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[image: image4.png]nant in a particular experimental system, and typically marce
than one effect will simultaneously aifect the tluorophore.
When counsidering envivonmental effects. solvend
polarity is usually the first 1opic. However, environmental
cliects as complex and cven solvent polarity cannot be
described using a single theory. The Lippert equation par-
tialty explains the cffect ol solvent polarity, but dues not
account for other effects such as hydrogen bonding 1o the
tiuorophore or internal charge transfer that depends 2n sol-
vent polarity. In this chapter we will start with a description
of general solvent elfects, and tth describe the other mech-
anisms that aflect em atd quanium yields.
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[image: image9.png]Solvent potarity and the Tocal environment have profoumd
effects on the emission spectral properties of fluorophores.
‘The effects of solvent polarity are one origin of the Stokes
shift, which is one of the carlicst observations in fluores-
cence. Emission spectra are easily measured, resulting in
numerous pubiicarionx‘ on emission spectra of Huorophores
und when bound to proleins, mem-

m\c’!eu acids. One common use of solvent
ul*L(lS is to determine the polarity of the probe binding site
on the macremolectide. This is accomplished by comparison
of the emission specira and/or quantm yields when ihe flu-
orophore is bound to the macromolecule or dissolved in sul-
vents of different polarity However, there are muny addi-
ional insiances where solvent effects are used. Suppose o
fiuorescent ligand binds o & protein or membranc. Binding
is usnally gecompaniced by spectrat shift or change in quan-
tuin yield due w the different environment for the bound
. Allernatively, the hgand may induce a speciral shifi
insic o eatrinsic profein fluorescence. In either
ase the spectral changes can be used Lo measure the exten
of binding.

The effects of sofvent and environment on fluorescence
spectr aie conplex, and are due 1o several factors in addi-
tion to salvent polarity. The fxctors that affect fluvrescence
=kds include;

aunizsion spectra and quantum
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[image: image395.png]Emission rom (luorophores generally cceurs st wave-
lengths that are longer than those at which absorption
s due to a variely of dvhamic
e 6.1 ).
tale

ocears. This Toss of energy i
processes that occur Following light absorption (F
e tluorophore is typically excited fo
(8. usually 1 an excited vibrational level within S, The
fo the solvent. i the

smglet

exvess vibrational energy is rapidly
finorophore is exeited to the secand singlet state (S,), it rap-
Iy decays to the 8, state in [0-12 5 due o internal conver-
on. Solvent efiecis shilt the emission to still lower energy
due to stabilizaicn of the excited state by the polur solvent
Typically. the Tiworophore fias a larger dipole

molecules
moment in the excited state () than in the ground state
{1)- Following excitaifon the solvent dipoles can reorient
or relax around 1, which fuwers the energy of the oxciied

state. As the scivent polwity is increased, this eff
sufling in emission at lower enargies

becomes larger,
tonger wavelengihs, In general. only fiucrophores that are
thiomscelves neler cisplay a larec sensirivity 1o solvent poiar-
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[image: image19.png]Figure 6.2. Phutograph and emission spectra of DNS in solverts of
increusing polarity, H, hexane; CH. eyclohexane; T. tofuenc; EA, ethyl
i, n-butanol.





[image: image20.png]stmifar 10 DNS because of the similar electron-donating and
~accepting groups on the fluorophore. The dimethyl amino
group is the electron donor. The nitro group and carbony]
groups are both clectron acceptors. The high sensitivity to
solvent is due to a charge shift away from the amine groups
in the excited state, towards the electron acceptor. This
results in a large dipole moment in the excited state. This
dipole moment interacts with the polar solvent molecules to
reduce the energy of the excited state.

A typical use of spectral shifts is 1o cstimate the polar-
ity which surrounds the fluorophore. In Figure 6.3 the goal
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[image: image23.png]Figure 6.3. Corrected {luorescence emission spectra of DOS in eyelo-
hexane (CHY. toluene (T}, ethyt acetate (EA), and butanot (Bu). The
dashed line shows the emission of DOS from DPPC vesivles. Revised
from {11
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[image: image30.png]Figure 6.1. Jablonski diagram for Quorescence with sobent rebix-

qLon.




[image: image31.png]ity. Nonpoiar molecutes. such as unsubstiinted aromatic
hydrocarbons, are much less sensitive to solvent polarity.

Fluorescence lifetimes {1-10 ns) are usually much
fonger than the time required for solvent relaxation. For
fluid solvents al room temperature. solvent relaxation
oceurs in 10-100 ps. For this reason, the emission specira
of fluorophores are representative of the solvent relaxed
state. Examination of Figure 6.1 reveals why absorption
specira are less sensitive to solvent polarity than emission
spectra. Absorption of light occurs in about 10+ s, a time
too shorl for motion of the fiuorophore or solvent. Absorp-
tion spectra are less sensitive to solvent polarity because the
molecule is exposed 10 the same local environment in the
ground and excited states. In contrast, the emitiing fluo-
rophore is exposad to the relaxed environment. which con-
tains solvent molecules oriented around the dipule moment
of the excited state.

Salvent polarity can have a dramatic effect on emission
spectra. Figure 6.2 shows a photograph of the emission
from 4-dimethylamino-4'-nitrostilbene (DNS) in solvents
of increasing polarity. The cmission spectra are shown in
the tower panel. The cotor shifts from deep biue (A, = 450
nm) in hexane o0 orange in ethyl acetate (&, = 600 nm),
and red in a-butanol (A = 700 nm).

‘max





[image: image32.png]6.1.2. Polarity Surrounding a Membrane-Bound
Fluorophore




[image: image33.png]Prior to describing the theory of solvent effects it is hefpful
0 see an cxample., Emissio/n spectra of trans-4-dimethy-
Taniing-4'-( 1 -oxobutyl) stifbene (DOS) are shown in Figure
6.3.! The emission spectra are seen to shift dramatically to
longer wavelenglhs as the solvent polarity is increased from
yelohexane to butanol. The sensitivity to solvent polarity is





[image: image405.png]



[image: image34.png]



