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The solvatochromism and thermochromism of 4-aminophthalimide and 4-asimethylphthalimide were

studied by absorption and steady state and time-resolved fluorescence emission in solvent mixtures of toluene
ethanol and tolueneacetonitrile in the temperature range B °C. The wavelengths of the maximum of
absorption and of fluorescence emission shift to the red with the increase of the proportion of the polar
component in the mixture. The greater affinity for the polar component of the mixture of the excited state
compared to the ground state enhances preferential solvation, which is the origin of this red shift. On the
other hand, a spectral shift to the blue is found upon temperature increase in solvent mixtures. This fact can
be explained by considering that association of the polar component with the excited-state solute is exothermic
and decreases with temperature. The appointed solvation change is attained by diffusion-controlled exchange
of solvent molecules between the bulk and the solvation sphere. This process leads to a time-dependent
emission spectrum in the nanosecond time domain. In this work a kinetic scheme is developed to describe
this exchange and explain the time-dependent fluorescence emission spectra. The description is based on a
Langmuir type association of the solvent molecules with the solute. The solvation equilibrium is attained by
stepwise solvent exchange. The kinetic data and the spectral information are integrated in a thermodynamic
cycle that can describe the solvation of excited and ground states at any solvent composition.

Introduction

0 0
Solvation involves all the interactions of a solute with the N-H N-CH,
solvent. These interactions can be rather arbitrarily grouped in HN HoN
0 o]
AP AMP

nonspecific and specific onésThe former are dependent on

electrostatic characteristics of solute and solvent such as charge,

dipole and quadrupole moments, and dielectric constant, as wellFigure 1. Structures of 4-aminophthalimide (AP) and 4-ambto-

as polarizabilities. These interactions if homogeneous can bemethylphthalimide (AMP).

modeled at a continuum or microscopic le¥ef.0n the other  yjo of the solvent. Suppad took this effect into account by a

hand, the so-called specific interactions depend on the Chem'calcontinuum dielectric approach and introduced the concept of

nature of solute and solvent and include hydrogen bonding and jg|ectric enrichment to describe the concentration enhancement

repulsive interactions such as “size” (taken into account in the ¢ the more polar component of the solvent mixture in the

form of a sunglﬂe molecular. ragilus) and “shape” (exclupled vicinity of a polar solute.

volume). The Q|ﬁ|culty of cqn3|der|ng all thg effects responsible Light absorption by a solute induces a very fast change in

for solvation in an analytical treatment is bypassed by the g|eciron density, which displaces the solute and its surroundings

introduction of the empirical parameters of solvatigriany from equilibrium with respect to the nuclear coordinates. The

of these parameters are based on the solvatochromism Ofgystem attains equilibrium by nuclear relaxation of the probe

different medium-sensitive solutes also called solvation probes. 4,4 solvation sphere. This takes a few picoseconds in common

The origin of solvatochromism, which can be measured in qigs near room temperatufé® In solvent mixtures, instead

absorption or in emission, is the different equilibrium solvation ¢ only rotation as in the case of pure solvents, an eventual

of the ground and the excited states of the solute. change in the composition of the solvation sphere after excitation
Solvation in solvent mixtures has an additional effect tg attain equilibrium with the excited state must take place by

originated on the different interaction energy of the solute with giffusion-controlled exchange of solvent molecules with the

the solvent mixture component§.This fact can cause the pylk7.811The rate of this process depends on temperature and

solvation sphere composition to differ from the mean composi- selvent composition and can lead to a time-dependent emission

spectrum or dynamic solvatochromism.

* Correspondence author. E-mail: pedro@ql.fecen.uba.ar. Fax: 54 11~ Aminophthalimides have been extensively used as strong

45?%?“:\”/‘;% dad de Buenos Ares fluorescent probe¥-2! This is the case of 4-aminophthalimide
# Universidad Nacional de BiCuarto. (AP) and its derivative 4-aminbl-methylphthalimide (AMP)
8 CNEA. (Figure 1), which exhibit the common emission feature of
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compounds with an electron-donating moiety (the amino group) 10000
and an electron acceptor moiety (the carbonyl of the imido Fa) ]
group) placed in thpara position in a benzene ring. The Stokes 9000 |- E
shift of this internal charge transfer (ICT) emission is very 8000 [ 3
sensitive to the polarity and hydrogen bond donating (HBD) = F j
ability of the medium. The ICT character of the transition causes E 7000 - =
a dipole moment increase upon excitation from 3.5 to 6.5 D. 2 6000 g j
A time-dependent fluorescence spectrum was informed in neat B ]
solvents at low temperatut&13-15 This effect was attributed 5000 [ 3
to solvent reorientation. Time-dependent fluorescence spectra 0 AT
were alsg observed in s_olvent mixtures at higher tempe_ré%@%e._ 4 01 00 150 200 250 300
The different behavior of the fluorescence of AP in protic
and aprotic solvents was attributed to a solvent-mediated E1(30)(kJ/mol)
tautomerizatiotf or proton transfet® Evidence for this comes
from NMR studies, the deuterium isotope effect in the fluores- 10000 o
cence, and ab initio calculations. Comparing the behavior of 9000 b) 3
fluorescence in neat water and in@ the authors conclude beSde 10
that emission originates in the proton-transferred species formed ~ 8000 - /“"\A E
in less than 1 ps in the excited state. A tautomerization involving 'g E a ]
: ) . S, 7000 -
a cyclic AP-solvent complex is postulated. In this work, we T E . ]
compare the behavior of AP and AMP to estimate the viability < 6000 F / f 8 3
of this hypothesis. C 9 ]
In neat solvents, Rapp et #developed a kinetic scheme to 000 - AT E
describe the time-dependent spectral shift by stepwise reorienta- 4000 EL v i Lo
tion of solvent molecules in the solvation sphere. This model 100 150 200 250 300

leads to the Bakhshiev's formdI& for the dependence of the B30 /mol
mean energy of the emission with time, which is monoexpo- T(30)(kJ/mol)

nential. The spectral shift of AP is monoexponential in tetrahy- Figure 2. Stokes shift for AP as a function &r(30) at 27°C. (a)
drofurart* and biexponential in alcohot8:14 Triangles represent the values for neat solvents: 1, triethylamine; 2,

