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Spectrofluorometric probe methods are developed and 

examined regarding their ability to model preferential 

solvation around probe molecules in binary solvents. The 

first method assumes that each fluorophore is solvated by 

only one type of solvent molecule and that each fluorophore 

contributes to the emission intensity. Expressions for this 

model are illustrated using fluorescence behavior of pyrene, 

benzo[e]pyrene, benzo[ghi]perylene, and coronene dissolved 

in binary n-heptane + 1,4-dioxane and n-heptane + 

tetrahydrofuran mixtures. The second method treats the 

solvational sphere as a binary solvent microsphere, with the 

fluorophore's energy in both the ground and the excited 

states mathematically expressed using the "nearly ideal 

binary solvent" (NIBS) model. Expressions derived from this 

model are illustrated using fluorescence behavior of 9,9'-

bianthracene and 9,9*-bianthracene-10-carboxaldehyde in 

binary toluene + acetonitrile and dibutyl ether + 

acetonitrile. 
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CHAPTER I 

INTRODUCTION 

The solvational sphere composition around a dissolved 

solute molecule can be significantly different than the mole 

fraction composition of the bulk binary solvent mixture. 

Understanding the solvation of solutes in mixed solvents is 

important because the extent of preferential solvation can 

influence not only the solute's solubility and partitioning 

behavior, but also reaction rates and product distributions. 

Spectroscopic probe methods provide a very convenient 

experimental means to investigate preferential solvation. 

Techniques that have been developed in the past include 

nuclear magnetic resonance (NMR) chemical shifts, NMR 

relaxation times, fluorescence lifetimes and emission 

intensity ratio changes, fluorescence emission wavelength 

shifts, and UV/visible absorption maxima. Spectroscopic 

probe methods are particularly well-suited for measurement 

of local compositions as the probe molecule responds to the 

surrounding micro-environment on a molecular scale. 

Unfortunately, however, probe methods do require a 

mathematical expression that relates the measured spectral 

response to the solute's solvational sphere composition. 

For many of the published probe methods, there was no 

1 



theoretical explanation given by the authors to justify the 

mathematical relationship assumed. 

The purpose of this investigation is to critically re-

examine existing spectrofluorometric probe methods to 

determine which (if any) are consistent with basic 

spectroscopic and thermodynamic principles. As part of this 

thesis research, expressions were derived for determining 

the preferential solvation around polycyclic aromatic 

hydrocarbon (PAH) and bi-polycyclic aromatic hydrocarbon 

(bi-PAH) molecules which exhibit solvatochromic behavior 

because of changes in fluorescence emission intensity ratios 

(PAH molecules) or because of shifts in the emission 

wavelengths (bi-PAHs). The two newly developed 

spectrofluorometric probe methods are illustrated using the 

fluorescence behavior of pyrene, benzo[ghi]perylene, 

benzo[e]pyrene, coronene, and dihydrobenzo[ghi]perylene 

dissolved in binary n-heptane + 1,4-dioxane and n-heptane + 

tetrahydrofuran solvent mixtures, and the fluorescence 

behavior of 9,9•-bianthracene and 9,9'-bianthracene-10-

carboxaldehyde dissolved in binary dibutyl ether + 

acetonitrile and toluene + acetonitrile solvent mixtures. 

Basic Fluorescence 

Fluorescence spectroscopy has become the method of 

choice in characterizing polycyclic aromatic hydrocarbons 

(PAHs) partly because of the low detection limits achievable 



in fluorescence and the large number of PAHs that produce a 

useable fluorescence spectrum. Fluorescence is the 

excitation of an electron by electromagnetic radiation, 

followed by the emission of the electron. The Jablonski 

diagram in Figure 1 shows the absorption and fluorescence of 

a typical fluorescent molecule. From Figure 1, it can be 

seen that excitation of the molecule results from absorption 

of one of two possible bands of radiation, one at wavelength 

\,(S0 -» Si) or the second at a shorter wavelength X2(S0 -*• S2). 

It should also be noted that as a result of excitation, the 

molecule may end up in any of the excited vibrational 

states.1 

The absorption of radiation is described by the Beer-

Lambert law. In the case of fluorescence, the radiation is 

generally ultraviolet or visible light (UV/vis). The Beer-

Lambert law states that the absorbance is directly 

proportional to the path length, the molar absorptivity, and 

the concentration of the absorbing species. Specifically, 

A * e * b * C Eqn. 1 

where A is the absorbance of light at a specified frequency 

through the sample, e is the molar absorptivity, b is the 

path length of the sample, and C is the molar concentration 

of the absorbing species. The path length is usually given 

in terms of centimeters. Molar absorptivity is defined as 

the amount of radiation absorbed by one mole of the sample 

per liter. If the path length is held constant, then the 
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FIGURE 1: Partial energy-level diagram or Jablonski diagram 

for a typical photoluminescent molecule. The lowest heavy 

horizontal line represents the ground state energy of the 

molecule, which is normally a singlet state and is labeled 

S0. The upper heavy lines are energy levels for the ground 

vibrational states of the two excited electronic states. 

The two lines represent the first (St) and the second (S2) 

electronic singlet states. Numerous vibrational energy 

levels are associated with the electronic states, as 

suggested by the lighter horizontal lines (reproduced from 

reference 2). 



absorbance is directly proportional to the concentration. 

The molar absorptivity is determined from the analysis of 

the light absorbing species at known concentrations. In 

fluorescence spectroscopy, a similar relationship exists 

between the measured fluorescence emission signal, FE, and 

fluorophore concentration 

FE - 2.303 6 b # C P0 « constant C Eqn. 2 

where P0 is the intensity (or power) of the excitation beam 

and * denotes the fluorescence quantum yield, which is a 

quantitative measure of the efficiency of the fluorescence 

process. The quantum yield is defined as the number of 

fluorescent photons emitted divided by the number of photons 

absorbed. For any given fluorophore and solvent system, 9 

is constant. The numerical value of the proportionality 

constant, 2.303 £ b *, is determined by measuring 

fluorescence emission intensities of standard solutions of 

known concentration.2 

Types of Fluorescent Probe Molecules 

Techniques employing fluorescence probes are gaining in 

popularity for examining the microenvironment of surfactant 

micellization/adsorption,3"9 polymer/surfactant inter-

actions,10"12 microemulsions,13"14 cyclodextrin cavities and 

inclusion complexes,15"21 sol-gel and inorganic glass 

formation,22*23 and other organized media. The method 

involves the use of a probe molecule (such as Reichardt and 



co-workers' pyridinium-N-phenoxide betaine dye,24*25 N-

alkylpyridinium iodides,26"28 pyrene,29,30 etc.) that exhibits 

different spectroscopic characteristics depending upon the 

properties of the solubilizing media. The probe molecule 

selectively binds to a specific surface site, partitions 

into an organized structure, or is preferentially solvated 

by one of the solvent components. Appearance of new 

spectral bands, shifts in the absorption and/or fluorescence 

emission wavelengths, or changes in the emission intensities 

provide an indication of the microenvironment immediately 

surrounding the probe. 

The emission spectrum of the PAH monomer consists of 

several major vibronic bands labeled I, II, etc. in 

progressive order. Previous measurements31'49 revealed that 

pyrene, benzo[ghi]perylene, coronene, benzo[a]coronene, 

naphtho[8,l,2aJbc]coronene, benzo[e]pyrene, dibenzofdef,p]-

chrysene, phenanthro[5,4,3,2efghi]perylene, ovalene, 

dinaphtho[8,1,2abc;2•,1•,8•klm]coronene, 12-azabenzo[a]-

pyrene, 1-azabenz[a]anthracene, benzo[rst]pentaphene, 2-

azabenz[a]anthracene, phenanthro[2,3h]isoquinoline, 

phenanthro[3,2h]isoquinoline, methylcoronene, and other PAH 

molecules exhibit probe character as evidenced by systematic 

variations of emission intensity ratios with solvent 

polarity, as shown in Tables I and II. (See also Figures 2-

6.) In nonpolar solvents, such as hexane and cyclohexane, 
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TABLE II. Ratios of fluorescence emission intensities of 

benzo[e]pyrene (BPy) dissolved in select organic solvents.* 

Organic Solvent BPyb BPy* BPy* 

n-Hexane 0.23 0.50 0.50 

n-Heptane 0.24 0.51 0.52 

Cyclohexane 0.24 0.51 0.51 

Methylcyclohexane 0.24 0.51 0.51 

2,2,4-Trimethylpentane 0.24 0.50 0.50 

n-Hexadecane 0.25 0.52 0.53 

Dibutyl Amine 0.41 0.66 0.77 

Carbon Tetrachloride 0.50 0.89 1.11 

Dibutyl Ether 0.37 0.67 0.77 

1-Octanol 0.43 0.73 0.90 

p-Xylene 0.50 0.77 0.98 

o-Xylene 0.51 0.81 1.04 

Methyl tert-Butyl Ether 0.48 0.76 0.97 

m-Xylene 0.47 0.77 0.98 

1-Pentanol 0.48 0.77 1.00 

Ethyl Ether 0.47 0.77 0.95 

Toluene 0.52 0.81 1.03 

Benzene 0.53 0.81 1.08 

1-Butanol 0.50 0.79 1.04 

1-Chlorobutane 0.52 0.79 1.09 

Chlorobenzene 0.59 0.85 1.17 
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TABLE II. Continued. 

Organic Solvent BPyb BPy* BPy4 

1-Propanol 0.53 0.81 1.08 

Cyclohexanol 0.51 0.80 1.08 

2-Propanol 0.52 0.80 1.05 

Ethanol 0.59 0.85 1.19 

Chloroform 0.69 0.96 1.42 

Butyl Acetate 0.61 0.87 1.26 

Methanol 0.68 0.88 1.33 

Tetrahydrofuran 0.63 0.90 1.28 

Dichloromethane 0.75 0.97 1.49 

Ethyl Acetate 0.65 0.89 1.35 

1,2-Dichloroethane 0.76 0.97 1.58 

Dimethyl Carbonate 0.70 0.89 1.35 

4-Methy1-2-pentanone 0.69 0.92 1.43 

1,4-Dioxane 0.70 0.93 1.42 

2-Butanone 0.78 0.99 1.56 

Dibutyl Oxalate 0.64 0.86 1.29 

Ethylene Glycol 0.80 0.96 1.57 

Acetone 0.81 0.99 1.70 

2,2,2-Trifluoroethanol 0.92 0.95 1.72 

Acetonitrile 0.92 1.04 1.81 

N,ff-Dimethylacetamide 0.93 1.04 1.83 

N,N-Dimethylformamide 0.93 1.05 1.84 
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TABLE II. Continued. 

Organic Solvent BPy* BPy* BPy4 

Propylene Carbonate 0.95 1.05 1.86 

Dimethyl Sulfoxide 1.05 1.11 2.05 

Dynamic Range 0.82 0.61 1.55 

• From original work by S.A. Tucker.151 h Defined as the ratio 

of band I (at 375-378 ran)/band II (at 385-388 nm). 

c Defined as the ratio of band I (at 375-378 nm)/band III 

(at 394-398 ran). * Defined as the ratio of band I (at 375-

378 nm)/band IV (at 406-410 nm). 
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FIGURE 2: 

in [A (-

( )] dichloromethane, and [D (-

sulfoxide. In butyl acetate, emission bands occur at about 

370, 381, 390, and s-413 nm. 
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FIGURE 3: Fluorescence emission spectra of benzo[e]pyrene 

dissolved in [A ( - • - ) ] n-hexadecane, [B ( )] butyl 

acetate, [C ( )] dichloromethane, and [D ( - • - ) ] 

dimethyl sulfoxide. In butyl acetate, emission bands occur 

at about 376, 387, 396, and 408 nm. 
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FIGURE 4: Fluorescence emission spectra of benzo[ghi]-

perylene dissolved in [A ( - • - ) ] n-hexadecane, [B ( ) ] 

butyl acetate, [C ( ) ] dichloromethane, and [D ( - • - ) ] 

dimethyl sulfoxide. In butyl acetate, emission bands occur 

at about 405, 418, 428, and s-443 nm. 
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FIGURE 5: Fluorescence emission spectra of coronene 

dissolved in [A ( - • - ) ] n-hexadecane, [B ( ) ] butyl 

acetate, [C ( ) ] dichloromethane, and [D ( - • - ) ] 

dimethyl sulfoxide. In butyl acetate, emission bands occur 

at about 424, 432, 443, 451, and 472 nm. 
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FIGURE 6: Fluorescence emission spectra of 3,4-dihyro-

benzo[ghi]perylene dissolved in [A ( - • - ) ] n-hexadecane, [B 

( )] dichloromethane, [C ( )] butyl acetate, and 

[D ( - • - ) ] dimethyl sulfoxide. In butyl acetate, emission 

bands occur at about 381, s-387, 392, 402, 414, and 425 nm. 
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the I band emission intensity is very weak compared to the 

III (or IV) band emission. Significant enhancement is 

observed in the more polar solvents like acetonitrile and 

dimethyl sulfoxide. Emission intensity ratios of bands I 

and III (or in the case of benzo[e]perylene, the I and II 

bands) serve as a quantitative measure of solvent polarity 

and structure. Interestingly, only 20 - 25 % of the more 

than 200 polycyclic aromatic hydrocarbons studied to date 

exhibit probe character. Various emission intensity ratios 

of perylene, dibenzo[be,ef]coronene, benzo[a]pyrene, benzo-

[pgr]naphtho[8,2,2Jbcd]perylene, dibenzo[fg,ii]pentaphene, l-

azapyrene, 2-azapyrene, 4-azapyrene, and numerous other 

PAHs/PANHs remained essentially constant irrespective of 

solvent polarity. 

Pyrene was the first polycyclic aromatic hydrocarbon 

molecule found to exhibit this particular type of probe 

character, and many of the earlier explanations were based 

upon the fact that the molecule posses Da molecular point 

group symmetry. The ground state of pyrene is the totally 

symmetric state. However, the first and second excited 

states are generally assigned as 'Bj, and respec-

tively. 50,51 The first singlet absorption ('B̂  «- 1Aj) is very 

weak and the transition moment is polarized along the short 

axis of the molecule; the second singlet absorption ( ^ <-

lkt) is stronger and is polarized along the molecule's long 

axis. The observed fluorescence spectrum exhibits mixed 
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polarization. Vibronic coupling is believed to occur 

between the closely spaced 'B,, and ^ states.51,52 Assignment 

of the various vibronic bands of pyrene in liquid solutions 

is complicated due to spectral overlaps, and is subject to 

disagreement. The most generally accepted interpretation is 

that band I is predominately a, in character, bands III and 

IV are predominately bj,, while bands II and V contain 

significant contributions from both a, and bj, vibrations.18,50" 

54 The forbidden, totally symmetric a, vibrations can be 

intensified through vibronic coupling of the and 'B,. 

states. Such enhancement is minimal for the allowed b^ 

vibrations.1' Specific solute-solvent interactions between 

pyrene and the more polar solvents are believed to increase 

the vibrational coupling and distort the aromatic tr-electron 

cloud, so that pyrene behaves as a less symmetrical 

molecule. 

