5388 J. Phys. Chem. R000,104,5388-5395

Analysis of Fluorometric Titration Curves

Eugene Novikov!+ Agnieszka Stobiecka,® and Nod Boens*'

Department of Chemistry, Katholieke Watrsiteit Lewen, Celestijnenlaan 200 F, 3001 bkylee, Belgium,
Systems Analysis Department, Belarussian Stateddsity, F. Skariny Ae. 4, Minsk 220050, Belarus, and
Department of General Food Chemistry, Technical &énsity, Stefanowskiego 4/10, 90-924 Lodz, Poland

Receied: January 6, 2000; In Final Form: April 3, 2000

The fluorometric determination of the ground-state dissociation conistaofta complex between ligand and

titrant with 1n stoichiometry in the presence and absence of excited-state association is discussed. This report
extends the results of a previous studyRhys. Chenil994 98, 8585) where a 1:1 complex between ligand

and titrant was assumed. For that case, it was demonstrated that adequate experimental design, i.e., by
monitoring the fluorescence at the isoemissive point, could eliminate the interference of the excited-state
association. In this report we use the direct parametric fit of the fluorometric titration to recover reliable
estimates forlKy. It is shown that in the presence of the excited-state association this approach yields the
unique value ofKy if a priori knowledge of the excited-state rate constants is available. This method also
offers an effective way for discriminating between competitive models (presence and absence of the excited-
state association reaction with non 1:1 stoichiometry). The developed algorithms for the direct parametric fit
of fluorometric titrations were explored by simulations and were applied to experimental fluorometric titration
curves of new Mg indicators Thio-H and terThio-H. The importance of the proper choice of experimental
conditions— i.e., signal-to-noise ratio, excitation, and emission wavelentfitrsthe accuracy of the analysis

and the quality of discrimination between competitive models is demonstrated.

1. Introduction In this paper, we will derive the equations relating the
experimental fluorescence sigriato the concentration [M] of
the titrant in the presence and absence of the excited-state
ssociation with Tt stoichiometry between ligand and titrant.
he determination of the position of inflection points (which
requires numerical second-order differentiation of noisy fluo-
rescence data) of a titration curve is unreliable, because of
statistical noise inherently presented in the measured data and

Fluorometric titration provides a powerful methodology to
determine the ground-state dissociation constépt The
advantages of fluorescence over absorption measurement
comprise higher sensitivity (because fluorescence is detected
vs a dark background) and selectivity (one may avoid the signal
from other absorbing molecules). Furthermore, less fluorescent

ligand is required in fluorometry than in spectrophotometry to the very limited number of experimental points. Moreover, in

attain a similar sensitivity. Fluorometry generally results in less the general case. none of the inflection boints can be correlated
disturbance of the system and allows less soluble ligands to be . 9 ' on p!
with the true value oKy Therefore, in this paper we explore

used. Fluorescence can also be used with samples of high

turbidity. Finally, the geometrical requirements for fluorescence the poss!bllﬁy to determine th? c_orre_th value via _d|rect
detection are less stringent than for absorption. parametric fit of the fluorometric titration curve. This curve

However, since the measured fluorescence signal is generallyf'ttIng approach supplies relevant information, which, under

. certain conditions, can lead to the unique determinatioliqof

dependent on excited and ground-state parameters (see, -9The direct fit also provides a powerful method for detectin
€q 7), one can expect possible interference of the excited-statethe presence (or agsence) of gn excited-state association v%ith
association on the fluorometric determination of the ground- . S

. . . 1:n stoichiometry.
state dissociation constaity. As was shown in ref 1, the As i f1 the t inol d thodol f
presence of an excited-state association between ligand and S In ret 1, we use the terminology and methodology o
titrant may yield very complicated fluorometric titration curves. comperglrtmental analysis to describe the steady-state fluores-
The positions of the inflection points of these curves do not cence:
generally contain information that can be directly used for the
determination oKgy. In ref 1, we showed that the interference
of the excited-state association could be eliminated by proper 2.1. Steady-State Fluorescenc€onsider a dynamic, linear,
experimental design, i.e., by monitoring the fluorescence at the time-invariant, intermolecular compartmental system, consisting
isoemissive point. Under this experimental condition, the of two distinct types of ground-state species and two corre-
uncorrupted value oKy will be obtained from the unique  sponding excited-state species, as depicted in Scheme 1 (i.e.,

