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Abstract

Complexes containing hemilabile ligands provide a potential site for the reversible binding of analytes to a transition metal center because of
their dynamic chelating ability. Due to their ability to reversibly bind analytes, hemilabile coordination complexes have recently been explored for
application as small molecule chemosensors. Hemilabile complex sensors based on a Ru(II) bipyridyl system containing phosphine ether ligands
have been shown to exhibit an analyte-dependent absorbance and emission response. When small molecule ligands such as water, acetonitrile,
triethylamine, dodecanethiol and dimethylsulfamide (L) are in the presence of (1), an equilibrium forms between (1) and (1-L), the coordination
complex resulting from substitution of the labile ether position. The binding of the Lewis bases creates dramatic changes in the photoluminescence.
These photophysical changes are manifested as energetic shifts in the absorption and emission spectra, as well as changes in the temperature
dependence of the emission lifetime. The photophysical characterization of ruthenium hemilabile complexes for the detection of moisture and
small molecules is reported and analyzed in light of molecular orbital energy changes. It is shown that ruthenium hemilabile complexes hold
potential as reversible sensors that exhibit ligand-dependent absorbance and luminescent signals.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Small molecules as sensors

Chemosensors have recently attracted a great deal of atten-
tion in the chemistry literature as analytical testing devices [1,2].
When a chemosensor is used for analytical purposes it will ide-
ally give a qualitative indication of the presence of an analyte
and a quantitative indication of analyte concentration. Exam-
ples of chemosensor signal outputs include color, fluorescence,
conductivity or redox changes that may be monitored for the
presence of a specific analyte.

There are several important factors to consider in the design
of a chemosensor. A chemosensor must be selective toward a
specific analyte and must not exhibit the same response in the
presence of competing analytes. A chemosensor must also be
sensitive; the signal that it produces must be easily identified.
An ideal chemosensor is portable and its detection signal does
not rely on extensive laboratory equipment. It is also desirable
that a chemosensor produce quantifiable results so that not only
the presence, but the quantity of analyte can be determined. A
model chemosensor also exhibits characteristics of reversibil-
ity; the original signal should be restored in the absence of
an analyte. Molecular sensors that exhibit these characteristics
offer significant advantages over traditional bench top analytical
instruments.

A multifunctional chemosensor that produces a selective,
sensitive, quantitative, portable and reversible signal is desired.
Many chemosensors have been developed in response to this
need and may be classified into three general categories based
on potentiometric [3—14], chromophoric [15-17] or fluorescent
[18-28] readout signatures. Each of these classes of chemosen-
sors has unique advantages.

Our approach to the development of this model chemosen-
sor has included extensive investigation into the reversible
and analyte-selective luminescence signaling response of
Ru(Il) bipyridyl complexes containing hemilabile phosphine
ether ligands. We have found that an equilibrium forms
between the coordinated form of the hemilabile complexes
and an analyte-substituted form. More recently we have inves-
tigated the low temperature photophysical dependence of
these systems and found that the hemilabile ligand com-
plexes exhibit an analyte-dependent absorbance and emission
response.

1.2. Coordination complex functionalized conjugated
polymers

Eventually our interest in hemilabile coordination complexes
will merge with our previous investigations of the sensitive,
portable and quantitative signal properties of fluorescent con-
jugated polymers as chemosensors.

The development and success of fluorescent conjugated poly-
mers as chemosensors that exhibit a sensitivity-enhanced trans-
duction signal over their small molecule counterparts has been
well established in previous publications. We have reported
the synthesis and characterization of a fluorescence turn-

off polymer, tolylterpyridine-poly[p-(phenyleneethynylene)-
alt-(thienyleneethynylene). This polymer has been shown to
undergo emission quenching in the presence of Ni** and Co**
ions [29,30]. The resulting Stern—Volmer plots deviate posi-
tively from linearity as a result of the combined effects of
static quenching and energy transfer along the polymer back-
bone. This bimodal behavior can be fit to an energy trans-
fer enhanced Stern—Volmer equation which takes into account
either the Dexter or Forster energy transfer mechanisms depend-
ing upon the specific analyte involved [30]. We have also
reported the synthesis and characterization of the fluores-
cence turn-on polymers, N,N-diethylamino-PPETE and N,N,N’'-
trimethylethylenediamino-PPETE [26].

Many others have demonstrated the success of fluorescent
conjugated polymers as chemosensors. Whitten and co-workers
observed that [poly(2-methoxy-5-propyloxy sulfonate pheny-
lene vinylene] exhibited greater than one million-fold fluo-
rescence quenching sensitivity enhancement to methyl vio-
logen compared to the corresponding small molecule flu-
orophore [14]. Swager and co-workers developed a selec-
tive and sensitive chemosensor for K* using a polymer
with a poly(p-phenylene ethynylene) backbone and a crown
ether receptor [31]. Wasielewski and co-workers have demon-
strated both ionochromic and fluorescent transduction sig-
nals with 2,2’-bipyridyl-phenylene-vinylene-based polymers
[32-34]. Schanze and co-workers also reports the fluores-
cence quenching of poly(phenylene ethynylene) substituted with
anionic 3-sulfonatopropyloxy groups in the presence of differ-
ently sized cyanine dyes [35].

