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A fluorescent sensor has been synthesized that comprises a pyrene moiety tethered to a [2,2":6,2"]-terpyridyl ligand
via a diethynylated thiophene linker. This multicomponent supermolecule is highly emissive in solution but addition
of Zn*"* cations results in a drastic decrease in the fluorescence yield. Complexation between Zn*" cations and the
vacant terpyridyl ligand has been confirmed by NMR spectroscopy and by electrospray mass spectrometry.

The ES-MS results provide strong support for the formation of both 1: 1 and 1 : 2 (metal : ligand) complexes in
solution. Complexation is further evidenced by a pronounced shift in the absorption spectrum, by the appearance
of a long-wavelength band in the fluorescence spectrum and by cyclic voltammetry. On the basis of UV-visible
spectrophotometric titrations, overall binding constants of logf; ~ 5.1 and log 8, ~ 9.9 were derived for the 1 : 1 and
1 : 2 complexes, respectively, in acetonitrile solution. The possible application of this system as a generic chemical

sensor for cationic species is mentioned.

Introduction

Selective molecular recognition and highly responsive signal-
ling of physical and/or chemical interactions are two prime
requisites for any efficient analytical sensor.! To meet the first
objective, analyte binding can be realized using hosts such as
cyclodextrins,? crown ethers,® aza-macrocycles,* chelates,® calix-
arenes,® cyclophanes’ and related superstructures bearing cen-
tral cavities. In order to report on molecular interactions such
hosts are further functionalized with secondary groups that are
perturbed upon guest binding. This perturbation is recorded
by a change in reduction potential® or a modification of the
optical properties, such as the absorption maximum,’ fluor-
escence yield,' circular dichroism spectrum!! or degree of
circularly polarised luminescence,? of the reporter. Optical
signalling via luminescence quenching or enhancement is a par-
ticularly attractive method that has been utilised in a number
of systems developed to date."® The ultimate sensitivity of a
luminescence-based reporter is set by the difference in signal
between the ‘on’ and ‘off’ states. To maximise sensitivity, it is
essential that one of these two states is ‘dark’ while the other is
‘bright’. This realisation has led to the extensive use of aromatic
polycycles such as pyrene as the fluorescent reporter. In fact,
pyrene is highly fluorescent, both as a monomer and an
excimer, and readily undergoes electron-transfer quenching.'
Hence, pyrene has found wide usage as a fluorescent sensor for
sugars,’ alkali metals,'® iodide ions,'” dioxygen,'® bile acids,”
and mercuric ions.?

We have become interested in the design of a general fluor-
escent sensor for detecting trace metal cations in solution. In
common with many other systems, we have selected pyrene as
the basic fluorophore and poly(pyridine) ligands as the recog-
nition site. It is known that these two units operate independ-
ently to bind and detect adventitious cations in solution. When
connected together via a conjugated linker, the two terminals
act cooperatively in that the normal pyrene-like fluorescence
is replaced with charge-transfer emission.?! This effect greatly
enhances the analytical potential of the system since the recog-
nition site is now part of the fluorophore. However, the ‘on’
state was not sufficiently bright for the device to be viable as an
analytical tool. We now report that replacing the ethynylene
linker with 2,5-diethynylated thiophene has a major influence
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on the photophysical properties of the free ligand. Thus, the
pyrene functionalised ligand L, has considerable scope as a
general purpose sensor for cations. We illustrate the overall
properties of this system by reference to detection of Zn(ClO,),
in CH;CN, but this is representative of much more versatile
binding behaviour.

Numerous other fluorescence-based molecular systems are
available for the detection of zinc(i) ions in solution. Many
such sensors are selective towards zinc(11) cations by varying the
pH?*™* and can operate at the nanomolar range. Other systems
suffer from poor ‘on—off’ differentials,® but Fages and co-
workers?® have described two highly conjugated pyrene-2,2’-bi-
pyridine rod-like molecules whose strong fluorescence is heavily
quenched on addition of zinc(mr) cations. There are clear simi-
larities between these latter systems and L;. We focus here on
the novel features of L, with respect to binding of zinc(ir)
cations and will report later on the general-purpose sensing
properties of this class of compound. An added advantage
of L, is that cation binding can be visualised by changes in the
UV-visible absorption spectrum and by the appearance
of a new wave in the cyclic voltammograms observed during
electroreduction.

Experimental

All chemicals were purchased from Aldrich Chemicals Co. and
were used as received. Solvents were dried by standard liter-
ature methods?’ before being distilled and stored under nitro-
gen over 4A molecular sieves. 'H and *C NMR spectra were
recorded with a JEOL Lambda 500 spectrometer. Routine mass
spectra and elemental analyses were obtained using in-house
facilities.  4-Ethyl-5-iodothiophen-2-ylethynyltrimethylsilane
(1),%® 1-ethynylpyrene (2)* and trifluoromethane sulfonic acid
[2,2":6" 2 |terpyridin-4’-yl ester (5) * were prepared and purified
by literature methods.

Cyclic voltammetry experiments were performed using a
fully automated HCH Instruments Electrochemical Analyzer,
and a three electrode set-up consisting of a glassy carbon work-
ing electrode, a platinum wire counter electrode and an SCE
reference electrode. All experiments were performed in dry
CH;CN containing tetra-N-butylammonium tetrafluoroborate
(0.2 mol dm™) as background electrolyte. Absorption spectra
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were recorded with an Hitachi U3310 spectrophotometer while
corrected fluorescence spectra were recorded with an Hitachi
F4500 spectrophotometer. All fluorescence measurements were
made using optically dilute solutions and were corrected for
spectral imperfections of the instrument by reference to a
standard lamp. Quantum yields were determined relative to
either 9,10-diphenylanthracene in benzene*! or ruthenium(ir)
tris(2,2'-bipyridine) in acetonitrile.*> Time-resolved fluor-
escence measurements were made with a Spex Fluorolog tau-3
spectrophotometer.