[image: image35.png]absorption spectrum. Addition of 4 small amount of ethanol
(1 to 5%) results in a loss of the structured emission. This
amount of ethanol is too small to significantly change sol-
vent polarity and cause a spectral shift due to general sol-
vent effects. The spectral shift seen in the presence of small
amounts of ethanol is due to hydrogen bonding of ethanol
to the imino nitrogen on the indole ring. Such specific sol-
vent effects occur for many fluorophores, and should be
considered while interpreting the emission spectra. Hence,
the Jablonski diagram for solvent effects should also reflect
the possibility of specific solvent-fluorophore interactions
that can lower the energy of the excited state (Figure 6.4).
In addition to specific solvent-fluorophore interac-
tions, many fluorophores can form an internal charge trans-
fer (ICT) state, or a twisted internal charge transfer (TICT)
state.® For instance, suppose the fluorophore contains both
an electron-donating and an electron-accepting group. Such
groups could be amino and carbonyl groups, respectively,
but numerous other groups are known. Following excitation
there can be an increase in charge separation within the flu-
orophore. If the solvent is polar, then a species with charge
separation (the ICT state) may become the lowest energy
state (Figure 0.4} In a nonpolar solvent the species without
charge scparation, the so-called locally excited (LE) statc,
oy have the lowest energy. Hence, the role of solvent
polarity is not only to lower the eneigy of the excited state
due to general solvent effects, but also to govern which state
has the lowest energy. In some cases formation of the ICT
state requires rotation of groups on the fluorophore to form
the TICT state. Formation of ICT states is not contained
within the theory of general solvent effects, Additionally. a
fluprophore may display a large spectral shift duc 10
excimer or exciplex formation. The fluorophores may he
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[image: image37.png]was 1o determine 1he polarity of the DOS binding site on a
model membrane that was composed of dipalmitoyl-L-o.-
phosphalidylcholine (DPPC). The emission spectrum of
DOS boued to DPPC vesicles (dashed line) was found to be
similar to that of DOS in ethyi acetate, which has a dielec-
tric constant (g} near 5.8. The polarity of the DOS binding
site on DPPC vesicles is obviously greater than hexane {g =
1.9) and less than butanol (& = 17.8 at 20°C). Hence, the
crission spectra of DOS indicate an environment of inter-
mediate polarity for DOS when bound to DPPC vesicles,





[image: image38.png]6.1.3. Other Mechanisms for Spectral Shifts




‏ While interpretation of solvent—dependent emission spectra appears simple, this is a very complex topic. ‘The complexity is due to the variety of interactions that can result  in spectral shifts. At the simplest level, solvent-dependent emission spectra are interpreted in terms of the Lippert equation (eq. 6.1, below), which describes the Stokes shifts in terms of the changes in dipole moment which occur upon excitation, and the energy of a dipole in solvents of various dielectric constant (ε) or refractive index (n).2-3 These general solvent effects occur whenever a fluorophore is dissolved in any solvent, and are independent of the chemical properties of the fluorophore and the solvent. 
The theory for general solvent effects is often inadequate for explaining the detailed behavior of fluorophores in a variety of environments. This is because fluorophores often display multiple interactions with their local environments, which can shift the spectra by amounts comparable to general solvent effects. For  instance. indole displays a structured emission in the nonpolar solvent cyclohexane (see Figure 16.5). This spectrum is a mirror image of its
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[image: image45.png]Figure 6.4, Effects of cavironment on the energy of the excited stite. The dashed arrows indicate the Hleorophore cun be fleo-
tescert or nonfluorescent in the different states.
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[image: image47.png]ed states. To a first approximation this energy difference (in
¢ty is a property of the refractive index (n) and dieleciric
constant () of the solvent, and is described by the Lippert-
Mataga equation
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[image: image50.png]In this equation ft (= 6.6256 x [0-%7 ergs) is Planck’s con-
stanl. ¢ (= 2.9979 x 10'® ¢mfs) is the speed of light, and 4 is
the radius of the cavity in which the luorophore resides. v,
and Vi are the wavenumbers (curt) of the absorption and
emission, respectively. Equation 6.1 is only an approxima-
tion, but there reasonable correlation between the
observed mnd calculated energy Jusses i non-protic sol-
vents. By non-protic solvents we mean those not having
hydroxyl groups, or other groups capuble of hydrogen
bonding. The Lippert cguation is an approsimation in
which the polarizability of the fluorophore and higher-order
terms are neglected. These terms would account for second-
order effects. such as the dipole muments induced in the
ited fluorophore, and

solvent moiecules resulting by the ex
vice versa,

1Uis instructive to cxamiue the opposite effects of » and
st on the Stokes shift. An increase in n will docrease this
energy loss, whereas an increase in £ vresubis in a larger ¢if-
ference between V, and V. The refractive indes (1) s a
high-frequency response and depends on the motion of
electrons within the solvent molecules. which is essentinlly
instantaneous and can oceur during light absorption. In con-
trast, the dielectric constant (€) is a static property, which
depends on both electronic and molecular motions. the Ja-
ter being solvent reorganization around the excited state.
The ditferent effects of & and n on the Stokes shift will be
explained in detail in Section 6.2.1. Briefly, an increase in
refractive index allows both the ground and excited states to
be instantanecusly stabilized by movements of clectrons
within the solvent molecules. This electron redistribution
¢ in the energy difference between the

results in a decre
ground and excited stales (Figure 6.6). For this reason most
chromoplores disptay a red shifl of the absorption spectrum
in solvents relative to the vapor phase>* An increase in g
will also result in stabilization of the ground and excited
states. However, the energy decrease ol the excited stale
due w the diglectric conslant vecurs only after reqrientation
of the solvent dipoles. This process requires movemeni of
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[image: image52.png]fuorescent or nonfluorescent in these different states, The
quantum yield can change duc to change in the raie of non-
radiative decay (k,) or due to a conlormational change in
the fluorophore.

In summary. no single theory can be used for a quanti-
tative interpretation of the effects of envirenment on fluo-
rescence. Inlerpretation of these effects relies not only on
polarity considerations, but also on the structure of the {lu-
orophore and the types of chemical interactions it can
undergo with other nearby molecules. The trends observed
with solveni polarity follow the theory for general solvent
cffeets, which may give the impression that solvent polari-
ty is the only factor to consider. ln reality, multiple factors

affect the ennssion of any given fluorophore.




[image: image53.png]6.2. GENERAL SOLVENT EFFECTS:
THE LIPPERT-MATAGA EQUATION




[image: image54.png]The theory of genera) solvent elfects provides a useful
framework for consideration of solvent-dependent spectral
shifis. In the description of general solvent effects the fluo-
rophore is considered to be a dipole in a continuous medi-
um of uniform diefectric constant (Figure 6.5). This model
does not contain any chemical inferactions, and hence can-
not be used wo eaplain ihe other interactions which affect the

emission. These other interactions, such as hydrogen bond-
ing or formation of charge iransfer states, are somelimes
detected as deviatiens from (he generaf theory.

The interactions between the solvent and fluorophore
affect the energy difference between the ground and excit-
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[image: image56.png]Figure 6.5. Dipole in a dielectric medium,
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[image: image60.png]state dipole moment is py; = 20D, so that yp ~ g = 14D. We
will also assume the cavity radius is 4 A, which is compa-
rable (o the radius of a typical aromatic fluorophore, One
Debye unit (1D} is 1.0 x 10~ csu cm. 4.8D is the dipole
moment that results from a charge separation of one unit
charge (4.8 x 10-'% esu) by 1 A (10°% cm). An excited-state
dipole moment ot 20D is thus comparable to a unit charge
separation of 4.2 A, which is a distance comparable to the
size of a fluorophore. These assumed values ol p; and (1
are similar o those observed for fluorophores which are
frequently used as polarity probes in biochemical research.