2. Model

inflection point of the titration curve. two ground-state compartments and two associated excited-state
compartments). Ground-state species 1 can undergo a reversible
* To whom all correspondence should be addressed. Fei32-(0)16- association reaction with M to form ground-state species 2.
327497. Fax:+-32-(0)16-327990. E-mail: Noel.Boens@chem.kuleuven.ac.be. Scheme 1 assumes anKtoichiometry between species 1 and
T Katholieke Universiteit Leuven. . . .
* Belarussian State University. M. It is assumed that only species 1 and 2 absorb light at the
8 Technical University. excitation wavelengtiiex. €1(lex) andez(lex) denote the molar
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SCHEME 1: Intermolecular System with where the integration extends over the whole steady-state
Stoichiometry 1:n fluorescence spectruiig of species*.
ka1 If Beer's law is obeyed and if the absorbance of speciss
e ——| 2 low (<0.1), then the elements(lex[M]) of vector b(ex[M])
n 4k— can be approximated s
12
bi(}*exv[M]) ~ 2'3.'*6i(’1<-:‘><)[i]lo(lex) (4)
hv | |koi ko2 | [hv whered denotes the excitation light path ahfiley) is the light
flux at Aex impinging on the sample.
For the system shown in Scheme 1 the compartmental matrix
Ky A is represented &3
1 +nM " 2
—(koy + kyy[M]") K
A= (koy T K0 [M]) Koz 5)

KoiM] " _(koz + ki)
extinction coefficients for species 1 and 2. Excitation by light
creates the excited-state species 1* and 2*, which can decayExpressing the ground-state dissociation constgnn terms
by fluorescence (F) and nonradiative (NR) processes. Theof molalities
composite rate constant for these processes is denotég by

(=kr, + knr) for speciesi*. The excited-state association K= [1]m] " ©)
reaction of 1* with M is described by the overafi ¢ 1)-order d [2]

rate constarky;, while ky; is the overall first-order rate constant

for dissociation of 2* into 1* anch M. All rate constants are  and substituting eqs—46 into eq 1 yields

nonnegative.

Schgme 1 may depict the binding of an ion by a fluorescent a,6,Ky + a6, [M]"
ion indicator and the corresponding dissociation of the formed F(IM]) = Fldextem[MI]) = K, + M]" v ()
complex. In that case, species 1 represents the free form of the d
fluorescent ion indicator, species 2 the corresponding boundWhereei = &(ey) for specied
form, and M the ion. Examples of ion:fluorescent indicator '
systems for which quoromet.ric titratiens were combined with P(Aepem) = 2.31o(Aey) E(er) (8)
global compartmental analysis of the time-resolved fluorescence
are C&":Fura-234Ca2+:Quin-22 K™:PBFI*6 Na":SBFI# Na': anda; = a(ter) defined by
SBFOY Mg?":Mag-fura-28 Ca2":APTRA-BTC?

It must be emphasized that Scheme 1 represents/ém@ill Cy(Kyy t+ Kyp) + Ky [M] n
associatior-dissociation reaction between ligand titrant M, &y (em) = . )
and complex © with stoichiometryn. It is not necessarily Koa(Koz 1 Kyo) + Ko[M] Ko,
indicative for the true detailed mechanism of the reaction, which N
may consist of consecutive, multiple association (in the forward ay(hy) = CoKor T Koe[M]7) + Cikyp (10)
direction) and dissociation (in the backward direction) steps. If 2\%e Kos(Kop + K1) + Koy[M] ks,

one assumes that the intermediate complexes (with stoichiometry

< n). are present irj concentrations as low as to make only a,yith ¢ = Gi(lem) for speciesi*. Although in the biophysical
negligible contnbu_tlon to the measured fluorescence (|n_ ot_her literature Ky values are often expressed in molalities (or
words, only species 1 and 2 absorb light at the excitation ¢qncentrations), we will considéts—a practical (reciprocal)

wavelength ley, then the steady-state fluorescence signal ¢qijibrium constantas dimensionless, in accordance with the
F(AexAem[M]) measured at emission wavelengtb, due to common use in physical chemistty.

excitation atlex is given by-1° 2.2. Determination ofKg. 2.2.1. With Excited-State Associa-
_ tion Reaction Substituting eqs 9 and 10 into eq 7 yields
FhexemIM]) = —E(en) Clhen)A D(Zen[M]) (1)
n 2n

where&(Len) is an instrumental factog(Len) is the 1x 2 vector f(M]) = Yot a[MI” + y,M] (11)
of emission weighting factord) is the 2 x 2 compartmental Xg + X,[M] " + %,[M] n
matrix andA 1 its inverse, and(ex[M]) is the 2 x 1 vector
of the zero-time concentrationg(0). where

The emission weighting fact@i(len) of species* at Aemis
represented 8s Yo = €,6Ky(Kop + Ky0)

Y1 = €16K Koy 1 €,CK01 1 €,C1Kg,
Ci(Aem) = kFifAiemp i(%em) Qem @) Yo = €,CKy Xo = KgKoa(Koz + K1)

wherekg, is the fluorescence rate constant of speéfes\lem 1= Kearko, . :’;Il(kﬁzl: '\;2) ; 2= koz 2112
is the emission wavelength interval rourdd,, where the (M] = F(M])/ v 12)
fluorescence signal is monitored, apdler) is the spectral

s i it ' The ground-state dissociation constigis one of the roots of
emission density of specié$ at Aem defined by

the following polynomial

pi(/lem) = Fi(/lex'/lem)/ ‘/;u|| emission band Fi(/lex';{em) d;Lem (3) XZKd2 - Xle + XO =0 (13)
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and the other root is expressed as a function of the rate constants

as

 Koulkoa ko)
k02k21

If the stoichiometryn is unknown, it should be estimated along
with yi (k = 0—2) andx, (k = 0—2). Obviously, full linearization

of eq 11 is impossible. The linear functional relationship with
respect to the coefficientg andx,

d (14)