Spectrophotometric titrations were performed by adding
small quantities of a standard solution of zinc perchlorate in
acetonitrile to a dilute solution of L, in acetonitrile. The course
of reaction was followed either by integrating the entire emis-
sion band or by measuring the fluorescence intensity at fixed
wavelength. It should be stressed that very low concentrations
of cation are needed to extinguish fluorescence. The presence of
oxygen had no effect on the titration but it was essential to
avoid contamination by acid or other cations. Similar titrations
were made by following changes in the absorption spectrum
upon addition of small amounts of zinc perchlorate. The latter
results were analysed using SPECFIT. A spreadsheet was con-
structed using absorbance values collected at 160 different
wavelengths within the range 330490 nm and for 30 different
concentrations of cation. The effect of minor dilution of the
sample was corrected and the results were subject to vector
analysis in order to determine the probable number of com-
ponents. Known spectra of the free ligand and 1 : 1 complex
were used to assist data analysis. Kinetic studies with made by
the stopped-flow method using an Applied Photophysics Ltd.
Instrument.

Analysis of the fluorescence spectral titration data was made
as follows: first, a complete spectral analysis was made using
SPECFIT with the known spectra for the free ligand and for the
final 1 : 2 complex. This analysis allowed determination of the
relative fluorescence yields of the free ligand and of the 1 : 2
complex and of the fluorescence spectrum for the latter species.
The analysis indicated that only two fluorescing species were
involved. Secondly, a quantitative analysis was made by fitting
the fluorescence intensity at a single wavelength, measured
at different cation concentrations, to a set of model equations.
Stability constants were derived by fitting experimental data
collected at 10 different wavelengths and for at least 20 different
cation concentrations. The results from three separate titrations
were averaged to give the quoted binding constants.

Computational studies were made with the Gaussian-03
package, with visualisation via GaussView. Calculations were
run on a fast PC. Geometry optimisation was made using
the ONOIM (MM:MO) module for the solute in a bath of
water molecules. Excitation energies were calculated using the
CASSCF method. The practical active space was restricted to
five occupied and six unoccupied molecular orbitals. Again,
water was used as the solvent.

(4-Ethyl-5-pyren-1-ylethynylthiophen-2-ylethynyl)trimethyl-
silane (3)

1-Ethynylpyrene (1.30 g, 5.77 mmol), 4-ethyl-5-iodothiophen-2-
ylethynyltrimethylsilane (2.13 g, 6.35 mmol), bis(triphenyl-
phosphine)palladium(ir) dichloride (203 mg, 290 pmol) and
copper(1) iodide (28 mg, 150 pumol) were mixed and thoroughly
deoxygenated under vacuum. After degassing, the reactants
were dissolved in deoxygenated THF (100 mL) and the result-
ant solution stirred for 10 min before addition of diisopropyl-
amine (50 mL). The solution was stirred at room temperature
for a further 2 h before being quenched by addition of water
(100 mL). The organic layer was separated and the aqueous
layer was washed with diethyl ether (3 X 100 mL). The com-
bined organic layers were washed with water until the washings
were neutral. The organic layer was then dried over MgSO, and

evaporated to give the crude product. Purification was achieved
by column chromatography (silica gel, light petroleum-di-
chloromethane (0 to 20%)) to yield 1.31 g (52%) of the desired
product as a yellow oil. 'H NMR (500 MHz, CDCl,): § 0.26 (s,
9H, SiMe,), 1.26 (t, 3H, J = 7.6 Hz, CH,), 2.72 (q, 2H, /= 7.6
Hz, CH,), 7.18 (s, 1H, CHgy,), 8.11 (m, 8H, CH,,.) 8.55 (d,
1H, J = 8.8 Hz, CH,en.)- “C NMR (125.65 MHz, CDCl,):
0 0.00 (3C), 14.39, 22.95, 29.33, 53.86, 88.43, 93.07, 96.86,
102.47, 117.23, 119.91, 123.35, 124.37, 124.62, 125.46, 125.77,
125.83, 126.37, 127.30, 128.42, 128.57, 129.52, 131.13, 131.54,
131.91, 132.37, 150.05. HR-MS: calc. for C,H,,SSi: 432.1396,
found: 432.1368.

3-Ethyl-5-ethynyl-2-pyren-1-ylethynylthiophene (4)

A solution of 3 (1.21 g, 2.79 mmol) and potassium hydroxide
(630 mg, 11.20 mmol) (dissolved in the minimum amount of
water (2 mL)) in methanol (15 mL) and diethyl ether (30 mL)
was stirred at room temperature for 24 h before addition of
water (150 mL). The aqueous layer was extracted with diethyl
ether and the organic extracts were combined, dried over
MgSO, and evaporated to give 1.00 g (99%) of the desired
product as a yellow solid, which was used without further puri-
fication. "H NMR (500 MHz, CDCl,): 6 1.29 (t, 3H, J= 7.6 Hz,
CH,), 2.76 (q, 2H, J = 7.5 Hz, CH,), 3.52 (s, 1H, CH), 7.22 (s,
1H, CHyy,), 8.13 (m, 8H, CH,0) 8.58 (d, 1H, J = 9.1 Hz,
CH,yrene)- “C NMR (125.65 MHz, CDCl,): § 14.51, 22.83,
29.33, 53.92, 76.18, 84.33, 87.99, 93.03, 117.01, 118.35, 123.75,
124.29, 124.47, 124.55, 125.35, 125.78, 126.32, 127.23, 128.40,
128.55, 129.48, 131.06, 131.25, 131.53, 131.87, 150.41. HR-MS:
calc. for C,sH(S: 360.0972, found: 360.0962.

