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We have studied the solvation energetics and dynamics of coumarin 153 in various electrolyte solutions of
polar organic solvents. We used a model of two distinct solvates to explain the experimental data. The first
distinct solvate was a coumarin dye molecule surrounded $givent molecules in the first solvation shell.

In the second distinct solvate, one of the surrounding solvent molecules was replaced by a cation. Upon
photoexcitation of the coumarin dye, an iesolvent exchange reaction occurred, which was followed by
time-resolved fluorescence measurements. The model was successfully applied to coumarin 153 dye in all
the solvents used, as well as in a wide range of electrolyte concentrations.

Introduction organic solvents. Their experimental results agree qualitatively
“Solvation dynamics” refers to the rate of solvent reorganiza- with our ba3|c_ f|nq|ng§r8 The_y p roposed a solvation m_odel
tion in response to an abrupt change in solute properties based on equmbn_a among d|_st|nct sol\(ates, characterized by
Considerable effort has been devoted to understanding théthe numlber of cations in the first solvation shel! qf the probe.
solvation dynamics of probe molecules in neat solvériis They pointed out that, in the case of a model ofdlsthct splvgtes,
" it might be preferable to measure the spectral kinetics in a

However, the solvation .Of arobe molec_ules in 1onic SO'.UUO“S manner directly related to the growth and decay of these distinct
has attracted less attentiér* The solvation dynamics of ions species

e o o of solent molcules Wi symamice et previous sua! e measured the sowaion cynaics
in ionic solutions ior-probe dynamics arise from translationall qf coumarin 153 in an ionic solution of a _mt_ed|um-polar|ty
ion motion as well as from the iefsolvent exchange reaction I|qU|d—b_u vl acetateapd used a model of distinct solvafes .
occurring at the first solvation shell of the probe molecule '.[o dESCI’I.be f[he expenmenta}l results. In our model, the main
) ion contribution to the solvation energy of a probe molecule in

The proper_ties of io_nophores, consisting of coumarin 153 af‘d both the ground and excited states can be described as-an ion
other coumarin dyes linked to several crown ethers, were studledsolvent exchange reaction:

by Valeur and co-worker$:16They found that the photophysical
changes, upon complexation with alkali-metal and alkaline- Ko
earth-metal cations, can be described in terms of enhancement P +1—PS_ I +S
of the intramolecular charge transfer in the coumarin dye. This
is due to the direct interaction between the bound cation and where P& denotes a probe molecule surroundednisolvent
the carbonyl group of the coumarin. The magnitude of the molecules in the first solvation shell, | is an ion replacing a
spectroscopic changes is controlled by the charge density ofsolvent molecule, producing a probe molecule with one cation
the bound cation. The changes in absorption, as well as emission|ocated in the first solvation shell, denoted as,R5 We used
spectra were explained in terms of the electrostatic interaction a diffusive chemical reaction mod&F°to describe the dynamics
between the cation and the dipole moment of the dye. Theseinvolved in ionic solvation of excited probe molecules. This
authors found in the coumarin 153 absorption spectra shifts of model leads to a time-dependent rate conskt)t,and accounts
about 1100 and 1500 crhand in the emission spectra shifts for the viscosity dependence of the solvation dynamics. The
of about 200 and 700 crd. The two values refer to the different  results of absorption, steady-state emission, and time-resolved
numbers of oxygen atoms in the crown ethers (four and three emission spectroscopy of C153 in ionic solutions can be
atoms, respectively). It was found that there was an isosbesticexplained by Scheme 1. The two solvaté§fand PS, ;I are
point in the absorption spectra when salt was added, as well asn equilibrium in the ground state. Upon photon excitation, both
a satisfactory fit with the 1:1 stoichiometry for the complexation. ground-state species can be directly excited. For coumarin 153,
Rettig and co-worket$18studied the effects of alkali-metal  the excited-state equilibrium constamiq, is larger than that
and alkaline-earth metal cations on the absorption and emissionof the ground statd,(Sq, K;q > K2, and therefore the excited-
spectra of DMABN attached to crown ethers. They found that state exchange reaction can be followed by time-resolved
upon complexation there was a stabilization of the amine lone emission.
pair by an electrostatic interaction with the cation; i.e., cation At high salt concentrations-0.5 M), we found a systematic
complexation appeared to reduce or even suppress the chargenismatch between the specific ion exchange model and the
transfer. experimental results. The experimental absorption band shifted
Chapman and Maroncéflimeasured the statics and dynamics more to the red than predicted by the model. To account for
of the salt effects of several probe molecules in electrolyte the additional red shift, we examined two plausible contributions
solutions. They used a number of electrolytes and severalto the solvation energy: (1) We extended the distinct solvate
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model and incorporated a solvate with two ions into the first &
solvation shell (P$.1l +1—PS—, + S), and (2) we accounted @
for the nonspecific contribution of the outer ions to the solvation < 047

of the coumarin in the framework of the ionic atmosphere model.
We found the second contribution to be much more satisfying
to fit our experimental data. 0.2
In this study, we apply the extended model to coumarin 153/

