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Abstract. Three tripodal ligands H;L!'™ containing imidazole rings
were synthesized by the reaction of 1,10-phenanthroline-5,6-dione
with  1,3,5-tris[(3-formylphenoxy)methyl]benzene, 1,3,5-tris[(3-for-
mylphenoxy)methyl]-2,4,6-trimethylbenzene, and 2,2',2"-tris[(3-for-
mylphenoxy)ethylJamine, respectively. Trinuclear Ru"" polypyridyl
complexes [(bpy)eRusH;L!>](PF4)s were prepared by the condensa-
tion of Ru(bpy),Cl,»2H,0 with ligands HyL'=. The pH effects on the

UV/Vis absorption and fluorescence spectra of the three complexes
were studied, and ground- and excited-state ionization constants of the
three complexes were derived. The three complexes act as “off-on-
off” fluorescence pH switch through protonation and deprotonation of
imidazole ring with a maximum on-off ratio of 5 in buffer solution at
room temperature.

Introduction

Ruthenium(II) polypyridyl complexes are currently widely
investigated due to the rich electrochemical and photophysical
properties and their potential applications in various molecular
electronic devices.!!! Fluorescent sensors have drawn increas-
ing attention for their use in fields as diverse as chemistry,
biology, medical analysis, and environmental monitoring. Flu-
orescent sensors responding to external pH stimulations have
received much attention in recent years due to their potential
use in the measurement of pH and pCO, in biological and
environmental systems. However, it is noticed that many pH
sensor researches have primarily focused on organic molecu-
les. Investigations of metal complexes have attracted less at-
tention and their great potential as pH sensors has not been
fully explored to date.”! Ru" polypyridyl complexes are good
candidates as pH sensors, because of their sensitive photophys-
ical and electrochemical properties.”’! The design of appropri-
ate ligands is an important factor for a successful Ru'' polypyr-
idyl pH sensor. In general, pyridine-containing ligands have
relatively low-lying n* orbitals, and therefore act as good ac-
ceptors. In contrast, imidazole-containing ligands are poorer ©
acceptors and better © donors. Furthermore, imidazole-contain-
ing ligands have dissociative imino N—H protons, which can
perturb the electronic properties of metal complexes through
metal-ligand interactions. Protonation and deprotonation of
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metal complexes with imidazole rings can act as external trig-
ger signals in molecular based switching devices. Although
some Ru'' polypyridyl complexes containing imidazole frag-
ments were synthesized, in most cases, these complexes with
the imidazole rings coordinated to the metal atoms are non-
emissive or weakly emissive and only display deprotonation
processes.*) Ru! polypyridyl complexes with imidazole frag-
ments that are not coordinated to the metal ion atoms are good
emitters.

To the best of our knowledge, only several mono- and dinu-
clear Ru'' polypyridyl complexes of this type have been
reported.”) Herein, we report the synthesis and characterization
of three novel trinuclear Ru"" polypyridyl complexes with imi-
dazole rings uncoordinated to the Ru' atoms, and the spectro-
scopic properties of the three complexes in response to pH
changes.

Experimental Section

Materials: Solvents and raw materials were of analytical grade and
were used as received. 1,3,5-Tris(bromomethyl)benzene, 1,3,5-
tris(bromomethyl)-2,4,6-trimethylbenzene,'® 1,10-phenanthroline-5,6-
dione,” and Ru(bpy),Cl,-2H,0 B8l were synthesized according to liter-
ature procedures.

Physical Measurements: 'H NMR spectra were performed with a
Mercury Plus 300 spectrometer using TMS as internal standard. LC-
MS spectra were recorded with a Bruker Daltonics Esquire 6000 mass
spectrometer. Elemental analyses were taken with a Perkin—Elmer
240C analytical instrument. Absorption spectra were obtained with a
Varian Cary-100 UV/Vis spectrophotometer. Emission spectra were
obtained with a Hitachi F-4500 spectrophotometer.