Given the enhanced sensitivity of conjugated polymer based
chemosensors and the reversible selectivity of hemilabile ligand
complexes, our interest lies in merging the hemilabile coordina-
tion complexes with our previous investigations of the sensitive,
portable and quantitative signal properties of fluorescent con-
jugated polymers as chemosensors. The ultimate goal of this
project is the development of a conjugated polymer containing
a ruthenium hemilabile complex that would take advantage of
the sensitive, portable and quantitative signal properties of the
conjugated polymers and the reversible and selective signal of
the hemilabile coordination complexes. It is proposed that this
new chemosensor may be tuned to selectively respond to a wide
range of analytes.

There is only one example to date of this type of strategy,
though it uses a potentiometric response rather than fluores-
cence. Rheingold and Mirkin have made significant progress in
the development of a hemilabile complex polymer. They have
reported a hemilabile ruthenium complex containing a terthienyl
group that can be polymerized at an oxidation potential that is
lower than that of the Ru(II) center (Fig. 1) [36]. The advantage
of such a system is that it contains an electronically control-
lable coordination sphere. Thus a relationship could be found
between the small molecule uptake and release at the hemil-
abile center and the polymeric oxidation state. These systems are
termed redox-switchable hemilabile ligands (RHLs) [37]. In an
RHL, the labile portion of the hemilabile ligand is in electronic
communication with a redox active group. Thus, the interaction
between the labile portion of the ligand and the metal center
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Fig. 1. A hemilabile complex integrated into a polymer backbone for the redox
sensing of small molecules. Adapted from Ref. [36].

can be controlled through oxidation and reduction of the redox
active group.

1.3. Hemilabile ligand complexes

Hemilabile ligands were first defined in 1978 by Jef-
frey and Rauchfuss after investigating phosphine—amine and
phosphine—ether ligands [38]. The hard ether and amine ligand
components were found to dissociate from the softer metal center
in the presence of small molecule substrates. Hemilabile ligands
are polydentate chelates that contain both substitutionally inert
and substitutionally labile groups. When incorporated into a
transition metal complex, hemilabile ligands provide a potential
site for the reversible binding of analytes to the metal cen-
ter. Hard—soft acid—base interactions provide the basis for this
hemilabile behavior. The labile group binds weakly to the tran-
sition metal center in the absence of small-molecule substrates.
When a small molecule substrate binds to the metal center, the
labile group remains in close proximity to the metal because of
the inert ligand anchor. Re-coordination to the transition metal
center occurs reversibly when the small molecule dissociates.
Hemilabile coordination complexes have encountered success
with applications in catalysis, small-molecule activation, small
molecule sensing and stabilization of transition metal complexes
[39].

The ability of the hemilabile ligand to re-coordinate in
the absence of a bound small molecule makes hemilabile lig-
and coordination complexes ideal candidates for chemosensors.
This reversibility distinguishes hemilabile complexes from other
metal-based sensors. It is even possible to calculate equilibrium
constants for the dynamic equilibrium that exists between the
coordinated and the bound complexes [40].

The first use of a hemilabile ligand for a molecular sensor was
demonstrated by Dunbar and co-workers. A phosphine ether lig-
and was attached to a Rh(I) core and found to reversibly bind
carbon monoxide [41]. This hemilabile complex was placed
within zirconia and titania glasses and subjected to spectroscopic
and electrochemical probing. Cyclic voltammetry experiments
exhibited a major change upon flushing the hemilabile compos-
ite film (cast on plantinum disk electrode) with CO. Significantly,

after purging with nitrogen, the cyclic voltammogram returned
to pre-CO conditions after 10 min.

While a number of review articles have been written that dis-
cuss the coordination of hemilabile ligands [39-43], we choose
to highlight two. The first, written by Mirkin and co-workers,
outlines five different classes of hemilabile ligands by the iden-
tity of the hemilabile functional group [39]. Hemilabile ligands
are generally carbon based, nitrogen based, phosphorus based,
arsenic based or chalcogen based (elements from Group VIB).
The second review article, written by Baunstein and Naud [44],
categorizes hemilabile ligands into three general groups based
upon the mechanism by which the coordinated hemilabile com-
plex forms the bound hemilabile complex. In compounds of
Type I Hemilability, the hemilabile complex consists of a metal
which has a variable coordination number and thus the equilib-
rium between the coordinated complex and the bound complex
occurs within the same molecule; the ligand may be bound or it
may be unbound, but in either case a guest molecule need not be
present because the metal has a variable coordination number.
Complexes of Type II Hemilability experience intramolecular
competition. In this instance, the metal is not of variable coor-
dination number and therefore equilibrium may result from two
hemilabile moieties on the same metal center competing for one
site. Type III complexes involve an external molecule that com-
petes with the labile ligand—metal bond for coordination at the
metal center. Type 11l complexes are most applicable for use as
chemosensors.