3-Hexadecyl-2-iodothiophene (6)

Under a dry N, atmosphere, cetylbromide (16.8 ml) in
anhydrous Et,O (200 ml) was added dropwise to magnesium
turnings (1.096 g, 47.6 mmol) at room temperature. The result-
ant mixture was stirred for 1 h, and transferred via a cannula
to a solution of 3-bromothiophene (2.85 ml) and 1,3-bis(di-
phenylphosphino)propane nickel(i) chloride (18 mg, 0.034
mmol) in dry Et,0 at —78 °C. The mixture was allowed to
warm to room temperature and left to stir overnight. The solu-
tion was poured into water (50 ml) containing a few drops of
2 M HCI, and extracted with Et,O (5 X 25 ml). The combined
organic extracts were washed with brine, separated, and dried
over MgSO,. Removal of the solvent afforded a crude solid
which was purified by flash chromatography (silica gel) with
light petroleum as eluent. Yield 4.22 g, 45%. 'H NMR (CDCl,):
00.89 (t, 3H, J = 6.5 Hz, CHj;), 1.27 (br, s, 26H, CH,), 1.61 (m,
2H, CH,), 2.64 (t, 2H, J = 7.5 Hz, CH,), 6.93 (m, 2H. CHy,,),
7.24 (m, 1H, CHgy,). *C NMR (CDCIl,): 6 14.42 (1C), 23.00
(1C), 29,66 (3C), 29.77 (8C), 30.58 (1C), 30.87 (1C), 32.23 (1C),
120.04 (1C), 125.29 (1C), 128.58 (1C). HR-MS: calc. for
C,oH;S: 308.2538, found 308.2525.

To a solution of the above compound (4.22 g, 13.7 mmol) in
benzene (7.6 mL) at 0 °C was added mercuric oxide (2.967 g,
13.7 mmol). After standing for a few minutes, a solution of
iodine (3.824 g, 15.07 mmol) in dried CH,Cl, (3.8 mL) was
added dropwise. The mixture was stirred overnight at room
temperature, followed by filtration through Celite to remove
unreacted starting material. The filtrate was poured into water
(10 mL) and the aqueous layer extracted with Et,O (5 X 10 mL).
The combined organic extracts were washed with brine, separ-
ated, and dried over MgSO,. Removal of the solvent afforded a
crude solid which was purified by flash chromatography (silica
gel) with light petroleum as eluent. Yield 3.05 g, 51%. "H NMR
(CDCly): 0 0.81 (t, 3H, J = 6.2 Hz, CH,), 1.18 (br, s, 26H, CH,),
1.51 (m, 2H, CH,), 2.47 (t, 2H, J = 7.5 Hz, CH,), 6.68 (d, 1H,
J=5.4Hz, CHg,), 7.30 (d, 1H, J = 5.4 Hz, CH,,;,). ®*C NMR
(CDCl,): 6 14.45 (1C), 23.01 (1C), 29.66 (3C), 29.99 (8C), 30.59
(10), 30.87 (1C), 32.23 (1C), 120.04 (1C), 125.09 (1C), 125.09
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(10), 128.59 (1C). HR-MS: calc. for C, H;,IS: 434.1504, found
434.1491.

4-Hexadecyl-2-pyren-1-ylethynylthiophene (L,)

A mixture of 1-ethynylpyrene (250 mg, 1.1 mmol), 6 (529.5 mg,
1.22 mmol), bis(triphenylphosphine)palladium(ir) dichloride
(38.96 mg, 0.055 mmol) and copper(1) iodide (5.29 mg, 0.028
mmol) was deaerated under vacuum. Anhydrous THF (25 mL)
and dried diisopropylamine (5 mL) were added and the reaction
mixture stirred at room temperature for 2 days. Water (10 mL)
was added to the solution, which was subsequently extracted
with dichloromethane (5 X 10 mL). The combined organic
extracts were dried over MgSO, and evaporated to afford a
crude material which was purified by flash chromatography
(silica gel) with petrol:dichloromethane (9 : 1) as eluent. Yield
120 mg, 36%. A spectroscopically pure sample was obtained by
recrystallisation from light petroleum followed by preparative
TLC (silica gel, light petroleum). '"H NMR (CDCl,): § 1.06 (t,
3H, J = 6.5 Hz, CHj;), 1.29 (m, 26H, CH,), 1.73 (m, 2H, CH,),
2.87 (t, 2H, J = 7.5 Hz, CH,), 6.99 (d, 1H, J = 5.2 Hz, CHy,,),
7.19 (d, 1H, J = 5.0 Hz, CHgy,), 8.0-8.3 (m, 8H, CH,yp.), 8.55
(d, 1H, J = 9.1 Hz, CH,,0,,.). "C NMR (CDCl,): § 14.52 (1C),
23.09 (1C), 29.75 (1C), 29.87 (1C), 30.08 (9C), 30.29 (1C), 30.90
(1C), 32.32 (1C), 88.57 (1C), 94.94 (1C), 118.32 (1C), 118.98
(1C), 124.95 (1C), 124.95 (1C), 125.33 (2C), 125.94 (2C), 126.65
(20), 127.66 (1C), 128.51 (1C), 128.73 (1C), 128.86 (1C), 129.71
(1C), 131.53 (1C), 131.69 (1C), 131.92 (1C0, 148.44 (2C).
HR-MS: calc. for C;4H,,S: 532.3164, found 532.3157.

