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Abstract: Chromophores based on a donor—acceptor—donor structure possessing a large two-photon
absorption cross section and one or two mono-aza-15-crown-5 ether moieties, which can bind metal cations,
have been synthesized. The influence of Mg?* binding on their one- and two-photon spectroscopic properties
has been investigated. Upon binding, the two-photon action cross sections at 810 nm decrease by a factor
of up to 50 at high Mg?" concentrations and this results in a large contrast in the two-photon excited
fluorescence signal between the bound and unbound forms, for excitation in the range of 730 to 860 nm.
Experimental and computational results indicate that there is a significant reduction of the electron donating
strength of the aza-crown nitrogen atom(s) upon metal ion binding and that this leads to a blue shift in the
position as well as a reduction in the strength of the lowest-energy two-photon absorption band. The
molecules reported here can serve as models for the design of improved two-photon excitable metal-ion
sensing fluorophores.

Introduction conventional fluorophores have relatively small values of the

two-photon absorption cross sectiah,(~10 GM; 1 GM =

Two-photon laser scanning microscopy (TPLSM) is a power-
’ g Py ( ) P 1 x 10750 cn?* s photort® molecule?), or their optimal

ful method for three-dimensional imaging in biological systems, .- i e )
and has been used to image the distribution of metal ions in ex0|t_at|on_ wav_elengths d_o no_t fall into the transmissive window
living tissuest3 In TPLSM, the ability of two-photon excitation  [OF biological tissues, which lies betwee§00 and 1300 nrit?

to access excited states with photons of half the nominal TPLSM could greatly benefit from the development of chro-
excitation energy provides improved depth penetration in cell Mophores with larged (>1000 GM) that can be excited
cultures and tissue specimens, which are scattering media, angfficiently in this range.

reduces the background due to cellular autofluorescence, because The need for improved two-photon chromophores has led in
the photons are detuned from resonance with native chro-recent years to a significant amount of research that has been
mophores. Moreover, the dependence of the two-photon absorp.fOCUSGd on the development of structure/property relationships
tion probability on the square of the excitation intensity allows for two-photon absorption. Various classes of two-photon
for excitation of chromophores with a high degree of spatial chromophores have been investigated, including quasi-linear
selectivity in three dimensiordsCurrently, the fluorophores  quadrupolar molecules symmetrically substituted with donor (D)
being used for TPLSM are largely those that have been and/or acceptor (A) groups (of the type-2—D, A—z—A,
developed for single-photon excitatién’ Most of these = D—A-D, and A-D—A) incorporating a variety of conjugated
bridges!®-14 bifluorene and polyfluorene systeHs'6 various
dipolar conjugated B A molecules'?17-18octupolart®2°multi-

T Department of Chemistry, University of Arizona.

* School of Chemistry and Biochemistry, Georgia Institute of Technology.

§ Present address: Ebara Research, 4-2-1 Honfujisawa, Fujisawa 251
8502, Japan.

(8) Fercher, A. F.; Drexler, W.; Hitzenbergen, C. K.; LasserRE€p. Prog.

(1) Denk, W.; Piston, D. W.; Webb, W. W. IrHandbook of Biological
Confocal MicroscopyPawley, J. B., Ed.; Plenum Press: New York, 1995;
pp 445-458.

(2) Stosiek, C.; Garaschuk, O.; Holthoff, K.; Konnerth, Proc. Nat. Acad.
Sci.2003 100, 7319-7324.

(3) Rubart, M.; Wang, E. X.; Dunn, K. W.; Field, L. Am. J. Physiol. Cell
Physiol.2003 284, C1654-C1668.

(4) Brown, E. B.; Shear, J. B.; Adams, S. R.; Tsien, R. Y.; Webb, W. W.
Biophys. J.1999 76, 489-499.

(5) Baker, G. A.; Munson, C. A.; Bukowski, E. J.; Baker, S. N.; Bright, F. V.
Appl. Spectrosc2002 56, 455-463.

(6) Koester, H. J.; Baur, D.; Uhl, R.; Hell, S. \Biophys. J1999 77, 2226~
2236.

(7) Kuba, K.; Nakayama, SNeurosci. Res1998 32, 281-294.

10.1021/ja049013t CCC: $27.50 © 2004 American Chemical Society

Phys.2003 66, 239-303.
(9) Fisher, W. G.; Partridge, W. P., Jr.; Dees, C.; Wachter, ERi#atochem.
Photobiol. 1997, 66, 141—155.

(10) Albota, M.; Beljonne, D.; Bréas, J.-L.; Ehrlich, J. E.; Fu, J.-Y.; Heikal,
A. A.; Hess, S. E.; Kogej, T.; Levin, M. D.; Marder, S. R.; McCord-
Maughon, D.; Perry, J. W.; Riel, H.; Rumi, M.; Subramaniam, G.; Webb,
W. W.; Wu, X.-L.; Xu, C.Sciencel998 281, 1653-1656.

(11) Rumi, M.; Ehrlich, J. E.; Heikal, A. A.; Perry, J. W.; Barlow, S.; Hu, Z,;
McCord-Maughon, D.; Parker, T. C.; "Bkel, H.; Thayumanavan, S.;
Marder, S. R.; Beljonne, D.; Bdas, J.-L.J. Am. Chem. So00Q 122,
9500-9510.

(12) Reinhardt, B. A.; Brott, L. L.; Clarson, S. J.; Dillard, A. G.; Bhatt, J. C.;
Kannan, R.; Yuan, L.; He, G. S.; Prasad, P.@hem. Mater.1998 10,
1863-1874.

J. AM. CHEM. SOC. 2004, 126, 9291—9306 = 9291



ARTICLES Pond et al.

branched! and dendrimer structur@32® and organometallic =~ mophores calcium orange, calcium green-1, and calcium
complexeg*25 We have shown in previous work that the crimsor?® exhibit different fluorescence intensities in the bound
magnitude ob for quasi-linear quadrupolar molecules depends and unbound state; the fluorescence in the unbound form is
on the degree of intramolecular charge transfer upon excitation,quenched due to photoinduced intramolecular electron traftsfer.
and that it is possible to increase dramatically the two-photon These molecules have the largest reported two-photon action
response by adding donor and acceptor groups to the conjugatedross sectionsj9, wherey is the fluorescence quantum yield)

backbone of the molecuf®1126 To date, there has been
relatively little work on functionalizing such two-photon chro-

for ion sensing molecules with values in the range of30
GM in the unbound form in the 868800 nm spectral region.

mophores to impart specific photochemical or photophysical Upon binding of calcium ionsyd, to which the two-photon

propertiest’—2°

induced fluorescence signal is proportional, increases to 50

Measuring the concentration of ions and imaging their spatial 100 GM for these three molecul&The addition of calcium

distribution in biological systems at rest and with stimuli is of

ions does not change the shape of the spectra, and the authors

great interest for understanding physiological responses, suchstate that the ratio of the fluorescence intensity between the

as signal transduction. Magnesium ions @gare important
in mediating enzymatic reactiosand calcium acts as a
universal second messenger in céllsA large number of

bound and free forms is the same for one- and two-photon
excitation. This suggests that the observed changgs irpon
ion binding are due primarily to changes in the fluorescence

molecular sensors and detection schemes for these and othequantum yield between the bound and unbound forms, for these

ions or small molecules have been develogeéf If a molecule

molecules. For indo-1, a widely used probe for intracellular

exhibits changes in linear or two-photon optical properties calcium measurements via ratiometric detection, the value of
(absorption cross section, absorption/emission wavelengths,7d at 700 nm was measured to b&.5 GM in the low calcium
quantum yield, lifetime, etc.) in the presence of an analyte, then regime, and~1.2 GM in the high calcium cas®.Taking into
it may have utility in sensing schemes based on fluorescenceaccount the variations of the fluorescence quantum yield

detection, such as TPLSM.

(assuming thay is the same for one- and two-photon excitation),

A few studies have been performed on the two-photon one would infer thatd = 12 GM in the unbound form and is
absorption properties of ion responsive molecules. The chro-reduced to 2.1 GM in the high calcium regime. This indicates
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thatd can be modified by the binding of calcium ions for this
dye. Another dye, fura-2, exhibits changes in the shape of the
two-photon action spectrum. At775 nm, the signal in the
presence of calcium is-20 times less than that of the free
species, whereas at 700 nmj) is the same for the bound and
unbound species~10 GM)A° Although the ion responsive
compounds discussed above exhibit sizable contrast in the two-
photon action upon binding, the magnitude of the two-photon
absorption cross section and thé values are rather small.

We have pursued a design strategy for fluorescent ion
responsive molecules with enhanced two-photon properties
based on the covalent linkage of quasi-linear quadrupolar two-
photon chromophores, that can provide large two-photon cross
sections, to ligands capable of metal ion binding, wherein the
terminal electron donors of the chromophore are also active
participants in the ion-binding functionality. Specifically, we
have investigated molecules in which one or two monoaza-15-
crown-5-ether macrocyclic ligands are attached to-aAb-D
two-photon chromophore (Figure 1) in such a way that nitrogen
atoms of the crown groups act as electron donors for the
conjugated system and take part in the ion binding. The
reduction in electron donor strength upon binding can affect
the symmetry and the degree of intramolecular charge transfer
within the chromophore and potentially lead to significant
changes in the strength and position of the two-photon absorp-
tion bands.

Crown ethers are well-known to bind alkali and alkaline earth
metal ions, as well as other cations. Generally, the binding is
not selective for a specific ion, but various cations can be
complexed by the macrocycle and the association constant of
the complex depends on factors such as the diameter of the

(39) These chromophores are commercially available from Molecular Probes,
Inc. (Eugene, OR).