While such arguments may have explained why pyrene 

exhibits probe character, more recent studies34,36,49 have shown 

that there is no apparent correlation between whether or not 

a given PAH molecule shows probe character and overall point 

group symmetry. For example, coronene (D^ point group) has 

a center of symmetry, a major 6-fold axis of rotation, and 

several vertical mirror planes. In comparison, 

benzo[ghi]perylene is a six-ring polycyclic aromatic 

hydrocarbon whose symmetry elements (C^ point group) include 

only a single 2-fold rotation axis and the mirror plane that 
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is common to all planar PAH molecules. The fluorescence 

emission intensity I/III band ratio of both molecules does 

vary with solvent polarity. This contrasts with the 

fluorescence behavior of perylene, which has a 2-fold major 

rotation axis and belongs to the Da point group. Like 

coronene, perylene also has a center of symmetry. The 

fluorescence spectra of perylene do not show the selective 

enhancement of the I band emission intensity in polar 

solvents. To my knowledge, no one has yet satisfactorily 

explained why select PAHs show intensity enhancement of 

select emission bands. 

Fortunately, practical applications do not require a 

quantum mechanical understanding of the spectral transi-

tions. The only requirement for practical applications is 

that the fluorophore's spectral response must change 

systematically as a function of either solvent polarity or 

dielectric constant. Ramis Ramos et al.,55 Malliaris,56 and 

more recently Zana and Lang57 reviewed probe methods used to 

characterize physicochemical structures of binary and 

ternary alcohol/water/surfactant systems, micro-emulsions, 

and micelles. Hartner et al.5* detected pyrene absorbed from 

solution onto an octadecylsilane-derivatized fused-silica 

plate using a total internal reflection method. From the 

measured ratio intensities for the I and III vibronic bands, 

the authors concluded that the interfacial environment of Cw 

alkyl layers on optically flat fused-silica was more ordered 
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than that of similar layers bound to porous, particulate 

silica supports. 

Carr and Harris*9,60 studied the heterogeneity and polarity 

of reversed-phase chromatographic surfaces in contact with 

binary tetrahydrofuran + water, methanol + water and 

acetonitrile + water mixtures. Such mixtures are commonly 

used in gradient chromatography to analyze mixtures of 

polycyclic aromatic hydrocarbons. The organic modifier, 

which in this case is either tetrahydrofuran, methanol or 

acetonitrile, is added to the aqueous mobile phase in order 

to elute the adsorbed PAHs in timely fashion. Fluorescence 

probe results showed that intercalation of the organic 

modifier into the monomeric and polymeric CM stationary 

phases produced an inverse relationship between the surface 

polarity and that of the surrounding mobile phase. No 

attempt was made to account for how the covalently bonded C1S 

alkyl chain affected the observed I/III intensity ratio. 

Street, Acree and coworkers61"63 determined the polarity of 

several liquid alkylammonium nitrate, alkylammonium 

thiocyanate and tetrabutylammonium sulfonate gas 

chromatographic stationary phase solvents based upon the 

emission intensity ratios of pyrene, benzo[ghi]perylene, 

coronene and ovalene. The liquid organic salts were found 

to have polarities comparable to the more polar nonelec-

trolyte organic solvents, indicating that considerable ion-

pair formation occurred in the neat liquids. The authors 
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further illustrated how the judicious selection of PAH probe 

molecule could significantly reduce (and perhaps even 

eliminate) background corrections and inner-filtering 

artifacts. 

Shifts in the absorption and/or fluorescence emission 

wavelengths can also be used to study the microenvironment 

immediately surrounding a dissolved fluorescence molecule. 

Wavelength shifts can be rationalized qualitatively in a 

relatively straightforward manner. Excitation promotes the 

PAH solute from a ground state of low dipole moment to one 

of the vibrational levels of the first electronic excited 

state, Si, with an accompanying electron distribution in the 

surrounding solvent molecules. Insufficient time exists, 

however, for solvational-sphere molecules to physically 

reorient with the new PAH dipole moment. Relaxation from 

the vibrationally excited Sj level to the excited St level 

occurs whenever solvent molecules rotationally reorient to a 

more stable dipole configuration during the excited state's 

lifetime. Emission of the fluorescence photon returns both 

the PAH molecule to the ground SQ state and solvational 

molecules to their initial electronic configuration. 

Subsequent rotation of solvent molecules to the ground-

state dipole orientation restores the system to its original 

state. Transition probabilities and energy levels vary with 

each solute/solvent pair, 
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and give rise to observed emission wavelength shifts.64,45 

The size of the energy stabilization that occurs during 

solvent relaxation appears to be the most important factor 

in determining the size of fluorescence spectral shifts. 

Therefore, the energy stabilization caused by solvent 

relaxation is larger in polar solvents than in nonpolar 

solvents. This change in the stabilization energy gives 

rise to fluorescence emission spectra at longer wavelengths, 

red shifted, for PAHs in the more polar solvents.66 (See 

Figure 7.) 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 cage1* 

molecules, differences in the fluorophore's electronic 

transition (TT* -» n versus n* -* n as is believed to be the 

case with 1-aminopyrene and pyrene-l-carboxaldehyde) or from 

changes in the equilibrium distribution of two (or more) 

solute conformers, as in the case when fluorescence emission 

originated from the excited states. Fluorescence behavior 

of 9,9•-bianthracene and also its carboxaldehyde derivative 

have been extensively investigated before,67"73 partly because 

the molecule exhibits dual fluorescence resulting from 

"twisted intramolecular charge transfer" (TICT) excited 

states, and strong spectral overlap of the TICT band and the 

anthracene-1ike "locally excited" (LE) fluorescence band. 

In nonpolar solvents such as cyclohexane, 9,9 *-bianthracene 
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FIGURE 7: Modified Jablonski diagram showing the relaxation 

process: dashed lines refer to radiative processes and solid 

lines refer to nonradiative processes. S0 is the ground 

singlet state, is the excited singlet state, Cy is 

cyclohexane, THF is tetrahydrofuran, and MeOH is methanol. 

The large circle and arrow depict the solute and the small 

ovals and arrows depict the solvent electronic configuration 

and dipole moment, respectively (reproduced from reference 

66) . 
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Energy 
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FIGURE 8: Schematic representation depicting the dual 

fluorescence of a tautomer solvent probe. The excitation 

and the emission of both the local excited (LE) and the 

twisted intramolecular charge transfer (TICT) states are 

shown. 
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has strong emission signals near 395 nm and 414 nm, which 

is indicative of the locally excited state. Significant 

redshifts are observed in the S, -+ S0 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,74*76 the two anthracene moieties in 9,9'-

bianthracene are orbitally decoupled77 and fulfill the 

"minimum overlap rule",7740 a precondition for full electron 

transfer. An X-ray diffraction study*1 performed on a 

crystalline inclusion of benzene with 9,9•-bianthracene gave 

a torsion angle of 85.5°. Recent fluorescence measurements82 

established the molecular geometry of the first excited 

singlet state as having a 70.8° dihedral angle between the 

two anthryl groups, which differs somewhat from earlier 

values of 67° and 78°.75,76 

Representative fluorescence emission spectra of 9,9'-

bianthracene-10-carboxaldehyde dissolved in n-hexadecane, 

butyl acetate, dichloromethane, and dimethyl sulfoxide are 

depicted in Figure 9.83 These four nonelectrolyte solvents 

encompass the entire Py range of solvent polarity, from the 

nonpolar n-hexadecane to the moderately polar butyl acetate 

and dichloromethane to the very polar dimethyl sulfoxide, 

which is one of the most polar solvents on the Py scale. As 

stated previously, the Py solvent polarity scale is based 

upon the fluorescence properties of pyrene (a known PAH 
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FIGURE 9: Fluorescence emission spectra of 9,9'-bi-

anthracene-10-carboxaldehyde dissolved in [A ( )] n-

hexadecane, [B ( • • • ) ] butyl acetate, [C ( - • - ) ] 

dichloromethane, and [D (- - -)] dimethyl sulfoxide. 
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probe molecule) and Is defined as the ratio of emission 

intensities of the first and third vibronic bands, ie., Py = 

I/III. Table III lists the actual excitation and emission 

wavelengths for 9,9'-bianthracene*4 and 9,9'-bianthracene-10-

carboxaldehyde*3 dissolved in 45 different organic 

nonelectrolyte solvents. 

From a more quantitative standpoint, solvatochromic 

wavelength shifts can be explained in terms of solvational 

energy differences between the excited and ground state 

fluorophore. These solvational energies are governed to a 

large extent by general solvent effects resulting from 

dipole-dipole, dipole-induced dipole and induced dipole-

induced dipole interactions, and by the more specific 

solvent effects such as hydrogen-bonding and/or charge 

transfer type interactions, which lead to "molecular 

complexes" having fixed stoichiometry and geometry. 

Theoretical interpretation of solute-solvent interactions at 

the molecular level is very difficult, often subject to 

interpretation, and as one may surmise there have been 

numerous competing mathematical expressions published in the 

spectroscopic literature to explain observed wavelength 

shifts associated with known solute probes. 

To a first approximation specific effects are ignored. 

The energy difference (in cm-1) between the solvated ground 

and excited state fluorophore can be described by the 

Lippert equation:85"*8 
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(I/O ~ (I/O) * (2/hc) [(€ - l)/(2€ + 1) 
- (n2 - l)/(2n2 + 1)] [ (M* ~ M)/a3]2 + constant Eqn. 3 

(1/X.) - (I/O) « k [(€ - l)/(26 + 1) 
- (n2 - l)/(2n2 + 1) ] + constant Eqn. 4 

where e and n refer to the dielectric constant and 

refractive index of the solvent, respectively, c is the 

speed of light, h denotes Planck's constant, and a is the 

radius of the solvent cavity wherein the fluorophore 

resides. The latter three quantities, along with the dipole 

moments of the fluorophore's excited (m*) and ground state 

(H), are assumed solvent independent (i.e., no major change 

in electronic transition type and no major change in the 

geometrical reorganization within the excited state) and are 

thus combined into the proportionality constant, k. The 

first bracketed quantity in Eqn. 3, the (e - l)/(2e + 1) 

term, accounts for the Stoke's spectral shift caused by both 

reorientation of solvent dipoles and redistribution of 

electrons in solvent molecules, which is described 

separately by the (n2 - l)/(2n2 + 1) ratio. According to the 

Lippert equation, solvent dipole reorganization is primarily 

responsible for observed Stoke's spectral shifts. Electron 

redistribution occurs almost instantaneously, with both 

ground and excited states being equally stabilized by the 

process. 

Modified forms of the Lippert equation,71,89,50 
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(1/X«) - (I/O » k [(€ - l)/(2e + 1) 

- 0 (n2 - l)/(2n2 + l) ] + constant Eqn. 5 

as well as other semi-theoretical and/or strictly empirical 

functions of e and n such as,3,4'91-* 

U/^e*) - (1/Km) * k [(e - l)/(2e + 1) -

(n2 - 1) / (2n2 + 2) ]/{[l- 0(n2 - l)/(2n2 + 2)]2 x 

[1 - 0 (c - 1)/(2e + 2)]> + constant Eqn. 6 

« k [(€ - l)/c][(n2 - l)/n2] + constant Eqn. 7 

l/X^ » k [(n2 - l)/(n2 + 2) ] + constant Eqn. 8 

have been used successfully to describe spectral properties 

of various aromatic molecules. For example, Kalyanasundaram 

and Thomas4 observed a direct linear relationship between 

and solvent dielectric constant for pyrene-3-carboxalde-hyde 

dissolved in several neat alcohols and in binary aqueous-

methanol, aqueous-ethanol and aqueous-dioxane solvent 

mixtures. Mazumdar et al.90 reported that if hydroxy lie 

solvents and chloroform were excluded from the correlations, 

the Bilot-Kawski Equation 6 (with 0 equal to unity) was 

superior to the Lippert equation for mathemati-cally 

describing the Stoke's shifts of o-phenylenediamine, m-

phenylenediamine, p-phenylenediamine, 2,3-diaminonaph-

thalene and 2,7-diaminofluorene. 

Figures 10-13 graphically depict Stoke's shifts (in cm" 

1) versus Lippert Af function (see Eqn. 6) and Stoke's shift 
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versus Bilot-Kawski F(e,n) function (Eqn. 8) for 9,9'-

bianthracene and 9,9'-bianthracene-10-carboxaldehyde, 

respectively. Forty-two of the 45 nonelectrolyte solvents 

studied are included in the plots and subsequent statistical 

analysis. Methyl tert-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 are: 

For 9,9' -bianthracene14 

(1 /XJ - ( I / O = Av - 2993.4 + 6322.7 Af 

(r2 - 0.73) 

(1/X«) " ( I / O - Av » 2873.6 + 2381.2 F(e,n) 

(r2 - 0.79) 

For 9,9-bi anthracene -10-car boxa ldehyde83 

( I /O ~ ( I / O - Ay - 3116.1 + 6791.1 Af 

(r2 - 0.77) 

(I/O ~ ( I / O * * 3017.8 + 2493.4 F(€,n) 

(r2 - 0.80) 

only marginally correlated at best. There is considerable 

scattering in the data points about each of the so-called 

"best straight lines", which were determined via least 

squares analysis. Solvent refractive indices and dielectric 

constants used in the Lippert and Bilot-Kawski regressional 

analysis are given in Table IV, along with the literature 
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references.99-110 

One can argue that such non-linear behavior is typical 

of fluorophores having two (or more) excited states (ie., an 

anthracene-like locally excited (LE) state and a twisted 

intramolecular charge transfer (TICT) excited state) in that 

each state would have a different dipole moment. The 

multiplicative [ (m* ~ M)/a3]2 factor in Eqn. 3 would be 

constant for only a single excited state, not for both the 

LE and TICT excited states of 9,9•-bianthracene (or 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 10-13 show one plausible 

separation scheme. Kabouchi et al.71 presented a similar 

two-line graph for the parent 9,9-bianthracene bi-PAH 

molecule; however, the authors studied only five solvents 

(see also reference ill). 

It should be noted that separation of solvents by 

fluorophore excited state is very difficult, and in many 

instances subject to interpretation. The experimental 

maximum intensity emission wavelength, does not always 

correspond to or X ^ . This may be the case for several 

of the solvents in the present fluorescence study. 
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TABLE IV. Refractive indices and dielectric constants for 
various organic solvents. 