For the modei calculation of Stokes losses we compare
the nonpolar solvent hexane with several polar solvents.
Nonpolar solvents such as hexane do not have a dipole
moment. Hence, there are no dipoles to reorient around the
exciled statc of the fluorophore. This physical preperty of
hexane is reflected by & = n? (Table 6.1). From eg. 6.1 one
calculates a small value for the orientation polarizability
(Af), and v, and V. are expected to be small or zero. For
example, if we assume that our model fluorophore absorbs
at 350 nm, the emission in hexane is calculated to also be at
350 nm (Table 6.2). However. even in nonpolar solvents,
absorption and emission maxima do not coincide this close-
ly. Excitation generally occurs to higher vibrational leveis.
and this energy is rapidly dissipated in fluid solvents (1012
s). Emission generally occws 1 an excited vibrational level
of the ground state. As a result, absorption and emission are
generally shifted by an amount at least equal to the vibra-
tionalt energy, or about 1500 em!. These energy losses are
accounted for by the constant term in eq. 6.5, and would
shift emission of our model fluorophore to 370 nm.

In polar solvents such as methanol, subslantially larger
Stokes losses are expected. For example, our model fluo-
rophore is expected to emit at 526 nin in this polar solvent
(Table 6.2). This shifl is due 10 the larger orientation polar-
izability of methanol, which is a sesult of its dipole
moment. This sensitivity of the Stokes shift to solvent
polarity is the reason why fluorescence emission spectra arc
frequently used to estimate the polarity of the environment
surrounding the fluorophore.
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‏ the entire solveni molecule, not just its electrons. As a result, stabilization of the ground and excited states of the fluorophore depends on the dielectric constant (ε) and is time dependent. The rate of solvent relaxation depends on the temperature and  viscosity of the solvent (Chapter 7). The excited state shifts to lower energy on a timescale comparable to the solvent  reorientation time. In the derivation of the Lippert equation (Section 6.2.1), and throughout this chapter, it is assumed that solvent relaxation is complete prior to emission. 
The term inside the large parentheses in eq. 6.1 is called the orientation polarizability (Δf ).The first  term (ε — 1)/(2ε + 1) accounts for the spectral shifts due to both the reorientation of the solvent dipoles and to the redistribution of the electrons in the solvent molecules (Figure 6.6, center). The second term (n2 — 1)/(2n2 + 1) accounts for only the redistribution of electrons. The difference of these two terms accounts for the spectral shifts due to reorientation of the solvent molecules (Figure 6.6, right), and hence the term orientation polarizabilrty. According to this simple model, only solvent reorientation is expected to result in substantial Stokes shifts. The redistribution of electrons occurs instantaneously, and both the ground and excited states are approximately equally stabilized by this process. As a result, the refractive index and electronic redistribution has a comparatively minor effect on the Stokes shift. 
It is instructive to calculate the magnitude of the spectral shifts that are   expected for general solvent effects. Most fluorophores have nonzero dipole moments in the ground and excited states. As an example we will assume that the ground-state dipole moment is μG =6D, and the excited-
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[image: image416.png]Table 6.2. Stokes Shifts Expected from General Solvent Effects
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[image: image98.png]direction of the dipole, and is proportional to the magnitude
of the dipolc moment,
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[image: image419.png]In this equation fis the polarizability of the solvent and a is
the cavity radius. The polarizahility of the solvent is a resul(
of both the mobility of electrons in the solvent and the
dipole moment of the solvent molecules. Each of these
components has a different time dependence. Reorientation
of the electrons in the solvent is cssentially instantaneocus.
The high frequency polarizability f{n) is a function of the
refractive index:
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[image: image103.png]The polanizability of the solvent also depends on the dielec:
tric constant, which includes the eifect of molecular orien-
tation of the solvent molecules. Because of the slower
timescale of mwolecular reovientation, this component is
calted the low [requency polarizability of the solvent, and is
iven by
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The difference between these two terms is
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[image: image108.png]6.2.1. Derivation of the Lippert Equation
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[image: image110.png]The interactions responsible for general solvent effects are
best understood by derivation of the Lippert equation. This

cquation can be writien as
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[image: image113.png]where AV Is the frequency shifi (in cm~!) between absorp-
Uon and emission. Af'is 1he orientation polarizability, and
ue and ug, are the excited- and ground-state dipole
mements, respectively, The Lippert equation is derived by
consideration ol the interaction of u fluorophore with the
solvent, and the timescale of these interactions. We need to
recall the Franck-Condon principle. which states that nuclei
do not move during an electronic transition (10-15 s). I con-
wrast, the electrons of the solvent molecules can redistribute
around the new excited state dipole during this time span. In
addition, because of the relatively long lifetime of the excit-
ed state {~10-% ). the solvent molecules can orientate to
their equilibrium position around the excited state of the
fluorophore prior to emission.

Derivation of the Lippert equation starts with the con-
sideration of a point dipole in a continvous dielectric medi-
um (Figure 6.4}, The energy of the dipole in an electric ficld
given by
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[image: image116.png]where R is the electric field.® [n our case the electric field is
the relative reactive field in the dielectric induced by the
dipole. The reactive field is parallel and opposite to the
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[image: image121.png]where £, represents the energy levels of the fluorophore in
the vapor state, unperturbed by solvent. The absorption
transition energy is decreased by the electronic reaction
field induced by the exciled staic dipole. This occurs
because the electrons in the solvent can follow the rapid
change in clectron distribution within the fluoropbore. In
contrast. the orientation of the solvent molecules does not
change during the absorption of light. Thercfore, the effect
of the orientation polarizability, given by pgR,C and R, G
contains only the ground-state orientational reaction field.
This scparation of effects is due to the Franck-Condon prin-
ciple. Recalling that energy is related to the wavelength by
V = AE/hc. subtraction of eq. 6.10 from 6.9 yields the ener-
gy of absorption:

he he (Vady — (g — pe) (RE
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[image: image123.png]where fic(V )y is the energy difference in a vapor where sol-
vent effects are not present. By a similar consideration onc
can oblain the energy of the two electronic levels for emis-

lon. These arc
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[image: image127.png]To derive these expressions we assumed that the solvent
relaxed quickly in comparison te the lifetime of the excited
state, sor that the initial orientation field (R ) changed to
R.£ prior to cmission. The electronic field changed during
emission, but the orientation field remained unchanged. The
energy of the emission is given by
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[image: image128.png]In the absence of environmental eficets one may expect v,
~ Vi 10 be a constant for complex molecules that undergo
vibrational refaxation. Hence, subtracting cq. 6.14 from
6.11 vields
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Consider Figure 6.7. which describe these fields during the processes of excitation and emission . For light absorption the energies of the ground (EG) and nonequilibrium excited (EE) states are
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and is called the orientation  polarizability. If the solvent  has no permanent dipole moment. ε=n2 and Δf  0.
 Table 6.1 lists representative values of  ε, n and Δf .  From the magnitudes of Δf one may judge that spectral shifts Δν will be considerably larger in water than in hexane. The interactions of a fluorophore with solvent can be described in terms of its ground- (μG) and excited-stale (μE) dipole moments, and the reactive fields around these dipoles. These fields may be divided into those due to electronic motions ( RelG  and RelG) and those due to solvent reorientation (RelG and RelG).Assunung equilibrium around the dipole moments of the ground and excited states, these reactive fields are
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[image: image148.png]igure 6.7. Etfects of the elecrronic and orientation reaction fieids on
the energy of a dipole in a diclectric mediun. g > 116, The smaller cir-
cles represeni she solvent moles and their dipole moments.