P ~ : toluene; 3, diethyl ether; 4, dioxane; 5, tetrahydrofuran; 6, acetone; 7,
Due to their big solvent-dependent spectral shifts, AP and tert-butanol; 8, acetonitrile; 9, 2-propanol; 10, ethanol; 11, methanol;

AMP are ideal for monitoring solvation changes, espe_cially iN" 12 trifluoroethanol; 13, water (solvents-3, 9, 11, and 13 from refs
a mixture of a polar and a nonpolar component. In this work, 16 and 32). (b) Points 2, 8, and 10 values in pure solvents as in (a).
we present absorption, steady state, and time-resolved spectrobark circles represent the values in toluem¢hanol mixtures at
scopic studies of AP and AMP in mixtures of ethantdluene [ethanol]M of the following: a, 0.145; b, 0.429; c, 1.36; d, 4.40; e,
and acetonitrile-toluene as a function of composition and 7:04. Dark squares represent the values in tolu@wetonitrile at
temperature. The solvatochromism, thermochromism, and emis-[2cetonitrile]M of the following: f,0.157; g, 0.613; h, 1.46: i, 4.75;,

: Lo - . 7.60. In both plots the line is the best linear fit for neat solvents.
sion decay kinetics are explained on the basis of a remarkable
difference in solvation between ground and excited states. We jiar identical conditions. In all cases, temperature was con-

further develop a kinetic scheme to obtain characteristic times yjeq by external water circulation and measured in the cuvette
for solvent exchange in the ground and excited states. Finally, \yith a calibrated thermistor. The fit of the kinetic data was

we integrate spectral and kinetic data in a thermodynamic cycle performed by global analysis of the decay traces at different
that describes the different solvation of the ground and excited wavelengths.

states of AP in the mixtures. Semiempirical Calculations. These were performed under
. ) the AM1 approximation with the AMPAC program (version
Experimental Section 6.55, Semichem, Inc., Shawnee, KS). The ground-state and the

Chemicals.AP (Acros Organics) of 97% purity was recrys- ~ €xcited-state equilibrium geometries were achieved by perform-
tallyzed from ethanol. AMP (Aldrich) was used as received. iNg @ configuration interaction calculation (Cl) with 396
Solvents toluene (tol) (Merck, Uvasol), acetonitrile (acn) (Merck, Microstates. These many states were obtained by single and
pa), trifluoroethanol, triethylamine, and ethanol (95% v/v) (eth) double excitation, using G 24.

(Merck, for spectroscopy) were used as received.

Solvent Mixtures. They were prepared by mixing known
volumes of each solvent. In this way, the mole fraction of  Solvatochromism.Absorption and emission spectra in pure
solvent is known in the mixture. To obtain the molar concentra- solvents shift to the red upon solvent polarity increase. The
tion of the minor component, literature values for the mixture Stokes shift Av) displays a linear correlation with tHer(30)
density at 25°C were used* The temperature effect on  parameter in neat solvents that can be described by the equation
concentration was neglected. Av (cm™1) = 32.591(30) (kJ/mol)+ 492, as shown in Figure

Absorption and Emission Spectra Absorption spectra were 2. A representation oAv as a function of the HBD parameter
recorded on a Shimadzu PC-3100 spectrophotometer. Correctedr. gives a linear representation of similar quality with a
fluorescence emission and excitation spectra were recordedcorrelationAv (cm™1) = 1989.% + 6004.5 for the solvents
under steady-state conditions in a PTI-Quantamaster apparatuswith o. = O.

Time-resolved fluorescence decays were measured on time- Figure 2 also shows the Stokes shift in-teth and in tot-
correlated single photon counting equipment (Edinburgh Seriesacn mixtures. The Stokes shift in teéth mixtures can be clearly
9000). Time-resolved spectra were reconstructed from decaydistinguished from the neat solvents of simigf(30). This
curves registered at different emission wavelengths under all indicates that the polar solvent enrichment by aminophthalimides

Results
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Figure 4. Wavenumber of the maximum of the fluorescence emission
SRR spectrum of AP in tolueneethanol mixtures as a function of temper-
23000 & b) - 23500 ature. The curves, from top to bottom, correspond to the following
~ 7 <§ solvent compositions: pure toluene; [etharidl} 0.029, 0.059, 0.145,
k= i . 0.289, 0.429, and 1.36; pure ethanol.
S 22000 ¢ | 23000 &
el ] g TABLE 1: Temperature Coefficient for the Variation of the
| ] g Energy of the Emission Maxima of AP in Toluene-Ethanol
T 21000 22500 = ; s
£ ] = and in Toluene—Acetonitrile
Q |
> ] B, toluene-ethanol toluene acetonitrile
20000 r- 422000 <=
F ] solvent slope solvent slope
Eooo PO R s composn (¥mol~+K™1) composn (¥mol~+K-1)
000 025 050 075 1.00 toluene 137 toluene 137
[ethanol]=0.030 M 355
X [ethanol]=0.060 M 429
PS [ethanol]= 0.145 M 394 [acnE 0.157 M 162
Figure 3. (a) Wavenumber of the maximum of the fluorescence {g:ﬂgﬂgﬁz gigm ggg [acn}=0.31 M 177
emission spectrum (dark circles) and of the absorption spectrum (open [gthanolj= 1.35 M 206 [acn= 1.46 M 190

circles) of AP in toluene-ethanol as a function of the molar fraction ethanol 80 acetonitrile 87

of ethanol. (b) Wavenumber of the maximum of the fluorescence

emission spectrum of AP as a function of the molar fraction of the are obtained for AMP. The magnitude of the thermochromic
polar solvent in tolueneethanol mixtures (dark circles) and in toluene shift is much smaller in tetacn mixtures, thus paralleling the
acetonitrile mixtures (dark squares). smaller solvatochromic shift in these mixtures.

