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Influence of Urea N-H Acidity on Receptor—Anionic and Neutral Analyte
Binding in a Ruthenium(IT)-Polypyridyl-Based Colorimetric Sensor
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A new ruthenium(Il)-polypyridyl complex {[Ru(bpy),L]**;
bpy = 2,2'-bipyridyl, L = 1-(6-nitro-1,10-phenanthrolin-5-yl)-
3-phenylurea} having a urea functionality as a receptor frag-
ment for anionic analytes was synthesized. Its binding affin-
ity towards various oxy anions and halides was studied. This
complex was found to act as a selective colorimetric sensor
for F- among halides and CH3;COO7/H,PO,~ among oxy
anions. The relative binding affinity of different anions
towards this receptor was examined by using quantum
chemical calculations. This complex was also found to act as
a colorimetric sensor for neutral molecules like DMSO and

DMF, though the binding affinity was weaker than that of
the three anions mentioned above. The relative acidity of two
HN,cq atoms was compared with that of one from the related
complex by using pK, calculations, and its influence on bind-
ing affinities towards different analytes is discussed. Results
of the time-resolved fluorescence studies reveal that two
nonequilibrated excited states exist involving two different
SMLCT transitions, namely Rug, — bpy,- and Rug, — L,-.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Anions, namely F-, CH;COO  and H,PO, are impor-
tant in many biological processes and are known to be pres-
ent in many commonly used agricultural fertilizers as well
as in food additives.['l These anions have been proven to
have adverse effects on the environment.[?! Thus, the search
for efficient chemosensors that can recognize and detect
these anionic analytes has emerged as a major research area
in current times.l’) A sensor molecule generally has a recep-
tor component and a signalling unit that is capable of
translating the analyte-binding induced changes into an
output signal. This is generally probed either by spectro-
scopic techniques (e.g. fluorescence,® absorption and
NMR spetroscopy) or by evaluating the change in redox
potential values.>®! Among these, colorimetric sensors have
a distinct advantage as they allow for visual detection of
the targeted analyte through a change in colour.>->) Among
various receptors, hydrogen-bond donor urea and thiourea
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functionalities have been widely used for selective binding
of anions (A") like F, CH;COO and H,PO, through
H-bonded adduct formation. The strength of this H bond-
ing also depends on the relative acidity of the H atom
(HNyreasthiourea) Of the urea and thiourea functionali-
ties.®! There are examples where urea-based receptors,
functionalized with electron-withdrawing groups, behave as
a Bronsted acid in the presence of an excess of certain
anions.”?! The high thermodynamic stability of HA,  is
believed to govern this equilibrium process.!

Neutral molecules like DMSO and/or DMF are impor-
tant for their medicinal application or health hazard, and
thus their recognition/sensing is crucial.l' Further, de-
veloping a chemosensor for recognition of neutral mole-
cules is even more challenging owing to the much weaker
dipole—dipole or dipole-induced dipole interaction(s) as
compared to the ion—dipole interaction that prevails for an-
ionic analytes.'!] Earlier, an amide-based receptor was re-
ported for DMSO where the association constant was
found to be 160 m~! at 295 K, where the binding phenome-
non was probed through "H NMR spectroscopic studies.!'!!
For most urea-based receptors, owing to their limited solu-
bility in common organic solvents, studies have been per-
formed either in DMF or in DMSO as the solvent, and
reports on the specific interaction of these molecules with
urea functionalities in the solution phase is scarce.'?! There
are a few examples where derivatives of organometallic
compounds have been used as the signalling unit for anion
recognition, and the receptor—anion binding phenom-

Eur. J. Inorg. Chem. 2009, 2496-2507



Urea N-H Acidity on Receptor—Anionic and Neutral Analyte Binding

enon was probed through changes in redox potential, 'H
NMR chemical shifts or luminescence spectral pat-
terns.l'>!4l In most cases anion-receptor binding has failed
to induce a significant change in the visible region of the
spectra so that it allows for visual detection.

Herein, we have discussed how the presence of an elec-
tron-withdrawing functionality can actually influence the
relative acidity of the H atom (HN ca/thiourea) Of the urea
moiety and its consequential effect on the anion-binding
affinity. Though there are many reports available in the lit-
erature describing the anion recognition phenomena and
their possible implication in different applications, precise
relationships between the acidity of the H-bond donor frag-
ment and the relative affinity of a receptor towards different
analytes are not addressed in detail.”!3-131 The newly syn-
thesized Ru™polypyridyl-based urea receptor 3 (Scheme 1)
showed a detectable colour change on binding to analytes
like F-, among the halides, CH;COO™ and H,PO, ", among
the oxy anions, and neutral molecules like DMSO and
DMF; however, the extent of spectral changes was less for
DMF and DMSO. Unlike receptor 2,[1%4 receptor 3 did not
undergo deprotonation in the presence of an excess of
anions, which was reflected in the partial quenching of the
emission intensity in the presence of an excess of F-,
CH;COO and H,PO, . In all cases, a 1:1 H-bonded adduct
formation took place, and the respective association con-
stant was evaluated from different spectral titration studies.
The relative binding affinities of these anions with the re-
ceptor 3 were rationalized at the ab initio RHF/6-31G*
level of theory and were compared with those of the related
receptor 2. Time-resolved emission studies further revealed
the presence of two nonequilibrated Rug, — bpy,s+/Lys-
based *MLCT excited states.