(40) Xu, C.; Williams, R. M.; Zipfel, W.; Webb, W. WBioimaging199§ 4,
198-207.

(41) Xu, C.; Webb, W. WJ. Opt. Soc. Am. B996 13, 481—491.
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Experimental Section

(i) Synthesis.'H NMR spectra were recorded on a Varian Unity
Plus-500 NMR spectrometer using the residual proton resonance of
the solvent as the internal standard. Chemical shifts are reported in
parts per million (ppm). When peak multiplicities are given, the
following abbreviations are used: s, singlet; d, doublet; t, triplet; m,
multiplet. 13C NMR spectra were recorded as proton decoupled spectra
on a Varian Unity-300 using the carbon signal of the deuterated solvent
as the internal standard. Elemental analyses were performed by Desert
Analytics, Tucson, AZ. All solvents and reagents were used as obtained
from commercial sources.

4-(Dimethylamino)benzaldehydd)(was purchased from Aldrich
and was used as received. 1,4-Bis(diethylphosphorylmethyl)-2,5-di-
cyanobenzene?],*° 4-(1-aza-4,7,10,13-tetraoxacyclopentadecyl)-benz-
aldehyde 8),%° and 2,5-dicyano-1,4-bis[2-(4-(di-butylamino)phenyl)-
vinylloenzene CN—DSB)?® were synthesized according to literature
procedures.

[2,5-Dicyano-4-[2-(4-dimethylaminophenyl)vinyl]benzyl]-phos-
phonic Acid Diethyl Ester (4). Aldehyde1 (170 mg, 1.14 mmol),
and diphosphonat2 (500 mg, 1.17 mmol) were dissolved in 10 mL

CR2 of tetrahydrofuran (THF), and the solution was cooled f&€0To this
Figure 1. Molecular structures of the control compour@N—DSB) and solution, 530 mg (4.72 mmol) of potassiuert-butoxide in 10 mL of
the mono-aza-crown-ether substituted chromophd®#l(and CR2). THF was added dropwise, and the reaction mixture was stirred for 3 h

at 0°C. Water was added to the reaction mixture, and the product was

ions relative to the size of the cavity formed by the macrocycle, extracted with ethyl acetate. The organic layer was dried with MgSO

the number of binding sites on the crown, the type of donor followed by evaporation of the solvent. The crude product was separated
- ' by column chromatography with a gradient of hexane in dichloro-

atoms (e.g., oxygen, nitrogen, or sulfur), and the solvent. Upon I

binding( tﬁe poigigtive charge density of)the metal ion can I(Fa)ad methane (26:0%) and ethyl acetate in dichloromethane-g0%) and

. . | . h o was used directly in the next step of the synthesis without further
to a reduction in electron densny on the coordlnatlng aza characterization.

nitrogen atom and thereby cause changes in the optical properties 2,5-Dicyano-1-[2-(4-dimethylaminophenylyvinyl]-4-[2-[4-(1-aza-
of the chromophoréz=+® 4,7,10,13-tetraoxacyclopentadecyl)phenyl]vinyllbenzene (CRNlono-

In this paper, we report on the effects of magnesium ion phosphonate (210 mg, 0.50 mmol) and aldehy@®(200 mg, 0.62
binding on the linear and two-photon spectroscopic properties mmol) were dissolved in 10 mL of THF, and the solution was cooled
of mono- and bis-(aza-15-crown-5-ether) substituteeAd-D to 0 °C. With stirring, a solution of potassiutert-butoxide (280 mg,
dyes. Following a description of the experimental and compu- 2-50 mmol)in 10 mL of THF was added to the solution slowly. After
tational methods and synthetic details, we present results ont " Stiring at 0°C, the reaction mixture was warmed to room
(1) the one-photon electronic absorption properties, (2) the temperature and stirred for 1 h. The reaction was quenched by water,

bindi tants f . d the ab fi tra f and the product was extracted with dichloromethane. After drying with
inding constants for Mg ions an € absorption spectra for MgSQ,, the solvent was removed and the crude product was purified

the bound species, (3) the fluorescence quantum yields andby column chromatography with a gradient of ethyl acetate in
lifetimes of the free chromophores and bound species, (4) the gichloromethane (920%). Yield 154 mg (0.26 mmol, 52%). The
two-photon fluorescence excitation spectra in the absence andresulting solid was recrystallized from acetone to give red neeties.
presence of MY, (5) the predictions of quantum chemical NMR (500 MHz, CDC}) &: 7.96 (s, 2H), 7.48 (dJ = 9 Hz, 2H),
calculations, which have been used to model the effect of ion 7.45 (d,J =9 Hz, 2H), 7.21 (dJ = 17 Hz, 1H), 7.20 (dJ = 16 Hz,
binding on the strength and position of the lowest energy two- 1H), 7.14 (d,J = 17 Hz, 1H), 7.12 (dJ = 16 Hz, 1H), 6.72 (dJ =
photon electronic absorption band, and (6) the estimation of 9 Hz, 2H), 6.68 (dJ = 9 Hz, 2H), 3.78 (tJ = 7 Hz, 4H), 3.67 (m,
sensitivity and contrast figures-of-merit for the crown substituted 1\2:)7, 3'1%:’;(2' igfg '1'2"9'?1(7152'3"'12'125?) 162:31851'122'3128'11 713;8'1*17 L
two-photon chromophores that have been examined. We discuss; 7' 17,5 1145 1122 111.7, 715, 70.4, 70.2, 68.5, 52.8, 40.4.
the modification of the one- and two-photon spectroscopic

. A 8 Anal. Calcd for GeHsoN4O4: C, 72.95; H, 6.80; N, 9.45; O, 10.80.
properties of the systems studied in terms of the change in they nq: ¢ 72.89: H 6.96' N 9.50° O. 10.65.

donating ability of the terminal amino substituents when the 5 by ano-1 4-bis[2-(4-(1-aza-4,7,10,13-tetraoxacyclopentadec-
aza-nitrogen lone pair electrons are involved in ion binding.  yj)nohenyi)vinyllbenzene (CR2).Aldehyde3 (500 mg, 1.55 mmol) and

diphosphonate (322 mg, 0.75 mmol) were dissolved in 10 mL of

(42) Fery-Forgues, S.; Le Bris, M.-T.; Guette, J.-P.; ValeurJ BPhys. Chem. THF, and the solution was cooled to°C. Potassiuntert-butoxide
1988 92, 6233-6237.

(43) Bourson, J.. Valeur, Bl. Phys. Cheml989 93, 3871-3876. (560 mg, 5.9 mmol) in 10_mL of THF was added to the solution slowly.

(44) Rurack, K.; Rettig, W.; Resch-Genger, Ohem. Commur200Q 407— After the mixture was stirred fo3 h at 0°C, 100 mL of water was
408. ini

(45) Bricks, J. L.; Slominskii, J. L.; Kudinova, M.; Tolmachev, A. I.; Rurack, added, ar.ld a red powd(_er preCIpltated. The. powder was collected,
K.. Resch-Genger, U.; Rettig, W. Photochem. Photobiol. 2000 132, washed with water, and dried under vacuum. Yield 300 mg (0.39 mmol,
193-208. 52%). The solid was recrystallized from dichloromethane to give a red

(46) Das, S.; Thomas, K. G.; Thomas, K. J.; Kamat, P. V.; George, M. V.
Phys. Chem1994 98, 9291-9296.
(47) Marcotte, N.; Fery-Forgues, S.; Lavabre, D.; Marguet, S.; Pivovarenko, (49) Wenseleers, W.; Stellacci, F.; Meyer-Friedrichsen, T.; Mangel, T.; Bauer,

V. G. J. Phys. Chem. A999 103 3163-3170. C. A.; Pond, S. J. K.; Marder, S. R.; Perry, J. WPhys. Chem. R002
(48) Marcotte, N.; Plaza, P.; Lavabre, D.; Fery-Forgues, S.; Martin, MJ.M. 106, 6853-6863.
Phys. Chem. 2003 107, 2394-2402. (50) Dix, J. P.; Vogtle, FChem. Ber198Q 113 457-470.
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powder.*H NMR (500 MHz, CDC}) 6: 7.95 (s, 2H), 7.45 (d) =9
Hz, 4H), 7.19 (dJ = 16 Hz, 2H), 7.12 (dJ = 16 Hz, 2H), 6.68 (d,
J =9 Hz, 4H), 3.78 (tJ = 7 Hz, 8H), 3.67 (m, 32H)3C NMR (75
MHz, CDCL) 6: 148.6, 138.6, 134.5, 130.0, 129.0, 123.5, 117.3, 116.9,
114.1, 111.7, 71.4, 70.3, 70.2, 68.5, 52.8. Anal. Calcd foHGN.-
Os: C, 68.91; H, 7.10; N, 7.31; O, 16.69. Found: C, 69.03; H, 7.18;
N 7.46; O, 16.33

(ii) Spectroscopic MeasurementsAll solutions were prepared in
spectrophotometric grade acetonitrile (Aldrich). Magnesium perchlorate
(ACS reagent grade, Aldrich), tetrabutylammonium bromide (Fluka),

source (Tsunami, Spectra-Physics). This laser generd@dBds pulses
at a repetition rate of 82 MHz in the wavelength range of-71000
nm. The optical set up has been described previcisypumarin 307
in methanol and fluorescein in pH 11 water, both of which have been
well characterized in the literatufé,were used as reference) (
compounds. The two-photon absorption cross section of a sample
compound $) can be calculated at each wavelength according to

(S — %’7[®rcr6

s S’nS(DSCS ' (l)

and concentrated hydrochloric acid (EM Science) were used as received.