Organic Solvent n* €* 

n-Hexane 1.3749 1.890 

n-Heptane 1.3876 1.92 

Cyclohexane 1.4262 2.023 

Methylcyclohexane 1.4231 2.02 

2,2,4-Trimethylpentane 1.3915 1.94 

n-Hexadecane 1.4345 2.04 

Dibutyl Amine 1.4177 2.978 

Carbon Tetrachloride 1.4602 2.238 

Dibutyl Ether 1.3992 2.8 

1-Octanol 1.4295 10.34 

p-Xylene 1.4958 2.270 

o-Xylene 1.5055 2.568 

m-Xylene 1.4972 2.374 

1-Pentanol 1.4100 14.27 

Ethyl Ether 1.3524 4.335 

Toluene 1.4968 2.568 

Benzene 1.5011 2.284 

1-Butanol 1.3993 17.8 

1-Chlorobutane 1.4021 7.39 

Chlorobenzene 1.5241 5.708 

1-Propanol 1.3856 20.33 
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Organic Solvent n" € ' 

Cyclohexanol 1.4641 15.77 

2-Propanol 1.3772 18.97 

Ethanol 1.3614 25.41 

Chloroform 1.4459 4.806 

Butyl Acetate 1.3942 5.01 

Methanol 1.3284 33.62 

Tetrahydrofuran 1.4071 7.61 

Dichloromethane 1.4242 9.08 

Ethyl Acetate 1.3723 6.095 

1,2-Dichloroethane 1.4448 10.4 

Dimethyl Carbonate 1.3682 3.084 

4-Methy1-2-pentanone 1.3957 13.11 

1,4-Dioxane 1.4224 2.2 

2-Butanone 1.3788 18.51 

Ethylene Glycol 1.4318 38.66 

Acetone 1.3587 21.19 

Acetonitrile 1.3441 37.5 

N,N-Dimethylacetamide 1.4380 37.8 

N,N-Dimethylformamide 1.4305 36.7 

Propylene Carbonate 1.4210 64.80 

Dimethyl Sulfoxide 1.4783 46.7 

* See reference 83 for literature references. 
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FIGURE 10: Graphical plot of Stoke's shift versus Bilot-

Kawski F(e,n) parameter for 9,9'-bianthracene dissolved in 

42 nonelectrolyte solvents listed in Table IV. The Bilot-

Kawski parameter is mathematically defined as F(e,n) = [(e -

l)/(2e + 1) - (n2 - l)/(2n2 + 2) ]/{[1 - jff(n2 - l)/(2n2 + 2) ]2 

[1 - fi(e - 1)/(2e + 2)]} with 0 « l. The solid Straight 
line was determined via linear least squares 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 

(nearly horizontal) or the TICT excited state (nearly 

vertical). 
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FIGURE 11: Graphical plot of Stoke's shift versus Lippert 

Af function for 9,9'-bianthracene dissolved in 42 

nonelectrolyte solvents listed in Table IV. The Lippert 

function is mathematically defined as Af = (e - l)/(2e + 1) 

~ (n2 - l)/(2n2 + 1). The solid Straight line was determined 

via linear least squares 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 (nearly 

horizontal) or the TICT excited state (nearly vertical). 
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FIGURE 12: Graphical plot of Stoke's shift versus Bilot-

Kawski F(e,n) parameter for 9,9'-bianthracene-10-

carboxaldehyde dissolved in 42 nonelectrolyte solvents 

listed in Table IV. The Bilot-Kawski parameter is 

mathematically defined as F(c,n) = [(e - l)/(2e + 1) - (n2 -

1)/(2n2 + 2) ]/{[1 - 0(n2 - l)/(2n2 + 2) ]2 [1 - 0(e - l)/(2e + 

2)]} with 0 « 1. The solid straight line was determined via 

linear least squares 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 (nearly 

horizontal) or the TICT excited state (nearly vertical). 
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FIGURE 13: Graphical plot of Stoke's shift versus Lippert 

Af function for 9,9'-bianthracene-10-carboxaldehyde 

dissolved in 42 nonelectrolyte solvents listed in Table IV. 

The Lippert function is mathematically defined as Af « (6 -

1) / (2c + 1) - (n2 - 1) / (2n2 + 1). The solid Straight line 

was determined via linear least squares 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 

(nearly horizontal) or the TICT excited state (nearly 

vertical). 
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For example, if both LE and TICT excited states are present 

in sufficient quantity, then there may be considerable 

spectral overlap in the LE and TICT fluorescence bands. 

Such overlap will in all likelihood lead to an apparent 

blueshift in or redshift in depending upon the 

relative intensities of the LE and TICT bands. Alterna-

tively, 9,9'-bianthracene and 9,9*-bianthracene-10-

carboxaldehyde may have several excited state dipole moments 

resulting from different partial charges and/or rotational 

geometries necessitated by solvent molecular shape or 

packing considerations, or there even may be chemical 

artifacts present in several of the solvents which serve to 

distort the emission spectrum or change the multiplicative 

t (m* - M)/a3]2 factor in Eqn. 3, as was previously argued in 

the case of alcohol solvents.74 

Visser and co-workers6* proposed eight years ago that 

the short-wavelength fluorescence observed in 9,9'-

bianthracene•s emission spectrum for apolar solvents is not 

caused by photon emission from a state with excitation 

localized on one of the two anthracene rings, but rather 

results from a polar charge transfer state. The authors 

further postulated that fluorescence in alkane solvents 

arises from two different excited states in which the mole-

cular conformation of 9,9'-bianthracene is not the same; the 

rate of interconversion between conformations is faster than 

1010 sec"1. The long-wavelength fluorescence observed in 
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solutions of polar and select apolar solvents was 

rationalized in terms of heterogeneous 9,9 *-bianthracene-

solvent exciplexes, which can then dissociate into ions if 

the dielectric constant is large enough. The non-linearity 

noted in Figures 10-13 is also consistent with the ideas put 

forth by Visser and coworkers, namely that more than one 

excited state is likely responsible for the observed 

fluorescence behavior. 

Compounds that exhibit solvatochromic behavior due to 

shifts in fluorescence emission wavelength(s) have also 

served as spectrofluorometric probes. As typical examples, 

Street and Acree15 estimated the effective dielectric 

constant of 0-cyclodextrin and 7-cyclodextrin to be 48 Debye 

and 55 Debye, respectively, based upon the fluorescence 

emission behavior of 1-pyrenecarboxaldehyde. The larger 

value for 7-cyclodextrin was attributed to the bigger 

cavity, which would permit a greater number of water 

molecules to be included in the cavity along with the 

fluorophore. The cavity of both cyclodextrins contains 

similar functional groups but slight different cavity sizes, 

6.2 A versus 7.9 A . " 2 Lloyd113 and Burnell and Hurtubise114"116 

utilized polycyclic aromatic nitrogen hetero-atoms (PANHs) 

to probe the molecular environment of various silanol groups 

on silica gel chromatographic stationary phases. Hydrogens 

from the more acidic silanols groups protonated the nitrogen 

lone electron pair. Protonation resulted in emission 
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intensity enhancement, accompanied by a significant redshift 

in emission wavelength. 

Spectroscopic Evidence and Thermodynamic Models For 

Preferential Solvation 

Spectroscopic probe techniques provide a convenient 

experimental means to study preferential solvation, which 

can be used to support (and perhaps to even discredit) 

interpretations derived from calorimetric and other 

thermodynamic data. Preferential solvation arises whenever 

the proportion of molecules of any given solvent component 

with the probe's solvational microsphere is not equal to its 

bulk mole faction composition (see Figure 14). "True 

preferential solvation" is extremely difficult, if not 

impossible, to model rigorously as there is no guarantee 

that probe-solvent A and probe-solvent B molecular 

interactions remain independent of the other solvent 

molecules within the solvational sphere. Solvent-solvent 

interactions may lead to synergistic effects. Although not 

always stated explicitly, most published spectroscopic probe 

techniques27'2*"7122 assume a more idealized situation where 

solvent-solvent interactions are neglected and the measured 

spectral response, R, in a binary mixture is given by 

R - R°A + U-*A) R°B, Eqn. 9 

a weighted local mole fraction or volume fraction average of 

the probe's spectral responses in the pure solvents, R°x and 

R°b. Here YA and (1- YA) refer to the solvational sphere 
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composition, which nay be quite different from the overall 

bulk liquid-phase composition, XA and (1-XA). More 

sophisticated approaches133 also incorporate molecular size 

disparity and permit the solute to have a different 

coordination number in the binary solvent than in the pure 

solvents. 

Szpakowska and Nagy121 used Eqn. 9 to study the 

electronic spectroscopic behavior of copper chloride and 

acetate complexes in binary mixtures containing either 

pyridine, 3,4-dimethylpyridine, 4-ethylpyridine, or 2,4-

dimethylpyridine with benzene, chlorobenzene or an alkane 

co-solvent. The solution's absorbance was assumed to be the 

additive spectral response. The authors found that the 

pyridine derivatives preferentially solvated the various 

copper complexes. The strong solvating power was explained 

by a second-order intermolecular double perturbation theory 

in the Fukui approximation. Chlorobenzene and benzene were 

the next strongest solvating solvents. The weakest 

interacting solvents were the saturated hydrocarbons, which 

interacted with the copper complexes through very weak 

nonspecific, physical interactions of the van der Waal type. 

Bosch and Roses118 examined the spectroscopic behavior 

(n •+ ir* absorption band) of a pyridinium-N-phenoxide betaine 

dye in 52 different binary solvent mixtures. The authors 

used the observed wavelength shift in the absorption band to 

calculate the preferential solvation parameter, f2/fu 
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FIGURE 14: Schematic representation depicting important 

differences between true preferential solvation and models 

used to simulate preferential solvation in binary solvent 

mixtures. In the simulated case, the solvational sphere 

around every probe molecule is assumed to be solvated by 

only one type of solvent component. Extent of preferential 

solvation is thus determined by the relative mole numbers of 

each solvational sphere type, rather than by the local mole 

fraction composition within the solvational sphere as is the 

actual case. 
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1/X*. » [*iU/X*.,i> +*2 ( A / A X i / W l ) / 

[*! + X2 (f2/ft) ] 

Egn. 10 

where xi is the stoichiometric mole fraction of solvent 

component i, and and refer to the solute's peak 

absorbance wavelengths in the two pure solvents. Here, the 

additive spectral response is frequency. Ratios of f2/ft 

greater than unity indicated that the dye was preferentially 

solvated by the second co-solvent (component 2). Thirty-two 

of the fifty-solvents considered could be mathematically 

described by Egn. 10 It was not possible, however, to apply 

Egn. 10 to binary mixtures with "synergetic" effects (ie., 

mixtures of chloroform or dichloromethane with acetone, 

dimethyl sulfoxide or alkyl phosphates, or mixtures of 

alcohols with dimethyl sulfoxide or acetonitrile). These 

mixtures form hydrogen-bonded complexes that are believed to 

be more polar than either of the pure solvents, and as 

argued by the authors, such systems really should be 

considered as ternary or higher-order solvents (solvent 1, 

solvent 2 and hydrogen-bonded complexes), with the 

concentrations interrelated by means of the various 

association constants. 

Nakashima and coworkers124 investigated partition of 

pyrene, 4-(l-pyrenyl)butanoic acid, 1-pyrenemethyl hexyl 

ether, 4-(1-pyreny1)butanol, and 1-pyrenemethanol between 

the polystyrene (PS) and poly(vinylpyridine) (PVP) chains in 
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PS-PVP diblock copolymers (BCPs). The authors assumed that 

the additive response was 

(I/III) BCF = Ypvp (I/III)W + (1 - Ypyp) (I/HI)ra 

Eqn. 11 

the measured fluorescence emission intensity ratio for 

vibronic bands I and III. 

The aforementioned studies, along with many other 

papers published in the chemical literature, assume Eqn. 9 

as the starting point for preferential solvation 

computations. To my knowledge, no one has been able to 

derive Eqn. 9 from basic spectroscopic principles and/or 

thermodynamic solution models. As will be shown in the 

Results and Discussion section (see pages 82-142), it is 

possible to derive Eqn. 9 from the Beer-Lambert law or the 

Nearly Ideal Binary Solvent (NIBS) solution model. 126"m In 

each case, spectroscopic principles determine which spectral 

response is additive. For pyrene, benzo[grhi]perylene, 

coronene, and other polycyclic aromatic hydrocarbons that 

exhibit solvatochromic behavior as a result of changes in 

the emission intensity ratios of select vibronic bands, the 

additive spectral response is the emission intensity at a 

fixed wavelength. It is only in the very special case that 

the measured III band emission intensity ratio is identical 

in both pure solvents, can one replace the general spectral 

response, R, with measured I/III band emission intensity 

ratios. There is no theoretical justification for assuming 
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that the measured III band emission intensity of pyrene, 

benzo[ghi]perylene, coronene, benzo[e]pyrene, etc. is the 

same in all solvents. Moreover, this particular assumption 

is not supported by direct experimental evidence, which 

shows that fluorescence signals generally tend to increase 

with increasing solvent viscosity. For 9,9'-bianthracene, 

1-pyrenecarboxaldehyde, 1-aminopyrene, 9,9'-bianthracene-10-

carboxaldehyde, and other PAHs that exhibit solvatochromic 

behavior as a result of wavelength shifts, the additive 

spectral response is the reciprocal of the emission (or 

excitation) wavelength. By measuring the fluorescence 

emission spectra of the probe dissolved in binary solvent 

mixtures and in both pure solvents, it is possible to 

experimentally determine the degree of preferential 

solvation around the dissolved fluorophore. 

Preferential solvation can result from significant size 

disparity between the various co-solvents, molecular shape 

incompatibility, and/or differences in the strength of 

solute-solvent interactions. If the molecules are of 

different sizes, one type of molecule may simply pack better 

around a central molecule so as to minimize the so-called 

"wasted" void volume. Molecular shape compatibility also 

contributes to efficient molecular packing. Planar 

molecules can efficiently stack on top of planar molecules, 

cyclohexane and 1,4-dioxane molecules in a chair 

configuration can efficiently stack on top of other chair-
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like molecules and large alkanes, with their flexible alkyl-

chains, can easily bend so as to accommodate most molecular 

shapes. Stacking of incompatible molecules, such as a 

planar polycyclic aromatic hydrocarbon and the chair-like 

1,4-dioxane, leads to very inefficient packing as there are 

very few points of molecular contact. 

Conversely, differences in interaction energies can 

result either from specific interactions like hydrogen 

bonding where the interaction is dependent on the angle and 

relative position of the molecules, or from nonspecific 

interactions between the species such as weak dipole/dipole 

or van der Waals forces. For purposes of this thesis, 

specific interactions will be characterized by a specific 

geometric orientation of one molecule with respect to a 

neighboring molecule. Nonspecific interactions, on the 

other hand, result in a statistically random distribution of 

molecules throughout the entire solution. In nonelectrolyte 

solutions, specific interactions are generally much stronger 

than dipole-dipole interactions, which in turn are much 

stronger than dipole-induced dipole interactions and induced 

dipole-induced dipole interactions. Consequently in the 

case of a probe solute dissolved in a binary solvent mixture 

containing similar size polar and nonpolar solvent 

components, one would expect the local composition of the 

more polar solvent around the solute to be higher than in 

the bulk solution, as was observed in the case of the copper 
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chloride and copper acetate complexes dissolved in binary 

pyridine + alkane solvent mixtures.121 The more polar 

pyridine molecule, with its lone nitrogen electron pairs 

preferentially solvated the copper complexes. Suppan125 

described this phenomenon as dielectric enrichment. 

Specific chemical forces and dielectric enrichment are 

completely different in terms of local compositions. While 

strong dipolar or dispersive forces tend to increase the 

local composition of the more polar species, this will not 

necessarily be true if the solute forms a hydrogen bond with 

a surrounding solvent molecule. Molecular complexes have 

fixed stoichiometry, and once the required number of solute 

molecules are present there may not be any further 

attraction for that solvent. Readers should recall hydrogen 

bond formation involves two fairly polar sites (generally an 

"acidic" hydrogen and a lone electron pair), and the 

molecular complex formed is often less polar than either of 

the two individual molecules. 

