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ABSTRACT: The anion-interaction properties of a Ru(II) complex
of [Ru(bpy),(Htppip)](ClO,)," H,O-DMF (RuL) {bpy =2,2"-bipyr-
idine and Htppip =2-(4-(2,6-di(pyridin-2-yl)pyridin-4-yl)phenyl)-1H-
imidazo[4,5-f][1,10]phenanthroline} were thoroughly investigated in
CH,CN and CH;CN/H,0 (S50:1, v/v) solutions by UV—visible
absorption, emission, and 'H NMR spectra. These analyses revealed
that RuL acts as an efficient “turn on” emission sensor for H,PO,~,
and a “turn off” sensor for F~ and OAc™; in addition, RuL exhibited
slightly disturbed emission spectra in the presence of the other anions
studied (CI7, Br-, I, NO;~, and ClO, ). The cation-sensing
properties of RuL were also studied in both neat CH;CN and
aqueous 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer e 2 s T Ty
(pH = 7.2)/CH;CN (71/1, v/v) solutions. RuL was found to exhibit
a colorimetric sensing ability that was highly selective for Fe’*, as

OAc H2PO4

3 ClOa

evidenced by an obvious color change from pale yellow to light red-purple to the naked eye over the other cations studied (Na*,
Mg*", Ba®*, Mn*", Fe**, Co*, Ni**, Cu**, Zn**, Cd**, Hg*, and Ag"). To obtain insights into the possible binding modes and the
sensing mechanisms, '"H NMR spectral analysis, luminescence lifetime measurements, and density functional theoretical

calculations were also performed.

B INTRODUCTION

The development of molecular probes that are capable of
detecting both cations and anions has attracted considerable
attention due to the important roles that cations and the anions
play in biological, industrial, and environmental processes." Iron
is the most abundant transition-metal ion in humans and other
mammals and plays important roles in various biological
systems.” In contrast, phosphates and their derivatives play
important roles in signal transduction and energy storage in
biological systems.” These facts make it interesting to
sensitively and selectively detect Fe’* and H,PO,” ions.
Unfortunately, only a few colorimetric anion sensors are able
to differentiate effectively between F~, OAc™, and HZPO4_.4 A
number of organic compounds containing pyrrole, imidazole,
urea, or thiourea moieties that are capable of providing an
acidic —NH group have been reported to exhibit strong affinity
and selectivity toward certain anions.” Different types of ligands
with N, O, or S donor centers have been reported to act as
binding sites for several transition metal cations.® However,
these organic molecules have small Stokes” shifts and limited
photostability. Luminescent transition metal complexes have
the obvious advantage of large Stokes’ shifts over their purely
organic counterparts. However, their great potential as cation
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and anion sensors has not yet been fully explored.” Of the
transition metal complexes that have been studied, ruthenium
polypyridyl complexes are one of the most investigated
chemical systems due to their remarkable chemical stability
and intriguing ground- and excited-state photophysical and
redox properties. Taking advantage of these favorable proper-
ties, optical and electrochemical sensors based on the
ruthenium polypyridyl complexes have been rapidly developed
for the detection of anions and transition metal cations,®® but
the development of highly sensitive and selective multifunc-
tional sensors for both cations and anions still faces a great
challenge.10

The sensing of cations in aqueous media or even water-
organic mixed solvents is a more challenging task than in neat
organic solvents; however, this is a key issue for practical
applications. We have recently reported that 2-(4-(2,6-
di(pyridin-2-yl)pyridin-4-yl)phenyl)-1H-imidazo[4,5-f][1,10]-
phenanthroline (Htppip)" acts as fluorimetric sensor for Zn**
and Cd*', and a colorimetric sensor for Fe?* and F~ anion due
to its strong and directed metal-coordinating terpyridine'" and
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Scheme 1. Synthetic Approach to [Ru(bpy),(Htppip)]** with Numbering Scheme for Proton NMR Signal Assignments

Htppip

EtOH/DMF
—_—

Reflux

2+

[Ru(bpy)2(Htppip)**

imidazole NH moieties, which act the receptor functional
groups for the cations and the anions, respectively. However,
the utilization of this sensor in a CH;CN—H,O solution with a
water content of up to 40% volume ratio is hampered by the
poor solubility of Htppip and the absence of the magenta color
of the L/Fe** complex.” To further improve its water solubility
and sensing properties, we have synthesized a Htppip-based
Ru(II) complex [Ru(bpy),(Htppip)]** with a phenanthroline
moiety coordinated to Ru'/(bpy), fragments as a first-
coordination sphere, and the imidazole NH proton and the
uncoordinated terpyridine moiety as the second-coordination
sphere for the purpose of sensing and selective recognition of
anions and cations, respectively. Interestingly, we found that
[Ru(bpy),(Htppip)]** acted as a highly selective and sensitive
emission chemosensor for H,PO,” over F~ and OAc™ and a
colorimetric sensor for the Fe(Il) ion. We report these
interesting findings in this manuscript.