All solutions were allowed to equilibrate for at léak h in thedark
prior to optical measurements.

whereS s the detected two-photon induced fluorescence signad,
the fluorescence quantum vyield, a@is the concentration of the

Absorption spectra were obtained on a Hewlett-Packard 8453 diode chromophored is the collection efficiency of the experimental setup

array spectrophotometer. The peak molar extinction coefficignt,

and accounts for the wavelength dependence of the detectors and optics

for the chromophores studied was obtained from a linear regression 45 well as the difference in refractive indexes between the solvents in

analysis of absorbance versus dye concentration using the-Beer
Lambert equation. Dilutions of two independent stock solutions of the

which the reference and sample compounds are dissélvétie
concentration of the solutions were in the range of 1076 to 1 x

unbound chromophores allowed to investigate concentrations spanningig-s . The fluorescence detection was performed at the same
a range of nearly 2 orders of magnitude and absorption spectra Wereyavelength for reference and sample compounds (both 625 and 600
obtained in 0.1 or 1 cm path length cuvettes, as needed. No deviationsym getection wavelengths were used). The output signal was averaged
from the Beer-Lambert law were observed at the concentrations that o, 60 s. The measurements were conducted in an intensity regime
were used in the measurements of the two-photon spectra, indicatingyhere the fluorescence signal showed a quadratic dependence on the
the absence of aggregation. To measure the extinction coefficients Ofjntensity of the excitation beam. The uncertainty in the measured cross

the complexes, spectra were collected in 1 and 10 cm path length gections is about 15%.

cuvettes for several independent solutions (serial dilutions of the sample

were not appropriate as this would have perturbed the equilibrium).
The uncertainty iremaxis < 5%.

(iii) Binding Constant Determination. The binding constants for
the complexes between t¥R1 or CR2 chromophores and magnesium
ions were determined by spectrophotometric titration. The concentration

A Spex Fluorolog-2 spectrofluorimeter was used for the measurement of Mg2+ was in the range & 1077 to 2 x 10-2 M. The chromophore
of the fluorescence spectra. All spectra have been corrected by cgoncentration was 1.02 10-5 M.

subtraction of the spectrum of a solvent blank sample and by
introduction of the instrument correction factor, which accounts for

the wavelength dependence of the instrument response function as well

as for variations in excitation lamp power. The dye concentration
(typically 1 x 1077 M) for steady-state fluorescence experiments was

kept as low as possible in order to minimize reabsorption effects. The

fluorescence quantum yielg, was determined using 9,10-bis(phenyl-
ethynyl)anthracene (BPEA) in cyclohexang= 1.0f! as a reference
compound, and under the following conditions: [Mp~ 30 mM,
["BusN*t] = 35 mM, [HCI] = 39 mM, and excitation wavelength

400 nm. The absorbance of the solutions for fluorescence quantum yiel

Modeling and Computational Methods

(i) Analysis of the Complexation Equilibria. The equilibrium
expression for the formation of a 1:1 dye:metal complex is as follows

Kl
D+ M==DM )

where D is the dye, M is the metal ion, DM is the complex, &ids
the binding constantK; can be determined from measurements of

dabsorbance as a function of ion concentration using the following

1 4
measurements was less than 0.02 at the excitation wavelength, so tha?quatloﬁ

attenuation of the excitation beam in the sample was small. The
experimental uncertainty in is 10%.

Fluorescence lifetimes were measured using the time-correlated

single photon counting techniq@&The molecules were excited at 305

AA _ [DK;Ae4[M]

L 1+K M @)

nm using the frequency-doubled output of a picosecond-pulse dye laserin eq 3,AA is the difference in absorbance at a particular wavelength
and the fluorescence was detected perpendicular to the excitation beanbetween the pure dye solution and the solution of dye and metal ion
after passing through an analyzing polarizer set at the magic angle and(A; — A), L is the path length, [Dis the total dye concentration, [M]
a monochromator. The details of the experimental setup and methodis the concentration of the free metal, and;; is the change in

of analysis of the data have been described previddsie instru-
mental response function was90 ps (full width at half-maximum).
The experimental conditions used were the following: [dye]l x
1075 M, [Mg?*] = 17 mM, ['BusN*] = 17 mM, [HCI] = 40 mM. The
fluorescence decays f@N—DSB andCR1 were collected at 650 nm,
those forCR2 at 640 nm. The/? values for the fits of the fluorescence
decays were all between 1.06 and 1.21. The uncertaintysri—5%
for the monoexponential decays, and B)% for the multiexponential
decays.

Two-photon excitation spectra were measured using the two-photon

induced fluorescence technidti@ising a Ti:Sapphire laser excitation

(51) Berlman, I. BHandbook of Fluorescence Spectra of Aromatic Molegules
2nd ed.; Academic Press: New York, 1971.

(52) O’Connor, D. V.; Phillips, DTime-Correlated Single Photon Countjng
Academic Press: London, 1984.

(53) Khundkar, L. R.; Perry, J. W.; Hanson, J. E.; Dervan, P1.BAm. Chem.
So0c.1994 116 9700-9709.
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extinction coefficient at the measurement wavelength between the dye
and the dye:metal complexd — epm). Equation 3 is valid if the free
metal ion concentration is not significantly altered by binding.

In the case where the chromophore can form CRZ:Mg?") and
1:2 (CR2:2Mg?") complexes, the system is described by the following
equilibria

Kll

D+ M==DM (4)
K12

DM + M == DM, (5)

It can be show#t that the change in absorbanckA) at a specified
wavelength is given by

(54) Connors, K. A.Binding Constants: The Measurement of Molecular
Complex StabilityJohn Wiley and Sons: New York, 1987.
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AA _ [DJ(KpAep3[M] + Ky KpAe[M] 2)
L 1+ Ky [M] + Ky Ky [M]?

(6)

where K31 and Ky, are the two binding constants, as described in
egs 4 and 5A€12 = (ep — epmz), and the other parameters have the

Nishimoto (MN) potentig® was used, as it has been found that this
potential yields a better agreement with experimental spectroscopic
data?’¢’than the Ohne Klopman (OK) potenti&f®®used previously?

The five determinants chosen as reference determinants in the MRD-
Cl procedure are those that dominate the description of the ground
state, the lowest excited state, and the two-photon excited state.

same meaning as in eq 3. This treatment is again valid under the Specifically, these are: the self-consistent field determinant, the singly

condition that the metal ion concentration is unchanged by the binding.

(i) Determination of Transition Dipole Moments. We have
previously showtf1114that the two-photon properties of linear qua-

excited determinants with an electron excited from the HOMO to the
LUMO, from the HOMO to the LUMO+ 1, and from the HOMO-
1 to the LUMO, and the doubly excited determinant with both electrons

drupolar conjugated molecules, substituted with electron accepting andexcited from the HOMO to the LUMO (where HOMO is the highest
withdrawing groups, can be described reasonably well by a simple occupied molecular orbital and LUMO is the lowest unoccupied

model that includes three electronic states: the ground sgatéhe
lowest excited statee), and a higher lying two-photon state')(
According to this model, the two-photon absorption cross section
depends on the transition dipole momeny petween stateg ande,

and between statesande, and on the energie&) of the three states.
Specifically, at the two-photon resonancei@ = Eg), the peak two-
photon cross section is given by

Mgz;e Mgé
(Ege o Egélz)zrgé

_167°L*ho”
max 5n202

) @)

whereh = h/2x, his Planck’s constant; is the speed of lighty is the
refractive index of the mediuny is the excitation frequency, is the
Lorentz local field factorl{ = (n> + 2)/3), andl'4« represents the overall
bandwidth (full width at half-maximum) associated with tge-€
transition. Equation 7 is written in the cgs system of units.

After determining the transition momeM,e from the integrated
molar extinction coefficient for thg—e transition>>6the state energies
from the peak in the one- and two-photon spectra, and assuliging
~ 0.1 eV (a value consistent with the bandwidth of the two-photon
spectra for many quadrupolar chromophofésihe excited-state
transition momenMee can be estimated, based on experimental data,
via the following equation

NO(Ey, — Fiw) STy - 5max)1/2
drol?My, \ R

8)

eé

(for acetonitrilen = 1.3442).

(iii) Quantum Chemical Calculations. The molecular geometries
were optimized at the B3LYP/6-31G* levéin the density functional
theory (DFT) formalisn?®5° The geometries obtained with the semi-
empirical AM1 Hamiltonian utilized in several previous studies were
significantly different from the DFT results fdR2:2Mg?" and they

appeared to be chemically unreasonable. This is most likely due to an

improper description of the interaction of ®fgwith the aza-crown

molecular orbital). The active space included the highest 26 occupied
and lowest 26 unoccupied orbitals for single excitations, and the highest
6 occupied and lowest 6 unoccupied orbitals for multiple excitations.
The calculations were performed on isolated molecules in the vacuum
(n=1). The values of Iny (—w;w,—w,w), which can be related 16,

were computed by using the perturbative Sum-over-State (SOS)
expressioff including the 300 lowest-lying singlet excited states.

Results

(i) Synthesis.Two molecules bearing one or two mono-aza-
15-crown-5-ether macrocycles attached to a two-photeABD
chromophore have been synthesized and characterized. The
synthetic scheme for the preparation GR1 and CR2 is
illustrated in Figure 2. Th&€R1 chromophore has a doner
acceptor-donor structure with a distyrylbenzemebackbone,
and one of the donors is a dimethylamino group whereas the
other is a mono-aza-15-crown-5-ether. T0IR2 chromophore
is symmetrically substituted with two of the aza-crown ether
moieties, one at each erdR1 andCR2 were synthesized using
Horner-Emmons coupling. The bis-crown chromoph@B2
was obtained by reacting 2 equiv of the mono-crown ether
benzaldehyde3, with a dicyanobenzene bis-phosphonate pre-
cursor,2. To obtain the mono-aza crown chromoph@1, 1
equiv of 4-(dimethylamino)benzaldehydk,was reacted with
2 to produce the mono-phosphonate intermedigteshich was
then reacted with the mono-crown aldehy&leAlso shown in
Figure 1 is a dye based on a don@icceptor-donor substituted
distyrylbenzene @N—DSB), which was previously studied in
our laboratory and shown to possess a large two-photon
absorption cross section & 1750 GM at 830 nm, in toluenés.
CN—DSB lacks an ion binding functionality and was used for
control experiments.

