4336 Chem. Mater2006,18, 4336-4343

Soft Matter pH Sensing: From Luminescent Lanthanide pH
Switches in Solution to Sensing in Hydrogels
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The synthesis, complexation, and photophysical properties of the Eu(lll)-based quinoline cyclen
conjugate complextul and its permanent, noncovalent incorporation into hydrogels as sensitive,
interference-free pH sensing materials for biological media are described. The Eu(lll) emission in both
solution and hydrogel media was switched reversildg-—off’ as a function of pH with a large, greater
than order of magnitude enhancement in Eu(lll) emission. The irreversible incorporatiemlahto
water-permeable hydrogels was achieved using poly[methyl methacrptténydroxyethyl methacrylate]-
based hydrogels, and the luminescent properties of the novel sensor materials, using confocal laser-
scanning microscopy and steady state luminescence, were characterized and demonstrated to be retained
with respect to solution behavior. Water uptake and dehydration behavior of the sensor-incorporated
materials was also characterized and shown to be dependent on the material composition.

Introduction complexes have proved important in the study of nucleic
acids as they can be selectively functionalized to intercalate,
or bind, to DNA, with concomitant changes in their
characteristic long wavelength emission bands. Alternatives
Yo these metal complexes are those based on lanthanide ions,
which emit at long wavelengths, with characteristic line-like
emission bands and lifetimes ranging from sub-microseconds
"to sub-milliseconds, hence overcoming both of the above-
mentioned drawbacks? We have developed several ex-
amples of lanthanide-based luminescent sensors for ions and

monitoring of biological media where many biological molecules, where the emission of Tb(lll), Eu(lll), Nd(li),

o nd Yb(lll) have been modulatédAs the lanthanides have
substrates are also fluorescent, emitting in the nanosecon N . . o :
. . N " “ow extinction coefficients, direct excitation is not feasible
time frame, and hence can mask or “pollute” the detection

signal (the so-called autofluorescent&urthermore, light

scattering in biological media can interfere with the measured (5) (8) Gunnlaugsson, T.; Leonard, J. @hem. Commur200§ 3114.
. . . (b) Leonard. J. P.; Gunnlaugsson,J.Fluoresc.2005 15, 585.
signal. Means of overcoming these drawbacks have involved (g) (a) Pope, S. J. A’; Coe, B. J.; Faulkner,Ghem. Commur2004

In recent years the use of ions and molecules to modulate
fluorescence through the construction of fluoreseeeteptor
moieties has led to the development of luminescent sensor
and switche3.This area is now well-established within the
field of supramolecular chemistdy.Even though such
fluorescent sensors are highly desirable and are now impor
tant tools in environmental, health, and biological monitoring,
there are still significant drawbacks to the use of fluores-
cence® This is particularly evident for on-line or field

the use of long wavelength absorbing and emitting fluoro- é-SSO' I(b)C r?retZBSZ'fé Y16 2C4an(n5 Ir%/I.be.; PérkeBr, D.;\S_Iatsr, S;rg-

; i eai iomol. Chem : . (c) Bobba, G.; Bretonite, Y.; Frias,
phores, which can overcome t_he short _vvavelength emission,  57c - parker, DOrg, Biomol. Chem2003 1, 1870, (d) Li, C.. Wong,
but not the short emission lifetimes. Using metal complexes, W.-T. Chem. Commur2002, 2034. Faulkner, S.; Burton-Pye, B. P.;

Khan, T.; Martin, L. R.; Wray, S. D.; Skabara, PChem. Commun.
however, often overcomes both these drawbdacBsich 2002 1668, (€) Govenlock_ L. J.: Mathied, C. E.. Maupin, C. L.
Parker, D.; Riehl, J. P.; Sligardi, C.; Williams, J. A. Ghem. Commun.
* Corresponding author. Tel.444 28 9097 2081. Fax:-44 28 9024 7794. 1999 1699. (f) de Silva, A. P.; Gunaratne, H. Q. N.; Rice, T. E.;
E-mail: c.mccoy@qub.ac.uk. Stewart, SChem. Commuril997, 1891. (g) Beeby, A.; Parker, D.;
(1) (a) Feringa, B. L., EdMolecular SwitchesWiley-VCH: Weinheim, Williams, J. A. G.J. Chem. Soc., Perkin Trans.1®96 1565. (h)
2001. (b) Giordani, S.; Cejas, M. A.; Raymo, F. Wetrahedror2004 Dickins, R. S.; Gunnlaugsson, T.; Parker, D.; Peacock, RCiem.
60, 10973. (c) de Silva, A. P.; McCaughan, B.; McKinney, B. O. F; Commun.1998 1643.
Querol, M. Dalton Trans.2003 1902. (d) Balzani, VPhotochem. (7) (a) Parker, DChem. Soc. Re 2004 33, 156. (b) Bunzli, J.-C. G.;
Photobiol. Sci2003 2, 459. (e) Balzani, V.; Credi, A.; Venturi, M. Piguet, C.Chem. Re. 2002 102 1897. (c) Tsukube, H.; Shinoda, S.
Pure Appl. Chem2003 75, 541. (f) Balzani, V.; Gmez-Lpez, M.; Chem. Re. 2002 102, 2389. (d) Tsukube, H.; Shinoda, S.; Tamiaki,
Stoddart, J FAcc. Chem. Red.998 31, 405. H. Coord. Chem. Re 2002 226, 227. (e) Buzli, J.-C. G.; Piguet, C.
(2) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. Chem. Soc. Re 1999 28, 347. (f) Parker, D.; Williams, J. A. Gl.
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, TChem. Re. 1997, Chem. Soc., Dalton Tran$996 3616. (g) Sammes, P. G.; Yahioglu,
97, 1515. G. Nat. Prod. Rep1996 1. (h) Sabbatini, N.; Guardigli, M.; Lehn,
(3) Faulkner, S.; Matthews, J. L. lApplication of Coordination Com- J.-M. Coord. Chem. Re 1993 123 201. (i) Georges, JAnalyst1993
plexes Ward, M. D., Ed.; Comprehensive Coordination Chemistry 118 1481.
2nd ed., Vol. 9; Elsevier: Amsterdam, 2003. (8) Parker, D.; Dickins, R. S.; Puschmann, H.; Cossland, C.; Howard, J.
(4) Parker, D.Coord. Chem. Re 200Q 205, 109. A. K. Chem. Re. 2002 102, 1977.
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in competitive medi&:*° Hence, the use of macrocyclic or solvent. The whole system was controlled by MassLynx 3.5 on a
acyclic conjugates, furnished with chromophores (antennae)Compag Deskpro workstation. UwWisible spectroscopy was