B EXPERIMENTAL SECTION

Materials. All of the reagents used for synthesis were obtained
commercially and were used without further purification. The
perchlorate salts of metal cations (Na*, Mg*, Ba?*, Mn?*, Fe’", Fe*,
Co®™, Ni**, Cu?, Zn*, Cd*, Hg*, and Ag') and the tetrabuty-
lammonium salts of anions (F~, Cl7, Br~, 1", OAc™, NO,", ClO,”, and
H,PO,”) were purchased from Aldrich and stored in a vacuum
desiccator. cis-[Ru(bpy),Cl,]-2H,0 (bpy = 2,2'-bipyridine) was
synthesized according to a protocol described in the literature.'”
Htppip was synthesized as previously described” through the
condensation of 1,10-phenanthroline-5,6-diamine™® and 4-(2,6-di-
(pyridin-2-yl)pyridin-4-yl)benzoic acid.'* [Ru(bpy),(Htppip)]-
(Cl0,),-H,0-DMF (RuL) was synthesized as shown in the
Supporting Information (SI, see Scheme 1 for the synthetic approach).

Instrumentation. The 'H NMR spectrum was collected using a
Bruker DRX-400 NMR spectrometer with Me,SO-dy as the solvent.
The elemental analyses were performed on a Vario EL elemental
analyzer. The IR spectrum was recorded on a Nicolet Avatar 360FT-IR
spectrometer as KBr disks. The UV—vis absorption spectra were
recorded using a GBC Cintra 10e UV—vis spectrophotometer. A high
resolution mass spectrum was obtained using an API Q-star pulsar I/
oMALDI/Qg-TOF mass spectrometer. The luminescence studies
were performed on a Cary Eclipse spectrofluorophotometer
(VARIAN) at room temperature. The thermogravimetric and
differential thermal analysis (TG-DTA) were conducted using a
LCT-1 thermogravimetric/differential thermal analyzer at an temper-
ature elevating rate of 10 °C/min. The luminescence lifetime studies
were conducted with a HORIBA Jobin Yvon FluoroMax-4
spectrofluorometer fitted with a time-correlated single photon
counting detector and a NanoLED pulsed laser diode excitation
source (448 nm).

Optical Sensing Studies. The interaction of RuL with various
anions and cations was investigated in a CH;CN or an aqueous 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, pH =
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7.2)/CH,CN (71/1, v/v) solution. The spectrofluorometric titrations
were performed as follows: a stock solution of RuL (4.26 X 10~ M)
was prepared in CH3;CN and used in the preparation of titration
solution through appropriate dilution of up to 10.0 yM RuL in
CH;CN or aqueous 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer. Microliter aliquots of the anions and cations
under investigation were then injected into the sample solution
through a rubber septum in the cap. The sample solution was
magnetically stirred for 1 min after each addition and, then, was
scanned again. This process was repeated until the changes in the
UV—vis absorption and luminescence spectra became insignificant.
The excitation wavelength ., was fixed to 460 nm for the emission
measurements.

The binding/equilibrium constants of the Ru(I) complex—anion
interactions were evaluated from the absorbance and emission
measurements and obtained using the Benesi—Hildebrand eqs 1 and
2, respectively."

(1)

1 1 1
I-1, I,- IO[K[G]i” ] (2)

where A, (I,) and A, (I,) are the absorbances (emission intensities)
of the free and fully bound forms of RuL, respectively, A (I) is the
absorbance (emission intensity) of RuL in the presence of the cations
or anions, n represents the stoichiometry of binding of the cations or
anions to RuL, K is the association constant of the binding of RuL to
the cations or the anions, and [G]; is the concentration of anions or
cations added.

Computational Methods. Full geometry optimizations using
density functional theory (DFT) with the MO06 functional'® for
[Ru(bpy),(Htppip)]** (1), [Ru(bpy),(Htppip)]***OAc” (2), [Ru-
(bpy),(Htppip)]***H,PO,~ (3), and Fe(II):{[Ru-
(bpy),(Htppip)]**}, (4), respectively, were performed with the
Gaussian 09 program.17 The 6-31G(d) basis set was used for the C, N,
O, P, and H elements, and the LanL2DZ pseudopotent“.ia.l18 was
utilized for the ruthenium and ferrous ions.

B RESULTS AND DISCUSSION

Synthesis. RuL was synthesized through the reaction of
stoichiometric amounts of cis-[Ru(bpy),Cl,] and Htppip'® in
DMF and was characterized by elemental (C, H, and N)
analyses, ESI-MS, UV—vis, and 'H NMR spectroscopic
measurements (see the Supporting Information (SI)), which
were in agreement with the literature data."”

Anion Sensing. UV-visible Absorption and Emission
Spectra. The UV—vis absorption spectrum of RuL in CH;CN
gave rise to a broad metal-to-ligand charge transfer (MLCT)
band that was centered at 460 nm (& = 2.82 X 10* M~ cm™)
and two high-energy intraligand 7—z* bands at 328 nm (¢ =
6.85% 10*M™ cm™') and 288 nm (£ = 1.54 X 10° M~ ecm™).
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The photoluminescence emission spectrum of RuL in CH;CN
showed a broad emission band centered at 608 nm (4., = 460
nm). The UV—vis absorption spectra of RuL in CH;CN in the
absence and the presence of 10 equiv of the anions (F~, CI7,
Br7, 17, OAc”, NO;~, ClO,~, and H,PO,") are shown in Figure
S1 in the SI. Addition of 10 equiv of CI7, Br~, I, NO;~, and
ClO,” induced negligible spectral responses in RuL, whereas
the addition of F~, OAc”, and H,PO,  elicited obvious
responses in the UV—vis absorption spectra of RuL. The results
indicate that strong interactions occur between the complex
and these three anions. Despite the evident changes in the UV
absorption bands, the changes in the visible MLCT absorption
band caused by F~, OAc™, and H,PO,~ were sufficiently weak
that the color changes were very marginal to the naked eye (SI
Figure S1b), compared with the previously reported ruthenium
polypyridyl complex-based sensors for anions, such as [Ru-
(bpy)»(Npnpu)](PFg), {Npnpu =1-(6-nitro-[1,10]-
phenanthrolin-5-yl)-3-(4-nitrophenyl)-urea}.** This finding
indicates that RuL is not an anion colorimetric sensor.
Interestingly, under the illumination of UV light, the
luminescence of RuL in neat CH;CN visibly “turned on” to
the naked eye upon the addition of H,PO,” (Figure 1a); this