S
N -~ NO,
Ru(bpy),Cl,
N NH,
=
L
NCO

Scheme 1.
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Results and Discussion

Urea functionality in complexes 2 and 3 was generated
by treating 4-nitrophenyl isocyanate and phenyl isocyanate,
respectively, with the pendant amino functionality of 1 in a
dry acetonitrile/THF mixture (Scheme 1).['% Pure com-
plexes were isolated through column chromatography, fol-
lowed by a recrystallization process. All compounds were
characterized by standard spectroscopic and analytical
techniques.

In our earlier report we have shown that two different
equilibriums exist for varying [A7] (A~ = F, CH;COO™ and
H,PO,) in the dry acetonitrile solution of receptor 2; the
first one being the H-bonded 1:1 adduct formation (2--A~
for [A7] < 1.5mol-equiv.) and the second one being the
deprotonation equilibrium involving the HN,., (-HN-
CO-NH-) functionality, adjacent to the phen rather than
the one adjacent to the nitrobenzene fragment (for [A7] >
1.5 mol-equiv.).['% For complex 3 a change in the spectral
pattern along with the associated detectable change in col-
our was observed when the acetonitrile solution of the tet-
rabutylammonium (TBA) salt of F, CH;COO or H,PO,4~
(<2 mol-equiv.) was added to its acetonitrile solution; but
no further change could be detected, neither in the spectral
pattern nor in the colour of the solution on addition of a
further excess (>2 to 100 mol-equiv.) of the respective
anions. No colour change was noticed on addition of
either CI", Br, I' or HSO,4, but a minor change in ab-
sorbance at around 350 nm was registered for ClI- (Fig-
ure 1). These preliminary observations tend to suggest that
unlike receptor 2, equilibrium processes associated with the
deprotonation of the urea functionality were absent for
complex 3.
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Figure 1. (a) Changes in UV/Vis spectra of receptor 3 (5.0 X 107> m)
after the addition of different anions (ca. 5.0 X 104 m) in CH3CN
solution. (b) Respective colour changes for receptor 3 in the pres-
ence of various anions added in excess: A, receptor 3; B, F; C,
Cl; D, Br; E, CH;COO; F, H,PO,~; G, HSO,4 (in acetonitrile).

To confirm this, a spectrophotometric titration for 3 in
acetonitrile solution was carried out in the presence of vary-
ing [A'] (A~ = CH;COO", H,PO, or F) (Figure 2). Elec-
tronic spectra recorded for 3 in acetonitrile show absorption
bands at 280, 340 and 455 nm, which were assigned as pre-
dominantly intraligand bpy/L-based m — n*, interligand
bpy/L-based 1 — 7* and Rug, — bpy,+/L.« transitions,
respectively.['®>171 The addition of the respective anions
leads to a change in the absorption maxima from 343 to
372 nm, and a distinct shoulder appears within the wave-
length range of 455-590 nm with two isosbestic points at
around 298 and 412 nm. The appearance of two simulta-
neous isosbestic points signifies the presence of two dif-
ferent absorbing species that exist in equilibrium. Respec-

tive titration profiles [Figure 2(a)-(c)] and Benesi—Hilde-
brand plots (Supporting Information), shown as insets in
Figure 2(a)—(c), reveal a 1:1 adduct formation in all cases.
No further change in spectral patterns was observed, even
in the presence of a large excess (100 mol-equiv.) of the
added anions. The overall change in the spectral pattern of
3 was less than that for 2 for a comparable situation. All of
this tends to suggest that the strong electron-withdrawing
effect of the -NO, functionality on the benzene ring has an
influenceingoverningtheacidity ofthe—-N-Hprotonintheurea
moiety and thereby its affinity towards the respective anions
and deprotonation phenomena. The inability of complex 3
to participate in the deprotonation equilibrium leads us to
ascertain that the -NO, functionality present in the phen
moiety does not contribute in enhancing the acidity of the
H atom of the urea fragment. To confirm that the colour
or spectral changes were solely due to the H-bonded adduct
formation between A~ and the urea functionality, similar
experiments were repeated with Ru(bpy);>*. With Ru-
(bpy)s>*, no change in the spectral pattern on addition of
the TBA salt of F, CH;COO™ or H,PO, was observed.
This reveals that the urea functionality was responsible for
binding to these anions. Reversible H-bonded adduct for-
mation was also confirmed by adding little water to the
acetonitrile solution of the respective adduct (3--*A"), while
the spectra of the original compound was restored owing
to the more effective solvation of these anions in water. The
respective binding affinity of receptor 3 for three different
anions was evaluated from the spectrophotometric titration
and is shown in Table 1.

Experimentally obtained K, values (F~ > CH;COO™ >
H,PO,) reflect the affinity of the conjugate base for pro-
tonation.!'8! On the basis of our earlier studies it may be
presumed that the broader absorption band at a longer
wavelength arose predominantly from the bpy and L-based
interligand charge-transfer transition,['®®! whereas the ab-
sorption band at around the 440-460 nm range is a combi-
nation of a predominantly Rug, — bpy,+/L,+ transition
along with a certain contribution from the bpy and L-based
interligand charge transfer.

3+A =3-A K,
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Figure 2. Electronic spectral response of receptor 3 (2.0 X 10> M) with varying [A] in CH;CN: (a) F~ (2.0X 10°M to 1.0 X 10* m), (b)
CH;COO (2.0X 10°°M to 8.3 X 10> M), (c) H,PO, (2.0 X 10°°M to 8.1 X 10> m). Insets: Corresponding titration profile.
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Table 1. Binding-constant values for the binding of different anions
calculated from UV/Vis titrations.!