Xof(IM]) + X f([MDIM] " + %f(M])[M] *" =
Yo+ Ya[M]I" + y,IM] " (15)

is nonlinearly dependent om Although nonlinear estimation

of n, yk (k= 0—2) andx, (k= 0—2) is possible (requiring initial
guesses for all parameters), a simpler way of perorming the
analysis can be suggested. The linear paramgtéks—= 0—2)
andx, (k = 0—2) are obtained by linear optimization with the
nonlinear parametar fixed, and the nonlinear parameteiis
obtained by nonlinear search when the linear paramgtensd

Novikov et al.

[M]"F, . .+ KF
Ky+ [M]"

min

F(M) =

(21)

Fmin corresponds to the steady-state fluorescence signal at very
low [M], i.e., the fluorescence of the free ligand 1*, whHgax

is the steady-state fluorescence signal of the complex 2*. The
plot of F([M]) vs —log [M] displays a unique inflection point

at [M]" corresponding toKq. A reliable K4 value can be
estimated by nonlinear fitting df([M]) as a function of [M]:

this yieldsKq, and additionallyn, Fmax, andFmin. Another way

of obtainingKy is via eqs 18-20. Still another way is to rewrite

eq 21 in the form of a Hill plot,

F(M]) — l:min _

ogm nlog [M] — log K,

(22)

To determineKyq andn via a Hill plot, the expression on the
left-hand side of eq 22 is plotted vs log [M]. From the slope of
this linear graph, a value fon can be derived, while the
intersection with the abscissa corresponds to Kgén. In some
cases, it is difficult to obtain reliable values for the extreme

X are fixed. Hence, it becomes an iterative process, where thevalues Fp, and Fnax from the experimental fluorescence

steps of linear and nonlinear approximation are executed in turn.

An initial value is needed only for the parameterSince a
valid initial value forn can be chosen equal to 1, the whole
procedure is rather fast and effective.

If the fluorescence signal is detected at the isoemissive
wavelength, where

Co/koy = ColKop (16)
eq 7 simplifies to

€,6,Ky + €,6,[M]"
K+ [M]"

f((M]) = (17)

and determination df4 from eq 17 by linear or nonlinear least-
squares minimization methods is straightforward. In that case,
the plot of F([M]) vs —log [M] will exhibit a unique inflection
point at [M]" corresponding td<q.

2.2.2. Without Excited-State Association Reactibnthe
absence of reaction in the excited statei[M] ~ 0), eq 11
simplifies to

Yo+ ya[M]"
f(M]) =——— 18
(IM]) Yo xM]" (18)
where
Yo = €16:K¢(Koz * Kyp) Y1 = €(CKoy 1 C1Kyp)
Xo = Kgkor(Koz T Kip) X = Ko1(Koz + Kgp) (19)

Iterative fitting as in section 2.2.1 yields estimates for the linear
parametersy (k = 0, 1), x« (k = 0, 1), and the nonlinear
parameten. The ground-state dissociation constkgtis then
given by

Ka = X%

The coefficientsy; (egqs 9 and 10) become independent of [M]
so that the steady-state fluorescence sififf\]) is given byt

(20)

titration. Therefore, the other two methods offer alternatives for
the determination oKy andn.

3. Computer-Generated Fluorometric Titration Curves

The considered algorithms for the analysis of fluorometric
titration curves were explored by means of simulations. The
fluorometric titration curves were numerically generated ac-
cording to egs 11 and 18 at 10 different concentrations (0.5,
1.5, 3.2, 11, and 69 mM, 0.137, 0.737, 1.02, 2.02, and 4.03
M). The values of the system parameters were chosen to mimic
the fluorescent K indicator PBFIE ky; = 1.1 ns?, kp, = 1.8
nsi kix=1.37ns kyy =027 M1nsi Ky=6.62x 1073,
€1 = 28000 M cm™%, ande; = 37300 Mt cm L. Two
combinations of the relative emission weighting factag =
ci/(cy + ©2), ¢* = cil(cy + ¢o)] were used:c* = 0.37 C* =
0.63) andc;* = 0.63 (* = 0.37). Statistical noise, added to
the true fluorescence titration curve, was described by Gaussian
statistics; i.e., the value of a fluorescence data point of the
titration curve at each concentration is a Gaussian random value,
with a mean equal to the exact value for this concentration and
a standard deviation defined by

