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Abstract

Steady-state and time-resolved fluorescence studies of 4-aminophthalimide (AP) in neat supercritical CO2 and supercritical CO2–
ethanol mixtures at 35 and 45 �C are presented. In neat CO2, the emission maximum of AP shifts to the red upon density increase
because of the increase of average number of solvent molecules interacting with the probe. In CO2–ethanol mixtures of different
ethanol densities (0.025 and 0.125 M) the tendency upon CO2 density increase is opposite. In mixtures, the CO2 density increase,
also increases the probability of exchange of the ethanol molecules interacting with AP by CO2 molecules. This causes a blue shift
that is bigger than the red shift caused by density increase. In all the cases, emission spectra were time independent in the nanosecond
time range. This allowed to take solvation effects into account using a Langmuir adsorption model, under equilibrium conditions.
This is the simplest association model that can semiquantitative describe the results and can successfully explain the lack of solvation
entropic effects in emission of AP in the mixtures near the critical density of CO2.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Supercritical fluids have been used intensely [1] as sol-
vents to make static (UV and FTIR absorption [2–4],
fluorescence emission [4,5], solvatochromic shifts [6–
11]) and dynamic measurements (fluorescence lifetimes
[11], rotational correlation times [12], vibrational energy
relaxation, kinetic rate constants, specially of diffusion
controlled reactions [13,14], cage effects on reactions
[15–18]). The use of these fluids as solvents allows the
study of solvation phenomena as a function of the den-
sity of the solvent at constant temperature. This impor-
tant property of the fluid medium cannot be changed
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appreciably when liquid solutions are studied far from
the solvents� critical temperature.

Aminophthalimides have been extensively used as
strong fluorescent probes [19–29]. 4-Aminophthalimide
(AP) (Fig. 1) exhibits the common emission feature of
compounds with an electron donating moiety (the ami-
no group) and an electron acceptor moiety (one of the
carbonyls of the imido group) placed in para position
in a benzene ring. The Stokes shift of this internal charge
transfer (ICT) emission is very sensitive to the polarity
and hydrogen bond donating (HBD) ability of the
medium. The ICT character of the transition causes a
dipole moment increase upon excitation from 3.5 to
6.5 D [30]. A time dependent fluorescence spectrum was
observed in neat solvents at low temperature [21,22,31]
and was attributed to solvent reorientation. The same
effect was also observed in solvent mixtures at higher
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Fig. 1. Structure of 4-aminophthalimide.
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temperatures [21,32], including measurements in super-
critical CO2–2-propanol mixtures [28].

To describe solvation different models have been pro-
posed in literature. In neat solvents, Rapp et al. [33] de-
veloped a kinetic scheme to describe the time-dependent
spectral shift by stepwise reorientation of solvent mole-
cules in the solvation sphere. This model leads to
Bakhshiev�s formula [19,34] for the dependence of the
mean energy of the emission with time, which is
monoexponential.

For solvent mixtures, Suppan [29,35] took into ac-
count the different interaction energy of the solute with
the solvent mixture components using a continuum di-
electric approach. He introduced the concept of dielec-
tric enrichment to describe the concentration
enhancement of the more polar component of the sol-
vent mixture in the vicinity of a polar solute, i.e. the phe-
nomenon of preferential solvation. In a previous work
[32], we presented a kinetic scheme to describe the ex-
change of solvent molecules and the time-dependent
fluorescence emission spectra of AP in toluene–ethanol
mixtures based on a Langmuir type association of sol-
vent molecules with the solute. A similar analysis using
a quenching model, developed by Moore et al. [36],
was applied to aminonaphthalimide derivatives in aque-
ous-ethanolic solutions [37].

It is known that solvation in supercritical pure fluids
close to the critical temperature of the solvent entails the
phenomenon of local density enhancement, i.e. the sol-
vent close to the attractive solute shows inhomogeneities
leading to an increase of its local density. This character-
istic has been found experimentally [38–40] and proven
theoretically [41–43] and by simulation studies. Kajim-
oto et al. [44] and Otomo and Koda [40] could explain
the solvation characteristics of probes in supercritical
fluids using a Langmuir adsorption model. In supercrit-
ical solvent mixtures preferential solvation is present as
in dense fluids mixtures, the composition of the solvent
component with bigger interactions is larger close to the
solute. Due to the lower fraction of the total volume oc-
cupied by solvent molecules, composition differences be-
tween the first solvation sphere and bulk are bigger and
diffusion processes are faster than in normal dense flu-
ids. The composition of the solvent in the first solvation
sphere will be very dependent on pressure.
Due to its big solvent dependent spectral shift, AP is
ideal for monitoring solvation changes, specially in a
mixture of a polar and a non-polar component. In this
work, we present steady-state and time-resolved fluores-
cence studies of AP in neat supercritical CO2 and in mix-
tures of ethanol and supercritical CO2. Measurements
were performed at two temperatures at different CO2