K, (x10%) [m1]

Anionic analyte Kq (X10% M1

2--F el 22 (+1) 6.1 (+0.3)
2--CH;COO 1! 19 (+2) 5.97 (+0.4)
2-+H,PO, 1l 8.7 (x0.5) 1.2 (=0.1)
3F 6.5 (+0.01) -
3--CH;CO0" 6.3 (+0.05) -
3--H,PO, 1.4 (+0.03) -

[a] Tetrabutyl salts of the respective anions were used for the stud-
ies. [b] The K value reported is the average of six independent data
collections evaluated from individual UV/Vis titrations for the re-
spective receptor and anion. Confidence limits for the respective K
values are also shown. [c] Values are reported from ref.['64

The emission spectra for receptor 3 were recorded in an
air-equilibrated acetonitrile solution in the absence and
presence of various anionic analytes and are shown in Fig-
ure 3.

Receptor 3
10+ HSO,”
cr
8
2
e 6 CH,CO0™
E4
24
0 . T .
600 650 700
A (nm)

Figure 3. Emission spectra of receptor 3 (5.0 X 107> M) in the ab-
sence and presence of the respective anions (1.5 X 10* M) in aceto-
nitrile solution.

Spectra for 3 show a characteristic emission band with
Amax at 616 nm on excitation of the Rug, — L +/bpy, -
based MLCT band at 449 nm. An appreciable quenching in
emission intensity was observed on addition of 4 mol-equiv.
of F, CH;COO™ and H,PO, . The extent of quenching was
much less when similar experiments were repeated with
other anions (Figure 3). Complete luminescence quenching
was observed when 2 was used as a receptor for identical
studies, which was argued based on the deprotonation of
the urea functionality.l'®¥ Therefore, results of the emission
studies also corroborate with those from the absorption
spectral studies.

To demonstrate the receptor—anion binding we recorded
the 'H NMR spectra for 3 in CD3;CN in the absence and
presence of varying concentrations of anions. 'H NMR
spectra for 3 in the presence of an excess of the respective
anion are shown in Figure 4. In CD3;CN no NH proton
signal was observed for receptor 3. Hence, we could only
monitor the shifts of the aromatic proton signals.
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Figure 4. Partial '"H NMR spectrum for 3 in the absence and pres-
ence of various anions in CD3;CN at 25 °C.

A significant downfield shift for the H® (Scheme 1) pro-
ton signal was observed upon addition of F~ and
CH;COO, with an upfield shift for the H¢ proton signals.
Such a downfield shift was not observed when other anionic
analytes were added, and this signifies a very weak or negli-
gible binding to the urea functionality. Binding constants
for the 1:1 adduct formation (K,) for F and CH;COO
were also confirmed from 'H NMR spectroscopic titrations
{K,(F) = [6.3£0.11X 10% K,(CH5COO") = [6.01 £0.1]X
10*}. Values thus obtained were close to those evaluated
from spectrophotometric titrations (vide supra). For
H,PO,, an insoluble complex was found to precipitate, and
titration experiments could not be performed. A significant
downfield shift of the H€ signal could be well explained
from the quantum mechanical calculations, which is dis-
cussed in the following section (vide infra).

To rationalize the relative affinity of the receptor 3
towards various anionic analytes, ab initio quantum chemi-
cal calculations have been performed. For simplification we
have used the phen—urea (L) moiety as a model for struc-
ture optimization. The structure of L and its complexes
with F-, CI', Br, CH;COO, H,PO4, and HSO, were fully
optimized at the Hartree—Fock HF/6-31G* level of theo-
ry.18a8b.16a1 The computed receptor geometry for L and its
corresponding complexes with the mentioned anions are
shown in Figure 5.1 For receptor 2, this phen—urea moiety
is designated as L;. The optimized structure for L. and the
corresponding complex with the anions F, CH;COO™ or
H,PO4 show a C-H-O-type interaction besides the com-
plexing with the hydrogen atoms of the NH functionality
of the urea moiety (Figure 5).

The C-H--O/C-H---X (X = halide) distance follows the
order F~ > CH;COO~ > H,PO, (1.97, 2.24 and 2.33 A,
respectively) in these complexed forms. The oxy anions also
show an interaction with the hydrogen atom H€ of the phen
ring. This could account for the appreciable downfield shift
of this proton signal in the '"H NMR spectra. In the recep-
tor L, the NH group adjacent to the phen fragment is intra-
molecularly H-bonded with the NO, group (Figure 5), how-
ever, it rotates while interacting with the anions. This results
in the rupture of the intramolecular hydrogen bond in each
case (Figure 5). The calculated binding energies (AE) were
2499
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Figure 5. RHF/6-31G*-optimized geometries for 3 and its complexes with the F-, CI-, Br, CH;COO, H,PO, and HSO, anions along
with the corresponding binding energies (AE in kcal/mol) given below each structure.