4'-(4-Ethyl-5-pyren-1-ylethynylthiophen-2-ylethynyl)-
[2,2':6',2"lterpyridine (L,)

A mixture of 4 (100 mg, 277 pmol), 5 (117 mg, 305 umol) and
tetrakis(triphenylphosphine)palladium(0) (16 mg, 1.3 pmol)
was degassed thoroughly under vacuum. After degassing, the
reactants were dissolved in deoxygenated THF (10 mL) and the
resultant solution was stirred for 20 min before addition of
diisopropylamine (7 mL). The solution was refluxed at 95 °C for
2 days and then quenched by addition of water (50 mL). The
organic layer was separated and the aqueous layer was washed
with dichloromethane (5 X 50 mL). The organic residues were
combined and washed with water until the washings were neu-
tral. The organic layer was dried over MgSO, and evaporated to
give the crude product. Purification was made by column chro-
matography (basic alumina, light petroleum—dichloromethane
(0 to 50%)) to yield 106 mg (51%) of the desired product as an
orange solid. "H NMR (500 MHz, CDCl,): 6 1.37 (t, 3H, J=7.6
Hz, CH,), 2.88 (q, 2H, J = 7.6 Hz, CH,), 7.29 (s, 1H, CHy,,),
7.39 (qd, 2H, J = 5.6 Hz, J' = 1.5 Hz, CH,q,), 7.90 (td, 2H,
J=77Hz, J' =17 Hz, CH,,,), 8.15 (m, 8H, CH,,,,.) 8.57
(s, 2H, CHyerpy), 8.60 (d, 1H, J = 9.2 Hz, CH,,.,,.) 8.65 (d, 2H,
J=17.9Hz, CH,,,), 8.76 (d, 2H, J = 3.9 Hz, CH,,,,). "C NMR
(125.65 MHz, CDCl,): 6 14.72, 23.10, 86.41, 86.15, 93.84, 94.67,
117.00, 118.75, 121.29 (2C), 122.27 (2C), 124.07 (2C), 124.28,
124.46, 124.57, 124.94, 125.34, 125.73, 125.81, 126.31, 127.23,
128.41, 128.59, 129.52, 131.07, 131.24, 131.55, 131.88, 132.57,
133.10, 136.97 (2C), 149.18 (20), 150.61, 155.54 (2C), 155.64
(2C). HR-MS: calc. for C,;H,5 N;S: 591.1769, found: 591.1783.
CHN analysis: calc. (found) for C,H,sN;S-H,0: C, 80.76
(80.10); H, 4.46 (4.26); N, 6.89 (6.97)%.

Results and discussion
General considerations

The ligand L, has been designed as a general purpose fluor-
escent reporter for cations in solution. The appended terpyrid-
ine ligand is intended to serve as a receptor for adventitious
cations, including protons. Pyrene is used as the fluorescent
label but the key component in the overall supermolecule is the
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central diethynylated thiophene residue. It is known that this
latter unit is a good electronic conductor ** and its inclusion as a
component in L, is to promote electronic coupling between the
terminal sites. In this way, cation complexation should be regis-
tered by a marked change in fluorescence yield. Also, thiophene
is readily functionalised so as to provide for water solubility or
anchoring to a surface and it can be electropolymerised.* These
latter features become important when considering how best to
incorporate the sensor in a practical device.

Outlined in Scheme 1 is the synthetic procedure used for
preparation of the fluorescent reporter ligand L, and the con-
trol compound L,. Linking the thiophene-based derivative 1 to
the pyrene-containing segment 2 proceeded smoothly under
standard cross-coupling conditions to afford intermediate 3in a
respectable 52% yield. Removal of the TMS protecting group
afforded 4 in essentially quantitative yield, prior to its tethering
to the terpyridine-based precursor 5 using standard Sono-
gashira coupling conditions.*® This latter step was realised in
51% overall yield. The target compound is reasonably soluble
in common organic solvents and in acidic aqueous solution.
Compound L, was prepared by coupling 2 with the thiophene
derivative 6. It should be noted that the substitution pattern
around the thiophene residue differs in L, and L,.

CisHs

531

ia

™ ‘ (i) PA(PPh3),Cly, CuCl,
O ipr,NH, THF

2 K,COy/MeOH

(i) Pd(PPh3),Cl,, CuCl,
'PerH THF

Scheme 1 Synthetic procedure used in the synthesis of the fluorescent
reporter L; and control compound L,.

"H NMR spectroscopy

The binding affinity of L, towards Zn** cations was monitored
by 'H NMR spectroscopy in a CDCl,—(CD;),SO mixture at
ambient temperature. [llustrated in Fig. 1 is the aromatic region
of L, before and after the addition of sufficient Zn(ClO,), to
form the expected 1 : 2 (metal : ligand) complex. Specific proton
resonances corresponding to pyrene, thiophene and terpyridyl
groups are affected and undergo significant chemical shifts. The
singlet due to the proton on the thiophene nucleus undergoes
an upfield shift of ca. 0.04 ppm, which would suggest that there
is a decrease in the electron current density at this site.*® Com-
parable upfield shifts were observed for several of the pyrene
resonances. That the singlet corresponding to the terpyridyl
protons proximal to the acetylene group undergoes a major
downfield shift (ca. 0.09 ppm) is consistent with enhanced
deshielding caused by an increased ring-current effect at the
central pyridine ring.