densities.
2. Experimental

AP (Acros Organics) 97% was recrystallized from
ethanol. Solvents: ethanol 95% v/v azeotropic mixture
with water (the use of this reagent instead of pure etha-
nol permitted to have a constant H2O–ethanol ratio in
all the mixtures, its possible influence in the spectral
shifts is discussed below) (Merck, for spectroscopy)
and carbon dioxide (AGA, Coleman 99%) were used
as received.

A typical experimental setup to measure with super-
critical fluids was used as described previously [45]. A
high-pressure optical cell made of stainless steel was
used to perform all the measurements. It was equipped
with three sapphire windows of 10 mm thickness. The
equipment included a high-pressure hand-operated
pump and a six-port valve.

Corrected fluorescence emission and excitation spec-
tra were recorded under steady-state conditions in a
PTI-Quantamaster apparatus. Spectra were obtained
at two different temperatures: 35 and 45 �C as a function
of CO2 density. Time-resolved fluorescence decays were
measured in a fluorescence lifetime spectrometer (PTI-
Time Master). Decay curves were recorded at different
emission wavelengths.

Temperature was controlled by external water circu-
lation and measured in the cell with a ceramic thermistor
calibrated against a standardized Beckman thermometer
(precision 0.005 K), to within 0.05 K. Pressure was mea-
sured with a pressure transducer (Burster), calibrated
against a deadweight gauge (Ruska; precision 0.01%).
The calibration was verified measuring the vapor pres-
sure of ethane as a function of temperature in the
300–305 K range [45].

Depending on the solvent used, neat CO2 or CO2–
ethanol mixtures, two different methods to introduce
the sample in the cell were employed. In the case of neat
CO2, a little amount of solid AP was placed in the cell
and then the fluid was introduced up to a pre-selected
pressure. After each addition of CO2 steady-state emis-
sion spectra were recorded. The same method was em-
ployed at both temperatures. Published equation of
state for CO2 [46] was used to obtain the molar density
of the fluid from experimental values of pressure and
temperature.
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For CO2–ethanol mixtures a different method was
used to prepare the solutions. The CO2–ethanol mix-
tures were prepared inside the high-pressure cell. A
known volume of ethanol containing a little amount of
AP was introduced in the cell through the six-port valve
using a calibrated capillary tube. The thermostated pres-
sure transducer chamber was used to evaluate the
amount of CO2 before adding it to the high-pressure
cell. The transducer volume was determined previously,
thus, making use of p–T–V data and a published equa-
tion of state [46], the number of CO2 moles that were
added to the high-pressure cell could be determined.
The molar density of CO2 in each mixture could be ac-
curately calculated using the volume of the high-pres-
sure cell. The emission spectrum was recorded at both
temperatures (35 and 45 �C) before adding a new
amount of CO2 to the cell. In order to work at two dif-
ferent densities of ethanol (0.025 and 0.125 M), we re-
peated this procedure using two different capillary
loops to add this solvent. The molar fraction of ethanol
was always kept smaller than 0.02, in order to have only
one fluid phase [47–49].
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Fig. 3. Emission spectral shift as a function of CO2 density. (a) Neat
CO2. (b) Neat CO2 and CO2–ethanol mixtures. Symbols: experimental
data. Lines: fit to Eqs. (3) or (4). Full symbols: 35 �C and open
symbols: 45 �C. Circles: neat CO2, triangles: CO2–ethanol mixtures of
qeth=0.025 M, squares: CO2–ethanol mixtures of qeth=0.125 M.
3. Results

Fig. 2 shows the normalized steady-state emission
spectra of AP in a series of CO2–ethanol mixtures. It
can be seen that emission spectra shift to the red as
the ethanol mole fraction in the mixture increases. Sim-
ilar results were observed in liquid mixtures [21,32] and
in supercritical CO2–2-propanol mixtures [28].

