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Two previously developed spectrofluorometric probe methods are critically examined regarding their ability to 
model preferential solvation around probe molecules dissolved in binary solvents. The first method assumes 
that each fluorophore is solvated by only one type of solvent molecule and that the observed spectral wavelength 
shift results from additivity of emission spectrum for the two solvational fluorophore species. The second 
method treats the solvational sphere as a binary solvent microphase, with the fluorophore’s energy in both the 
ground and excited states mathematically expressed in terms of the “nearly ideal binary solvent” (NIBS) model. 
Expressions derived from each model are illustrated using observed fluorescence emission behavior of 9,9’- 
bianthracene and 9,9’-bianthracene-lO-carboxaldehyde dissolved in binary toluene + acetonitrile and dibutyl 
ether + acetonitrile mixtures, which were measured as part of the present study. Also discussed is the compatibility 
of the inherent assumptions upon which the various spectrofluorometric probe methods are based, versus the 
thermodynamic principles that govern the conformational equilibria responsible for the observed solvatochromic 
behavior. 

Introduction 
Spectroscopic probe techniques provide a convenient experi- 

mental means to study preferential solvation, which can be used 
to support (or perhaps to discredit) interpretations derived from 
calorimetric and other thermodynamic data. Preferential sol- 
vation arises whenever the proportion of molecules of any given 
solvent component within the probe’s solvational microsphere is 
not equal to its bulk mole fraction composition. “True preferential 
solvation” is extremely difficult, if not impossible, to model 
rigorously because there is no guarantee that probe-solvent A 
and probe-solvent B molecular interactions remain independent 
of other solvent molecules within the solvational sphere. Solvent- 
solvent interactions may lead to synergistic effects. Although 
not always stated explicitly, most published spectroscopic probe 
techniques14 assume a more idealized situation where solvent- 
solvent interactions are neglected and the measured spectral 
response, R, in a binary solvent mixture is given by 

a weighted local mole fraction or volume fraction average of the 
probe’s spectral responses in the two pure solvents, R i  and 
Ro,. Here YA and 1 - YA refer to the solvational sphere 
composition, which may be quite different from the overall bulk 
liquid-phase composition, X A  and 1 - XA. Rigorous derivation 
of eq 1 from fundamental spectroscopic principles requires that 
one assume the solvational sphere around every solute probe is 
solvated by only one type of solvent molecule. More sophisticated 
approaches9 also incorporate molecular size disparity and permit 
the solute to have a different coordination number in the binary 
solvent than in the pure solvents. 

Modification of eq 1 for a polycyclic aromatic hydrocarbon 
(PAH) solvatochromic probe molecule dissolved in a binary 
mixture (or if one prefers, two different solvational microphases) 
is relatively straightforward. Each solvated fluorophore con- 
tributes to the observed fluorescence signal, Fobr at each emission 
wavelength scanned. Emission intensities are additive at each 

* To whom correspondence should be addressed. 
*Abstract published in Advance ACS Absrracrs. February IS, 1994. 

QQ22-3654/94/2Q9~-2537%04.5Q/Q 

wavelength. In the case of a polycyclic aromatic hydrocarbon 
solvent polarity probe such as pyrene, the calculated I1 /I3 emission 
intensity ratio islo 

Here, [fluoro] is the total stoichiometric fluorophore molar 
concentration, and YA and 1 - YA represent the mole number 
fraction of each type of solvated fluorophore, Le., YA = [fluoro 
A]/[fluoro] and 1 - YA = [fluoro B]/[fluoro]. Inherent in the 
above treatment is the underlying assumption that neither 
microphase forms a nonfluorescent association complex with the 
fluorophore. If such complexation does occur, then eq 2 describes 
only the fraction of the solute molecules that actually fluoresce. 
It is also assumed that both the one- and three-band emission 
wavelengths are medium independent, which is not strictly true; 
hence, the approximately equal to sign is used. Rigorous 
applications require that intensity measurements be made at two 
fixed emission wavelengths. Acree et a1.10 previously showed 
that eq 2 does accurately reproduce fluorescence behavior of 
pyrene, benzo[ghi]perylene, coronene, and benzo[e]pyrene dis- 
solved in n-heptane + 1,4-dioxane and n-heptane + tetrahydro- 
furan mixtures. Calculated YAvaluesindicated that thepolycyclic 
aromatic hydrocarbon solute probe was preferentially solvated 
by the nonpolar n-heptane cosolvent, with thedegreeof preferential 
solvation decreasing with increased PAH molecular size. 