. ) o . The temperature coefficients of the plots of Figure 4 are
in these mixtures is different from the enrichment of the probe ¢, mmarized in Table 1. which includes results forteth and
Er(30). Additionally, we cannot discard the possibility that the 1o)_acn mixtures. To obtain the values of Table 1, a linear
emission of aminophthalimides originates in nonequilibrated gependence was assumed between the energy of the emission
excited states. We present evidence of this fact below, which jayimum and temperature at each solvent composifiainis
certainly contributes appreciably to the different behavior of temperature coefficient has units of entropy and, according to

AP _and AMP in the mixtures compared to ne_at solvents._ eq 1, can be interpreted as a positive entropy change upon
Figure 3 shows the energy of the absorption and emission gmission.

maxima as a function of solvent composition inteth mixtures

and the emission maxima in tehcn. The spectral shift is greater _thaxem= A+BT= AHe——g — TASqu 1)

in tol—eth mixtures than in tetacn mixtures, in accordance

with the greater difference between the maxima of absorption  The absolute magnitude of the temperature coefficient has a
and emission in the neat solvents of each mixture (see Figuremaximum at [ethJ~ 0.1 M. The values for the mixtures are
2). At [eth] = 0.145 M, which corresponds to a mole fraction systematically bigger than the values for the pure solvents. If
of ca. 1%, the emission energy is midway between the valuesthe observed linear dependence of the emission maxima with
of the neat solvents. This indicates a strong preferential solvationtemperature is extended to a broader temperature range

by ethanol as it was already reported by Suggdior other inconsistencies arise in the predicted value of emission maxima.
solvent mixtures. A similar result was reported in mixtures of This point is discussed later (see Discussion).
2-propanot-supercritical CQ for AMP?% and in mixtures of Semiempirical Calculations.The spectral behaviors of AP

2-propanot-toluene for AP'® In tol—acn mixtures, a 1% mole  and AMP are similar. Though the imido hydrogen, which is
fraction of acn shifts the emission maximum to the red by 25% only present in AP, is a potential interaction site with the
of the difference between tol and acn. This indicates that the medium, this interaction does not play a role in the fluorescence
difference in affinity between the ground state and the excited behavior. To exclude any effect that the imido hydrogen might
state of aminophthalimides is greater for eth than for acn. The have in the interaction with the solvent that is not seen in the
bathochromism in absorption is less pronounced. spectral features, only calculations for AMP were carried out.
Thermochromism. Absorption and emission spectra shift to Figure 5 shows the Mulliken charges in the equilibrated
the blue upon temperature increase in all cases. The magnitudeground state and in other three states: the Fra@dndon state
of this shift is much greater for emission than for absorption, after light absorption; the relaxed excited state; the Franck
and it is also greater in solvent mixtures than in neat solvents. Condon state after emission.
Figure 4 shows the energy of the emission maximum of the Light absorption is accompanied by a negative charge shift
corrected steady-state spectra of AP in-teth. Similar results from the amino nitrogen to the aromatic ring. In the relaxed
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Figure 5. Mulliken charges for AMP in the equilibrated ground state, in the Frai@indon state after light absorption, in the relaxed excited
state, and in the FranekCondon state after emission.

excited state, the amino group becomes coplanar to the aromatién mixtures of 2-propanol in supercritical G& Furthermore,
ring. The relaxation in the excited-state surface localizes the this is also to be expected for probes such as AP and AMP
negative charge on the oxygen of the carbonyl in plaea with a great difference in solvation in the ground and excited
position to the amino group, as found for similar donacceptor ~ states, as discussed by Suppén.

compoundg4:26 The evolution of the emission spectra can be roughly
described as a fast red shift of the spectrum followed by a slower

The association of ethanol molecules with ground-state AMP decay of the total emission with an essentially fixed spectrum.

_takes p_Iace_as aconsequence Of. _rlydrF)gen bond formation, WhIChI’he kinetics of the red shift is faster at higher temperature and
is possible in three different positions: the two carbonyl groups at higher concentration of the polar solvent. AP and AMP

_and the _amino group. '_I'h_e interaction energ%in these th_ree Sitesbehave in the same way, ruling out an excited-state tautomer-
IS negatlve. and very S|m|Iar:—1'9 + ,1 kJfmol=In the excngd ization involving the imido hydrogen as being responsible for
state, the interaction energy is slightly greater in magnitude, yheqe features of fluorescence decay in solvent mixtures, even
involving —24 & 1 kJ/mol in any of the same three locations. \yhen they contain a protic componéf® The shift of the

In the interaction with the carbonyl groups, ethanol acts as spectrum takes place with a characteristic lifetime between 2
HBD. In the ground state, the association enhances the negativeand 7 ns (depending on the temperature) in [etf{].145 M in
charge of the oxygen atom where ethanol is bonded. Neverthe-toluene. The total fluorescence decay takes place with a
less in the relaxed excited state the negative charge increaseharacteristic lifetime of ca. 15 ns, which is temperature
locates always at the oxygen atom of the carbony! inphea independent and very similar to the decay lifetime of amino-
position to the amino group. The interaction energy of AMP Pphthalimides in aprotic neat solvetftand in 2-propanct?13
associated with two ethanol molecules in any two of these sites  The fast process can be assigned to diffusion-controlled

is additive. In the interaction with the amino group, AMP acts Solvent exchange, whereas the solvation equilibrated decay of
as the HBD. the total excited-state population is responsible for the slower

. . o . process observed.
Calculations predlct_ that _aceton|tr|l_e binds preferentially by Due to the limited amount of traces recorded at different
hydrogen bond formation with the amino group. The calculated

X - i I wavelengths, to pick out the energy of the maximum of the
interaction energy is-6 and—10+ 1 kd/mol, with the ground g ission requires fitting the spectra to a suitable function. The
and excited states, respectively.

continuous lines of Figures 6 and 7 represent the fit of the data
Kinetics of Fluorescence Decayin neat solvents, emission  to a Gaussian distribution of emission intensity as a function
spectra are time independent near room temperature in theof wavenumber, as described by
nanosecond time range. The spectral shift observed for AP or

AMP in other works either takes place at lower temperatures
in the nanosecond time range or is faster at room tempera-
ture10.13-15 This effect is due to solvent reorientation.