that have high extinction coefficients, has been employed carried out on a Shimadzu UV-2401 PC BVisible spectropho-
by us and others to achieve indirect excitation of the tometer. Studies were carried out on fast scan mode with slit widths

lanthanide excited states by sensitization, also called theOf 1.0 nm, using matched quartz cells. Excitations were carried
antenna affect! By appropriately incorporatin'g a recognition out at 300 nm unless otherwise stated. Solution fluorescence and

. . . . luminescence measurements were made on a Perkin-Elmer LS 50B
moiety into the antenna we have been able to achieve Sensing . \/arian Carey Eclipse

through selective modulation of the lanthanide lumines- — gyninesis of Ligand 2§ 4,7-Bis-dimethylcarbamoylmethyl-10-
cencel? [(2-methyl-quinolin-4-ylcarbamoyl)-methyl]-1,4,7,10-tetraaza-

In this paper we describe the synthesis of one such Eu(lll)- cyclododecay}-N,N-dimethyl-acetamide, 1.2-(4,10-Bis-dimeth-
based sensor for proton&yl), incorporating quinoline-  ylcarbamoylmethyl-1,4,7,10-tetraaza-cyclododec-INy-dimethyl-
derivatized cyclen (1,4,7,10-tetraazacyclododedatel igand acetamide3) (0.272 g, 0.636 mmol), GEO; (0.228 g, 0.7 mmol),

1 has been designed to only have a single antenna. TheKl (0.116 g, 0.7 mmol), and chlorb-(2-methyl-4-quinolyl)-
Eu(lll) emission is highly pH dependent can be easily and €thanamideZ) (0.164 g, 0.7 mmol) were added to DMF (35 mL).
reversibly switched dff—on’ in water. With the aim of The mixture was heated at 8C under inert atmosphere for 72 h.
developing such luminescent sensors with medical and The solution was filtered apd the solyent removed qnder reduced
pharmaceutical monitoring applications, we have also achievedP €ssure- A dark orange viscous residue was obtained (0.359 g,

: . : 0.57 mmol) and then purified by precipitation from diethyl ether
the permanent, noncovalent incorporatioreofl into water- 1o give a brown solid in 53% yield. Calculated forBs:NeOs,

permeable hydrogels and investigated several physical and(M + H)* miz (% ES'): 626.4142: Found: 626.4168, (400 MHz,
photophysical properties of the resulting responsive materi- cpcly): 10.5 (1H, s, M), 8.75 (1H, d,J = 8.5, ArH), 7.93 (1H,
als!* The demonstration of retention of behavior in nonso- s, Ar-H), 7.89 (1H, dJ = 8.5 Hz, ArH), 7.57 (1H, tJ = 6.0 Hz,
lution environments is important for the development of soft Ar-H), 7.43 (1H, t,J = 6.0 Hz, ArH), 3.86 (2H, s, HNCOEl,),
matter real-time sensors which can be used in clinical 2.70 (43H, m, N-CH3z, CH,CON(CH),, cyclen GH). d. (100
monitoring environments. The choice of soft matter im- MHz, CDCk): 172.1, 170.4, 170.3, 158.3, 148.0, 141.8, 128.7,
mobilization allows deve|opment of materials which are 127.7,124.6, 123.4,119.7, 112.6,57.6,54.5, 54.4, 35.7, 35.6, 35.0,
responsive to complex liquid analytes, such as blood, but 28:8 265, 25.2m/z 626.33 (M+ H)*, 313.67 (M+ 2H/2)".

