-
tion into the conduction band of TiO, [23].

The absorption spectrum shows that Dye 1 has a relatively high
molar absorptivity coefficient, but with a remarkable narrow func-
tional range (400-500 nm) relatively, which are all prerequisites of

a good dye sensitizer. On the other hand, Dye 2 has a low molar
coefficient comparing with Dye 1, however, with a relatively red-
shifted broader band (423-600 nm), with a peak maximum at
485 nm. Ideally, both dyes display good properties, all prerequisites
to effective photon harvesting. The differences in optical behaviors
for the two dyes may be ascribed to their different molecular struc-
tures, stemming from the nature of their bridging ligands, as well as
the coordination circumstances of metals to the ligands.

3.3. Electrochemical properties

The characterization of Dye 1 by cyclic voltammetry shows
cathodic oxidation peaks with blurry patterns at 0.37 V and 1.3V
for Ru?* while an anodic reductive peak is displayed at —1.2V
(Fig. 3a) versus Hg/Hg,Cl, reference electrode in MeCN containing
0.1 M [N(t-Bu)4](ClOy4). The poorly resolved redox peaks are indica-
tive of poor electronic coupling between the two ruthenium cen-
ters in Dye 1. The lack of electronic coupling is ascribed to the
structure of the bridging ligand in Dye 1, where the 1,10-diaza-
18-crown-4 ring acts as a barrier, rather than a m-electron system.
This could be based on the fact that the size of the crown ether ring
may be too large to form one huge disc-shaped m-electron cloud,
which is suitable for electron tunneling. Thus, upon entering the
crown ring, electrons are not propagated through but transferred
back to the original ruthenium unit.

In comparison to Dye 1, the characterization of Dye 2 reveals a
reversible pattern with two distinct redox peaks at 0.50 and 0.60 V
(Fig. 3b) versus Hg/Hg,Cl, reference electrode in MeCN containing
0.1 M [N(t-Bu)4](ClO4). Two of the three redox peaks observed for
Dye 2 correspond to the two-step oxidation processes: Ru?>*-BL,-
Ru?* & Ru?*-BL,-Ru** & Ru**-BL,-Ru>*. The one remaining peak
is associated with the ligand [23,24].

The HOMO-LUMO energy gaps for Dye 1 and Dye 2 were pre-
dicted in MeCN and the isodensity plot for HOMO and LUMO are
provided in Fig. 4. Low-lying molecular orbitals are also provided
in the SI (see Fig. S7). For Dye 1, the HOMO corresponds mainly
to the p orbitals of the nitrogen atom of the azamacrocyclic unit
and to a lesser extent to the Ru d orbitals. Its LUMO corresponds
to the Ru d orbitals and to the p orbitals of the carbon and nitrogen
atoms of the bpy unit as well as the terminal unit of the bridging
ligand coordinated to Ru. For Dye 2, both HOMO and LUMO corre-
spond mainly to the Ru d orbitals and the p orbitals of oxygen, car-
bon, and nitrogen atoms of the terminal unit of the bridging ligand.
Dye 1 (3.41 eV) has a significantly higher HOMO-LUMO energy gap
than Dye 2 (0.35 eV).