(v - 1/ma>&t))2

2.0(t)? @)

Iw,t) =1, exp[—

On the other hand, emission spectra shift to the red as ain eq 2, the fitting parameters arg(t), the time-dependent
function of time in all solvent mixtures studied. This is depicted wavenumber of the maximum of the spectrutpaqt), the
in Figure 6 for selected cases. Our observation is in agreementintensity at the maximum, ane(t), the width of the distribution.
with a report of time-resolved fluorescence emission of AMP The fits and the spectra coincide within 2%, so the quality of
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Figure 6. Time-resolved emission spectra in solvents mixtures, at 27 Th? dec;’:ly_klnetlcs_ Ofl the quoreS(_:eIncAe, rg_onltore(ilj atba fixed
°C. Top scheme: time profile of the excitation pulse. Key: (a) AP in Wavelength, is not single exponential. As discussed above, at
toluene-acetonitrile, [acetonitrilel= 0.157 M; (b) AP in toluene least two lifetimes are needed to describe the kinetics. The most
ethanol, [ethanol}= 0.145 M; (c) AMP in tolueneethanol, [ethanol] elemental kinetic scheme to explain this behavior is described

= 0.145 M. The time at which each spectrum was taken is indicated by eqs 3 and coincides with the one proposed by Betts and
by the corresponding symbol in the pulse profile. Continuous lines Bright:2
represent the fit of the data to a Gaussian distribution.

the fits is considered satisfactory. The parametérdecreases AP* — AP
with time from a value of ca. 1800 crhto a value of ca. 1600
cm™1, which in all cases is completed during the excitation pulse AP* + PS kiIPS (AP—PS)*

and which is temperature independent. We attribute this decrease

to the extinction of a contribution of spurious light from the .

excitation pulse. Figure 8 shows the dependenda&ft) and (Ap_ps)*_’d, AP* + PS

vmaxt) with time. Their behavior can be well represented by

monoexponential decays, where the lifetimeifigg(t) is smaller K

than the lifetime forlma{t). The rate constants obtained (AP—PS)*— AP—PS 3)
according to this analysis are summarized in Table 2, where
they are compared to rate constants obtained with the kinetic
analysis developed later in this work.

In eq 3, PS represents a polar solvent molecule. AP is a solute
molecule with a ground-state equilibrated solvation sphere: AP
) ) PS represents a solute molecule that has an additional PS
The extent of the red shift decreases with temperature. The molecule associated, compared to AP. We assume that AP* and
difference in emission maximum between the first discernible (Ap—pPS)* decay with the same probability. This assumption
spectrum and the emission spectrurh at30 ns, when spectral  is supported by the fact that the longer decay time is independent
shift is complete, is 1900 cm at 6°C and 1200 cm! at 61°C of solvent composition in the range of interest for the kinetic
for [eth] = 0.145 M in toluene. measurements ([PS} 1.5 M).
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Figure 9. Stern-Volmer plots for the fastest component of the
t (ns) t (ns) biexponential fit to the fluorescence emission decaysr( the text)

monitored at 405 nm. Values of the linear fit parameters are given in
Table 3. (a) At 27°C in toluene mixtures with a polar solvent. Key:
open circles, AMP in ethanol; filled circles, AP in ethanol; open squares,
- : : : AMP in acetonitrile; filled squares, AP in acetonitrile. Full lines are
d)—(f)], and int t th . Plot d to diff t ; gy ! '
{g%pé?;tjgs.m(gnzl)tyé. (be g; %X;Lnéjr?c f)oﬁslgcc):rrespon o ditteren the linear regressions of the data for AP (filled symbols), and dashed
A T T ' lines are the ones corresponding to AMP (open symbols). (b) In
TABLE 2: Rate Constants for Spectral Shift and Total toluene-ethanol mixtures at &C (circles), 27°C (squares), and 61C
Fluorescence Decay, Compared to the Corresponding Values  (triangles).
Obtained from the Solvent Exchange Dynamics

Figure 8. Time dependence of spectral parameters for AP in tolaene
ethanol, [ethanol{ 0.145 M [(a)-(c)], wavenumber of the maximum
of the emission spectrum [insets represent first-order decay,gf

the fit, the time dependences of excited-state concentrations were

spectral shift solvent
and decay exchange kinetics assumed to be
TCO) ks k(s)y  kesh) k(s [AP¥] = A, exp(—t/z;) + A, exp(—t/z;)
6 0.158 0.081 0.179 0.093
27 0.408 0.069 0.427 0.066 _ *] — a _ a
61 0.587 0.062 0.700 0.066 [AP—PS*] = By[exp(~t/z;)) — exp(-tiry)]  (5)
“Values for AP in tolueneethanol mixtures, [eth}= 0.145 M. The spectral distributions of the emission of AP* and of AP

b First-order rate constant for the decay of the spectral shirst-
order rate constant for the decay of the fluorescence intensity at the
time-dependent maximum of emission.