Preparations
1,3,5-Tris[(3-formylphenoxy)methyl]benzene: A mixture of 3-hydroxy-

benzaldehyde (0.83 g, 6.80 mmol), 1,3,5-tris(bromomethyl)benzene
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(0.69 g, 1.95 mmol), and K,CO; (1.13 g, 8.16 mmol) in DMF (30 mL)
were heated to 80 °C for 24 h in a nitrogen atmosphere. After cooling to
room temperature, the solution was diluted with water (300 mL). A color-
less precipitate was formed and collected by filtration. This precipitate
was purified by column chromatography on silica, eluting with
CH,Cl,:CH3CH,0H (20:1) to afford the desired product as a colorless
solid. Yield 391 mg (41.8 %). '"H NMR (300 MHz, CDCl): § = 5.17
(s, 6 H), 7.24 (s, 3 H), 7.43-7.50 (m, 12 H), 9.97 (s, 3 H). LC-MS: m/z
481.0 [M + HJ", 498.0 (M + NH,4]", 503.0 [M + Na]".

1,3,5-Tris[(3-formylphenoxy)methyl]|-2,4,6-trimethylbenzene: The
compound was prepared by the same procedure as described for 1,3,5-
tris[(3-formylphenoxy)methyl]benzene,  except  1,3,5-tris(bromo-
methyl)-2,4,6-trimethylbenzene (0.65 g, 1.64 mmol) was used instead
of 1,3,5-tris(bromomethyl)benzene to react with 3-hydroxybenzalde-
hyde (0.71 g, 5.82 mmol). Yield 394 mg (46.0 %) of a colorless solid.
'H NMR (300 MHz, CDCly): 6 = 2.47 (s, 9 H), 5.19 (s, 6 H), 7.27—
7.30 (m, 3 H), 7.46-7.51 (m, 6 H), 7.56 (s, 3 H), 10.02 (s, 3 H). LC-
MS: m/z 540.0 (M + NH,4]".

2,2',2"-Tris[(3-formylphenoxy)ethyl]amine: The compound was pre-
pared by the same procedure as described for 1,3,5-tris[(3-formylphen-
oxy)methyl]benzene, except tris(2-chloroethyl)amine hydrochloride
(0.76 g, 3.18 mmol) was used instead of 1,3,5-tris(bromomethyl)ben-
zene to react with 3-hydroxybenzaldehyde (1.32 g, 10.82 mmol). Yield
325 mg (22.2 %) of a colorless ropy liquid. "H NMR (300 MHz,
CDCl;): 6 =3.21 (t, J=5.7 Hz, 6 H), 4.17 (t, J= 5.1 Hz, 6 H), 7.14—
7.16 (m, 3 H), 7.37-7.41 (m, 9 H), 9.95 (s, 3 H). LC-MS: m/z 462.2
M + H]".

1,3,5-Tris{3-((1,10-phenanthroline-[5,6-d]imidazol-2-
yl)phenoxy)methyl}benzene (HsL'): A mixture of 1,3,5-tris[(3-for-
mylphenoxy)methyl]benzene (282 mg, 0.59 mmol), 1,10-phenanthro-
line-5,6-dione (456 mg, 2.17 mmol), and NH;Ac (3.34 g,
43.38 mmol) in glacial acetic acid (45 mL) was heated to 130 °C for
3 h. A suspension formed during the heating process. The reaction
mixture was filtered hot, subsequently washed with hot ethanol, hot
DMEF, and ethyl ether, respectively, to afford the desired product as a
yellow solid. Yield 258 mg (41.8%). 'H NMR (300 MHz,
[Dg]DMSO): 6 = 5.35 (s, 6 H), 7.21 (d, J=7.8 Hz, 3 H), 7.52 (t, J =
8.1 Hz, 3 H), 7.72 (s, 3 H), 7.76 (s, 6 H), 7.88 (d, J = 7.8 Hz, 3 H),
7.99 (s, 3 H), 8.88 (t, J = 4.5 Hz, 6 H), 8.99 (s, 3 H), 9.00 (s, 3 H),
13.67 (s, 3 H). LC-MS: m/z 1051.6 [M + H]". Elemental anal. for
CesHyaN03: caled. C 75.42, H 4.03, N 15.99 %; found: C 75.56, H
4.15, N 16.12 %.