[image: image149.png]



[image: image150.png]and o 1s the angle between g and Ug. It seems reasonable
that gencral solvent effects would depend on the angle
between p; and pg. However, it seems that the directions of
the dipole moments are similar for many fluorophores in
the ground and excited state. Given the fact that the spectral
shifts due to specific solvent effects and formation of 1CT
states are oftel substantial, it seems preferable to use the
simplest form of the Lippert equation (o interpret the spec-
tral data. Deviations from the predicted behavior can be
used 1o indicate the presence of additional interactions.

To avoid confusion we note that eq. 6.18 was incorrect
in the second edition of this book. as was pointed out in
[15]. This equation was also incorrect on the original





[image: image151.png]6.2.2, Application of the Lippert Equation




[image: image152.png]The emission spectra of many fluorophores used 1o label
macromolecules are known to be sensitive to solvent polar-
ity. One of the best-known exumples is the probe ANS. This
class of probes has become widespread since its introduc-
tion in 1954.'S ANS and similar molecules are essentially
nonflucrescent when in agueous solution, but become high-
ly fluorescent in nonpolar solvents or when bownd to pro-
teins and membranes. These probes are highly sensitive 10
solvent polarity and can potentially reveal the polarity of
their immediate environments.™!% For exaniple, the emis
sion maximum of 2,6-ANS shifts from 416 ant in acetoni-
trile to about 460 nm in water (Figure 6.8}, and the emission
maximum could be used to estimate the polarity of the
binding site of ANS on the macromolecules.20 Another rea-
son for the widespread use of these probes is their low flu-
orescence in water. For example, the quantum yicld of i-
anilinonaphthalene-8-sulfonate (1.8-ANS) is about 1.002 in
agueous buffer, but near 0.4 when bound to serum albumin,
This 200-fofd enhancement of the quanwm yield is useful
because the fluorescence of a dve-protein or dye-mem-
brane mixture results almost exclusively from the dye that
is bound to the biopolymers, with almeost no contribution
from the unbound probe. As a result. the spectral propertics
of the bound fraction may be investigated without interfer-

ence from free dye.

The solvent sensitivity of a fluorophore can be estimat-
ed by a Lipper! plot. This is a plot of (V — V) versus the
orientation polarizability (Af). The most sensitive [luo-
rophores arc those with the largest change in dipole
moment ypon excitation. Representative Lippert plots for
two naphthylumine derivatives are shown in Figure 6.9. The





[image: image153.png]



[image: image428.png]R&'
Sotven

.
Rey,
el

Xafign,




[image: image429.png]30% - water
EtOH





[image: image154.png]



[image: image155.png]Oy 8§ : :

2.6 ~ANS




[image: image430.png]



[image: image431.png]&

@ 9 v o of
< Q [ (=

ALISNBLNI 3DN3DS3I0M I
A7 T WHON




[image: image156.png]



[image: image157.png]20
{%K)

18




[image: image158.png]igure 6.8 Normalized emission spectea for G-umline-2-naphthalene
sulfonic acid (ANS) The sofvems are scetonitrile {(Ac). ethylene giy:
. 30% ethanol 7% water (30% E1OH), and water. 1 kK =
1000 e, Revised f LI,
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[image: image160.png]Substitution from eq. 6.8 yields the Lippert equation:
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[image: image164.png]1t is important 10 remember that the Lippert equation i
only ap approximalion, and contains many assumptions.
The fluorophore is assumed to be spherical. and there is no
consideration of specific interactions with the solvent.
Other more complex equations have been presented, and
the interested reader is referred to extensive publications on
this subject.8-¥ [n all these reatments the solvent is regard-
ed as a continuum. The Lippert equation ignores the polar-
izability of the fluorophore and assumes that the ground and
exciled states dipole moments point in the same direction.
iF one assumes the polarizability of the fluorophore is the
same as the solvent, and that pg and pg point in different
directions, then if these directions are dilferent, the Lippert

equation become!>-
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[image: image173.png]nonlinear Lippert plots {Section 6.3). The data in Figure 6.9
are for a limited range of similar solvents. Specilically,
these were ethanol-water mixtures, so the same specific
etfects due to hydrogen bonding were present in all mix-
tures. In general, the attachment of side chains to the amino
group, especially aromatic groups, enhances the sensitivity
to solvent polarity. This general trend can be seen from Fig-
ure 6.10, in which we show values of (u; — i) for several
naphthylamine derivatives as determined from the Lippert
plots. The change in dipole moment is large when electron-
donating alkyl groups are attached to the nitrogen. Attach-
ment of a toluyl group further increases the charge separa-
tion in the excited state.
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[image: image435.png]In the preceding sections we described the general interac-
tions between fluorophores and solvents, as modeled by the
Lippert equation. These general effects are determined by
the electronic polarizability of the solvent (which is
described by the refractive mmdex n) and the molecular
polarizability (which resulis from reorientation of solvent
dipoles). The latter property is a function of the static
diclectric constant, £. In contrast, specific interactions are
produced by one or a few neighboring molecules, and arc
determined by the specific chemical properties of both the
fluorophore and solvent.?!-2* Specific effects can be due o
hydrogen bonding, preferential solvation, acid-base chem-
istry, or charge-transtey interactions, to name a few.2+30 The
spectral shifis due to such specific interactions can be sub-
stantial, and if not recognized, limit the detailed interpreta-

tion of fluorescence emission spectra.