Solvatochromic probe behavior may be attributed to one or 
more effects, including general solvent relaxational effects caused 
by interactions between the fluorophore’s dipole moment and 
solvent “solvational cage” molecules, differences in the fluoro- 
phore’s electronic transition (a* - a versus a* - n) or from 
changes in the equilibrium distribution of two (or perhaps even 
more) solute conformers. In this latter case, basic thermodynamic 
principles should govern the equilibrium concentrations of both 
solute conformers. To better assess the applications and limi- 
tations of spectrofluorometric probe methods, we examine in this 
paper the compatibility of eq 2 in regards to standard nonelec- 
trolyte solution thermodynamic models, using for illustrational 
purposes measured fluorescence properties of 9,9’-bianthracene 
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and 9,9’-bianthracene- 1 0-carboxaldehyde dissolved in binary 
dibutyl ether + acetonitrile and toluene + acetonitrile solvent 
mixtures. Fluorescence behavior of 9,9’-bianthracene has been 
extensively investigated before,11-’7 in part because the molecule 
exhibits dual fluorescence resulting from *twisted intramolecular 
charge transfer” (TICT) excited states and from strong spectral 
overlap of the TICT band the anthracenelike “locally excited” 
(LE) fluorescence band. In nonpolar solvents such as cyclohexane, 
9,9’-bianthracene has strong emission signals near 395 and 414 
nm, which is indicative of the locally excited state. Significant 
red-shifts are observed in the SI - SO fluorescence in the more 
polar solvents like acetonitrile and are attributed to formation of 
an excited-state dipole with a full electronic charge separation. 
Because of the perpendicular ground-state geometry,’&-** the two 
anthracene moieties in 9,9/-bianthracene are orbitally dewupled21 
and fulfill the *minimum overlap r~le”,~*J6,21,22 a precondition 
for full electron transfer. To our knowledge, no one has reported 
fluorescence properties of 9,9’-bianthracene and 9,9’-bian- 
thracene- 10-carboxaldehyde in mixed solvents. Also reported is 
the fluorescence behavior of 9,9/-bianthracene- 1 0-carboxaldehyde 
dissolved in 45 neat organic solvents of differing polarity, refractive 
index, and/or dielectric constant. 

Acree et al. 

Materials and Methods 

9,9’-Bianthracene and 9,9’-bianthracene- 10-carboxaldehyde 
were highly purified samples from the collection of reference 
substances in the spectroscopy laboratory of RUtgerswerke AG, 
Castrop-Rauxel, Germany. Stock solutions were prepared by 
dissolving the solutes in dichloromethane. Small aliquots of the 
stock solutions were transferred into test tubes, allowed to 
evaporate, and diluted with the solvent of interest. Final solute 
concentrations of 10-5 M (or less) were sufficiently dilute in order 
to minimize both primary and secondary inner-filtering artifacts. 
Solvents were of HPLC or spectroquality purchased commercially 
from Aldrich, and the resulting solutions were optically dilute 
(absorbances < 0.01 cm-1) a t  all wavelengths. Nine mixtures for 
each of the dibutyl ether + acetonitrile and toluene + acetonitrile 
binary systems were prepared volumetrically with burets at every 
10% increment so as to cover the entire composition range. 
Stoichiometric mole and volume fraction compositions were 
accurate to fO.01. 

The fluorescence spectra were run on a Shimadzu RF-5000U 
spectrofluorometer with the detector set at high sensitivity. 
Solutions were excited at 360 nm (9,9/-bianthracene) and 370 
nm (9,9/-bianthracene-lO-carboxaldehyde). Fluorescence data 
were accumulated in a l-cm* quartz cuvette at 19 OC, ambient 
room temperature, with excitation and emission slit width settings 
of 15 and 3 nm, respectively. All emission spectra were solvent 
blank corrected and verified by repetitive measurements. 

Fluorescence Emission Behavior of g,g’-Bianthracene-lO-car- 
boxaldehyde in Neat Organic Solvents 

Inspection of Table 1 reveals that 9,9’-bianthracene- 10- 
carboxaldehyde does show solvatochromic behavior as evidenced 
by rather pronounced changes in the location of its emission band- 
(8). In nonpolar solvents, such as cyclohexane, two bands of 
comparable intensity were observed at ca. 410 and 424 nm. 
Significant red-shifts were noted in the S1 - SO fluorescence in 
the more polar dimethyl sulfoxide. Excitation wavelength 
remained essentially constant ( f 4  nm) and unaffected by solvent 
polarity. As stated in the Introduction, similar observations for 
9.9‘-bianthracene have been reported in several publications; 
however, there have been very few experimental studies concerning 
the carboxaldehyde derivative. 

Rettig and Zander18 reported that 9,9’-bianthracene- 10- 
carboxaldehyde fluoresces in alcohols only. Our results show 

TABLE 1: Refractive Index, Dielectric Constant, and Major 
Excitation and Emission Wavelengths of 9,9’-Bitatbncene-10- 
carboxaldehyde for Various Organic Solvents 

organic solvent no t b  x, L C  

n- hexane 
n- heptane 
cyclohexane 
methylcyclohexane 
2,2,4-trimethylpentane 
n-hexadecane 
dibutyl amine 
carbon tetrachloride 
dibutyl ether 
1-octanol 
pxylene 
o-xylene 
MTBEd 
m-xylene 
1-pentanol 
ethyl ether 
toluene 
benzene 
1-butanol 
1-chlorobutane 
chlorobenzene 
1 -propanol 
cyclohexanol 
2-propanol 
ethanol 
chloroform 
butyl acetate 
methanol 
tetrahydrofuran 
dichloromethanc 
ethyl acetate 
1,2-dichloroethane 
dimethyl carbonate 
4-methyl-2-pentanone 
1,4dioxane 
dimethyl adipate 
2- butanone 
dibutyl oxalate 
ethylene glycol 
acetone 
acetonitrile 
N,N-dimethy lacetamide 