Molecular dynamic simulations129,130 also suggest the 

existence of preferential solvation. For a dilute solute 

dissolved in an equimolar mixture of equal size Lennard-

Jones particles with different interaction energies, local 

mole fraction solvent compositions can be on the order of 

75/25 rather than 50/50 bulk liquid phase composition. In 

mixtures of molecules having significantly different shapes, 

packing effects may reduce the number of molecular 
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interactions to the point where the stronger solute-solvent 

interactions are no longer favored. The overall magnitude 

of solute-solvent interactions is determined not only by the 

"average energy" of the interaction, but also by the number 

of such interactions. A fifty percent reduction in the 

number of solute-solvent contacts (caused by molecular shape 

incompatibility) would result in a fifty percent loss in 

interactional energy stabilization, unless compensated by 

increased solvation by the less polar co-solvent. Molecular 

shape incompatibility is often of opposite sign to the 

effect caused by the differences in attractive forces. 

It is possible to compute local solvent compositions 

from Kirkwood-Buff integrals,131,132 provided that one selects 

a reasonable cutoff distance of the radical distri-bution 

function to be used to define the solvational sphere volume 

element. Kirkwood-Buff integrals use macroscopic 

thermodynamic data (ie, isothermal compressibility, excess 

molar volumes, and excess Gibbs energies) as input 

parameters to facilitate computation of local mole fraction 

solvent compositions. Conceptually, the computational 

procedure can be reversed in that independently determined 

local solvent compositions can be used to estimate 

thermodynamic properties, which can be compared against 

measured thermodynamic data. In this context, spectroscopic 

probe methods provide an alterative means to assess the 

limitations and applications of local composition models 
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derived from thermodynamic considerations. 

Over the past two decades preferential solvation has 

formed the basis of several well-accepted thermodynamic 

models/33,134 including Guggenheim's quasi-chemical theory,135 

the Wilson equation,136 the Non-Random Two Liquid (NRTL) 

equation/37 and the UNIQUAC equation.138,139 As one may 

surmise, each model is different and the fact that several 

models exist indicates that no single model adequately 

describes all types of nonelectrolyte solutions commonly 

encountered. Quasi-chemical theory is based upon a rigid 

lattice model that relates the local mole fractions to the 

interaction energies and a fixed lattice coordination 

number. The Wilson equation is derived from a loose semi-

theoretical argument that local mole fractions should be 

related to the bulk liquid through the Boltzmann 

distribution. The configurational entropy is expressed in 

terms of local volume fractions rather than local mole 

fractions. The use of volume fractions is consistent with 

the Flory-Huggins definition of solution nonideality, 

whereas mole fractions are consistent with Raoult's law. 

Chiou and Manes140 previously showed that the Flory-Huggins 

model, upon which the Wilson Equation is based, represents a 

more realistic description of solution ideality in systems 

having molecules of moderate size disparity. The Non-Random 

Two Liquid (NRTL) model abandons Guggenheim's lattice theory 

and introduces an empirically guessed nonrandomness 
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correction parameter, a, essentially in place of the lattice 

coordination number. Like NRTL, the Universal Quasi-

Chemical (UNIQUAC) approach retains the Boltzmann 

distribution for mathematically describing the composition 

of the solvational sphere. The model, however, uses surface 

fractions and divides the molecules into segments according 

to the various functional groups present. All four binary 

solution models have been very successful in correlating 

available liquid-liquid and vapor-liquid equilibrium data, 

and in predicting the properties for ternary and higher-

order multicomponent systems for which actual experimental 

data is scarce. 

Development of spectrofluorometric probe methods is 

prompted, in many respects, by the need to better understand 

solute-solvent interactions at the molecular level. Such 

knowledge is needed in order to design more efficient 

separation processes for both identifying and quantifying 

toxic organic materials in environmental samples. The 

purpose of this investigation is to critically re-examine 

existing spectrofluorometric probe methods to determine 

which (if any) are consistent with basic spectroscopic and 

thermodynamic principles. As part of this thesis, 

expressions were derived for determining the preferential 

solvation around polycyclic aromatic hydrocarbon (PAH) and 

bi-polycyclic aromatic hydrocarbon (bi-PAH) molecules which 

exhibit solvatochromic behavior because of changes in 
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fluorescence emission intensity ratios (PAH molecules), and 

because of shifts in the emission wavelengths (bi-PAHs). 

The two newly-developed spectrofluorometric probe methods 

are illustrated using the fluorescence behavior of pyrene, 

benzo[ghi]perylene, benzo[e]pyrene, coronene, and 

dihydrobenzo [ghi ] perylene dissolved in binary /i-heptane + 

1,4-dioxane and n-heptane + tetrahydrofuran solvent 

mixtures, and the fluorescence behavior of 9,9'—bianthracene 

and 9,9'-bianthracene-10-carboxaldehyde dissolved in binary 

dibutyl ether + acetonitrile and toluene + acetonitrile 

solvent mixtures. 



CHAPTER II 

EXPERIMENTAL METHODOLOGY AND FLUORESCENCE DATA 

9,9*-Bianthracene and 9,9*-bianthracene-10-

carboxaldehyde were highly purified samples from the 

collection of reference substances in the spectroscopic 

laboratory of Riitgerswerke AG, Castrop-Rauxel, FRG. 3,4-

Dihydrobenzo[ghi]perylene was prepared by hydrogenation of 

benzo [grhi ] perylene with platinum in glacial acetic acid and 

purified by chromatography.141 Coronene, benzo[e]pyrene, 

pyrene, and benzo[ghi]perylene were purchased from Aldrich 

Chemical Company in the highest purity available (> 99%). 

The latter two solutes were recrystallized several times 

from absolute ethanol before use. Stock solutions were 

prepared by dissolving solutes in dichloromethane and stored 

in amber glass bottles in order to prevent radiation 

initiated chemical reactions between dichloromethane and the 

various PAH solutes. Known aliquots of the stock solutions 

were transferred into test tubes, allowed to evaporate, and 

diluted quantitatively with the solvent of interest. Final 

solute concentrations of 10"^ (or less) were sufficiently 

dilute to minimize inner-filtering artifacts. Solvents were 

of HPLC, spectroqua1ity, or AR grade, purchased commercially 

from Aldrich Chemical Company, and the resulting solutions 

58 
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were optically dilute (absorbance cm4 < 0.01) at all 

wavelengths, so as to minimize undesired primary and 

secondary inner-filtering artifacts.142 Binary solvent 

mixtures were prepared volumetrically with burets. Nine 

mixtures for each of the binary systems were prepared 

volumetrically at increments of 10% as to cover the entire 

composition range. Stoichiometric mole and volume fraction 

compositions were calculated to be accurate to ± 0.01. 

Chlorinated solvents were excluded from the thesis 

study so that conclusions reached regarding the validity of 

any given spectrofluorometric probe method would not be 

subject to later questions regarding whether photochemical 

reactions affected the experimental results. Carbon 

tetrachloride, and to a much lesser extent chloroform and 

dichloromethane, are known to undergo irreversible 

photochemical reactions with several PAH solutes.143-150 The 

photochemical reaction of carbon tetrachloride with 

anthracene is believed to involve the formation of two free 

radical species, as suggested by the following reaction 

mechanism:143 

PAH + hv - 'PAH* 

^AH* + CC14 ** 1 (PAH-CC14) * 

1 (PAH-CC14) * - 3(PAH-CC14)* -• 3PAH* + CC14 

1 (PAH-CC14) * - °PAHC1 + °CC13 - Products 

where superscripts 1 and 3 denoted excited singlet and 

triplet states, respectively. The isolated major product 
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was identified as 9-chloro-10-trichloromethyl-9,10-

dihydroanthracene. Reaction mechanisms for the larger PAH 

molecules are expected to be more complex and to include 

several major products. In fact, Wiczk and Latowski150 noted 

that reaction products resulting from irradiation of pyrene 

and perylene in carbon tetrachloride had molecular formulas 

of C](H)Cl, C17H9CI3 f C33K19CI3/ C,7H10C14/ C||HgCl6/ C33HKCI4 and 

Ĉ HjoClg; and of C2oHaCl, CJQHIOCIJ, C20H9CI3, C22H10CI4 and 

respectively. The authors, however, did not attempt to 

identify the various products formed. 

Intensity of the incoming excitation ultraviolet 

radiation beam does affect the rate at which various 

chloroalkanes react with dissolved polycyclic aromatic 

hydrocarbons. The excitation source of the Shimadzu RF-

5000U spectrofluorometer is a xenon lamp. Tucker et al.1Si 

have shown that even under the minimum radiation time 

necessary to acquire a fluorescence emission spectrum, 

photochemical reactions between chloroalkanes and PAH 

solutes can occur. Observed fluorescence spectra of pyrene, 

benzo[ghi]perylene, coronene, and ovalene fell into one of 

the following three categories: (l) negligible or very minor 

decrease in emission intensity with time; (2) significant 

decrease in emission intensity with original spectral 

integrity preserved; and (3) significant spectral distortion 

accompanied in many cases by the appearance of new spectral 

bands or considerable enhancement of previously weak 
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emission intensities. Chlorinated solvents were excluded 

from preferential solvation studies as the mathematical 

equations require the absolute emission intensities of PAH 

bands I and III in both pure solvents as input values. 

Absorption spectra were recorded on a Milton Roy 

Spectronic 1001 Plus and a Hewlett-Packard 8450A photodiode 

array spectrophotometer in the usual manner. The 

fluorescence spectra were run on a Shimadzu RF-5000U 

spectrofluorometer with the detector sensitivity set to 

high. Fluorescence data were accumulated in a quartz 1-cm2 

cuvette at 19°C, ambient temperature, with the excitation 

and emission slit width settings at 15 and 3 nm, 

respectively. Emission spectra obtained represent a single 

scan which was then solvent blank corrected and verified by 

repetitive measurements. 

Experimental fluorescence data for pyrene, benzo[ghi]-

perylene, benzo[e]pyrene, coronene, and dihydrobenzo[ghi]~ 

perylene dissolved in binary n-heptane + 1,4-dioxane and 

n-heptane + tetrahydrofuran solvent mixtures, and for 9,9'-

bianthracene and 9,9'-bianthracene-10-carboxaldehyde 

dissolved in binary dibutyl ether + acetonitrile and toluene 

+ acetonitrile solvent mixtures are given in Tables VII-XIX, 

respectively. As part of the experimental study, the 

fluorescence properties of 1-pyrenecarboxaldehyde was also 

measured in 42 neat organic solvents in order to 

characterize the solute for future preferential solvation 
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studies. 1-Pyrenecarboxaldehyde exhibits solvatochromic 

behavior due to emission wavelength shifts, which are 

believed to result from n* -* n and/or n* -* n spectral 

transitions. The actual transition observed depends upon 

the properties of the solubilizing solvent media. 

Experimental excitation and emission wavelengths for 1-

pyrenecarboxalde-hyde are given in Table V. (Note: 1-

pyrenecarboxaldehyde was referred to as 3-

pyrenecarboxaldehyde in the chemical literature prior to 

circa 1967. Initially the carbon atoms in the pyrene parent 

molecule were numbered beginning with the benzene ring 

having only two hydrogens. The International Union of Pure 

and Applied Chemistry (IUPAC) later changed the numbering 

system so that carbon atoms 1, 2 and 3 now refer to the 

benzene ring with three hydrogen substituents. In the 

present chemical nomenclature, 1-pyrenecarboxaldehyde and 3-

pyrenecarboxaldehyde are synonymous as carbon positions 1 

and 3 are identical.) 
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TABLE V. Major fluorescence excitation and emission 

wavelengths (nm) of 1-pyrenecarboxaldehyde (PyCA) dissolved 

in select organic solvents. 

Organic Solvent PyCA PyCA 

ii-Hexane 358 392 413 S-438 

ii-Heptane 357 392 414 440 

Cyclohexane 357 393 415 s-440 

Methylcyclohexane 360 392 416 S-442 

2,2,4-Trimethylpentane 358 392 414 438 

n-Hexadecane 355 385 393 405 412 

Dibutyl Ether 338 383 397 419 

1-Octanol 366 440 

p-Xylene 355 405 423 

o-Xylene 358 406 422 

Methyl tert-Butyl Ether 342 398 419 

ai-Xylene 358 404 424 

1-Pentanol 365 442 

Ethyl Ether 338 402 418 

Toluene 362 404 424 

Benzene 362 405 426 

1-Butanol 363 443 

1-Chlorobutane 358 401 422 

Chlorobenzene 360 410 427 
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TABLE V. Continued. 

Organic Solvent PyCA \ n PyCA X.,* 

N,N-Di»ethylforaamide 360 418 

Propylene Carbonate 360 417 

1-Propanol 363 445 

Cyclohexanol 368 442 

2-Propanol 365 442 

Ethanol 362 445 

Chloroform 363 419 

Butyl Acetate 355 401 422 

Methanol 360 450 

Tetrahydrofuran 339 403 428 

Dichloromethane 362 416 

Ethyl Acetate 354 402 423 

1,2-Dichloroethane 362 413 

4-Methyl-2-pentanone 355 405 425 

1,4-Dioxane 344 385 403 426 

2-Butanone 354 385 406 s-422 

Ethylene Glycol 365 456 

Acetone 357 409 s-426 

2,2,2-Trifluoroethanol 368 464 

Acetonitrile 358 418 

N, N-Dinethylacetamide 346 386 413 S-432 
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TABLE V. Continued. 

Organic Solvent PyCA PyCA XcJ 

Water 365 469 

Dimethyl Sulfoxide 362 422 

• The "s-" denotes a shoulder. 
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FIGURE 15: Fluorescence emission spectra of 1-pyrenecarbox-

aldehyde dissolved in [A ( - • - ) ] n-hexadecane, [B ( ) ] 

dichloromethane, [C ( )] butyl acetate, and [D ( - • - ) ] 

dimethyl sulfoxide. In butyl acetate, emission bands occur 

at about 401 and 422 nm. 
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TABLE VI. Summary of excitation and emission wavelengths 

for solvent polarity probes. 

Compound X^nm) X^nm) 

Pyrene 338 370 377 382 391 

Coronene 334 426 444 

Benzo[ghi]perylene 380 405 417 

Benzo[e]pyrene 335 376 386 

3,4-Dihydrobenzo[ghi]perylene 334 380 392 

1-Pyrenecarboxaldehyde 364 380-550* 

9,9•-Bianthracene 360 380-550* 

9,9'-Bianthracene-10-carboxaldehyde 370390-560* 

* shifts as a function of solvent polarity. 
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FIGURE 16: Molecular structure of the probes used in this 

study. A: pyrene, B: coronene, C: benzo[ghi]perylene, D: 

3,4-dihydrobenzo[ghi]perylene, E: benzo[e]pyrene, F: 1-

pyrenecarboxaldehyde, G: 9,9"-bianthracene, and H: 9,9 •-

bianthracene-10-carboxaldehyde. 
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TABLE VII. Experimental vs calculated volume fractions and 

corresponding intensity ratios for coronene dissolved in 

methanol-acetonitrile binary mixture. 

MeOH/ACN* I/III Ratio" MeOH/ACNb I/III Ratio* 

0.0/1.0 0.76 N/A N/A 

0.1/0.9 0.75 0.15/0.85 0.75 

0.2/0.8 0.75 0.15/0.85 0.75 

0.3/0.7 0.73 0.37/0.63 0.73 

0.4/0.6 0.72 0.44/0.56 0.72 

0.5/0.5 0.68 0.7/0.3 0.68 

0.6/0.4 0.69 0.66/0.34 0.69 

0.7/0.3 0.68 0.67/0.33 0.68 

0.8/0.2 0.64 0.86/0.14 0.65 

0.9/0.1 0.63 0.91/0.09 0.63 

1.0/0.0 0.60 N/A N/A 

'Experimental values. 