PS* were assumed to be Gaussian. The parameters for the
spectra were derived from the fits af.(t): the values at —

0 were assigned to AP*, while thosetat> « were assigned to
AP—PS*,

Such a mechanism has two relaxation timgsa(dz,), given ) L )
The dependence af with solvent composition is shown in

b
y Figure 9 for AMP and AP in teteth and totacn mixtures.
1, =k, They show SterrVolmer type behavior as predicted by the
! mechanism, thus confirming that the spectral shift is caused by
1h, = ko + Kk 4 + k{PS] (4) a dynamic process that is diffusion controlled.

The values of the ordinate and the intercept of these

o ] . representations are summarized in Table 3 for different systems,
The emission decays were fitted to & sum of two exponentials yogether with the Arrhenius parameters of these rate constants
to obtainz, andz,. According to the previous considerations, for AP in tol—eth, [eth]= 0.145 M. The values df (the slope
72 < 71. For the decays of AP in neat solvents, acn, tol, and of the Stern-Volmer plot according to eq 4) and its activation
eth, as well as for the decay of AP in tegth, [eth]= 0.145 energy are consistent with what is expected for diffusion-limited
M, and in tol-acn, [acn}= 0.157 M, and for the decay of AMP  rate constants in the media.
in tol—eth, [eth]= 0.145 M, a global analysis of the traces  The excited-state decay depicted by eq 3 is a two-state model.
obtained at fixed wavelengths was performed. In the remaining Aminophthalimides are considered a typical example of excited-
media, a biexponential fit to a couple of traces registered one state decay involving many state¥1323The decay in neat
at the blue and one at the red edge of the emission spectrumsolvents can be described by an ensemble of excited states with
was performed and the lifetimes were averaged. To perform different numbers of relaxed solvent moleciiésSolvent
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SCHEME 1: Kinetic Mechanism for the Stepwise Solvent Exchange Model

K [PS] (1-1/m)ks[PS] (1/m)kPS]
A% A*| A%y e, A*p Am
ke 2ke mke
L ko L ko L ko La|| ko L || ko
k[PS] (1-1/m).k+[PS] (1/m).k+[PS]
Ao Al Ag e Am-t A¥p
kg 2k, mkg
TABLE 3: Values of the Ordinate and Slope of the In the excited state, PS molecules interact more strongly with
Stern—Volmer Representations Like Those of Figure 9 in the solute. From the kinetic point of view this means that the
Mixtures of a Polar Solvent with Toluene? exit frequency of a PS molecule from the solvation sphere in
polar T ordinate slope the excited statek(e) is smaller than in the ground state, i.e.,
compd solvent (°C) (@Csh) (1PM s k_e < k_g. We assume that.(n) is not affected by the existence
AP ethanol 6 1.77 0.90 of an excited state as this rate constant depends on diffusion in
AP ethanol 27 2.6 1.32 the bulk.
AP ethanol 61 5.9 3.2 .
AMP ethanol 27 31 1.16 We further assume that the decay rate constant of the excited
AP acetonitrile 27 3.3 0.65 state ko) is independent of. This assumption is justified by
AMP acetonitrile 27 3.7 0.48 the fact that the fluorescence lifetime and quantum yield of the

aminophthalimides remain almost constant in a variety of

polar — Arrhenius solvents, including polar and nonpolar oA&& This assumption

compd solvent arams ordinate slope o ! .
P P P may fail in HBD-rich environments.
AP  ethanol A 2% 10%st 21x10%Mtst . . . . .
EJk}molt 17 18 The kinetic mechanism is summarized in Scheme 1. The

solution of the differential equations is performed in the
Appendix. In Scheme 1, fand A; designate a ground state or
an excited state, respectively, both witlPS molecules in the

molecules surrounding the solute are allowed to be in two states,solvm'c’.n sphere. . o .
corresponding to equilibrium with the solute before and after ~ The kinetic equations of a similar mechanism were thoroughly
excitation. Each solvent molecule relaxation shifts the emission worked out by Tachiy&’ who used it to analyze the quenching

@ Arrhenius parameters for ordinate and slope of AP in toltene
ethanol.

spectrum to the red by a fixed amount of energymifs the of micelle-solubilized excited states. A similar kinetics was used
assumed fixed amount of solvent molecules in the solvation by Moore et al. to describe excited-state decay in waggnanol
sphere, there ama + 1 different emitting states. mixtures!! Langmuir association of solvent to solutes, as the

In solvent mixtures near room temperature, a behavior is Present assumptions lead to, was also observed for ions in
observed similar to that in neat polar solvents at low temperature. SUPercritical watef) a system with greater interaction energy
In a model analogous to the one depicted in the previous than the ones treated in this work.
paragraph, we postulate a stepwise relaxation by solvent The conclusions of the mathematical treatment performed in
exchange. We assume that the solvation sphere of a solute cathe Appendix is given in what follows.
accommodaten solvent molecules, independent of the composi-  (j) The time-dependent concentration df i& given by eq 6
tion of this solvation sphere. The solvation sphere can differ in (which coincides with eq A13):
composition from the bulk, and its state at constarand P
can be characterized by the numireof PS molecules (the
number of nonpolar, NP, solvent molecules is timenr- n). [A¥(t) = [A*](0) eXp(—kot)(nm)(m(t))”(p_(t))(m“) (6)

A change of state involves either an incorporation of a PS
molecule and a corresponding exit of an NP molecule or vice . N
versa. From the kinetic point of view, the frequency of exit P(D) = Pie T [Prg = P €XP(Thel) = 1= p-() (V)
and entrance of a PS molecule depends on the occupation
number,n, and on the bulk concentration of PS, and they are
given by k-(n) and k(n)[PS], respectively, whera is the
number of PS molecules previous to the exchange. If we make
an analogy of this situation with a Langmuir type adsorption, key = (Mk_ + k. [PS])im 9)
then each PS molecule is an occupied adsorption site, and if
we assume that these sites are independeiit) = nk- and
ki(n) = (1 — n/m)ky.