ClO: OAc H2PO+

NO3

111, at 608 nm

RuL

Cr Bf I' NO,
(b)

clo;

Figure 1. (a) Photograph taken under UV illumination on RuL (1.0 X
107° M) in neat CH,CN in the absence and the presence of 10 equiv
of anions. (b) Comparison of the emission intensity ratios of the
above-mentioned solutions at 460 nm excitation.

luminescence was invisible upon the addition of F~, OAc™, or
the other anions studied. In fact, the addition of 10 equiv of
H,PO," resulted in a 3-fold emission enhancement, which is in
sharp contrast to considerable quenching of emission intensities
of RuL by 89% and 83% (“switched off”) obtained with the
addition of 10 equiv of F~ and OAc™, respectively, and the
slightly altered emissions obtained with the addition of CI7,
Br~, I, NO;7, or ClO,” (see Figure 1b). This finding clearly
demonstrates the ability of RuL to function as a highly selective
“turn on” type of luminescence sensor for H,PO,". This type of
luminescence H,PO,” sensors based on ruthenium(II)
complexes are very scarce because F~, OAc™, and H,PO,”
usually induced similar spectral changes in Ru(II) complex-
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based anion sensors (see Table 1),*' ie., these three anions
typically quench the emission of the Ru(II) complexes. To the
best of our knowledge, only several Ru(Il) complexes have
been reported to exhibit H,PO, -induced emission enhance-
ments, and OAc™- and F-induced emission quenching.’***
The luminescence enhancement of RuL in the presence of
H,PO,” may be caused by the formation of a hydrogen bond
between H,PO,” and the imidazolyl N—H of RuL; this
hydrogen bond results in relatively restricted receptor mobility
and an increased rigidity of the RuL-H,PO,” complex or the
planarity of RuL, which accordingly enhances the luminescence
of RuL.""*'*** OAc™- and F~-induced emission quenching of
RuL is most likely due to the deprotonation of the imidazole
moiety of RuL by F~ and OAc”, which is favorable for an
intramolecular photoinduced electron transfer from the
deprotonated imidazo[4,5-f][1,10]phenanthroline moiety to
the excited-state Ru center, which results in emission
quenching.”® This type of anion-induced imidazole NH
deprotonation is very common because the NH group that is
in close proximity to the metal center would become
considerably more acidic than that in the free ligand or the
group peripheral to the metal center, which would enhance the
deprotonation capacity of the complex. To obtain quantitative
insight into the binding properties of RuL in neat CH;CN with
F~, OAc™, and H,PO,, the absorption and emission spectral
responses of RuL in a CH;CN solution after successive
additions of these three anions were comparatively studied, and
the results are shown in Figures 2, 3, and S2 in the SI; these
figures also show the OH™ titration results for mechanistic
insight. As shown in Figure 2a, incremental additions of OAc™
resulted in evident decreases, evident increases, and slight
decreases for the absorption intensities of RuL at 328, 368, and
460 nm, respectively; in addition, the addition of OAc™ resulted
in the appearance of a new peak at 368 nm, a broad shoulder
lingering into long wavelength, and three clear isosbestic points
at 351, 430, and 477 nm. As shown in Figure 2b and its inset,
the incremental additions of OAc™ to approximately 2 equiv of
OAc™ resulted in evident reductions (over 90%) in the
emission intensities of RuL with a 22-nm redshift in the
emission maxima from 608 to 631 nm. As the imidazole NH
was deprotonated, the 7% orbital of Htppip ligand is less
destabilized than the Ru"(dz)® metal-centered orbital in the
excited state complex, resulting in a decrease of the energy gap
between Ru'(dz)® and the #* orbital of Htppip and
bathochromic shifts in the emission maxima accordingly.”?
This deprotonation process was also demonstrated by the fact
that the UV—vis and emission spectral changes caused by
titration with tetrabutylammonium hydroxide (Figures S2a and
S2b in the SI) and OAc™ were identical to each other. F~
induced absorption and emission spectral changes (Figures S2c
and S2d in the SI) that are similar to those obtained with OAc™.
In contrast, H,PO,” induced two-stage UV—vis absorption
spectral changes in RuL in CH;CN (Figure 3a and c), which
are different from the one-stage spectral changes observed in
the titration of RuL with F~ and OAc™. Successive additions of
H,PO,” with a final concentration of 2.0 X 107> M (2 equiv)
resulted in the first-stage spectral changes in RuL (see Figure
3a) that were similar to the spectral changes observed in RuL
with OAc™ or F~. However, the marked difference between
these changes is the significantly weaker absorption intensity of
the band at 368 nm obtained for RuL with H,PO,~ compared
with that obtained with RuL with OAc™ and F~. Upon further
additions of H,PO,”, the second-stage spectral changes
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Table 1. Comparisons of Emission Sensors Based on Representative Ru(II) Complexes