LiClO4 solutions of two other solvents: ethyl acetate, which

differs from butyl acetate in its polarity and viscosity in a minor 0.0 , : , :
way, and a small polyether, tetraethylene glycol dimethyl ether 20000 24000 28000
(PEG4), with a larger polarity and viscosity (which is about 5

times the viscosity of the two other solvents). Our aim is to ) ) ) )
Figure 1. Absorption spectra of C153 in PEG4 with various amounts

find whether we can analyze the solvation dynamics of these ! - ’ .
two solvents using the mo}élel we applied for gutyl acetate and ﬁ;t'-gllg“' Right to left: neat PEG4 and solutions with 0.1, 0.5, and 1
! | 4.

if so, whether we can say something about the differences in
solvation between the acetates and the short polymer. Time-TABLE 1: Absorption and Emission Properties of C153 in
resolved fluorescence measurements provide the data for thevarious Solvents

1M LiCIO,

o\

WAVENUMBER [cm™]

evaluation of the dynamics of the solvation processes. solvent m* 5 vapsem ™ AvapsdCm ™ vemtCm ™ Awvemdcml
. . BuOAc 0.43 24 180 782 20190 1448
Experimental Section EtOAc 045 24135 672 20 060 1424

. . . PEG4 056 23750 454 19790 808
Time-resolved fluorescence was detected using a time-
correlated single-photon-counting (TCSPC) technique. As a *Solvents: butyl acetate, BUOAC; ethyl acetate, EtOAC; tetraethylene

sample excitation source, we used a CW mode-locked Nd:YAG- glycol dimethyl ether, PEG4. Thez* value for ethyl acetate was taken
pumped dye laser (Coherent Nd:YAG Antares and a cavity f_rom ref 30, and those fo_r the two othfer _solventg were calculated from
linear plots of the absorption or the emission maxima of the two solvents

dumped 702 dye laser), which provided a high repetition rate e g the known* values (taken from ref 30) of various solvefits.

of short pulses (2 ps at full width at half-maximum (fwhm)). s the band maximum position of the absorptioa.§ or the emission
The TCSPC detection system is based on a multichannel plate(ve,) spectrum of the pure solveritAv, for the absorption or the
Hamamatsu 3809 photomultiplier and a Tennelec 864 TAC and emission, is the shift of the respective spectrum from the neat solvent
454 discriminator. A personal computer was used as a multi- ©0 1 M LiCIO4 solution.

channel analyzer and for data storage and processing. Thel’ABLE 2: Characteristic Parameters for a Single

overall instrumental response was about 50 ps (fwhm). Mea- | og-Normal Fit of the Absorption Band of C153 in Ethyl
surements were taken at 20 ns full scale. The samples wereAcetate with LiCIO 42

excited at 300 nm (the second harmonic of the Rhodamine 6G

. ; ) concn, M h y Vp, CMT 2 A, cmt

dye laser). At this wavelength, a sample is excited ipti$e 0 1015 0356 >4 135 3715
second excited electronic state. The transition dipole moment : :

. . . 0.05 1.004 0.353 24 087 3722

S—S; is perpendicular to &>S,. Therefore, a polarizer set at 01 0.99 034 24 048 3736

an angle complementary to the “magic angle” was placed in 0.35 0.975 0.325 23858 3790

the fluorescence collection system. 0.5 0.964 0.312 23753 3823

Coumarin 153 (C153) was purchased from Exciton. Butyl 8-2 8-32‘9‘ 8-21 gg g?g ggi’g

acetate (BUOAc), puriss grade, was purchased from Fluka; ethyl 0.9 0.27 23 463 3851

acetate (EtOAc), AR, was purchased from Merck; and tetra- _ _ ) _
ethylene glycol dimethyl ether (PEG4) was purchased from  *his the height of the peak maximum,is the asymmetry of the
Aldrich. All chemicals were used without further purification. Peakwp is the location of the peak maximum, aids the peak width.

Steady-state fluorescence spectra of the samples were recorded . .
on an SLM-Aminco-Bowman 2 luminescence spectrometer and acetate solutions show the same trend, where the maximum red

) ~ 1 .
corrected according to manufacturer specifications. All experi- shifts observed (81 M) are~670 and~780 cnT, respectively.

o The absorption spectral properties of the three solvents are
ments were performed at room temperature £22 °C). . . .
P P € ) summarized in Table 1. The absorption spectra undergo changes

in shape, width, and height (not just peak position) as the salt

Results concentrations increase. See Table 2 for the characteristic
Absorption Spectra of C153 in Electrolyte Solutions. parameters of a single log-normal fit of the absorption spectra
Figure 1 shows the absorption spectra of C153 in PEG4 of C153 in ethyl acetate, going from a neat solventitl M
solutions containing various concentrations of LiGIhe LiClO4 solution. The asymmetry parameter and the peak height
absorption spectrum undergoes a red shiftd60 cnT? from decrease and the width increases as the electrolyte concentration

