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Human erythrocyte ghost membranes have been investigated using two intramolecular excimer probes,
di(1-pyrenyl)propane and di(1-pyrenylmethyl) ether. Values for the viscosity of the direct probe environment
in the ghost membranes range from 76 cP at 37°C to 570 cP at 5°C, as reported for di(1-pyrenyl)propane,
with liquid paraffin as the reference solvent. For the activation energy of the excimer formation process,
determined here mainly by the viscosity of the medium, a value of 37 kJ /mol is obtained. The other probe
molecule reports a higher local viscosity, 133 cP at 37°C, as well as a higher activation energy of excimer
formation, 54 kJ/mol. Neither thermotropic phase transitions nor temperature hysteresis effects are
observed within the temperature range (0 to 40°C) studied. From the vibrational structure of the fluorescence
spectrum of di(1-pyrenylmethyl) ether, a polarity of the probe environment close to that of hexanol (¢ =13.3)
results for the erythrocyte ghost membranes. The polarity measured in egg phosphatidylcholine membranes
and in multibilayers of dimyristoylphosphatidylcholine is slightly larger, comparable to that of butanol
(e =17.5), whereas a polarity comparable to that of methanol (e =32.7) is observed for aqueous micellar
solutions of sodium dodecyl sulphate. Further, from the wavelength shifts in the absorption spectrum of
di(1-pyrenyl)propane and di(1-pyrenylmethyl) ether, the polarizability of the probe surroundings can be
determined, leading to a surprisingly high value for the apparent refractive index. This is attributed to a high
local density of the direct environment of the probe, for which a location between the membrane /water
interface and the unpolar bilayer mid-plane is deduced.

Introduction

Intramolecular excimer probes consisting of
pyrenes linked together by either a trimethylene
[1,2] or a dimethyl ether [3] chain, have been
employed to investigate their direct environment
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in micelles [1] and synthetic phospholipid bilayers
[2,3]. The advantage of intramolecular over inter-
molecular [4,5] excimer probes lies primarily in the
possibility the former offer to use the probe mole-
cule in very small concentrations, 1-107*M and
lower [1,2]. This minimizes (but see Ref. 2) the
perturbation of the medium under investigation
and avoids the formation of probe aggregates, a
phenomenon that has been encountered with
pyrene [4].

In the present paper, intramolecular excimer
formation in human erythrocyte ghost membranes
and in other systems is reported for two probe
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molecules, 1,3-di(1-pyrenyl)propane (Py(CH, ), Py)
and di(1-pyrenylmethyl) ether (PyCH,OCH,Py),
differing in the molecular nature of the chain
connecting the pyrenes. This variation can in
principle lead to different mean solubilization sites
for the two probe molecules.

Erythrocyte ghost membranes were taken as the
medium to be investigated. The human erythrocyte
membrane is one of the best studied biological
membranes. The ready accessibility, ease of pre-
paration and wealth of available information make
this membrane a useful system for the evaluation
of new probes in biological membrane systems.
Erythrocyte membranes have been studied using a
large variety of techniques apart from fluorescence
[6-9]. such as electron spin resonance [10.11]
nuclear magnetic resonance [6,12], Raman spec-
troscopy [13], X-ray diffraction [14] and viscome-
try [15].

Fluidity of biological membranes, the term is
used here in a purely operational manner [1], may
control several important processes occurring in
these membranes [16]. Investigations using time-
resolved fluorescence anisotropy decay measure-
ments with diphenylhexatriene solubilized in
erythrocyte membranes indicate these to have an
apparent viscosity of 141 and 57 c¢P, at 5 and
37°C, respectively [7].

Some controversy exists regarding the thermo-
tropic behaviour of the erythrocyte membrane, i.e.,
the occurrence of phase transitions [8,13,15,17]
and the meaning of the hysteresis in the tempera-
ture dependence of the membrane fluidity which
was observed by some authors [8]. The early visco-
metric study of Zimmer and Schirmer [15], sug-
gesting a thermotropic phase transition at about
18°C in the intact membrane, has been corrobo-
rated by some authors [8.10,13,17} but was con-
tradicted by others [6,11.12,14].