Fig. 3 shows the emission maximum shift with re-
spect to the value in n-hexane (see below) of AP in dif-
ferent supercritical mixtures. In neat CO2, the
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Fig. 2. Peak-normalized corrected steady-state emission spectra of AP
in supercritical CO2–ethanol mixtures at different density of CO2 and
at fixed qeth=0.125 M. Emission spectra in neat solvents at the same
temperature are shown: (s) neat CO2, qCO2

=20.1 M and (n) neat
ethanol. Fluorescence excitation spectrum in neat CO2, qCO2

=20.1 M,
is shown as the leftmost curve (d). All the spectra were recorded at 35
�C. The CO2 molar density of mixtures is, from left to right, 18.4, 16.9,
15.5, 14.2, 12.3, 10.6, 8.3 M.
maximum of emission shifts to the red as density in-
creases because of the increase of the average number
of solvent molecules interacting with the probe. In
CO2–ethanol mixtures of different ethanol densities
(0.025 and 0.125 M) the tendency upon a CO2 density
increase is opposite. This can be explained taking into
account that as CO2 density increases, the probability
of exchange of ethanol molecules by CO2 molecules in-
teracting with AP, also increases, i.e. ethanol is dis-
placed by the increasing density of CO2. This causes
a blue shift that is bigger than the red shift caused
by the density increase.

In both cases, a thermochromic effect can be ob-
served. Emission spectra shift to the blue upon temper-
ature increase. The same effect was observed for AP in
toluene–ethanol and toluene–acetonitrile mixtures [32].

In neat CO2 and in the CO2–ethanol mixtures studied
in this work, emission spectra were time independent in
the nanosecond time range. These results differ from the
result found in CO2–2-propanol [28] and toluene–etha-
nol [32] mixture where emission spectra shift to the red
as a function of time in the nano- or subnanosecond



Table 1
Lifetimes for total fluorescence decay obtained by a global analysis of
the data at different emission wavelengths at each temperature and
composition

T (�C) qCO2
(M) qeth (M) (%mol/mol)eth s (ns)

35 7.1 0.000 0.00 6.0
35 12.8 0.000 0.00 9.9
35 15.4 0.000 0.00 11.9
35 18.0 0.025 0.13 9.5
35 14.9 0.025 0.18 16.0
35 10.4 0.025 0.24 20.0
35 7.4 0.025 0.34 19.8
35 15.1 0.125 0.82 15.0
35 10.5 0.125 1.18 19.5
35 7.8 0.125 1.57 20.7
45 15.4 0.000 0.00 9.0
45 18.0 0.025 0.13 9.1
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time range. In the mixtures studied in this work, the ex-
pected time dependence of the emission spectra might
fall in the subnanosecond or picosecond time domain,
faster than the time resolution of our experiment. All
the fluorescence decays, monitored at different emission
wavelengths, can be fitted by a monoexponential func-
tion with the same lifetime for a given temperature
and CO2 and ethanol densities (see Table 1).

If we wish to use a model to describe solvation, we
have to consider that the solvation shell of AP in the ex-
cited state (AP*) can accommodate a limited number of
solvent molecules. Besides, when the number of solvent
molecules attached to the probe increases, the accom-
modation of a new molecule of solvent becomes more
difficult. The simplest way to take these effects into ac-
count is by the use of a Langmuir adsorption model.
This model was used to describe solute–solvent associa-
tion in supercritical fluids in a variety of systems by dif-
ferent authors. Kajimoto [44] used it in his study of the
density dependent emission of 4-(N,N-dimethylami-
no)benzonitrile in fluoroform. A Langmuir adsorption
based model, called by the authors a concentric shell
model, was also used to describe the solvation of ions
of the Groups 1, 2, and 17 in supercritical water [50].
This approach predicted free energies of solvation which
agreed with molecular simulation. Also Otomo and
Koda [40] successfully used the Langmuir model derived
by Kajimoto to analyze the solvent density dependent
spectral shifts of benzene, chlorobenzene, anthracene,
2-nitroanisole, 4-aminobenzophenone, and 4-(N,N-dim-
ethylamino)benzonitrile in supercritical CO2. Good de-
scriptions were obtained for solutes with similar
characteristics as 4-AP (as 4-(N,N-dimethylamino)ben-
zonitrile and 4-aminobenzophenone) in polar and in
non-dipolar solvents. As the simplest association model,
it cannot account quantitatively in a quite satisfactory
way for the solvatochromic features of the system in
the whole concentration range studied. Yet it yields rea-
sonable explanations for the trends observed in the sol-
vation as discussed below and can be taken as a
reference to explain the deviations.