neat solventd 1 M electrolyte solution. Ethyl acetate and butyl increases. Note that, for PEG4, the changes in the asymmetry
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Figure 2. Fluorescence spectra of C153 in PEG4 with LigIRight 16000 18000 2000 22
to left: neat PEG4 and solutions with 0.1, 0.5dah M LiClO,. 0 000 24000
Excitation wavelengths are at the absorption maxima. WAVENUMBER [cm™]
TABLE 3: Characteristic Parameters for a Single ) Figure 3. Emission spectra of C153 in PEG4 with 0.2 M LiGIO
Log-Normal Fit of the Emission Band of C153 in PEG4 with Excitation wavelengths: ) 369 nm; (- - -) 422 nm; «-); 466 nm;
LIiCIO 22 (= +—) 476 nm.
concn, M y vp, CT L A, cmt
0 0323 19 790 2671 absorption spectrum is 930 ¢ while, in DMSO @@* = 1.0),
0.01 —0.324 19 730 2722 the shift is only 110 cmt. The higher the polarity of the neat
0.05 —-0.311 19571 2844 solvent, the smaller the shift induced by the iéhs.
0.1 —0.299 19 442 2864 Selective Excitation.Figure 3 shows the emission spectra
02 ~0284 19321 2920 f C153, in a solution of PEG4 containing 0.2 M LiCi@xcited
0.35 0282 19 202 2929 0 ,ina solution 0 containing 0. iC@xci e
05 —0.282 19119 2938 at four different wavelengths. The emission spectrum shifts to

aThe excitation wavelength was at the absorption band maximum the red and widens when excited at the low-energy end of the
y is the asymmetry of the peak is the location of the peak maximum, absorption spectrum. This shift for PEG4 is about the same as

andA is the peak width. The spectra were normalized to their maxima. that for ethyl acetate but is much more pronounced for butyl
acetate (for butyl acetate, see ref 14). These differences in the

and width are smaller (for reasons that will be discussed in the @Mission spectra support the distinctive solvate model, as will
next section). be shown and discussed later.

Emission Spectra of C153 in Electrolyte SolutionsThe Time-Resolved Measurements.Time-resolved emission
emission spectra of C153 in neat solvents each show a Stokes$Pectra were measured for the three solvents at various LiCIO
shift which is about twice the red shift observed in their concentrations. A typical plot of the time-resolved emission
absorption spectra. This phenomenon is explained by a largecurves, at several wavelengths, is shown in Figure 4 for PEG4
increase of the dipole moment of C153 from a ground-state (containing 0.5 M LIiCIQ). The emission curves at short times
value of 6.5 D to 14.2 D in the excited state. Figure 2 shows (/ess than 200 ps) were almost identical to the corresponding
the normalized fluorescence spectra of C153 in PEG4 containingCurves (the same wavelength) in neat solvents. At times longer
LiClO,. The spectra at a particular concentration of Ligfer than 200 ps, a new decay was seen at short waveleng8to(
all the three solvents each show a red shift which is about twice "M) and a growth (rising time) at long wavelength$@0 nm).
that of the absorption Spectrum of each Solvent’ respectively These SpeCtra| features are the same for all three solvents. The
(see Table 1). Table 3 shows the characteristic parameters of &/0W component is attributed to the solvation of coumarin 153
single log-normal fit of the emission spectra of C153 in PEG4 Dby the sallt.
at several electrolyte concentrations, from neat solvent to 0.5 In the next section, we will analyze both the steady-state and
M LiClO 4 solution. These spectra were excited at the absorption time-resolved emission spectra using an extended model which
band maximum. In addition to the shift of the maximum peak includes the two distinct solvate models and, in addition, a
to lower energies, the asymmetry parameter and the width nonspecific contribution to the solvation of the probe by the
increased as the concentration increased. The same trend is alsouter ion atmosphere.
seen for butyl acetate and ethyl acetate. The magnitude of the
red shift in the absorption spectra, as well as in the fluorescencepata Analysis and Modeling
spectra, is larger for the acetates. The reason for this is the
increased polarity of PEG4rt = 0.56) compared to that of The Extended Model.The extended model is a combination
butyl acetate and ethyl acetate*(= 0.43 and 0.45, respec- of two different types of contributions to the iefprobe
tively).2 The same trend is also seen, using C102 as the probemolecule interaction. The first is described by a specific single
molecule and NaCl@as the electrolyte, in different solverits. ion—solvent exchange reactif{described in the Introduction
When THF @* = 0.58) is used as the solvent, the shift in the and presented in more detail in a previous p#peand the
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contribution to the spectral shift at [I[ is the nonspecific
spectral shift (in wavenumbers) BM electrolyte concentration,
and [1] is the electrolyte concentration in molar units. We found
thatd depends on the solvent polaritthe larger the solvent
polarity, the smaller the shift.

Absorption Spectrum. Figure 5 shows the fits (solid lines)
to the experimental absorption spectra of C153 (dashed lines)
in three solvents with several salt concentrations, using the
extended model. To connect the ground-state equilibrium with
an absorption band position and shape (as a function of ion
concentration), we assumed that the shape of the spectrum of
P°S,-11 was identical to that of coumarin in the pure solvent
except for an overall frequency shift. To generate the line shapes
of the absorption spectra of®, and PS,_1l, we used a log-
normal distribution:

1.0+

o o o
kS (-2 -]
1 1 i

NORMALIZED INTENSITY

e
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1

0.0 a<-1

I(v) = h{ SXD[—ln(Z){In(l + (1)/)/}2] a>—1 @)
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Figure 4. Time-resolved emission spectra of C153 in PEG4 with 0.5
M LiClO , measured at selected wavelengths. Top to bottom: 640, 580,
560, 540, 520, 500, 480, 460 nm.

a=2y(v—v)A

where h is the peak heighty, the peak frequencyy the
second is a nonspecific solvation where the ionic atmosphereasymmetry parameter, ardthe band’s width. The band shifts
reaction field affects both the absorption and the emission in the ground state, betweefRand PS4, were~1000 cnr?!
spectréf—° for both butyl and ethyl acetates anes00 cnt?! for PEG4.

