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lons

Jayanta Kumar Basu, Mrinmoy Shannigrahi, and Sanjib Bagchi*
Department of Chemistry, The Umirsity of Burdwan, Burdwan 713104, India

Receied: February 18, 2007; In Final Form: April 23, 2007

Electronic absorption and emission spectral characteristics of two ketocyanine dyes have been studied in
solution in the presence of alkaline earth metal ions. Absorption spectral studies indicate complex formation
between the ions and the dyes in the ground state. Values of the equilibrium constant and the enthalpy change
characterizing dye @p—metal ion interaction have been determined from the absorption spectral data. In the
presence of the metal ions the fluorescence spectrum of the dyes shows two bands pointing to the existence
of two emitting species, viz., the solvated and the complexed dye in solution. Time-resolved studies of the
dyes in solution containing the metal ions can be explained by a two-state model and indicate the presence
of two emitting species in equilibrium. Values of the equilibrium constant for the interaction of metal ion and
the dyes in the Sstate have also been estimated.

1. Introduction Perchlorate salts of the metal ions have been used due to their

higher solubilities in the solvents. Spectroscopic and thermo-
fdynamic parameters have been determined for-dyetal ion
complexes. In order to study the effect of structure of the dye
on these parameters, we have also carried out an investigation
on the interaction of Mg~ with a structurally similar ketocya-
nine dye (dye 2 in Figure 1) in AC and ACN.

N-Substituted derivatives of 2,5-bis[propylene]cyclopen-
tanone, commonly known as ketocyanine dyes, form a class o
compounds which are characterized by solvent dependent
absorption and fluorescence properfi@sThe presence of
electron donor (amino) and electron acceptor (carbonyl) groups
in the molecule leads to an increase in charge separation on
electronic excitation, and as a result, the electronic spectral
transition in these compounds depends significantly on the
interaction of the dye molecule with the molecules in its  2.1. Materials. The ketocyanine dyes have been prepared
microenvironment. Photophysical and spectroscopic propertiesby the method described in the literatdr&he purities of the
of these dyes have been the subject of intensive investigationprepared compounds were checked by IR, absorption, and
in recent years. Solvatochromism/fluorosolvatochromism ex- fluorescence spectral data and also by thin layer chromatogra-
hibited by these dyes make them good probes for monitoring phy. Ethanol [Bengal Chemicals], acetone [E. Merck], and
micropolarity, for hydrogen bonding interactions, and for acetonitrile [E. Merck] were dried by standard procedufés.
investigation of microenvironmental characteristics of biochemi- To remove traces of moisture and other oxidizing impurities,
cal and biological systen?s1® Some of them are also used as all the solvents were refluxed for several hours with calcium
laser dyes and have several industrial applications in photo- hydride and then distilled immediately prior to the experiment.
polymer imaging systenid-13 The ultrafast reaction dynamics  Perchlorate salts were dried in an oven at reduced pressure
of a ketocyanine dye in different media has also been investi- before use. Samples were prepared in a drybox to avoid
gated by Palit and co-worket$Doroshenko et al. have studied contamination by air or mixing. The concentration of the dye
the interaction of bis-azacrown-substituted derivatives of keto- was taken in the range 1®-106 M in all the spectral
cyanine dyes with Mg and B&* ions8 In recent communica- ~ measurements. The concentration of metal ions was in the range
tions we have reported studies on the effect of alkali metal ions 1072—10"3 M.
on the ground and excited state properties of the &y8s.It 2.2. Steady State Spectral MeasurementsAbsorption
has been observed that'Lion in aprotic solvents brings about  (UV—vis) and steady state emission spectral measurements were
the most significant change in spectral properties. Further, performed as described in earlier communicati®n$’ The
lithium ion forms a complex with the dye molecule in the ground emission anisotropy at a wavelengtivas calculated using the
state () as well as in the first singlet excited state)(SThe following equatior?®
objective of the present work is to investigate in detail the
interaction of ketocyanine dyes with alkaline earth metal ions. Tem(4) = [lw(2) = G(A) Iy () + 2G(4) ()] (1)

To this end we have studied the electronic absorption, steady . .

state emission, and time-resolved fluorescence of a ketocyanineVherel (%) denotes the fluorescence intensity at the wavelength
dye (dye 1 in Figure 1) in solutions containing the alkaline earth 4 and the first and second subscripts (*H" and "V”) respectively
metal ions (M@*, Ca&*, S”*+, and B&") as a function of refer to the_settmg of the excitation and emission polgrlzgrs.
concentration of metal ions and temperature. The solvents used3(4) is an instrumental factor representing the polarization
were acetonitrile (ACN), acetone (AC), and ethanol (EtOH). characteristics of the photometric system and is given by

2. Experimental Section

* Corresponding author. E-mail: bsanjibb@yahoo.com. G(4) = IHV(/l)/lHH(/l) 2
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Figure 1. Ketocyanine dyes used in the present work.