complex solvent E~ OAc™ H,PO,” ref
[Ru(bpy),(H,Imdc)](ClO,) acetonitrile turn on turn on turn on 4b
[Ru(H,dcbpy),(NCS),] DMSO turn on turn on turn on 8b
[Ru(Hdcbpy),(NCS),]Cl, DMSO/H,0
[Ru(bpy),(Bpsqphen)](ClO,), DMSO turn on turn on turn on 21b
DMSO/H,0
[Ru(bpy),(Npip)(ClO,), DMSO turn on turn on turn on 21d
[Ru(bpy),(H,iip)](ClO,), DMSO turn off turn off turn off 8f
[Ru(bpy),(DMBbimH,)](PF), CH,CN turn off turn off 21g
[Ru(bpy),(H,biim)](PFy), CH,CN turn off turn off turn off 21a
[Ru(H,pbbzim) (tpy-HImzphen)](ClO,), DMSO turn off turn off 21f
[Ru(bpy),(Npnpu)](PF), CH,CN turn off turn off turn off 20
[Ru(bpy),(H;Imbzim)](ClO,), CH;CN turn off turn off turn off 21c
[(bpy),Ru(H,Imbzim)Ru(bpy),](ClO,), CH,CN turn off turn off turn off 21c
[Ru(bpy),(Bppnpu)](PF), CH,CN turn off turn on 9a
[Ru(bpy),(Otphendn)](PF), CH,CN turn off turn on 21e
[Ru(bpy),(Htppip)(ClO,), CH,CN turn off turn off turn on this work
CH,CN/H,0

“Bpsqphen = 6',7"-bis-(phenylsulfonamido)-quinoxaline-[2’,3'-d]-1,10-phenanthroline-[5,6]; DMBbimH, = 7,7'-dimethyl-2,2’-bibenzimidazole;
H,biim = 2,2'-biimidazole; Npnpu = 1-(6-nitro-[1,10]phenanthrolin-S-yl)-3-(4-nitrophenyl)-urea); Otphendn = $,6,8,9,11,12,13,15-octahydro-
[1,4,10,13,7,16]tetraoxadiazacyclooctadeca[2,3-f ][ 1,10]phenanthroline-3,14(2H,4H)-dione; H,pbbzim = 2,6-bis-(benzimidazole-2-yl)pyridine; tpy-
HImzphen = 2-(4-[2,2":6',2"Jterpyridine-4'-yl-phenyl)-1H-phenanthro[9,10-d]-imidazole; HiIlmbzim = 4,5-bis(benzimidazol-2-yl)imidazole;
Bppnpu = 1-(4-[2,2']Bipyridyl-4-phenyl)-3-(3-nitrophenyl)-urea; Npip = 2'-(p-nitrophenyl)-imidazol[4’,5’-f]-1,10-phenanthroline[5,6-f ]; Hyiip =
2-indole-3-yl-imidazole[4,5-f][1,10]-phenanthroline; H,dcbpy = 2,2'- bipyridyl-4,4’-dicarboxylic acid; HyImdc = imidazole-4,5-dicarboxylic acid.
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Figure 2. Changes in UV—vis absorption spectra (a) and emission spectra (b) of RuL (1.0 X 107> M) in CH;CN upon successive additions of OAc~
(0—4.0 equiv). The insets show changes in absorbance at 328 and 368 nm and in emission intensity (4., = 460 nm) versus OAc™ concentrations.

appeared: the absorbances for the 7—7* transition bands at 290 formation of a O—H:--N hydrogen bond or a proton transfer
and 350 nm were significantly decreased (Figure 3c) and were involving the distal pyridine N of the terpyridine moiety on
completely different from those (Figure S2a in the SI) observed RuL and the OH of H,PO,™ as described in the Proton NMR
with the deprotonated RuL formed by the addition of Spectra section.

Bu,NOH. H,PO,” induced emission spectral changes (see From the viewpoint of practical applications of anions
Figures 3b and d) in RuL that were very interesting. Upon the probes, it is crucial that the probes can be utilized in water-
addition of 2.0 equiv of H,PO,”, the emission intensities of containing media. Therefore, we also investigated the spectral
RuL in neat CH;CN were markedly enhanced by a factor of 2.2 responsing properties of RuL in CH;CN/H,O (50:1 v/v) in
(I/I, = 3.2) along with a 7-nm redshift from 608 to 615 nm. response to anions (see Figures S3—SS in the SI). Although the
Upon further additions of H,PO,”, the emission intensities addition H,PO,™ resulted in one-stage absorption and emission
were only slightly decreased (I/I, values never decreased by a spectral changes (Figures S3a and S3b in the SI) that are
factor of 2.5) compared with the evident reduction in the different from the two-stage spectral changes observed in neat
emission intensities observed with RuL in the presence of CH;CN, these changes resemble the first-stage UV—vis
Bu,NOH. These two-stage absorption and emission spectral absorption spectral changes observed in neat CH;CN. It is
changes signified the presence of two distinctly different worth mentioning that the RuL exhibited a H,PO,”
equilibrium processes, and the imidazole NH deprotonation luminescence sensing capacity in CH;CN/H,O (50:1 v/v)
mechanism was thus eliminated. We ascribed the first-stage with a 3-fold emission enhancement (I/I, = 4) and a small 3-
spectral changes to the hydrogen-bonding interaction of the nm redshift at titration saturation, which was visualized as a
imidazole NH on RuL with H,PO,", and the second one to the brighter brown-red photoluminescence to the naked eye when
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Figure 3. Changes in UV—vis absorption spectra (a and c) and emission spectra (b and d) of 1.0 X 10~ M RuL in CH;CN upon successively
increasing concentrations of H,PO,” from 0 to 2.0 X 107> M (a and b) and from 2.0 to 14 X 107> M (c and d).