The red shift, due to the specific interaction, occurs when an The ground-state equilibrium constants were 0.95, 1.12, and 1.8
ion replaces one solvent molecule in the first solvation shell of and thed values (contributions of the outer ionic spheres in 1
coumarin 153 (according to Scheme 1). The spectral shift in M electrolyte) were 450, 250, and 50 cinfor butyl acetate,
this case is due to the reduction of the,RB8sorption band and  ethyl acetate, and PEG4, respectively. As seen in Figure 5, the
the growth of the PS.1l spectral band. model calculations are in good agreement with the experimental

The nonspecific contribution to the red shift of the absorption data.
spectra is due to the ionic atmosphere interaction with the Excited-State DynamicsWhen a probe molecule in solution
coumarin molecule dipole. This contribution shifts the absorption is excited, it experiences a large change in the charge distribu-
bands of both species, P&nd P$-1l. We assumed that the tion. The dipole moment of C153 increases from 6% i the
shift is equal for both species. The best results were obtainedground state to 14.2 B in the excited state. The solvent
when we assumed that the band shift due to the ionic atmospheranolecules reorient themselves to accommodate the change in
contribution is linear with salt concentration. This is represented the charge distribution of the excited state. Solvent dynamics
by the equatiorl = d[l], where U is the ionic atmosphere  have been studied extensively and found to be bimé&dat.A

(a) (b) ()
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Figure 5. Absorption spectra of C153 in (a) butyl acetate, (b) ethyl acetate, and (c) PEG4. Right to left: neat solvent and solutions with 0.1, 0.5,
and 1 M LiCIlO,. Dashed lines are the experimental data, and solid lines are the calculated fits.
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TABLE 4: Parameters for Fitting the Absorption and
Emission Spectra to the Two-Species Model

absorption emission
solvent K2 dPecm™  was®  Avaps®  vem®  Aven
BuOAc 0.95 450 24180 900 20190 1300
EtOAc 1.12 250 24 135 970 20060 1300
PEG4 1.8 50 23750 600 19790 870

aK is the equilibrium constant for the exchange reaction P$—
PS.-1l. °dis the nonspecific spectral shift &4 M electrolyte concentra-
tion. ¢ vapsandven are the maxima of the absorption and the emission
bands of the PSspecies in cm! units. ¢ Avassand Aven, are the shifts
of the absorption and the emission bands of the BSpecies relative
to PS.

large fraction of the change in solvation energy occurs over a
very short time span of a few tens of femtoseconds. This
component is attributed to the inertial motion of the solvent

molecules in the first solvation shell. The fast component is

followed by a slower component that decays nonexponentially
and is solvent dependent. This component is attributed to the
diffusive orientational motion.

When an electrolyte solution is irradiated by a short laser
pulse at frequency, which coincides with the absorption band
of the coumarin dye, both solvate$3Rand PS,-1l, are excited.
The relative probability of a photon being absorbed Bg,P;!
is given by

ag, (v)
(1= a)f, (") + ag,(v)

wherea is the concentration fraction of thé@®_;l species in
the ground state arfd(v') andg,-(+'") are the line shape functions
of the ground-state absorptions d8Rand PS,_4l, respectively.
Immediately after excitation, the solvent in the first solvation
shell of the PS,—;l species and the solvent molecules in the
outer shells experience solvent reorientation to accommodate
the excited-state charge distribution of the coumarin. In addition
to the solvent solvation energy, an ion situated in the first
solvation shell contributes further stabilization which leads to
a shift of the PS,—4l fluorescence band to lower frequencies
relative to the BS, band (for relative values see Table 4). When
a photon is absorbed by’® to create PS,, a sudden large
increase (of about 8 D) in the dipole moment occurs. This causes
a large increase in the equilibrium constakf, > K° (see
Scheme 1). As a consequence, an-isalvent exchange process

a(') =

)

Argaman et al.

constant, the dynamics of the reaction is nonexponential. Within

the framework of the diffusive model, the well-known way of

solving the model is along the lines of the Smoluchowski
equationt® We used the equation’s solution, given in a review
by Szabd? to describe the dynamics in the excited state of
coumarin 153 dye in an electrolyte solution.

The survival probability of FS, surrounded by an equilibrium
distribution of ions, denoted by I, with the initial condition
p(0) =1, is:

p(t) = exp(—c [k() db 3)

wherec is the concentration of the ion ardt) is the time-

dependent rate constant, given by

47TD30|(0 r k0 2Dt

KO =1+ 4nDay| ' 4nDa,

1+

erfc{ (yZDt)”Z}] (4)

whereag is the contact radiug is given by

L) )

-1
= 1+
erfc is the complementary error functidg.is the rate constant
of the reaction upon contact. Over long times, the rate constant
is independent of time and is given by

4nDagk,
ko + 4nDa, ©

Whenko < 47Day, k ~ kg andkg is the rate constant of the
limiting step (which determines the overall rate and not the
relative diffusion of the reactants). Wh&sn> 4z7Day, the rate
over long times is determined by the diffusion rate constant
kp = 4nDay.