The subscripts in the expression represent the same meanindgpands. In these cases also the band at lower wavelength
asin eq 1. Excitation anisotropies{) were calculated similarly.  corresponds to the solvated dye and that at longer wavelength
Anisotropy was measured in several replicate measurementsjs presumably due to the metal ion complexed dye. The existence
and the values were withifr0.005. of an isosbestic point in these cases points to the presence of
2.3. Time-Resolved Fluorescence Measuremeriluores- two species in equilibrium in solution. Values of energy of
cence decay was studied by time-correlated single photonmaximum absorptionke, for the dye-metal ion complex in
counting (TCSPC) using the Fluorocube lifetime system (IBH, different solvents have been listed in Table 1. In the case of
Serial No. 04412) as described in previous communications. addition of M@* to a solution of dyes in ethanol, the absorption
Decay curves were analyzed using IBH DAS-6 decay analysis band only slightly shifts to the red. For a fixed dye concentration
software. Intensity decay curves were fitted with single/biexpo- an isosbestic point is observed (Figure 2c), indicating the
nential decay equations. The decay parameters were recovereexistence of two absorbing species in solution. In this case,
using a nonlinear-least-squares fitting procedure. Fitting with however, the band could not be separated into two bands
»2 values around 1 was taken as acceptable. The fluorescenceharacterizing the solvated dye and the complexed dye. The
decay of the dye was measured as a function of the concentratiorvalue of E(A) for the dye-Mg?" complex has been determined
of the metal ions. For a particular concentration the decay was by a procedure described later.
studied at different emission wavelengths in the emission band The absorption spectra of dye 2 in ACN and AC have been
of the dye. In the present work, the fluorescence intensity for studied in the presence of Mg(CJf2. They show spectral
the dye in pure solvents as a function of tilpé&(t), could be features similar to those obtained for dye 1 (Figure 2d). Thus

fitted with a single-exponential equation: they show the existence of an isosbestic point when the
concentration of the salt is varied at a fixed temperature or when
F(t) = aexp(-t/7) 3) temperature is varied at a fixed salt concentration. This indicates

_ ) _ o ) that dye 2 also interacts with Mg in the solution and the
For dye in salt solutions, however, a biexponential fit, as given splyated dye and the complexed dye exist in equilibrium in the

by the following equation, was required. S, state.
3.1.2. Equilibrium ConstantSpectral observations can be
F(t) = a, exp(-t/t)+ a, exp(~t/r)) (4) rationalized in terms of the existence of the following equilib-

. L o rium in solution:
wherea’s are the relative contributions to the lifetime compo-