Phosphine—ether ligands (PO) compose a particular class
of hemilabile ligands that have drawn recent attention in the
literature. Many papers that mention Ru(II) phosphine—ether
(PO) complexes discuss primarily synthesis and characteriza-
tion. For instance, Dutta and co-workers synthesized a group
of PO Ru(Il) complexes and solely investigated the prevalent
isomeric molecular structure [45]. Some authors also mention
possible applications. Werner and co-workers report the syn-
thesis of a PO Ru(II) complex containing two bulky hemilabile
ligands (Fig. 2) [46]. In the presence of the HBFy, the ether por-
tion of the hemilabile ligand is no longer coordinated to the metal
center. A small molecule does not take its place; however a car-
bon based ligand that was formerly double bonded to the metal
center assumes a triple bond to the metal center. This would
be an example of a molecule exhibiting Type Il Hemilability.
Werner and co-workers proposes that these types of complexes
may have applicability in olefin metathesis [46].

Lindner investigated a structurally diverse form of a
phosphine—ether hemilabile ligand—a ligand that contained two

TPFG MEO\/\
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Fig. 2. An example of a PO hemilabile complex of Type II Hemilability. This
complex has applications in olefin metathesis. Adapted from Ref. [46].
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I Cl

Fig. 3. A tetradentate phosphine—ether hemilabile complex. The compound on
top is bound to CO; this binding was not found to be reversible as is the case
with bidentate phosphine ether ligands. Adapted from Ref. [47].

centralized ether moieties and two external phosphine moieties,
such that the ruthenium complex was coordinated to a tetraden-
tate ligand, with two soft phosphorus chelates and two hard
oxygen chelates and two monodentate chlorine atoms (Fig. 3)
[47]. It was hoped that carbon monoxide may be activated at
one of the labile ether sites of this tetradentate PO Ru(II) com-
plex. Although this complex could exist as a tridentate complex
with CO substituted in the ether labile position, the CO binding
was not reversible. Attempts to activate the CO were not suc-
cessfully demonstrated due to relative immobility of the ligand
system and shielding of the reactive center.

1.4. Optically based hemilabile coordination complexes as
molecular sensors

There is an absence of work, in the literature, dedicated to
hemilabile sensors that include a luminescent signaling com-
ponent. Chromophoric and luminescent signals are desirable as
they are easily detected. In many instances, nothing beyond the
human eye is needed to observe a color change that signals the
binding of a certain molecule. Given both the dynamic binding
abilities of hemilabile ligands and the ease of detection of chro-
mophoric and luminescent signals, the development and analysis
of such an optical-based hemilabile sensor is desirable.

Relatively few examples are found of hemilabile sensors
that include a chromophoric signaling system, although the
Rh(I) phosphine—ether complex developed by Dunbar and co-
workers for carbon monoxide sensing exhibited a change in the
absorbance spectra of the hemilabile complex in the presence
and absence of CO [48].

We have demonstrated that the complexes [Ru(bpy),L]
(PFg)2 [L=(2-methoxyphenyl) diphenylphosphine (RuPOMe)
(1) and (2-ethoxyphenyl)diphenylphosphine (RuPOEt) (2)
(Fig. 4) exhibited analyte-dependent emission and colorimetric
behavior [49]. Later, the complex [Ru(bpy),L](PFe), [L=(2-
(2-propyoxy)phenyl)diphenylphosphine)] (RuPO'Pr-P) (3) was
also shown to exhibit small molecule sensing abilities [40].
These molecules reversibly bind various small molecules and
can be monitored through changes in both the absorption and
low temperature (77 K) emission spectra [49].

To our knowledge, this is the first example of a metal-to-
ligand charge transfer (MLCT) based sensor designed to take
advantage of the reversible binding provided by a hemilabile
ligand. MLCT excited states are ideal as chemosensors because
of their strong visible absorptions, long luminescence lifetime,

| = +2
2 =
N pn ph
N ‘ \P/
=
T L (1)R=CH
Ru 3
\N/ \T (2) R = CH,CH,
= N R
| (1) = RuPOMe
. (2) = RuPOEt

Fig. 4. [Ru(bpy)>L](PFs)> [L =(2-methoxyphenyl)diphenylphosphine (RuPO-
Me) (1) and (2-ethoxyphenyl)diphenylphosphine (RuPOE) (2)].

and proclivity to both electron and energy transfer quenching
processes [50-52].

2. Synthesis and structure
2.1. Synthesis of Ru(Il) hemilabile coordination complexes

Complexes (1-3) were prepared by reacting Ru(bpy):
Cl,-2H,0 with two equivalents of AgBFs in acetone. The
resulting complex [Ru(bpy)z(Me20)2]2+, was reacted with
one equivalent of the appropriate phosphine ether ligand
[40,49]. Metathesis occurred with the addition of NH4PFg. The
orange/yellow powders are soluble in polar organic solvents.
The "H NMR spectra are characteristic. Signals corresponding
to the aromatic ligands are spread over a broad range of the
spectrum (8 8.55-6.39) [49]. A lone upfield signal corresponds
to the labile ether ligand.