Previous to excitation, the ground state is equilibrated with
respect to solvation. For low concentrations of PS, the solva-
tochromic shift in the absorption of aminophthalimides is small. . ) )
We can assume that the absorption coefficient is the same for (i) The average number of PS molecules in the solvation
all solute environments, and thus, the composition of the SPheremi{t) =mp. () changes monoexponentially after excita-
solvation sphere of excited molecules immediately after excita- 10N With a lifetime ke, according to eq 7.
tion coincides with the equilibrium distribution in the ground (iii) We assume that the emission distribution of eachis\
state. Gaussian with equal widtly, and with a maximum that shifts

Preg= K [PSJ(mk ¢ 4+ k. [PS]) (8)

The binomial-type distribution of PS around a solute is
maintained throughout the decay. The decay of the total excited-
state population, [A*}) = Z[A}](t), is single exponential with

a lifetime ko.



Dynamic Solvation of Aminophthalimides

TABLE 4: Kinetic and Spectral Data for AP in tol —eth,
[eth] = 0.145 Mp

T(°C) ki (1P M~ 1s7h k-g (ns™Y) ke (ns?) ko (Nns™)
6 6.58 0.41 0.059 0.093
27 14.8 1.11 0.16 0.066
61 16.2 3.38 0.41 0.066
Ea (kd/mol)  log [A] Ea(kd/mol)  log [A]
ki (M™1sl) 1246 1241  Ke(s) 28+£3 128405
kg (s 30+2 14.2+03
Vtolabs Viol®™ Velhabs Vete™ [AGO,IO| - [AGg(Om)0 -
(10 (10 (10 10 AGoet] AGe}om)U]
TEC) ecm®) ecm®) cm?) cm?Y)  (kImol)  (kI/mol) m
6 28.5 23.3 26.7 18.9 37 15 4
36 8
43 9
27 28.6 23.6 26.9 19.1 37 19 4
33 7
38 8
61 28.8 23.9 27.1 19.3 38 22 4
36 6
41 7

agrrors are as follows: frequencies,100 cnt?; AG, 42 kJ/mol;
rate constants$20%.

to the red, linearly witm, as depicted by egs 10 and 11,

f ( ) 1 e ;{ (V - Vn)z)
= Xp — ——
b V2o 20°

Vp=Vyp — N(Wpp — Vpd/M= vp — NAY

(10)

(11)

where vnp and vps are the emission maxima in the neat
nonpolar and polar solvent components, respectively.
The decay at a fixed wavelength is given by

1) =5 HKIATID (12)

in which we assume thdk;, the radiative rate constant, is
independent of. The decay is multiexponential with lifetimes
in the arithmetic progressioky + nkex, N =0, ...,m.

(iv) The mean emission wavenumba@r((t) changes a&({t),
i.e., monoexponentially with a lifetimkex. As we can verify
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calculated from the kinetic rate constarks, k—g, and k-,
according to

n—1
AL IPS] nk_, °\n nm
G 0
g(n—1,n)
ex;{ RT ) (13)
n—1
TALaPs] ke \nnm
AGe(nfl,n)o )
ex;{—T (24)

The Gibbs free energy variation for changing from a pure

toluene to a pure ethanol solvation spherensfolvent molecules
can be calculated by adding all steps represented by eqgs 13 and
14 fromn = 1 to m for the ground state and for the excited
state. These values are represented &y, and byAGlom),
respectively, in eq 15.

AGy 1+ AGqgp” = AGy e~ AGy,) =0 (15)
AGo 01 andAGq emare the Gibbs free energy differences between
the relaxed excited state and the relaxed ground state of AP in
pure toluene and in pure ethanol, respectively. They are
approximated b3t

1

AGO,tol = ENACh(VtoIabS+ Vtolem) (16)
1

AGO,ethz _NACh(VethabS+ 1/ethem) (17)

2

whereN, is Avogadro’s numbers is the speed of light, and
is Planck’s constant.

The frequency values of the right members in egs 16 and 17
are taken as the maxima of absorption and emission in neat
toluene and ethanol. In this way, eq 15 can be used to verify
the value ofm used to derive the rate constants in a consistent

experimenta”y that spectra are Symmetrica| with respect to the iterative way. This was performed as follows: The fluorescence

maximum, [ [{t) = vmax(t).

There are five fitting parameters in the kinetic mechanism,

decay data were fitted beginning with a given valuernfThe
rate constants were used to calculat& o), and AG% o)

k+, k_g, ke, ko, and a total amplitude, which can be represented and find the best value ofi that verifies eq 15; this new estimate

by [A*](0). They can be conveniently grouped in the get,
P-e Aj kex, andko. The value ofm cannot be fitted, as the
equations depend on it on a discrete manner. Insteadas

of mwas used to repeat the cycle. This method was applied to
the kinetic data in toteth, [eth]= 0.145 M. According to the
results summarized in Table 4, the best valuenfios 8+ 1. A

systematically varied from 1 (a biexponential fit) to 9 to perform Value ofm = 4, though probably acceptable from the kinetic
the different fits. A global analysis of the decays at various Pointof view, is evidently far from satisfying the thermodynamic
wavelengths was carried out to derive the fitting parameters conditions as shown in Table 4.