We have found in the past that the inverse of the rate constant
(1/K) of the salt contribution to solvation of coumarin dyes
depends linearly on the solvent viscosity$—8 The Stokes
Einstein expression relatesto D by

KT

=&y (7

wherer is the radius of the diffusing species. For a quantitative

description of the time-resolved emission spectrum as well as

takes place at the first solvation layer of the coumarin dye. The the steady-state emission spectrum, we used the diffusive

following scheme illustrates the dynamics immediately after
excitation of the solvate RS

P's, +1 P's,iI+S

—1

reaction rate expressions given by eqs 3 and 4.
Time-Resolved Fluorescencél he experimental data analysis
reveals that the absorption and emission spectra qf dP&
structureless broad bands having bandwidths~8800 and
~2750 cn1l, respectively. PS1l spectra have band shapes

similar to those of PSspectra; these bands were red-shifted in

the absorption as well as the emission spectra, with values given

in Table 4. One cannot exclusively excite one species, since

The zeroth-order description of the kinetics of the above schemethe shift between the bands is rather small compared to the width

is based on the phenomenological rate equations of chemicalof each band. Therefore, the time-resolved fluorescence signal

kinetics. The mathematical solution of the appropriate coupled at a given timet, and frequencyy, strongly depends on the

rate equations is given in ref 27.k{ > k', k;, then the PS, excitation frequency’.

fluorescence intensity decays as a single exponential, while an We calculated the signai(v', v, t) according to

exponential growth of the fluorescence intensity ¥5P1l takes , , ,

plzfce. The decay rate of théS species varies linearly with (', v, OIQA — a@)DE ) p(®) +a(') g,(v) +

ion concentration. In the diffusive model, the replacement of a 1 — a0 - p()g,)]e—*" (8)
wheref, andg, are the line shape functions of théSp and

solvent molecule by a cation occurs at a certain rate, whenever
the exchange rate constant is larger than the diffusion rate PS,—;l luminescences, respectively, ap(t) is the survival

Kt Kt

| and BS, are in close proximity. As we will show below, if
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TABLE 5: Relevant Parameters of the Simulation to the Time-Resolved Fluorescence of C153 in Different Solvents with
Various LiClO 4 Concentrations
[LICIO 4], M n2cP a(v')® 10°D,fcnP st 10%p M~1st 10%p,¢M-1st 10%dM-ts?t Tealo® NS Texp® NS
Ethyl Acetate

0.05 0.51 0.06 2.0 8.77 2.8 212 9.4 8.64
0.1 0.53 0.12 1.89 8.29 2.68 2.0 4.9 4.87
0.2 0.56 0.21 1.8 7.89 2.55 1.9 2.6 2.9
0.35 0.59 0.3 1.7 7.46 2.4 1.82 1.57 1.65
0.5 0.65 0.4 1.55 6.8 2.2 1.66 1.2 1.3
Butyl Acetate
0.075 0.66 0.04 1.53 6.71 2.68 1.915 6.96 7.18
0.1 0.68 0.11 1.49 6.54 2.56 1.84 5.44 5.43
0.2 0.73 0.2 1.39 6.1 2.38 1.7 2.94 2.9
0.35 0.82 0.37 1.23 5.4 2.08 15 1.9 1.92
0.5 0.92 0.43 11 4.83 1.85 1.34 15 1.48
PEG4

0.05 2.885 0.055 0.351 154 0.53 0.39 39 40.1
0.1 3.065 0.105 0.33 1.45 0.49 0.37 24.8 21.9
0.2 3.39 0.19 0.298 1.31 0.4 0.3 16.3 15.03
0.35 4.03 0.29 0.251 11 0.32 0.25 11.4 12.13
0.5 4.73 0.38 0.214 0.94 0.27 0.21 9.5 10.1

aViscosities,, were deduced from relative viscosity measurements and comparison to known absolute literatur@ Maassrements were
taken at 23C. P a(+') are the relative absorption cross sections,R\ irradiated at 300 nm¢ Diffusion coefficients D, were estimated from the
Stokes-Einstein relation and the known viscosities of the solutidrEhe intrinsic rate constank,, was the only adjustable parameter for each
solvent. The overall rate constankswere calculated according to eq%ar, the relaxation times of the salt, were deduced figrandzey, are
the times deduced from multiexponential fits of the time-resolved decay curves measured at 470 nm for butyl acetate and ethyl acetate and at 480
nm for PEGA4.