can be employed reversibly, as the material is permeable to’ljgggr)/l g;ng :123;934i22::91 1288518i12§263i 38545%;531' 1499, 1451,
water but not complex biomolecules or cells, and can be ’ ’ ‘ ’ ' ' ! :

. o . . Synthesis of Eu(lll) Complex of 1, Eul.2-{4,7-Bis-dimeth-
returned to its initial state of switching by flushing with yicarbamoylmethyl-10-[(2-methyl-quinolin-4-ylcarbamoyl)-methyil-

water. 1,4,7,10 tetraaza-cyclododecd-\,N-dimethyl-acetamidel]) (0.095
g, 0.15 mmol) and Eu(lll) trifluoromethane sulfonate (0.1 g, 0.16
Experimental Section mmol) were added to a 25 mL single-neck round-bottom flask that
contained freshly dried MeCN (10 mL). After three freeppimp—
thaw cycles, the solution was placed under an argon atmosphere
and left stirring at reflux for 24 h. The resulting solution was cooled
to room temperature and then added dropwise to dry diethyl ether
(100 mL) with stirring. The resulting precipitate was isolated to
give Eul as a pale green solid in 84% yieldl, (400 MHz, CDy-
OCDy): 12.7,10.4,8.0,6.9,3.1,2.2,165.5,—6.2,—7.0,—8.5.
m/'z. 463.5 (M + CRSGy)/2)", 259.4 (M/3), 388.6 (M/2).
v(KBr)/ cm™1: 3434, 2361, 2343, 1624, 1255, 1164, 1030, 639.
d Ground and Excited State K, Determinations. Titration
solutions were saturated with argon by passing a fine stream of
bubbles (previously passed through aqueous 0.1 M KOH followed
by 0.1 M NE4CIO,4) through them for at least 15 min before the
commencement of titration. (CAUTION: Anhydrous perchlorates
are potentially explosive and should be handled with caution.)
During the titrations a fine stream of argon bubbles was passed
©) (o) Cumlaugsson. T Leonarg 3 Pnma, K Hare, & 33, o0 0 cveam. The tiratons were cartid
Am. Chem. So@003 125, 12062. (b) Gunnlaugsson, T.; Leonard, J. :
P.; Smechal, K.; Harte, A. J.Chem. Commun2004 782. (c) out using a MOLSPIN titrimator, MOLSPIN potentiometer, and

Gunnlaugsson, T.; Leonard, J. €nem. Commur2003 2424. (d) an Orion 8172 Ross Sureflow combination pH electrode. Values
Gunnlaugsson, T.; MacDwiill, D. A.; Parker, D.Chem. Commun

General Method. Starting materials were obtained from Sigma
Aldrich, Strem Chemicals, and Fluka. Solvents used were HPLC
grade unless otherwise stated. Water was purified with a Waters
Milli-Q system to give a specific resistance &fl5 MQ cm and
was then boiled for 30 min to remove G@nd allowed to cool in
flasks fitted with soda lime tubed1 NMR spectra were recorded
at 400 MHz using a Bruker Spectrospin DPX-400, with chemical
shifts expressed in parts per million (ppm &y downfield from
the standardi3C NMR were recorded at 100 MHz using a Bruker
Spectrospin DPX-400 instrument. Infrared spectra were recorde
on a Mattson Genesis Il FTIR spectrophotometer equipped with a
Gateway 2000 4DX2-66 workstation. Mass spectroscopy was
carried out using HPLC grade solvents. Mass spectra were
determined by detection using Electrospray on a Micromass LCT
spectrometer, using a Shimadzu HPLC or Waters 9360 to pump

200Q 93. (e) Gunnlaugsson, T.. Parker, Ohem. Commun1998 of Eg and K, were de_termined using the program GLEE. At least

511. three runs were carried out for each system, and at least two of
(10) Binzli, J.-C. G., Choppin, G. R., Edtanthanide Probes in Life, these runs were averaged; the criterion for selection for this

Chemical and Earth ScienceSheory and PracticeElsevier: New averaging being thag? for each run was<12.6 at the 95%

York, 1989; p 219. . . .
(11) (a) Merbach, A. E.; T, E. The chemistry of contrast agents in confidence level. Values for eacKpandK were determined using
medical magnetic resonance imagiMyiley: West Sussex, England,  the program HYPERQUAD. The ground stat&.p (S) where
(12) Gunnlaugsson, Tletrahedron Lett2001, 42, 8901.
(13) Gunnlaugsson, T.; McCoy, C. P.; StomeoJEtrahedron Lett2004
45, 8403. (15) Gunnlaugsson, T.; Mac'Daill, D. A.; Parker, D.J. Am. Chem. Soc
(14) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739. 2001, 123 12866.
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(Abs,, — Abs,)

PK(Sp) = pH — lo (Abs, — Abs.)

where Abgy, Absy and Abs- are the absorbances of every

solution, the absorbance of the protonated species, and the absor-

bance of the deprotonated species.
The excited stateias (S) were determined from the"Fster
cycle as follows?

PK(S) = PK{S) + 2S2Ay

whereAv is the difference between the energy of the protonated
and deprotonated form in reciprocal centrimeters @nd the
absolute temperature.