1,3,5-Tris{3-((1,10-phenanthroline-[5,6-d]imidazol-2-
yl)phenoxy)methyl}-2,4,6-trimethylbenzene (H;L?): H;L? was pre-
pared by the same procedure as described for HiL!, except 1,3,5-
tris[(4-formylphenoxy)methyl]-2,4,6-trimethylbenzene (183 mg,
0.35 mmol) was used instead of 1,3,5-tris[(3-formylphen-
oxy)methyl]benzene to react with 1,10-phenanthroline-5,6-dione
(273 mg, 1.30 mmol). Yield 175 mg (45.7 %) of a yellow solid. 'H
NMR (400 MHz, [D¢]DMSO): 6 = 2.39 (s, 9 H), 5.14 (s, 6 H), 7.22
(d, J=7.8 Hz, 3 H), 7.59 (t, J= 7.8 Hz, 3 H), 7.82 (s, 6 H), 7.94 (s,
3 H), 797 (d,J=4.8 Hz,3 H), 8.95(d, /= 7.8 Hz, 6 H), 9.02 (d, J =
3.9 Hz, 6 H), 13.79 (s, 3 H). LC-MS: m/z 1093.4 [M + H]". Elemental
anal. for CgoHygN,05: caled. C 75.81, H 4.43, N 15.38 %; found: C
75.96, H 4.56, N 15.49 %.

2,2',2"-Tris{3-((1,10-phenanthroline-[5,6-d|imidazol-2-

yl)phenoxy)ethyl}amine (H;L%): H;L? was prepared by the same pro-
cedure as described for HsL!, except 2,2',2"-tris[(3-formylphen-
oxy)ethyl]Jamine (216 mg, 0.47 mmol) was used instead of 1,3,5-
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tris[(3-formylphenoxy)methyl]benzene to react with 1,10-phenanthro-
line-5,6-dione (361 mg, 1.72 mmol). Yield 172 mg (35.6 %) of a yel-
low solid. 'H NMR (300 MHz, [Dg]DMSO): § = 3.16 (s, 6 H), 4.22
(s, 6 H), 7.05 (d, /= 7.8 Hz, 3 H), 7.40 (t, /= 7.8 Hz, 3 H), 7.68 (dd,
J=18, 48 Hz, 6 H), 7.77 (d, J = 7.8 Hz, 3 H), 7.86 (s, 3 H), 8.74
(d, J=7.8 Hz, 6 H), 891 (d, J = 2.1 Hz, 6 H). LC-MS: m/z 1032.6
[M + H]". Elemental anal. for C43H4sN30;: caled. C 73.31, H 4.39,
N 17.64 %; found: C 73.46, H 4.52, N 17.78 %.

[(bpy)¢RusH;L'|(PFg)s [RuH;L![(PFg): A mixture of HsL' (127 mg,
0.12 mmol) and Ru(bpy),Cl,-2H,0 (226 mg, 0.43 mmol) in ethylene
glycol (20 mL) was heated to 150 °C for 12 h in a nitrogen atmos-
phere. The color of the solution changed to red during the time. After-
wards, the solvent was evaporated under reduced pressure, the residue
was purified twice by column chromatography on alumina eluting first
with CH3;CN/ethanol (10:1) to remove impurities, additionally with
CH;CN/ethanol (5:1) to afford complex [(bpy)sRusH;L']Cls, which
was dissolved in a minimum amount of water followed by dropwise
addition of saturated aqueous NH4PF¢ until no more precipitate
formed. The precipitate was purified by recrystallization from an aceto-
nitrile-diethyl ether mixture (vapor diffusion method) to give a red
solid. Yield 145 mg (37.9 %). 'H NMR (300 MHz, [D¢]DMSO): § =
5.38 (s, 6 H), 7.28 (s, 3 H), 7.34 (t, J = 6.6 Hz, 6 H), 7.57-7.62 (m,
15 H), 7.76 (s, 3 H), 7.85 (d, J = 6.0 Hz, 6 H), 7.89-7.96 (m, 9 H),
8.04-8.05 (d, 9 H), 8.11 (t, J = 7.8 Hz, 6 H), 8.22 (t, /= 7.8 Hz, 6
H), 8.84 (d, /= 8.7 Hz, 6 H), 8.88 (d, J = 8.7 Hz, 6 H), 9.08 (d, J =
6.9 Hz, 6 H). LC-MS: m/z 1434.6 (M — 2PF¢)*", 1362.8 (M — 3PF, —
H)*", 908.3 (M — 3PF,)>", 860.3 (M — 4PF; — H)*", 810.5 (M — 5PF¢—
2 H)*, 609.1 (M — 5PF — H)*', 572.6 (M — 6PF¢—2 H)*". Elemental
anal. for Cy,HggF36N2403PgRus: caled. C 47.87, H 2.87, N 10.63 %;
found: C 47.98, H 3.02, N 10.78 %.