^Calculated values. 
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TABLE VIII. Experimental vs calculated volume fractions and 

corresponding intensity ratios for pyrene dissolved in 

binary dibutyl ether-acetonitrile mixture. 

DBE/ACN* I/III Ratio* DBE/ACN* 

0.0/1.0 1.63 

0 . 1 / 0 . 9 1 . 5 5 

0.2/0.8 1.48 

0 . 3 / 0 . 7 1 .44 

0 . 4 / 0 . 6 1 . 3 6 

0 . 5 / 0 . 5 1 . 3 1 

0 . 6 / 0 . 4 1 . 2 7 

0 . 7 / 0 . 3 1 . 1 8 

0.8/0.2 1.09 

0 . 9 / 0 . 1 1 . 0 0 

1 . 0 / 0 . 0 0 . 7 6 

'Experimental values. 

"•Calculated values. 

N/A 

0 . 0 9 / 0 . 9 1 

0 . 1 7 / 0 . 8 3 

0 . 2 2 / 0 . 7 8 

0 . 3 1 / 0 . 6 9 

0 . 3 7 / 0 . 6 3 

0 . 4 2 / 0 . 5 8 

0 . 5 2 / 0 . 4 8 

0 . 6 3 / 0 . 3 7 

0 . 7 3 / 0 . 2 7 

N/A 

I/III Ratio* 

N/A 

1 . 5 5 

1 . 4 8 

1 . 4 4 

1 . 3 7 

1 . 3 1 

1 . 2 7 

1.18 

1 . 0 9 

0 . 9 9 

N/A 
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TABLE IX: Experimental vs calculated volume fractions and 

corresponding intensity ratios for pyrene dissolved in 

binary heptane-dioxane mixtures. 

Hp/Dx* I/III Ratio* Hp/Dx* I/III Ratio* 

0.0/1.0 1.34 N/A N/A 

0.1/0.9 1.28 0.36/0.64 1.28 

0.2/0.8 1.22 0.54/0.46 1.22 

0.3/0.7 1.13 0.71/0.29 1.14 

0.4/0.6 • O
 

00
 

0.76/0.24 1.09 

0.5/0.5 1.04 0.80/0.20 1.04 

0.6/0.4 0.95 0.86/0.14 0.95 

0.7/0.3 0.89 0.89/0.11 0.90 

0.8/0.2 0.79 0.93/0.07 

H
 

00 • 
o
 

0.9/0.1 0.68 0.97/0.03 0.67 

1.0/0.0 0.54 N/A N/A 

'Experimental values. 

Calculated values. 
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TABLE X; Experimental vs calculated volume fractions and 

corresponding intensity ratios for pyrene dissolved in 

binary heptane-tetrahydrofuran mixtures. 

HP/THF* I/III Ratio* Hp/THJ* 

0.0/1.0 1.21 

0 . 1 / 0 . 9 1 . 1 8 

0.2/0.8 1.13 

0 . 3 / 0 . 7 l . i i 

0 . 4 / 0 . 6 1 . 0 3 

0 . 5 / 0 . 5 1 . 0 1 

0 . 6 / 0 . 4 0 . 9 2 

0 . 7 / 0 . 3 0 . 8 7 

0 . 8 / 0 . 2 0 . 7 7 

0 . 9 / 0 . 1 0 . 6 7 

1.0/0.0 0.55 

•Experimental values. 

Calculated values. 

N/A 

0 . 1 5 / 0 . 8 5 

0 . 3 4 / 0 . 6 6 

0 . 4 0 / 0 . 6 0 

0 . 5 8 / 0 . 4 2 

0 . 6 1 / 0 . 3 9 

0 . 7 4 / 0 . 2 6 

0 . 7 9 / 0 . 2 1 

0 . 8 8 / 0 . 1 2 

0 . 9 4 / 0 . 0 6 

N/A 

I/III Ratio" 

N/A 

1.18 

1 . 1 3 

1.10 

1.02 

1.01 

0 . 9 2 

0 .86 

0 . 7 6 

0 . 6 5 

N/A 
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TABLE XI: Experimental vs calculated volume fractions and 

corresponding intensity ratios for benzo[e]pyrene dissolved 

in binary heptane-dioxane mixtures. 

Hp/Dx" I/III Ratio" Hp/Dx* I/III Ratio* 

0.0/1.0 0.70 N/A N/A 

0.1/0.9 0.65 0.33/0.67 0.65 

0.2/0.8 0.60 0.53/0.47 0.60 

0.3/0.7 0.57 0.62/0.38 0.57 

0.4/0.6 0.52 0.73/0.27 0.52 

0.5/0.5 0.50 0.76/0.24 0.50 

0.6/0.4 0.45 0.83/0.17 0.45 

0.7/0.3 0.41 0.87/0.13 0.42 

0.8/0.2 0.36 0.92/0.08 0.36 

0.9/0.1 0.29 0.97/0.03 0.29 

1.0/0.0 0.24 N/A N/A 

'Experimental values. 

^Calculated values. 
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TABLE XII: Experimental vs calculated volume fractions and 

corresponding intensity ratios for benzo[e]pyrene dissolved 

in binary heptane-tetrahydrofuran mixtures. 

HP/THF* I/III Ratio* Hp/THF* I/III Ratio" 

0.0/1.0 0.64 N/A N/A 

0.1/0.9 0.62 0.08/0.92 0.62 

0.2/0.8 0.59 0.19/0.81 0.59 

0.3/0.7 0.56 0.29/0.71 0.57 

0.4/0.6 0.53 0.38/0.62 0.53 

0.5/0.5 0.50 0.46/0.54 0.51 

0.6/0.4 0.46 0.55/0.45 0.47 

0.7/0.3 0.42 0.65/0.35 0.42 

0.8/0.2 0.37 0.75/0.25 0.37 

0.9/0.1 0.30 0.87/0.13 0.31 

1.0/0.0 0.21 N/A N/A 

'Experimental values. 

'Calculated values. 
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TABLE XIII: Experimental vs calculated volume fractions and 

corresponding intensity ratios for benzo[gJiiJperylene 

dissolved in binary heptane-dioxane mixtures. 

Hp/Dx* I/in Ratio* Hp/Dx* 

0.0/1.0 1.03 

0 . 1 / 0 . 9 0 . 9 8 

0 . 2 / 0 . 8 0.95 

0 . 3 / 0 . 7 0 . 9 1 

0 . 4 / 0 . 6 0 . 8 7 

0 . 5 / 0 . 5 0 . 8 3 

0 . 6 / 0 . 4 0 . 7 7 

0 . 7 / 0 . 3 0 . 7 1 

0 . 8 / 0 . 2 0.63 

0 . 9 / 0 . 1 0 . 5 3 

1.0/0.0 0.40 

•Experimental values. 

Calculated values. 

N/A 

0 . 1 6 / 0 . 8 4 

0 . 2 5 / 0 . 7 5 

0 . 3 4 / 0 . 6 6 

0 . 4 4 / 0 . 5 6 

0 . 5 1 / 0 . 4 9 

0 . 6 2 / 0 . 3 8 

0 . 7 0 / 0 . 3 0 

0.80/0 .20 

0 . 9 0 / 0 . 1 0 

N/A 

I/III Ratio" 

N/A 

0 . 9 8 

0 . 9 5 

0 . 9 1 

0 . 8 7 

0 . 8 3 

0 . 7 7 

0 . 7 1 

0 . 6 3 

0 . 5 3 

N/A 
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TABLE XIV: Experimental vs calculated volume fractions and 

corresponding intensity ratios for benzo[ghi]perylene 

dissolved in binary heptane-tetrahydrofuran mixtures. 

HP/THF* I/III Ratio* Hp/THf* I/III Ratio6 

0.0/1.0 1.05 N/A N/A 

0.1/0.9 1.06 0.00/1.00 1.06 

0.2/0.8 1.02 0.07/0.93 1.02 

0.3/0.7 0.99 0.13/0.87 0.99 

0.4/0.6 0.95 0.21/0.79 0.95 

0.5/0.5 0.89 0.32/0.68 0.89 

0.6/0.4 0.86 0.37/0.63 0.86 

0.7/0.3 0.78 0.51/0.49 0.78 

0.8/0.2 0.68 0.66/0.34 0.69 

0.9/0.1 0.56 0.82/0.18 0.56 

1.0/0.0 0.40 N/A N/A 

'Experimental values. 

^Calculated values. 
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TABLE XV: Experimental vs calculated volume fractions and 
corresponding intensity ratios for coronene dissolved in 
binary heptane-dioxane mixtures. 

Hp/Dx* i/in Ratio* Hp/Dxb 

0.0/1.0 0.62 

0 . 1 / 0 . 9 0 . 6 0 

0 . 2 / 0 . 8 0.56 

0 . 3 / 0 . 7 0 . 5 4 

0 . 4 / 0 . 6 0 . 5 1 

0 . 5 / 0 . 5 0 . 4 6 

0 . 6 / 0 . 4 0 . 4 1 

0 . 7 / 0 . 3 0 . 3 7 

0 . 8 / 0 . 2 0 . 3 0 

0 . 9 / 0 . 1 0 . 2 3 

1.0/0.0 0.14 

'Experimental values. 

Calculated values. 

N/A 

0 . 1 5 / 0 . 8 5 

0 . 3 0 / 0 . 7 0 

0 . 3 7 / 0 . 6 3 

0 . 4 7 / 0 . 5 3 

0 . 6 0 / 0 . 4 0 

0 . 6 9 / 0 . 3 1 

0 . 7 6 / 0 . 2 4 

0 . 8 5 / 0 . 1 5 

0 . 9 2 / 0 . 0 8 

N/A 

I/III Ratio* 

N/A 

0 . 5 9 

0 . 5 6 

0 . 5 4 

0 . 5 1 

0 . 4 6 

0 . 4 1 

0 . 3 7 

0 . 3 0 

0 . 3 0 

N/A 
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TABLE XVI: Experimental vs calculated volume fractions and 

corresponding intensity ratios for coronene dissolved in 

binary heptane-tetrahydrofuran mixtures. 

HP/THE* I/III Ratio* Hp/THF* 

0.0/1.0 0.60 

0 . 1 / 0 . 9 0 . 5 8 

0.2/0.8 0.57 

0 . 3 / 0 . 7 0 . 5 4 

0 . 4 / 0 . 6 0 . 5 1 

0 . 5 / 0 . 5 0 . 4 8 

0 . 6 / 0 . 4 0 . 4 4 

0 . 7 / 0 . 3 0 . 3 8 

0.8/0.2 0.31 

0 . 9 / 0 . 1 0 . 2 4 

1.0/0.0 0.14 

•Experimental values. 

^Calculated values. 

N/A 

0 . 0 7 / 0 . 9 3 

0 . 1 0 / 0 . 9 0 

0 . 1 9 / 0 . 8 1 

0 . 2 7 / 0 . 7 3 

0 . 3 5 / 0 . 6 5 

0 . 4 5 / 0 . 5 5 

0 . 5 8 / 0 . 4 2 

0 . 7 2 / 0 . 2 8 

0 . 8 4 / 0 . 1 6 

N/A 

I/III Ratio* 

N/A 

0 . 5 8 

0 . 5 8 

0 . 5 4 

0 . 5 1 

0 . 4 8 

0 . 4 4 

0 . 3 8 

0 . 3 1 

0 . 2 3 

N/A 
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TABLE XVII: Experimental vs calculated volume fractions and 

corresponding intensity ratios for 3,4-

dihydrobenzo[ghi]perylene dissolved in binary heptane-

dioxane mixtures. 

Hp/Dx* I/III Ratio' Hp/Dxb I/III Ratio* 

0.0/1.0 1.76 N/A N/A 

0.1/0.9 1.66 0.48/0.52 1.66 

0.2/0.8 1.65 0.51/0.49 1.65 

0.3/0.7 1.60 0.62/0.38 1.59 

0.4/0.6 1.58 0.66/0.34 1.56 

0.5/0.5 1.52 0.74/0.26 1.50 

0.6/0.4 1.48 0.79/0.21 1.46 

0.7/0.3 1.44 0.83/0.17 1.41 

0.8/0.2 1.32 0.92/0.08 1.29 

0.9/0.1 1.25 0.95/0.05 1.24 

1.0/0.0 1.12 N/A N/A 

'Experimental values. 

^Calculated values. 
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TABLE XVIII: Calculated wavelengths and corresponding 

Intensities for 9,9'-bianthracene in 50/50 dibutyl ether-

acetonitrile binary mixture. 

Xm(na) Intensity* 

383.6 27.3 

393.6 199.4 

403.6 215.7 

413.6 260.8 

423.6 228.0 

433.6 212.7 

443.6 191.2 

453.6 163.5 

463.6 109.2 

473.6 80.6 

483.6 60.1 

503.6 43.7 

513.6 31.4 

523.6 22.2 

533.6 14.0 

543.6 8.9 

"unnoriaa 1 i z ed 
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TABLE XIX: Calculated wavelengths and corresponding 

intensities for 9,9'-bianthracene-10-carboxaldehyde in 50/50 

toluene-acetonitrile binary mixture. 

(nm) Intens ity* 

422.8 149.5 

432.8 207.9 

442.8 257.4 

452.8 276.8 

462.8 263.0 

472.8 226.0 

482.8 178.6 

492.8 134.9 

502.8 95.9 

512.8 68.3 

522.8 44.0 

532.8 28.4 

*unnornalized 



CHAPTER III 

RESULTS AND DISCUSSION 

Preferential Solvation Around Intensity Probes 

The variation of spectral response with solvent 

composition forms the basis of spectroscopic probe methods 

and preferential solvation studies. Probe methods generally 

assume an idealized situation in which the measured spectral 

response, R, in a binary mixture is given by27,28,117'122 

R = YA R°A + (1-YA) R°b Eqn. 9 

a weighted local mole fraction or volume fraction average of 

the probe's spectral responses in the pure solvents, R°A and 

R°b. Here YA and (1- YA) refer to the solvational sphere 

composition, which may be quite different from the overall 

bulk liquid-phase composition, XA and (1-XA). Though 

invoked in many published spectroscopic studies, to my 

knowledge, there has never been a satisfactory derivation of 

Eqn. 9. Derivations that assume that the solute's molar 

absorptivity coefficient and/or fluorescent quantum yields 

are simple compositional averages of pure solvent values are 

not satisfactory, since this already presupposes the final 

derived expression. A second, trivial derivation would 

necessitate an identical spectral response in each pure 

solvent (i.e., R°A = R°„), in which case the solute would not 

Q O 
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exhibit probe character. 

To derive Eqn. 9, the solvational sphere around every 

PAH fluorophore is assumed to be solvated by one type of 

solvent molecule, either by solvent A or by solvent B, as 

depicted in the simulated preferential solvational scheme of 

Figure 14 (see page 48). The extent of preferential 

solvation is determined by the relative mole numbers of each 

solvational sphere type, rather than by the local mole 

fraction composition within the solvational sphere. Each 

solvated fluorophore contributes to the observed 

fluorescence signal, at each emission wavelength 

scanned: 

^ ' fkaoroA (^>0~^'fluoro A ) ^ ^ ' fluoro B ( B ) 

Eqn. 12 

where P0 refers to the intensity of the incoming 

monochromatic excitation radiation and (Po-Pftwoi) is the 

amount of radiation absorbed by the solvated fluorophore of 

type i. The emission monochromator which controls the 

emission radiation that reaches the photomultiplier tube 

detector can not distinguish between photons emitted by 

solvational fluorophore A versus those that were emitted by 

solvational fluorophore B, provided that the wavelengths 

correspond to the emission monochromator setting. 