found to be in qualitative agreement with the observed
trend obtained from the spectral behaviour (Table 1). Fluo-
ride binds most effectively to L. compared to other anions.
Thus, the observed trend was in good agreement with the
recent report on this type of anion sensor.'¢162201 The
binding affinity of Br~ with receptor 3 seems to be compar-
able to the binding affinity of the phosphate ion; however,
the spectral change was not observed in the former case. It
is difficult to explain this behaviour; presumably, the solvent
effect might play a role in dictating the selectivity in these
cases, which was not included in the calculations. By com-
paring the binding energies for receptors 2 and 3 with dif-
ferent anions, it is evident that 2 binds more strongly than
3 with different anions.'® It is worth noting that the de-
protonation of receptor 2 takes place with an excess of these
three anions. However, such deprotonation was not seen for
the receptor 3. To examine the relative acidity of the NH
protons of the urea group of L; and L, we have calculated
the individual pK, values of the respective urea moiety
(Table 2).1?!1 Data presented in Table 2 show that the pK,
value for the NH proton of the simple urea is in close agree-
ment with that of the experimentally obtained value (pK, =
26.9).221 The RHF-calculated pK, value for urea is different
from that of the experimental value; however, our interest
was to examine the relative difference in pK, values for the
NH protons at different sites in L; and L. These receptors
are relatively larger in size, hence the computational sim-
2500
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plicity, calculations were performed at the RHF level of
theory. Table 2 shows that the pK, values of L, are smaller
than those of receptor L, which suggests the higher acidity
of the HN., protons for L;. This accounts for the ob-
served deprotonation phenomena in L; that was not ob-
served for L. The calculated pK, values helped us to distin-
guish the relative acidity of the two HN ., protons of an
individual receptor, one adjacent to the benzene group and
the other one adjacent to the phen moiety.

Table 2. Calculated pK, values for urea, receptor L; and L in aceto-
nitrile at the RHF/6-31G* level of theory. The B3LYP/6-311+G**-
calculated value is in parentheses.

Compound pK, value

Simple urea 38.42 (24.22)

L, deprotonation at NH adjacent to phenyl ring  30.51
deprotonation at NH adjacent to phen 20.16

L deprotonation at NH adjacent to phenyl ring  31.24
deprotonation at NH adjacent to phen 25.72

Calculations show that for both compounds L; and L,
the HN,,;., proton adjacent to the phen moiety has a lower
pK, value and is more acidic than the other one adjacent
to the phenyl group. This result was found to be in agree-
ment with the calculated structures for L; and L with an-
ionic analytes, which show that the HN proton adjacent to
the phen moiety forms shorter H bonds with the F~ ion
than the HN proton adjacent to the phenyl group (Fig-

Eur. J. Inorg. Chem. 2009, 2496-2507
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ure 5). Presumably, the stability of the conjugate base
formed from the deprotonation of the HN,., proton adja-
cent to the phen moiety compared to HN proton adjacent
to the phenyl group arises because of the attractive interac-
tion between the nitrogen anion and the electron-deficient
nitrogen atom of the nitro group (Supporting Information,
Figure 3). Similar non-bonded attractive interactions have
been reported.?’]

Binding Studies with DMSO and DMF

In our attempt to resolve the 'H NMR spectroscopic sig-
nals for the urea protons in receptors 2 and 3, the spectra
for the respective receptors were recorded in [Dg]DMSO
and [D;]DMEF. In both cases, broad and apparently down-
field-shifted bands were observed. Further, the colour of
the solution (either in DMF or DMSO) appeared to be dif-
ferent from that when acetonitrile was used as a solvent,
and the associated colour change could be detected by the
naked eye.
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This indicated the possibility of a hydrogen-bonded ad-
duct formation between the receptor (2 and 3) and the re-
spective molecules DMSO or DMF. To the best of our
knowledge, there are no reports on binding of the urea
functionality to a neutral molecule. This offers the possibil-
ity of using these urea-based receptors as colorimetric sen-
sors for neutral molecules like DMF and DMSO. However,
to nullify the possibility of this spectral shift and the detect-
able colour change as a consequence of the shift of the
charge-transfer transition band associated with the change
in solvent polarity, we have recorded electronic spectra for
these two compounds in solvents of varying polarity. No
change was observed with any other solvent of comparable
polarity. Thus, observed spectral changes in the presence of
DMSO or DMF were certainly not the result of shifted
charge-transfer bands in the presence of solvents of higher
polarity and could be assigned to an H-bonded adduct for-
mation. Electronic spectra for receptors 2 and 3 with vary-
ing [X] (X = DMSO or DMF) are shown in Figure 6. Sys-
tematic spectrophotometric titrations and associated ti-

(b) (©)
0.036 .. .
0.030 o0
80.024 .
< .
0.018{ ,°
0.012
012345678
[DMF]
0.0 . . —
300 400 500 600
A (nm)
(e) (H

Figure 6. Absorption spectral titration of receptor 2 (2.0 X 10> M) and 3 (2.0 X 10> M) with DMSO, (a) and (d), [DMSO]: (1.3 X102 to
0.6 M) with DMF, (c) and (f), [DMF]: (1.2X 102 to 1.2 m); (b) and (e) show the corresponding colour changes for receptors 2 and 3,
respectively; 2 and 3, (A); and DMSO, (B); and DMF, (C) for each compound. All the studies are performed in CH;CN; insets: corre-

sponding titration profiles for each titration.
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tration profiles allow us to evaluate a 1:1 adduct formation
along with the respective binding affinities (Table 3). Data
presented in Table 3 clearly show that binding affinities of
the respective receptors towards these neutral molecules are
much weaker than they are with the anions. It may be men-
tioned here that these binding affinity values are compar-
able to the ones reported earlier by Smith et al., where an
amide-based receptor synthesized in several steps was used
for binding studies in "H NMR spectroscopic titrations.['3]

Table 3. Binding-constant values for DMSO and DMF calculated
from UV/Vis spectroscopic titrations.[

Complex-DMSO/DMF K, (X10%) [M]
2:-DMSO 1.86 (=0.2)
2-DMF 1.43 (+0.1)
3-DMSO 1.59 (+0.2)
3-DMF 1.04 (+0.1)

[a] The K value reported is the average of the six independent data
collections taken from each UV/Vis titration for the respective re-
ceptor and anion. Confidence limits for the respective K values are
also shown.