[(bpy)sRuzH3L*|(PFg)s [RuHZL?|(PF)g: [RuH;L*)(PFe)s was pre-
pared by the same procedure as described for [RuH;L'](PF)s, except
H;L? (113 mg, 0.10 mmol) was used instead of HsL! to react with
Ru(bpy),Cl,:2H,0 (192 mg, 0.37 mmol) affording a red solid. Yield
152 mg (45.8 %). '"H NMR (300 MHz, [D¢]DMSO): § = 2.52 (s, 9
H), 5.33 (s, 6 H), 7.33 (t, J = 6.3 Hz, 6 H), 7.56-7.58 (m, 15 H), 7.83
(d, J=4.8 Hz, 12 H), 7.91 (s, 6 H), 8.01 (d, J = 8.1 Hz, 3 H), 8.05—
8.10 (m, 9 H), 8.16-8.22 (m, 9 H), 8.82 (d, /= 8.7 Hz, 6 H), 8.86 (d,
J=8.7Hz, 6 H), 9.05 (s, 6 H). LC-MS: m/z 777.5 (M — 6PF¢—3 H)*",
656.6 (M — 4PF)**, 619.3 (M — 5PF; — H)*", 582.8 (M — 6PF¢—2 H)*",
495.5 (M — 5PF¢)>", 466.8 (M — 6PFs — H)>*, 389.4 (M — 6PF)°".
Elemental anal. for C129H96F36N2403P5R1132 caled. C 4837, H 302, N
10.49 %; found: C 48.52, H 3.13, N 10.63 %.

[(bpy)sRuzH;L’|(PFg)s [RuH;L*|(PFg)g: [RuH;L*)(PFe)s was pre-
pared by the same procedure as described for [RuH;L'|(PF)s, except
H;L? (132 mg, 0.13 mmol) was used instead of HsL' to react with
Ru(bpy),Cl,:2H,0 (239 mg, 0.46 mmol) affording a red solid. Yield
167 mg (41.5 %). '"H NMR (300 MHz, [D¢]DMSO): § = 3.26 (s, 6
H), 4.34 (s, 6 H), 7.16 (d, J = 8.1 Hz, 3 H), 7.31-7.37 (m, 6 H), 7.47
(t, J = 7.8 Hz, 3 H), 7.55-7.67 (m, 15 H), 7.69 (t, J = 6.3 Hz, 3 H),
7.73-7.84 (m, 9 H), 7.91 (s, 3 H), 7.96-8.00 (m, 6 H), 8.09 (t, J =
7.5 Hz, 6 H), 8.20 (t, J = 7.8 Hz, 6 H), 8.82-8.88 (m, 18 H) ppm. LC-
MS: m/z 903.6 (M — 3PFy)**, 853.1 (M — 4PF, — H)*, 641.2 (M —
4PFo)**, 604.1 (M — 5PF, — H)*", 567.3 (M — 6PF¢—2 H)*', 483.5 (M —
5PFe)°", 454.3 (M — 6PF¢ — H)**, 379.1 (M — 6PF4)®". Elemental anal.
for C123H93F36N2503P(,RU3Z caled. C 4702, H 298, N 11.14 %; found:
C 47.15,H 3.10, N 11.27 %.