Monochromators differentiate between photons on the basis of 

wavelength. The two proportionality constants in Eqn. 12, 

K'(horoa an<* K'fegroe, depend on the various optical component 
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placements within the instrument, detector 

response/efficiency, and quantum yield of the given solvated 

fluorophore. 

The Beer-Lambert law relates the intensity of the 

unabsorbed excitation radiation, P- f - to 

» P IN-B€N«w<[Fluoro i] 
fl"oro' po 10 Eqn. 13 

molar concentration of fluorophore, [Fluoro i], and the 

molar extinction coefficient, e^,. Substitution of Eqn. 

13 into Eqn. 12 gives 

r*. - K^,a P„ (1 - 10-
bC»—tFluoro A)) 

+ P. (1 - 10- b'— t F 1 U O r O Eqn. 14 

which can be expanded as a Haclaurin power series to yield 

PO { 2.303 btj Â[Fluoro A] 

- (2.303 bCfl̂ A [Fluoro A])2/2i 

+ (2.303 beltaioA[Fluoro A])
3/3I - . . . } 

n̂»o»oB Po {2.303 be^ifFluoro B] 

- (2.303 be^, [Fluoro B])2/2! 

+ (2.303 befl„oloB[Fluoro B])
3/31 - . . . } 

Eqn. 15 

For very dilute solutions where 2.303 bc^JFluoro i] < 

0.05, the higher-order terms are negligible. Performing 

this simplification, the measured emission is 

F<*. • 2 . 3 0 3 KFLAOROA P0 b Ya [Fluoro] + 

2.303 P0 b Cflyorog (1 — YA) [Fluoro] Eqn. 16 
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whenever expressed in terms of the total stoichiometric 

fluorophore concentration, [Fluoro]. Here, YA and (1-YA) 

represent the mole number fraction of each type of solvated 

fluorophore, i.e, YA = [Fluoro A]/[Fluoro] and (1-YX) * 

[Fluoro B]/[Fluoro]. Inherent in the above treatment is the 

underlying assumption that neither solvent component forms a 

nonfluorescent association complex with the fluorophore. If 

such complexation does occur, then Eqn. 16 describes only 

the fraction of the solute molecules that actually 

fluoresce. If such complexation does occur, the Eqn. 16 

only describes the fraction of the solute molecules that 

actually fluoresce. 

Examination of Eqn. 16 reveals that the observed PAH 

emission spectra for a binary solvent mixture is a weighted 

mole fraction average of the fluorophore's spectra in each 

of the two pure solvents [ie., Spectrum - YA (Spectrum)A + 

(1-Ya) (Spectrum) B], provided that the molar concentration 

of fluorophore remains constant for each series of 

measurements. Emission intensities are additive at each 

wavelength. In the case of a PAH solvent polarity probe 

such as pyrene, coronene, and benzo[ghi]perylene, the 

calculated I/III emission ratio is 

* T̂ Â IOLVWTA + 

+ (i-^A) Eqn. 17 

also determined by the extent of preferential solvation. 
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Here, it is assumed that both the I and III band 

emission wavelengths are solvent 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. It 

is only under the very special set of circumstances where 

III»otif[iA *
 IIIwhxtB that the emission intensity ratio equals 

I/III - Ya(I/III) 
•olvmftA 

+ (1-YA) (I/III) MlveatB 
Eqn. 18 

a simple weighted fraction average of ratios in the pure 

solvents. A number of researchers1*2"1*7 have invoked the 

questionable mathematical form of Eqn. 18 in studies 

involving pyrene-tetraalkylammonium halide association and 

pyrene-cyclodextrin inclusion complexes by assuming that the 

observed I/III ratio is a weighted average of the I/III 

ratio of the uncomplexed (free) pyrene and that of the 

complexed pyrene. Nakashima and coworkers124 employed Eqn. 

18 to investigate pyrene partitioning amongst polystyrene 

(PS) and poly(2-vinylpyridine) (PVP) microdomains in PS-PVP 

diblock copolymers. Several recent papers15*"162 have 

criticized such inexact mathematical treatments. 

Application of Eqn. 17 is relatively straightforward if 

the spectrofluorometer is equipped with data processing and 

manipulation software. The fluorescence emission spectra 

are recorded for the PAH probe dissolved in both pure 

solvents, and the measured I and III (I and II in the case 
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of BePy) band intensities are substituted into the numerator 

and denominator, respectively. "Trial" values of YAand (1-

Ya) are computed from the measured I / L L I ratio for each 

binary solvent composition studied. These trial values are 

then used in Eqn. 16 to generate the calculated fluorescence 

emission spectra, which are compared to the observed data. 

Careful attention is given to ensure that the entire 

detailed emission fine structure (wavelengths and all 

intensity ratios) is correctly reproduced, rather than just 

the experimental I/III ratio. If necessary, the trial 

values can be adjusted repetitively until the "best 

possible" agreement between observed and calculated spectra 

is reached, as is shown in Figure 17. Spectra A and B in 

this figure represent the emission intensities of coronene 

dissolved in neat methanol and acetonitrile, respectively, 

scanned from 420 - 520 run. A trial value of Y , ^ « 0.66 

reproduced very accurately the observed coronene emission 

spectra at the binary solvent volume fraction composition of 

$MCOH " 0.60 after normalization to a common band intensity 

(spectra C versus spectra D in Figure 17). Normalization 

corrects for small differences in experimental conditions, 

such as fluorophore concentration, ambient room temperature 

and excitation source intensity, which may occur during any 

given series of fluorescence measurements. in most cases 

there was less than a 1 % difference between the observed 
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WAVELENGTH (nm) 

FIGURE 17: Fluorescence emission behavior of coronene 

dissolved in neat methanol [A ( ) ], in neat 

acetonitrile [B (-•-)], and in a binary methanol-

acetonitrile mixture [C ( ) ] having a stoichiometric 

volume fraction composition of " 0.60. Spectrum 

[D ( - • - ) ] represents the emission spectrum calculated 

using Eqns. 16 and 17, with a preferential solvation mole 

fraction of - 0.66. After normalization to a common 

band intensity, spectra C and D are superimposible. 
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and calculated spectra after normalization. 

Had one erroneously assumed that I/III intensity ratios 

were additive as implied in Eqn. 18, then one would not 

necessarily generate the observed emission spectrum, much 

less the desired I/III intensity ratio. For example, in the 

case of coronene the calculated I/III intensity ratios are 

Co * 0.14 and Co = 0.62 in pure n-heptane and 1,4-dioxane, 

respectively. The ratio is Co = 0.37 in the binary n-

heptane + 1,4-dioxane mixture at = 0.70. Substituting 

these values into Eqn. 18, one computes a local mole 

fraction composition of YHrftlmc • 0.52. As shown in Figure 

18, this particular value of vnr]|l„r gives a I/III ratio of Co 

• 0.49 for the calculated spectrum generated via Eqn. 16. 

Moreover, the observed and calculated fluorescence spectra 

are not superimposable. Similar arguments illustrating the 

deficiencies in Eqn. 18 can be made using benzo[e]pyrene as 

the spectroscopic probe molecule. Here, one can define 

three different solvent polarity scales based upon the I/II, 

I/III and I/IV emission intensity ratios.33 Preferential 

solvation mole fractions computed from the I/II ratio are 

significantly different from values based upon the I/III and 

I/IV ratios, despite the fact that the spectroscopic probe 

sees only a single solvent micro-environment during the 

course of these measurements. 

Figures 19-29 summarize results of the preferential 

solvation computations for pyrene, benzo[e]pyrene, benzo-
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WAVELENGTH (nm) 

FIGURE 18: Fluorescence emission behavior of coronene 

dissolved in neat n-heptane [A ( )], in neat 1/4-

dioxane [B (-•-)], and in a binary n-heptane + 1,4-dioxane 

mixture [C (-•-)] having a stoichiometric fraction 

composition of <6IIrrtMf « 0.70. Spectrum (D ( ) ] 

represents calculated emission intensities from 420 - 520 nm 

assuming I/III intensity ratios are additive, see Eqn. 18. 

Spectra C and D differ considerably in detailed emission 

fine structure. 
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4> 
Dibutyl Ether 

FIGURE 19: Variation of fluorescence emission intensity 

ratios with stoichiometric volume fraction composition for 

pyrene (Py,B), benzo[e]pyrene (BePy,#), coronene (Co, •), 

and benzo[ghi]perylene (BPe, o) dissolved in binary dibutyl 

ether + acetonitrile solvent mixtures. Specific emission 

intensity ratios used were: Py - I (circa 371 nm)/III 

(circa 382 nm), Co - I (circa 426 nm)/III (circa 444 run), 

BPe * I (circa 405 nm)/III (circa 417 nm), and BePy * I 

(circa 376 nm)/II (circa 386 nm). Emission band wavelengths 

are solvent dependent and may differ slightly from one 

spectrofluorometer to another because of errors or 

uncertainties in the emission monochromator calibration. 
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FIGURE 20: Preferential Solvation of pyrene dissolved in 

dibutyl ether + acetonitrile mixtures. Numerical values of 
YDfe*icte were calculated from Eqn. 17 using observed I/Ili 

emission intensity ratios. The x-axis denotes the 

stoichiometric mole (•) and volume m fraction compositions 

of the binary solvent. 
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ifeptane 

FIGURE 21: Preferential solvation of pyrene dissolved in n-

heptane + 1,4-dioxane mixtures. Numerical values of vTI , 

were calculated from Eqn. 17 using observed I/III emission 

intensity ratios. The x-axis denotes the stoichiometric 

mole (•) and volume (•) fraction compositions of the binary 
solvent. 
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FIGURE 22: Preferential solvation of pyrene dissolved in n-

heptane + tetrahydrofuran mixtures. Numerical values of 

were calculated from Eqn. 17 using observed I/III 

emission intensity ratios. The x-axis denotes the 

stoichiometric mole (#) and volume <•> fraction compositions 

of the binary solvent. 



95 

4 
i h 

ifeptane 

FIGURE 23: Preferential solvation of benzo[e]pyrene 

dissolved in n-heptane + 1,4-dioxane mixtures. Numerical 

values of Ylfrf1ll, were calculated from Eqn. 17 using observed 

I/II emission intensity ratios. The x-axis denotes the 

stoichiometric mole (•) and volume (•) fraction compositions 

of the binary solvent. 
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'Heptane 01 -^Heptane 

FIGURE 24: Preferential solvation of benzo[e]pyrene 

dissolved in n-heptane + tetrahydrofuran mixtures. 

Numerical values of YHrft<nr were calculated from Eqn. 17 using 

observed I/III emission intensity ratios. The x-axis 

denotes the stoichiometric mole (•) and volume (•) fraction 

compositions of the binary solvent. 
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tleptane 

FIGURE 25: Preferential solvation of benzo[ghi]perylene 

dissolved in ii-heptane + 1,4-dioxane mixtures. Numerical 

values of YHeftme were calculated from Eqn. 17 using observed 

I/III emission intensity ratios. The x-axis denotes the 

stoichiometric mole (#) and volume (•) fraction compositions 

of the binary solvent. 
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FIGURE 26: Preferential solvation of benzo[ghi]perylene 

dissolved in JI-heptane + tetrahydrofuran mixtures. 

Numerical values of V- r were calculated from Eqn. 17 using 

observed 1/111 emission intensity ratios. The x-axis 

denotes the stoichiometric mole (•) and volume (•) fraction 

compositions of the binary solvent. 
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Heptane 01 ^Heptane 

FIGURE 27: Preferential solvation of coronene dissolved in 

n-heptane + 1,4-dioxane mixtures. Numerical values of YILJJ_ 

were calculated from Egn. 17 using observed I/III emission 

intensity ratios. The x-axis denotes the stoichiometric 

mole (•) and volume (•) fraction compositions of the binary 

solvent. 
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Ĥeptane OT ^Heptane 

FIGURE 28: Preferential solvation of coronene dissolved in 

n-heptane + tetrahydrofuran mixtures. Numerical values of 
YK**ae were calculated from Eqn. 17 using observed I/III 

emission intensity ratios. The x-axis denotes the 

stoichiometric mole (•) and volume (•) fraction compositions 

of the binary solvent. 
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FIGURE 29: Preferential solvation of 3,4-

dihydrobenzo[grhi]perylene dissolved in n-heptane + 1,4-

dioxane mixtures. Numerical values of YTlfl|rtini were calculated 

from Eqn. 17 using observed I/Ill emission intensity ratios. 

The x-axis denotes the stoichiometric mole (#) and volume 

m fraction compositions of the binary solvent. 
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[ghi]perylene, coronene, and 3,4-dihydrobenzo[grhi jperylene 

dissolved in binary n-heptane + 1,4-dioxane and n-heptane + 

tetrahydrofuran mixtures. The nine stoichiometric binary 

compositions are represented as both mole (•) and volume (•) 

fractions. Uncertainties assigned to the various YH.tiwl. and 

(1 - vnj1lll[i values, indicated by the error bars, were based 

upon the reproducibility of the emission intensity ratios 

(circa ± 0.02 or so) and the range of possible "trial" 

values that predicted identical I/III ratios. For example, 

if numerical values of irjTin- = 82.6, I^p = 549.6, TTTnr|lllir = 

606.9 and Ultra =* 910.0 for coronene are substituted into 

Eqn. 16, then weighted fractions ranging from Yni|ll|ll = 0.34 

to Y.Tr- = 0.36 give the experimental intensity ratio of 

I/III • 0.48 when rounded to the second decimal place. 

Figures 30-37 are included to illustrate the differences in 

Egns. 17 and 18. The nine stoichiometric binary 

compositions are represented as mole fractions. Examination 

of the local mole fraction compositions calculated from Eqn. 

17 (denoted by •) and the local mole fraction compositions 

calculated from Eqn. 18 (denoted by •) reveals that the two 

methods do return different numerical values of vt[|1ML. 

Examination of the various figures reveals that the 

computational method produced fairly smooth curves for how 

the degree of presumed preferential solvation varies with 

solvational sphere microenvironment. In the simple 
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8 0 0.0 

FIGURE 30: Preferential solvation of pyrene dissolved in 

n-heptane + 1,4-dioxane mixtures. Numerical values of Y, TTrmtanr I X f W w 

denoted as (•) and (•) were calculated from Eqns. 17 and 18, 

respectively, using the observed I/III emission intensity 

ratios. The x-axis denotes the stoichiometric mole fraction 

composition of the binary solvent. 
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Heptane 

FIGURE 31: Preferential solvation of pyrene dissolved in 

n-heptane + tetrahydrofuran mixtures. Numerical values of 

Yiie*we denoted as (•) and (•) were calculated from Eqns. 17 

and 18, respectively, using the observed I/III emission 

intensity ratios. The x-axis denotes the stoichiometric 

mole fraction composition of the binary solvent. 
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31 
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0.0 0.2 0.4 0.6 1.0 

Heptane 

FIGURE 32: Preferential solvation of benzo[e]pyrene 

dissolved in /i-heptane + l,4-dioxane mixtures. Numerical 

values of vtt|„,,| denoted as (•) and m were calculated from 

Eqns. 17 and 18, respectively, using the observed I/II 

emission intensity ratios. The x-axis denotes the 

stoichiometric mole fraction composition of the binary 

solvent. 
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0.2 0.4 0.6 

X Heptane 

FIGURE 33: Preferential solvation of benzo[e]pyrene 

dissolved in n-heptane + tetrahydrofuran mixtures. 