To have a better insight into the binding mode of DMSO
and DMF to receptors 2 and 3, geometries for these ad-
ducts were optimized at the RHF/6-31G* level of theory by
using L and L; as a model for Ru(bpy),L>* (Figure 7).

L. DMSO [AE = -17.0]

L,. DMF [AE = -14.5]

255 215 256 224

2.03

L. DMSO [AE = -16.2]

L. DMF [AE = -12.6]

Figure 7. The RHF/6-31G*-optimized geometries for 2 and 3 and
its complexes with DMSO and DMF with the corresponding bind-
ing energies given below each structure. Binding energies (AE) in
kcal/mol.

The urea functionality of the parent structure for both
receptors (L and L;) rotates when bound to different anions
(Figure 5). However, in the case of the H-bonded adduct
with DMSO or DMF no such rotation was observed, and
an entirely different geometry for the respective adducts was
obtained (Figure 7). The binding energy for DMSO/DMF
2502
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is also found to be much lower than those for the halides/
oxy anions and agrees well with the lower binding affinities
that we have obtained experimentally (Table 3). Calculated
binding energies further confirm stronger interactions of
DMSO compared to DMF with these receptors (Figure 7).

Steady-state emission spectra for complexes 2 and 3 were
recorded at room temperature in acetonitrile solution. Spec-
tra for 3 show a broad emission band on excitation at
458 nm with A,,,, at 617 nm, while that for complex 2 shows
an emission band with A,,,, at 620 nm. The broad emission
band observed at around 620 nm for complexes 2 and 3
could be attributed to the Rug, — bpy,«/Ly«-based MLCT
excited state emission. Binding of the three anions to the
receptors 2 and 3 is expected to cause an increase in the
energy of the HOMO and a consequential narrowing of the
HOMO-LUMO gap. This is expected to decrease the life-
time of the metastable *MLCT state and thereby the emis-
sion quantum yield. This was further confirmed by the
time-resolved emission studies.

Luminescence decay traces for air-equilibrated acetoni-
trile solutions of complex 3 were monitored at 560 and
612 nm, following excitation with a 453 nm laser source. In
both cases decay traces could be best fitted triexponentially
with time constants t; = 1.0ns (79.2%), 17, = 5.6ns
(18.1%), 13 = 172 ns (2.7%) and t; = 2.2 ns (16.0%), 1, =
9.0 ns (30%), 13 = 230 ns (54.0%), respectively (Figure 8).
Earlier we observed that H-bond acceptor solvents (like
DMSO and DMF) have some influence on the spectral be-
haviour owing to the H-bonded adduct formation 2---X and
3+X (X = DMSO or DMF). Acetonitrile is also known
to participate in weak hydrogen-bond formation. Thus, to
resolve the triexponential decay profile for complex 3 and
the possibility of the excited state decay path associated
with the H-bonded adduct with acetonitrile, we also re-
corded luminescence decay traces for complex 3 in benzene,
a non-H-bonding solvent. Because of the limited solubility
of this complex in benzene, a small fraction of acetonitrile
was used (benzene/acetonitrile 99:1, v/v). Decay traces ob-
tained for this solution at a monitoring wavelength of
560 nm and 612 nm with 4., = 453 nm could be best fitted
by a single exponential and biexponential curves with time
constants T = 4.4 ns and 1 = 4.5ns (95%), 1, = 187 ns
(5%), respectively. This result led us to presume that emis-
sions from two different states are actually involved in the
excited states of complex 3. In our earlier investigation with
the Os(bpy),(L')?>* {L' = [4-(3,4-dihydroxyphenyl)]-2,2’-
bipyridyl} complex, two different emissive states were ob-
served with different time constants of 9 ns and 34 ns.[*4
The shorter one was attributed to the excited states involv-
ing substituted bipyridyl (L'), (Rug, — L’,+) with a lower
LUMO, and the longer one was attributed to the bpy-based
SMLCT transitions (Rug, — bpy,«). Similarly, in the pres-
ent investigation the shorter component of 4.4 ns could be
attributed to the emission lifetime associated with the Rug,
— L «-based *MLCT excited state and the longer compo-
nent to the Rugy, — bpy,+-based *MLCT excited state. This
was further confirmed when we determined the emission
lifetime for the air-equilibrated acetonitrile solution of
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Ru(bpy);>*, which showed a single exponential lumines-
cence decay constant of 260 ns under identical conditions.
However, the faster component (=2.2 ns for Ao, = 617 nm)
that was observed at both wavelengths in acetonitrile was
absent in a non-H-bonding solvent like benzene and could
be attributed to the nonradiative deactivation process of the
excited state through formation of a weak H-bond with sur-
rounding solvent molecules. Similarly, faster and major
components of the decay trace (1.0 ns, 79%) for 3 and
(0.75 ns, 85.1%) 2 (Amon = 560 nm) could be best attributed
to the deactivation of the excited state through a nonradia-
tive pathway. Moreover, the presence of the strong electron-
withdrawing functionality like NO, is expected to lower the
L*-based LUMO energy level. Perhaps these two effects to-
gether contributed to the overall faster decay constants for
2 compared to 3. For comparison purposes we have carried
out in detail the luminescence decay kinetics for 2 under
identical conditions, and the kinetic decay trace was found
to best fit to a triexponential function with typical time
constants of t; = 1.87 ns (38.3%), 1, = 16 ns (21.1%) and
13 = 171 ns (40.6%) (Figure 9). Among complexes 2 and 3,