Supporting Information (see footnote on the first page of this article):
'H NMR and mass spectra of the ligands and corresponding Ru™! com-
plexes are included.
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Results and Discussion
Synthesis

An outline of the synthesis of ligands and corresponding Ru'"
complexes is presented in Scheme 1. Ligands were synthesized
on the basis of the method for imidazole ring preparation es-
tablished by Steck et al.l’l HyL!, H3L?, and H;L* were synthe-
sized in good yield by the reaction of 1,10-phenanthroline-5,6-
dione with 1,3,5-tris[(3-formylphenoxy)methyl]benzene, 1,3,5-
tris[(4-formylphenoxy)methyl]-2.4,6-trimethylbenzene,  and
2,2'2"-tris[(3-formylphenoxy)ethyl]amine, respectively, in re-
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Scheme 1. Synthesis of tripodal ligands HsL'™
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fluxing glacial acetic acid at a molar ratio of 1:3. For each of
the three ligands, the Ru" complex was prepared by heating
the starting materials Ru(bpy),Cl,-2H,0 and the respective li-
gand in ethylene glycol solution for 12 h in a nitrogen atmos-
phere under reflux. The resulting complexes were character-
ized by 'H NMR spectroscopy, LC-mass spectrometry, and
elemental analysis. The proton on the nitrogen atom of the
imidazole resonates at § = 13.7 for the free ligands H;L'™ as
a broad singlet, but it is unobserved for the complexes
[Ru3H3L1’3](PF(,)6 because of quickly exchange between the
two nitrogen atoms of the imidazole ring.
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Spectroscopic Properties

Absorption spectra of the three complexes were studied in
CH;CN solution. Working concentration of all samples was
5 x 10 mol-L™!. The spectra are shown in Figure 1 with the
data summarized in Table 1. Assignments of the absorption
bands are made on the basis of the well-documented optical
transitions of some Ru" polypyridyl complex analogs.” The
absorption spectra of complexes [RuH;L'>1%" comprise four
regions, bands at around 286 and 240 nm are attributed to the
intraligand m — m* transitions centered on the bipyridine. At
higher energy region around 326 nm, the spectra display one
characteristic band of tripodal ligand, corresponding to n(H;L)
— m*(H3L). The lowest energy band at around 459 nm is at-
tributed to MLCT transition and consists of overlapping
dn(Ru) — 7w*(bpy) and da(Ru) — m*(HsL) transitions. The
lowered symmetry removes the degeneracy of the n* levels,
which results in the appearance of a non-symmetrical MLCT
band. The MLCT absorption maximum of complexes
[RuH;L'>1%" is red-shifted by about 9 nm compared with that

Absorbance

0.0

T T T T T -
300 400 500 600

Wavelength / nm

Figure 1. Absorption spectra of [RuH;L']%" (short dot), [RuH;L*]%"
(solid), and [RuH;L>1°" (dash) in CH;CN solution at room temperature.
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of Ru(bpy);>" "% because tripodal ligands have larger extent
of m delocalization.

Emission band maxima and emission quantum yields of
these Ru'' complexes are summarized in Table 1. Emission
quantum yields are calculated relative to Ru(bpy);*" (Pgq =
0.376) in 4:1 ethanol to methanol glassy matrix and Ru(bpy);>*
(Dgq = 0.062) in deoxygenated CH;CN.I'"Y The equation @, =
(”compd2 / nstdz) (Astd /Acompd) ([compd / Istd) ¢std is used to calcu-
late quantum yields. Upon excitation into the MLCT band of
the complexes, [RuH;L'1®" show intense emissions at around
592 nm in CH3CN solution at room temperature, and at around
584 nm in ethanol/methanol (4:1) glassy matrix at 77 K (Fig-
ure 2), which are characteristic of the triplet MLCT dn(Ru) —
dn* emission state.

2500
2000 +

1500

Relative Intensity
8
o
1

500 4

T 1 T 1 T T T 1
500 550 600 650 700
Wavelength / nm

Figure 2. Emission spectra of [RuH;L'1*" (dash), [RuH;L?]*" (solid),
and [RuH;L3]%" (short dot) in EtOH/MeOH (4:1) glassy matrix at 77 K.