The use of Langmuir model to describe solvation in
neat CO2, under equilibrium conditions, derives the fol-
lowing equation:

hni ¼ m
KCO2

qCO2

1þ KCO2
qCO2

; ð1Þ

where Æn æ is the average number of molecules in the sol-
vation shell of AP*, m is the maximum number of mol-
ecules that can be accommodated, qCO2

is the bulk molar
density of CO2 and KCO2

is the association equilibrium
constant between AP* and CO2.

If we assume that each solvent molecule in the first
solvation sphere has the same contribution to the spec-
tral shift, Dm, the free energy difference (measured as
wavenumber) between the emission in vacuum and in
the solvent, can be written as a linear function of Æn æ:

Dm ¼
m0 � m1CO2

� �

m
hni; ð2Þ

whereDm=m0�mn and mn, m0 and m1CO2
are thewavenumbers

of the maximum of fluorescence emission of AP at each
density, in the vacuum, and at high density ofCO2, respec-
tively. Eq. (2) is consistent with the assumptions made to
derive the Langmuir model for association and the usual
spectroscopic assumption that the 00 band of a species is
an average of themaximaof absorption and emission [51].
Using Eq. (1), we can rewrite Eq. (2), as:

Dm ¼ m0 � m1CO2

� � KCO2
qCO2

1þ KCO2
qCO2

: ð3Þ

The value of m1CO2
and KCO2

are the fitting parameters in
Eq. (3). The value of the emission maximum in n-hexane
(25,575 cm�1) was used for m0 because the value in vac-
uum was not available and we did not wish to introduce
a new fitting parameter.

The validity of this approximation can be supported
if we take into account that the magnitude of the ab-
sorption shift in different solvents is small and that the
Stokes shift for AP in vacuum (5000 cm�1) [20] is very
similar to the Stokes shift in n-hexane (4714 cm�1). This
later value is calculated using the linear correlation be-
tween the Stokes shift of AP and ET (30) that was found
in neat solvents [32,52,53]. For the parent compound, 4-
amino-N-methylphthalimide, the absorption shift be-
tween the vapor [54] and toluene is negligible (the two
are at kabs=356 nm).

The results of the fit of the data to Eq. (3) for two iso-
therms are summarized in Table 2 and plotted in Fig.
3(a).

A similar analysis can be made for the data obtained
in CO2–ethanol mixtures. In this case a competitive
Langmuir adsorption model can be used. The spectral
shift, assumed to be additive, can be written in the fol-
lowing way:



Table 2
Values of KCO2

and m1CO2
obtained by fitting spectral shifts in neat CO2

to Eq. (3)

T (�C) KCO2
(M�1)a m1CO2

ðcm�1Þ
35 0.23 24,375
45 0.13 24,392

a Errors±30%.
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Dm ¼ m0 � m1CO2

� � KCO2
qCO2

1þ KCO2
qCO2

þ Kethqeth

þ m0 � methð Þ Kethqeth

1þ KCO2
qCO2

þ Kethqeth

; ð4Þ

where meth is the wavenumber of the maximum of fluo-
rescence of AP in neat ethanol (at the same tempera-
ture), Keth is the association equilibrium constant
between AP* and ethanol and qeth is the molar density
of ethanol in the mixture. We applied this model to
the spectral shift data in neat CO2 and two mixtures
of CO2–ethanol (qeth=0.025 and 0.125 M). In Eq. (4)
Keth is the adjustable parameter. The values of the other
parameters: m0; m1CO2

and KCO2
were taken equal to those

in neat CO2, and meth was taken from the emission spec-
trum in ethanol (see Table 3). The latter two were ob-
tained from the fit of the data of Fig. 3(a) to Eq. (3).
Results are shown in Table 3 and in Fig. 3(b). Eqs.
(1), (3), and (4) assume that qeth and qCO2

are a good
measure of their activity. Due to the dilute range in eth-
anol concentration, we can assume that we work within
the very dilute limit, and therefore formally include the
constant infinite dilution activity coefficient in the calcu-
lated Keth. On the other hand, we can consider CO2 as a
pure solvent in all the conditions of our experiments,
and therefore its concentration should coincide with its
activity.
4. Discussion

The fluorescence decay of AP is monoexponential in
all cases studied in this work and we do not observe
any spectral shift with time in the nanosecond time
Table 3
Values of Keth obtained by fitting spectral shifts in neat CO2 and in CO2–et