1.3749 
1.3876 
1.4262 
1.423 1 
1.3915 
1.4345 
1.4177 
1.4602 

1.890 
1.92 
2.023 
2.02 
1.94 
2.04 
2.978 
2.238 

1.3992 2.8 
1.4295 10.34 
1.4958 2.270 
1.5055 2.568 

1.4972 2.374 
1.4100 14.27 
1.3524 4.335 
1.4968 2.568 
1.5011 2.284 
1.3993 17.8 
1.4021 7.39 
1.5241 5.708 
1.3856 20.33 
1.4641 15.77 
1.3772 18.97 
1.3614 25.41 
1.4459 4.806 
1.3942 5.01 
1.3284 33.62 
1.4071 7.61 
1.4242 9.08 
1.3723 6.095 
1.4448 10.4 
1.3682 3.084 
1.3957 13.11 
1.4224 2.2 

1.3788 18.51 

1.4318 38.66 
1.3587 21.19 
1.3441 37.5 

368,384 
366,385 
368,386 
368,386 
370,384 
368,386 
368,387 

386 
368,386 
368,386 
370,389 
371,389 
368,386 
371,389 
368,386 
368,385 
370,389 
371,389 
368,386 
369,386 
371,390 
368,386 
370,387 
366,386 
368,386 
371,389 
367,386 
368,386 
368,387 
370,389 
368,386 
370,389 
366,386 
368,386 
371,387 
368,387 
368,386 

370,389 
366,386 
368,386 

S-367, 386 

1.4380 37.8 370; 389 
N,N-dimethylformamide 1.4305 36.7 370, 389 
propylene carbonate 1.4210 64.80 368,387 
dimethyl sulfoxide 1.4783 46.7 370,390 

408, 423 
410, 424 
410, 424 
410, 423 
410, 424 
41 3,~-424 

422 
S-414, 430 

415, 422 
434 
428 
430 
430 
429 
438 
430 
430 
430 
438 
434 
440 
437 
440 
442 
447 
440 
435 
454 
440 
448 
440 
45 1 
440 
445 
435 
443 
450 
45 1 
466 
453 
464 
458 
46 1 
466 
469 

OExperimental values taken from the literature at 20 OC.41-44 
Experimental valucs taken from the literature at 20 *C.4%52 The “s-’ 

denotes a shoulder. d Methyl tert-butyl ether. 

that this is not the case. A fluorescence spectrum was observed 
in all 45 solvents that we studied, and in terms of visual appearance, 
the emission behavior of 9,9/-bianthracene- 10-carboxaldehyde is 
quite similar to that of the parent 9,9’-bianthracane bi-PAH 
molecule, except that the emission wavelength(s) are generally 
red-shifted by 10-15 nm. Smaller shifts occurred in the casc of 
the more polar solvents and in the alcohols. This latter observation 
is consistent with the earlier study of Rettig and Zander. Here, 
the authors argued that specific hydrogen-bonding interactions 
between the alcohol and 9,9-bianthracene-lO-carboxaldehyde (at 
the -C(O)H site) reduce the dipole moment of the fluarophore’s 
excited state and would lead to a much smaller wavelength shift 
than would be predicted by the Lippert equation, as discussed 
below. 

Theoretical interpretation of solvatochromic wavelength shifts 
a t  the molecular level is very difficult, often subject to inter- 
pretation, and as one may surmise there have been numerous 
competing mathematical expressions published in the spectro- 
scopic literature to explain observed wavelength shifts associated 
with known solute probes. To a first approximation, specific 
effects are ignored. The energy difference (in cm-*) between the 
solvated ground- and excited-state fluorophore can be described 



Spectrochemistry of Preferential Solvation 

E 
.CI 

I 

W 

n 

3 
W 

2000 3mi -0.06 0.00 0.05 0.10 0.16 0.20 0.26 0.30 0.36 

A f  
Figure 1. Graphical plot of Stoke’s shift versus Lippert Affunction for 
9,9’-bianthracene- 10-carboxaldehyde dissolved in 42 nonelectrolyte sol- 
vents listed in Table 1. The Lippert function is mathematically defined 
as Af= (e - 1)/(2c + 1) - (n2 - 1)/(2n2 + 1). The solid straight line 
was determined via linear least-squares regresaional analysis using all 42 
data points for which n and e values exist. Dashed lines represent a 
plausible separation of solvents according to fluorophore excited state, 
either the anthracene-like LE (smaller slope) or the TICT excited state 
(larger slope). 

by the Lippert 

( l / ~ e X )  - ( l /Aem)  % (2/hc)[(c- 1)/(2e + 1) - (2 - I ) /  
(2n2 + I ) ]  [ (p* - p)Z/u’] + constant 

(2n2 + 111 + constant (3) 
= k [ ( t  - l) /(2€ + 1) - (2- 1)/ 

or modified forms of the Lippert eq~ation*5*2~*28 

(l/Aex)-(l/Q k[(c-1)/(2€+ 1)-@(n2- I ) /  
(2n2 + I)]  + constant (4) 

or the Bilot-Kawski equation ( 5 )  (with /3 equal to unity):29 

(l/hex)-(l/Aem) = k[(c-1)/(2€+ 1) - (n2-1) /  
(2n2 + 2)]/{[1- @(nZ - l)/(2n2 + 2)12[1 -@(€ - 1)/ 

(2c + 2)]} + constant 

= kF(c,n) + constant ( 5 )  

where e and n refer to the dielectric constant and refractive index 
of thesolvent, respectively; c is the speed of light; h denotesPlanck’s 
constant; and u is the radius of the solvent cavity wherein the 
fluorophore resides. 