Preparation of Sensor-Incorporated and Control Hydrogels.
ComplexEul was nonconvalently incorporated into three different
hydrogel matrixes comprised of cross-linked poly[methyl meth-
acrylateeo-2-hydroxyethyl methacrylate]. The control hydrogel
matrixes were prepared using methyl methacrylate (MMA) and
2-hydroxyethyl methacrylate (HEMA) in three different ratios: 1:1
(MMA:HEMA, wiw), 1:3 (MMA:HEMA, w/w), and 100% HEMA.

For all of these, monomers were stirred with ethylene glycol
dimethacrylate (1% w/w) (used as a cross-linker) and azo-bis-
isobutyronitrile as a radical initiator (1% w/w) until dissolved. In
all cases, the total mass of polymer prepared was 10 g. Sensor
incorporated hydrogels were prepared in an analogous manner a;
control polymers, with Eul (0.05% w/w) being dissolved in the
monomer mixture prior to polymerization. The mixture was injected
into a mould usig a 1 mmspacer between two glass places at 90
°C for 6 h, and the resulting polymer sheets were soaked in
deionized water for 3 days.

Determination of Equilibrium Water Content of Hydrogel
Sensor Materials.Complex-incorporated hydrogel films prepared
with different ratios of HEMA and MMA were cut (1 cnx 1 cm)

in their water-swollen state. The samples were dehydrated at 60

°C to constant weight. The samples were then immersed in
deionized water and reweighed, following gentle removal of excess
surface water with a tissue, at intervals until a constant weight was
achieved. All measurements were made in triplicate, and values
are quoted as the meahn 1 standard deviation. The equilibrium
water content (EWC), defined as a ratio of the mass of water taken
up to the mass of dry sample, was calculated using the following
equation:

EWC (%)=
mass of hydrated sampte mass of dehydrated samp)l(e
mass of dehydrated sample

100

(16) (a) Special issue, “Recent Advances in Rare Earth Chemistry”
Kobayashi, S.Tetrahedron2003 52, 10349. (b) Special issue,
“Frontiers in Lanthanide Chemistry”: Kagan, H. B., Guest Edem.
Rev. 2002 102, 1805.

(17) (a) Gunnlaugsson, T.; Harte, A.; Leonard, J. P.; Nieuwenhuyzen, M.
Supramol. Chem2003 15, 505. (b) Gunnlaugsson, T.; Harte, A.;
Leonard, J. P.; Nieuwenhuyzen, i@hem. Commur2002 2134.

(18) DeW Horrocks, W.; Sudnick, D. R. Am. Chem. Sod979 101,
334.

(19) (a) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker,
D.; Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, MChem.
Soc., Perkin Trans..21999 493 (b) Dickins, R. S.; Parker, D.; de
Sousa, A. S.; Williams, J. A. GChem. Commurl997, 697.

(20) Bruce, J. l.; Dickins, R. S.; Govenlock, L. J.; Gunnlaugsson, T.;
Lopinski, S.; Lowe, M. P.; Parker, D.; Peacock, R. D.; Perry, J. J. B,;
Aime, S.; Botta, M.J. Am. Chem. So200Q 122 9674.

(21) Jaffe H. H.; Orchin, M. Theory and Applications of Ultrdolet
SpectroscopyWiley: New York, 1962.

(22) Faster, R.;Z. Electrochem195Q 54, 531.
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Figure 1. Synthesis of ligand. and the corresponding Eu(lll) complex
Eul.

Luminescence Measurements of Hydrogel Sensor Materials.
Confocal laser scanning microscopic (CLSM) examination of
hydrogel samples was carried out with a Leica TCS SP2 confocal

laser scanning microscope. After focusing, the sample surface was

xcited using the 458 nm line from a Ar/ArKr laser and lumines-

cence data collected over the range 5800 nm. Luminescence
emission micrographs show summed photomultiplier intensities
across the full wavelength range detected with a look-up table
assigning color to overall intensity ranging from black (zero
intensity) to bright red (highest intensity). Steady state luminescence
measurements were made using a front-surface accessory to clamp
hydrogel sections in a Perkin-Elmer LS 50B.