(if) One-Photon Electronic Absorption Properties.The dye

ether. The transition energies and dipole moments of the compoundscontaining no crown ether group<N—DSB) exhibits an

were then calculated by using the semiempirical INDO Hamiltd#f@n

absorption maximumi(apd?) at 482 nm in acetonitrile and has

coupled to a multireference determinant single and double configuration- an epay of 7.6 x 10* M1 cm™! (see Figure 3 and Table 1).

interaction (MRD-CI§2 scheme in order to include electron correlations,
which are especially important for the description of the TPA active
states3-% To describe the Coulomb repulsion terms, the Mataga

(55) Birge, R. R. InUltrasensitve Laser Spectroscopliger, D. S., Ed,;
Academic Press: New York, 1983; pp 10974.

(56) Herzberg, GMolecular Spectra and Molecular Structure. |. Spectra of
Diatomic Molecules2nd ed.; Van Nostrand Reinhold Company: New
York, 1950.

(57) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(58) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
Theory Wiley & Sons: New York, 2000.

(59) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules
Oxford University Press: Oxford, 1989.

(60) Ridley, J.; Zerner, MTheor. Chim. Actal973 32, 111-134.

(61) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff, UJT.
Am. Chem. Socd98Q 102 589-599.

(62) Buenker, R. J.; Peyerimhoff, S. Dheor. Chim. Actal974 35, 33—58.

(63) Tavan, P.; Schulten, Kl. Chem. Phys1986 85, 6602-6609.

(64) Pierce, B. MJ. Chem. Phys1989 91, 791-811.

Substitution of a mono-aza-15-crown-5-ether group for one or
two of the dialkylamino donor groups leads to a slight blue
shift in the absorption spectra GR1 andCR2 (4 apd?) = 468

and 472 nm, respectively), suggesting that the aza-crown ether
group is a slightly weaker donor group than thendutylamino
group. The peak extinction coefficients for the macrocycle
containing chromophores are slightly lower than for the unsub-

(65) Shuai, Z.; Beljonne, D.; Bdas, J.-L.J. Chem. Phys1992 97, 1132~
1137.

(66) Mataga, N.; Nishimoto, KZ. Phys. Chem1957, 13, 140-157.

(67) Zojer, E.; Wenseleers, W.; Pacher, P.; Barlow, S.; Halik, M.; Grasso, C.;
Perry, J. W.; Marder, S. R.; Bdas, J.-L.J. Phys. Chem. R004 108
8641-8646.

(68) Ohno, K.Theor. Chim. Actdl964 2, 219-227.

(69) Klopman, GJ. Am. Chem. S0d.964 86, 4550-4557.

(70) Orr, B. J.; Ward, J. PVol. Phys.1971, 20, 513-526.
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Figure 2. Synthetic scheme for the mono-cron@R1) and bis-crown CR2) compounds studied in this work.

stituted moleculednax = 6.8 x 10* and 7.2x 10* M~1 cm™?!
for CR1 andCR2, respectively). The transition dipole moment
from the ground stateg] to the first excited statee), Mge is
similar for CN—DSB and CR1 (11 D) but somewhat smaller
for CR2 (9.6 D)t

The addition of magnesium ions to solutions@N—DSB
(Figure 3a) results in a small decreasejixto 7.3 x 10* M1

in shape to that of th€R1:Mg?" complex, with a blue shift of

the lowest energy band with respect@®2 and an additional
peak at~340 nm. These features are indicative of the formation
of the 1:1CR2:Mg?" complex. At higher ion concentrations
(>5 mM), a peak at 378 nm due to ti@ZR2:2Mg?" complex
becomes the dominant feature in the absorption spectrum, with
aNe€max of 4.4 x 10* M~1 cm™1 for [Mg2*] = 30 mM, at which

cm1 at high M@* concentration, but there is essentially no concentration~89% of the dye is in the form of theR2:2Mg?*
change in the shape or position of the band. On the contrary, species (see below).

the addition of magnesium ions to solutions of the crown-  As a control experiment to test whether changes in ionic
containing chromophores strongly affects their absorption strength affect the optical properties of these chromophores,
spectra. The lowest energy absorption ban@CRBfl undergoes  tetran-butylammonium cations'Bu;N*), which are too bulky

a hypsochromic shift to 445 nm (see Figure 3b) and decreaseso be complexed by the crowA;y3® were added in high

in intensity t0 emax = 4.6 x 10* M~! cm™! for [Mg?'] = concentration (35 mM) to solutions &R1 andCR2. This did

30 mM (as will be described in the following section, at this not significantly alter the strength or position of the linear
concentration~99% of the dye is present in the complexed absorption 0fCR1 or CR2 (emax = 6.7 x 10* and 7.0x 10
form, CR1:Mg?*). A new peak appears at higher energy (338 M~1 cm1, respectively). Finally, to establish the role of the
nm) and intensifies as the magnesium ion concentration is nitrogen donors in the features of the electronic spectra of the
increased, reaching afax of 2.5 x 10* M1 cm™! at high chromophores, absorption measurements were performed on
magnesium concentrations. An isosbestic point is observed atCR2 in acidic solution. Under strongly acidic conditions, both
~430 nm and is consistent with the presence of an equilibrium nitrogen atoms ofCR2 are expected to be protonated and,
between two absorbing species in solution. The effect of ion therefore, no longer serve as electron donors tartisystem.
binding on theCR2 chromophore is even more dramatic (Figure The absorption spectrum @R?2 in the presence of 39 mM
3c). With two crown groups on the chromophore, it is possible HCI in acetonitrile is shown in Figure 4. The absorption peak
for three species to be present in solution: the unbdDR@, is at 362 nm and is ascribed to tB&R2:2H" species. Themax

a 1:1 CR2:Mg?*) complex, and a 1:2GR2:2Mg*") complex. is 4.8 x 10* M~ cm™%, which is similar to that of bis(-meth-

At low magnesium concentrations (less than 0.1 mM), the yistyryl)benzené! The spectrum of the protonateZR2 re-
absorption spectrum of th€éR2 solution is relatively similar

(72) MacQueen, D. B.; Schanze, K. &. Am. Chem. Sod.99], 113 6108~
(71) The transition moments were estimated for the lowest energy absorption 6110.
band by a fitting procedure that accounts for a shoulder that is likely due (73) Geue, J. P.; Head, N. J.; Ward, D.; Lincoln, S.Clton Trans.2003
to a higher energy electronic state, as described in ref 26. 521-526.
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Figure 3. Linear electronic absorption and fluorescence emission spectra GBNaDSB, (b) CR1, and (c)CR2. The thin solid line and thin dashed line
are the absorption and fluorescence spectra of the dyes in acetonitrile. The thick solid and thick dashed lines are the absorption and enassion spectr

respectively, of the dye-Mg solution obtained using I3 M dye and 30 mM M§&". For each molecule, the area of the fluorescence spectrum is proportional
to the quantum vyield.

Table 1. Linear Spectroscopic Data?
€max
molecule/cation A aps® (10*Mt A
system (nm) cm?) (nm) n 7 (ps)
CN—-DSB 482 7.6 625 0.12 970
CN—DSB/Mg?* 481 7.3 625 0.09 900
CR1 468 6.8 624 0.10 830
CR1/Mg2* 445 4.8 665 0.0? 1100
420
CR1/"BusN* 468 6.7 626 0.12 820
CR2 472 7.2 610 0.20 1280
CR2/Mg?* 378 4.4 576 0.1¢ 1300
2100
730
CR2/"BusN* 472 7.0 610 0.23 1260
CR2/H* 362 4.8 410 0.82 1440
423

aLinear absorption maximuni4p,4Y), molar peak extinction coefficient
(ema), fluorescence emission maximuriy], fluorescence quantum yield
(), and fluorescence lifetimer), P Equilibrium percentage:CR1:Mg%*
= 99%,CR1 = 1% (for the binding constant reported in the Results section,
partiii ). ¢ Equilibrium percentageCR2:2Mg?" = 89%,CR2:Mg?+ = 11%,

sembles that oER2 at high [M¢?™], where a large fraction of

the 1:2 complex is present. The similarity of the spectr&l
in the protonated form and in the 1:2 complex with ¥gs

which the crown is replaced by a hydrodéf? have been
observed for other aza-crown ether substituted systems.

Absorbance (a.u.)

0.0

'
L 1

(‘n"e) AJIsusju| 9oUBISBION|4

400

L4
300

500

.1 0.0
600 700 800

Wavelength (nm)

Figure 4. Linear absorption (solid line) and emission (dashed line) spectra
of CR2 in the presence of 39 mM HCI in acetonitrile.