Specific solvent~fluorophore interactions can often be
identified by examining emission spectra in a variely of sol-
vents. Typical data for 2-anilinonaphthalene (2-AN) in
cyclohexane are shown in Figure 6.11. Addition of low con-
centrations of ethanol, which are too smail to alter the bulk
properties of the solvent, result in substantial specival
shifts.!” Less than 3% ethanol causes a shift in the emission
maximum from 372 to 400 nm. Increasing the ethanol con-
centration from 3 to 100% caused an additional shift to only
430 nm. A small percentage of ethanol (3%) caused 50% of
the total spectral shift. Upon addition of the trace quantities
of ethanol one sees that the intensity of the initial spectrum
is decreased, and a new red-shifted spectrum appears. The
appearance of a new spectral component is a characteristic
of specific solvent effects. It is important to recognize that
solvent-sensitive fluorophores can yield misleading infor-
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‏sensitivity of these fluorophores to solvent polarity is probably due to a charge shift from the amino group towards the electronegative sulfonic acid group. The N-phenyl-Nmethyl derivative of 6-aminonaphthalenc-2-sulfonic acid is more sensitive to solvent polarity than the unsubstituted amino derivatives. 0 This higher sensitivity to solvent polarity is probably because the phenyl ring allows for a larger charge separation than the unsubscituted amino group. 
The linearity of these plots is often regarded as evidence for the dominant importance of general solvent effects in the spectral shifts. Specific solvent effects lead to
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[image: image188.png]Figure 6.10. Chemical stucture and change in dipole moment Au =
ity -~ 3t for naphthylunine derivatives.
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[image: image437.png]Figure 6.9. Lippert plows for two nuaphthylamine derivatives in
ethanol-water mixtures, Data are shown for N-phenyl-N-methyl-6-
aminonaphthalene-2-sulfonale (©) and 6-uminenaphthalenc-2-sul-
fonate {®). Revised and reprinted with permission from [10]
Copyright @ 1971. American Chemical Socicty.
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[image: image439.png]Figure 6.13. Effect of solvent compusition on the cmission maximui
of 2-acetylanthracene. 1 kK = 1000 em-t
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[image: image210.png]Figure 6.11. Fluorescence emission spectra of 2-anilinonaphthalene
i eyclohexane, o which ethanol was added. These quantities were
0% (1). 0.2% (2). 04%, (3). 0.7% (4, 1.7% (5), and 2.7% (6). The
arrow indicates the emission maximum in 100% ethanof. Revised and
reprinted with permiission from [19]. Copyright © 1971, Academic
Press lne.





[image: image440.png]emission spectra contnue a more gradual shift to longer
wavelengths. These spectra suggest that the emission of 2-
AA is sensitive to both specific solvent effects, and general
solvent effects in miore polar solvents.

The presence of specific solvent effects can be seen in
the dependence of the emission maxima on the percentage
of polar solvent (Figure 6.13). In hexane the emission max-
-ium of 2-AA shified gradually as the percentage of diox-
ane was increased w 100%. Toese shifts induced by diox-
ane are probably a resalt of general solvent effects. In con-
trast, most of the shift expected for methanol was produced
by only about 1-2% methanol. This amount of alcohol is
too small to affect the refractive index or dielectric constant
of the solvent. ana hence this shift is a result of specific sol-

vent effects.

Specific solvent—{luorophore interactions can occue in
cither the ground siate or the excited state. Tt the interaction
only occurred in the exciled state, then the polar additive
would not. affect the absorption spectra. [f the interaction
oceurs in the ground state, theg. some change in the ubsorp-
tion spectrum is expected. In the case of 2-AA the ubsorp-
tion spectra showed loss of vibrational structure and a red
shift upon addling methano] (Figure 6.14). This suggests
that 2-AA and alcohol are already hydrogen bonded in the
ground state. An absence of changes in the absorption spec-
tra would indicaic that no ground-state interaction occurs.
Alternatively, weak hydrogen bonding may occur in the
ground state, and the strength of this inleraction may
increasc following excitation. If specific cff 12 present
for a fluorophore bound t a macromolecule, inlerpretation





[image: image441.png]mation on the polarity of their environments if specific
interactions occur, or if solvent relaxation is not complete.
Because the specific spectral shift occurs at fow ethanol
conicentrations, this effect is probably due to hydrogen
bonding of ethanol to the amino groups, ratiter than gener-
al solvent effects.

Another example of specific seivent effects is provided
by 2-acetylanthracene (2-AA) and its derivatives.3-3 Emis-
sion spectra of 2-AA in hexane containing small wmounts of
methanol are shown in Figure 6.12. These Tow concentra-
tions of ethanol result in u loss of the structured emission,
which is replaced by a longer-wavelength unstructured
emission. As the solvenl polarity is increased further, the
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[image: image211.png]Fgure 6.12. Plucrescence spectr: of 2-acetylanthracene in
methanol-hexane mixtures at 20°C, Concentrations of methane} in
mol drsr % (0 0, (15 0.03, (2) 0.05, (3 0.U75, {4) 0.12.(5) 0.2, and (6}
0.34, J from [
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[image: image214.png]Figure 6.13. Effect of sobvent compusition on the emission maximum
of 2-acetylunthracence. 1 kK = 1000 emi-t. Revised from {32].




[image: image215.png]eniission spectra conunue a more gradual shift to longer
wavelengths. These spectra suggest that the emission of 2-
AA is sensitive to both specific solvent effects, and general
solvent effects in more polar solvents.

The presence of specific solvent effects can be seen in
the dependence of the emission maxima on the percentage
of polar solvent (Figure 6.13). In hexane the emission max-
imum of 2-AA shifted gradually as the percentage of diox-
ane was increased to 100%. These shifts induced by diox-
ane are probably a resull of general sofvent effects. In con-
trast, most of the shilt expected for methanol was produced
by only about [-2% methanol. This amount of alcohol is
too smail to affect the refractive index or dielectric constant
of the solvent, and hence this shift is a result of specific sol-
vent efleets.

Specific solvent-fluorophore interactions can oceur in
either the ground state or the excited state. [[ the interaction
only occurred in the excited state, then the polar additive
would not affect the absorption spectra. If the interaction
occurs in the ground stale, then some change in the absoip-
tion spectrum is expected. In the case of 2-AA the absorp-
Lion specta showed loss of vibralional structure and a red
shilt upon adding methanol (Figure 6.14). This suggesis
that 2-AA and alcohol are already hydrogen bonded in the
ground state. An absence of changes in the absorption spec-
tra would indicate that no ground-state interaction occurs.
Alternatively, weak hydrogen bonding may occur in the
ground state, and the swength of this interaction may
increase following excitation. if specific eifects are present
for a Muorephore bound 0 2 macromaolecule, interpretation
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[image: image223.png]Tigure 6.11. Flooreseence emission spectra of 2-amilinonaphthalene
in C)cluhmdnc (o which ethanol was added. These quantities were

(1), 0.2% (2), 0.4%, (31, 0.7% (), 1.7% (5), and 2.7% (6). The
arrow indicates the emission maximum in 100% ethanol. Revised and
reprinted sith permission from [19). Copyright @ 1971, Academic
Prass Ine.





[image: image224.png]mation on the polarity of their environments if specific
interactions occur, or if solvent relaxation is not complete.
Because the specific spectral shift occurs at low ethanol
concentrations, this eflect is probably due to hydrogen
bonding of ethanol to the amimo groups, rather than gener-
al solvent effects.