nentsz; and . D--S+nM?" =D---M?" + S K = CJCy(Cy2)" (5)
3. Results here D--S and D--M.2" represent solvated dye and complexed
3.1. Absorption Studies: Ground State Complexation. dye, respectivelyn is the minimum number of metal ion @)
3.1.1. Spectral Feature&\bsorption band maximums of dye 1  participation in the equilibrium, an@s, Cc, andCyz2 represent
in acetone and acetonitrile appear at 495 and 503 nm,the molar concentration of the solvated dye, the metal-
respectively. On addition of Mg(Cl{) to the system, a new  complexed dye, and the metal ion, respectively. Spectral data
band at a longer wavelength appears and it becomes prominentan be used to determine the equilibrium constant for-dye
as the concentration of the salt increases. Only the cation of M2* interaction. A measured volume of the dye solution in a
the electrolyte has been found to be effective in spectral change.given solvent was taken in a stoppered quartz cuvette (1 cm
For a fixed dye concentration an isosbestic point appears in thepath length), and a 0.01 mL solution of salt in that solvent was
absorption spectrum in the solvents containing varying amountsadded to it. The absorption spectra were then determined. The
of the salt. Figure 2a shows representative absorption spectraaddition of salt solution was repeated several times, and spectra
in ACN containing magnesium perchlorate. Results point clearly were measured after each addition. In another experiment the
to the existence of two species in equilibrium. While the lower dye solution in the solvent was saturated with the salt and the
wavelength band corresponds to the solvated dye, the longerabsorption spectrum was taken. In the event that the band
wavelength band (580 nm in ACN and 570 nm in AC) is maxima corresponding to the solvated dye and the metal-
presumably due to the Mg—dye complex. At a very high  complexed specied{andA,, respectively) are widely different
concentration of Mg(Cl@),, the complexed form of the dye (as in the case of M{J), one can assume that at wavelengths
exists almost exclusively in the solution and only one absorption 4; and A, the absorbing species are the solvated and the
band characteristic of the complex is observed. Two bands alsocomplexed dye respectively and eq 5 can be rearranged as
appear in the absorption spectra of the dyes in solution in aprotic
solvents (AC, ACN) containing Ca, St and B&" ions, but log(A/A,) = log(AdA) +logK +nlogCy.  (6)
the bands are not widely separated as in the case éf Mde
absorption spectrum for a particular salt concentration, however, whereA, andA; are absorbance values/atandi; respectively
can be represented as a sum of two Gaussian functions. Figurdor a salt concentratio©yz2+; Ay and As respectively are the
2b shows a representative spectrum and its resolution to twovalues of absorbance of solution containing dye in pure solvent
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Figure 2. Absorption spectra of ketocyanine dyes in the presence of alkaline earth metal ions in different solvents: (a) Dye 1 in acetonitrile
solution containing Mg" ion. The concentration of metal ion increases in the oreethl. Dotted line represents pure solvents. Effect of temperature

at a fixed dye and metal ion concentration has been shown in the inset. (b) Decomposition of absorption band of dye 1 into two Gaussian curves
in ACN solution containing Sr(Clg),. The experimental spectra-§, two Gaussian components ¢- —), and their sum-¢-) have been shown. (c)

Dye 1 in EtOH solution containing Mg ion. (d) Dye 2 in ACN solution containing Mg ion. “I” and “h” in (c) and (d) have the same significance

as in (a).

TABLE 1: Spectroscopic and Thermodynamic Properties of value ofK can also be determined by choosing a wavelength
Complexanonl of Ke_tocy?fmne Dyel 1 (5 State) at 298 K for (600 nm in the present experiment) where only one species (e.g.,
Various Metal lons in Different Solvents the complexed dye) absorbs. Assumimg= 1, we have the
metal following equation:
ion solvent  Ec/kcal mol™ K AH°/kJ mol?
Mg  ACN  49.3+0.1 10+ 1 3.344+ 0.2 A/(CyCy2) = Ke, — KAIC, )
(52.7+ 0.1 (5.2+06p (5.75+0.2p
AC (55032410611)3 (79'%101';6 (11'225110612)3 whereA is the absorbance of solution at 600 nm &iglis the
EtOH 493+ 0.1 15+ 02 ' ' concentration of the dye in solutioes is the molar absorbance
cat ACN  50.2+0.1 2.9+ 0.3 2.34+ 0.2 for the absorbing species at the wavelength of measurement. A
Set ACN  51.14+0.1 1.1+0.1 -1.92+0.1 linear plot of A/(CpCn2+) vs AICh gives K. Values ofK as
Ba?* ACN  52.2+0.1 1.5+0.2 -1.224+0.1 determined by the two procedures for the edg?* ion
aValue for dye 2. interaction come within 5%. For R ion—dye interaction (M

= C&", Sk, and B&") the absorption bands due to the two
(in the absence of salt) and that for solution saturated with salt. species overlap appreciably, and we have used eq 7 for the
The equilibrium constantK, and the minimum order of  determination oK. Values ofK for different systems have been
participation of M ion, n, can be calculated from the linear listed in Table 1.
plot of log(A2/A;) versus logCy2+ as suggested by eq 6. The For the interaction of dye with Mg ion in ethanol, where
value ofn = 0.8 £ 0.2 is obtained for the interaction for both  the band shifts due to complexation with the metal only to a
dyes in AC and ACN with M&". This points to the formation ~ small extent, the value df has been found out by assuming
of a 1:1 complex. Formation of a 1:1 complex has also been that the observed maximum energy of a spectroscopic transition,
established for the interaction of dye 2 with lithium i¥iThe E, is a mole fraction average of those for the two species, viz.,
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TABLE 2: Spectroscopic and Thermodynamic Parameters analysis, is 54 kcal mot for dye 1. This compares well with

fo_rhG\r/ound S}a‘te (E?mplexifigﬁ of tzhgsKKetocyanine Dye 1 the value of the energy of maximum absorption of the dye in
with Various Metal lons in at ethanol (54.4 kcal mot).