617 nm, CH,CN

3
3,10 E
‘®
5 617 nm, Benzene
£ 107
£
LIJ &C

. 1.560 nm, Benzene
10"+ — . .
0 50 100 150 200
Time (ns)

Figure 8. Luminescence decay kinetics for complex 3 at two dif-
ferent monitoring wavelengths 560 and 617 nm, following exci-
tation at 453 nm in an air-equilibrated acetonitrile/benzene solu-
tion.
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the presence of an additional nitro functionality added to
the higher acidity of the urea (N-H) protons (vide supra)
and thereby to the more effective solvation of 2 in polar
solvents. To examine the effect of anion binding to the re-
ceptor 3, we studied the time-resolved luminescence decay
profile in the presence of an excess of various anions, and
decay traces are shown in Figure 10 and Table 4.
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Figure 9. Luminescence decay kinetics for complex 2 at different
monitoring wavelengths, following excitation at 453 nm in an air-
equilibrated acetonitrile solution.
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Figure 10. Luminescence decay kinetics for complex 3 in the ab-
sence (A) and presence of excess A~ [A~ = H,PO, (B), F (C),
CH;COO™ (D)] following excitation at 453 nm (A0, = 617 nm) in
an air-equilibrated acetonitrile solution.

Table 4. (A): Emission life times of receptors 2 and 3 in different air-equilibrated H-bonding solvents following excitation at 453 nm. (B):
Emission life times of receptors 2 and 3 in different air-equilibrated acetonitrile solutions in the presence of different anions (excess).

A Receptor 3
Amonitor [NM] ACN DMF DMSO
612 2.24 ns (27.1%) 1.2 ns (45.8%) 1.2 ns (67.6%)

12.9 ns (25.8%)
220 ns (47.1%)
Complex 2

9.3 ns (20.1%)

222 ns (34.1%)

7.6 s (11%)
314 ns (21.4%)

620 1.87 ns (38.3%) 1.34 ns (59%) 1.0 ns (69.5%)
16 ns (21.1%) 13.5 ns (18.3%) 18.4 ns (12.7%)
171 ns (40.6%) 190 ns (22.7%) 244 15 (17.8%)

B

Jmonitor [0M] 3+F 3 + HPO, 3 + CH,COO 3

617 1.5 ns (75.5%) 0.8 ns (75.3%) 2.08 ns (72.2%) 2.241s (27.1%)
8.3 ns (22.5%) 7.91s (17.7%) 8.65ns (27%) 12.9 ns (25.8%)
128 ns (2%) 135 ns (7%) 134 ns (0.8%) 220 ns (47.1%)
2+F 2 + HPO, 2 + CH,COO 2

617 1.0 ns (76.6%) 0.7 ns (84.6%) 2.21s (72.9%) 1.87 ns (38.3%)

8.0 ns (18.6%)
119 ns (4.8%)

9.6 s (8.1%)
120 ns (7.3%)

8.9 ns (26.4%)
121 ns (0.7%)

16 ns (21.1%)
171 ns (40.6%)
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It is interesting to see that in the presence of different
anions the contribution from the faster component differs
significantly. In one of our recent reports,!'°®! on the basis
of detailed TD-DFT studies we have shown that for related
Ru'"—polypyridyl complexes deprotonation or binding of
the electron-rich anionic analyte to the receptor function-
ality, bound to the bpy derivative, caused an increase in the
HOMO energy.

Thus, it will not be unreasonable to presume that a sim-
ilar phenomenon will prevail here, which is expected to
lower the HOMO-LUMO energy gap. According to the en-
ergy gap, law one would expect a faster decay of the excited
triplet state owing to the narrowing of the energy gap be-
tween the excited triplet and ground singlet sate,”! which
is exactly what we have observed in the luminescence decay
profiles in the presence of excess F~; complex 3 + F~ (ex-
cess): [600 nm] T, = 1.5 ns (75.5%); 1, = 8.3 ns (22.5%), 13
= 128 ns (2%) and for complex 2 + F~ (excess): [600 nm] T,
= 1.0 ns (76.6%); 1, = 8.0 ns (18.6%), 13 = 119 ns (4.8%).
Decay traces for 3 in an acetonitrile solution in the presence
of other anions are also shown in Figure 10.

As discussed earlier, a higher acidity of the H atoms of
the NH,,., makes receptor 2 a better H-bond donor and
thus forms a stronger H-bonded adduct with anionic ana-
lytes or H-bonding solvents. This accounts for the faster
deactivation of the photo-excited SMLCT state associated
with receptor 2 as compared to 3. Further, in the presence
of an excess of any of these three anions, 2 undergoes de-
protonation, whereas 3 does not. Thus, for 2 ;;, one would
expect a more prominent effect on the HOMO energy as
compared to that in 3--*A". To demonstrate the effect of the
H-bond-accepting solvents on the excited-state lifetime for
3, we recorded the luminescence decay profile in DMF and
DMSO shown in Figure 11. Decay profiles were compared
with those in acetonitrile as the solvent. For DMF and
DMSO decay constants obtained for the 453 nm excitation
(Amon = 620 nm) are as follows: 1, = 1.2 ns (45.8%), 1, =
9.3 1ns (20.1%), T3 = 222 ns (34.1%) and t; = 1.2 ns (75.5%);
T, = 7.6 ns (22.5%), 13 = 314 ns (2%), respectively. Spectral
studies, discussed earlier, revealed a stronger H-bonded ad-
duct formation for DMSO as compared to that of DMF
with 3. This is also evident in the faster decay profile for 3
in DMSO (Figure 11).