off(IM] )} = f(IM],)/© (23)
where® is the signal-to-noise ratio. Three levels of signal-to-
noise ratio® were used: 1000, 500, and 100. Fitting was
performed in two steps: a linear least-squares algorithm
generated initial guesses for the parameters and subsequently
the iterative nonlinear least-squares optimization procedure
provided the final estimates. Although the fit yields all coef-
ficients x, we shall describe only the estimates of the ground-
state dissociation constalg (and the stoichiometry). In the
model without excited-state association given by eq 18 (we will
refer further to it asnodel I) only one value foKq is recovered,
whereas the model with excited-state association given by eq
11 (model II) produces two values [roots of the quadratic eq
13]. For each set of system parameters, 100 simulated titration
curves were generated, each one with a different realization of
statistical noise. The system parameters were estimated for the
100 computer-generated titration curves, and the estimates were
stored for the calculation of the mean value
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TABLE 1: Mean Value (M) and Corresponding Standard Deviation ¢) of the Estimated Values ofKy by Direct Parametric Fit
of the Fluorometric Titration Curves Synthesized According to Models | (A) and 1l (B)2

c* =0.37;¢* =0.63 g* =0.63;¢* =0.37
(O] (O]
fitting model estimator true value 1000 500 100 1000 500 100
A. Model |
I 103M{ Ka} 6.62 6.62 6.63 6.76 6.62 6.62 6.62
o Ka} 0.10 0.20 111 0.045 0.089 0.44
22(8)l2(4) F statistics [0.22; 6.16] 251 2.47 2.46 2.44 2.44 2.44
B. Model Il
I 103M{ Kg} 6.62 6.62 6.61 6.78 6.60 6.61 7.59
o{ Ka} 0.012 0.022 0.12 0.21 0.42 4.37
M{Kd} 7.17 8.92 8.79 9.81 7.14 7.15 9.77
o{ Ka} 5.49 8.71 20.17 0.49 0.97 7.01
I M{ K} 6.86 6.87 6.91 0.092 0.092 0.10
o{ K} 0.011 0.022 0.12 0.0025 0.0051 0.026
22(6)%(4) F statistics [0.22; 6.16] 12.5 4.65 2.19 5445 1359 53

aThe following values of the system parameters were usggd= 1.1 ns?, ko = 1.8 ns?, kj = 1.37 ns?, kyy = 0.27 M1 nst, ¢, = 28 000
Mt cm™, e, = 37 300 Mt cm™, K4 = 6.62 x 1073, In all simulations the stoichiometnywas 1; in the fitting the value afi was kept fixed at
1. The values of thé& statistics are given at the 95% confidence level. Model I: without excited-state association. Model II: with excited-state
association.

100 In the second simulation experiment, titration curves were

M{Kg = Z’Kdlloo (24) simulated according to model Il (with excited-state association)

= and Ky was estimated via the same model. The results of the

. fits are presented in Table 1B. The increased number of
and of the variance unknown coefficients { = 4), compared to number in the
100 previous experiment/(= 6), makes the estimation procedure

o4 Kg = ZinZ/loo_ M{ Kd}2 (25) Ies_s stable, especially for the cases with the lower sig_nal-t_o-

= noise ratio. It was also observed that the accuracy of estimation

. as well as the discrimination between competitive models was

wherelKq is the estimator oKy obtained in rur). The goodness  dependent on the relative emission weighting factors. One can

of fit was judged by the? criterion: see that foc,* = 0.37, when the signal-to-noise ratio decreases,
s e ) the value ofy? for the fitting by the correct model Il (with
) 1 o £XM]) — (M) excited-state association) becomes comparable tg?halue
X()=->10 . (26) obtained for the simpler model | (without excited-state associa-
ViE f>(M]) tion): for the signal-to-noise ratio® 100 and 500 the values

of F statistics are within the theoretical 95% tolerance interval.
wheref S([M]i) andf &([M];) are, respectively, the simulated  Forc,* = 0.63, when the association in the excited stated really
(true) and estimated titration data points at{Mlis the number  gccurs, the application of the simpler model | leads to consider-
of degrees of freedom, equal to (10 number of estimated  ap|y higher values of?, even for the cases of the lowest signal-

parameters- 1). . ) to-noise ratio. This makes the discrimination between the
To test whether the two different models give the same competitive models straightforward.
goodness of fit (defined by? criterion) we use- statistics!? If In the second set of simulation experiments (Table 2) we

the ratio ofy? values for two competitive models is higher or
lower than the value defined by statistics at a certain
confidence level and a given numbers of degrees of freedom,
the model that yields the fit with the highg? value should be
rejected. Otherwise, the two models are indistinguishable within
the given statistical noise. In the tests, we applstatistics at
the 95% confidence level.

In the first set of simulation experiments we assume a 1:
stoichiometry between species 1 and M; in the fitting procedure . o
the value of the stoichiometirywas kept fixed at 1. The results two modgls despite the fact that tp&criterion does not show
are presented in Table 1. a clear difference.