To provide greater insight into the spectrofluorometric prop- 
erties of 9,9’-bianthracene- 10-carboxaldehyde, we checked for 
possible correlations between the experimental Stoke’s shifts and 
the various combined cn functions discussed above. Figures 1 
and 2 graphically depict Stoke’s shifts (in cm-l) versus Lippert 
Af function (see eq 3) and Stoke’s shift versus Bilot-Kawski F(s,n) 
function (eq 5 ) ,  respectively. Forty-two of the 45 nonelectrolyte 
solvents studied are included in the plots and subsequent statistical 
analysis. Methyl terr-butyl ether, dimethyl adipate, and dibutyl 
oxalate had to be excluded because refractive indices and static 
dielectric constants for these three solvents could not be found 
in the chemical literature. Linear least-squares regressional 
analysis showed that the observed values 

( l /Aex)  - (l/Aem) = Av = 3116.1 + 6791.1Af (2 = 0.77) 

(l/Aex) - (l/&,,) = AV = 3017.8 + 
2493.4F(c,n) (? = 0.80) 
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Figure 2. Graphical plot of Stoke’s shift versus Bilot-Kawski F(e,n) 
parameter for 9,9’-bianthracene-lO-carboxaldehyde dissolved in 42 
nonelectrolyte solvents listed in Table 1. The Bilot-Kawski parameter 
is mathematically defined as F(e,n) = [(e - 1)/(2c + 1) - (n2 - 1)/(2nZ 
+2)]/{[1 -(d- l)/(2n2+2)]2[1-(t- 1)/(2e+2)]];with@= 1.The 
solid straight line was determined u h  linear least-squares regressional 
analysis using all 42 data points for which n and e values exist. Daehed 
lines represent a plausible separation of solvents according to fluorophore 
excited state, either the anthracene-like LE (smaller slope) or the TICT 
excited state (larger slope). 

are only marginally correlated at best. There is considerable 
scatter in the data points about each of the so-called “best straight 
lines”, which were determined via least-squares analysis. 

One can argue that such nonlinear behavior is typical of 
fluorophores having two (or more) excited states (Le., an 
anthracene-like locally excited (LE) state and a twisted intramo- 
lecular charge transfer (TICT) excited state) in that each state 
would have a different dipole moment. The multiplicative [(p* 
- p)2/u3] factor in eq 3 would be constant for only a single excited 
state, not for both the LE and TICT excited states of 9,9’- 
bianthracene-10-carboxaldehyde. It should be theoretically 
possible, though, to separate the solvents into two groups based 
upon whether the LE or TICT excited state is observed. The 
dashed lines in Figures 1 and 2 show one plausible separation 
scheme. Kabouchi et ~ 1 . ~ 5  presented a similar two-line graph for 
the parent 9,9-bianthracene bi-PAH molecule; however, the 
authors studied only five solvents (see also ref 30). Attempts to 
resolve the individual LE and TICT bands using the method of 
Rettig and Zander18 proved unsuccessful as the shape and intensity 
of the calculated TICT spectrum depended upon the choice of 
the nonpolar solvent for the “purely” LE spectrum. 

Fluorescence Emission Behavior in Binary Solvent Mixturea 

Solvatochromic behavior of 9,9’-bianthracene and 9,9’-bian- 
thracene- 1 O-carboxaldehyde results from significant red-shifts 
in the SI -SO fluorescence wavelength in the more polar solvents. 
From a mathematical standpoint, wavelength shifts can be 
rationalized either in terms of additivity of emission spectrum for 
two solvational fluorophore species as was assumed in the 
derivation of eq 2, or in terms of a change in the energy of a single 
solvational fluorophore. The ground-state fluorophore has a mole 
fraction (or volume fraction if one desires) composition of e‘ in its solvational sphere, which in all likelihood differs from 
the bulk liquid-phase composition. Absorption of a photon 
promotes the fluorophore to an excited electron state, with a 
possible change in solvational sphere composition from e’ - 
Zy. Emission of the fluorescent photon returns the fluorophore 
to its ground electronic state. 

For modeling purposes, each solvational sphere is treated as 
a separate binary solvent microphase of composition e’ or 
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ZF ,  The solute's energy in both the ground and excited 
stateswill be expressed via the "nearly ideal binary solvent" (NIBS) 
mode13'-34 as 

Acree et al. 

ESES E S E S  
Ezoro zA Efluoro,A + ( l  - zA )Efluoro,B - (at '?) 

(7) 

a solvational mole fraction average of the corresponding fluo- 
rophore energies in the pure solvents, l$~om,r and EEm,,, minus 
the energy needed to create the "solvent cavity" wherein the 
fluorophore resides. The model assumes only pairwise interactions 
and that the probability of any given interaction is directly 
proportional to the mole fractions of each component. 