The excimer-to-monomer fluorescence quantum
yield ratio, ¢’/¢, can be expressed by Eqn. 1
[18.2], provided that any perturbation of the kinet-
ics due to the chain connecting the two end-groups
can be neglected.

¢ _ ki K, (1)
¢ ki kgt /7

Here k;, k;, k, and k, are the rate constants of

excimer fluorescence, monomer fluorescence, ex-
cimer association and dissociation. respectively,
and 7, 1s the excimer lifetime. For systems in the
low-temperature region [2], i.e., when k <1 /7],
Eqn. 1 reduces to
p /
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These conditions were found to hold for the
erythrocyte ghost membranes over the temperature
range considered here (0 to 40°C). This being the
case, the temperature dependence of the excimer-
to-monomer fluorescence intensity ratio /' /1, being
directly proportional to ¢’ /¢, is determined prim-
arily by the rate constant of excimer formation. &,
[2].

Intramolecular excimer formation in viscous
media such as phospholipid bilayers, is mainly
determined by the movement of the end-groups
through the medium, i.e., by the fluidity of the
environment, and not by constraints resulting from
rotations of the chain, which involve considerably
smaller activation energies [19]. A study of in-
tramolecular excimer fluorescence, giving values of
I'/1, as a function of temperature, can therefore
give information on the nature of a medium, in so
far as this affects intramolecular excimer forma-
tion, i.e., on the fluidity [1.2].

Experimental

The erythrocyte ghosts were prepared from out-
dated blood (Universitatsklinik Gottingen) follow-
ing the method of Dodge et al. [20]. The ghosts
were frozen quickly to —70°C and stored at this
temperature until further use. For incorporation of
the probes, the ghosts were rapidly thawed, sus-
pended in 10 mM potassium phosphate (pH
7.4)/100 mM KCI to a concentration of 1 mg
protein/ml. A solution of the probes in ethanol
(1-10"*M) was injected into the ghost suspension
while gently vortexing. The probe-to-erythrocyte
total lipid molar ratio was smaller than 0.001. The
suspension was then shaken at 4°C for 12 h before
the fluorescence measurements were made. This
method resulted in reproducible incorporation of
the probes into the membranes. Depositing the
probe as a film on the wall of a container and



subsequent prolonged shaking or vortexing of the
aqueous ghost suspension, a successful method
with phosphatidylcholine bilayers [2] and chromaf-
fin granules (Morris, S.J. and Zachariasse, K.A,,
unpublished data), did not lead to sufficient solu-
bilization of the probes into the ghost membranes.
For multilamellar liposomes of dimyristoylphos-
phatidylcholine (DMPC) both methods of probe
incorporation gave identical results. The nature of
the solvent used for the former procedure is im-
portant, however. Introduction of the probe as a
solution in tetrahydrofuran of similar concentra-
tion and volume as in the case of ethanol, resulted
in higher excimer-to-monomer fluorescence inten-
sity ratios than those found when an ethanolic
solution was used. This may be due to preferential
solvation of the probe molecules by tetrahydro-
furan, which solvent tends to form complexes with
aromatic hydrocarbons [21].

Fluorescence measurements at 4°C, as a func-
tion of time after probe injection, showed that the
excimer-to-monomer fluorescence intensity ratio
reaches a constant (minimum) value after approx.
6h. The initially higher value of I'/I may be
caused by the fact that both dipyrenyl compounds
employed here as probe molecules are only very
slightly soluble (less than 1- 1077 M) in water and
may thus tend to form aggregates in aqueous
solution. Control experiments in which the probe
molecules were injected into aqueous buffers which
did not contain erythrocyte ghosts, showed only
excimer fluorescence. The incorporation time of
6 h then reflects the time necessary for the com-
plete transfer of the probe molecule from the
aqueous phase into the membranes.

The fluorescence spectra of the erythrocyte
ghost suspensions were run from 0 to 38°C. All
preparations were measured within 24 h after pre-
paration. Oxygen was removed by bubbling pure
nitrogen through the suspensions for 15 min prior
to the fluorescence measurements. For each pre-
paration containing a probe molecule, an equiva-
lent preparation without the probe was measured
under identical conditions, to substract the back-
ground due to light scattering. Also a correction
was made for the contribution of the monomer
fluorescence at the wavelength where the excimer
fluorescence intensity, I’, was determined.