These various perturbations of the '"H NMR spectrum serve
to indicate two important effects: First, it is evident that L,
binds added Zn*" cations with high affinity. Presumably, co-
ordination takes place at the vacant terpyridyl site but, while
the NMR results are consistent with this hypothesis, this point
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Fig. 1 Partial "H NMR (500 MHz) spectra of the aromatic region of
L, in the presence (top) and absence (bottom) of Zn(ClO,),.

has not been established by experiment. Second, it is clear that
there is strong electronic coupling along the molecular axis,
especially following coordination of the cation. This effect is
apparent from the effect that cation binding has on those NMR
signals due to (supposedly) remote sites, such as the pyrene
chromophore. In turn, this suggests to us that the ground state
of L, is relatively polar because of intramolecular charge trans-
fer from pyrene to either the central thiophene residue or the
terminal terpyridyl site.

Electrochemical sensing

Cyclic voltammograms recorded for L, in deoxygenated
acetonitrile containing tetra-n-butylammonium tetrafluoro-
borate (0.2 mol dm™), as background electrolyte, showed
several regions of interest (Scheme 2). Firstly, on oxidative
scans an irreversible peak can be discerned at 1.31 V vs. Ag/
AgCl. Based on literature data,” this oxidation step is most
likely due to one-electron oxidation of the pyrene subunit. The
process is irreversible because of rapid formation of the corre-
sponding pyrene dimer n-radical cation by association with a

oxid,

oxid 2V
(a) (131 {1)/—\, (

Pyr~~~Thio~~~{

< red, k red;
(-1.90 V) (-1.61V)
oxid,
. (1.63V)
oxid-

(b) (125 1‘/)/_\, (

Pyr~~~Thio

red,
(-1.59V)

red,

(-125 V) \

(C) (gif ]V)
Pyr~~~Thio~~~ {ZnZJr

red,
133 V)

Scheme 2 Pictorial representation of the electrochemical processes
relevant to (a) L,, (b) L, and (c) the Zn** complex formed with L,. Note,
in panel (c) the reduction potentials were obtained by fitting the broad
peak to successive one-electron waves.

second pyrene moiety.*” It should be noted that 1-ethynylpyrene
shows a one-electron oxidation step at 1.42 V vs. Ag/AgCl,
which is clearly assignable to the pyrene unit.*! A similar oxid-
ation step is seen for the analogous pyrene-thiophene dyad L,,
where the first oxidation peak occurs at 1.25 V vs. Ag/AgCl.
Again, this peak is assigned to one-electron oxidation of the
pyrene unit. There is a second oxidation peak for L,, which
occurs at 1.63 V vs. Ag/AgCl and is attributed to one-electron
oxidation of the thiophene group. Oxidation of the thiophene
unit in L; can be observed at ca. 2.0 V vs. Ag/AgCl, although
this is very close to the onset of solvent oxidation. Presumably,
the second ethynylene group is responsible for raising the oxid-
ation potential of the thiophene group. Addition of Zn(ClO,),
to the solution of L, has no obvious effect on the oxidative
processes.

One-electron reduction of 1-ethynylpyrene® occurs with a
half-wave potential (E,) of —1.73 V vs. Ag/AgCl while the
corresponding compound having a terminal 2,2’-bipyridine
group exhibits two reduction steps. The first reduction has E,, =
—1.63 V vs. Ag/AgCl and has been assigned to reduction of the
bipyridyl unit. The second reduction step takes place with E,, =
—1.88 V vs. Ag/AgCl and was attributed to reduction of the
pyrene residue.”! In this latter compound, reduction of the
pyrene group is made more difficult because of extensive elec-
tron delocalisation along the molecular axis following addition
of the first electron.

In comparison, L, exhibits a poorly reversible (AE, = 140
mV) wave with E,, = —1.61 V vs. Ag/AgCl. At more cathodic
potentials, a second reduction process occurs with E,, = —1.90
V vs. Ag/AgCl. The marked similarity with the bipyridine-
based compound mentioned above suggests that the first elec-
tron should go to the terminal terpyridyl unit. However,
molecular orbital calculations made after energy-minimisation
of the ground-state conformation of L, in a bath of water
molecules show that the LUMO is clearly associated with the
central thiophene unit. The terminal terpyridyl group does not
contribute significantly towards the LUMO. Interestingly,
LUMO(1) contains a major contribution from the terpyridyl
residue, with some participation from the pyrene terminal. On
this basis, the central thiophene residue will be reduced before
or immediately after the terpyridyl terminal. This effect results
from attaching two ethynylene groups to the thiophene residue.
Clearly, electron delocalisation will affect the reduction poten-
tial of the terpyridine group, making it more difficult to reduce
than expected from the reference compound.?!

The corresponding pyrene-thiophene dyad L, shows a quasi-
reversible reductive process with E,, = —1.59 V vs. Ag/AgCl.
This step is assigned to one-electron reduction of the pyrene
moiety, rather than reduction of the thiophene residue. Support
for this hypothesis comes from the observation that the absorp-
tion and fluorescence spectra show no obvious indications for
an intramolecular charge-transfer band, in contrast to L,. Fur-
thermore, molecular orbital calculations made in vacuo for the
energy-minimised geometry indicate that both the HOMO and
the LUMO are localised mostly on the pyrene unit of L,, with
little contribution from the thiophene moiety. The same calcu-
lations made in a polar solvent indicate increased contribution
from the thiophene residue but still point towards the first-
excited state being primarily of m,m* character. The first
spin-allowed absorption transition calculated from these MO
studies, and allowing for configuration interaction with five
occupied and six empty orbitals in active space, is at 400 nm.
This value is in good agreement with the experimental result of
392 nm. As such, the calculations appear to be reliable.