(iii) Binding Constant Determination. To determine the
distribution of species in the solutions in the presence of
magnesium ions, the binding constantsiR1 and CR2 with
CR2 = 0.05% (for the binding constants reported in the Results section, Mg?* were determined as described in the Experimental Section.
partii). Absorption spectra oER1 ([D{] ~ 1 x 107° M) were collected
for solutions containing Mg in the concentration range of
5x 107 Mto 2 x 1072 M (representative spectra are shown

in Figure 5a). The change in absorption at 468 nm is shown in
consistent with the nitrogen lone pair not interacting significantly Figure 5b and can be fitted reasonably well by eq 3, consistent

with the sr-system upon ion binding. Such similarities in the with a single-step complexation equilibrium. The parameters

absorption spectra of the ion-bound form of the aza-crown that give the best fit to the experimental data Kie= 3500
chromophores and the protonated @yar a modified dye in

M~1 and Ae;4(468 nm) = 3.0 x 10* M~ cm™1, with an
uncertainty of about 10%. A simila; is obtained from the
absorption data at 338 nm. Thgaxfor the CR1:Mg?+ complex

J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004 9297
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Figure 5. (a) Absorption spectrum dER1 as a function of [M§']. Only spectra at selected concentrations are shown for clarity. The arrows indicate the
trend for increasing [M#']. The dye concentration is & 10°> M. (b) Change in absorbance at 468 nm as a function of?fiifpr CR1. The line is the

best fit of the data to eq 3. (c) Absorption spectrumGit2 as a function of [M§']. Only spectra at selected concentrations are shown for clarity. The
arrows indicate the trend for increasing [R§ The dye concentration is & 10-5 M. (d) Change in absorbance 6R2 at 472 nm as a function of [Mg].

The line is the best fit of the data to eq 6.

can be estimated fromei; and is consistent with the experi-
mental value obtained at high [Mg.
For theCR2 chromophore, the binding can be described well

by a two-step complexation equilibrium (eqgs 4 and 5). Repre-

sentative absorption spectra@R2 with magnesium concentra-
tions varying from 5x 1077 M to 2 x 1072 M are shown in

the spectroscopic information collected for a given chromophore,
a global fitting procedure for the full absorption spectra over a
range of ion concentrations was implemented. The details of
the fitting procedure are described in the Supporting Information.
This fitting procedure resulted in a binding constant @R1

of K; = 3530 M1, a value which is in very good agreement

Figure 5c. Equation 6 was used to fit the experimental data at with that obtained from the single wavelength fit (3500
several wavelengths using a nonlinear least-squares methodrhe binding constant for the formation of tH@R2:Mg2*"

(see Figure 5d for data correspondingite= 472 nm). The
fitting results areK;; = 6500 M1 and Ky = 280 M1,
A€11(472 nm)= 2.4 x 10* M~ cm, and Ae€12(472 nm)=

8.1 x 10* M1 cm™L. The uncertainty is around 10% fét 1,
and higher forK;2 (20—30%). The extinction coefficients for
the individual species that can be calculated from the fitting

complex isKy; = 6060 M1, again similar to the single
wavelength value (6500 M), andK;, = 455 Mt for the
formation of CR2:2Mg?*. The two estimates fdf;, (455 M1
from the global fitting, and 280 M from eq 6) are somewhat
different, but they are within error bars of each other, for an
uncertainty of 30%. The absorption spectra of the individual

parameters are similar to those measured experimentally onunbound and complexed species, as obtained from the global
solutions with a large excess of magnesium ions. Specifically, fitting procedure, are shown in Figure 6. TAR&R1:Mg?" and

e of the CR2:2Mg?" complex at 340 nm is calculated to be 3.9
x 10* M~1 cm™1 from the fit. From an experimental spectrum
with [Mg2"] = 4.4 x 1072 M, a value ofe(340 nm)= 3.5 x

10* M~ cm ! is obtained. At this concentration the fractions
of the different species are estimated to 5e0.03%CR2 dye,
7.5% 1:1 complex, and 92.5% 1:2 complex using the binding
constants obtained from the fit.

The fitting procedure described above is based on data

CR2:Mg?" spectra are very similar in position, shape, and
intensity, suggesting a similar electronic structure for these two
species. TheCR2:2Mg?" absorption spectrum resembles that
observed folCR2:2H*, again supporting the interpretation that
in the ground-state geometry the nitrogen donor groups are
nearly completely decoupled from thesystem, when involved
in ion binding.

(iv) Fluorescence Quantum Yields and Lifetimes.The

obtained at particular wavelengths. To obtain absorption spectrafluorescence spectra of the three uncomplexed molecGes-(

of the individual species in solution and to make full use of all

9298 J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004

DSB, CR1, andCR?2) in acetonitrile (Figure 3) are unstructured
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Figure 7. Fluorescence emission spectrait2 with no magnesium (solid
line), 2 mM Mg" (dotted line) and 30 mM Mg (dot—dashed line). In all
cases, the peak intensity has been normalized to one.

and have fluorescence maxinfa) located at 625 nm foEN—
DSBandCR1 and at 610 nm fo€CR2. These molecules exhibit
large Stokes’ shiftsiapd®) — vq) of 4750 cnt® for CN—DSB,
4790 cn1!for CR2, and 5340 cm! for CR1. Their fluorescence
guantum yields#) in acetonitrile are in the range 0.20.20

in the absence of complexing metal ions (TableQ)N—DSB
shows a small decrease in quantum yield when 30 mM*Mg
is added to the solution(= 0.09 versus 0.12) but no shift in
the position of the fluorescence band is observed (Figure 3a).
The quantum yields o€R1 and CR2 in the presence of 35
mM "BuN* are 0.12, and 0.23, respectively, which indicates
that the effect of ionic strength om is small. Moreover, the
addition of"BusN* does not produce any significant change in

the shape and position of the fluorescence band. In contrast,

the spectrum ofCR1 shows a 40 nm (0.12 eV) red shift on
binding Mg?", and a reduced quantum yield of 0.03 is obtained
under high Mg" concentration (30 mM) conditions. The Stokes’
shift for CR1 increases upon binding (7454 ch), suggesting
that the relaxation energy in the excited state is larger for the
complex than for the unbound dye. The fluorescenc€RP
shows a more complex behavior (Figure 7). At low magnesium
concentrations (for 2 mM Mg the fractions of the dye
containing species are as follows34% CR2:2Mg?", 61%
CR2:Mg?",5% freeCR2) the fluorescence spectrum red shifts

(74) All the solution compositions that are reported from here on were calculated
using the values of the binding constants shown in Figure 5b or 5d, as
appropriate (single wavelength fitting).

by ~10 nm (0.03 eV), broadens, and the effective quantum yield
of the solution decreases € 0.12). This suggests that tlR2:

Mg?" species has fluorescence properties similar to those of
CR1:Mg?*. At higher magnesium concentrations (30 mM4Vig

for which the solution composition is 89@R2:2Mg?", 11%
CR2:Mg?*, < 1% CR?2), the fluorescence spectrum blue shifts
by 35 nm (0.12 eV) compared to the unbound species, but the
fluorescence quantum yield of this solution is similar to that of
the unbound specieg; (= 0.19). In the presence of 30 mM
Mg?*, the Stokes’ shift is 9090 cm, nearly twice that of the
unbound species. The excited-state relaxation energy is ex-
tremely large in the presence of ions, resulting in a fluorescence
maximum which is somewhat similar to the free dye, whereas
there is a larger difference in the absorption maximd @0

nm, 0.65 eV). In contras€R2 in the presence of HCI exhibits

a slightly structured fluorescence spectrum with the highest
energy peak located at 410 nm and a Stokes’ shift of only 3210
cm! (Figure 4), and is highly fluorescent & 0.82). Although
CR2:2Mg?t andCR2:2H" have similar absorption properties,
the fluorescence spectra are drastically different. Clearly, the
emission folCR2:2Mg?™ andCR2:2H" is from electronic states
that are rather different in geometry and electronic character,
as will be discussed further below.

The fluorescence lifetimes, were measured for the three
dyes with magnesium ion concentrations varying from 0 mM
to 53 mM, and a dye concentration ofl x 10°® M. The
uncomplexed dyes exhibited single-exponential fluorescence
decays with lifetimes of 0.97 ns f@N—DSB, 0.83 ns foICR1,
and 1.28 ns foCR2 (see Table 1). Addition of 22 mM Mg
to a solution ofCN—DSB reduced the lifetime slightly to 0.90
ns, but still gave a single-exponential behavior. Control experi-
ments with"BusN* (17 mM) resulted in single exponential
decays and lifetimes very similar to those obtained for the pure
dyes in acetonitrile. In contrast, the addition of magnesium to
solutions ofCR1 resulted in a biexponential fluorescence decay,
which is indicative of the presence of two fluorescent species
in solution. One of the components has a fluorescence lifetime
of 1.10 ns, whereas the second component has a lifetime of
420 ps. Similar lifetimes are obtained over the entire range of
magnesium concentrations, but the relative amplitudes of the
two components change with magnesium concentration and
suggest that the 1.10 ns component is due to theGRe and
the 420 ps component to tf@R1:Mg?* species. The fluores-
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Figure 8. Two-photon action spectra of (N—DSB, (b) CR1, and (c)CR2 obtained using coumarin 307 as a reference. The open squares are data for
the dyes in the absence of magnesium, the filled squares are data obtained with fdyel0-> M and [Mg?"] = 2 mM. The dashed lines are only a guide
to the eye. The two spectra f@N—DSB are nearly overlapped.

cence decay o€R2 in the presence of MJ can be fit to a Table 2. Two-Photon Spectroscopic Parameters?

double exponential with lifetimes of 2.1 ns and 730 ps in the 0 Omax S
cases where the free dye concentration is less than 5% at sample (nm) (GM) GM)
equilibrium. At lower ion concentrations, where all three species CN—DSB 810 300 2500
are present in solution, a more complex decay is observed that CN—DSB (2 mM Mg?*) 810 300
can be fit to a triple-exponential decay function, with two &R . o e 1800
lifetimes similar to those obtained in the double exponential  cgrq EBSmmM ,\%gzl)c 810 9.4 300
case (and can be assigned to the two dye:ion complexes) and a CR2 810 430 2150
third component corresponding to= 1.30 ns, similar to the CR2 (2 mM Mgz+)¢ 810 29