In the first experiment (Table 1A), titration curves were In the second simulation experiment according to model |l
generated according to model | (without excited-state associa-(Table 2B),nandKq were first estimated by the correct model.
tion) and fitted by two models: by the same model | and by Table 2B demonstrates that any attempts to fit the fluorometric
model Il (with excited-state association). The recovery<gf titration data of the system with excited-state association and
by model | is reasonably accurate in all cases, even for the 1:2 stoichiometry by a simpler model (freely adjustable stoi-
lowest signal-to-noise ratio. Fitting the more complex model Il chiometryn and no excited-state association) fail.
to the data generated according to model | does not yield To summarize, the direct parametric fit leads to a clear
noticeable improvements in the quality of fiF (statistics is discrimination between competitive models and an accurate
within the 95% tolerance interval). The estimated values of the estimation of parameters, if certain experimental conditions
coefficientsx, andy, in eq 11 are close to zero, implying the (signal-to-noise rati®, the properly chosen range of concentra-
absence of excited-state association. tions [M], the excitation and emission wavelengths) are fulfilled.

consider systems with 1:2 stoichiometry anf = 0.63.

For model | (without excited-state association) the estimation
of the ground-state dissociation constant and stoichiomajry (
is rather stable (Table 2A). When the titration curves simulated
according to model | are fitted by the model incorporating
excited-state association (model Il) but with the stoichiometry
1 fixed to 1, roots of the quadratic eq 13 become complex. The
latter observation leads to the direct discrimination between these
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TABLE 2: Mean Value (M) and Corresponding Standard MOPS (3-(N-morpholino)propanesulfonic acid) was obtained
Bewanotn_ ("%.?f %htﬁ Eétl'mated Y?"U_I?.ts Othd %”d n by Direct from Fluka (Bornem, Belgium), and Mg&6H,0 and KCl were
arametric Fit of the Fluorometric Titration Curves ; ; ;
Synthesized According to Models I (A) and Ii (B ;gprpéllceeoilvtgéAldnch (Bornem, Belgium). All products were used
© Values for K4 of the Mg+ complexes of Thio-H and
fitting model  estimator ~ truevalue 1000 500 100  terThio-H were determined in buffered solutions prepared
A. Model | according to the procedure described by Tsiérand contained
I M{n} 2 200 200 201 (in mM): 100 KCI, 10 MOPS, and 10 EGTA (total concentra-
(initial guess  ofn} 0.012 0.024 0.12 tion). Solutions of MOPS and NaOH were used to obtain the
fornis 1) ;{Gy}{ Kg  6.62 S-f; 5'365 f-gg physiological pH of 7.2. Free Mg concentrations were
Il (nfixed at 1) complex roots calculated using the “Chelator” prografmand were experi-

14(B)(3)  Fstatistics [0.18;9.01] 0.83 097 110  mentally obtained by MY/EGTA buffers.
4.1.2. InstrumentationThe absorption measurements were

B. Model Il . .
I M{n} 2 200 199 231 performed on a Perkin-Elmer Lambda 6 UV/vis spectropho-
(initial guess ~ o{n} 0.040 0.14 1.19 tometer. Fully corrected steady-state fluorescence emission
for nis 1) 16M{Kg  6.62 6.60 7.69 15.51 spectra were recorded on a SPEX Fluorolog 212. The concen-
KA{{'E}} 1y 07-6117 77-62% 1536é9()1 tration of the probe in the sample was about 3.20°6 and
d, . . . . 6 [ il .
oK} 016 070 265 2.4 x 107 M for Thio-H and terThio-H, respectively. The

2452 (3) F statistics [0.18;9.01] 2339 576  22.44 absorbance at the absorption maximum of the probe was kept
_ elow 0.1. The fluorescence decay traces were collecte e
R B below 0.1. The fl decay t llected by th
11 ;'1—2? fglol"';%"r?;ﬂeilgf:thf 35%’5;?1“ lfz?rir%%e?rme;?f*ff’; single-photon timing techniqué:*® A mode-locked Ti:sapphire
28 000 M1 emL e 37300 M1 cm*ll, o = 0.63 & = ’0.37)’ Iaser (Tsunami model 3.950D, Spectra Physics) pumped by a
Ka = 6.62 x 1073 In all simulations the stoichiometny was 2. The continuous wave argon ion laser (Beamlock model 2080A-12,
values of the- statistics are given at the 95% confidence level. Model Spectra Physics) delivered an 82 MHz pulse train of 1.2 ps width
I without excited-state association. Model II: with excited-state at 798 nm. The repetion rate was reduced to 8.1 MHz by an
association. acousto-optic modulator pulse selector (model 3980-2, Spectra

Physics). The laser light was frequency doubled to 399 nm with

A e €0o- st a lithium triborate crystal (GWU-FHG, Spectra Physics) and
C00- Cs+ adjusted to linear polarization using a Berek Compensator
Q / N\ Q L (model 5540, New Focus). Fluorescence of the excited sample
S \~coo- s+ passed in a right-angle configuration through a sheet polarizer
set to 55.44 with respect to the incident excitation beam and
as detected through a monochromator (American Holographics)
B by a microchannel plate (MCP, R3809U, Hamamatsu). The
€00 Cs* resulting MCP output start pulse together with the stop signal
0 COO- Cst from a photodiode (818-BB-21, Newport) was connected to a
WQN/ time-correlated single photon counting PC module (SPC 430,
S S S \coo- cs+ Picoquant GmbH). The instrument response function was
Figure 1. Molecular structures of cesium salts of (A) Thio-H and (8) deétermined by measuring the light scattered by a LUDOX
terThio-H. solution. All decay traces were collected in 4096 channels with

a time increment of 2.4 ps and contained approximately-(10
8) x 10 peak counts after binning in 512 channels (the time
increment per channel was 19.5 ps). All measurements were
made at room temperature (202 °C).