2.2. X-ray crystallography studies

A single crystal of (3) has been reported. The ORTEP repre-
sentation (Fig. 5) of the solid state molecular structure revealed
that water was substituted at the labile position of the hemil-
abile coordination triclinic crystal [40]. The distances between
the Ru(II) metal center and the various ligands averaged 2.13 A.
The geometry about the Ru(II) center was found to be a distorted
octahedron. This was also found to be the case in the solid state
when the POMe ligand of (1) and (2) were bound to the metal
center [53]. In the discussions that follow, the molecular rotation
about the Ru—P bond in the uncoordinated state is of importance
in defining the ligand field states. The crystal structure may sug-
gest that hydrogen bonding exists between the water coordinated
to the metal center and the free ether.

3. Host—guest chemistry

3.1. 3'P{!HY} equilibrium studies: demonstration of
reversibility

NMR spectra for (1) with the addition of H,O were obtained
at an approximate complex concentration of 1073 M in 2:1
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Fig. 5. ORTEP representation of hand-picked crystal, RuPO’Pr-P. Hydrogen
atoms and PF¢~ counterions are omitted for clarity.

ethanol/acetone. The ether-coordinated complex (1) shows a
sharp singlet in the 3'P{!H} NMR spectrum at § 52.8. When
water 5% (v/v) is added to (1), another singlet appears, 6 40.4,
corresponding to the water bound-RuPOMe complex, denoted
(1-H,0).

The reversibility of the reaction of (1) with H,O to form
(1-H,0) was established with *'P{'H} NMR spectroscopy.
Complexes (1) and (1-H,O) form an equilibrium in solution with
rate constant, K, modified to Kes = K/ = [1-H,0]%/([1][H,01])
which includes the proportionality constant, ¢, that accounts for
the fact that the ether is tethered to the metal and has a higher
effective concentration than it would if it were free in solution.
When 3!P{"H} NMR is used to follow the titration of (1) with
water, the integrated signals for (1) and (1-H,0O) may be used
to calculate Kerr. When [1-H,O012/[1] is plotted versus [H>O]
a linear plot results with K= (6 & 3) x 1073, The reversibil-
ity of the hemilabile moiety was demonstrated when more (1)
was added to solution and reestablishment of equilibrium was
observed [40].

3IP{TH} NMR studies of (3) proved that the isopropyl ether
ligand was more easily displaced by other solvent molecules than
(1). Presumably this increased susceptibility to small molecules
is due to steric constraints of the isopropyl ether group when it
is coordinated to the metal center [40].

3.2. Photophysical characterization: demonstration of
selective response

The photophysics and photochemistry of transition metal
complexes with MLCT excited states have been studied exten-
sively [54-59]. Emission from an excited Ru(Il) polypyridyl
complex, such as [Ru(bpy)3](PFg)> [(bpy)=2,2-bipyridine],
commonly occurs from a triplet metal-to-ligand charge-transfer

4 MLCT

SMLCT

/ Tunable Ligand Field State (d-d)

Energy

Fig. 6. Energy state diagram for (1) and (2) showing the possibility of a thermally
populated d—d state that may be tuned by variations in the ligand field, where
AE' is the activation energy barrier.

(®MLCT) excited state [60-62]. Such a MLCT state can
also undergo internal conversion by thermal deactivation to a
triplet, metal-centered ligand field (d—d) state with rate, k' =k
and activation energy barrier, AE’ (Fig. 6). These low energy
states do not usually appear in the absorbance or emission
spectra because of very low extinction coefficients and low
emission quantum yields. However, these states impact the
photophysical and photochemical properties of the complexes
because they provide an efficient pathway for non-radiative
decay.

At ambient temperatures, the thermally populated d—d states
of (1) and (2) provide a very efficient mechanism for non-
radiative decay. This results in very short lifetimes and no
room-temperature emission. Temperature-dependent lifetime
measurements are used to obtain information regarding this
metal-centered excited state. Temperature-dependent emission
has been observed previously with complexes of the type
[Ru(bpy)2L2](PFg)» [60,62]. The energy of the ligand field state,
and, likewise the rate and thermal activation energy barrier of
the MLCT — d—d transition may be tuned through variations
in the ligand, L [62-67]. Phosphine ligands, such as those in
(1) and (2), are known to increase the thermal accessibility of
d—d states, to the extent that luminescence from phosphine com-
plexes is typically not measurable at room temperature [62]. At
77 K, luminescence is observed as thermal population of the
non-radiative d—d state is effectively reduced due to the activa-
tion of the energy barrier. Emission is observed for the transition
from the ligand 7" orbital back to the ruthenium ground state
HOMO.

3.2.1. Absorbance and emission studies of (1) and (2)
RuPOMe (1) displays concentration dependent absorption
and emission behavior [49,40]. In 2:1 ethanol/acetone solvent,
the effect of going from 1.0 x 1073 M solution to 3.0 x 107> M
solution resulted in a 2.9 x 10° cm™! red shift in the absorbance
maxima and a 2.4 x 103 cm™! red shift in the 77 K emission
maxima. These spectral changes have been attributed to the fact
that in the dilute solutions of (1), the relative ratio of HyO to (1) is
higher than in the concentrated solutions of (1). Indeed this red-
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shifting phenomenon is observed when (1) is titrated with water
[68]. The absorbance maxima for the spin-allowed MLCT elec-
tronic transition of (1) in 3.0 x 107> M 4:1 ethanol/methanol
solution was observed at 454 nm. Consistent with the titra-
tion experiment mentioned above, variations in the atmospheric
humidity have been observed to cause significant changes in the
position of the MLCT band.