metal ionic . . i ) . Absorption spectra for fixed salt and dye concentrations,
ion  potential AG°/kJmol* AH°/kJmol™  AS/IK studied in aprotic solvents at different temperatures, shows the
Mg?* 3.08 —3.46+0.2 3.34+0.2 23+1 existence of an isosbestic point as shown in a representative
grfﬁ i-g% —g-gii 8-85 1293;i 8-% lgi 1 plot in Figure 2a (inset). Values @H° for the dye-metal ion
B+ 185 —101+01  —129401 —07+041 _cr(;raglelxatmn, as determined from such studies, are given in
the solvated and complexed forms of the dy& Thus, one Thermodynamic parameters, .4G°, AH°, andAS’ for
gets the alkaline earth metal ion complex of dye 1 in acetonitrile
have been listed in Table 2. A systematic trend is observed as
E(A) = (CsEs + CLEQ)/(Cs+ Cp) (8) one goes from Mg to Ba&2". Note that a good linearity is

observed whem\H? is plotted againsAS’ [AS’* = 4.93 +
where E(A) is the maximum energy of absorption for a salt 5.34AH°; R = 0.9987].
concentratiorCyg?-; Es and Ec are those for the solvated dye 3.2. Fluorescence Studies: Complexation of the; State.
and the complexed dye, respectively. Equation 8 can be 3.2.1. Steady State Emission Studigesitions of maximum

rearranged to give fluorescence of dye 1 in acetone and acetonitrile appear at 557
and 565 nm, respectively. On addition of alkaline earth metal
E(A) = Egt EcKCygor — KE(A) Cygo- 9 perchlorates, a second band appears at a longer wavelength in

addition to the band for the pure solvents. Positions of the band

Values ofEs, Ec, andK that fit eq 9 can thus be obtained by maxima are independent of the excitation wavelength. The

a linear regression analysis. Valuesky andK are listed in second band becomes prominent as the concentration of the
Table 1. The value dEs, as obtained from the linear regression metal ion in solution increases. For fixed dye and metal ion

1
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Figure 3. Fluorescence spectra of ketocyanine dyes in the presence of alkaline earth metal ions in different sol¢ér{ts). atgl C&" (b) ion

in ACN solution of dye 1. Symbols “1” and “2” refer respectively to solution saturated with salt and that containing salt at an intermediate aamcentrat

(c) Fluorescence spectra of dye 1 in ACN solution saturated with alkaline earth metal perchlorates. (d) Fluorescence spectra of dye 1 in EtOH
solution containing Mg ion. The arrow indicates the direction of increasing salt concentration. The dotted lines (d)(@present the fluorescence

spectra in pure solvents.
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TABLE 3: Spectroscopic and Thermodynamic Properties of Complexation of Ketocyanine Dye 1 (SState) at 298 K for
Various Metal lons in Different Solvents

metal ion solvent E(F)/kcal mol? Agem?t K1 Ins 71%ns
Mg+ ACN 453+ 0.1 1400+ 50 330+ 30 1.8 0.8
(48.14 0.1y (1600 508 (340t 30 (1.4 (0.60
AC 46.1+ 0.1 1410+ 50 160+ 16 1.7 0.6
(48.84 0.1y (1620 508 (180+ 18p (1.4 (0.47
EtOH 43.3+£ 0.1 2090+ 50 5.2+ 0.5 1.5 1.5
Car ACN 456+ 0.1 1600+ 50 90+ 9 1.7 0.8
St ACN 46.3+£0.1 1670+ 50 70+ 7 1.6 0.8
Ba?™ ACN 46.7+£ 0.1 1990+ 50 60+ 6 1.5 0.8

aValue for dye 2P Value for dye-metal ion complex¢ Value for dye in pure solvent.

concentrations, fluorescence spectra at different temperatures 50001
exhibit an isosbestic point. Only the longer wavelength band
appears in a solution saturated with salt. Figure 3 shows a few
representative fluorescence spectra. Results thus point to the
existence of two emitting species in equilibrium in the solution.
The red-shifted band is due to the dymetal ion complex. 3000 4
Values of energy of maximum fluorescendg(F), for the
complexed dyes as calculated by the formE(&)/kcal moi-t

= 28590/¢/nm), have been listed in Table 3. For a particular
solvent theE(F) value of the complexed dye follows the order
Mg2t < Cat < ST < Ba", as can be seen from Figure 3c.