4.1.3. Data AnalysisThe existing general global analysis
progrant® based on Marquardt’s algoritffwas used to obtain

4. Experimental Fluorometric Titration Curves estimates of the decay timeg(i = 1, 2). The fitting parameters
were determined by minimizing the global redugggt

In general, there is a straightforward dependence of the quality
of parameter estimation on the signal-to-noise r@iand the
number of experimental points, but establishing the optimal
range of concentrations as well as the choice of excitation and
emission wavelengths requires careful experimental design.

4.1. Materials and Methods.4.1.1. MaterialsThe syntheses
of the new M@" indicators Thio-H and terThio-H will be q
described elsewhere. 2 _ (WV° — \£)2

Cesium salts of Thio-H and terThio-H (see Figure 1) were %o Z th(yﬁ Yt @7
prepared from the corresponding methyl esters according to the
procedure described by Minta and Ts#m sample of the  where the indeX sums overg experiments, and the index
trimethyl ester of Thio-H or terThio-H was mixed with 10 equiv  sums over the appropriate channel limits for each individual
of. anhydrous cesium hydroxide in methanol. The solutlon_ Was experiment. § and yf denote respectively the experimentally
stirred and heated to reflux under argon for 15 h. The purity of neasured (observed) and fitted (calculated) values corresponding
the product was checked with analytical thin-layer chromatog- {g theith channel of théth experimentw; is the corresponding
raphy using silica plates (Merck). After evaporation of methanol, statistical weight represents the number of degrees of freedom
the product was dissolved in Milli-Q water and was used as for the entire multidimensional fluorescence decay surfage.

such for further measurements. Comparison of the UV spectragn its corresponding, 2 (eq 28) provide numerical goodness-
of the esters in methanol and the cesium salts in water indicatesyy_fit criteria for the engtire fluorescence decay surface

that the fluorophore structure remains unaltered.
EGTA (ethylene glycol bigi-aminoethyl etherN,N,N',N'-

(2 vy a2
tetraacetic acid) was purchased from Sigma (Bornem, Belgium), %592 - (Xg D7) (28)
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Figure 3. (A) Fluorescence emission spectra of terThio-H as a function
of [Mg?*]. (B) Nonlinear fit (eq 21) of the fluorometric titration data
of terThio-H withn freely adjustable-{), n fixed at 1 (---) anch fixed

at 2 (-+). The excitation wavelength was set at 399 nm, and the emission
was observed at 580 nm.

Figure 2. (A) Fluorescence emission spectra of Thio-H as a function
of [Mg?*]. (B) Nonlinear fit (eq 21) of the fluorometric titration data
of Thio-H with n freely adjustable and fixed at 1: the two fits are
indistinguishable ). The excitation wavelength was set at 364 nm,
and the emission was observed at 500 nm.

decrease of the emission intensity at the fluorescence maximum

Using Z,, one can readily compare the goodness-of-fit of is observed. Increasing the free Rgconcentration above 0.17

analyses with different. The additional criteria that were used mM causes a further decrease in fluorescence intensity and is

to judge the quality of the fits are described elsewRére. ; ;
Standard error estimates were obtained from the parameteraccorm)anled by a blue shift of the fluorescence peak. A

. . ) . crossover point at about 480 nm appears.
covariance matrix available from the analysis. All quoted errors o . i

L The results of fitting eq 21 (no excited-state association) to
are one standard deviation.

o . the fluorescence data obtained for different f¥granges are
4.2. Results.4.2.1. Fluorometric Titration of Thio-HThe

. . ; compiled in Table 3. When the fluorescence data at alfMg
fluorescence spectra of Thio-H at various [Mpare shownin  qhcentrations (0:016.1 mM) are analyzed, the best fits are
Figure 2A. In “O Mg solutions the spectrum displays a

k _ ) found forn = 3 andn = 4. Fixing n at lower values (1 and 2)
maximum at 500 nm. Increasing the free Mgoncentration yields unacceptable (negative) values Fafy. The fit with all