Similar fluctuations in the emission spectra of complex (1)
have also been observed. The highest energy low-temperature
emission band of (1) at 77K is observed at A =558 nm cor-
responding to the bound-ether complex. On the lower energy
side of this band there is a broad shoulder, A =616 nm, corre-
sponding to the presence of the aquo complex (1-H,O). These
assignments have been supported by low temperature excita-
tion spectra monitored at different wavelengths [68]. Analo-
gous water-dependent red-shifts in both the absorbance and
77K emission spectra have been observed for the RuPOEt (2)
complex.

The MLCT emission bands of (1) and (2) are at higher
energies than the MLCT emission band of [Ru(bpy);](PFe)2
(602 nm) [69-70]. This has been attributed to the presence of the
m-accepting phosphine ligand, which enhances m-backbonding
with the metal d-orbital in competition with the bipyridyl lig-
ands. This molecular orbital interaction results in a stabilization
of the metal-based HOMO as demonstrated by the higher energy
MLCT transition.

\_//\ -
2
2
g Ether
£
Acetone
Water
RuPOMe
325 350 375 400 425 450475 500 525
(a) Wavelength. nm
g u/ C12H258H
2
£
J DMS
RuPOMe

350 375 400 425 450 475 500 525
(b) Wavelength. nm
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Table 1
Gutmann solvent donor numbers

Ligand Gutmann solvent donor number
CH3CN* 14.1

Acetone 17

Ether 19.2

DMSO 29.8

Water? 33

TEA 61

Equal to —A Hpegpcy; in keal/mol. From Ref. [71].
2 [81].
b [82].

Changing the chemical identity of the hemilabile phosphine
ether from POMe to POEt does not cause a significant change
in the MLCT transition energy. However, the addition of a small
molecule ligand, such as H>O, to the metal center, causes signif-
icant changes in the MLCT band. Recent studies involving the
coordination of other small molecules to the metal center have
confirmed the small-molecule ligand dependency of the energy

gap.
3.2.2. Absorbance properties of the host—guest complex
(1-L)

The absorbance properties of (1), at room temperature,
were evaluated in the presence of several ligands (L). Table 1

TEA

MeCN

RuPOMe

b

325 350 375 400 425 450 475 500 525
(c) Wavelength. nm

Fig. 7. Absorbance of (1) with 100 equivalents of various small molecules. (a) O-bound, (b) S-bound and (c) N-bound. Measurements were taken in a4:1 EtOH:MeOH

solution.
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indicates the ligands that were used in this study, along with
their absorption and emission energies.

The absorption spectra at 298 K for 3.0 x 107> M RuPOMe
with 100mol equivalents of a variety of O-bound ana-
lytes are displayed in Fig. 7a. The variations in the MLCT
absorbance band for the other O-bound ligands are slight.
There are only small shifts in the absorbance maximum of
(1) when 100 equivalents of acetone and ether and DMSO are
present.

The absorption spectra at 298 K for 3.0 x 107> M RuPOMe
with 100 mol equivalents of two S-bound analytes are shown
in Fig. 7b. The MLCT band for (1-DMS) appears to have a
similar MLCT band to (1). The (1-C;2H>5SH) MLCT band is
slightly red-shifted relative to (1). Fig. 7c displays the absorp-
tion spectra at 298 K for 3.0 x 107> M RuPOMe with 100 mol
equivalents of the two N-bound analytes. The MLCT energy
gap for (1-MeCN) is slightly blue shifted relative to (1). Inter-
estingly, a 2.0 x 10° cm~! red shift is observed for the MLCT
band of (1-TEA).

/

Emission Intensity

DMSO
A .
/\ .

500 530 560 590 620 650 680
(@) Wavelength. nm

% C,,H,SH
\
R DMS

Emission Intensity

RuPOMe

525 550 575 600 625 650 675 700
(b) Wavelength. nm

1835

4704

Py

9]

o
I

P

a

o
I

440

4304

420

*

410

MLCT Absorbance Max for (1~L)

400 T T T T T T |
0 10 20 30 40 50 60 70

Gutmann Solvent Donor Number

Fig. 8. MLCT dependence on the Gutmann solvent donor parameters with
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Table 2
Lever parameters (Er) [83] for selected ligands listed as potentials in volts vs.
NHE =-0.240V vs. SCE

Ligand E. (V)
Cl~ —0.24
H,O0 0.04
Ph3P 0.39
Me,O 0.45
POMe 0.63%
bpy 0.259

4 Calculated from Ejp(Ru™M)ey.=0.97[Y E ]+0.04 [77] using RuCl,
(POMe-P,0),, E1/2(Ru™)=0.80 V vs. NHE [73].

3.2.3. Ligand influenced energy gap

A helpful parameter for evaluating ligand effects on coor-
dination complex energetics was introduced by Gutmann [71].
The solvent donor number (DN) is calculated calorimetrically
to be the negative of the heat of formation for the donor solvent
(D) with SbCls in an inert solvent (highly dilute so as to approx-
imate gas phase conditions) [70]. This quantifies the observation
by Briegleb that the donor strength of a molecule is represented
by its ionization energy [72]. Gutmann explained the donor num-
ber as an expression of the total amount of interaction with an
acceptor molecule, including contributions by dipole—dipole or
dipole—ion interactions and by the binding effect caused by the
availability of the free electron pair [71]. Gutmann solvent donor
numbers for the ligands under consideration in this section are
reported in Table 1.