Another example of specific solvent effects is provided
h; 2-acetylanthracene (2-AA) and its derivatives.5-32 Emis
sion spectra of 2-AA in hexane containing small amounts of
methanol we shown in Figure 6.12. These low concentra-
tions of ethano] result in a loss of the structured emission,
which is replaced by a longer-wavelength unstruciured
emission. As the solvent polarity is increased further, the
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[image: image450.png]Figure 6.12. Fluorescence spectra of 2-acetylanthracene
methanol-hesunc mixtres at 20°C. Concenirations of methanal in
mol dm-3\0Y 0, (1) B.03, (25 0.05, (3) 0.075.(4) 0.12, (3) 0.2, 2nd (6)
(.34, Revised fram |
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[image: image242.png]Figure 6.15. Stokes shifts of methyl 8-(2-anthroyly octanoafe in
organic solvents and water. The solvents are benzene (B), n-hexane
(H), diethy] ether (DEE), ethyl acetate {(EA), acetone (Ac). N,N-
dimethylformamide (DMF), chlorophorm (Ch). dimethyl sulfoxide
(DMSO), ethanol (EA). methunol (Me), and water (W). Revised from
1355, Capyright © 1991, with pernission from Elsevier Science.





circumstance. it is problematic because these effects can prevent a quantitativc interpretation of the emission spectra in terms of the orientation polarizability of the macrornolecute. The situation is favorable because the specilie effects of protie solvents could reveal the accessibility of the macrornolecule-bound probe to the aqueous phase. Also, specific solvent effects can cause larger and hence move easily observed spectral shifts. 
In view of the magititude of specific solvent effects, how can one reliably usc fluorescence spectral data to mdicale the polarity of binding sites? At present there seems to be no completely reliahle method. However, by careful exatnination of the solvent sensitivity of a fluorophore. reasonable estimates can be made. Consider the following hypothetical experiment. Assume that 2-acetylanthracene (2-AA) binds strongly to lipid hilayers so that essentially all the 2-AA is bound to the membratie. It seems likely that, irrespective of the location of 2-AA itt the bilayer, adequate water will be present, either in the ground stnte or during the excited—state lifetime, to result in saturation of the spe— cilic interactions shown in Figures 6.12 to 6.14. Under these conditions the solvent sensitivily of this fluorophore will he best represented by that region of Figttre 6.13 where the concentration of the protic solvent is greater than 10—20%. Note that essentially equivalettt slopes are found within this region for methanol, octanol and dioxane. These similar slopes indicate a similar mechanism, which is the general solvent effect.  
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[image: image248.png]Figure 6.14. Absorption spectrs of 2-acetylanthracene in pure hexane
(0} and mixigres of methanol and hexane. The concentrations of
methurol in mol di® are 0.2 (1) and pure methanol (2). Spectrum 3
idotted) refers to the H-bonded complex. Revised from [32].




[image: image249.png]of the emission spectrum is complex. For example, a mole-
cule like 2-acetylanthracene, when bound in a hydrophobic
site on a protein, may display an emission spectrum compa-
rable 1o that seen in water if only a single water molecule is
near the carbony! group.

The presence of specific interactions in the ground
state or only in the excited state determines the timescale of
these interactions. If the fluorophore and polar solvent are
already associated in the ground state. then one expects an
immediate speciral shift upon excitation. If the {luorophore
and polar solvent only associate in the excited state, then
the appearance of the specific solvent effect will depend on
the rates of diffusion of the fluorophore and polar solvent.
In this case the dependence on the concentration of polar
similar to quenching reactions.

sojvent will be
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[image: image251.png]ignore for the momenl. We noted earlier (Figure 6.11) that
2-AN is highty sensitive to small concentrations of ethanol.
It seemns likely that cyclohexane containing more than 3%
cthanol is the preferable reference solvent for a low polari-
ty environment. This spectrum is indicated by the dashed
line in Figure 6.16. In this solvent the specific cffects are
saturated. With this adjustment in mind, one may conclude
that the cnvironment in which the 2-AN is localized is
mostly nonpolar, but that this site is accessible to waler.
Without consideration of specific solvent effects one might
conclude that the 2-AN is in a more polar environment.

The fact that the hydrogen bonding interactions of 2-
AN are saturated in membranes is supported by time-
resolved data. The measurement and interpretation of such
data will be deseribed in Chapter 7. Figure 6.17 shows the
time-dependent emission maxima of 2-AN bound to DMPC
vesicles, and in glycerol and cyclohexane. Even at the
shortest observable time of one nanosecond, the emission
maximum of 2-AN-labeled membranes is similar to that
found in the protic solvent glyvcerol. This initial value for
the emission maximum is also comparable to the complete-
1y relaxed value found for 2-AN in cyclohexane which con-
tains 0.1 M methanol. This final value can be regarded as
that expected when the specific solvent effects are saturat-
ed. This.result indicates that in membranes the specific
interactions with water or other polar hydrogen bonding
groups are saturated. These interactions may have occured
in the ground state, or on a subnanosecond timescale that is
too rapid to be resolved in this particular experiment. In
either cvent, it seems clear that the emission specwra of 2-
AN bound 10 model membranes can be interpreted more
reasonably when compared 10 reference solvents in which
the specific solvent effects are saturated.
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[image: image456.png]v 6.3.1. Specific Solvent Effects and Lippert Plots
———

Evidence for specific solvent~fluorophore interactions can
be seen in the Lippert plots. One example is a long-chain
fatty acid derivative of 2-AA. The compound was synthe-
sized for use as a membrane probe.®-35 One notices that the
Stokes shift is generally larger in hydrogen bonding sol-
vents (water, methanol, and ethanel) than in solvenls that
less readily form hydrogen bonds (Figure 6.15). Such
behavior of larger Stokes shifts in protic selvents is typical
of specific solvent—fluorophore interactions, and have been
seen for other fluorophores.36-38

The sensitivity of fluorophores to specific interactions
with solvents may be regarded as a problem, or a favorable
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[image: image256.png]igure 6.16. Normalized fluorescence emission speetra of 2-anilinon-
aphthalenz in solvents and bound ta vesicles of dimyristoyl-L-u-phos-
phaidyichofine {DMPC), The dashed fne indicates the spectruny in
evelohexane (CH). which contains 3% ethanol. Revised from [39).