The change in the energy corresponding to the excited-state - ground-state transition: 

fluoro* (at e') - fluor0 (at e') + hv,, 

mtrans = e'('%ro,A - Ezoro,A) + 
ES 

( l  - e')('$foro,B - Efluoro,B) (8) 

fluoro* (at z,") - fluor0 (at z,") + hv,, 

AEtrans = Z?(J$foro,A - EEoro,A) + 
(1 - z,")(J$f& -EEoro,B) (9) 

fluoro' (at Z,") - fluoro (at e') + hu, 

E S E S  
mtrans = e'J$foro,A - zA Efluoro,A + (l - e')J$foro,B - 

(1 - z,")EE~,~,~- A E F ~  (at e') + AE?~ (at z,") (10) 

depends upon whether a change in the solvational sphere 
composition occurs during the excitation and/or emission pro- 
cesses. It should be noted that eqs 8 and 9 are simple rederivations 
of the general spectrofluorometric probe method (eq 1) discussed 
in the Introduction. The spectral response, R, becomes l/Xem. 
Only in the first two possible transitions does one obtain the 
degree of preferential solvation. The latter, noninformative 
transition can perhaps be excluded on the basis of the Frank- 
Condon principle, which states that an electronic transition is 
rapid compared to nuclear motion. Equation 1 (with R pro- 
portional to l/&,) was assumed in a recent preferential solvation 
study35 involving Reichard and Dimroth's ET( 30) pyridinium- 
N-phenoxide betaine dye. The authors gave no indication, 
however, of how eq 1 might be derived. 

Before worrying about whether calculated ZA values refer to 
ground- or excited-state solvational sphere concentrations, we 
first will ascertain if the model describes fluorescence behavior 
of 9,9'-bianthracene and 9,9'-bianthracene-lO-carboxaldehyde 
in binary solvent mixtures. The question of es versus Zy 
becomes academic if the model fails to describe the experimental 
data. Emission wavelength is inversely proportional to Ihf:m - 
EEor,J. Equations 8 and 9 predict that 1/& (or frequencies if 
one prefers) are additive on a preferential solvation basis. 
Equations 8 and 9 areless restrictive than eq 2 in that theemission 
wavelengths must be reproduced with no regard to the emission 
intensity. The simple thermodynamic solution model, used to 
describe the ground- and excited-state solvational energies, places 
no restrictions on how the fluorophore's molar extinction coef- 
ficient and quantum yield vary with solvent composition. 

Application of eqs 2 and 8 is relatively straightforward if the 
spectrofluorometer is equipped with data processing and ma- 
nipulation software. The fluorescence emission spectra are 

380 465 550 

WAVELENGTH (nm) 
Figure 3. Fluorescence emission behavior of 9,9'-bianthracene in neat 
dibutyl ether (A, solid line), in neat acetonitrile (B, dashed line), and in 
a binary dibutyl ether + acetonitrile mixture (C, solid line) having a 
stoichiometricvolume fraction composition of d - ~ .  = 0.50. Spectrum 
D (dashed line) and spectrum E (dot line) represent the unnormalized 
and normalized emission spectra, respectively, calculated using eq 8, with 
a solvational sphere composition of G&lethn = 0.324. 

recorded for the bi-PAH solute probe dissolved in both pure 
solvents, and depending upon the equation used, one either 
substitutes measured emission intensities at two fmed wavelengths 
(eq 2) or the reciprocal of the maximum intensity emission 
wavelength (l/&; eqs 8 and 9) into the theoretical expression. 
Values of YA and 1 - YA are computed from the corresponding 
measured spectral properties for each binary solvent composition 
studied. For eq 2 these values are then used to generate the 
calculated fluorescence emission spectra, which are compared 
against the actual observed data. For eq 8 it will be assumed that 
all emission wavelengths are additive as l/&, f 10; 20; etc.; 
nm), and not just the wavelength having maximum emission 
intensity. Moreover, it will be assumed that emission intensities 
of these wavelengths will be additive on a YA and 1 - YA basis 
and that after normalization at a single wavelength the calculated 
spectra should accurately reproduce the observed fluorescence 
data for the given binary solvent mixture. Normalization corrects 
for small differences in experimental conditions, such as fluo- 
rophoreconcentration, ambient temperature, and excitation source 
intensity, which may occur during any series of fluorescence 
measurements. The approach assumed seems reasonable in the 
absence of a theoretical criteria. Careful attention is given to 
ensure that the entiredetailed emission finestructure (wavelengths 
and all intensity ratios) is corrected reproduced, rather than just 
the single 11/13 ratio or l/XE used in computing the YA values 
in the first place. As an informational note, most of the published 
studies simply assume that eq 8 holds, with no attempt made to 
ever back-calculate a "theoretical" spectrum. 

Representative fluorescence emission spectra for 9,9'-bian- 
thracene and 9,9'-bianthracene- 1 0-carboxaldehyde dissolved in 
binary dibutyl ether + acetonitrile and toluene + acetonitrile 
mixtures are depicted in Figures 3-6. Emission behavior in the 
neat solvents corresponds to spectra A and B. Spectrum C shows 
the fluorophore's measured emission intensities in the equivolume 
(4rMonitri~e = 0.50) binary mixture scanned from ca. 38&550 nm 
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Figure 4. Fluorescence emission behavior of 9,9’-bianthracene in neat 
dibutyl ether (A, solid line), in neat acetonitrile (B, dashed line), and in 
a binary dibutyl ether + acetonitrile mixture (C, solid line) having a 
stoichiometricvolume fraction composition of &.otolli* = 0.50. Spectrum 
D (dashed line) and spectrum E (dot line) represent the unnormalized 
and normalized emission spectra, respectively, calculated using eq 2. The 
preferential solvation mole fraction of Y&ht,,yl cthm = 0.053 was based 
upon measured emission intensities at fixed wavelengths of 413 (LE) and 
464 nm (TICT), corresponding to the LE and TICT excited states in neat 
dibutyl ether and acetonitrile, respectively. 