The Gutmann solvent donor numbers correlate well to the
observed absorbance shifts that are observed for (1) with various
small molecule donors. When the MLCT absorbance maxi-
mum is plotted against the donor number, a linear plot emerges
(Fig. 8). As the solvent donor number increases, the electron
density at the metal center increases, destabilizing the HOMO
and causing a red shift in the MLCT band. This explains the red
shift of (1-L) that is observed with the increasing solvent donor
number of L.

3.2.4. Emission properties of (1-L)
Low temperature emission studies with (1) in 2:1
ethanol/acetone at relatively high concentrations displayed lig-

and dependent energetic shifts. The result is a beautiful array
of emission colors in the presence of varying small molecules
ranging from cherry brown in the presence of triethylamine to
yellow in the presence of acetonitrile to olive in the presence
of dodecanethiol [73]. Emission spectra have been obtained for
(1-L) with five of the ligand donor molecules evaluated in the
absorbance discussion. In each case the emission spectra for the
bound ligand complexes (1-L), appeared to be in equilibrium
with the parent compound (1) (Fig. 9). By analogy with the
previously studied (1-H>O) system, the lower energy band was
assigned to the ligand-bound complex.

The emission maxima for these bound ligand complexes
(1-L), do not show a linear correlation with the Gutmann solvent
donor numbers. Although a specific trend cannot be established
between the ligand properties and emission energies of (1-L), it
has been observed that when the labile ether functional group of
(1) is displaced by a small molecule, the energy of the MLCT
emission band is red shifted. When a small molecule coordi-
nates to the metal center, the bidentate P,O-chelate is opened
and we propose that the metal-ligand orbital overlap of the
ruthenium—phosphine dm* orbital will change [62]. This change
in overlap would affect the electron density at the ruthenium
center, decreasing the  backbonding interaction and causing a
change in the ruthenium HOMO depending on the Lever param-
eter of the incoming ligand/solvent. The observed result is a
decrease in the energy of the MLCT emission band. The bound
ligand complexes (1-L) emission bands appear at longer wave-
lengths than the emission of the parent P,O-complex (1).

3.2.5. Electrochemical behavior and optical energy
correlation

Ground state reduction potentials can be used to calculate
information regarding the luminescent excited state as demon-
strated by Lever [74,75]. Lever parameters (EL) can be used to
calculate an approximate contribution of the ligands to the redox
potential, AEedox), of a complex. The energy of the MLCT
absorption, which corresponds to Ru''(bpy) — Ru'l(bpy® ™),
scales linearly with the difference between the Ru"™" and bpy”'~
redox couples, AEedox) [76,77]. Adjusted for the Stokes shift,
the same holds true for the emission energies. These rela-
tionships have been used as confirmation that, within families

Table 3
Reduction potentials for (1) and sensor—analyte complex (1-H,O)
Complex Observed (V vs. SCE) Predicted
Eox Ereq AE(redox) El/Z(RUHUII )calca En (bPYO/i)calcb AE(redox)calcC Eqps (MLCT)calcd Eem(o - O)calce
1 1560 —1270 283 142 -1.35 2.77 2.98 2.25
1.0H, - - - 1.23 —1.40 2.63 2.84 2.14
Ru(bpy)s 1232 —1.35¢ 2.58 2.61h 274" 2.12M

¢ Erp(Ru™ e =0.97[> EL]+0.04 [77].

® E1p(bpy”eale =0.25(£0.01)[Y_EL(bpy)] — 1.40(20.03) [73].

¢ AEedoxycale = E112 (RUHI/H eale — El/Z(beop Deale-

4 Epos(MLCT) = 1.00 A Eredox) +0.21 [76].

¢ Eem(0 —0)=0.76(£0.06) AE redox) +0.14(£0.04) [84].

f CH,Cly, 0.1 M [n-BuyN]PFg, 25°C.

& CH3CN, 0.1 M [n-Et4N]PFg, 25 °C [85].

" These values were calculated from emission and absorbance data.
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Table 4

Observed vs. predicted MLCT absorption energy and highest energy emission
(eV) for (1) and sensor—analyte complexes, 1-L in a 3.0 x 10~ M solution of
(1) with 100 equivalents of (L)

Complex E.bs(MLCT) E.m(0-0)
Observed Predicted® Observed® Predicted® Predictedd

1 2.97 2.98 2.23 348 242
1-MeCN 3.01 3.06 2.13 3.58 2.50
1-NEt3 2.69 2.88 1.96 3.35 2.37
1.DMSO-S - 3.15 2.09¢ 3.70 2.50
1.DMSO-O 2.97¢ 2.79 1.99¢ 3.23 2.32
1-Me,S 2.98 3.03f 1.97 3.55f 2.44f
1.0H, 2.888 2.84 2.028 3.29 2.35

(Solvent: 4:1 EtOH:MeOH) [73].