PH Dependent Spectroscopic Properties

The pH dependence of the ground-state and excited-state
properties of these complexes was investigated by UV/Vis ab-
sorption and fluorescence spectra, respectively. UV/Vis ab-

Table 1. Photophysical data of the Ru"" polypyridyl complexes [RuH;L'1%".
Absorption Emission
Complex 298 K 77 K
Amax, /NM (1048, M’l'cm’l) Amax /MM D Amax /MM D
[RuH;L'1%" 459 (6.48) 592 0.077 584 0.442
326 (10.94)
286 (35.38)
240 (14.71)
[RuH;L2]%" 460 (5.81) 592 0.083 583 0.463
327 (11.91)
287 (33.60)
243 (11.66)
[RuH;L*1%" 459 (5.77) 592 0.073 584 0.392
326 (11.41)
286 (35.57)
243 (11.76)

a) 5 x 10°° mol'L™" in CH;CN solution at room temperature. b) The uncertainty in quantum yield is 10 %.
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sorption and fluorescence pH spectroscopic titrations of these
complexes are carried out in acetonitrile-Briton—Robinson
buffer (1:1) solution with NaCl (0.2 mol-L™") to keep a con-
stant ionic strength. The pH titrations are carried out over the
pH range 1.82-11.55 and the spectral changes with pH are
reversible.

Figure 1 shows the UV/Vis absorption spectra of complex
[RuH;L'1®" as a function of pH. Complex [RuH;L'1%" undergoes
two successive deprotonation processes over the pH range 1.82—
11.55. Upon increasing pH from 1.82 to 7.19 (Figure 3a), the
absorption intensity of the MLCT band at 458 nm, the ligand
H3L1-centered intraligand T — @* transition band at 318 nm, and
the bipyridine-centered intraligand m — m* transition band at
285 nm are unchanged. The band at 238 nm is red-shifted to
240 nm accompanied by a slight decrease in the intensity. One
isosbestic point at 215 nm appears during the process. Several
methods can be used to determine the pK, values.'?! The spec-
trophotometric method already described in the literature for
other ruthenium complexes is chosen.!'*! Plots of absorbance at
230 nm versus pH for complex [RuH;L'1%" is in the inset of
Figure 3a. The figure has the expected sigmoidal shape, with the
pH at the point of inflection giving the first ground-state ioniza-
tion constant pK,; value of 4.63. Spectral changes are attributed
to the concurrent dissociation of three protons on protonated im-
idazole rings. Further increasing pH from 7.19 to 11.55 can in-
duce the deprotonation on neutral imidazole rings (Figure 3b).
Bands at 458 and 285 nm are red-shifted to 463 and 288 nm,
respectively, accompanied by a slight decrease in the intensity;
the band at 318 nm is red-shifted to 328 nm with an obvious
increase in the intensity, the intensity of the low point at 490 nm
is increased. The occurrence of three isosbestic points at 250,
403, and 463 nm indicate the presence of two species in equilib-
rium. The value of the second ground-state ionization constant
pKa is 9.45. Two ground-state ionization constants pK,; and
pK,, are compared with those of the analogous Ru' complexes.
The first ionization constant of the protonated imidazole ring on
the complex is similar to the corresponding pK,; value of 4.16
for  [(bpy),Ru(ebpibcHy)Ru(bpy),]*" B¢ and 4.11 for
[(bpy),Ru(bpibH,)Ru(bpy),]*"*¥ The ionization constant of the
neutral imidazole rings on the complex is similar to the corre-
sponding value of 9.65 for [(bpy),Ru(ebpibcH,)Ru(bpy),]*" and
9.75 for [(bpy),Ru(bpibH,)Ru(bpy),]*".

Fluorescence spectra changes of complex [RuH;L'1®" as a
function of pH are shown in Figure 4. Emission intensity in-
creases by about 20 % and the emission maxima are blue-
shifted from 595 to 591 nm by increasing pH from 1.82 to
7.19 (Figure 4a). [RuH;L']%" acts as an off-on fluorescence pH
switch during the process. Fluorescence of complex
[RuH;L'1%" is quenched at lower pH when the imidazole rings
are protonated, because the ligand containing protonated imid-
azole rings is a better electron acceptor than bipyridine, the
value of AE between the ligand n* orbital and metal © orbital
becomes large if bipyridine is replaced by imidazole-contain-
ing ligand.["" Consequently, population of the MLCT excited
state is more efficient for [RuH;L!1®" and [RuH;L']%" is essen-
tially strong emissive at room temperature. Further increasing
pH from 7.19 to 11.55 (Figure 4b), the emission intensity de-
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Figure 3. Absorption spectra changes of complex [RuH;L'1%" upon
increasing the pH: (a) from 1.82 to 7.19; (b) from 7.19 to 11.55.