CR2 (55 mM Mg?+)e 810 8.8 45

lifetime of the free dye. Analyzing the change in amplitudes of

the components with magnesium concentration suggests that a gycitation wavelength for the maximum of the two-photon absorption
the 730 ps component should correspon@R2:Mg?"™ and the band ¢®); two-photon action cross sectiomdmay) and two-photon

2.1 ns component t&R2:2Mg?*.

cross sectiondmay) atA®@. b Equilibrium percentageCR1:Mg2™ = 87%,
CR1 = 13%.°Equilibrium percentage:CR1:Mg?" = 99.6%, CR1 =

(v) Two-Photon Absorption SpectroscopyFigure 8 shows  .49.¢ Equilibrium percentage: CR2:2Mg?* = 34%, CR2:Mg2" =
the two-photon action spectrad(4)) of CN—DSB, CR1, and 61%, CR2 = 5%.°Equilibrium percentage: CR2:2Mg?* = 94%,

CR2 in solutions without M§" and in solutions containing 2

CR2:Mg?" = 6%, CR2 = 0.02%.

mM M92+g which is a concentration in the range of interest for 1,0n6375-15-crown-5-ether substituents are slightly smaller than
physg'fglcal studie$: The three chromophores in the absence  n for the din-butylamino analogue, again suggesting that the
of Mg*" ions have similar action spectra, with maxima at 810 47acrown is a slightly weaker donor group, consistent with the
nm and large peak two-photon absorption cross sectidns ( pehavior observed in the linear absorption spectra.

1800 GM, Table 2). The differences in the action cross sections e two-photon action spectra f&N—DSB andCN—DSB

(70) are mainly due to differences in the quantum yields of the \yith mg2+ are identical within experimental error. In contrast,
three molecules, althoughvalues for the molecules with the ¢4 the chromophores with the crown ether binding groups, the

(75) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.

presence of Mg strongly affects the two-photon properties in

Molecular Biology of the Cell4th ed.; Garland Science: New York, 2002.  the wavelength range between 720 and 860 nm. The two-photon
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1500 ————— . . ; . Table 3. Results of Quantum Chemical Calculations?
L CR2 CR2:2Mg?*
1250 f
E Ege (eV) 3.30 3.71
- Eqge (V) 3.81 4.30
1000 AE = Ege — Ega/2 (€V) 1.40 1.56
S I Mge (D) 118 11.3
S 750 L Mee (D) 17.7 11.6
w C Omax (GM) 1240 560
500 | a Reported are the total enerdy, of the one- and two-photon transitions
L (in the two-photon case, the corresponding photon energy i€)l/the
250 | detuning energyAE), the transition dipole moments, and the calculated
peak two-photon cross sections for a dampiigg = 0.1 eV.
ok
1.5 CR2 are decoupled from the-system upon complexation to
Photon energy (eV) Mg?2* ions. In general, the calculated energies (Table 3) of the
Figure 9. Two-photon absorption spectra obtained from quantum chemical two-photon state are higher than those observed experimentally,
calculations foICR2 (solid line), CR2:2Mg?* (squares and solid line), Me as has been noted previou$lypartly due to overcorrelation of

CN—DSB (dashed line), and the model compoundA—zx shown in the ; ot ; :
figure (open circles and dashed liné)is plotted as a function of excitation the ground state or inaccurate parametrization of the Hamiltonian

photon energy (1/2 of the transition energy). for this type of molecule).

The calculated two-photon spectra flgle—CN—DSB and
action cross section at 810 nm©@R1 decreases by a factor of CR2 are rather similar, with a two-photon absorption maximum
nearly seven in the presence of 2 mM Mgresulting in an at ~1.9 eV anddmax &~ 1200 GM (Figure 9). Thet—A—x
action cross section of 26 GM at 810 nm. K&iR2, addition of compound has a two-photon absorption maximum at 2.2 eV
magnesium ions (2 mM) decreases the action cross section byanddmaxjust over 400 GM. Figure 9 also displays the calculated
a factor of 15 at 810 nm, givingd = 29 GM. In the samples  two-photon spectrum of the complexed spedR2:2Mg?",
used for these measurements, several species are present ivhich is shifted to higher energy by about 0.5 eV with respect
solution. Using the binding constants obtained above, one canto the uncomplexed compoun@R2. Additionally, the peak
calculate that in the case GfR1 with [Mg?™] = 2 mM, 87% two-photon cross section is calculated to be smaller for the
of the dye is in the 1:1 complex and the remainder (13%) exists complex (560 GM) than fo€R2. This is consistent with the
as free dye. In th€R2 system, 5% of the chromophore is in  experimental results, that show no evidence of a two-photon
the unbound state, 61% in a 1:1 complex, and 34% in the fully absorption band foER2:2Mg?+ over the excitation wavelength
complexed 1:2 form. studied which spans approximately 0.3 eV around the two-

To understand more fully the effect of the metal-ion com- photon maximum forCR2. These findings indicate that the
plexation on the two-photon properties of the dye, measurementsobserved decrease dmaround 800 nm upon binding is primarily
were also performed on solutions containing much higher due to a shift of the two-photon absorption maximum to higher
concentrations of magnesium iorsg5 mM Mg?), such that energies, with the decrease in the cross section playing a smaller
only the bound species were present in significant fractions. In role. The two-photon band position and strengthG&2:2Mg?*
this case (Table 2), for the mono-crown chromophore the are intermediate between the two limiting caskbke{-CN—
solution contained 99.6% @@R1:Mg?" complex and;5(810 DSB andszr—A—), but much closer to those for the-A—x

nm) = 9.4 GM, corresponding té = 300 GM. Similarly, for molecule. This is consistent with the crown nitrogen atoms being
the bis-crown chromophore, for a solution containing 92R2: strongly, but not completely, decoupled from thaystem when
2Mg?*, 6% CR2:Mg?*, and 0.02% free€CR2, n6(810 nm)= magnesium ions are complexed by the crown.

8.8 GM, corresponding t@& = 45 GM. This reveals the Analysis of the calculated equilibrium configuration@R2:

important point that the two-photon absorption cross section at 2Mg?* reveals that the nitrogen lone pairs of the terminal crown
the peak wavelength of the unbound species is reduced by aboukthers lie almost in the same plane as the adjacent phenylene
an order of magnitude upon ion binding. The observed reduction rings, such that their overlap with theorbitals on the phenylene
in 6 may result from a decrease in the integrated two-photon carbon atoms is drastically reduced. In thNe—CN—DSB
cross section and/or from a shift in position of the two-photon compound, if the coupling between thesystem and the
absorption band. This issue will be addressed by quantum dimethylamino donor is interrupted by rotating the nitrogen lone
chemical calculations in the next section. pairs by 90 relative to the terminal phenyl rings, the calculated
(vi) Quantum Chemical Calculations.To gain better insight two-photon spectrum is similar to the one for-A—x, and
into the effects of M@" on the two-photon properties of the characterized by a blue-shift of the band and a reduction in cross
chromophores, quantum chemical calculations were performedsection with respect to the coupled case. This could suggest
on CR2 andCR2:2Mg?" as well as on two model compounds: that the rotation about the-EN bond is the reason for the blue-
a compound analogous @N—DSB but with di(methyl)amino shift in two-photon state. However, if the nitrogen lone pairs
rather than dig-butyl)amino donor groupsMe—CN—DSB), in CR2:2Mg?* are forced by rotation about the-®l bond into
and a compounda(—A—x) in which the donor groups are a position that maximizes their overlap with theorbitals of
replaced by hydrogen atoms (see Figure 9). The model com-the neighboring phenylene, the calculated two-photon spectrum
poundz—A—m represents the limit of complete deactivation is only slightly affected, remaining very similar to that for the
of the terminal electron donor groups and can be useful in calculated equilibrium configuration oCR2:2Mg?". This
assessing the extent to which the nitrogen electron donors inindicates that the deactivation of the terminal donor groups
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originates from their interaction with the Mgions and it is dF([M)) [DJK,
not due to a mere conformation change. The rotation of the M) = diM] KMl - 1
donor group around the-€N bond can be viewed rather as a (Ky[M] )
result of the deactivation of the donors and thus the decoupling
of the nitrogen lone-pair from the-system. The expressions given by eqs-20 for one-photon and two-
Calculations were performed also @R1 and its complex  photon excitation have a different prefactor (not shown above),
CR1:Mg#*, but the obtained equilibrium conformations were which depends on experimental and instrumental parameters.
not consistent with the results obtained @R2:2Mg?" and the As evident in eq 10S depends on the ion concentration, [M].
calculated cross sections failed to reproduce the experimentally  In the one-photon cas8js greatest at wavelengths for which
determined ones. Additional work is under way to understand the difference inye for the two species is largest. Figure 10a
the origin of this discrepancy, which may be related to the showsze for CR1 and CR1:Mg?* species as obtained from
different bonding situation that arises when there can be the global fitting analysis mentioned above, and the difference
complexation to one or two Mg ions, as discussed below. spectrum (term in brackets in eq 10; the absolute value of the
Calculations on a model compound f6R1:Mg?", namely a difference is shown for simplicity). For one-photon excitation,
molecule with a distryrylbenzene backbone, two CN acceptor the sensitivity is very small at 340 nm and greatest at 473 nm.
groups on the central phenylene and a dimethylamino donor In Figure 10cSis plotted after normalization te- 1 at [M] =
group on only one of the outer rings (i.e., a molecule with 0 (notice that the normalize8ldoes not depend on wavelength,
general structure BA—), yielded results consistent with the as— {J[M])/ Y[M] = 0)} = —(K1 [M] + 1)72). Sis largest
experimental observations. From the calculations, we obtained(most negative) for small magnesium ion concentrations, and
a two-photon band centered at 2.07 eV and a peak two-photonrapidly plateaus to zero at about 3 mM RgA quasi-linear
cross section of 790 GM, values intermediate between thoseregion ofScan be identified for magnesium ion concentrations
for Me—CN—DSB (with two donor groups) and—A—z (with less than 0.02 mMK; [M] < 1), well below physiological
no donor groups). In the BA—x model, we also find a weak  concentrations. For two-photon excitation, the sensitivity curve
two-photon band at the position of the main peak/gf—CN— after normalization is identical to that for the one-photon case.
DSB and that the one-photon state at 3.35 eV is two-photon However, the actual scale of the two curves will be different
active, as a result of the lack of an inversion center, with a cross once the prefactor for eq 10 is taken into account. The terms in
section of 150 GM. parentheses in eq 10 for two-photon excitation are displayed in
In the context of a simple three-level model and using eq 7, Figure 10b and suggest that the sensitivity for two-photon
the changes in the magnitude of two-photon absorption crossdetection is largest at the peak of the two-photon band of the
section of CR2 on ion binding can be attributed to () a unbound species, consistent with a large shift of the two-photon
significant reduction of the excited-state transition dipole band position. This treatment could be extende@R®, once
moment Mee) from 17.7 to 11.6 D, and (ii) an increase in the all the absorption and fluorescence characteristics of the three
two-photon detuning termAE = Ege — Ege/2) from 1.40 to individual species are known.
1.56 eV.Mge is calculated to be similar for the unbound and  The contrast describes the ability to distinguish between the
bound forms of the chromophore (11.8 and 11.3 D, respectively). two forms of the ion sensing chromophore and is typically
The experimental estimates bfye for the lowest energy one-  defined as the difference in their fluorescence signals normalized
photon absorption band f@R2 and CR2:2Mg?" are 9.6 and to the signal from the native speciesypfi Xom — 7p Xp)/
8.7 D, respectively, suggesting a slightly larger decreasé,in (7p Xp), i-€., t7om Xom)/(17p Xp) — 1.7778Since the contrast factor
upon binding than predicted by the quantum chemical calcula- is dimensionless and does not depend on the excitation
tions, but are, nonetheless, in reasonable agreement with theconditions, it should be possible to compare directly the cases