Table 2
Results of the TD-DFT computations for Dye 1 and Dye 2 in MeOH.
Jmax (NM) Oscillator Major transitions Character
strength (f)
Dye 1
328 (288)° 0.412 HOMO-9 — LUMO+3 (10%) BL1 m)/Ru(dm) — bpy(n*)/BLy(mt*)/Ru(dm)
HOMO-8 — LUMO (10%) Li(m)/Ru(dm) — bpy(m *)/Ru(dn)/BLl(n )
HOMO-7 — LUMO+6 (10%) RLl(dTC)/bpy(TC)/BL (m) > bpy(n*)/BLy(m*)/Ru(dm)
HOMO-6 — LUMO+7 (23%) Ru(dm)/bpy(m)/BL;i(1t) — bpy(n*)/BLy(1*)/Ru(dm)
415 (455) 0.274 HOMO-7 — LUMO (25%) Ru(dm)/bpy(m)/BLi(1t) — bpy(n*)/Ru(dm)/BL(1*)
HOMO-7 — LUMO+2 (19%) Ru(dm)/bpy(m)/BLs(mt) — bpy(m*)/BL;()/Ru(dm)
HOMO-5 — LUMO (10%) Ru(dm)/BL;(7)/bpy(m) — bpy(r*)/Ru(dm)/BLy(1c*)
HOMO-5 — LUMO+2 (10%) Ru(dm)/BL;(7)/bpy(m) — bpy(m*)/BLy(t)/Ru(dr)
Dye 2
358 (293) 0.249 HOMO-6 — LUMO+1 (33%) Ru(dm)/BLy(1t) — BLy(m*)/Ru(dm)
HOMO-5 — LUMO+1 (17%) Ru(dm)/BLy(m)/bpy(nt) — BLy(1*)/Ru(dm)
HOMO-3 - LUMO+1 (19%) Ru(dm)/BLy(7t) — BLy(m*)/Ru(dm)
454 (340) 0.065 HOMO — LUMO+7 (93%) Ru(dm)/BLy(7t) — BLy(m*)/Ru(dm)
552 (485) 0.015 HOMO-17 — LUMO (99%) BL,(m)/Ru(dm) — Ru(dm)/BLy(m*)

¢ Experimental values.
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Fig. 3. The oxidative cyclic voltammogram (CV) of (a) Dye 1 and (b) Dye 2 in MeCN.

HOMO (-6.00 eV) HOMO (-5.85 eV)
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Fig. 4. Isodensity plots (0.02e bohr~3) of the highest occupied and lowest unoccupied molecular orbitals of Dye 1 and Dye 2 in MeCN. The red and blue lobes represent the +
and - signs of the wavefunction, respectively. [a] Bandgap estimated by the intersection point between the normalized absorption and emission spectra.
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Fig. 5. The UV-Vis titration spectra of (a) Dye 1 (1 x 1074 M) in MeOH and (b) Dye 2 (1 x 107> M) in EtOH, both with (NH,),Ce(NOs)s.



6 V. Uahengo et al./Polyhedron 173 (2019) 114106

UV-Vis redox titrations show comparable electronic interaction
trends between the two dyes as observed from cyclic voltammetry.
The redox titration of Dye 1 and Ce** reveals poorly resolved pat-
terns with only one isosbestic point at about 550 nm (Fig. 5a),
indicative of the presence of Ru?*; however, redox activities are
evidently poor. This further correlates to poor electronic coupling
in Dye 1 and can be attributed to the structure of the bridging
ligand bearing a barrier-like 1,10-diaza-18-crown-4 ring, which
hampers electronic communications between the two nuclear
centers.

The molar equivalent addition of Ce** results in (i) a decrease in
the intensity associated with the MLCT absorption band of Dye 2 at
485 nm and (ii) the formation of a new broad peak in the near-IR
region at 750-850 nm (Fig. 5b). The peak in the near-IR region is
usually assigned to ligand-to-metal charge transfer (LMCT) from
the m-electrons of the ligand (bpy) to the excited state ruthenium
center (Ru*). Two distinctive isosbestic points at 340 and
668 nm are clearly visible. This indicates that two ruthenium oxi-
dation states (Ru?* and Ru®") exist and hence, the presence of
charge transfers (MLCT and LMCT). Electronic coupling is excellent
in the azo-based bridging ligand of Dye 2, where the two coupled
nitrogen atoms (with a very strong m-electronic system) link to the
two ruthenium units, thus enhancing smooth electronic communi-
cations between the two centers.

4. Conclusions

A dinuclear ruthenium bipyridyl complex with a 1,10-diaza-
18-crown-6 bridging ligand (Dye 1) was synthesized and
characterized. Its photophysical and electrochemical properties
were studied using UV-Vis spectroscopy, cyclic voltammetry, and
DFT computations. Dye 1 was compared with a related dye which
is based on an azo bridge (Dye 2). UV-Vis spectroscopic analysis
shows that both dyes exhibit prerequisites necessary for a good
dye sensitizer. However, electrochemical analysis reveals smooth
electronic coupling between the two metal centers of Dye 2 as
compared to Dye 1. The bridging ligand of Dye 1 which bears the
azacrown ether ring hampers the electronic communications
between the two nuclear centers.
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