Addition of a slight excess of Zn(ClO,), to a solution of L,
perturbs the cyclic voltammograms observed upon reductive
scans. The most notable effect is the appearance of a broad,
quasi-reversible peak centred at —1.28 V vs. Ag/AgCl. This
peak corresponds to two overlapping reduction steps, each of
which is due to the transfer of one electron. There is extensive
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literature evidence to indicate that coordination of a cation has
a marked effect on the reduction potential of poly(pyrid-
ines).”*® As such, we can surmise that complexation of
Zn(ClO,), pushes the half-wave potential for reduction of the
terpyridine unit to a much less negative value. The two over-
lapping peaks, therefore, can be assigned to one-electron reduc-
tion of the coordinated terpyridyl terminal and the central
thiophene unit.

Several pieces of evidence lead us to conclude that the first
reduction process found for L, in the presence of a slight excess
of Zn(ClO,), corresponds to reduction of the resultant
metal complex. Firstly, this step is quasi-reversible whereas
reduction of the thiophene unit in L, is poorly reversible.
Secondly, molecular-orbital calculations indicate that the
LUMO becomes localised on the metal complex following
attachment of the cation. Finally, the absorption and fluor-
escence spectral measurements (see later) show that cation
complexation causes severe perturbation of the internal elec-
tronic sysem. This latter effect is most easily explained in terms
of a charge-shift reaction that requires the metal complex to be
the most easily reduced subunit.

The second reduction step for L,, which overlaps with that
assigned to reduction of the metal complex, can now be
assigned to one-electron reduction of the central thiophene
unit. The half-wave potential for this latter step is less negative
by ca. 200 mV than that found in the absence of Zn>* cations.
This effect can be explained in terms of a cation-induced
charge-shift reaction. Thus, the ground state of L, in a polar
solvent can be considered to involve a substantial amount of
charge-transfer character whereby electronic charge is trans-
ferred from the pyrene terminal to the central thiophene resi-
due. Such charge transfer will partially offset the electronic
effect of the ethynylene groups and render reduction somewhat
more difficult. Upon coordination of the cation, the terminal
metal complex becomes easier to reduce than the central thio-
phene unit and, accordingly, charge is transferred to the metal
complex. It is likely that this electron is localised by strong
electrostatic attraction provided by the dication. As such, the
thiophene residue will become less difficult to reduce. Support
for this hypothesis arises from the 'H NMR studies that clearly
indicate an upfield shift for the thiophene proton upon cation
binding.

The cyclic voltammograms indicate that coordination of
Zn** cations lowers the reduction potential for the terpyridyl
group by >600 mV. Indeed, complexation can be followed by
monitoring the peak current at —1.3 V vs. Ag/AgCl as a func-
tion of the concentration of added Zn(ClO,),. The electro-
chemical process is quasi-reversible and does not result in
irreversible reduction of the compound. As such, L, can be
considered to function as an electrochemical sensor for added
zine(1) cations.

Electrospray mass spectrometry

To ascertain the stoichiometry of the complex(es) formed with
zinc(11) cations, electrospray mass spectrometry (ES-MS) was
perfomed for CH;CN solutions containing L, and Zn(ClO,), in
molar ratios of 1 : 1 and 2 : 1, respectively. For the equimolar
solution, a cluster of peaks is evident at m/z = 368.7 which
can be assigned to the dicationic species [ZnL,(CH,;CN),]**. A
further cluster of peaks is observed at m/z = 756.2, which fits
well with the theoretical pattern predicted for the monocationic
species [ZnL,]CIO,". In comparison, the 2 : 1 (ligand : metal)
solution displayed peaks centred at 624.1, which correspond
to the theoretical pattern calculated for the monocationic
complex [Zn(L,),]CIO,".

Evidently, at high ligand : metal stoichiometry, the dominant
species in solution is [Zn(L,),]**. This latter species reacts with
added metal cation to form the analogous [ZnL,]** complex.
It is interesting to note that the ES-MS profiles show little
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indication for the co-existence of 1 : 1 and 1 : 2 (metal : ligand)
complexes under these conditions.

Photophysical properties

The absorption spectrum recorded for L, in acetonitrile solu-
tion shows a series of transitions between 200 and 450 nm. The
lowest-energy transition is of intramolecular charge-transfer
character and is centred at 426 nm (Fig. 2). This absorption
maximum is in excellent agreement with that calculated from
the MO studies where the transition is predicted to occur at
432 nm. The molar absorption coefficient for the first-allowed
transition is 19550 mmol™' ¢cm® According to our inter-
pretation of the cyclic voltammograms, the electron donor is
the pyrene terminal whilst the electron acceptor will be the cen-
tral thiophene residue (Scheme 3). Of course, there is extensive
electron delocalisation over these subunits such that the exact
nature of the donor and acceptor cannot be properly defined.
As might be expected on the basis of the MO calculations, the
absorption spectrum recorded for L, is quite different (Fig. 3).
Here, the lowest-energy absorption band is assigned to a m,m*
transition.
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Fig. 2 Absorption and fluorescence spectra recorded for L, in dilute
acetonitrile solution.
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Scheme 3 Pictorial representation of the proposed intramolecular
charge transfer in (a) L; and (b) the Zn** complex formed from L,.
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Fig. 3 Absorption and fluorescence spectra recorded for L, in dilute
acetonitrile solution.