S Tom¥om(A) — 17p%p(4)}
(10)

calculations. of one- and two-photon induced fluorescence. As the fluores-

(vii) Sensitivity and Contrast Figures of Merit. Two metrics cence signal decreases on ion binding the contrast is negative
often used to quantify the performance of ion sensing chro- and has a limiting value of negative one. The contrast has been
mophores are sensitivity and contrast. The sensitigyq the calculated using the same limiting spectra shown in the
slope of a calibration curve (measured signal as a function of sensitivity plots of Figure 10. As shown in Figure 11, both the
ion concentration) at the concentration of interégtor CR1, one-and two-photon excitation GR1 result in a good contrast

the case in which there can be two emitting species in solution, (>0.8 in absolute value) over a wide wavelength range 455
the total one-photon or two-photon induced fluorescence signal 550 nm for one-photon excitation and 73860 nm for two-

(F) as a function of ion concentrationM]) is photon excitation). Note that for an excitation wavelength of
340 nm, the contrast by one-photon excitation is zero, as the
Ky [M] 1 bound and unbound forms of the chromophore give the same

F(M]) OB ”DMXDM(&)Kl[M] + 1+77DXD(’1)K1[M] +1 integrated fluorescence signal. From the plots shown, it is

) apparent that one can obtain a somewhat higher con;ragt with
two-photon excitation-{0.95) than with one-photon excitation
wherex stands fok or ¢ for the appropriate species in the one- (~0-90). This result shows that, in addition to the intrinsic
or two-photon case, respectively. The other parameters have2dvantages of two-photon absorption for imaging, it may be
all been defined above. The sensitivity can then be obtained byPOSSible to design two-photon molecular sensors in which the
differentiating eq 9 with respect to [M]

(77) Haugland, R. Fdandbook of Fluorescent Probes and Research Products
9th ed.; Molecular Probes, Inc., 2002.

(76) Skoog, D.; Leary, J. Principles of Instrumental Analysidth ed.; Saunders (78) Pawley, J. B., Eddandbook of Biological Confocal Microscopllenum
College Publishing: Fort Worth, 1992. Press: New York, 1995.
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Figure 11. Contrast plots folCR1: (a) one-photon induced fluorescence and (b) two-photon induced fluorescence.

contrast between the bound and unbound forms is similar underquenching with binding, but the two-photon absorption cross
one- and two-photon excitation conditions, if not slightly better section for that chromophore is not significantly modified by
in the two-photon case. In addition, for the two-photon excitation ion binding4® In cases where ion binding shifts the position of
case, the contrast is larger thaf.8 over a~130 nm excitation two-photon state or modulatédee, affecting the two-photon
region, allowing for considerable flexibility in the excitation but not the one-photon response, as for the molecules studied
wavelength. in this work, it is conceivable that molecular sensors could
These results differ from those of a recent sfuilywhich exhibit a larger optical response to ion binding under two-photon
the authors compared the response of commercially availableexcitation conditions.
ion sensing chromophores under one-photon and two-photon
excitation conditions. There it was found that the sensitivity of
calcium green and other chromophores was larger for one- The relatively small differences in the linear spectroscopic
photon than for two-photon excitation. For calcium green, properties for theCN—DSB, CR1, andCRz2 in their unbound
changes in fluorescence intensity are due to electron transferforms indicate that the mono-aza-crown-ether group is compa-

Discussion
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rable to but somewhat weaker as a donor relative to the di- a 9,10-bis(monoaza-15-crown-5)anthrac&rexamples of posi-
butylamino group, and does not significantly perturb the tive cooperativity can also be found in the literatéite.
electronic structure of the core &N—DSB. All three com- Our data are consistent with the following photophysical
pounds have large two-photon absorption cross sections in thepicture. Binding of an ion by the crown ether group involves
near-IR region ¢ > 1800 GM). The changes in the spectral coordination of the ion by all four oxygen atoms, as well as by
features ofCR1 andCR2 in the presence of Mg demonstrate  the nitrogen atom in the crown. Upon binding, the nitrogen
that the aza-crown ether group retains the ability to bind electron density is involved in the crown-ion interaction and is
magnesium ions when attached to the substituted distyrylben-largely unavailable to the-system, such that ion binding dra-
zene backbone and that the dye:ion complexes exhibit very matically reduces the intramolecular charge transfer from the
different spectroscopic properties from the free dyes, including complexing nitrogen atom in the dye. This results in a blue shift
a decrease in two-photon absorption cross section and significaniof the absorption spectrum, as is seerCiR1 and CR2 upon
shift in peak position. These changes can be understood in termsaddition of magnesium. The similarity between the absorption
of the effect of ion binding on the degree of intramolecular spectrum oiCR2:2Mg?" and that ofCR2 in acidic conditions
charge transfer in the two-photon chromophore. supports the hypothesis that, after binding, the nitrogens are
The optical studies indicate that the parent chromophore largely decoupled from the-system in the ground state. The
(CN—DSB) does not bind magnesium ions appreciably. The blue-shift in the linear absorption @R1:Mg?" is smaller, as
spectrophotometric titration @R1 with magnesium ions shows  there is a remaining active electron donor coupled to the
a behavior that is well described by the formation of a 1:1 dye: 7-System, and an essentially dor@cceptor type electronic
metal complex. The value of the binding constaftt £ 3500 structure results. The spectrum GR1:Mg?* is quite similar
M~1) for CR1 with Mg?* is larger than values reported in the to that of CR2:Mg?*.
literature for the aza-15-crown-5-ether macrocycle attached to  Once the chromophore is excited, relaxation processes occur
other chromophores (in acetonitrile). In cases where 1:1 over the lifetime of the excited state. There has been some debate

complexes with Mg" are formed, the values &, reported in in the literature regarding the strength of ion binding by the
the literature vary from 480 M to 1500 M for asymmetri- crown once the chromophore is in the excited state. It is
cally substituted doneracceptor chromophoré3*+7® The generally believed that the binding strength of the macrocycle

spread in the values of the binding constant indicates that theis lower in the excited state due to Coulombic repulsion. That
strength of the interaction between the mono-aza-15-crown-5-is, upon excitation, the nitrogen atom involved in binding the
ether and M§" is modulated by the chromophore. The higher ion becomes more positively charged, which repulses the
binding constant fo€R1 may be due to the BA—D' design cationic metal ion. It has been suggested that the nitrogen-ion
motif. The absorption spectra @R2 in the presence of Mg bond is broken, and either the cation is ejected from the crown,
are consistent with a two-step complexation equilibrium in or the cation becomes loosely coordinated by the oxygen atoms
solution, involving the formation of chromophore:metal com- of the ring, with a solvent molecule completing the coordination
plexes with 1:1 and 1:2 stoichiometry. The binding constant of the ion®~8 Pump-probe spectroscopic studies of aza-crown

for the formation of theCR2:Mg?* complex Ky = 6500 M™1) ether systems and calcium ions have shown that the nitrogen-
is approximately twicd<; for CR1. This result can be explained ion bond breaks in less than 10 picoseconds, and a reorganiza-
by the fact that there are two binding sites @R2 molecule, tion of the coordination sphere of the ion occurs in 5G%s.