It has been explained earlier that the greater the interaction of
a metal ion with the Sstate of the dye, the less will be the

4000 A

1 Channel = 7.04ps

2000 A

Count(log)

1000

E(F) valuest>'” Thus strength of interaction between the dye 0 4 . =
(S; state) and the metal ion follows the order Mg~ Ca&" > 1000 2000 3000
St > Ba?™. The Stoke’s shift As) of the complexed dye is Chanel

less than that for the dye in a pure solvent. This has been Figure 4. Decay profile of the prompt (P) and dye 1 in ACN saturated
rationalized by other workers in terms of increased rigidity of with alkaline earth metal perchlorates: (1) Mg(2) C&*, and (3)
the dye on complexatiohA similar observation has been made Sf** and B&". One channet= 7.04 ps.

by us for the dye-Li* ion complext”18 The increased rigidity

of the dye-metal ion complex also finds support from fluo-
rescence anisotropy studies. For example, the value of fluores-
cence anisotropy of dye 1 in pure ACN is 0.05, while the value

compares well with the experimentally observed value for the
dye in pure ethanol (45.8 kcal md).
3.2.2. Time-Resokd Fluorescencelhe decay of the excited
increases to 0.19 in a solution saturated with Mg(£4Q0Only states of the dyes ha; been_ studied in the pure solvents and
also in electrolyte solutions. Figure 4 shows some representative

a small red shift of the fluorescence band is observed whenoI It has b found that f vents the d
Mg(ClOy); is added to an ethanol solution of the dye as shown . ecay curves. ft has been found thal for pure solvents the decay

in Figure 3d. It is known that the dye interacts with ethanol s best ﬂtt?d with a s_ir)gle-exponenti_al equa@ion_ as given by eq
through hydrogen bond formation. Thus a small shift in the 3. In solutions containing metal ions in aprotic dlpola_r solvents,_
position of the band maximum can be rationalized in view of hpweve_r, the decay curve is _best represented bya blgxponentlal
the comparable strength of the dy®lg?"™ and dye-ethanol fit, as given by eq 4. iny n SOIUt'OnS §aturated with mEtaI
interactions. The energy of maximum fluorescence of the perc_hlorates does a smgle_-exponennal fit apply. The b_|expo-
complexed dye and the equilibrium constant for the complex- nential decay characteristics have been studied at different

ation process in this case have been determined by a meth Od:oncentrations of the salts. For fixed salt concentration the decay
described earlie®” The observed fluorescence energr) characteristics have been studied by collecting emission at
can be considered as a mole fraction average of the ,so’lvatedvarious wavelengthsl] in the emission band of the dyes. Table

. . 4 gives some representative results. For all cases the decay is
and the complexed specids;; andEc;, respectively. Thus one : -
gets P P ! Ecs P y characterized by shorteri§ and longer ¢,) lifetimes. Values

of 71 andr, are almost independent #fand the concentration
E(F) = (CaEq; + CoEc)/(Cs+ Co) (10) of metal ion. For a fixed salt concentration, however, the ratio
of a; anda, has been found to be dependent on the choice of
Assuming equilibrium between the two species in solution, 4- While the shorter lifetime (faster decay) corresponds to that
one gets for the dye in the pure solvent, the longer lifetime (slower decay)
is presumably due to the dye complexed with alkaline earth
E(F) = Es; + EciK Cyger — KiE(F)Cyyge+ (11) metal ions. Moreover, the;-value is close to the lifetime of
the dye in solutions saturated with salt. Thus the species with
whereKj is the equilibrium constant for the following process: greaterz-value can be identified as the cation-complexed dye.
In our earlier studies it has been established that the dyes
M%" 4 S+-D(S, state)= M*"-+:D(S, state)+ S (12) complexed by lithium ion are characterized by a longer
lifetime 1817 In a fixed solvent like ACN, the-values corre-
Values of Es;, Ec;, and K; that fit eq 11 can thus be  sponding to the metal ion complexed dye follows the ordet'Mg
determined by a linear regression analysis. In the present casexr C&" > St = Ba?".
for M = Mg we getEs; = 45.5 kcal mot?, Ec; = 43.3 kcal It is known that the quantitiedy = ay7i/(aut1 + apt2) and
mol~1, andK; = 5.2 (R2 = 0.984,0 = 0.08) The value ofs; Ay = autol(agT1 + agty) represent the fraction of contribution