-
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Figure 11. Luminescence decay kinetics for complex 3 in acetoni-
trile (A), DMF (B) and DMSO (C) following excitation at 453 nm
(Amon = 617 nm) in air-equilibrated solutions.

2504

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusions

We have synthesized a new Ru''-polypyridyl complex
with a pendant urea functionality, which could be used as
a colorimetric sensor for certain anions like F-, CH;COO~
and H,PO, . Interestingly, this receptor works as a colori-
metric sensor for neutral molecules like DMSO and DMF.
The relative acidity of HN ., hydrogen atoms was evalu-
ated by pK, calculations employing quantum chemical
methods. Calculations reveal that the HN ., proton close
to the phen moiety is more acidic than that of the HN,,.,
hydrogen close to the phenyl group for both complexes 2
and 3. The appearance of the broader absorption band for
2 and 3 and thereby their visual colour change, on binding
to the anionic/neutral analyte, originated predominantly
from the interligand charge transfer process involving bpy
and L/L,. Detailed time-resolved fluorescence studies re-
vealed two nonequilibrated excited states based on two dif-
ferent MLCT transitions, namely Rug, — bpy,+ and Rug,
— L.+, generated following excitation with a 440-nm laser
source.

Experimental Section
Materials and Methods

Chemicals: Ru(2,2'-bpy),Cl,2H,O was prepared according to a lit-
erature procedure.””! RuCl;-xH,O, 2,2'-bipyridyl (bpy), 1,10-phen-
anthroline (phen), [tBuyN]PFg, 4-nitrophenyl isocyanate and
phenyl isocyanate were purchased from Aldrich Chemical Co.
(USA) and were used as received. All solvents, used for synthesis,
were dried and distilled before use according to standard pro-
cedures. Spectroscopic-grade solvents were used for all spectral and
photophysical studies. 5-Nitro-1,10-phenanthroline, 6-amino-5-
nitro-1,10-phenanthroline (L), Ru(bpy),(L)(PFs), (1) and
Ru(bpy),[1-(6-nitro-1,10-phenanthrolin-5-yl)-3-(4-nitrophenyl)-
urea](PF), (2)'%4 were synthesized according to literature pro-
cedures, and analytical data matched well with the proposed struc-
ture for Ru(bpy),[1-(6-nitro-1,10-phenanthrolin-5-yl)-3-phenylureal-
(PF), (2).291

Analytical Measurements: 'H NMR spectra were recorded with
either a Bruker 200 MHz FT NMR (model: Advance-DPX 200) or
a Bruker 500 MHz FT NMR (model: Advance-DPX 500) spec-
trometer at room temperature (r.t., 25 °C). The chemical-shift ()
data and coupling-constant (J) values are given in ppm and Hz,
respectively throughout this manuscript unless mentioned other-
wise. Tetramethylsilane (TMS) was used as an internal standard
for all "H NMR spectroscopic studies. ESI-MS measurements were
carried out with a Waters QTof-Micro instrument. Microanalyses
(C, H, N) were performed by using a Perkin—Elmer 4100 elemental
analyzer. Infrared spectra were recorded as KBr pellets by using a
Perkin—Elmer Spectra GX 2000 spectrometer. UV/Vis spectra were
obtained by using either a Shimadzu UV-3101 PC or a Cary 500
Scan UV/Vis/NIR spectrophotometer. Room-temperature steady-
state emission spectra were obtained by using a Perkin—Elmer LS
50B luminescence spectrofluorimeter. The fluorescence quantum
yields, ¢r, were estimated [Equation (1)] in appropriate solvents (as
specified) by using the integrated emission intensity of Ru(bpy);Cl,
(¢¢ = 0.042 in H,O at r.t.) as a reference:1*’]
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¢f = ¢f/ (Isamplc/Isld)(A std/A samplc)(’//zsamplc/nzstd) ( 1 )

where ¢’ is the absolute quantum yield for the Ru(bpy);Cl, com-
plex, used as a reference; Igmpie and Igq are the integrated emission
intensities; Agampie and Agq are the absorbances at the excitation
wavelength, and #7%,mple and #%q are the respective refractive in-
dices.

Picosecond Time-Resolved Fluorimeter: Time-resolved fluorescence
measurements were carried out by using a diode-laser-based spec-
trofluorimeter from IBH (UK). The instrument works on the prin-
ciple of time-correlated single-photon counting (TCSPC).?®! In the
present work, a 453-nm LED was used as the excitation light
source, and a TBX4 detection module (IBH) coupled with a special
Hamamatsu PMT was used for fluorescence detection.