Results and Discussion

Synthesis of Sensor 1 and Its Eu(lll) Complex, Eul.
The synthesis of ligandlis shown in Figure 1. The synthesis
involved the formation of thex-chloroamide derivative of
the corresponding quinoline amine. Téehloroamide2 was
made in one step by reacting chloroacetyl chloride with
4-aminoquinoline at-10°C in dry THF for 12 h. Filtration
of the inorganic salts followed by acithase extraction and
trituration of the resulting off-white solid with DCM ga&
in 65% vyield. The trisubstituted ligan®, 2-(4,10-bis-
dimethyl-carbamoylmethyl-1,4,7,10-tetraaza-cyclododec-1-
yI)-N,N-dimethyl-acetamide, which had been formed in a
single step from cyclen, was then reacted vétin DMF at
85 °C in the presence of @S0O; and Kl for 3 days. The
resulting ligandl was purified by precipitation from dry
diethyl ether in a 53% yield. The Eu(lll) complex dfwas
made by refluxingl and Eu(CESQs)s in dry MeCN under
an inert atmosphere for 24 h, followed by precipitation from
dry diethyl ether, and isolation of the desired off-white
powder in 84% yield. ThéH NMR of Eul (CDsCOCD)
showed the characteristic europium shifted axial and equato-
rial cyclen protons, confirming that in solution the complex
adopts a square prismatic geometry. The ESMS also showed
that complexation had occurred. An Eu(lll) isotopic distribu-
tion pattern was observed for the complex which matched
that of the calculated spectra.
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Table 1. pK, Values of the Protonated Ligand 1 at 298.2 K and = 12 -
0.1 M (NEt4ClOy4) in Water
equilibrium quotient Ka designation 10
[AH*)/H 1] 10.65+ 0.02 Kat 8 1
[H1T][H*1[H21%] 8.96+ 0.04 Kaz H
[H212H][H )/[H313*] 6.84+ 0.05 Kaz PH 6
[H3134][H +]/[H 4141] 4.95+ 0.07 Kas 4
[H414[H *)/[Hs15] low PKas I
2 |- .
Potentiometric Measurements of 1 and EulThe K,

values of the protonated ligantl were determined by
potentiometric pH titration of the acidified ligand & 6.4
x 104 M, H" = 6.5 x 10°® M) against 0.103 M NEOH Fioure 2. Titrat for ligand. (LHs5"), formed i i o

. _ . Igure £. Titration curve 1or ligan 5°7), Tormead In a soiution, wnere
with | = 0.1 M (NE&CIO4)_|n water. Four K, values were (1] = 6.4 x 10 M and [H] = 6 x 103 M at 298.2 K and = 0.1 M
determined for ligand. using the program HYPERQUAD  (NECIO,). The titration curve is also shown for the same solution except
(Table 1)!5 The two larger {, values, a1 and Kaz and that [El¥'] = 6.4 x 104 M was also present. Titrant [NFDH] = 0.103
the smallest determinedg, pKag4, Of ligand1 are assigned '
to the protonation of the macrocyclic ring amines. It is Table 2. Complexation Constants, log/dm® mol~2, and pKa Values
assumed that the fourtrKg of the macrocyclic ring Kas for the Complexation of Eu3* with Ligand 1 at 298.2 K and | = 0.1
) i - e M (NEt4CIO
is too small to be determined. The remainirig,walue of (NF.CIog

0 01 02 03 04 05 06 07 08
Volume of NE&,OH titrant/ cm?

6.84 4+ 0.05 (Ka9 was assigned to the protonation of the equilibrium quotient log</dm? mol*
quinoline nitrogen. For similar systems, largé.walues for (Eu(®)* V[Eu*][1] 9.59+0.02
protoned quinoline nitrogens have also been obsef&ed. equilibrium quotient Ha

_ The complexation constants for Iigaﬂmfvere determined [Euingi *]lfl[lil;(EHlii] gﬁi 8.82
in an analogous manner to the protonation constants except {EﬂlH,E J][[H -]1][/[|szu 131] rarL0.08

that an equimolar quantity of Eu(@F0s); was also present
in solution, as shown in the titration curve in Figure 2. The py measuring the lifetimes of the Eu(lll) emission in®
derived complexation constants arid,p for the protonated  and DO, using the Parker modified equatigh:

ligand complexes, determined using the program HYPER-

QUAD,™ are shown in Table 2. Oy = 1.2[(1frp00 — Lpp0) — 0.25— 0.075] (40.3)

The K, of the MLH complex, 6.13+ 0.09, can be
assigned to the deprotonation of the quinoline nitrogen. This wherex takes into account the effect of exchangeable amide
value is similar to the a3 value of the free ligand. It was N—H oscillators. The lifetime of the Eu(lll) excited state
anticipated that thelfy, values would be similar because the Was measured in neutral media. Farl 7,0 was measured
quinoline nitrogen is not expected to be involved directly in to be 42%s whereasp.o = 758us, yieldingg = 0.91 (inner
metal ion coordination. + outer sphere, after correcting for the amide NH oscillators).
This indicates that the complex has a single bound water
molecule, hence the complex is nine coordinate. This is in
agreement with the potentiometric titrations.

Ground State Investigations.The ground, singlet excited
state and the Eu(lll) emission were evaluated Earl in
water and in the presence of tetraethylammonium perchlorate
(I = 0.1 M) to maintain a constant ionic strength. The ground
state and the singlet excited stat€,palues were calculated
according to the formulas described in the Experimental
Section?t:22

Determination of the Coordination Numbers of Eul. For Eul, the absorption Spectra, when recorded first in
The coordination numbers of lanthanides are usually high acidic solution, d|sp|ayed a maximum peak at 320 nm, with
and hence require polydentate ligahtisigand1 can provide  a shoulder at about 330 nm. Upon basification there was a
eight such coordination sites, four from the nitrogens of the significant hypsochromic and hypochromic shift to a broad
cyclen structure, and four from the carboxylic amides. absorption band due to the — z* transition centered at
Europium generally has a coordination number of nine in 305 nm, as shown in Figure 3. Two isosbestic points are
such tetrasubstituted cyclen complexes, with the axial ninth gbservable in the spectra at ca. 263 and 303 nm, which
site being occupied by a coordinated solvent molecule or ansuggests the presence of more than two species in equilib-
anion!® The way of estimating| was first determined by  rium, as is reasonable with two deprotonation steps occurring
Horrocks and Sudnick by measuring the excited state across the range titrated.