T (�C) m0 (cm
�1)a,c m1CO2

ðcm�1Þa,d meth (cm

35 25,575 24,375 19,100
45 25,575 24,392 19,200

The values of the constant parameters used to fit the data are also presented
aConstant parameters.
b Fitting parameters (errors±10%).
c Emission maximum in n-hexane (see Section 3).
dObtained from the fit of the spectral shift in neat CO2 to Eq. (3) (see Ta
eFrom [32].
range. These two observations point to the fact that
the expected diffusion controlled solvent exchange in
the solvation sphere of AP* takes place in the subnano-
second scale, below the time resolution of our experi-
ment. Betts and Bright [28] observed spectral shifts to
the red in time-resolved emission spectra and a biexpo-
nential fluorescence decay for 4-amino-N-methylphthal-
imide in CO2–2-propanol mixtures at 45 �C, 136 bar
total pressure and mole fraction of 2-propanol (xprop)
between 0.50% and 2.00%. The shorter lifetime observed
by them decreases with the increase of xprop from 1.22 ns
at xprop=0.50% to 0.65 ns at xprop=2.00%. They inter-
preted this observation as the formation of a solute–sol-
vent complex. Nevertheless, a diffusion controlled
exchange of CO2 by alcohol in the solvation sphere
would have the same consequence. Our observations
are compatible with those of Betts and Bright [28] if
the exchange of ethanol for CO2 is faster than the ex-
change of 2-propanol, causing the exchange to be com-
pleted within 1 ns. This is possible since most of our
experiments were performed at lower pressure, were
diffusion is expected to be faster. We consider that the
differences observed cannot be caused by the use of
the N-methyl derivative of AP, due to the quite similar
behavior observed for both probes [32].

The above discussion leads to the conclusion that the
fluorescence decay observed takes place in an equilibrated
excited state with respect to solvation, thus supporting
the application of an equilibrium model, as the one de-
picted by Eq. (4).

The lifetimes in Table 1 show an increase with alco-
hol mole fraction. This fact is in agreement with the
behavior of the longer lifetime reported in the above
referenced work [28], as well as with observations per-
formed in supersonic jets of AP and AP–water clusters
[29]. The emission lifetime also increases with the sol-
vent concentration in neat CO2. On the other hand,
it is known that the excited state lifetime of AP* in
protic solvents is shorter than in aprotic ones and that
the emission quantum yield also decreases drastically
[24,26,37]. The above facts lead to the conclusion that
there are two opposite effects of ethanol in the deacti-
vation pathways of the excited state. The emission of
hanol mixtures to Eq. (4)

�1)a,e KCO2
(M�1)a,d Keth (M�1)b

0.23 173
0.13 90

in this table.

ble 2).
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AP* is originated in an excited state that has an ICT
character and a relaxed geometry that makes the ami-
no group coplanar with the aromatic ring [21,32]. The
ICT character of the excited state is enhanced by inter-
action with the solvent and the accompanying change
in geometry with respect to the ground state imposes
a nuclear barrier to the radiative and non-radiative
transition to the ground state. This explains the excited
state lifetime increase in CO2 and at low concentrations
of ethanol. The excited state of AP has also an en-
hanced H-bond acceptor capacity. The deactivation
pathway provided by H-bonding is responsible for
the lifetime decrease in protic solvents with respect to
aprotic ones. If we take into account the values of the
fluorescence quantum yield (/f) and the fluorescence
decay time (sf) in dioxane (/f=0.72 and sf=15 ns)
and in methanol (/f=0.10 and sf=6.9 ns) [24] and
we write the fluorescence decay rate (1/sf) as the sum
of the radiative (kr), and non-radiative (knr) rate con-
stants of AP*, then 1/sf=kr+knr. In this way, we can
calculate that kr drops from 4.9·107 s�1 in dioxane
to 1.45·107 s�1 in methanol. On the other hand, knr,
increases from 1.8·107 s�1 in dioxane to 1.3·108 s�1

in methanol. In conclusion, at very low alcohol concen-
trations, the effect of the geometry difference predomi-
nates, and an increase in the excited state lifetime is
observed. At higher alcohol concentration, the effect
of H-bonding decreases both /f and sf.

Solvatochromic shifts were described by a dielectric
enrichment model by Suppan and co-workers [30,35].
The theory of Suppan points mainly to non-specific elec-
trostatic interactions. This system has a strong compo-
nent of H-bond interactions [21,31,32,35] and therefore
is not the best suited to test our model for CO2–ethanol
mixtures. Dipolar interactions, certainly, play a role, but
H-bond interactions are also very important here. By
applying his approach of dielectric enrichment, Suppan
points out that the emission of AP shows anomalous be-
havior in protic solvents whereas absorption does not
[35]. This is the reason why we preferred to use the asso-
ciation model rather than the dielectric enrichment
model of Suppan.