Numerical values of YTTi|1iill denoted as (•) and (•) were 

calculated from Eqns. 17 and 18, respectively, using the 

observed I/II emission intensity ratios. The x-axis denotes 

the stoichiometric mole fraction composition of the binary 

solvent. 
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Benzo[ghi]perylene 

II 00 0.2 0.4 0.6 0.8 1.0 

Heptane 

FIGURE 34: Preferential solvation of benzo[ghi]perylene 

dissolved in n-heptane + 1,4-dioxane mixtures. Numerical 

values of Y|lrrt„.r denoted as (•) and (•) were calculated from 

Eqns. 17 and 18, respectively, using the observed I/III 

emission intensity ratios. The x-axis denotes the 

stoichiometric mole fraction composition of the binary 

solvent. 
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&° 

0.4 0.6 0.8 1.0 

X Heptane 

FIGURE 35: Preferential solvation of benzo[grhi]perylene 

dissolved in ji-heptane + tetrahydrofuran mixtures. 

Numerical values of Ylfnf1l(lt denoted as (•) and (•) were 

calculated from Eqns. 17 and 18, respectively, using the 

observed I/III emission intensity ratios. The x-axis 

denotes the stoichiometric mole fraction composition of the 

binary solvent. 
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FIGURE 36: Preferential solvation of coronene dissolved in 

72-heptane + 1,4-dioxane mixtures. Numerical values of Y1Irptmr 

denoted as (•) and (•) were calculated from Eqns. 17 and 18, 

respectively, using the observed I/III emission intensity 

ratios. The x-axis denotes the stoichiometric mole fraction 

composition of the binary solvent. 
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^ Heptane 

FIGURE 37: Preferential solvation of coronene dissolved in 

ji-heptane + tetrahydrofuran mixtures. Numerical values of 

YlTril1nir denoted as (•) and (•) were calculated from Ecpis. 17 

and 18, respectively, using the observed I/III emission 

intensity ratios. The x-axis denotes the stoichiometric 

mole fraction composition of the binary solvent. 
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solvational model preferential solvation is governed 

exclusively by the relative mole numbers of both solvent 

components. The local composition around the solute probe 

should equal the solution's stoichiometric mole fraction in 

the absence of preferential solvation. For binary n-heptane 

+ 1,4-dioxane mixtures there is an unexpectedly large local 

composition of the nonpolar n-heptane co-solvent around the 

polycyclic aromatic hydrocarbon probes. NSively, one would 

have expected that dipole-induced dipole interactions 

involving the oxygen lone electron pairs on the ether and 

the PAH's polarizable ir-electron cloud would result in 

preferential solvation that would favor the more polar 1,4-

dioxane co-solvent. Such interactions, however, may have 

led to the formation of nonfluorescent PAH-dioxane 

association for in this particular preferential solvational 

scheme. As noted previously, Eqn. 17 assumes that each 

solvated fluorophore contributes to the observed 

fluorescence signal. Alternatively, the unexpected 

preferential solvation of n-heptane around the PAH 

fluorophore may be a calculational or chemical artifact of 

unknown origin. There is the remote possibility that the 

large difference in emission intensities observed for 

several of the PAH solutes dissolved in pure n-heptane vs. 

that in pure 1,4-dioxane could have been caused by a trace 

impurity or fluorescence quenching agent in n-heptane. 

Mathematically, one must use a relatively large fraction of 
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FIGURE 38: Fluorescence emission behavior 3,4-

dibenzo [ghi ] perylene dissolved in neat ji-heptane 

[A ( )], in neat 1,4-dioxane [B (-•-)], and in a 

binary n-heptane-dioxane mixture [C (- • -)],having a 

stoichiometric volume fraction composition of d>ITlllll = 0.50. 

Spectrum [D ( )] represents the emission spectrum 

calculated using Eqns. 17 and 16, with a preferential 

solvation mole fraction of v~ « 0.74. After 

normalization to a common band intensity, spectra C and D 

are superimposable. 
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the DHBPe spectra (see Figure 38) in n-heptane to reproduce 

the emission intensity ratios observed in binary n-heptane + 

1,4-dioxane mixtures. Unfortunately, this happens to be one 

of the limitations of this particular spectrofluorometric 

probe method in general or many of the other experimental 

techniques that use 10'5 M (or less) solute concentrations. 

For any given series of fluorescence measurements it is 

conceivable that quenching impurities or artifacts of 

unknown origin may adversely effect the experimental data. 

The possibility of ten such occurrences is extremely small. 

Preferential solvation of the PAH solutes by n-heptane is 

considered real, and in all likelihood results from 

incompatibility of the planar PAH and chair-like 1,4-dioxane 

molecular structures. Shape compatibility is an extremely 

important consideration in that efficient packing maximizes 

the number of solute-solvent contacts. In mixtures of 

molecules having significantly different shapes, such as 

PAHs dissolved in binary n-heptane + 1,4-dioxane solvents, 

packing effects have reduced the number of molecular PAH-

dioxane interactions to the point where the stronger dipole-

induced dipole interactions are no longer favored. 

Preferential Solvation Around Wavelength Shift Probes 

Applicability of Eqn. 17 was established using pyrene, 

benzo[ghi]perylene, benzo[e]pyrene, coronene and 3,4-

dihydrobenzo[ghi]perylene dissolved in several binary 
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solvent mixtures. These five PAHs exhibit probe character 

because their measured I,/I3 (or Ii/I2) emission intensity 

ratio for the first and third vibronic bands vary 

systematically with solvent polarity. Very slight shifts of 

± 4 nm (or less) were noted in the emission wavelengths. It 

was important, therefore, that the spectrofluorometric probe 

method accurately reproduce all experimental intensity 

ratios. Emission wavelengths would be automatically 

reproduced to within ± 2 nm or so. 

Solvatochromic behavior of 9,9*-bianthracene and 9,9*-

bianthracene-10-carboxa1dehyde results from significant 

redshifts in the Sj -» S2 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 Eqn. 17, or in terms of a 

change in the energy of a single solvational fluorophore. 

This latter case is depicted schematically in Figure 39. 

The ground state fluorophore has a mole fraction (or volume 

fraction if one desires) composition of Z® 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 in solvational sphere composition from Z® -*• zjf8. 

Emission of the fluorescent photon returns the fluorophore 

to its ground electronic state. 
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For modeling purposes, each solvational sphere is 

treated as a separate binary solvent microphase of 

composition Z® or Zf®. The solute's energy in both the 

ground and excited state will be expressed via the Nearly 

Ideal Binary Solvent (NIBS) model as 

+ (1 ~ Zj") E*j£o«>,B 

- A E ~ (at Z°») Eqn. 19 

oES «. rr ES p£S • / «i 17 ES\ vsBS 
f̂lmo ~ &K Aflaoô

 + V1 "K ) f̂tuoro.B 

- A E ^ (at Zf) Eqn. 20 

a solvational mole fraction average of the corresponding 

fluorophore energies in the pure solvents, Ê .r.| and E^^j. 

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. Had one assumed volume fraction 

additivity, then ZA would refer to the volume fraction of 

solvent A in the fluorophore's solvational sphere and A E ^ 

would be multiplied by a factor of V ^ / (XjJ VA + Xg VB), with 

the mole fractions Xj? and X£ referring to the solvational 

sphere composition. The NIBS model is discussed in greater 

detail in the next section. 

The change in the energy corresponding to the excited 

state -» ground state transition: 
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Fluoro* (at Zĵ 8) -• Fluoro (at Z^8) + hu^, 

= ZAS (EfcoB̂ A ~ 

+ (1 Z«) (E^^B - Ef^g) Eqn. 21 

Fluoro* (at Z|®) - Fluoro (at Z®) + hw,. 

- Z f - E ^ ) 

+ (1 - Z-) (EStoiB - eSmo.b) Eqn. 22 

Fluoro* (at Zjf®) - Fluoro (at Z°») + hum 

^ = Za08 ̂  " Zf 

+ (1 - Zj?8) E^o,b - (1 - Zf) E ^ ) 

- AE«* (at Z«) + AE£* (at Zf8) Eqn. 23 

depends upon whether a change in the solvational sphere 

composition occurs during the excitation and/or emission 

processes. It should be noted that Eqns. 21 and 22 are 

simple rederivations of the general spectrofluorometric 

probe method (Eqn. 9) discussed in the Introduction. The 

spectral response, R, becomes 1/X̂ ,. only in the first two 

possible transitions does one obtain the degree of 

preferential solvation. Equation 9 (with R proportiona1 to 

1/Xj,,) was assumed in a recent preferential solvation study1" 

involving Reichard and Dimroth's £,.(30) pyridinium-N-

phenoxide betaine dye. The authors gave no indication, 

however, of how Eqn. 9 might be derived. 

The latter, noninformative transition can perhaps be 
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FIGURE 39: Schematic representation depicting the various 

photophysica1 processes and possible changes in the local 

mole fraction compositions of the ground state (Zjf8) and 

excited state (Ẑ 8) solvational spheres. Absorption of 

excitation radiation promotes the fluorophore to an 

electronic excited state. Depending upon the excited state 

lifetime, a change in solvational sphere composition may or 

mat not occur. Emission of the fluorescent photon returns 

the fluorphore to its ground electronic state. 
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excluded on the basis of the Frank-Condon principle which 

states that an electronic transition is rapid compared to 

nuclear motion. Solvent molecules contain several 

atoms/nuclei which are "fixed" in space with chemical bonds. 

Molecular diffusion, viewed as movement of several nuclei, 

should be much slower than an electronic transition. It 

could be argued, however, that exchange of solvent molecules 

might occur after the absorption process when the 

surrounding solvent cage molecules reorganize to accommodate 

the fluorophore1s larger excited state dipole moment. 

Between the absorption and emission processes there is time 

for the solvent to undergo some degree of reorganization. 

Whether or not this time is sufficient for solvent exchange 

depends upon the excited state's lifetime and how far the 

solvent molecules must travel before they are considered to 

be in the "solvent cage". 

Emission wavelength is inversely proportional to 

Intern ~ Eiw>l . Equations 21 and 22 predict that l/\* (or 

frequencies if one prefers) are additive on a preferential 

solvation basis. Equations 21 and 22 are less restrictive 

than Eqn. 13 in that the emission 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 

coefficient, e,^, and quantum yield (incorporated into the 
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K'fl,,,, constants in Eqns. 12 and 13) vary with solvent 

composition. Such methods would be completely inappropriate 

for solvatochromic probe molecules such as pyrene, 

benzo[grhi]perylene, benzo [ e ]pyrene, coronene, etc. that 

exhibit probe character solely on the basis of emission 

intensity ratio variations or inappropriate for tautomeric 

solvatochromic probes if the observed emission spectrum 

results from spectral overlap of the two individual 

conformer1s fluorescence emission signals. 

Application of Eqns. 17 and 21 is relatively 

straightforward if the spectrofluorometer is equipped with 

data processing and manipulation software. The fluorescence 

emission spectra are recorded for the bi-polycyclic aromatic 

hydrocarbon (bi-PAH) solute probe dissolved in both pure 

solvents, and depending upon the equation used, one either 

substitutes measured emission intensities at two fixed 

wavelengths (Eqn. 17) or the reciprocal of the maximum 

intensity emission wavelength (l/X̂ ,; Eqns. 21 and 22) into 

the theoretical expression. Values of YA and (1-YA) are 

computed from corresponding measured spectral properties for 

each binary solvent composition studied. For Eqn. 17 these 

values are then inserted back into Eqn. 16 to generate the 

calculated fluorescence emission spectra, which is compared 

against the actual observed data. For Eqn. 21 it will be 

assumed that all emission wavelengths are additive as i/(\-

± 10; i 20; etc. nn), and not just the wavelength having 
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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 fluorophore concentration, ambient temperature, 

excitation source intensity, which may occur during any 

series of fluorescence measurements. The thermodynamic 

model used in modeling the solvational energies of the 

fluorophore in the ground and excited state places no 

restrictions on how fluorescent quantum yields and molar 

absorptivities must vary with solvent composition. The 

approach assumed seems reasonable in the absence of a 

theoretical criteria. Careful attention is given to ensure 

that the entire detailed emission fine structure (wave-

lengths and all intensity ratios) is correctly reproduced, 

rather than just the single I/III ratio or l / A ^ used in 

computing the YA values in the first place. As an 

informational note, most of the published studies simply 

assume that Eqn. 21 holds, with no attempt made to ever 

back-calculate a "theoretical" spectrum. 

Representative fluorescence emission spectra for 9,9'-

bianthracene and 9,9'-bianthracene-10-carboxaldehyde 

dissolved in binary dibutyl ether + acetonitrile and toluene 
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+ acetonitrile mixtures are depicted in Figures 40-45. 

Emission behavior in the neat solvents correspond to Spectra 

A and B. Spectrum C shows the fluorophore's measured 

emission intensities in the equivolume *<*„m.̂iriii = 0.50) 

binary mixture scanned from circa 380-550 nm (390-560 nm in 

the case of 9,9'-bianthracene-10-carboxaldehyde). Also 

shown in each of Figures 41 and 42 reveals that neither 

equation satisfactorily describes the observed fluorescence 

behavior of 9,9'-bianthracene and 9,9'-bianthracene-10-

carboxaldehyde (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 the 

neat dibutyl ether, to dual fluorescence in the binary 

mixtures, to a very significant contribution from the 

twisted intramolecular charge transfer (TICT) 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 1/ 

a value of 2°%^^ « 0.324 was calculated from Eqn. 21 and 

the observed emission spectra 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 significantly from the 
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FIGURE 40: Fluorescence emission behavior of 9,9'-

bianthracene in neat dibutyl ether [A ( ) ] and in neat 

acetonitrile [B (- - -)]. 
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FIGURE 41: Fluorescence emission behavior of 9,9*-

bianthracene in a binary dibutyl ether + acetonitrile 

mixture [C ( )] having a stoichiometric volume fraction 

composition of « 0.50. Spectrum [D ( - - - ) ] and [E 

(•••)] represent the unnormalized and normalized emission 

spectra, respectively, calculated using Egn. 21, with a 

solvational sphere composition of - 0.324. 
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FIGURE 42: Fluorescence emission behavior of 9,9'-

bianthracene in a binary dibutyl ether + acetonitrile 

mixture [C ( )] having a stoichiometric volume fraction 

composition of » 0.50. Spectrum [D (- - -) ] and [E 

(•••)] represent the unnormalized and normalized emission 

spectra, respectively, calculated using Egn. 21. The 

preferential solvational mole fraction of Y^^.,^ = 0.053 

was based upon measured emission intensities at fixed 

wavelengths of 422 (LE) and 464 (TICT) nm, corresponding to 

the LE and TICT excited states in neat dibutly ether and 

acetonitrile, respectively. 
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FIGURE 43: Fluorescence emission behavior of 9,9'-

bianthracene-10-carboxaldehyde in neat toluene [A (-

and in neat acetonitrile [B (- - -)]. 