Ketocyanine Dye-Alkaline Earth Metal lon Complexes J. Phys. Chem. A, Vol. 111, No. 30, 2007071

TABLE 4: Decay Parameters for Fixed Metal lon (M?*) can be estimated from the time-resolved fluorescence data as
Concentration as a Function of Wavelength at 298 K follows. The ratio of the amount of two decaying species in
solvent Alnm  w/ns  1/ns AL A solution is given by Ax/A1)(D1/P>), where Qy/Aq) represents
M2+ = Mg?" lon the limiting value of Ay/A;) and ®; and @, are the values of
acetone (dye 1) the quantum yields of the two emitting species. When the radia-

Cw»=159x10°% 590 052 125 073 0.27 tive decay constanky) is constant, quantum yield is proportional
600 052 143 066 034 to r-values, and the ratio of the concentration of the two
acetonitrile (dye 1) 620 058 15 0.63 037 decg_ying species is given byAZ(Al)|(rll_rz). The value of _thfe_
Cuzr =1.99x 103 590 042 105 022 078 equilibrium constant can thus be estimated from the_ I|n_1|t|ng
600 063 129 043 057 value of Ay/A;) at higher wavelength, the values of the lifetimes
610 066 1.44 040 0.60 for the complexed and solvated dyes, and the corresponding
620 071 16 039 061 salt concentration. The values Kf have been listed in Table
Cwr=784x10° 590 069 145 047 053 3 Note that for a particular solvent and a particular metal ion
ggg 8:2; i:gg 8:?6 8';2 the value of the equilibrjum constant for complexation involving
630 071 168 015 085 the § state of the dye is greater than that for the complexation
acetonitrile (dye 2) involving the dye in the $state. This indicates formation of a
Cwzr=7.8x 1073 570 0.3 1.34 017 0.83 stronger complex with the;State of the ketocyanine dye. The
580 026 135 0.14 0.86 decay curve for ethanol solution of the dye containing metal
590 026 129 014 086 ions can be best fitted by a single-exponential fit. The decay
acetone (dye 2) - . . .
Cyz = 1.6 x 10°3 556 031 113 071 029 constant as given in Table 3 is close to that of the dye in ethanol
566 0.3 124 061 0.39 (Table 3), indicating that the nature of dymetal ion interaction
576 031 127 048 052 is similar to that of dye-ethanol interaction.