Addition of Zn(ClO,), to a solution of L, had a large effect
over much of the spectral range. The lowest-energy transitions
are shifted towards longer wavelength and lose some of their
fine structure (Fig. 4). This red shift is accompanied by a
substantial increase in absorptivity over the 400-500 nm
range. These spectral changes are consistent with complexation
making the electron acceptor more electron affinic. On the basis
of the MO calculations and the cyclic voltammograms, it
appears that coordination of Zn*" makes the terpyridine unit
the most easily reduced subunit. As such, we can suppose that
charge is transferred from pyrene to the metal complex once the
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Fig. 4 Spectrophotometric titration showing successive addition of
Zn(ClOy,),, over the range 0-100 uM, to a solution of L, in acetonitrile.
Complexation is accompanied by a large increase in absorbance around
450 nm.

cation has been attached. Monitoring at 460 nm allows clean
detection of the cationic complex. Addition of Zn(ClO,), to L,
in acetonitrile solution has no obvious effect on the absorption
spectrum.

The new absorption band observed at long wavelength in the
presence of Zn(ClO,), does not resemble the well-known?*
absorption spectrum of [Zn(terpy),]*". The molar absorption
coefficient at the apparent maximum of 440 nm is 36035
mmol ™' cm®. According to the stability constants derived later,
this species is the 1 : 1 complex. The lowest-energy absorption
band can be approximated to a broad Gaussian-shaped profile
with a maximum at 437 nm and a half-width of 2930 cm™'. As
such, it seems reasonable to suppose that this absorption band
corresponds to an intramolecular charge-transfer transition.®
The most reasonable interpretation of the experimental data
has pyrene as the electron donor and the metal complex as the
ultimate electron acceptor (Scheme 3). Thus, the effect of cation
coordination is to shift the charge from the central thiophene
unit to the terminal metal complex. The result is a giant dipole
along the molecular axis.

In acetonitrile solution at ambient temperature, L, displays
intense fluorescence centred around 488 nm (Fig. 2). The fluor-
escence quantum yield is 0.32 while the fluorescence lifetime
is 1.2 ns. The fluorescence intensity was unaffected by the pres-
ence of molecular oxygen, presumably because of the relatively
short excited state lifetime. Comparison of absorption and
emission spectral profiles indicates that there is a substantial
Stokes’ shift (i.e., ca. 62 nm) in acetonitrile. This finding is con-
sistent with fluorescence arising from a charge-transfer state.
The fluorescence excitation spectrum matches the absorption
profile over the range 250 to 450 nm. The fluorescence spectrum
is broad and fairly structureless. It does not resemble a mirror
image of the lowest-energy absorption band. Taken together
with the large Stokes’s shift, this finding suggests to us that
there is a significant geometry change after excitation.

In contrast, the fluorescence spectrum recorded for the con-
trol ligand L, shows a relatively small Stokes shift (Fig. 3) that
increases with increasing polarity of the solvent. There are indi-
cations for mixing between a w,m* excited state and an intra-
molecular charge-transfer state in polar solvents. In particular,
the fluorescence and absorption profiles do not show good
mirror symmetry. Such behaviour has been observed in many
molecular dyads.*® It is likely that charge transfer requires the
molecule to adopt a preferred geometry.

Addition of Zn(ClO,), to the solution of L, causes a severe
decrease in the fluorescence yield (Fig. 5). The fluorescence band
centred at 488 nm diminishes progressively with increasing
concentration of cation. However, at low concentration of
Zn(Cl0O,), the spectral profiles show the appearance of a weak
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Fig. 5 Fluorescence titration of L, with Zn(ClO,), in acetonitrile
solution. Addition of cation, over the range 0-20 uM, causes extinction
of the fluorescence band centred around 480 nm but appearance of a
band centred at 600 nm. Further addition of Zn(Cl0,), causes the latter
band to disappear.

emission band centred around 600 nm. This latter emission is
difficult to resolve from the baseline but is attributed to fluor-
escence from the resultant [Zn(terpy),]*" complex. As the con-
centration of added Zn(ClO,), increases there is a progressive
extinction of this new fluorescence band. Taken together with
the ES-MS results, this finding indicates that the 1 : 1 complex
does not emit. Addition of Zn(ClO,), to a solution of L, in
acetonitrile has little, if any, effect on the fluorescence yield.

The fluorescence spectral profile recorded after addition of
sufficient Zn(ClO,), to form the 1 : 2 (metal : ligand) complex
is independent of excitation wavelength. Furthermore, the
corrected excitation spectrum agrees well with the absorption
spectrum recorded over the 300-500 nm range. Under these
conditions, the fluorescence quantum yield is ca. 0.006 but no
low-temperature phosphorescence could be detected at 1 < 750
nm. It seems likely that deactivation of the excited state involves
rapid charge recombination to restore the ground state. In this
case, the shorter fluorescence lifetime relative to L, could be
explained in terms of the energy-gap law.* It appears that the 1
: 1 complex does not emit under these conditions.

Complexation studies

As noted above, addition of Zn(ClO,), to a solution of L, in
acetonitrile causes largescale changes in the absorption
spectrum. These changes were analysed as a function of the
amount of added salt in order to obtain estimates for stability
constants of the 1 : 1 and 1 : 2 (metal : ligand) complexes
identified in the ES-MS studies. In order to properly fit the
titration data, a vector analysis indicates that three absorbing
species are necessary; namely, the free ligand L,, for which the
absorption spectrum is known, and two metal complexes. These
latter complexes possess similar absorption spectra. The best fit
to the experimental data gives logf; = 5.10 + 0.12 and logp, =
9.90 £ 0.15 (eqns. (1) and (2))

L, + Zn®» = [ZnL,]"", fy = [ZnL V[Zn™ (L] (D)
2L, + Zn*" = [Zn(Ly),*", B = [Zn(L)* YZn™ LT (2)