it was excited with a 365 nm UV lamp (Figure S6 in the SI). As
more water was added, the detection of H,PO,  became
increasingly difficult. For example, 2.0 equiv of H,PO,” were
needed to reach saturation in neat CH;CN compared with the
approximately 6.0 equiv H,PO,” that were needed in CH;CN/
H,0 (50:1, v/v) when the concentration of RuL was fixed at
1.0 X 10~ M. In contrast, the emission intensity of RuL in
CH;CN/H,0 (50:1, v/v) was effectively quenched by F~ or
OAc™ (Figures S4b and S4d in the SI), as observed in neat
CH;CN. The other anions did not significantly affect the
absorption and luminescence spectra of RuL in the aqueous
CH,CN solution (Figure SS in the SI). Thus, H,PO,” in water
can still be qualitatively detected with the naked eye by
dripping one drop of the real water sample containing H,PO,~
into the CH;CN solution containing RuL. The stoichiometries
between RuL and F~, OAc™, and H,PO,” were found to be 1:1,
1:1, and 1:2, respectively, by emission Job plots (Figure S7 in
the SI). Using eqs 1 and 2, the values of the binding/
equilibrium constant K for the RuL—anion interactions were
evaluated and are shown in Table 2. It is noted that the K
values for RuL with F~ and OAc™ (1:1) are of the same order
of magnitude as those {(1.24—3.07) x 10* M™'} previously
reported for [Ru(bpy),(H,iip)]** {H.iip 2-indole-3-yl-
imidazole[4,5-f][1,10]-phenanthroline} with OAc™ and F~.%
Moreover, the binding constant of RuL—H,PO,” in the
CH;CN—-H,O solution is much less than that in the neat
CH;CN solution, which further confirms that the detection of
H,PO,” is more difficult in the CH;CN—H,O solution than in
neat CH;CN.

2310

Table 2. Equilibrium/Binding Constants” (K/M™) for RuL
Toward Various Anions in CH;CN or CH;CN/H,O at 298
K

K from K from
stoichiometry absorption emission
anions solvent 1:n spectra spectra
F~ CH,CN 1:1 3.53 x 10* 3.33 x 10*
OAc™ CH,CN 1:1 327 x 10* 3.72 x 10*
H,PO,~ CH,CN 1:2 1.02 X 10" 7.62 X 10°
F~ CH,CN/ 1:1 4.81 x 10* 3.57 x 10*
H,0
OAc™ CH,CN/ 1:1 5.58 x 10* 513 x 10*
H,0
H,PO,~ CH,CN/ 1:2 1.18 x 10° 1.00 x 10°
H,0

“Estimated errors were <15%.

Proton NMR Spectra. The 'H NMR spectra of RuL in
(CD;),S0 in the absence and presence of OAc™ and H,PO,”~
are shown in Figures 4 and S, respectively. The spectral
assignments of the complex were made using the {'H—'H}
COSY spectrum (Figure S8 in the SI) and relative areas of the
peaks and by taking into consideration the usual ranges of the J
values for Htppip and 2,2'-bipyridine.*” The proton numbering
scheme used to assign the observed resonances is shown in
Scheme 1. To shed light on the nature of the interactions
between RuL and the anions, 'H NMR spectral changes
obtained upon the addition of OAc™ and H,PO, as
tetrabutylammonium salts to the DMSO-dy solution of RuL
(1 X 107> M) were selectively investigated. As shown in Figure

dx.doi.org/10.1021/ic301555r | Inorg. Chem. 2013, 52, 2306—2316
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Figure 4. Partial "H NMR (400 MHz) spectra of RuL (1.0 X 107> M) in DMSO-d, in the absence (A) and the presence of 0.6 (B), 2.0 (C), and

10.0 (D) equiv of [Bu,N]J*OAc™ (proton labeling shown in Scheme 1).

JJMW
. P /
. !
1| /) ,( !

— T
92 20 88

Figure 5. Partial '"H NMR (400 MHz) spectra of RuL (1.0 X 107> M) in DMSO-d, in the absence (A) and the presence of 0.6 (B) and 2.0 (C)

equiv of [Bu,N]*H,PO,” (proton labeling shown in Scheme 1).