The deprotonation of the metal bound water was also
observed with a g, of 7.47 + 0.05 determined. This was
expected because ligaddhas only eight coordination sites
and europium is capable of forming nine-coordinate com-
plexes. The [, value of 8.77+ 0.09 can be assigned to the
deprotonation of the quinoline carboxylic amide. This value
is lower than generally observed for carboxylic amides but
this can be attributed to the effect of the strong Lewis acid
europium metal ion center.

lifetimes of Eu(lll) and Tb(lll) in HO and DO, respec- The changes in the absorption spectra were plotted as a
tively.1® This method was reviewed by Parker et al., which function of pH at 330 nm, as shown in Figure 4. This clearly
is the method of choice herein. In the casekafl, the shows that there is a significant decrease in the absorbance

presence of the coordinated water molecule was determineddf the complex above pH 8. AKy of 8.82 + 0.1 was
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Figure 3. UV-—uvisible spectra for the pH titration dEul. The arrow Figure 5. Overlaid fluorescence emission spectra for the pH titration of
indicates the spectral trend with increasing pH between pHi135. Eul. Arrows indicate the spectral trend with increasing pH between pH
3—11.5.
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Figure 4. Changes in absorbance at 330 nm as a function of pHEfdr 200 ; T T T
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calculated for this change. This coincides with th€, pf PH

8.77+ 0.09 determined for the deprotonation of the quinoline Figure 6. Changes in emission intensity at 356 nm as a function of pH for
carboxylic amide. A slight decrease in absorbance is alsoE41-

noted above pH 5. Alg, of 5.93+ 0.1 was calculated. This From the changes above pH 8, using thiesker equation
change is therefore most likely due to the deprotonation of given in the Experimental Sectidda pK, of 9.47 &+ 0.1

the quinoline nitrogen (0. 6.13 + 0.09). As expected,  \yas calculated. This indicates that the basicityEofl is
deprotonation of the metal-bound water did not have an jncreased upon excitation to the first singlet state. There is
observable effect on the absorption of the complex. There- 4 slight increase in the fluorescence intensity above pH 5;
fore, only two (K.s where calculated as anticipated by the gmgj| changes in the absorption spectra were also noted above
isosbestic points observed in Figure 3. pH 5. The calculation of an excited stat&pvalue using

Singlet Excited State InvestigationsThe changes inthe  the Faster equation requires a change in wavelength; as this
fluorescence emission spectra of the complex were investi-did not occur the excited statepvalue for the changes
gated as a function of pH in water in the presence of petween pH 58 cannot be determined in this manner.
tetraethylammonium perchlorate< 0.1 M). The changes  Excited state K, values and hence the assignment of the
were monitored following excitation at 330 nm, where there deprotonation steps cannot be determined with the same
was a significant difference in the magnitude of the extinction degree of accuracy as those for the ground gfateis,
coefficient in alkaline (lowe) and acidic solution (high). however, expected that the changes between pid &re
The changes in the emission spectr&afl when excited at  caused by the deprotonation of the quinoline nitrogen, while
330 nm gave rise to spectral changes that mirror those seenhe changes above pH 8 are associated with the deprotonation
in the absorption spectrum. In alkaline solution there was a of the quinoline carboxylic amide.
structural band centered at 375 nm. Upon acidification there  Eu(lll) Excited State Investigations. The changes in the
was a distinctive shift in the emission spectra from 375 nm Euy(lll) emission were investigated as a function of pH. In a
to shorter wavelengths with the formation of a band with similar manner as described above, the quinoline moiety of
maximum at 357 nm, and two shoulders at 345 and 375 nmEul was excited at 330 nm in alkaline solution, and the
with concomitant enhancement of the emission intensity, as changes in the Eu(lll) emission were recorded as a function
shown in Figure 5. of pH.

When the changes at 356 nm were plotted as a function In acidic solution, the Eu(lll) emission, when excited at
of pH, a sigmoidal curve was observed, as shown in Figure 330 nm (where the difference between the absorption in
6. The changes observed show that the singlet state is onlyalkaline vs acid solution is the greatest), was clearly
slightly affected below pH 8 and that the emission was
switched ‘ff’ in alkaline solution. It is well-known that the ~ (23) Tajima, S.; Tobita, S.; Shizuka, Bl.Phys. Chem. 200Q 104, 11270.
acid-base_behavior of many organic_molecules can be () SKOSka, B Saymisil H Khmeinsii | v Korolowa, A
strongly affected by electronic excitatiéh. 158, 45.
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Figure 7. Changes in the Eu(lll) emission &ul as a function of pH in
solution, showing the deactivation of thBy — "F; (J = 0, 1, 2 (split), 3,

and 4 (split)). Arrows indicate the spectral trend with increasing pH between
pH 3—11.5. These changes are fully reversible.
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Figure 8. Changes in the Eu(lll) emission &ul at 593 nm as a function
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6