causes a decrease in the peak amplitude (of about 2.4-foldyarameters freely adjustable indicates that the stoichiometry
between 0 and 99.7 mM Mg) and is accompanied by an g phetween 3 and 4. For the low [¥g range (6-0.16 mM)
increase of the emission intensity at wavelengths below the acceptable fits could only be obtained whEmay was fixed:
p_seudo-isoemissive poir_lt. At_elevated levels ofvg minor otherwise, negative values f@ax were found. The best fits
(i.e., 9 nm) hypsochromic shift can be observed. were again found for hign values @ = 3 and 4). The same
The ground-state dissociation constai, of the M@*: tendency is observed for the high [kt range (0.18-16.1 mM
Thio-H complex was determined by fitting eq 21 to the steady- in addition to the zero concentration), although the obtained
state fluorescence data recordediah = 500 nm due to  values ofF statistics are within the 95% confidence interval.
excitation atlex = 364 nm (Figure 2B). The nonlinear fit  Only the analyses for the total Miyconcentration range (Table
(eq 21) withn fixed at 1 yielded a value of (6.& 0.2) x 1073 3A) unambiguously demonstrate non 1:1 stoichiometry.
for Kq. This value agrees excellently witky and n values To check the possibility of the presence of excited-state
estimated according to eq 21 withfreely adjustable:Kq = association, time-resolved fluorescence measurements were
(6.3+ 0.5) x 1073 andn = 1.00+ 0.05. Fitting by a more  performed. Indeed, fluorescence decay times that vary with the
complicated model Il (with excited-state association) does not Mg2+ concentration represent a fingerprint of an excited-state
improve the quality of fit: the obtained value of thestatistics associationk,; = 0). Decay curves of terThio-H at different
is 1.68, which is within the 95% tolerance interval [0.28; 4.15]. concentrations of |\/|@L ranging from 0.0 M to 0.18 mM were
4.2.2. Fluorometric Titration of terThio-HAs shown in collected at three different emission wavelengths, (= 580,
Figure 3A, the emission spectrum of terThio-H changes 550, and 470 nm) and a common excitation wavelengh=
significantly upon increasing the Mg concentration. The free 399 nm).
form of the indicator has a fluorescence maximum at 580 nm.  In the first series of global analyses the decays collected from
At low magnesium concentrations (0.0 M to 0.16 mM), only a solutions with identical Mg" concentrations were described by



5394 J. Phys. Chem. A, Vol. 104, No. 22, 2000

TABLE 3: Fitting Eq 21 (without Excited-State Association)
to the Experimental Data for terTHIO —H in Different
[Mg?t] Range$

Novikov et al.

TABLE 5: Decay Times of terThio-H Estimated by
Extended Global Biexponential Analysis

[Mg?]
[Mg?*] range 10Ky n v Fstatistic8 range (mMM)  # 71 (NS) 72 (nS) Vs Z,2
A 0.81+0.7 354+04 14 no added M§" 3 0.304+ 0.002 0.954+0.002 1.037 0.827
120+ 37 n=19 15 8.4¢ 0.0-0.064 6 0.309t 0.002 0.949+0.001 1.052 1.650
15+ 3 n=2d 15 2.258 0.0-0.098 9 0.315:£ 0.002 0.948+0.001 1.071 2.755
2.24+0.3 n=3 15 0.97 0.0-0.140 12 0.316£ 0.001 0.96H 0.001 1.125 5.641
0.33+0.04 =4 15 0.94 0.0-0.160 15 0.316£ 0.001 0.96A 0.001 1.244 12.306
B¢ 0.06+ 0.11 4.2+ 0.8 4 0.0-0.180 18 0.313:0.001 0.97H0.001 1.249 13.716
74+ 33 n=1 5 6.76 . . R
74423 n=2 5 2.86 aNumber of decays analyzed simultaneously in the given?[}ig
0.8+0.2 n=3 5 1.13 range.
0.09+ 0.02 n=4 5 0.67
C 0.284+ 040 38408 5 concentrations can be due to negative correlation between
32? S 06 n= % g f-gg andt,, the parameter correlation matrix was calculated. Since
1£0. n= ’ there is a positive correlation betweenandz, (Table 4), this
1.10+ 0.08 n=3 6 0.80 . .
020+001 n=4 6 0.72 hypothesis can be rejected.

aKey: (A) 0—16.1 mM (total range); (B) ©€0.16 mM (low
concentration range); (C) 0.386.1 mM (high concentration range)
+ zero concentration. Number of experimental points: (A) 19; (B) 8;
(C) 10. 95% confidence intervals férstatistics: (A) [0.41; 2.46]; (B)
[0.19; 6.25]; (C) [0.23; 4.95]° Fmin, Fmax Ka, andn freely adjustable.
¢ Fmax fixed in the fitting, otherwise negative values fenaxare found.
Fmin and Ky freely adjustabled Negative value folFnmay is found.eF
statistics is calculated as the ratio of unweightedith fixed and freely
adjustablen:  yfixedn?(V)/xtrea’(V).

TABLE 4: Globally Estimated Decay Times of terThio-H at
Different Mg 2+ Concentrations?