4, although the signal of the N—H proton in Htppip was
unobserved in the present case, the chemical shifts of the C—H
protons in Htppip were very sensitive to the additions of the
anions. However, the proton signals on the bpy ligands were
significantly less affected. Upon the addition of 10 equiv of
OAc™ into RuL in DMSO-d,, the H;, H,, H;, and H; peaks
were shifted upfield by Aé = —0.27, —0.22, —0.10, and —0.25
ppm, respectively. These shifts are attributed to the
deprotonation of the imidazole NH moiety by OAc~,** which
increased the electron density on the imidazo[4,5-f]-1,10-
phenanthroline moiety on RuL. The downfield shift of the H*
that was observed was attributed to the formation of a C—
H-O hydrogen bond with OAc™. Using pK,, = 4.75°>* for
HOACc and pK, = 8.09 for the imidazole NH of RuL in 1:100
CH,;CN/Britton—Robinson (BR) buffer (v/v), the matching
acidity ApK, {ApK, = pK,, (HOAc) — pK, (proton donor)}
was calculated to be 3.34. This value supports the occurrence of
the proton transfer reactions from the imidazole NH on RuL to
OAc™ compared with the reported matching acidity ApK, value
of 2.45 in aqueous solution, which supports a proton transfer
reaction in the interaction of [Ru(bpy),(TMBbimH,)]**
(TMBbimH, = 5,6,5,6'-tetramethyl-2,2'-bibenzimidazole)
with OAc™ in a CH;CN solution.”®® As shown in Figure S,
the additions of the H,PO,~ to the solution of RuL resulted in
obvious upfield shifts of Ad = —0.38, —0.27, —0.06, and —0.23
ppm, respectively, for the H;, H,, H, and Hj signals, and a
downfield shift and broadening for the H; signal. These NMR
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spectral changes were assigned to a strong double hydrogen-
bonding interaction of H,PO,~ with the imidazole NH and the
H; of RuL, which increased the electron density on the phenyl-
imidazo[4,5-f]-1,10-phenanthroline moiety of RuL and re-
duced the electron density of H;. The stronger deprotonation
ability of OAc™ compared with H,PO,~ can be understood by
the stronger basicity of the former than the latter (pK, = 4.75
for HOAc compared with pK,, = 2.12 for H;PO,)** in an
aqueous solution and the fact that OAc™ has a capacity to form
complementary linear “Y-type” hydrogen bonds with a
receptor.”>* The AcO™ triangle that has an O—C—O angle of
120° may better simultaneously bind to two receptors (e.g., NH
and H, in our case) than tetrahedral H,PO,” because H,PO,~
has an O—P—O0 angle of 108°, which implies that the distance
between the oxygen atoms of H,PO,” is shorter than that of
AcO™ and is therefore unfavorable for the bridging binding to
the two receptors. Interestingly, the additions of more H,PO,~
(2.0 equiv) caused an obvious upfield shift from 8.85 to 8.69
ppm in the Hg signal with a slight downfield shift in the H,
signal. The upfield shift of the Hy signal was ascribed to the
breakage of a C—HyN (distal pyridine N of terpyridine) type
of intramolecular hydrogen bonding by the formation of a O—
H--'N hydrogen bond or a proton transfer involving the distal
pyridine N of terpyridine and the OH of H,PO,". The slight
downfield shift in the H, signal may be caused by the partial
protonation of imidazole N. The addition of more than 2 equiv
of H,PO,” resulted in the appearance of precipitation, which
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prevented further NMR studies. In 1:100 (v/v) CH;CN/BR
buffer, the values of the acid ionization constants (pK,) of the
conjugate acids of the terpyridine and imidazole N moieties of
RuL were determined by UV—vis absorption spectrophoto-
metric pH titration to be 3.66 and 1.13, respectively; these
values are in agreement with the previously reported pK, values
of 3.16 and 4.60 for two successive protonations of the distal
pyridine of 2,2:6,2"-terpyridine in CH;OH—H,0 (w/
w,16.5:83.5)*% and of 2.17 for [Ru(bpy),(Hpip)]Cl, {Hpip
=2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline},>* respec-
tively. Thus, H,PO,” would prefer to interact with the distal
pyridine N rather than with the imidazole N of RuL. Using a
pK,, = 7.217* for H;PO,, the matching acidity ApK, {ApK, =
pK,, (H;PO,) — pK, (proton acceptor)} was calculated to be
4.5S for the proton transfer reactions from H,PO,~ to the distal
pyridine N of the terpyridine moiety on RuL; this value is only
2 pK, units greater than a previously reported ApK, value of
2.45 in an aqueous solution for the proton transfer reaction in a
CH;CN solution for the interaction of [Ru-
(bpy),(TMBbimH,)]>* with OAc™>*" Thus, we conclude
that the occurrence of a proton transfer reaction from
H,PO,” to the distal pyridine N of terpyridine on RuL could
not be completely eliminated.

Lifetime-Based Signaling. The interaction of RuL with
OAc™ and H,PO,” was also investigated using the time-
resolved luminescence technique. The time-resolved lumines-
cent decay profiles of RuL as a function of the OAc™ and
H,PO,” concentrations are shown in Figure 6a and b,

4-
(a)
. Deqiv OAc
34 \ . )
) ./ 15eqvOAc
€ ™ / 3 eqiv OAC
2] Y
8
14
04
500 1000 1500 2000
r/ns
47 (b)
JeqvHPO )
5] i ‘-u.__‘} “if.gn.r HPO,
2 ) o 269V HPO,
3 ™1 eqiv H,PO,
8 14
o4 PR 0 eqiv H,PO,

1000 1500 2000 2500
r/ns

500

Figure 6. Time-resolved luminescence decay profiles of RuL in
acetonitrile in the presence of 0, 1.5, and 3.0 equiv of OAc™ (a) and 0,
1.0, 2.0, 3.0, and 4.0 equiv of H,PO,” (b).