nm for PEG4), the overlap between thtsPand PS,-;| bands
is rather small. The luminescence reflects the decay of i6g P
population due to the diffusive ligand replacement reaction. The
parameters affecting the exchange reaction dynamics are [l],
ap, ko, andD, where [l] is the Li* concentrationag the contact
radius for the reaction, arlg the intrinsic reaction rate constant
at the contact radius. We used a valueDgf[I]) ~ 1075 cn?
s 1 for the diffusion constant of the 0.5 M LiClfbutyl acetate
solution. This value is based on the diffusion coefficient found
for the Lit ion in aqueous solutior®. All D values were
calculated using this value and corrected to the relative viscosity
of the solutions using the StokeEinstein relationD O 1/5.
We estimated the value @ on the basis of the size of the
bare coumarin dye (3.8 A) and our model assumption that the
ion—solvent exchange reaction occurs at the interface between
the first and second solvation shells. We chose a value of 5.8
A for the solvated coumarin as a plausible value. Note that, for
PEG4, we tried to use different valuesagffor the simulations
due to the greater length of this molecule. We found no
significant differences for the fit to the experimental data when
we useds in the range of 5.8 A< ay < 7.8 A, sincekp > ko
(see below). Taking into account the large flexibility of a
TIME [ns] polyether, this range for the effective radius is reasonddle.
Figure 6. Time-resolved emission at 480 nm of C153 in PEG4 with is about 3 times larger thag for all solvents discussed. Their
LiCIO,. Top to bottom: 0.05, 0.1, 0.2, 0.35, 0.5 M. Dashed lines are \g|yes are about the same for ethyl acetate and butyl acetate,
experimental data, and solid lines are computer-modeling fits. but those for PEG4 are much smaller. The values of the overall

probability of PS,. The time dependence @ft), due to the long-time rate constantg, calculated from eq 6, are given in
ion—solvent exchange reaction, was calculated using eds 3 Table 5. From the value of the overall rate constant, we
The first term on the right-hand side of eq 8 is the luminescence calculated the time constanta, and compared it with the long-
intensity, at frequency, of PIS, excited at frequency'. The time component observed in the experimental decay curygs,
second term is the luminescence ofSR;l due to direct The calculated values are in very good agreement with the
excitation at frequency'. The third term is the luminescence experimental values (see Table 5). Plottitg versusC™* (see
intensity growth of the BS,-1l solvate due to the diffusive  Figure 7) gave a linear relation, which indicates that the rate
reaction occurring place in the excited state. constant for the exchange reactiok,, changes with the
Figure 6 shows the experimental time-resolved emission dataViscosity.
measured at 480 nm for C153 in PEG4 (with various salt  Figure 8 depicts the time-resolved luminescence at selected
concentrations), along with the computer fit of the data wavelengths for C153 in PEG4 solution containing 0.5 M
according to eq 8 (for relative parameters, see Table 5). At this LiClO4. At long wavelengthsX520 nm), a time growth of the
wavelength (470 nm for butyl acetate and ethyl acetate and 480fluorescence intensity was seen due to the-isolvent replace-

0.05M LiCIO,

0.1+

NORMALIZED INTENSITY

0.01 -
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excitation, while the fluorescence component due to the
. exchange reaction has a finite rise time that depends on the
16 - electrolyte concentration. Values for the relative fraction of
direct excitation for a laser excitation at 300 rafy;'), are given

in Table 5.

* Steady-State Fluorescencélime integration of the fluores-

12 cence expression, given by eq 8, provides the steady-state
fluorescence intensity at frequeneySweeping the frequency

v across the emission frequencies generates the emission
spectrum. Figure 9 shows the steady-state experimental spectra
as well as the calculated spectra (by integration of eq 8) of
coumarin solutions with different electrolyte concentrations of
butyl acetate, ethyl acetate, and PEG4. The experimental data
fitted the computed integrated fluorescence signals very well.
« Another aspect of the model for two discrete solvates, is the
4 - o dependence of the steady-state fluorescence spectra on the
excitation frequency. Figure 10 shows the fit of the model to
the steady-state spectra of 0.2 M LiGl{dD PEG4, obtained by
excitation at three different wavelengths: at the blue edge of
0 N the absorption band (369 nm), at the absorption band maximum
0 5 10 18 20 (422 nm), and at the red edge excitation (476 nm).

t I [ns/cP]

[0 3
o

-1
1IC[M] Discussion

Figure 7. /5 vs the inverse of the concentration of Li W) ethyl . . . _—
ac%tate; 0) gutyl acetate; (*) PEG4. Glom) ethy This study consists of steady-state absorption and emission