creases steadily to less than 24 % of the original emission in-
tensity, and the emission maximum is obviously red-shifted
from 591 to 604 nm. This on-off ratio is moderate compared
with the reported data of imidazole-containing mononuclear
and dinuclear Ru" complexes congeners.’) However, trinu-
clear imidazole-containing Ru'" complexes with such large lu-
minescence on-off ratio over a narrow pH region have not yet
been reported. Complex [RuH;L!]®" acts as an effective on-off
fluorescence pH switch over the pH range. This behavior may
involve rapid radiationless decay.!'! It has been well docu-
mented that the energy of the metal-centered excited state de-
pends on the ligand field strength, which in turn depends on
the o-donor and m-acceptor properties of the ligand. The nega-
tive charge on the deprotonated imidazole rings can be delocal-
ized over the whole n framework, which decreases the o-donor
and increases the m-acceptor capacity of the tripodal ligand,
resulting in weakening of the ligand field strength around the
metal atom and in turn lowering the metal 6* orbitals."®) The
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value of AE between the metal o* orbital and metal 7 orbital
I

of the deprotonated complex [RuL']*" is lower than that of

complex [RuH;L']%".
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Figure 4. Emission spectra changes of complex [RuH;L!'1%" upon in-
creasing the pH: (a) from 1.82 to 7.19; (b) from 7.19 to 11.55.

Consequently, population of the metal charge excited state is
very efficient for deprotonated complex and this complex is
essentially weakly emissive at room temperature. Excited-state
ionization constants, pK,*, could be roughly evaluated on the
basis of the Forster cycle, ¥ which correlates pK,* with pK,
thermodynamically by equation pK,* = pK, + (0.625/ T) (vg —
vyg), in which vg and vyg are pure 0-0 transitions in em™! for
the basic and acidic species, respectively. In practice, vg and
vyp are often difficult or even impossible to obtain. A good
approximation is to use the emission maxima for vg and vyg
because protonation equilibrium is almost certainly established
between the *MLCT states.!'”) Therefore, the energies of the
emission maxima in wavenumbers are used in equation, and
two excited-state ionization constants of pK, * = 4.53, and
pK* = 9.78 are thus obtained. The value of pK,* is simlar
to the value of pK,;, whereas the value of pK,,* is 0.38 pK,

Z. Anorg. Allg. Chem. 2011, 766772

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Zeitschrift fir Journal of
anorganische Inorganic and
und allgemeine General
Chemie Chemistry

unit greater than pK,,*, indicating that the electron density of
excited state is higher than the ground state and the excited
electron is directed on ligand HsL' rather than bipyridine. The
increase in electron density on the ligand HsL' increases its
basicity and, therefore, increases the excited state pK,* value.

The spectroscopic properties of complexes [RuH;L?*]®" and
[RuH;L*1®" are similar to those of complex [RuH;L'1%".
[RuH;L?%1%, and [RuH3L3]%" also undergo two successive de-
protonation processes over the pH range 1.82 to 11.55 with a
maximum on-off ratio of 5, two ground-state ionization con-
stants are pK,; = 4.52, 4.36 and pK,, = 9.36, 9.23, the values
of two excited state ionization constants pK, *, and pK,,* are
4.47, 4.28, and 9.68, 9.61, respectively.

Conclusions

Three trinuclear Ru" polypyridyl complexes with imidazole
fragments uncoordinated to the metal ions were synthesized.
The absorption and emission spectra of complexes are strongly
dependent on the solution pH. They behave as “off-on-oft”
fluorescence pH switch through two different mechanisms. Es-
pecially over the pH range from 7.74 to 10.64, complexes
[RuH;L!>1%" experience obvious variations in the UV/Vis ab-
sorption and fluorescence spectra with a maximum on-off ratio
of 5. These complexes are interesting candidates for pH varia-
tion measurement due to their pH-dependent spectroscopic
properties.
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