respectively. The free RuL in acetonitrile at room temperature
exhibited a single exponential luminescence decay with a
lifetime of 153.2 # 0.2 ns. In the presence of 1.5 and 3.0 equiv
of OAc”, the luminescent decays were also fitted to the single
exponential decays with lifetimes of 77.0 & 0.1 and 76.1 + 0.1
ns, respectively, which suggests the formation of the short-lived,
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imidazole NH deprotonated RuL. In the presence of 1.0, 2.0,
3.0, and 4.0 equiv of H,PO,”, the decays in luminescence
intensities were still fitted to the single exponential model with
elongated lifetimes of 212.4 + 0.6, 385.9 + 1.6, 610.6 + 3.2,
and 624.3 + 3.2 ns, respectively; these results are in sharp
contrast to the shortening in the luminescence lifetime
observed with RuL in the presence of OAc™. These
observations in the luminescence lifetimes are in full agreement
with the steady-state luminescence measurements and make the
Ru(Il) complex a selective lifetime-based sensor for H,PO,".
Cation Sensing. UV-visible Absorption and Emission
Spectral Characteristics. The chemosensing behavior of RuL
for a variety of metal cations (Na*, Mg**, Ba**, Mn**, Fe?*, Fe¥,
Co**, Ni**, Cu?*, Zn**, Cd**, Hg*', and Ag") was comparatively
investigated in a CH;CN—pH 7.2 HEPES buffer aqueous
solution (1/71 v/v) and in neat CH;CN. As shown in Figure
7a, the addition of 1 equiv of Fe*" into the Ru complex in the

2,54

Absorbance

440 550 660

Wavelength/nm

330

(b)

Figure 7. Changes in UV—vis absorption spectra (a) of RuL (1.0 X
10~° M) in aqueous HEPES buffer/CH;CN (71/1, v/v) solution upon
additions of different cations as perchlorate salts (1.0 X 10~ M) and
photographs (b) taken under daylight for the above-mentioned
solutions.

CH;CN aqueous solution produced a strong new band
centered at 575 nm, which is in sharp contrast to the very
weak absorption for RuL in the presence of 1 equiv of Fe*.
Moreover, no visible absorption for RuL in the presence of 1
equiv of the other metal ions was observed; therefore, the
ferrous cation could be visually distinguished from the other
cations studied, as shown in Figure 7b. As shown in Figure 8a,
the successive additions of Fe** (from 0 to 6.0 X 107 M, which
is equivalent to 0.6 equiv) into the Ru complex in the CH;CN
aqueous solution resulted in obvious intensity decreases in the
band at 318 nm, a 5-nm redshift, and the appearance of one
new band centered at 575 nm (¢ = 2.89 X 10* M~ ecm™);
these changes were companied by a solution color change from
pale yellow to light red-purple that was vivid to the naked eye
due to the coordination of Fe** to the uncoordinated
terpyridine moiety of RuL.'' The absorbances at 575 nm
increased linearly with [Fe**] until [Fe>*]/[RuL] = 0.5. The
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Figure 8. Changes in UV—vis absorption (a) and photoluminescence
(b) spectra of RuL (1.0 X 10~ M) in aqueous HEPES buffer/ CH,CN
(71/1, v/v) solution upon additions of Fe(ClO,), (0—6 uM). The
insets show the changes in absorbance at 575 nm and emission
intensity at 608 nm with increasing concentrations of Fe?".

additions of more Fe?* did not result in any further spectral
change. The titration profile (inset of Figure 8a) and the clear
isosbestic point at 330 nm imply the single conversion of free
RuL to form a Fe**—RuL complex. The Job plot shown in
Figure S9 in the SI indicates that the Fe**—RuL complex has a
stoichiometry of approximately 1:2. As shown in SI Figure S10,
the luminescence intensity ratios of RuL in the presence and
the absence of the metal cations were slightly affected by Na®,
Mg*, Ba*, Mn®', Zn*, Cd**, and Ag', were moderately
quenched by Ni**, Hg*", and Fe**, and were severely quenched
by Cu?*, Fe**, and Co*". As shown in Figure 8b, the successive
additions of Fe*" into the Ru complex in the CH;CN aqueous
solution resulted in progressive quenching of the RuL emission
to I/I, = 0.06 at saturation (0.5 equiv of Fe**). The selectivity
of RuL toward Fe®" in the CH;CN aqueous solution was also
evaluated. As shown in Figure S11 in the S, Cu?* elicited an
almost full hypochromism at 575 nm of the Fe**—RuL
complex; moreover, Na*, Mg’*, Ba*", Mn*', Fe’*, Ni*', and
Ag" only slightly affected the absorption at 575 nm, and Co®",
Zn**, Cd**, and Hg*" diminished the absorbances at 575 nm to
different extents (the peaks were still clearly discerned). These
results indicate the high selectivity of RuL toward Fe*" over the
other cations with the exception of Cu**. The above-mentioned
UV—vis absorption and emission spectral behaviors of the Ru
complex in the CH;CN aqueous solution were similar to those
(see SI Figures S12—S15) observed in neat CH;CN. It should
be highlighted that the coordination of the Zn?*, Cd*', and
Hg*" ions with RuL in CH;CN triggered slight emission
enhancements (I/I, < 1.2) of RuL (Figure S12b in the SI);
these changes are different from the spectral behaviors of RuL
in an aqueous HEPES buffer/CH;CN (71/1, v/v) solution."!
The colorimetric limitation of detection (LOD) for Fe?* in the
CH,CN aqueous solution was determined to be ~4.58 X 107
M (30/slope),"™ which is slightly higher than the LOD value of
~4.46 X 107 M determined in neat CH;CN. This finding
indicates that RuL acted as a highly sensitive and selective
colorimetric chemosensor toward Fe?* in a CH,CN-H,O
solution with a water content of up to at least 96.4% by volume.
Thus, RuL has an advantage over the pure organic ligand of
Htppip, which could tolerate a water content of less than 40%
by volume.