(39&560 nm in the case of 9,9’-bianthracene- 1 O-carboxaldehyde). 
Also shown in each figure is the calculated spectra based upon 
either eq 2 or 8. Examination of Figures 3 and 4 reveals that 
neither equation satisfactorily describes the observed fluorescence 
behavior of 9,9’-bianthracene and 9,9’-bianthracene- 1 O-carbox- 
aldehyde (not shown, but essentially identical to that of the parent 
bi-PAH molecule) in dibutyl ether + acetonitrile. In these two 
systems, dual fluorescence is prominent. Fluorescence emission 
results almost entirely from the anthracene-like locally excited 
(LE) state in neat dibutyl ether, to dual fluorescencein the binary 
mixtures, to a very significant contribution from the twisted 
intramolecular charge transfer (TCIT) complex by the time one 
gets to the more polar acetonitrile solvent. Relative magnitude 
of LE and TICT contributions varied with binary solvent 
composition. Assuming additivity of l/Az, a value of 
~ ~ u t y , c l h e r  = 0.324 was calculated from eq 8 and the observed 
emission spectrum in both pure solvents. Maximum intensity 
emission wavelengths correspond to two different excited states 
(LE in pure dibutyl ether versus TICT in acetonitrile), and as 
one might expect, the back-calculated intensities differed sig- 
nificantly from the observed values, even after normalization at 
A::, particularly in the spectral region where the LE emission 
is observed. By locating the maximum intensity emission 
wavelength in this fashion, eq 8 has required that within any 
given solvational sphere all molecular interactions between 9,9’- 
bianthracene and acetonitrile must involve the TICT state, 
whereas all molecular interactions between 9,9‘-bianthracene and 
dibutyl ether must involve the anthracene-like LE state. (Re- 
member that in applying eq 8 the two energy differences, 
.!$~omAkEEoro,A and .!$:om,B - EEm,B were replaced in favor 
of (1 /hem )A and (1 respectively. The change in energy 
accompanying the spectral transition is inversely proportional to 
the wavelength of the emitted fluorescent photon.) This as- 
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sumption is not consistent with the fact that at any given point 
in time the fluorophore can exist in only one excited-state 
conformation. It would seem more logical to separately add 
l / A r  for both the LE and TICT emission bands. Equation 8 
failed at the other eight binary dibutyl ether + acetonitrile 
compositions as well. 

Alternatively, one could have rationalized the observed spectral 
wavelength shift in terms of additivity of emission spectrum for 
two solvational fluorophore species, as was assumed in the original 
derivation of eq 2,1° rather than in terms of changes in the energy 
levels of the excited state caused by molecular interactions between 
the excited-state fluorophore and surrounding solvent molecules. 
For the equivolume dibutyl ether + acetonitrile solvent mixture, 
a value of Ydibutyl ether = 0.053 was calculated for the solvational 
sphere mole fraction composition around 9,9’-bianthracene, using 
eq 2 and measured emission intensities at fixed wavelengths of 
4 13 and 464 nm. This particular set of wavelengths corresponded 
to the LE and TICT emission peaks. As shown in Figure 4, when 
these values were substituted back into the theoretical model the 
experimental emission spectrum was not reproduced. Equation 
2 was derived assuming that the fluorophore concentration 
remained constant during any given series of fluorescent probe 
measurements. In the case of 9,9’-bianthracene, fluorescence 
originates from two excited states. The preferential solvational 
scheme would thus contain the following four different solvational 
cages: LE conformer solvated by dibutyl ether, LE conformer 
solvated by acetonitrile, TICT conformer solvated by dibutyl 
ether, and the TICT conformer solvated by acetonitrile. Rigorous 
application of eq 2 to 9,9’-bianthracene requires that the 
concentration of both the LE and TICT conformer must be held 
constant rather than simply the total fluorophore concentration, 
which is the case in almost all spectrofluorometric probe 
investigations. Rettig and Zander18 rationalized the fluorescence 
behavior of 9,9’-bianthracene in neat organic solvents in terms 
of a thermodynamic equilibria involving two different excited- 
state conformations, Kcp = [TICT]/[LE]. The authors inter- 
preted the increase of Kcp values with increasing solvent polarity 
as a reflection of the energetic stabilization of the TICT state 
relative to the LE state. Since the equilibrium [TICT]/[LE] 
ratio can vary from one neat solvent to another, conditions of 
constant LE and TICT concentration are not necessarily met by 
maintaining a constant stoichiometric fluorophoreconcentration. 
Moreover, use of a single YA value for any given binary mixture 
places an additional mathematical constraint upon the compu- 
tation, namely, that both excited-state conformers must have 
identical preferential solvation mole fraction compositions. A 
single YA value is not consistent with beliefs that the more polar 
solvent energetically stabilizes the more polar TICT excited state,ls 
and as discussed in the next section the single YA value controls 
the [TICT]/[LE] ratio in a manner that may not be consistent 
with basic thermodynamic principles governing the conforma- 
tional equilibrium. 