“switched ohwith large (up to a factor of 30) enhancements
in the 580, 593, 615, 624, 654, 683, and 701 nm bands,
representing the deactivation of tPie, — 7F; (J = 0 (580
nm), 1 (593 nm), 2 (split; 615 and 624 nm), 3 (654 nm),
and 4 (split; 683 and 701 nmj)as shown in Figure 7.
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Figure 9. EWC (%) of the three different compositions of hydrogel with
0.1% (w/w) of Eul during uptake from xerogels. Results are shown as the
mean of three replicates one standard deviation.

tonations in this pH range. The anion effect has also been
discounted as a plausible explanation for the observed
guenching between pH 251, as the luminescence titrations
were repeated using a variety of counterions, i.e. ClO
CRSGO;™, and Cr. The effect is therefore associated with
the metal ion. We are currently exploring this low-pH Eu(lll)
emission quenching effect with different analogues.

From these results it is evident that the Eu(lll) emission
for Eul is sensitive to changes in pH and that the changes
shown in Figure 6 occur over a large pH range. Heke,
can be used to monitor pH changes from ca. 2.5 to 8,
mimicking pH electrodes.

Having established that the Eu(lll) emissionEol was
highly pH sensitive in competitive media, we choose to
incorporateEul into water-permeable polymers.

Characterization of Eul-Incorporated Water-Perme-

These luminescence enhancements highlight the ability of @ble Polymers.The Eu(lll) complexEul was noncovalently
the antenna to populate the lanthanide excited state bymcorporated into three different hydrogel matrixes comprised
sensitization and that this process is highly pH-dependent.©f poly[methyl methacrylateo-2-hydroxyethyl methacry-

Moreover, the luminescence switching was fully reversible,
since addition of strong base (pH 10) quenches the
emission, which could be subsequentsyitched ohagain
by the addition of acid (pH= 1.6). The changes to the Eu(lll)
emission when plotted as a function of pH gave rise to a
sigmoidal curve, shown in Figure 8.

Above pH 4.5 the Eu(lll) emission significantly decreased
until it was completely quenched above pH 9. Th&, pf

late], denoted 1:1 (MMA:HEMA, wiw), 1:3 (MMA:HEMA,
w/w), and 100% HEMA. The sensor was homogeneously
incorporated at a concentration of 0.05% w/w.

Equilibrium Water Content. The water uptake kinetics
and content of sensor-incorporated films was investigated
using dehydrated samples of the materials (xerogels). When
immersed into a hydrating medium, water enters and an
equilibrium is eventually established between solvation of

the quinoline nitrogen as determined by potentiometric the copolymer and the forces holding the chains together.
titration (6.13), absorption, and fluorescence spectroscopy The degree of water uptake at equilibrium is a function of
(5.93) is in the pH range of-48. Therefore the decrease in  both the nature of the copolymer and the degree of cross-
the Eu(lll) emission above pH 4.5 can be associated with linking within that copolymer. Once this equilibrium is
the deprotonation of the quinoline nitrogen. Above ca. pH reached, the equilibrium water content (EWC) can be
8, it would be expected that the effect due to the quinoline determined. The EWC of a material is an important parameter
nitrogen deprotonation would be insignificant. However the that has an influence on the physical properties of the
Eu(lll) emission is not fully quenched at this pH. It may be hydrogels; the more hydrophilic the hydrogel the higher its
anticipated that the emission is affected by the deprotonationEWC value. The EWC results for complex-incorporated
of either the metal bound water, the quinoline carboxylic films using the three different ratios of HEMA and MMA
amide, or a combination of the two. Deprotonation of the clearly demonstrate that increasing the HEMA content of
metal bound water molecule would affect the-B harmonic the film significantly increased the equilibrium water content,
quenching of the Eu(lll) excited state. The small change in as shown in Figure 9.

Eu(lll) emission that occurs between pH 24 cannot be The EWCs for 1:1 MMA:HEMA, 1:3 MMA:HEMA, and
readily explained through ligand or complex deprotonation. 100% HEMA copolymers containing 0.05% (w/&u1 were
Potentiometric titration, absorption, and fluorescence spec-determined to be 22.9 1.7%, 39.6+ 1.4%, and 58.2+
troscopy of the complex had shown no evidence of depro- 1.0%, respectively. All materials are fully equilibrated within
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Figure 10. Confocal laser-scanning microscopy images of a section of ,’r . / !
hydrogel (MMA/HEMA, 1:3 w/w) incorporating 0.05% w/\Eul in acidic o L / SN M
(A) and basic (B) media.
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90 min of immersion. An increase in EWC as the relative

roportion of HEMA in the copolymers increases is expected Figure 11. _Eu(III) emission of the_1:3 MMA_/HEMAfiIm after soaking in
guepto the high hydrophilicit;) O?IHEMA relative to MI\p/IA PH 2 (red line) and pH 9 (black line) solutions for 24 .