Theoretical Insights into the lon-Binding Modes of
[Ru(bpy)z(Htppip)]2+. To obtain in-depth insights into the
sensing mechanism of RuL, we performed the DFT calculations
on 1—4 (see Scheme 2 and the corresponding atom-labeling
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scheme). The optimized structures of 1—4 are illustrated in SI
Figure S16, and the main optimized structural parameters of 1—
4 are summarized in SI Table S1. The optimized bond lengths
of Ru—N and Fe—N in 1—4 are in reasonable agreement with
the corresponding experimental values of analogous complex-
es.'™ 1t should be noted that the imidazole N7—H bond
length of 1 is 1.011 A, which is much shorter than the length of
the N7—H bond of 2 containing bound OAc™ (1.782 A). This
result shows that the H on the imidazole N7—H in 2 was
transferred from the imidazolyl group of Htppip to OAc™. The
imidazole N7—H bond length in 3 is 1.066 A and is a little
longer than that in 1, which supports the occurrence of a
hydrogen-bond interaction between the N7—H of the
imidazole and the O1 atom of H,PO,” . The N7—C1-C2—
C3 dihedral angles of 1, 2, and 3 are 5.41, —21.06, and 2.16°,
respectively, and the C4—C5—C6—C7 dihedral angles of 1, 2,
and 3 are —33.30, —35.83, and —32.43°, respectively. These
results show that the phenyl and imidazole moieties are more
coplanar in 3 than in 1, which might explain the luminescence
enhancement of [Ru(bpy),(Htppip)]** that is observed upon
binding to H,PO,”. However, the N7—C1—C2—C3 dihedral
angle of 2 is —21.06°, which indicates that the phenyl ring
twisted upon binding to CH;COO™. It is noteworthy that there
are one potential hydrogen bond of C3—H:-O2 with bond
lengths of 3.31 A in 2 and two potential hydrogen bonds of
C3—H--01 and C8—H--O2 with bond lengths of 3.279 and
2.940 A, respectively, in 3. The fact that the bond length of
C8—H:--02 in 3 is much shorter than that of C3—H:--O1 in 3
is suggestive of the preferable formation of the latter one
hydrogen bond in 3. These hydrogen bond-forming evidence
are in consistent with the proton NMR experimental
observations.

The frontier molecular orbital compositions (population
analysis using the self-consistent field density) of 1—4 are
shown in Tables S2—SS and Figure S17 in the SI. The
calculated results show that the LUMO of 1 is dominantly
contributed by bpy (92% #*(bpy)) and is slightly affected by
the additions of CH;COO™ and H,PO,”. The HOMOs of 1-3
dominantly localize on the Htppip ligand (99%) and the
appreciable metal contributions (79% for 1, 82% for 2, and 81%
for 3) have only been predicted at the lower level (HOMO-10
for 1, HOMO-11 for 2, and HOMO-12 for 3). The redshift
(Figures 2a and 3a) of the MLCT band upon the addition of
the OAc™ or H,PO,™ anion can be rationalized based on the
decreases in the energy gap from 3.71 eV in 1 (HOMO-10 —
LUMO) to 3.44 eV in 2 (HOMO-11 — LUMO) and 3.48 eV
in 3 (HOMO-12 — LUMO). Upon Fe** coordination, the
distinct electron density transfer from HOMO-8 of Fe** to the
LUMO of Htppip can be found (Figure S18 in the SI),
implying that the MLCT process occurred in the [Ru-
(bpy),(Htppip)]**/Fe*" complex.

Bl CONCLUSIONS

In conclusion, we have shown that a Ru(Il) polypyridyl
complex with a terpyridine/phenylimidazo[4,5-f]-
phenanthroline hybrid, which is denoted RuL, functions as an
effective long wavelength emissive turn on luminescence sensor
for H,PO,". This sensor is highly selective due to the turn off
quenching type of response for F~ and OAc™ in both neat
CH,CN and CH;CN/H,O (50:1 v/v). The specific H,PO,~
sensing was evidenced to be operative via intermolecular N—
H---O hydrogen bonding between the O of H,PO,” and the
imidazole NH of RuL, and O—H:--N hydrogen bonding or
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Scheme 2. Structural Schematic Diagram of the Complex Cations 1—4 with Numbers 1—8 Representing the Carbon Numbering

Scheme for Optimized Structures by DFT Calculations

2+

Fe(ID-{[Ru(bpy)(Htppip)|* 32 4)

proton transfer between the OH of H,PO,” and the distal
pyridine N of the terpyridine moiety on RuL. This mechanism
is in contrast to the imidazole deprotonation mechanism that is
observed in the interaction of RuL with F~ and OAc™ because
H,PO,” -induced a much weaker RuL absorption at 368 nm
than OH™, F~, and OAc™. In addition, H,PO,” induced an
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enhanced emission compared with OH™, F~, and OAc™, which
quenched the emissions. RuL also acted as a highly selective
colorimetric sensor for Fe?* in both CH;CN and aqueous
HEPES buffer/CH;CN solutions, which was evidenced
through a color change from pale yellow to light red-purple
to the naked eye. Thus, the simultaneous appending of
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imidazole and free terpyridyl moieties in RuL plays a key role in
the H,PO,” and Fe* sensing/recognition dual functions.
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