thus doubling the effective concentration of binding groups,  The data reported here do not appear to support the complete
assuming that they are not interactiris,, the equilibrium photoejection of the ion from the crown group for the molecules
constant for the formation of th€R2:2Mg?" species, is we have studied. Solvatochromic studiesCN—DSB suggest
significantly smaller thaii,1. For two independent binding sites, that there is a larger quadrupolar moment in the excited state
one would expecKi, = K;1/4 = K4/2.54 Our results indicate  than in the ground stafé The increased positive charge density
that there is a negative cooperativity between the two binding on the nitrogens that accompanies excitation will cause increased
sites on a single molecule and that the binding of the second Coulombic repulsion with the positively charged metal ion in
ion is significantly less favored that the first one. This could be the crown and may cause destabilization of the nitrogen-ion
explained by the fact that, after the first binding event, the bond. We observe that the fluorescence spectra of the bound
electron density on the nitrogen on the other end of the molecule and unbound species are different, indicating that the nature of
decreases, because of a larger partial charge transfer toward ththe emitting states of the two species is different. This is
electron accepting central portion of the molecule (the molecule particularly evident when comparing the emission spectra of
now has effectively only one terminal donor group, but the same CR2, CR2:2Mg?", andCR2:2H". The CR2:2Mg?" andCR2:
two CN acceptor groups). Thus, the interaction with a second
ion is weaker. This change in charge distribution after ion (80) %%Tj%g%;D95V6f9n9~3--P-? Bouas-Laurent).Org. Chem1995 60,
binding is also consistent with the observation of a slight red- (81) Martin, M. M.; Plaza, P.; Dai Hung, N.; Meyer, Y. H.; Bourson, J.; Valeur,
Shiﬁ in the emission SpeCtrum @R12M92+ and CRZ:MgH ) ll%/ia?tti]:nlbl.FI‘\BIT);ISF"Ilézeg,l%?;awfgfer‘,lz\?_ﬁ?%adaoui, F.; Bourson, J.; Lefevre,
with respect to the unbound chromophores, indicative of a larger J.-P.; Valeur, BJ. Phys. Chém1996 100, 6879-6888.
solvent reorganization energy due to a greater polarization of (63) Lednov, I. K.; Ye, T-Q.; Hester, R. E.; Moore, J. &.Phys. Chem. A
the chromophore after ion binding. A large difference in the (84) Dumon, P.; Jonusauskas, G.; Dupuy, Fe,FR; Rulliee, C.; Laard, J.-

)

(82

1997, 101, 4966-4972.
[T ; F.; Lapouyade, RJ. Phys. Chem1994 98, 10 391-10 396.
tv_vo binding con_stants _has also been_ reported for a symmetrlc(85 Mathevet. R.; Jonusauskas, G.. RubieC.: Laard, J.-F.: Lapouyade, R.
bis-crown substituted diphenylpentadienone chromogharel J. Phys. Chem1995 99, 15 709-15 713.
(86) Jonusauskas, G.; Lapouyade, R.; Delmond, Sarte J.-F.; Rulliee, C.
J. Chem. Phys1996 93, 1670-1696.
(79) Rurack, K.; Bricks, J. L.; Schulz, B.; Maus, M.; Reck, G.; Resch-Genger, (87) Pond, S.J. K.; Rumi, M.; Alain, V.; Marder, S. R.; Perry, J. W., Unpublished
U. J. Phys. Chem. R00Q 104, 6171-6188. results.
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2H* species have very similar absorption properties, but very dyes cannot be used directly in fluorescence microscopy
different emission properties. If the nitrogen atoms were still applications in aqueous systems, the results presented here
strongly coupled to the ion in the excited state, then one would provide insight into how ion binding affects the one- and two-
expect the fluorescence @R2:2Mg?* to be similar to that of photon spectroscopic properties of B—D type chromophores
CR2:2H*. If the ions were completely ejected from the crown and can aid in the design of a new generation of metal ion-
group on excitation, then the emission should be very similar sensing two-photon chromophores. For example, the use of
to that of the freeCR2. Neither of the extremes corresponds to crown ether groups of different sizes or with different donor
the experimental findings. Thus, it appears that the emission atoms in the macrocycle could change the binding properties
for CR2:2Mg?* comes from a different geometric configuration.  of the molecule and allow to achieve higher selectivity for a
As the magnesium ion is smaller than the cavity size of the given cation. Alternatively, binding groups with different
crown (the cavity size is 172.2 A, the M@* ionic diameter topology, either cyclic or acyclic, and ligating functionalities
is 1.32 Ay2it is possible that a rearrangement of the ion in the could be attached to the two-photon chromophore instead of
crown takes place upon excitation to minimize the Coulombic the monoaza-15-crown-5 group used in this study. It is known
repulsion. The geometric reorganization of the ion within the that the BAPTA ligand (1,2-bistaminophenoxy)ethane-
crown, and of the crown itself, in the excited state could explain N,N,N,N-tetraacetic acid) exhibits high selectivity forCaver
the large Stokes’ shifts observed for the dye:metal complexes.Mg?*.888% Chromophores containing this ligand are com-
Geometric changes in thesystem of the chromophore when mercially available (e.g., fura-2, indo-1, calcium green) and are
the ion and crown undergo rearrangement could also contributewidely used as indicators of intracellular €&’ However,
to the relaxation energy. Additionally, the fluorescence lifetime BAPTA-based chromophores also bind strongly other heavy
decays show multiexponential behavior suggesting that moreions, such as Zt and Cd*. Some chromophores containing
than one emitting species is present in solution and the theo-bis(carboxymethyl)amino carboxymethoxy phenyl ligating
amplitudes of the lifetime components generally change with group possess large binding constants foMgg.g., magne-
magnesium ion concentration (i.e., as [Mpincreases, the  sium green and furaptra) and, although they still bind strongly
lifetime component associated with the bound complex increasesC&*, they can be used to study intracellular Mgdue to the
in amplitude). Thus, our results are consistent with a movement relatively high Mg* concentration. Some crown ethers and
of Mg2* away from the nitrogen atom and reorganization of Oother macrocycles have also been used as magnesium iono-
the crown in the excited state, but do not support full phores for ion-selective electrod®d! In addition to the
photoejection of the ion. selectivity of the binding group, one must also consider other
The two-photon absorption cross section€df—DSB, CR1, factors including: the magnituqle of the binding constant relative
andCR2 in acetonitrile solution are all very large in the absence t© the range of ion concentrations that needs to be detected, as
of magnesium ions. The disruption of the intramolecular charge el as the magnitude of the two-photon cross section and the

transfer induced by ion binding dramatically affects the two- fluorescence quantum yield in the environment under study.
photon properties of the molecules, reducijgat the peak of Conclusions
the two-photon band of the unbound species by about a factor  Two-photon chromophores substituted with one or two ion
of 20 and decreasing by a factor of about six at 810 nm in  receptors have been demonstrated to exhibit changes in the one-
the case o€R1 in the high ion concentration regime. TO&X1: photon and two-photon absorption and fluorescence properties
Mg?* complex is asymmetric and transitions to new two-photon  with ion binding. In the aza-crown ether substituted compounds,
allowed states outside the wavelength range studied here shouldvhere the nitrogen donor group is also a part of the ion binding
be possible. For theR2 molecule, the change in the two-photon  group, binding to a magnesium ion results in the significant
spectrum is even greater on ion binding, whes and ¢ deactivation of the donor group and thus a decrease in the degree
decrease by a factor of nearly 50 at 810 nm in the 1:2 complex. of intramolecular charge transfer in the chromophore, which is
As in the case of the linear absorption, where a large blue shift evidenced by a blue-shift and decrease in strength of both the
is observed, it is highly probable that a two-photon state exists one-photon and two-photon electronic transitions. The changes
at higher energy than the range examined. This is suggested byin the fluorescence properties of the molecule with ion binding
the quantum chemical calculations which show that the two- indicate that the interaction between the crown ether and
photon state foCR2:2Mg?* is 0.5 eV higher in energy than  magnesium is weaker in the excited state than in the ground
for CR2. The calculated value afnax for CR2:2Mg?* is less state, although it is unlikely that the magnesium ion is fully
than one-half that o€R2 and close to that af—A—u. This ejected from the crown.
clearly demonstrates that the changes in two-photon absorption The two-photon action spectra f6R1 andCR2 show strong
are due to the reduced donating strength of the amine groupstwo-photon signals in acetonitrile withdmax = 180 and 430
when an ion is bound by the receptor, which causes a shift in GM, respectively, a significant improvement over currently
the state energy and a reductionNiae. available chromophores. It is also found that the contrast in
Several difficulties in the use of these specific dyes as metal detected signal between ti@R1 and CR1:Mg** species is
ion-sensing fluorophores should be pointed out. The aza-crown-somewhat larger and spans a larger bandwidth for two-photon
ether binding group used in this study has been shown in the excitation than one-photon excitation.
literature to bind magnesium, calcium, sodium, and several other(gg) Tsien, R. Y.Biochem.198Q 19, 2396-2404.
ions and it does not possess the selectivity for one specific ion (89) GW”k'EW'CZ G.; Poenie, M.; Tsien, R. ¥. Biol. Chem1983 260 3440~
that would be desirable for most physiological studies. Ad- (90) Suzukl K.; Watanabe, K.; Matsumoto, Y.; Kobayashi, M.; Sato, S.;
ditionally, this aza-crown receptor does not bind magnesium ... Siswanta, D.; Hisamoto, Hnal. Chem1995 67, 324-334.

X . g (91) Choi, H.-J,; Lee D.-H,; Park Y. S, Lee, I.-K.; Kim, Y.-@.Incl. Phenom.
or calcium in the presence of water. However, even if these Macrocycl. Chem2002 43, 15-18.
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