measurements, as well as time-resolved fluorescence measure-
ments, of coumarin 153 in three solvents with different
structures, polarities, and viscosities: butyl acetate, ethyl acetate,
and PEG4 solutions with LiClgas the electrolyte. In previous
studie§81213 of the electrolyte contribution to the solvation
energy of a probe molecule in organic solvents, we adopted a
model where a nonspecific interaction of an ionic atmosphere
with a probe molecule occurs. It was found that the relaxation
times of ionic atmospheres, predicted by the Deblyalken-
hagen (DF) theory, are shorter (by more than 1 order of
magnitude) than the observed time-dependent Stokes shift
relaxation times. In addition, it was found that the measured
solvation energies are larger than those predicted by the DF
theory. In contrast to this previous model, Chapman and
Maroncellt? explained the slow dynamics of the ion contribution
to probe solvation by ioAsolvent rearrangements in the first
solvation shells of the probe molecules. In this study, we adopted
their interpretation of the experimental data with some modi-
fications. Moreover, the spectral dynamics occur over longer
time periods than the rotations of the probe molecules, implying
1E-3 - that the interactions responsible for the shifts must pe reIatiyer
0 5 10 15 20 local. For these reasons, we postglgte tha}t ionic solvation
TIME [ns] dynamlcs_ are best viewed as requiring a_ctlvated e_xchanges
between ions and solvent molecules in the first solvation shells
Figure 8. Time-resolved luminescence of C153 in PEG4 with 0.5 M  of the probe molecules. We analyzed our data in terms of two
LiCI_O4_at selected wavelengt_hs: _(dashed lines) experimental curves; yistinct solvate configurations, R&nd P$_1l. PS, denotes a
(solid lines) computer modeling fits. Top to bottom: 570, 530, 520, probe molecule surrounded Iysolvent molecules in the first
500, 480 nm. . - .
solvation shell, and RS;| describes a probe molecule with a
ment reaction. At these wavelengths, ti&P;] luminescence single cation incorporated into its first solvation shell. In our
cross section was larger than that ofSR since the band  case, positive Li ions situated close to negative charges of the
maximum of PS,_;l was located at-530 nm (for all solvents), ~ coumarin dye caused bathochromic shifts in both absorption
while that of PS, was at~500 nm. There was very good and emission spectra. These measurements, together with our
agreement between the calculated (solid lines) and the experi-applied model, lead to some generalizations concerning solvation
mental (dashed lines) fluorescence signals for all solvent andof highly polar aromatic molecules (C153) in ionic solution.
salt concentrations. Due to the large bandwidth and the small Steady-State MeasurementsT’he main spectroscopic effect
shift between PS5, and PS,_1, both solvates are excited by the of added salt is the induction of a red frequency shift of the
laser pulse at 300 nm to form'®, and PS,_;, respectively. probe spectrum. Although there are quantitative differences in
The luminescence signals of the component related to directthe solvents used, the ions affect both the absorption and the
excitation, at wavelengths 530 nm differed in their relative  emission spectra (with respect to peak positions) of a solvato-
amplitudes. This component appears instantaneously afterchromic probe in a similar manner for all the examined systems.
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Figure 9. Steady-state emission spectra of C153 in (a) butyl acetate, (b) ethyl acetate, and (c) PEG4 solutions of sevem@nd€ifrations:
(dashed lines) experimental; (solid lines) calculated. Right to left: 0.05, 0.1, 0.2, and 0.35 M.

The fluorescence spectra also change as a function of salt
concentration in the cases of butyl acetate, ethyl acetate, and
PEG4. Note that the fact that we observe changes in the
absorption and emission spectra and isosbestic points in the
absorption spectra supports our assumption of the existence of
two distinct solvates. In a study by Valeur and co-workérs,
isosbestic points were also observed as a function of electrolyte
concentration in the absorption spectra of coumarin dyes linked
to crown ethers. The association of ions to crown ethers is large
(Keq ~ 10P), and hence the changes in the spectra occurred at
low concentrations of 1G M.

In the case of the fluorescence spectra of both acetates, the
spectral shift between R%nd P$-;l was 1300 cml. For
PEGA4, the shift was 900 crh The same trend was observed
in the absorption spectra, i.e900 and 600 cm' for the
acetates and PEGA4, respectively. This behavior fits the previous
findings®~810 that the stronger the solvenprobe interaction,
as measured by the probe’s absorption frequency in the pure
solvent, the smaller the ion-induced shift. We observed red shifts
0.0 r T . T y in the absorption spectra of C153 in neat solvents upon going
16000 18000 20000 22000 from butyl acetate to ethyl acetate to PEG4. Thus, the solvation

WAVENUMBER [cm-1] energies are in the order PEG4EtOAc > BuOAc.

Figure 10. Steady-state emission spectra of C153 in PEGCIO, In ionic solutions, the magnitude of the observed spectral
(0.2 M) solution: (dashed lines) experimental; (solid lines) calculated. shifts is about 10 times larger than those predicted by Debye
Excitations at three different frequencies: at the absorption band blue Hiickel or similar ionic atmosphere theories. The magnitudes
Egﬂﬁ; at the absorption band maximum; at red edge of the absorption yhe shifts indicate that a more appropriate picture of ionic

’ solvation involves some sort of ierprobe association, rather
According to our previous studig$1213and those of Maron- than a nonspecific interaction of the probe with a diffusive ionic
celli, !9 the same trend is also observed for other salts and probe@tmosphere.
molecules. The two-solvate model explains the substantial Time-Resolved Fluorescence Measurementsime-resolved
changes in the shapes, widths, and heights of the steady-stat8uorescence measurements show that the ion dynamics are slow.
spectra as a result of the presence of electrolytes in solution.For LiClIOs 0.5 M in ethyl acetate, butyl acetate, and PEG4
The structural changes in the absorption spectral bands, as solutions, the solvation times were 1.3, 1.48, and 10.1 ns,
function of salt concentration, are more pronounced for butyl respectively. Such slow dynamics further support the idea of
acetate and ethyl acetate than for PEGA4. In all solvents, we findion—probe association. Ultrasonic techniques have been used
an isosbestic point in each absorption spectrum. As the saltto study water exchange times for many i8%3he exchange
concentration increases, the blue region decreases and the retimes are in the range of a few nanoseconds for monovalent
region increases. For butyl acetate and ethyl acetate, theions, such as the alkali-metal ion used in our study. Pettticci
isosbestic points hold up to a 0.35 M solution. For PEG4, we used ultrasonic techniques to measure relaxation times of THF/
observe an isosbestic point up & 1 M electrolyte solution. LiClO4 solutions. A reaction rate constant of 2610° M~1
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Figure 11. Intrinsic rate constantgy, for different LiCIO, concentra- 1E-8

tions versus the inverse viscosity iN)(PEG4, ) butyl acetate, and

Time [ns]

(2) ethyl acetate.