[Mg*] (mM) 71 (ns) 72 (ns) 0 xd  Zy

no added Mg" 0.3044+ 0.002 0.954+ 0.002 +0.33 1.037 0.827
0.064 0.325: 0.004 0.95H-0.002 +0.38 1.046 1.029
0.098 0.322+ 0.002 0.959+ 0.002 +0.35 1.063 1.425
0.140 0.30H-0.002 0.975k 0.002 +0.33 1.067 1.518
0.160 0.3074 0.002 0.979+0.002 +0.32 1.098 2.206
0.180 0.278+ 0.005 0.996+ 0.003 +0.49 1.110 2.469

In the second series of global analyses, we subsequently fitted
biexponential functions with linked decay times to fluorescence
decays measured at various (increasingfMecpncentrations.

In the final analysis all 18 decay traces were analyzed
simultaneously with the decay times linked over 3 different
emission wavelengths and over six NMgoncentrations ranging
from 0.0 M to 0.18 mM. As is shown in Table 5, acceptable
fits were obtained for the first 9 decays only{ = 1.071,

Z,2 = 2.755) yielding values for; = 0.315 ns and, = 0.948

ns. Those estimated decay times are in good agreement with
the 71 and 7, values recovered from the global analysis
performed before (Table 4) in the [M{] range between 0.0

M and 0.098 mM. Enclosing additional fluorescence decays
(more than 9) in the global biexponential analysis increases the
values of the goodness-of-fit parametggdandz, 2, resulting

in an unacceptable quality of fits (the other goodness-of-fit
parameters also are indicative of unacceptable fits). The
extended global biexponential analysis does not give good fits

aThe number of fluorescence decays analyzed together at eachfor all decays collected over the whole experimental Vg

[Mg?*] is 3.° Correlation coefficient of the linked parameters
andz,.

1,04 »
.’.
o ././

~ 094

[72] -

£

v

/o °
0,30+ o \./.\
| ]
0,00 0,05 0,10 0,15 0,20
[Mg™] (mM)

Figure 4. Decay times of terThio-H as a function of [¥Ig.

biexponential functions with the decay times linked over the
emission wavelengths at each [k (Table 4). The recovered

range, indicating that the decay times vary with fVlg which
implies a nonzero value &;. In other words, the time-resolved
fluorescence data show that the association (binding) reaction
in the excited-state cannot be neglected.

Since time-resolved fluorescence measurements imply an ion
binding reaction in the excited state, we applied the model given
by eq 11 (model II: with excited-state association) to fit the
fluorometric titration data. The fluorometric titration curve was
experimentally measured for terThio-H &f = 399 nm and
Aem= 580 nm. As was stated in section 2.2.1, direct parametric
fit of the titration curve will give two admissible values K,
one of which is the true value and the other is defined as a
combination of rate constants (eq 14).

The first direct parametric fits were done by assuming that
the stoichiometryn can be fixed at 1 or 2. We compared the
fits described by model | (eq 18) and model Il (eq 11). Rer
1, the fits according to both models were unacceptable, so that
this option (1 = 1) can be rejected immediately. For= 2, the
fit by model 1l is much better than by model I. However, the
estimated values oKy are complex, which leads to the

decay times are shown in Figure 4. As is evident from the data conclusion that the model that takes into account excited-state

compiled in Table 4 and Figure 4, the long decay time
remains practically independent of [¥g at low cation
concentration, i.e., between 0.0 M and 0.098 mM. At the three
higher Mg™ concentrations, the long decay time increases
slightly. The short decay time shows a more erratic behavior
with a decrease at higher Migconcentrations. To check if the
increase of the long decay time accompanied by a simulta-
neous decrease of the short decay timeat higher Mg"

association with a 1:2 stoichiometry cannot be accepted in this
case as well.

Subsequently, we used the same two models (egs 11 and 18)
but with freely adjustablen. Both models recovered higher
values of the stoichiometry: 34 0.63 for model Il and 3.5-

0.44 for model 1. With model | the recovered valuekaf was
(0.84 0.7) x 1078, This value is in excellent agreement with
that obtained via eq 21 with freely adjustable parameters (see
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Figure 5. Fit with freely adjustable of the experimental fluorometric
titration data of terThio-H according to eq 11 (---) (model with excited-
state association) and according to eq 48 (model without excited-

state association). The excitation wavelength was set at 399 nm, and

the emission was observed at 580 nm.

Table 3A). In the fit according to model Il two values were
recovered: (3t 2) x 107% and (5.54 5.2) x 1073, The fits

according to both models are displayed in Figure 5, which shows

that the distinction between the two models is fuzzy. This is
also supported by the obtained value of thetatistics (1.43),
which is within the 95% tolerance interval [0.39; 2.64]. On the
basis of the performed analyses, one can conclude that th
stoichiometry between terThio-H and Rfgis certainly higher

J. Phys. Chem. A, Vol. 104, No. 22, 2008895

discrimination between competitive models (with and without

excited-state association, different stoichiometry) used to fit the
measured titration curve. We have further demonstrated the
importance of the proper choice of experimental conditions (i.e.,
signal-to-noise ratio, excitation, and emission wavelengths) for
the accuracy of the analysis and the quality of discrimination

between competitive models.
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