The fit to the Langmuir model adopted here is partic-
ularly poor at the higher ethanol concentration. The de-
viations are larger than the uncertainty in the Stokes
shifts (typically ±100 cm�1). As ethanol has a much big-
ger affinity for AP than CO2 it is possible that under the
analyzed conditions, aggregation of AP and ethanol oc-
curs, rendering the environment surrounding the AP
molecule in its excited state more similar to neat ethanol
than would be expected. These aggregates are broken
when qCO2

increases and the spectral shifts would change
more strongly with qCO2

. The use of a more refined
model would require to have more measurements, spe-
cially in the low qCO2

region. However, measurements
in that concentration range were not suitable for spec-
tral analysis due to the high noise associated to the
low solubility of AP.

The mole fraction of EtOH 95% v/v does not exceed
1.5% mol/mol (see Fig. 4), therefore the mole fraction of
water in the total system is not exceeding 0.2%. We do
not expect this small amount of water will have any deci-
sive influence on the solvation data. On one side, there is a
very small difference between the solvation ability of
water and that of ethanol for AP or AP* (the emission
maxima are 524 nm for ethanol and 540 for water [24],
against 408 nm for CO2), ET(30) scale shows a similar be-
havior [52]. So, the difference between either of these H-
bond donating solvents and CO2 is much bigger than it
is between them. We measured less than 2 nm difference
in the emission maximum of AP in absolute EtOH and
EtOH 95% v/v in water. Even though one may argue that
the molar amount of water highly exceeds the molar
amount of AP, there is no evidence, even in liquid EtOH
95%, that this proportion of water has an appreciably
greater influence in the solvation as compared to EtOH.
We additionally do not observe a time dependent shift
in the emission spectrum that might account for influence
of thewatermolecules in the solvation ofAP* (diffusion of
the more diluted water component will take place in a
slower time domain and is expected to fall in the time win-
dow of observation in the nanosecond range). On the
other side, given the mole ratio of 7:1 ethanol:water,
and the occupancy numbers (vide supra), the average
number of water molecule in the solvation sphere should
be smaller than one.

A thermodynamic analysis can be made in order to
interpret the model proposed in this work for the solvent
induced spectral shift (Eq. (4)). The following equation
can be written making a thermodynamic cycle of free en-
ergy (see Scheme 1):
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where DFabs, DFem are the free energy of absorption and
emission and DFrel,e, DFrel,g are the free energies associ-
ated to the relaxation from the Franck–Condon states to
the equilibrated states in the excited and ground elec-
tronic surfaces, respectively.

The relaxation free energies can be separated in two
contributions:

DF rel;j ¼ DF e0
rel;j þ DF sv

rel;j; ð6Þ

where the first term is the DF of relaxation in the vacu-
um and the second one is due to solvent and probe reor-
ganization. These two contributions to solvation are
often referred to as inner and outer sphere reorganiza-
tion, respectively. In Eq. (6), the subscript j=e refers
to excited state reorganization energy, and j=g refers
to ground state reorganization.

Using Eqs. (5) and (6), DFem can be written in the fol-
lowing way:

DF em ¼ ð�DF abs � DF e0
rel;e � DF e0

rel;gÞ � ðDF sv
rel;e þ DF sv

rel;gÞ:
ð7Þ

The solvatochromic shift in absorption is much smaller
than in emission for 4-AP [35], so in the concentration
range of our measurements, we can assume that DFabs

is independent of the medium. This assumption is fur-
ther based upon the fact that the excitation maximum
in CO2 (Fig. 2) is very near the absorption maximum
in toluene or toluene ethanol-mixtures of xethanol<0.01
[32]. Under this assumption, the first term between
brackets in Eq. (7) is equal to the free energy of emission
in vacuum ðDF e0

emÞ and Eq. (7) can be re-written as:

DF em ¼ DF e0
em � ðDF sv

rel;e þ DF sv
rel;gÞ: ð8Þ

The model that is described by Eq. (4) to account for the
solvent effect, can be re-written in terms of free energy in
the following way:

DF em ¼ DF e0
em � NADF CO2

hniCO2
� NADF ethhnieth; ð9Þ
FC, e

g ∆Frel, g 

∆Frel, e 

e

FC, g 

∆Fabs ∆Fem

Scheme 1. Thermodynamic cycle. DFabs, DFem are the free energy of
absorption and emission and DFrel,e, DFrel,g are the free energies
associated to the relaxation from the Franck–Condon states to the
equilibrated states in the excited and ground electronic surfaces,
respectively. g: relaxed ground state; FC,e: Franck–Condon excited
state; e: relaxed excited state; FC,g: Franck–Condon ground state.
where NA is the Avogadro�s number and DF CO2
and

DF eth are the contributions to the shift in DFem relative
to vacuum per molecule of CO2 and ethanol in the sol-
vation sphere, respectively.