A fluorescence titration was made for addition of low con-
centrations of Zn(ClO,), to a solution of L, in acetonitrile at
room temperature (Fig. 5). The emission yield falls steeply with
increasing concentration of cation, reaching a plateau value.
Taking due account of the above results, it seems appropriate
to consider formation of both 1 : 1 and 1 : 2 (metal : ligand)
complexes. Thus, iterative fitting of the experimental data to
such a model allows calculation of the overall stability con-
stants log f; and log 3, as being 6.1 = 0.5 and 11.0 + 0.7, respect-
ively (Fig. 6). This analysis is made on the basis that the 1 : 2
complex fluoresces weakly but that the 1 : 1 complex does not
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Fig. 6 Fluorescence titration recorded following successive addition
of zinc perchlorate to a solution of L, in acetonitrile. The solid line
drawn through the data points is a linear-least squares fit to the binding
constants given in the text. The fluorescence intensity (/z) was measured
ar 470 nm following excitation at 370 nm.

emit over the 400-700 nm spectral range. The results obtained
with L, suggests that Zn** binds only very weakly, if at all, to
the thiophene residue.

The derived stability constants appear to be in line with
values reported for related terpyridine ligands.** Addition of
the second ligand is very slightly less favourable than for the
first ligand and there is no obvious indication of cooperativity.
The stability constants derived from the fluorescence titration
are in reasonable agreement with those obtained by UV-visible
spectrophotometry. The fluorescence results are less accurate,
however, because fewer wavelengths were analysed and the
spectral changes were less pronounced than those seen in the
UV-visible titrations, where clear intermediate species can be
resolved. Furthermore, the fluorescence titrations require lower
concentrations of fluorophore and cation, making the impact
of trace impurities more important. Better agreement with the
results of the UV-visible titrations was obtained if the fluor-
escence data were analysed at 475 nm where only the free ligand
emits to a significant degree. An additional complication for the
fluorescence studies concerns the fact that the absorption spec-
trum changes during the titration. There is no clear isosbestic
point that can be used as excitation wavelength. This does not
affect the reproducibility of the fluorescence titrations, which is
excellent, but affects the values of the derived stability con-
stants. The stability constants derived by UV-visible titration
are considered to be the more reliable values.

Attempts to measure the rate of complexation between L,
and Zn*" cations in acetonitrile at ambient temperature were
unsuccessful. Even at low concentrations of Zn?*, and with [L,]
< [Zn*], the reaction was complete within 2 ms. From the
stopped-flow studies, made using absorbance changes around
500 nm, it was concluded that the bimolecular rate constant for
complexation exceeds 6 X 107 dm® mol™' s™" at 20 °C.

Concentration profiles

The fact that L, forms both 1 : 1 and 1 : 2 (metal : ligand)
complexes with added Zn?* cations helps to extend the concen-
tration range over which the reporter can operate. At low cation
concentrations, the dominant species will be the 1 : 2 complex
but the high stability constant found for this species means that
only low concentrations of Zn?* cations are needed to reduce
the concentration of free ligand (Fig. 7). As the concentration
of Zn* cations increases, the 1 : 2 complex is disfavoured with
respect to the 1 : 1 complex. Because of the relative stability
constants, the equimolar position is reached at quite low cation
concentration. Thus, the 1 : 1 complex emerges early in the
titration. The key observation regarding the putative design of
an efficient fluorescence sensor is that the concentration of L,
decreases sharply with increasing cation concentration. Indeed,
the free ligand is diminished to <5% of its initial concentration
when the metal : ligand molar ratio exceeds 4 (Fig. 7).
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Fig.7 Concentration profiles calculated for the free ligand (L,), the 1 :
1 complex and the 1 : 2 complex on the basis that logf, and logp,,
respectively, have values of 5.5 and 10.5. Values were obtained by
numerical solution of the model equations.

Conclusions

We have demonstrated that L, binds adventitious Zn?* cations
in the form of 1 : 1 and 1 : 2 (metal : ligand) complexes. The free
ligand is highly fluorescent due to the efficient population of an
intramolecular charge-transfer excited state. Coordination of
Zn** cations to the vacant terpyridyl terminal serves to raise
the reduction potential of the poly(pyridine) unit and thereby
direct the promoted electron from the central thiophene unit
to the terminal metal complex. The net result is a serious
extinction of the fluorescence yield. Complexation can also be
followed by UV-visible absorption spectroscopy and by electro-
chemical reduction. As such, L, represents a versatile chemical
sensor for Zn** cations in solution. The overall stability con-
stants are high, ensuring good sensitivity, and there is a large
variation in fluorescence yield upon complexation of the cation.
This latter condition represents the “off-on” situation and is
critical for the design of an efficacious fluorescence sensor. In
the case of L,, the “off” signal is set by fluorescence from the
zinc complex, which corresponds to ca. 3% of the the free lig-
and. It is possible to improve this “on—off” ratio by monitoring
at 470 nm where the resultant zinc complex does not emit.

The sensor is not expected to display selectivity towards par-
ticular cations in solution, although there will be a large vari-
ation in the stability constants for coordination of different
species. Preliminary studies have indicated that L, responds to
numerous cations (e.g, Na*, H*, Ca*", Li*, Ba*" and AI’") in
much the same way as described herein for Zn**. The sensor is
especially responsive towards Fe?*. It has also been observed
that L, is able to transport K* cations across a liquid membrane
with reasonable efficacy. Finally, we note that the favourable
electrode potentials and intense luminescence found for L, sug-
gests its possible use in electrogenerated luminescence devices.
These, and related studies, are on-going.
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