- ) ] 
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FIGURE 44: Fluorescence emission behavior of 9,9-

bianthracene-10-carboxaldehyde in a binary toluene + 

acetonitrile mixture [C ( ) ] having a stoichiometric 

volume fraction composition of <ft,rr1nnitn1n = 0.50. Spectrum [D 

(- -) ] and [E (•••)] represent the unnormalized and 

normalized spectra, respectively, calculated using Eqn. 21, 

with a solvational sphere composition of Z°L =* 0.301. 
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FIGURE 45: Fluorescence emission behavior of 9,9'-

bianthracene-10-carboxaldehyde in a binary toluene + 

acetonitrile mixture [C ( )J having a stoichiometric 

volume fraction composition of <6firrlMiTfilr = 0.50. Spectrum [D 

(- - -) ] and [E (•••)] represent the unnormalized and 

normalized emission spectra, respectively, calculated using 

Eqn. 21. The preferential mole fraction composition of Y._, 

* 0.080 was based upon measured emission intensities at 

fixed wavelengths of 440.8 and 488.8 nm. 
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observed values, even after normalization at 

particularly in the spectral region where the LE emission is 

observed. By locating the maximum intensity emission 

wavelength in this fashion, Egn. 21 has required that within 

any given solvational sphere that all molecular interactions 

between 9,9*-bianthracene and acetonitrile must involve the 

TICT state, whereas all molecular interactions between 9,9'-

bianthracene an dibutyl ether must involve the anthracene-

like LE state. (Remember that in applying Eqn. 21 the two 

energy differences, - E g ^ and tfgUj - Eg,™*, were 

replaced in favor of and respectively. 

The changes in the energy accompanying the spectral 

transition is inversely proportional to the wavelength of 

the emitted fluorescent photon.) This assumption is not 

consistent with the fact that at any given point in time, 

the fluorophore can exist in only one excited-state 

confirmation. It would seem more logical to separately add 

1/XeJ" for both the LE and TICT emission bands. Eqn. 21 

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 Eqn. 17, rather than 

in terms of changes in the energy levels of the excited 

state caused by molecular interactions between the excited 
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fluorophore and surrounding solvent molecules. For the 

equivolume dibutyl ether + acetonltrile solvent mixture, a 

value of vn ltl » 0.053 was calculated for the solvational 

sphere mole fraction composition around 9,9'-bianthracene, 

using Eqn. 17 and measured emission intensities at fixed 

wavelengths of 413 and 464 nm. This particular set of 

wavelengths correspond to the LE and TICT emission peaks. 

As shown in Figure 41, when these values were substituted 

back into Eqn. 16 the theoretical model did not accurately 

reproduce the experimental emission spectrum. Equation 16 

(and 17) 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 originated from two excited 

states. The preferential solvation scheme would thus 

contain the following 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 Eqns. 16 and 17 to 9,91-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 

Zander74 rationalized the fluorescence behavior of 9,9'-

bianthracene in neat organic solvents in terms of a 



130 

thermodynamic equilibria involving two different excited-

state conformations, »[TICT]/[LE]. The authors 

interpreted the increase of K*, 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 

concentrations are not necessarily met by maintaining a 

constant stoichiometric fluorophore concentration. 

Moreover, use of a single YA value for any given binary 

mixture places an additional mathematical constraint upon 

the computation, 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,74 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 conformational 

equilibrium. 

For solutes exhibiting dual fluorescence, perhaps the 

easiest method for holding constant each tautomer/conformer 

concentration would be to judiciously select neat organic 

solvents and solvent mixtures in which all (or nearly all) 

fluorescence originates from a common excited state. 

Judicious solvent selection would also eliminate the 
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problems encountered in using Eqn. 21 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 44 

and 45). 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 run. 

Values of Y-— « 0.080 (Eqn. 17) and Z-.—9s = 0.301 (Eqn. 21) 

reproduced fairly accurately the experimental emission 

spectrum at « 0.50 after normalization to a common 

band intensity (Spectrum C versus Spectrum E in Figures 44 

and 45). 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, ie., 

~ B ' Aspectnwc £ 0.05. Similar results were 

observed at the other binary solvent compositions. 

Thermodynamic Solution Model for Nonelectrolyte Systems 

Containing Bi-PAH Solute Tautomerism 

Validity of spectrofluorometric probe methods that 

utilize tautomeric two-excited-state solvatochromic probes 

can be evaluated in part by determining whether Eqn. 16 and 

17 are compatible with existing thermodynamic mixing models. 



132 

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. My 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 (NIBS) model has been 

shown to be quite dependable for estimating enthalpies of 

solution,126 gas-liquid partition coefficients,121 and 

saturation mole fraction solubilities127,183"174 of naphthalene, 

biphenyl, anthracene, pyrene, benzil, p-benzoquinone, 

iodine, thianthrene and carbazole 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: 

AG"* - RT I In + ( E n, Vj ) ( £ E *j ̂  ) 

Eqn. 24 

in which nj is the number of moles of component i, 0; is the 

volume fraction, Vt is the molar volume and ^ is a binary 

interaction parameter that is independent of solvent 

composition. Application of Eqn. 24 to a quaternary system 
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having a tautomeric solute (components C and D) dissolved in 

a binary solvent mixture (components A and B) takes the form 

C D " 0d/^C 

AG"1* « RT [nA In 0A + nB In 0B + nc In <pc + nD In 0D] 

+ (nAVA + nBVB + tiqVc + nDVD) [0A0B A^ + <P\<t>c AAC 

AaD "*• C ̂ BC 0B̂ D ̂ 8D ^C»] Eqn. 25 

The fluorophore is assumed to exist entirely in one of the 

two excited-state conformations, which are in thermodynamic 

equilibrium. Inclusion of the ground-state fluorophore 

would require that four additional terms be added to the 

AG"" expression. If included, these four terms would be 

mathematically whenever the chemical potentials of C and D, 

He and MD# a r e equated at the infinite dilution limit (ie., 

<t>̂ * -* 0). Whether or not the four terms are initially 

included has no effect on the final derived equation for the 

tautomer equilibrium constant. The chemical potentials of 

the two solute forms relative to the pure liquids (p£ and 

MD) ARE 

MC - Ml » RT [In 0c + 1 - Vc/V.*] + Vc [0A (1 - 0C) AAC 

+ 0B (1 ~ 0c) ̂ BC + 0D (1 " 0c) ̂ CD " 0A ̂ B ̂ AB 

" 0a âd " 0b b̂d3 Eqn. 26 
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FIGURE 46: Schematic representation depicting simplified 

preferential solvation around a tautomeric solute probe. In 

the idealized case, conformers C and D are solvated by only 

one type of solvent component. Extent of preferential 

solvation is determined by the relative mole numbers of each 

solvational sphere as is the actual case. Both (nD)/(r^) 

mole ratios must remain constant if the observed emission 

spectrum in the binary solvent mixture is to be a simple 

weighted average of the fluorophore's emission spectrum in 

each pure solvent. 
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Md - MS » RT tin *d + 1 - Vd/V.,*] + VD [*A (1 - *,) 

+ •B (1 ~ 0D) + 0C ~ 0D) ̂ cd 0A 0B aAB 

" 0a 0c ̂ ac ~ 0b 0c ̂ c3 Eqn. 27 

Mathematical manipulation of Eqns. 26 and 27, combined 

with the requirement that Mc * Md a t equilibrium, permits 

the equilibrium ratio of solute concentration (K&. - 0d/0c) 

at infinite dilution to be expressed in terms of the initial 

binary solvent composition (4£ and $£) an<* 5 binary 

interaction parameters 

(Md " MS) " (MC ~ MC) • RT [In (0D/0C) -

( V D - V C ) / (XJJVA + X | V B ) ] + <P°K ( V D - V C A A C ) 

+ 0i (Vd Ajd - Vc A^) - (VD - Vc) 0JJ <p£ Eqn. 28 

RT m Kt, - RT In (0d/0c) - (Mc " MS) 

+ R T ( V D - V C ) / (X£V A + X G V B ) ] + ^ ( V C A A C " V D A A D ) 

+ 0 S ( V C Abc - V D Am , ) + ( V D - V C ) A ^ Eqn. 29 

provided that the solute concentration is sufficiently 

small, which is the case with virtually all 

spectrofluorometric probe methods. Inspection of Eqn. 29 

reveals that for model systems obeying the NIBS solution 

model the five binary Ay parameters can be eliminated from 

the basic model via 

R T I n ( K T , ) A - (M2 - Md) + R T ( V D - V C ) / V A + V C A A C 

~ vd aad Eqn. 30 
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RT In (K£jB - (Ml - M5) + RT (VD - VC)/VB + Vc 

VD A B D Eqn. 31 

the measured solute concentration ratios in the two pure 

solvents, (K£,)a and (K£„)b, and 

" 0X 0S W VA + XS VB) A A B E q n . 3 2 

the excess Gibbs free energy of the binary solvent 

calculated relative to the Flory-Huggins model. Performing 

these substitutions, the expression for the equilibrium 

solute concentration ratio in a binary solvent mixture 

becomes 

in K*,, - In (Kt,)A + In (Kt,)B 

+ (VD - Vc) AG& (RT)
1 (XX VA + X| V,)*

1 Eqn. 33 

which often simplifies to 

In *1 - « in (Kt,)A + «| In (*•.)• Eqn. 34 

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, and the solvent unmixing term in Eqn. 33 will be 

negligible. 

If one accepts for the moment the validity of the 

spectrofluorometric probe method and Eqn. 16, then the 

equilibrium concentration ratio would also be expressed in 

terms of 
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«L - * [Di^/tc]^ 

» a CD]A + (1 - Ya) [D]b}/{Ya [C]a + (1 - YA) [C]b} 

Eqn. 35 

the four different solvational probe species present in 

solution (see Figure 46). 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 (K&Jj. 

After suitable algebraic manipulation, the equilibrium 

concentration ratio is rewritten as 

KtL » [Ya (Kt,)A + (1 - Ya) (Kt,)B ([C]B/[C]A) ]/ 

[YA + (1 - Ya) ([C]B/ [C]A) ] Eqn. 36 

Kt. - ZA (Kt,)A + (1 - ZA) (K*.)B Eqn. 37 

where ZA - YA/[YA + (1 - YA) ([C]B/ [C]A) ], which differs 

considerably in mathematical form from Eqn. 34 derived from 

the NIBS model. Clearly, the spectrofluorometric probe 

method developed for studying preferential solvation in 

binary solvent mixtures is not consistent with conventional 
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thermodynamic solution models in the case of tautomeric 

solvatochromic probe molecules. It is only in the very 

special case that (K&JA * (K£j b do the two models give 

identical values for Kt. in the binary solvent mixture. 

This essentially equivalent to stating that the [TICT]/[LE] 

ratio is the same in both neat solvents and is independent 

of binary solvent composition. Molar concentrations of the 

TICT and LE conformer would thus remain constant for any 

given series of spectrofluorometric probe measurements, 

which was one of the original assumptions made in deriving 

Eqns. 16 and 17. Unfortunately, for most systems (K£„)A ̂  

(K&Jg. 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. 

Based upon the preceding discussion, one might argue 

that an impartial evaluation must also examine the 

thermodynamic consistency/compatibility of Eqn. 16 versus 

the Microscopic Partition theory175"178 (or other "two-fluid" 

models133,134,137139) since both methods assume some degree of 

microscopic immiscibility and/or solvent sorting. The 

Microscopic Partition theory, developed by Purnell, Laub and 

coworkers, l7S~178 evolved as a consequence of attempts to 

explain theoretically the observed linear relationship 



139 

K* - 0£ (KR)A + *G (Ke)b Eqn. 38 

between solute gas-liquid chromatographic partition 

coefficient, KR, and volume fraction composition of the 

binary stationary phase liquid, <p% and Rigorous 

derivation of Eqn. 38 requires that the two miscible solvent 

components be treated as if they were microscopically 

immiscible in all proportions like the idealized 

preferential solvation scheme depicted in Figure 14. For 

this hypothetical situation, the fugacity of the solute(s) 

in the binary solvent will equal its fugacity in each of the 

"microscopically immiscible" solvent components 

Xc 7c f°c - (Xc)A (7C)A fc « (XC)B (7C)B fc Eqn. 39 

where f£ is the fugacity of the pure solute in its standard 

state, and Xc « [(nc)A + (nc)B]/(nA + n„) and (X^ » 

(with i • A and B) define solute mole fraction compositions 

in the binary and pure solvents, respectively. Equation 39 

can be rearranged to its more familiar reciprocal activity 

coefficient form 

l/7c » XA/(7C)A + *B/(7C)B Eqn. 40 

Considerable support for the Microscopic Partition theory 

can be found in the published chemical literature. To date, 

Eqns. 39 and 40 have accurately described measured solute 

activity coefficient data in 400 different systems. 

The thermodynamic equilibrium constant, K ^ , relates 
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the equilibrium molar concentration ratio of [D]^/ [C3*o»«a (or 

alternatively with the V„/Vc assumed to be unity 

or incorporated into the numerical value of to 

infinite dilution activity coefficients via 

K T _ - X D — 7-D/(Xc~' Yc) - [ D J m Y V F T C J . a y'c) 

Eqn. 41 

Kt» » [^]mw/ [C]io»rf - Kk» (1/7 D)/(1/7 c) 

- Kt™ [*;/(7D)A + *B/(7D)B3/[XA/(7C)A + X£/(7"C)B] 

Eqn. 42 

Here, it has been assumed that each conformer's activity 

coefficient is described by Eqn. 40 of Microscopic Partition 

theory, and for presentational simplicity Vc ™ VD. Careful 

examination of Eqn. 42 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, (KjjJi « (7C/7^D)I* After 

performing the necessary manipulations, the resulting 

expression is 

KJL " (Kt,)A + XS (Kt,). [ ( 7 C ) A / ( 7 C ) B 3 > / 

+ X | [ ( 7 C ) A / ( 7 C ) B ] > E q n . 4 3 

Kt, - Z°A (Kt,)A + (1 - Z£) (Kt)B Eqn. 44 

where Z% - XX/{XX + X| [(7")a/(7C)B]}» found to have a 

mathematical form identical to Eqn. 37, which was derived 

from the spectrofluorometric probe method. In the case of a 
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tautomeric two-excited-state solvatochromic probe, 

compatibility of Eqn. 16 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 beliefs, Eqn. 16 did not perfectly reproduce the 

observed fluorescence emission behavior of 9,9'-bianthracene 

and 9,9*-bianthracene-10-carboxaldehyde dissolved in binary 

dibutyl ether + acetonitrile solvent mixtures. I am thus 

forced to conclude that preferential solvation around both 

bi-PAH solutes is more complex than the simplified 

treatments used in deriving Eqns. 16, 21 and 22. In the 

case of Eqn. 16, 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 for the twisted intramolecular charge 

transfer excited state. Equation 22 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 
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theoretical model. Both excited-state conforraers contribute 

to the measured emission intensity, and each has a different 

fluorescent quantum yield versus emission wavelength 

profile. It is only under very special circumstances of a 

single excited-state conformation that the NrealH situation 

reduces to the simplified preferential solvation schemes 

modeled by Eqns. 16 and 21 (or 22). Readers are reminded 

that the preceding discussion, and conclusions reached 

therein, applies to only tautomeric solutes where the molar 

concentrations are governed by thermodynamic equilibrium 

considerations. Spectrofluorometric probe methods that use 

nontautomeric solute molecules are not limited by these 

considerations. 
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