For solutes exhibiting dual fluorescence, perhaps the easiest 
method for holding constant each tautomer/conformer concen- 
tration would be to judiciously select neat solvents and solvent 
mixtures in which all (or nearly all) fluorescence originates from 
a common excited state. Judicious solvent selection would also 
eliminate the problems encountered in using eq 8 to model the 
excited-state energy in terms of the various fluorophore-solvent 
molecular interactions. One possible system might be binary 
mixtures containing toluene and acetonitrile (see Figures 5 and 
6). Observed fluorescence emission of 9,9’-bianthracene- 10- 
carboxaldehyde in neat toluene (spectrum A) and in neat 
acetonitrile (spectrum B) lacks the two anthracene-like LE state 
bands at about 410 and 423 nm. Values of Yt,,~uenc = 0.080 (eq 
2) and ~ ~ e n c  = 0.301 (eq 8) reproduced fairly accurately the 
experimental emission spectrum at 4acttonitriie = 0.50 after 
normalization to a common band intensity (spectrum C versus 
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spectrum E in Figures 5 and 6) .  In both cases the residual 
fluorescence intensity, defined as the absolute difference between 
back-calculated and observed emission spectrum, was less than 
5% of the total integrated intensity under the entire experimental 
emission spectrum over the 390-560 nm spectral region, Le., 
(Ispactrum c - IIpectrum E ( / Z ~ ~ ~ ~  c I 0.05. Similar results were 
observed a t  the other binary solvent compositions. 
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Thermodynamic Solution Model for Nonelectrolyte Systems 
Containing Solute Tautomerism 

Validity of spectrofluorometric probe methods that utilize 
tautomeric two-excited-state solvatochromic probes can be 
evaluated in part by determining whether eq 2 is compatible with 
existing thermodynamic mixing models. Over 100 different 
models have been proposed during the last 30 years to describe 
experimental properties of nonelectrolyte solutions. Advantages 
and limitations of the various derived equations have been argued 
in the chemical literature for years. Our intent is not to rekindle 
earlier arguments, as each model has its supporters. The fact 
that so many different predictive expressions are still in use today 
documents that no single model satisfactorily describes the many 
nonelectrolyte solutions commonly encountered. 

The “nearly ideal binary solvent” mode131-34,36 has been shown 
to be quite dependable for estimating enthalpies of solution, gas- 
liquid partition coefficients, and saturation mole fraction solu- 
bilities in binary solvent systems that are free of solute-solvent 
association. The specific form of the basic NIBS model which 
has been most successful for describing the excess chemical 
potential of solutes is based on a simple mixing model of a 
multicomponent system: 

N N N-l N . . .  

AG”’ = R T z n i  In 4i + ( z n i V , ) ( F x 4 i 4 j A i j )  (1 1) 
is I i= 1 i = l  p i  

in which ni is the number of moles of component i, 4, is the 
volume fraction, V, is the molar volume, and Aij is a binary 
interaction parameter that is independent of solvent composition. 
Application of eq 11 to a quaternary system having a tautomeric 
solute (components C and D) dissolved in a binary solvent mixture 
(components A and B) takes the form 

The fluorophore is assumed to exist entirely in one of the two 
excited-state conformations which are in thermodynamic equi- 
librium. Inclusion of the ground-state fluorophore would require 
that four additional terms be added to the AGmix expression. If 
included, these four terms would be mathematically eliminated 
whenever the chemical potentials of C and D are equated a t  the 
infinite dilution limit (Le., &,lute - 0). Whether or not the four 
terms are initially included has no effect on the final derived 
equation for the tautomer equilibrium constant. 

Through suitable mathematical manipulations, it can be shown 
that the equilibrium ratio of solute concentration (gaU = + D / ~ c )  
at infinite dilution can be expressed as 

a geometric volume fraction average of the measured values in 
the two pure solvents. In most cases the molar volumes of the 
two tautomeric solute forms are approximately equal, VC VD. 

If one accepts for the moment the validity of the spectroflu- 
orometric probe method and eq 2, then the equilibrium concen- 
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Figure 5. Fluorescence emission behavior of 9,9’-bianthracene- 10- 
carboxaldehyde in neat toluene (A, solid line), in neat acetonitrile (B, 
dashed line), and in a binary toluene +acetonitrile mixture (C, solid line) 
having a stoichiometric volume fraction composition of @,ladme = 0.50. 
Spectrum D (dashed line) and spectrum E (dot line) represent the 
unnormalized and normalized emission spectra, respectively, calculated 
using eq 8, with a solvational sphere composition of = 0.301. 
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Figure 6. Fluorescence emission behavior of 9,9’-bianthracene-l0- 
carboxaldehyde in neat toluene (A, solid line), in neat acetonitrile (B, 
dashed line), and in a binary toluene + acetonitrile mixture (C, solid line) 
having a stoichiometric volume fraction composition of @,mda = 0.50. 
Spectrum D (dashed line) and spectrum E (dot line) represent the 
unnormalized and normalized emission spectra, respectively, calculated 
using eq 2.  The preferential mole fraction composition of ytolupDc = 0.080 
was based upon measured emission intensities at fixed wavelengths of 
441) R and 4RR R n m  
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tration ratio would also be expressed in terms of 