[image: image257.png]An understanding of specific and general solvent
effects can provide a basis for interpreting the emission
spectra of fluorophores that are bound to macromolecules.
Consider the emission spectra of 2-anilinonaphthalene
bound to membranes composed of dimyristoyl-L-a-phos-
phatidylcholine (DMPC).* The emission spectrum of 2-
AN in DPMC is considerably red shifted relative to the
emission in cyclohexane, but it is blue shified relative to
water (Figure 6.16). What is the polarity of the environment
of 2-AN in the membranes? Interpretation of the emission
maxima of these labeled membranes is also complicated by
the time-dependent spectral shifts, a complication we will
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[image: image263.png]igure 6.17. Time-resolved enisston maxima of 2-anilinonaphtha-
lene in DMPC vesicles and in solvens. Revised from {39].
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[image: image270.png]cence polarization. This parameler was named the general-
jzed polarization {GP) and is given by
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[image: image273.png]where 7 and 7 arc the steady state intensities at a shorter
blue (B) wavelength and a longer red (R) wavelength,
spectively.
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[image: image281.png]The large spectral shifts displayed by Prodan allowed
its use in imaging the phase state of membranes.?-% When
using fluorescence microscopy it is difficult to record the
entire emission spectrum for cach point in the image. The
necd for emission spectra was avoided by defining a wave-
length-ratiometric parameter that represented the emission
spectrum. This parameter is delined analogously (o fluores-
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[image: image284.png]Figure 6.21. Charge sepanation in the excited state of Prodan (G6-propionyt-2-(dimethylamino) naphthalene.




[image: image285.png]



[image: image286.png]



[image: image287.png]



[image: image288.png]ALISNZINI 3ONIADSIHONTS A3Z1MYWEHON




[image: image289.png]



[image: image290.png]



[image: image291.png]



[image: image292.png]



[image: image293.png]



[image: image294.png]Figure 623 Genceralized polarization of Laurdan in GUV of
DPPIZDPPC 7:3 obtained with two-photon excitation at 780 nim, The
biue and red intensities needed w calculate GP were measured
through 46 nm wide bandpass filters centered at 446 and 499 om,
ctivety. Reprinted from [53]. Courtesy of Dr. Luis Bagatolli.





[image: image295.png]ure 6.26 shows GP hmages of fibroblasts that were taken off
the top of the cell (left) and from the region of the cell in
contact with the glass slide (right). These images show
regions of high GP, typically at protrusions of the mem-
brane or points of contact with the glass slide, These results
show how the spectroscopic studies of polarily elfects can
now be used [or cellular imaging.




[image: image296.png]v 6.6. ADDITIONAL FACTORS THAT AFFECT
EMISSION SPECTRA




[image: image297.png]6.6.1. Locally Excited and Internal Charge-
Transfer States




[image: image298.png]Depending upon solvent polarity some flucrophores can
display emission before or after charge separation. One
example is shown in Figure 6.27. The initially excited state
is called the locally excited (LE) state. In low-polarity sof-
vents FPP emits at short wavelengths from the LE state (top
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[image: image300.png]Figure 6.26. Generadized polarization of Laurdan in Rbroblasts
observed with fwo-photon excitation. The images were laken from
abave (left) and below (right) the glass slide. Reprinted from [54].
Courtesy of Dr. Katharina Gaus from the University of New South
Wales, Austratin.
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[image: image303.png]Figure 6.23. Emission spectra of Prodan in various solvents. Froms left
to right the solvents are cyclohexane, toivene. CH,Ch,. CHUN,
DMSO, isopropanol, methanol, and CF,CH,COOH. Revised and
seprinted \vlth permission from [47). Copyright © 2003, American





[image: image304.png]g Prodan in
50 DPRC





[image: image305.png]



[image: image471.png]< w
- e

ALISNILINI Q3Z1MYIWHON




[image: image306.png]450 500 530
WAVELENGTM [ nm }




[image: image472.png]w
=]
ALISNILN
FJINIISIZON 4




[image: image307.png]Figure 6,24, Emission speetra of Prodan in DPPC vesicles as a func-
ion of temperature, Revised from §50].




[image: image308.png]Giant untlamellar vesicles (GUVs) were formed from a
mixture of DPPE and DPPC attached to Pt wires to hold
them in position. The vesicles were labeled with the
lipophilic probe Laurdan. Excitation was accomplished
using a two-photon process, which eliminates out-of-focus
fluorescence. Figure 6.25 shows the GP images of the vesi-
cles at several temperatures. At40~C the GP values are high
(near 0.3) because the membrane is in the solid phase with
more intense emission at short wavelengths. As the femper-
ature is increased GP decreases and even becomes slightly
negative duc to the increased intensity at longer wave-
lengths.

In Figure 6.25 the phase state and GP values were
rather constant throughout the GUV. However, real mem-
branes are expected to be less homogeneous and to display
rafts or domains that are either in the fluid or sofid state.
The sensitivity of Laurdan to the phase of the membrane
allowed its use for imaging of domains in living cells, Fig-
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[image: image310.png]IVEMT AND ENVIRONMENTAL EFFECTS




[image: image311.png]two panels). As the solvent polarity increases a new longer
wavelength emission appears. This longer-wavelength
emission (lower panel) is due to an internal charge-transfer
(ICT) state. which forms rapidly following excitation. In
this case the two ends of the fluorophore are held rigidty by
the methylene bridge. so that formation of the ICT state
does not depend on the twisting. There have been a large
number of papers on conformational changes in the excited-
state fluorophore to form a twisted internal charge transfer
(TICT) state in a variety of molecules. There seems to be a
lack of agreement on the need for twisting. To avoid stating
an opinion on this topic, we will simply refer to such states
as ICT states.

Another example of LE and ICT emission-is given by
Laurdan.58 Part of the large spectral shift displayed by Lau-
rdan is due to emission from the locally excited state (LE),
which occurs near 400 nm, as well as from an ICT state
emitting at longer wavelengths. A hint of this behavior was
seen in Figure 6.20 (top), where at -30°C a shoulder
appeared on the short-wavelength side of the Patman emis-
sion. Such changes in spectral shape oflen indicate the pres-
ence of another state. This new Dblue-emiting state was
more casily seen in cthanol at low temperatures (Figure
6.28). the temperature is decreased the emission maxi-
mum shifts from about 490 to 453 nm. As the temperature
is lowered to ~190°C a new emission appears with a maxi-
raum near 420 nm.

Although solvent relaxation usually proceeds faster at
higher temperatures, high temperature can also prevent the
alicnment of solvent dipoles. This effect can also prevent
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‏ The formation of ICT states indicates that the electron distribution can be different for a fluorophore in the ground or excited states. This can result in changes of ionization in the excited state. One example is intramolecular proton transfer in the excited state, which is referred to as ESIPT. This is shown in the top schematic in Figure 6.30, for the probe FA.70 This probe can exist in the normal form (N) or as a tautomer (T). The process of ESIPT can be very rapid because the transferring proton is already next to the proton acceptor at the moment of excitation. 
Figure 6.30 shows the emission spectra of FA when dissolved in two nonpolar solvents and when in aqueous solution but bound to BSA. The emission near 525 nm is the N* form, and the emission near 625 nm is the T’ form. FA  exhibits very low fluorescence in water. but it is highly fitiorescent when bound to BSA. This high intensity and the sitnilar intensities of the N* and T* forms indicate that FA is in a highly nonpolar environment when bound to BSA. The relative intensities of the N* and Tt emission can be expected to be dependent on the detailed charge and polarity surrounding the fluorophore. as well as its extent of exposure to the aqueous phase. ESIPT occurs in a variety of other fluorophores. 68-77
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[image: image316.png]\/6.6.2. Excited-State Intramolecular Proton
‘Transfer (ESIPT)
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[image: image333.png]Figure 6,33, Quantam yields and radiative decay rates of Neutral Red
in variots solvents. Revised from [79].
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[image: image343.png]\%.7. EFFECTS OF VISCOSITY