summarized in Table 4. There is an appreciable improvemen
in the quality of the fit whenm is increased from 1 to 4,
accompanied by a significant change in the best-fit values of
P-g. P-e AL andkex. Increasingm from 4 to 9 improves only

t . .
Discussion

Polarity as well as HBD capacity of the solvents are important
in the solvation of AP and AMP. In the literature an increase

slightly the fit and changes the fitting parameters very little.
On the contraryk is insensitive to the value @h. This fact is
reasonable dg is obtained from the long-time behavior of the

in the dipole moment is obtained for AP excitation by
semiempirical calculationsThe results of our calculations point
additionally to an enhanced affinity of the excited state of the

decay, when the exchange is finished. probes for HBD solvents, in agreement with other autfbrs.
To completely determine the behavior of the system, the Even though hydrogen bond acceptor solvents (HBA; this
kinetic analysis can be integrated with spectroscopic data in acapacity is quantified by the solvation parametéPp) interact
thermodynamic cycle of Gibbs free energy (see eq 15 below). with the ground and excited states of the probes, this interaction
The Gibbs free energy change for solvent exchange can behas very little contribution to the Stokes shift. This is demon-
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strated by the very different Stokes shifts measured in triethyl- state is responsible for the whole energy change of this state.

amine Av = 5260 cnt?, 8 = 0.71), ethanol4v = 7800 cn1?, Moreover, the fact that the emission spectrum obtained after
B = 0.75), and trifluoroethanolAv = 8860 cn1?, 8 = 0), as relaxation is dependent on solvent composition is evidence that
displayed in Figure 2. PS has an influence on the energy of the complex-RB. In

As it was found for similar compoundé coplanarity of the other words, more than one PS molecule affects the excited-
amino group with the aromatic ring and coupled ICT contribute State energy. In this description a different emission spectrum
appreciably to the Stokes shift of aminophthalimides. This fact is needed for AP* and (APPS)* at each solvent composition.
explains the big\v in toluene, as well as the increase in dipole The exchange mechanism has also 5 adjustable parameters,
moment and hydrogen bond interaction upon excitation. of which 4 are rate constants;, k—g, k-, andko, and one is

The behavior of the Stokes shift in solvent mixtures compared an amplitude, [A*](0). The total number of solvating molecules,
to neat solvents can be understood at the light of the solvationm, has to be specified. The spectral characteristics are obtained
change in the excited state. As the fluorescence decay demonfrom steady-state emission spectra in the neat components of
strates, the probe environment changes during the excited-statéhe mixture, and a linear shift in energy is assumed for the
lifetime. Therefore, a single solvation parameter is insufficient spectra of intermediate solvation states. These spectra do not
to characterize the solvation state of the probe. This is the reasorchange with bulk solvent composition. Furthermarecan be
steady-state Stokes shifts in mixtures differ from the values in obtained in a self-consistent way that satisfies a thermodynamic
neat solvents of the same bulk solvent parameters (for examplecycle.

Er(30)). The departure increases with the difference in solvation A two-state mechanism can be obtained as a particular case
between the components of the mixture, as the results in tol  of the exchange mechanism for= 1. This gives a very poor

eth and tot-acn depict in Figure 2. It is idle to discuss if description of the kinetics if the spectral constraints are
aminophthalimides have the same solvent enrichment as themaintained, i.e., if the emission spectrum of AP* is the one in
solvatochromic probes used to define solvent scales, becausaeat NP, and the emission spectrum of (AFS)* is the one in

the solvation spheres of AP and AMP change with time. neat PS, and the decay amplitudes are linked by the condition

The thermochromic behavior, as displayed in Figure 4, is that ko (eq 6) andk; (eq 12) are constant. Because of the
linear due to the restricted temperature range in which the datarelaxation of these two conditions, the fit of eq 5 is much better
were recorded. At much lower temperatures, solvent exchangethan the fit to an exchange scheme with= 1.
will become much slower than excited-state decay, and thus, The two-state mechanism assumes that there is one preferred
the exchange will not contribute to the spectral shift. The PS molecule that interacts very strongly with the excited state
thermochromic effect will be solely due to solvent reorientation and that a number of other PS molecules stabilize the{AP
in the solvation sphere at fixed solvent composition, and the PS)* complex with an average continuum-like contribution. On
temperature variation ofer, Will decrease to values comparable the other hand, the exchange mechanism assumesntPS
to those in neat solvents. At very high temperatures, entropic molecules interact independently with the same energy with AP
factors dominate and the difference in composition between the or AP*. This interaction takes place in an-eaff way. A more
bulk and the solvation sphere will tend to disappear. This effect realistic description of the interaction is surely that of a number
will also decrease the temperature variation 1k The of PS molecules interacting each in a different way with AP,
contribution of solvent exchange to the thermochromism is, with a continuous variation of interaction energy depending on
therefore, important in a temperature range where it is not much molecular distance. This can only be simulated by molecular
slower than excited-state decay and where equilibrium (entropic) dynamics and cannot be formalized easily in a kinetic mecha-
factors do not compensate for the difference in interaction energy nism. In view of this last picture, the mechanisms of eq 3 and
between the components of the mixture. This explains the Scheme 1 can be regarded as extreme cases, each one making
maximum in the slopes of Figure 4 with composition. Factors different assumptions about the extent of interaction of the probe
as solvent composition, solvent viscosity, excited-state lifetime with each solvent molecule.
of the probe, and difference in interaction energy between the  aqditional experimental evidence sheds light on the success
probe and the components of the mixture tune the temperaturegs the exchange mechanism. As shown in Figure 7, and
interval where the exchange effect is maximum. summarized in Table 2, the spectral shift and the decay of the

The exchange kinetic mechanism adopted in this work to total emission are single exponential with rate constants that
explain the time dependence of fluorescence is more complexmatch those predicted by the exchange mechanism. The fact
than the biexponential description, which renders a description thatl,(t) decays in a single exponential way can be explained
of quality comparable to that of the fluorescence decay. if solvent exchange does not alter the emission probability of
Nevertheless the exchange mechanism provides deeper insighthe total excited ensemble; i.e., solvent exchange only changes
into the solvation dynamics and is more rewarding, from the the energy of the emitted light but does neither quench nor
point of view of not only kinetics but also spectroscopic and enhance its probability. This is a support for the assumption
thermodynamic aspects. that ko and ks are constant. Furthermoremat) also changes