4 Calculated from AE(edox)cale USIing Eaps(MLCT) = 1.00AEredox) +0.21.

b May not be true 0-0 band.

¢ Calculated from AEedoxycale USing Eem(0-0)=0.76(£0.06) A Eredox) +
0.14(%£0.04), trend for all Ru(II) bpy complexes.

d Calculated from AE(redoxycale USing  Eem(0-0) =0.49(£0.03) A Eredox) +
1.06(£0.01), trend for [Ru(bpy)(biq)LL’]2+ complexes.

¢ Measured from samples containing both 1.-DMSO-S and 1.DMSO-O.

f Approximated as Me;S.

& More than 100 equivalents of HyO present.

of Ru(Il) bpy complexes, the absorption and emission arise
from analogous MLCT and LMCT processes. Excellent dis-
cussions of these relationships are available in reviews by Lever
[78-80].

Lever parameters (Table 2) have been used to estimate the
redox potentials, AE(redox), for (1) and (1-L). The solution elec-
trochemistry of the sensor complex was examined via cyclic
voltammetry for (1) to compare to the predicted value. The
experimentally observed and predicted values of AEedox) are
listed in Table 3.

The predicted absorbance and emission energies for a series
of complexes (1-L), based on Lever parameters have been cal-
culated and compared to the observed optical energies obtained
from previous sections in Table 4 [73]. The Lever predicted
values for absorbance are well matched to the values obtained
experimentally (the average difference between the calculated
and observed values is 0.09 eV). However, the emission differ-
ences are much larger, even when two different equations are
employed following trends for both Ru(Il) bpy complexes and
[Ru(bpy)(biq)LL']> complexes. It is likely that this difference
in energy is the result of distortions in the excited state and dif-
ficulty in assigning the true Ey_g value for the relatively broad
MLCT bands in the optical spectra.

3.2.6. Lifetime studies

Excited state lifetimes were determined for complexes (1),
(2), (2-H,0) and (1-L) by time-resolved emission measure-
ments following laser excitation at 337 nm. As the temperature
increases, a decrease in the lifetime of luminescence is observed
for both (1) and (2). This result is consistent with thermal pop-
ulation of the non-radiative d—d states as described previously
for MLCT complexes of Ru(I) [62]. The lifetime of the MLCT
emission becomes shorter as the rate of energy transfer to the
d—d state increases.

Table 5
77K lifetime values for several complexes (1-L), monitored at the wavelength
of maximum signal intensity

Complex 7 (77K)*

1) 4.194+0.05 ps at 620 nm
(1-MeCN) 7.89 £ 0.05 ps at 552 nm
(1-TEA) 7.18 &+ —0.05 ps at 550 nm
(1. DMS) 2.80 £ 0.05 s at 625 nm
(1.DMSO) 6.66 & 0.05 s at 550 nm
@) 3.2440.05 ps at 620 nm
(2-H,0) 0.22 4+ 0.05 ps at 620 nm

Values were determined assuming a first order rate decay process.
2 Monitored at wavelength of maximum signal intensity.

The lifetimes of (1), (2), (2-H,0) and (1-L) were measured at
the wavelength of maximum signal intensity (Table 5). While a
distinct trend appears to be missing in these results, we note that
the lifetime of (2-H,O) is less than the lifetime of (2). However,
except for (1-DMYS), all of the lifetime values recorded for (1-L)
were longer than that of (1). It appears that the two samples
that were monitored at 620 and 625 nm had significantly shorter
lifetimes than the samples that were monitored around 550 nm.
This difference may be explained by the fact that the ~620 nm
band reports the lifetime of the complex (1-L), and the ~550 nm
band reports the lifetime of (1) itself. Thus it could be generally
stated that the 77 K lifetime of the ligand substituted hemilabile
complexes (1-L) and (2-L) are shorter than the corresponding
ether bound complexes.

When a small molecule binds to the ruthenium center of
the hemilabile complexes, the phosphine—ether ligand becomes
a monodentate phosphine. The increased molecular flexibility
appears to result in an increase in the manifold of medium to
low frequency d—d states capable of coupling to the solvent
(Fig. 10). The rate of vibrational relaxation from the d—d state
is therefore more rapid in the aquo-complexes. The more acces-
sible non-radiative d—d state shortens the observed lifetime of
luminescence from the MLCT state.

3.2.7. Temperature-dependent lifetime studies as kinetics
probe

Temperature-dependent lifetimes for (1), (2) and (1-L) were
fit to the expression below using a non-linear least-squares pro-
cedure [62].

1 P —AF' !
T eXp( RT) )

In Eq. (1) k=k; + kyy; ke and k,, are the rate constants for the
nominally temperature-independent radiative and non-radiative
decay processes, respectively; k0 is the thermally activated pro-
cess prefactor with activation energy AE’; k' is equal to this
temperature dependent term, kK’° exp(—AE'/RT), and R is the
ideal gas constant.