B r—— 71
s~1for Li* to recombine with a LiCIQ@ion pair, to form a triple 0 5 10 15 20
ion, was calculated from the ultrasonic relaxation time. This TIME [ns]

rate constant is similar to the rate constants we found in this
Figure 12. Survival probabilities of S, calculated by eq 3 on a

Stud_y fo_r lon SOIVaFlons In ‘?thy' and buty| acgtates. . semilog scale as a function of time (solid lines). For comparison are
Diffusion Formalism. An important feature in our model is  shown the survival probabilities calculated by using the asymptotic long-
the diffusive nature of the ioAsolvent exchange reaction in  time expression eq 6 (dotted lines) and the short-time kgtlashed
the first solvation shell of the coumarin dye. The diffusion lines). Inset: Time dependence of the survival probabilities on a linear
formalism enables us to account for both the ion transport, to scale at short times.
the excited coumarin molecule, and the intrinsic reaction rate.
The time-dependent rate consta(t) (eq 4), depends on three € 6 and Table 5). We found very good agreement between the

parameters:ap, D andko. We have chosery = 5.8 A for all calculated rate constants and the experimental values determined
solvents, on the basis of the actual size of the coumarin moleculefrom the single-photon-counting experiments.
and one solvation shelD is the mutual diffusion constan® In eq 4, the time-dependent rate constant assumes the values

= Dion + Dcoumarin The diffusion constants are related to the ko at the short-time limit andokp/(ko + kp) at the asymptotic
relative solution viscosity determined for each solution by the long-time limit. The asymptotic limit is smaller thak, and
relationshipD O 1/pso. The calculated values dd for the thus, the survival probability of excited coumarin given by eq
solvents used were based on the valu®dbund for Li* in 3 decays nonexponentially. The parameter that determines the
water,D = 1.28 x 1075 cn? 571,28 and the known viscosities ~ extent of nonexponential decay is the rakigkp: the larger

of the solutions. We calculated diffusion coefficients of 1:65 this ratio, the greater the nonexponential behavior. We find that
1075, 1.1 x 1075, and 0.214x 1075 cn? s 1 for ethyl acetate,  the values of this ratio are 0.3, 0.4, and 0.3 for ethyl acetate,
butyl acetate, and PEG4, respectively. butyl acetate, and PEG4, respectively (see Table 5).

The only free parameter in our fitting procedure is the intrinsic ~ Figure 12 shows, on a semilog scale, the survival probabilities
rate constant. From the computer fit for a particular solvent, as a function of time for the excited coumarin in the solvents
we find thatky has to be adjusted as the concentration increases.studied. The plots deviate only slightly from those for expo-
It scales nicely with the inverse of the viscosityy(Z), where nential decay (straight lines). This is expected whkghky < 1,

n(C) is the relative value of; as a function of electrolyte  as we found in this study. We are currently studying ion
concentration. This behavior is shown in Figure 11. From the solvation in binary solvent mixtures of water in dioxane. In this
data analysis, we find thdy > ko and that bothkp and kg case, we found thd ~ 0.5x 1009M~1s1 D~ 0.4 x 1075
depend on the viscosity (which increases with salt concentra-cn? s, andkp = 2 x 10° M~1 s7L. Since the ratido/kp is 3,
tion). Note that Maroncelli, although neglecting the diffusion we find a large deviation from exponential decay of the ion
part of the dynamics, also pointed out that the rate constant for solvation of the excited-state coumarin in binary solvent
the exchange reaction scales in a simple manner with solutionmixtures.

viscosity. We found that the intrinsic rate constant, for the  Nonspecific lon Solvation.An important finding in this study
exchange of a solvent molecule by an ion next to a coumarin is the dependence of fluorescence spectra on the excitation
dye molecule, depends on the nature of the solvent. The valuesrequency. This behavior supports the model of an association
of ko for 0.5 M solutions of ethyl acetate, butyl acetate, and equilibrium between cations and the probe solute. Model
PEG4 are 2.2x 10°, 1.85 x 10°, and 0.27x 10° M1 s71, calculations show that incorporation of a single ion into the first
respectively. solvation shell of the solute molecule accounts for a major part

From the values of the intrinsic rate and the diffusion rate of the observed spectral shift. We found that the model
constants, we calculated the long-time limit rate consta(gse successfully describes the spectral changes at low salt concen-
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trations (up to 0.35 M for the acetates and up to 0.5 M for PEG4) To account for the slight difference between the calculated and
but partially deviates at higher concentrations. The experimental experimental spectra, we invoked a nonspecific contribution to
data cannot be explained by the model without invoking the spectrum red shift from the outer-sphere ions.

additional solvation energy, which can be viewed either as the

incorporation of an additional ion or ions into the first solvation Acknowledgment. This work was supported by a grant from
shell of the solute molecule or as a nonspecific contribution to the James Franck Binational German-Israeli Program for the
the probe solvation by the ionic atmosphere reaction field (which study of laser-matter interactions.
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