From the point of view of the calculations, the biexponential monoexponentially as predicted by eqs A18 and A14. This can
model has 5 fitting parametery( Ay, By, 71, 72 from eq 5), of only be obtained if the environment relaxation takes place with
which 2 are lifetimes and 3 are amplitudes of decays. Addition- a single characteristic lifetime. In Scheme 1 this lifetime is the
ally it has spectroscopic parameters that are picked from thesingle step solvent exchange, represented by the rate constant
emission characteristics is> 0 andt — . This self-consistent  Kex.
choice is one of the reasons for its success in describing the  Finally, the values obtained for the fitted parameters in the
data but limits the information it provides. exchange mechanism are quite reasonable. The valoeisf

From the mechanistic point of view, a biexponential behavior realistic for an aminophthalimide surrounded by ethanol or
can be explained by a two-state model, as described by egs 3oluene molecules. The values kf are those expected for
and 421 It is a simplification, as well as a first approach, to diffusion-controlled rate constants in the solvent mixtures
assume that only one PS molecule interacting with the excited employed, and its activation energy is similar to the activation
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energy of viscosity. An advantage of the exchange mechanism, Them + 1 differential equations of eqs Al were solved by

which the other lacks, is that it allows one to determine the Tachiya using a generating functiéifs,t), defined by

solvation of the ground and excited states of the aminophthal-

imides as a function of temperature and solvent composition. m

F(st) =) STAT(D) (A4)
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Appendix
The differential equations that follow from Scheme 1 aftera  To simplify the notation, we define
o(t) pulse excitation are given by egs Al:
a;=mk, a=mk, b=k,[PS] (A6)

dlAg K IAY .
dt - —e[Al] - (k+[PS]+ ko)[Ao]

so that the probabilities at equilibrium can be writieny =

d[A%] _q agl(ag + b), pre = al(@a+ b), andp—eg=1 — preg
dtn = (1 -n o )k+[PS][AT]_L'| +(n+ DK JAL ] — The generating function has the general solution
n
1— |k [PS]+ nk + kA7l n=1,.. . m—1 i/
(( ITJ * F(S,t) — (S_ 1)7m.ko/a+b s+ %l)(m+ kol +b)[G(y)] (A?)
diAz 1 . . _
g = ke IPSIAL ] — (mk .+ kATl (AD) y(st) = (SS+ a}b) exp( at bt) (A8)

At equilibrium, the mean occupation numbemj has a

Langmuir-type dependence on [PS] as given by eq A2 for the The functionG(y) is determined by the initial condition. In this
ground state: case, we assume that the population immediately after excitation

coincides with the ground-state population. Introducing eq A3
. k. [PS] "2 into eq A4 gives
= n’]—
4 mk_y + k. [PS]

N L
F(s0)= [A ](0)(39 Hf) E

Correspondingly, the probability of finding a solute with an

occupation numbem, P, has a binomial distribution at —mkglath aq |(mmkoath)
equilibrium, as given by (s—-1 ™ Sty {Gly(sO)]} (A9)
_ m! n (m—n)
(Pr)eg= ni(m — n)!(p+e,9) (Peg ReplacingG(y) into eq A7 gives
_ D, KIPS]

=1l-py (A3 at+bs b(@—a)(s—1)

a+b (ay + b)(@a+b)

wherep; andp_ are the probabilities of finding a PS or an NP exp(— (a+ b)t)
molecule in the solvation sphere, respectively, and subindexes m

e and g refer to the excited state and to the ground state,
respectively. All four variablespl] Py, p+, andp- have a value

for the ground state different from that for the excited state.

The model depicted here is a particular case of the work of
Tachiyal® On one side, there is no quenching of the excited F(st) = [A%(0) e “[p_(t) + p.()s™  (A11)
state by PS, and this can be easily taken into account by setting
the quenching rate constant equal to zero. On the other hand,
the equations must be modified to take into account the different  In eq A1l it is evident that the total excited-state population,
value for the exit rate constant in the excited and ground states[A*](t) = [A*](0) exp[—(kot)], decays such as a single expo-
of the solute. nential, with a rate constaks. In eq Al1, p(t) and p-(t) are

Pres™ T mK_ 1 Kk, [PS] F(st) = [A%(0) e

(A10)

which can be rearranged in the form



2400 J. Phys. Chem. A, Vol. 106, No. 11, 2002

Wetzler et al.

the time-dependent occupation probabilities, which change from  The mean frequency of the emission spectrum is

the ground-state values pgy att = 0 to the excited-state values
p+—e att — o in an exponential way:

a+b

PO =Piet [Py~ pid x5 (A12)

The relaxation time from eq AlXe = (mk-e + ki[PS])/m,

f:ovl(v,t) dv

Sy dv

The last equation is obtained by replacii{g,t) from eq A17
and taking into account eq A16 and the fact thét) from eq

@) = =1p— M)AV  (A18)

can be interpreted as the exchange relaxation time/solvation siteA15 is normalized. From eq A18 we can deduce i) also
Equation A5 can now be used to obtain the time-dependentrelaxes in a single-exponential way with the rate conskant

population, which has the form

[ATI(D) = [A*)( t)(nm)(m(t))"(p_(t))(m”) (A13)

The probabilityPy(t) remains binomial along the whole relax-
ation. The decay of each’As multiexponential, withm + 1
terms with lifetimes in the arithmetic progressiky+ nkey, N
=0,..m

The mean occupation number of the solvation sphel(y,
which is given by

B (0F(st)/09) _ _
B =gy~ PO

(] + (g — ML) exp(—k.b) (Al4)

Equation A14 shows thdh({t) changes in an exponential way
determined by the exchange relaxation rate conskasut,

To obtain the time-resolved emission spectra, we have to
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