M2t = C&" lon . .
acetonitrile (dye 1) 4. Discussion
Cwz*=1.97x10% 595 073 130 052 048 In a protic dipolar solvent a ketocyanine dye exists as charge-
615 072 155 034 066  gepgrated form (Figure 5) and a weak intermolecular interaction
625 0.67 1.56 0.26 0.74 .
626 0.7 16 020 080 takes place between the solute and the solvent dipoles. The
absorption band is supposed to originate due to & x*
acetonitrile (dye 1) transition with a significant intramolecular_ charge transfer (ICT)
Cur=162x 102 600 071 13 036 064 from the N-atom to the carbonyl oxygen in the molect#i€he
620 060 1.18 0.33 067 dipole moment of the dye in the, State has been found to be
630 0.60 1.18 032 0.68 greater than that in the ground st&é&Due to the ICT following
640 072 13 031 069 excitation, the structure of the dye in the excited state can be
Cuzr=1.94x 1072 600 062 137 037  0.63 presumably be represented by a resonance hybrid having
615 066 148 034 066 contributions from the “keto” form and to a small extent the
625 067 151 033 067 charged transferred “enol” form (Figure B).The relative
M2+ = B2 lon weights of the two resonating forms have been found to depend
acetonitrile (dye 1) on solvent polarity! Thus the interaction of the dye molecule
Cwz*=547x102 590 0.66 1.48 040 0.60 with the surrounding solvents molecules is greater in t&t&e
600 059 152 026 074 and a red shift of the absorption band on increasing the polarity
605 060 154 023 077  of solvent occurs. In a protic solvent such as ethanol the enol
S%g 8'38 i'gg 8'% 8';? form is likely to contribute to the ground state structure due to
' ' ' ' strong hydrogen bond interaction with the solvkft. The
of steady state fluorescence intensity due to the two speciescontribution of the enol form increases on excitation. Thus,
decaying with decay constants and 7, respectively. Values  following excitation the system changes from mostly two
of A; and A, for different systems are given in Table 4. Our isolated diene-like structure to an almost fully conjugated
experimental findings indicate that the valuefefA; increases structure involving nine carbon atoms. The extensive conjuga-
as the wavelength of collection of emission increases. This cantion results in a dramatic decrease in the value of the energy of
be rationalized in view of increased percentage of steady statethe S(wz*) state which leads to the pronounced red shift of
emission due to dyemetal ion complex at higher wavelength. the absorption/fluorescence band of the dye in protic solvents.
The value ofA,/A; for a particular salt concentration, however, Alkaline earth metal ions, when present in solution in aprotic
reaches a limiting value at higher wavelength. The result solvents, interact with the carbonyl group of the dye, and the
indicates that in the solution two decaying species exist in relative weight of the enol form in the ground state as well as
equilibrium. Thus both steady state and time-resolved studiesin the excited state increases. The situation is similar in the case
indicate complexation of a ketocyanine dye $&te) with alkali of the dye in protic solvents. This is also reflected in the
metal ions. The value d€;, characterizing the equilibrium (12), closeness of the values B{A) and E(F) of the dye in ethanol

5 3
o (6]
%*/\\/\'\é/\/\sg ] > %/\\/\\é/v\?\k

a b

Figure 5. Resonating structures of a ketocyanine dye: the charge-separated keto form (a) and enol form (b).
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7072 J. Phys. Chem. A, Vol. 111, No. 30, 2007 Basu et al.

54 overall value ofk,. Thus the lifetime increases. A similar
5 mechanism is also believed to operate for making the lifetimes
of these dyes in protic solvents longet.

Opn

*] 3 5. Conclusion

° ., Alkaline earth metal ions form complexes with ketocyanine

dyes in the $and S states. Spectroscopic and thermodynamic

parameters for the interactions in solution can be studied by

E | ° absorption, steady state, and time resolved fluorescence spec-

5 troscopic methods. The extent of interaction for a particular dye

® 1 in an aprotic solvent follows the order Mig> Ca&* > S+ >

|4 3 Ba?*. For a particular ion the extent of interaction as reflected

u by spectroscopic and thermodynamic parameters depends on

46 1 the nature of the solvent. Stronger interactions are exhibited in

n aprotic dipolar solvent.

' 1 ' 1 N 1 ' 1
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Figure 6. Plot of energy of maximum absorbandgA) (O), and
energy of maximum fluorescenc&(F) (M), of dye l-metal ion
complexes as a function of ionic potential. &)Mg?*, (2) = C&*, (1) Kessler, M. A.; Wolfbeis, O. SSpectrochim. Acta, Part A991,
(3) = Set, (4) = Ba&™, and (5)= Li™. 47,187.

(2) Reichardt, CChem. Re. 1994 94, 2319.

3) (a) Banerjee, D.; Laha, A. K.; Bagchi, Bd. J. Chem1995 34
(52.0 and 46.1 kcal mol) and those of the dyemetal ion 94, Ebg éa)nerjee,JD.; Laha, A. K.; Bagchgia, $.Photochem. Phot?)bioﬁ A
complex (Tables 1 and 2). The value of the equilibrium constant 1995 85, 153. (c) Banerjee, D.; Mondal, S.; Ghosh. S.; BagchiJS.

ian i i ed Photochem. Photobiol., A995 90, 171. (d) Banerjee, D.; Das, P. K;
for grouf‘d statg complexathn IS al$0 similar t.o that f.or t.h ye Mondal, S.; Ghosh, S.; Bagchi, $. Photochem. Photobiol., A996 98,
ethanol interaction reported in the literaté?&his also indicates 183 (e) Banerjee, D.; Bagchi, S. Photochem. Photobiol., 2996 101,
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