Experimental determination of the fluorescence lifetimes at
different temperatures allows for the determination of the ther-
mal activation energy barrier and the rate of energy transfer from
the SMLCT — d—d state. As expected, the 3MLCT — d-d acti-
vation energy barrier, AF/, is greater for [Ru(bpy)3](PF¢)> than
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Table 6
Excited state decay parameters for (1) and (2)
Complex Concentration (M) k(s KO (s~ AE (cm™) K (s7!, 298 K) K (s7!,77K)
[Ru(bpy)3]1(PFs); in CH,Cl, [85] - 4.1x10° 4.5x 108 3560 1.54 % 10° 5.802 x 10716
RuPOMe (1) in 4:1 ethanol: methanol 3.0x 107 25 % 10° 3.0 x 101 1390 3.65 x 108 1.568
RuPOEt (2) in 4:1 ethanol: methanol 3.0x 107 25x%10° 3.0 x 1010 1147 1.18 x 108 14.761

The values were obtained by fitting the lifetime to the expression in Eq. (1).

(1) or (2) (Table 6). The efficient pathway of non-radiative decay
through the d—d state and the smaller activation energy barrier
for (1) and (2), results in no emission at ambient temperatures.
This also explains the several-fold increase in the non-radiative
decay rate, K, of (1) and (2) relative to [Ru(bpy)31(PFs)3.
Temperature dependent lifetime studies were also conducted
for several complexes (1-L). The resulting —In(z) versus 1/T
plots with the fitted Eq. (1) are shown for (1-MeCN), (1.-TEA),
(1-DMS) and (1-DMSO) in Fig. 11. From these values, the rates
of energy transfer from the MLCT to d—d state, k', and the ther-
mal activation energy barrier, AE, were calculated, Table 7.
Inall instances of (1-L), AE is significantly smaller and &’ dis-
tinctly faster than for (1). These results are in agreement with our
understanding that as the hemilabile ligand undergoes the tran-
sition from bidentate to monodentate, the increased molecular
flexibility results in an increased manifold of d—d states that are

available to vibronically couple to the solvent. This increased
manifold of d—d states results in a lowering of the activation
energy barrier for non-radiative decay from the MLCT to d—d
state. An increase in the rate of non-radiative decay is also a

Table 7
Energy transfer rates and thermal activation energy barrier data for (1) with small
molecules

Ligand KO s™h K (s7!,77K) AE (cm™")
@) 3.0 x 10! 1.735 1390.28
(1-MeCN) 2.00 x 10° 1235.52 782.05
(1.TEA) 2.00 x 10° 476.78 834.14
(1-DMS) 2.00 x 10° 765.95 813.34
(1.DMSO) 1.85 x 10° 1274.18 768.21

Values were calculated using Eq. (1).
K =k'% exp(— AE'IRT). All experiments were run in 4:1 ethanol:methanol.
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direct result of the increased manifold of d—d states in the (1-L)
complexes as the thermal activation energy barrier is lowered
and more pathways are available for vibrational relaxation from
the d—d state.

4. Conclusion

We have demonstrated that hemilabile ligand complexes
are promising chemosensors based on their reversible ligand-
dependent fluorescence response. Our understanding of the lig-
and effects on coordination complex energy levels has been
advanced in significant ways. It has been shown that the MLCT
energy of the Ru(Il) coordination complex containing two
bipyridine ligands and one phosphine ether ligand is greater than
the corresponding Ru(II) complex with three bipyridine ligands.
This increase in the emission energy is attributed to stabilization
of the metal d-based HOMO orbitals caused by the backbond-
ing effect observed in the presence of the m-accepting phosphine
ligand.

It has also been suggested that when the phosphine ether
ligand detaches at the labile position, the metal-ligand orbital
overlap of the ruthenium—phosphine d" state is affected. This
results in a decreased  backbonding interaction and destabiliza-
tion of the d-orbital based HOMO orbitals. This is consistent
with the generally observed decrease in the metal-to-ligand
energy gap of (1-L) and was especially pronounced in the case
of (1-H;0) and (1-TEA). The ligand influence on the metal-to-
ligand energy gap was observed to follow a trend in the Gutmann
donor numbers. This trend indicates that ligands that are strong
electron donors raise the metal-based HOMO. This trend was

also consistent with the incoming ligand having a Lever param-
eter, £y, that was substantially larger than the ether, which is
being displaced.

A switch of the phosphine—ether ligand from bidentate to
monodentate upon binding of a small molecule ligand (L)
results in a decrease in the activation energy barrier, AE’, and
an increase in the rate, k. These photophysical changes are
attributed to an increased manifold of d—d states that are capa-
ble of coupling to the solvent. The increased manifold of d—d
states result from the increase in molecular flexibility that occurs
when the labile portion of the hemilabile ligand detaches from
the metal center.

In conclusion, the hemilabile complexes (1) and (2), show
promise as chemosensors based on the reported photochemical
changes caused by the binding of small molecule analytes. These
results successfully demonstrate that the rate of non-radiative
decay from the ligand-field d—d state in hemilabile ligand com-
plexes can be modified through substitution at the labile portion
of the bidentate ligand. We describe this as “tunable ligand field
deactivation.”
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