Comparing Eq. (8) with Eq. (9), we can write the sol-
vent contribution to the relaxation free energy in terms
of the model:

DF sv
rel;e þ DF sv

rel;g ¼ NAðDF CO2
hniCO2

þ DF ethhniethÞ: ð10Þ

Eq. (10) reflects the known fact that the free energy
change measured by the Stokes shift contains contribu-
tions from the excited and ground state relaxations. If
the equilibrium configurations in the two electronic
surfaces have a great difference, then the same factors
that contribute to the relaxation of the excited state, in-
crease the free energy of the ground state (see Scheme
1). Consequently, the decrease in the free energy of
emission caused by each additional solvating molecule
is greater than the free energy of interaction with the
excited state.

We will comment briefly on the temperature influ-
ence in the solvation state. The association of CO2

and ethanol with AP* are both exothermic, as
expected and as reflected in the decrease of the associ-
ation equilibrium constants with temperature, for both
CO2 and ethanol (see Table 3). The values of the in-
ternal energy difference, DU, derived from the temper-
ature dependence of KCO2

and Keth are �46 and �53
kJ/mol. The error of these DU values are greater than
50% due to the limited temperature range measured
and to the relatively big errors in the individual values
of the association equilibrium constants. Nevertheless,
these values are greater than expected for a dipolar
interaction plus a H-bond interaction but this is
expected considering the discussion of the previous
paragraph.

Fig. 4 shows a plot of the maximum emission wave-
length versus the mole fraction of ethanol in mixtures
with CO2 as well as the data for mixtures with toluene
[32]. The more pronounced variation of emission maxi-
mum in the case of CO2–ethanol mixture indicates that
ethanol replaces CO2 more easily than toluene. This
conclusion is in line with the lower solvation interaction
of CO2 compared to toluene and evidenced in the lower
Stokes shift (4900 cm�1 in CO2 and 4930 cm�1 in tolu-
ene) and lower emission maximum (408 nm in CO2

and 423 nm in toluene). To measure the magnitude of
this trend, we must compare the equilibrium constants
we obtained in this work (see Table 3) with the results
we had obtained in toluene–ethanol mixtures. In our
previous work we measured the kinetic exchange con-
stants between a molecule of toluene and a molecule
of ethanol in the sphere of solvation of AP*, so we can
calculate the equilibrium exchange constant between
these two solvents:
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AP�–tolueneþ ethanol $ AP�–ethanolþ toluene

K35 �C
toluene!ethanol ¼ 10

In this work, as we employed a supercritical fluid as a
solvent instead of a typical liquid we obtained the indi-
vidual association equilibrium constant for CO2 and for
ethanol:

AP� þ CO2 $ AP�–CO2 KCO2

AP� þ ethanol $ AP�–ethanol Keth

In order to compare both systems, we calculated the
exchange equilibrium constant between CO2 and etha-
nol, K35 �C

CO2!ethanol
¼ Keth=KCO2

¼ 752. As CO2–ethanol ex-
change equilibrium constant is bigger than the constant
for toluene–ethanol system, we can conclude that sol-
vating CO2 molecules are more easily replaced by eth-
anol, than toluene molecules. This conclusion is strictly
valid for infinitely diluted ethanol in toluene or CO2

and depends on the free energy difference of transfer
of ethanol at infinite dilution between these two sol-
vents. We do not think that this contribution is so
large as to change the conclusion, considering that
the spectroscopic evidence also points in the same di-
rection. There are in principle two contributions that
explain the lower solvation capacity of CO2 with re-
spect to toluene. First, the greater interaction of tolu-
ene with the aromatic portion of AP, and second a
more negative entropic contribution to solvation in
CO2–ethanol mixtures. This latter arises not only in
the fact that the bulk has a different composition than
the solvation sphere (which is enriched in the more po-
lar component), but also because supercritical CO2–
ethanol mixtures are expanded fluids. The second con-
tribution is not present in the case of dense liquids like
toluene–ethanol mixtures.