Experimental Procedure

Synthesis of Ru(bpy),[1-(6-nitro-1,10-phenanthrolin-5-yl)-3-phen-
ylurea](PFy), (3): Complex 1 (150 mg, 0.164 mm) was dissolved in
a minimum volume of acetonitrile. A solution of phenyl isocyanate
(0.11ml, 1.0 mm) in freshly distilled and dried THF was added
dropwise at room temperature through a dropping funnel to the
solution of 1. The whole reaction mixture was stirred under nitro-
gen for 48 h. The solvent was then evaporated under reduced pres-
sure, and the crude solid thus obtained was subjected to column
chromatography for purification. Neutral alumina (Grade III) was
used as the stationary phase, and acetonitrile/toluene (1:1, v/v) was
used as the eluent. The major fraction was collected and further
purified by recrystallization from an acetonitrile/ether mixture.
Yield 80 mg (44%). '"HNMR (500 MHz, CD;CN, TMS) 6 = 8.71
(d, 1 H, J = 8.5Hz, H%), 8.51 (t, 4 H, J = 6.5 Hz, H>, H>, H*",
H*"), 8.39 (d, 1 H, J = 8.5 Hz, H®), 8.16 (d, 1 H, J = 5.0 Hz, H¥),
8.09 (m, 2 H, H®), 7.98 (d, 2 H, J = 6.5 Hz, H*®"), 7.79 (d, 1 H,
J = 5.0 Hz, H®), 7.7-7.59 (m, 6 H, H®, H*, H*, H*, H*", H*"),
7.4 (m, 2 H, H®, H®"), 7.31 (m, 4 H, H?, H¥, H3", H*"), 7.11 (t,
1 H, J = 7.5Hz, HY), 7.07 (t, 1 H, J = 7.5 Hz, HY) ppm. FTIR
(KBr): ¥ = 3328, 1650, 1597, 1545, 1495, 1443, 1313, 1232, 842 (br.,
PFg), 755, 556, 762, 556 cm™'. ESI-MS: m/z (%) = 1062 (ca. 2)
[M*], 917 (ca. 30) [M* — PFg], 772 (ca. 20) [M*" — 2 PF].
C39H9F ,NgO3P,Ru (1062.7): caled. C 44.08, H 2.75, N 11.86;
found C 44.1, H 2.8, N 11.8.

Computational Details: All calculations were performed by using
the GAMESS program suite.?*l The theoretical calculations were
performed by using the RHF/6-31G* basis set. For computational
simplicity only the phenanthroline moiety was used as a model in-
stead of the corresponding Ru'! complex 3 for studying the interac-
tion with various anionic analytes. To calculate the pK, values of
the molecules we have considered the thermodynamic cycle shown
below. The thermodynamic cycle yields in which the aqueous pK,
for the acid B-H is given by

AG,,

BH —& > B + H*
A Gyyy(B-H) A Gyye(B) AGyyy(H)

AG,, ) N

BH —— B * H

AGaq = AGgas + AGhyd(B7) + AGhyd(HJr) - AGhyd(BfH)'
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At a given temperature 7, the pK, is then given by Equation (2).1>%"]

pK, =
[G(B ) — G(BHyu) + AGrya(B) — AGyya(BH) — 269.0)/1.3644
@

The gas-phase free energy of protonation is calculated at the same
level of theory as that used for the calculation of the solvation free
energy. The free energy of solvation in water has been calculated
by using SCRF (self-consistent reaction field) methods with the
polarized continuum model (PCM).[2*<2°1 A dielectric constant (&)
of 78.39 (water) was used in the solvation calculations, and the
solvation-free energy of the proton taken from the experimental
AGpyq(H") value is equal to —259.0 kcal/mol. The values for
G(H*,,) and AGyq(H™) have been derived from experiments. We
have used the values AG(H",,) = —6.28 kcal/mol and AGyyq(H*) =
—264.61 kcal/mol. The calculation of Gg,s uses a reference state of
1 atm, and the calculations of AGyyq use a reference state of 1 M.
Converting the AG,, reference state (24.46 L at 298.15 K) from
1 atm to 1 m is accomplished by using Equation (3).

AGys(1 M) = AGy, (1 atm) + R71In(24.46) 3)

Spectrophotometric Titration: A 1.0 X 10-# M solution of the respec-
tive complexes 2 and 3 in acetonitrile was prepared and stored un-
der dark conditions. These solutions were used for all spectroscopic
studies after appropriate dilution. 1.0 X 10-3 M solutions of tetrabu-
tylammonium (TBA) salts of the respective anions were prepared
in pre-dried and distilled acetonitrile and were stored under an in-
ert gas. Solutions of complex 3 were further diluted for spectro-
scopic titrations, and the effective final concentration was adjusted
to 2.0 X 1075 M, while the final anionic analyte concentration for
the titration was varied from 2.0 X 10 M to 1.0 X 10* m. Affinity
constants were evaluated after calculating the concentrations of the
respective species; free complex, A~ (A~ = F, H,PO; or
CH;COO0"), X (X = DMSO or DMF) and associated complexes
e.g. 3+A", 2-+X or 3-+X (a 1:1 adduct of receptor 2 or 3 and A~
or X). The effect of the ionic strength on the affinity constant was
also examined by repeating the studies at various (0-0.1 M [nBuyN]-
ClO,) supporting electrolyte concentrations. Affinity constants
were evaluated from a plot of a change in absorbance with varying
analyte concentration at 540 nm, as the probe wavelength, and by
using the equation K, = [LAV/{[L]xeelA Jrree) -

Luminescence Titration: The standard solutions used for the spec-
trophotometric titrations were also used for the luminescence ti-
tration studies. For all measurements ., = 455 nm for the exci-
tation wavelength. All titration experiments were performed by
using 2.0 X 10> M solutions (air-equilibrated) of 2 and 3 in air-
equilibrated acetonitrile solutions as the final and effective concen-
tration, whereas final concentrations for anions were varied be-
tween 2.0 X 1076 and 5.0 X 103 m.

Supporting Information (see footnote on the first page of this arti-
cle): Emission and '"H NMR titration spectra with various anions;
optimized structure of the deprotonated form of 2; mol ratio and
Benesi-Hildebrand plot for the evaluation of the binding stoichi-
ometry; results of the time-resolved studies of 3 in an acetonitrile
solution.
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