$a, = @'/@ [~ltotaI/[c~totaI 

the four different solvational probe species present in solution. 
YA and 1 - YA coefficients are included in both the numerator 
and denominator because the spectrofluorometric probe method 
assumes that the observed emission spectrum in the binary solvent 
mixture corresponds to a preferential mole fraction average of 
the fluorophore's spectrum in each pure solvent. Moreover, for 
each of the different solvent solvational type i solute species the 
number of moles of conformer D divided by the number of moles 
of conformer C must be independent of binary solvent composition 
and must be equal to numerical value of After suitable 
algebraic manipulation, the equilibrium concentratian ratio is 
rewritten as 

where Z A  = YA/[YA + (1 - YA)([C]B/[C]A)], which differs 
considerably in mathematical form from eq 13 derived from the 
NIBS model. Clearly, the spectrofluorometric probe method 
developed for studying preferential solvation in binary solvent 
mixtures is not consistent with conventional thermodynamic 
solution models in the case of tautomeric two-excited-state 
solvatochromic probe molecules. It is only in the very special 
case of (K",JA = (K",JB do the two models give identical values 
for K",, in the binary solvent mixture. This is essentially 
equivalent to stating that the [TICT]/[LE] ratio is the same in 
both neat solvents and is independent of binary solvent compo- 
sition. Molar concentrations of the TICT and LE conformer 
would thus remain constant for any given series of spectroflu- 
orometric probe measurements, which was one of the original 
assumptions made in deriving eq 2. Unfortunately, for most 
systems # This observation should not be too 
surprising, however, since the spectrofluorometric probe method 
assumes a condition similar to microscopic immiscibility wherein 
the two solvent components are physically separated when viewed 
at the molecular level. The NIBS model on the other hand treats 
the binary solvent as a truly homogeneous solution. 
On the basis of the preceding discussion, one might argue that 

an impartial evaluation must also examine the thermodynamic 
consistency/compatibility of eq 2 versus the microscopic partition 
theory (or other "two-fluid" models) since both methods assume 
some degree of microscopic immiscibility and/or solvent sorting. 
The microscopic partition theory, developed by Purnell,.Laub, 
and co-~orkers,3~-40 evolved as a consequence of attempts to 
explain observed linear relationships between solute gas-liquid 
chromatographic partition coefficient and volume fraction com- 
position of the binary stationary phase liquid, 41 and 4;. 
Expressed in terms of reciprocal activity coefficient, microscopic 
partition theory takes the form 

Considerable support for the microscopic partition theory can be 
found in the published chemical literature. 

The thermodynamic equilibrium constant, Qhcrm, relates the 
equilibrium molar concentration ratio of [DIto,l/ [CItotal (or 
alternatively &'l/$yl, with the VD/VC assumed to be unity or 
incorporated into the numerical value of Qh,,,) to infinite 
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dilution activity coefficients via 

Here, it has been assumed that each conformer's activity 
coefficient is described by eq 17 of microscopic partition theory, 
and for presentational simplicity VC = VD. Careful examination 
of eq 19 reveals that it is possible to rearrange the numerator and 
denominator so as to express @,, in terms of the molar 
equilibrium concentration ratios measured in the pure solvents, 
(K",,), = f&,,,(y;/y& After the necessary manipulations are 
performed, the resulting expression is 

where PA = xOA/wA + pB[(T;)A/(T&]), found to have a 
mathematical form identical to eq 16, which was derived from 
thespectrofluorometricprobe method. In thecaseof a tautomeric 
two-excited-state solvatochromic probe, compatibility of eq 2 with 
nonelectrolyte solution models depends to a large extent upon 
whether one accepts the microscopic partition theory as a valid 
thermodynamic treatment of the nonelectrolyte solution. 

Irrespective of one's personal beliefs, eq 2 did not perfectly 
reproduce the observed fluorescence emission behavior of 9,9- 
bianthracene and 9,9'-bianthracene- 1 O-carboxaldehyde dissolved 
in binary dibutyl ether + acetonitrile solvent mixtures. We are 
thus forced to conclude that preferential solvational around both 
bi-PAH solutes is more complex than the simplified treatments 
used in deriving eqs 2, 8, and 9. In the case of eq 2, molar 
concentrations of each individual excited-state conformer/ 
tautomer must be held constant, which is more restrictive than 
simply holding constant the total fluorophore concentration, as 
is normally done in spectrofluorometric probe studies. Solvational 
sphere concentrations around each excited-state conformer/ 
tautomer are in all likelihood different, and the derived equation- 
(s) should contain provisions for two sets of YA and 1 - YA values, 
one set for the locally-excited anthracene-like state and the second 
set for the twisted intramolecular charge-transfer excited state. 
Equation 9 has only one set for a single excited state. Here too, 
molar concentrations of each individual conformer must be known 
if the observed emission spectrum is to be mathematically 
reproduced by the theoretical model. Both excited-state con- 
formers contribute to the measured emission intensity, and each 
has a different fluorescent quantum yield versus emission 
wavelength profile. It is only under the very special circumstance 
of a single excited-state conformation that the "real" situation 
reduces to the simplified preferential solvation schemes modeled 
by eqs 2 and 8 (or 9). Readers are reminded that the preceding 
discussion, and conclusions reached therein, applies only to 
tautomeric solutes where the molar concentrations are governed 
by thermodynamic equilibrium considerations. Spectrofluoro- 
metric probe methods that use single-excited nontautomericsolute 
molecules are not limited by these considerations. 
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