In what follows, we will estimate the relative impor-
tance of these two contributions, by comparing entropic
effects in CO2–ethanol to toluene–ethanol mixtures. We
can extract model-free thermodynamic conclusions from
the variation of Dm with temperature at constant bulk
composition and volume. This thermochromic shift
amounts to 100 cm�1 for CO2 and 250 cm�1 for CO2–
ethanol mixtures (as average in the concentration
range), between 35 and 45 �C.

In spite of the fact that the Franck–Condon approx-
imation implies that the atomic nuclei have the same
configuration in the excited and ground state when
emisson occurs, there is an entropic contribution due
to the difference of density of states before and after
emission. This is supported by the thermochromic ef-
fect and the fact that in binary solvent mixtures the ef-
fect of temperature is much larger than in the pure
solvents [30,32].

So, if we interpret the thermochromic shift as the en-
tropy change associated to the emission (DSem), these
values are: 120 JK�1mol�1 for CO2 and 300 JK�1mol�1

for the mixtures. In all the cases, the values are positive
because of the ordering effect of the more polar excited
state. In the later case, the contribution to entropy is
greater, due to the composition change in the solvation
sphere. Suppan [30] finds similar effects for the emission
of 4,4 0-dimethylaminonitrostilbene in cyclohexane–tet-
rahydrofurane mixtures. The values of DSem in tolu-
ene–ethanol mixtures are between 350 and 400
JK�1mol�1 in the 0.025–0.125 M ethanol concentration
range [32]. If we compare them to the above quoted value
in CO2–ethanol we can conclude that the compress-
ibility of the fluid does not contribute appreciably to
�Sem.

The fit to the solvation data is independent of the
value of m, the maximum number of solvating mole-
cules. To estimate m we need additional data. We
can take this number as 8±1, as determined for etha-
nol and toluene from kinetic and thermodynamic anal-
ysis [32]. Taking this into account, we can calculate, for
example, that in neat CO2: AP* interacts with six CO2

molecules at the critical density (10.6 M) at 35 �C and
with five at the same density and 45 �C. When 0.025 M
ethanol is added at 35 �C, the average number of sol-
vent molecules interacting with AP* is five for ethanol
and three for CO2. As a comparison, in toluene–etha-
nol mixtures with 0.025 M ethanol at 27 �C, AP* is sol-
vated by two molecules of ethanol and six molecules of
toluene. From the previous data we can conclude that
in supercritical mixtures, ethanol not only displaces
CO2 molecules but also fills empty solvation positions.
The sphere is almost completely occupied. This fact al-
so points to a very mild compressibility contribution to
DSem.

The occupation numbers derived in the preceding
paragraph are dependent on the parameters obtained
by the application of the Langmuir model, which has
limitations in accuracy at the higher ethanol concentra-
tions. Nevertheless, similar conclusions can be attained
independently based on inspection of Fig. 3. At the
critical density, the spectral shift of AP in neat CO2

is 70% of the maximum at 35 �C, and 55% at 45 �C.
Considering equal contribution from each solvating
molecule, these fractions represent the percentage occu-
pation of a complete solvation sphere (more precisely
speaking, the fraction of the interacting solvent mole-
cules responsible for the spectral shift). In the mixtures,
the reasoning is not so straightforward, but model free
conclusions can be also derived. At qCO2

>20 M, half
of the solvation sphere of AP is filled by ethanol when
the concentration of this component is 0.025 M (see
Fig. 3(b), middle curves). The correspondent data
points are half way between the shifts in the pure
two components. At this same concentration of ethanol
and at the critical density of CO2, the surrounding of
AP is more ethanol like (65% at [EtOH]=0.025 M
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and 90% at [EtOH]=0.125 M). This fact points to an
additional coverage of the solvation sphere by ethanol,
thus filling vacant positions and attaining a total sol-
vent occupation exceeding the estimated 70% for neat
CO2. In all cases, at higher temperatures, entropic fac-
tors favor cluster dissociation.

Finally, Fig. 3 shows that the spectral shift in neat 10
M CO2 is greater than in hexane by 600 cm�1 at 35 �C,
and by 800 cm�1 at 45 �C. This can be explained taking
into account that at this density most of the solvation
shell is occupied by CO2 and that CO2 can interact with
AP by quadrupole dipole stabilization, by Lewis acid–
base interactions, as it does with water, and by H-bond
acceptor interactions.

In spite of its simplicity and of the systematic devia-
tions observed at the higher ethanol molar ratios, the
model adopted in this analysis rendered meaningful con-
clusions regarding the occupation of the solvation
sphere by solvents of very different affinity for the solute,
and an explanation for the lack of entropic effects in the
solvation compared to incompressible fluids.
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