resulting from the pendant hydroxyl moiety of HEMA, which 1,5 oo £ emission from the hydrogel surface, demonstrates
can participate in hydrogen bonding with V\./at.er. The ability the pH-dependent changes in the Eu(lll) emission. These
to control the EWC of the copolymer within which the roq 15 show that the sensor is homogeneously dispersed
complex resides is of considerable importance. High EWC \jithin the medium and that in acidic solution the emission
hydrogels with immobilized sensors are expected to show i g\vitched br (Figure 10A), whereas in basic solution
enhanced response times compared to low EWC hydrogelsy, Eu(lll) was not observed and emission is switches *

due to their relatively high permeability to water; however, (Figure 10B). Hence, the luminescence of the films is highly
very high EWC gels, with resulting highly expanded polymer o qitive to pH, as in solution.

network structure, will facilitate the release of noncovalently 5| {he hydrogels showed a significant-0 order of

mcorpo_rated sensors such as those employed her_e. ImporFnagnitude) difference in their Eu(lll) emission intensities
tantly, it was observed that all the hydrogels retained the »q 5 fnction of pH. These results mirror that seen in the

Eu:lr.]cog”lplix entlrelydvvllthm the matrix fo~1 month, an haqueous solution; e.g. the emission was switctad in
oth absorbance and luminescence measurements of t Qcid whereas in a basic environment the emission was

zolutionblin IWhiTh tfhe hy?rogelrs] W%r_? so?kﬁdhshoweq MO switched“off” . The steady state fluorescence results for the
etectable levels of complex. The ability of all the matrixes 1.3\, MMA/HEMA hydrogel are shown in Figure 11.

to thSiC‘T"”V reta?n théul complex s ascribed to hydrogen By comparison with Figure 7, the relative intensities of
bonding Interactions l?etvx_/een the polymer chains and theeach luminescence bandJ= 0, 1, 2, 3, and 4) are, within
complex. Th|s Interaction Is prOpOS.Ed to take place thrOUQh experimental error, in agreement, indicating the close
the free, ninth coordination site, which may be oc_cup|ed _by similarity of the europium environment in solution and
either a water solvent molecule (as demonstrated in solut|0n)hydrogel matrixes. Due to the experimental method, the

ora .compllceﬁpolymerl hy_drog"enh bond. .The |rrevgr5|zlg resolution of spectra obtained for hydrogels is slightly lower
r(?[tte_tr)]tl?nblo tt '?h cc;n;tp ex ;n a t't e matrixes examined IS yhap jn solution, with theAJ = 0 band (580 nm) observed
attributable to the fatter interaction. : as a shoulder on thaJ = 1 band (593 nm). These results
Lummesgence Meaguremgnts of E.U1 in_Hydrogels. clearly demonstrate that suchori—off’ pH dependent
Hydrogel f|'Ims were investigated using confocgl laser- switching is possible both in hydrogels and in solution. The
scanning microscopy (CLSM) and steady state Iumlnescencemaximum switching factor (luminescent enhancement)
CLSM allows direct, noninvasive measurement of fluo- observed for the MMA/HEMA. 1:3 w/w material. is 53 '

][escence from t.h? slurface ofa sz;mr;le_lgollowm_g elxc_|tat|on which is greater than the factor of 30 observed in solution
rom an appropriate faser source. 1o butld up a sing'e Image, , 4 js 5 clear §n—off signal. However, the time taken to

data is coIIecteq pixel by pixel with the laser rastering over achieve the fully switchetbn” equilibrium was significantly

_the S.ampl_e,. with r_neasurement of overall _ﬂuorescence different in the films to that observed in solution. In solution,
!ntensny within a defined Wa\_/elength range being tra_lnslated the response is instantaneous; the hydrogel media respond
into a false color for each pixel which correlates with that more slowly, as the aqueous medium to be analyzed must

Intensity. A fl‘!” s'pecl:ctrophotorgeft.rlc ?easurgtrﬂgnt of :Iumt"ddiffuse into the hydrogel matrix. Nevertheless, the materials
nescence emission from any defined area within a collected ;| .04 g give measurablton —off’ switching on the

series of_ images can thug pe qbtalned. This aIIo_we_:d minute time scale.

characterization of both the distribution of the sensors within

the hydrogel matrixes and the luminescence emission

characteristics of the sensors on a macro (from square

micrometer up to square millimeter) scale. In this paper we have described the synthesis and the
For all films the Eu(lll) emission from the films was characterization of the pH sendbul. The Eu(lll) emission

modulated by changing from an alkaline to an acidic of the complex was shown to be highly pH sensitive, and

medium. After the strips were soaked in acidic or alkaline the emission could be reversibly switchedff‘or’ as a

solution for 1 h, the changes in the Eu(lll) emission were function of pH in solution. The permanent incorporation of

recorded using CLSM as shown in the luminescence emis-Eul in a noncovalent manner into three hydrogels of

sion micrographs in Figure 10. Figure 10, which effectively composition 1:1 (MMA:HEMA, w/w), 1:3 (MMA:HEMA,

Conclusion
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