[image: image344.png]Viscosity can have a dramatic effect on the emission inten-
sity of ftuorophores. Perhaps the besi-known cxample is
trans-stilbene. The intensity decays ol stilbene (Figure
6.35) are strongly dependent on temperaiure.®® This effect
has been interpreted as due to rotation about the central eth-
ylene double bond in the excited state (Figure 6.36).81-52 In
the ground state there is a large cnergy barrier to rotation
about this bond. The energy barrier is much smaller in the
excited stale. Rotation about this bond occurs in about 70
os, providing a return path 1o the ground state, Rotation of




cis—stilbene is even more rapid, resulting in very short fluorescence lifetime. Such rotations in the excited state are thought to affect the emission of many other fluorophores.83 
Increase in local viscosity contributes to the increased intensities displayed by many fluorophores when bound to biomolecule. In Chapter I we mentioned the viscosity probe CCVJ, which displayed increases in quantum yield with increases in viscosity. Figure 637 shows the emission intensities of this probe when bound to an antibody directed against this probe.84 Binding of CCVJ to the antibody prevents rolation around the ethylene bond and increases the quantum yield.
[image: image345.png]



[image: image346.png]Advanced Topic




[image: image347.png]A
t/6.I I. EFFECTS OF SOLVENT MIXTURES




[image: image348.png]In Section 6.3 we described the phenomena of specific sol-
vent cffects, in which small amounts of a polar solvent
result in dramatic shifts of the emission spectra. The pres-
ence of such effects suggests the presence of a distribution
of fluorophores, cach with a somewhat different solyeni
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[image: image350.png]Table 6.3. Spectral Properiies of Well-Knows Solvent Sensitive Probes
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[image: image352.png]spectral shifl for a small change in the composition of the
solvent usually indicates specific sotvent effects.

Solvent mixtures provide a natural situation where one
can expect a complex intensity decay, or a diswribution of
lifetimes. The intensity decay of Yi-base in pure benzene or
methanol is mostly a single exponential (Table 6.4). How-
ever, the decay times are different in each solvent, so that
one can expect a more complex decay in a benzene~
methanol miature. In fact, a more heterogeneous intensity
decay was observed in benzene with 6% methanol thas in
either pure solvent. This can be seen by the clevaled value
of yg? for the single-decay-time {it for the intensity decay of
Yt-base with 6% methanol (Table 6.4). Use of the double-
exponential model reduces yg* from 8.9 to 1.2.

While the intensity decays of Yi-base could be fit using
a two-decay-time model, it seems unlikely that there would
be only two decay times in a solvent mixtare. Since the sol-
vent mixture provides a distribution of environments for the
fluorophores, one expects the infensity decay o display a
distribution of lifetimes. The frequency response of Yi-basc
in the solvent mixture could not be fit 1o a single decay time
(Figure 6.51). However, the data also could be fit to a dis-
tribution of lifetimes (Figure 6.52). In 100% benzene or
100% methanol the intensity decays were described by nar-
row lifetime distributions. which are essentially the same as
a single decay time. In benzene-methanol mixtures, wide
Lifetime distributions were needed to fit the intensity decay
(Figure 6.52), Lifetime distributions can he expected for
any mucromolecule in which there exists a distribution of
fluorophore environments.

It is interesting to notice that the y.2 values are the
same for the multi-exponential and for the lifetime distribu-
tion fits for Yt-base with 6% methanol. This illustrates a fre-
quently encountered situation where different models vield
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[image: image369.png]igure .50, Emission spectra ol Yt-base in beneens, benzene with
6% methanot, and in methanol. Lower panel, dependence of the spec-
tral shifi on the percentage of methano! in benzene. From |105].




[image: image370.png]shell. Such a distribution of environments can result in
complex intensity decays.

The effect of a solvent mixture on an intensity decay is
tlustrated by Yt-base, which is highly sensitive to solvent
polarity. 10105 The e¢mission maximum of Yt-base shifts
from 405 nm in benzene to 453 nm in methanol (Figure
6.50). Addition of only 6% methanol, which does not dra-
matically change the orientation polarizability Af, results in
a large shift of the emission maximum 10 430 om. A large
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[image: image381.png]Figure 6,52, Lifctime distribution analysis of the intensity decay of
Yi-buse in pure methanol, pure benzene, and benzene with 6%
methanol, Revised from | 103).
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[image: image384.png]A quantitative description of the effects of environment on
fluorescence emission spectri 1s perhaps the most challeng-
ing topic in fluorescence spectroscopy. No single theory or
type of interaciions can be used in all circumstances. A
number of factors affect the emission including:
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[image: image387.png]equivalent fits. In such cases one must rely on other infor-
mation to select the more appropriate model. In this case the
lifetime distribution model scems preferable because there
is no reason to expect two unique decay times in a solvent
mixiure.




[image: image388.png]Table 6.4. Mulii-Exponential Analysis of the Intensity Decays of
Yt-Base in Benzene/Methanol Mixturest
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[image: image486.png]Figure 6.51. Frequency-demain intensity decay of Yit-base in beazene
wilth 6% wethanol. From 1103]





I. General solvent effects due Lot-he interactions of the dipole of the fluorophore with its environment 
2. Specific solvent etleeLs due to fluorophore—solvent interactiotls 
3. Formation of ICT or TICT states depending on the probe structure and the surrounding solvent 
4. Viscosity and changes in the radiative and non- radiative decay rates 

5. Probe-probe interactions 

- Even if only one type of interaction were present. the eflbcts wottid still be complex and beyond the limits of most models. For instance, the 1_ippert equation is only an approximation, and ignores higher-order ternis. Also, this: 
equation only applies 10 a spherical dipole in a spherical cavity. More complex expressions are needed for non- spherical molecules, but one cannot generally describe the tluorophore shape in adequate detail. \Vith regard to specific effects, there is no general theory to predict ihe shift in emission spectra due to hydrogen bond formation And, finally, for Iluorophores bound to inacrotnolecules or in viscotis solvents, spectral relaxation can occur during emission, so that the emission spectrum represenls some weighied average of the um’elaxed and relaxed emission. 
Given all these complexities, how can one hope to use the data from solvent sensitive probes? In our opinion, the best approach is to consider the fluorophore structure rather than to ‘clv completely on theory. Observed effects should be considered within the framework of the interactions listed above. Unusual behavior may be due to the presence of mote than one type of interaction. Use the theory as an aid to interpreting plattsible molecular interactions, and not as a substitute for careful consideration probe stntcture and its 

likely chernical  interactions. 