1,3-Di(1-pyrenyl)propane and di(l-pyrenyl-
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methyl) ether were synthesized using methods de-
scribed before [22,3]. (1-Pyrenylmethyl)methyl
ether, PyCH,OCH,, was synthesized from 1-
pyrenylmethanol and methyl iodide using the same
procedure as adopted for the dipyrenyl ether [24].
The fluorescence measurements were carried out
on a Hitachi-Perkin Elmer MPF-2 fluorimeter.
The absorption spectra were run on a Cary 17,
equipped with a thermostatically controlled cell
compartment.

The following solvents have been used (Uvasol
(Merck) or the best commercially available, qu-
ality): (1) methanol; (2) acetonitrile; (3) acetone;
(4) ethanol; (5) diisopropyl ether; (6) n-hexane; (7)
l-propanol; (8) 1-butanol; (9) dibutyl ether; (10)
l-pentanol; (11) 1-hexanol; (12) methylcyclohe-
xane; (13) dioxane; (14) ethylene glycol; (15) n-
hexadecane; (16) 1,3-propanediol; (17) dimethyl
sulphoxide; (18) liquid paraffin; (19) toluene; (20)
pyridine; (21) chlorobenzene; (22) benzonitrile;
and (23) glycerol. The dielectric constants € refer
to 25°C.

Dimyristoylphosphatidylcholine was purchased
from Fluka and egg phosphatidylcholine was ob-
tained from fresh egg yolks according to the
method of Singleton et al. [24]. SDS was recrystal-
lized three times from ethanol.

Results and Discussion

(A) Spectral data

Fluorescence spectra of Py(CH, ), Py as well as
of PyCH,OCH,Py solubilized in aqueous
erythrocyte ghost suspensions show, besides the
monomer fluorescence component, a contribution
originating from the intramolecular excimer (see
Fig. 1). The excimer-to-monomer fluorescence in-
tensity ratio I’ /I, where I’ and I are measured at
500 nm and at 379 or 398 nm, respectively, in-
creases strongly with temperature for both probe
molecules, as is shown in Fig.2. The results are
independent of the direction of the temperature
scan, i.e., no hysteresis in the temperature mea-
surements is detected, below 40°C (see Ref. 8).
Neither are any phase transitions observed, in
contrast to earlier reports using various techniques
[8,10,13,15,17] (see above). It is of interest to note
here that both dipyrenyl probes readily detect the
main phase transitions [2,3] and the pretransitions
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Fig. 1. Fluorescence spectra of di(1-pyrenyl)propane
(Py(CH,);Py), above, and di(l-pyrenylmethyl) ether
(PyCH,0CH, Py), below, in aqueous suspensions of erythro-
cyte ghost membranes, at 37°C. The arrows indicate the mono-
mer (/) and excimer (/') fluorescence intensities. For
PyCH,0OCH,Py the monomer fluorescence intensity is de-
termined at two wavelengths, / at 398 nm and (/) at 379 nm.
See Table 1 and text. The (partially dotted) excimer emission
bands with a maximum around 20000 ¢m "' have been ob-
tained by subtracting the monomer spectra from the total
fluorescence spectra.

[2}] in multibilayer dispersions and sonicated
vesicles of phosphatidylcholines.

In the low-temperature limit of excimer forma-
tion, where, as discussed above, Eqn. 2 holds, a
plot of In I’ /I vs. the reciprocal absolute tempera-
ture gives a straight line with the activation energy,
E,, of the excimer formation process as the slope
(see Fig.2). It is clear that for both probe mole-
cules the low-temperature limit holds over the
entire temperature range investigated here. The
two probes give different values for E,, 37 kJ /mol
for Py(CH,);Py, as compared to 54 kJ/mol for
PyCH,0OCH, Py, whereas for liquid paraffin iden-
tical values, 45 and 47 kJ/mol respectively, are
found. These results signify that the direct en-
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Fig. 2. The logarithm, of the excimer-to-monomer fluorescence
intensity ratio, I’/I, in erythrocyte ghost membranes. as a
function of the reciprocal absolute temperature 7 (K), for
Py(CH,),Py (left) and PyCH,OCH, Py (right). /’ is measured
at 500 nm, whereas / is determined at 379 nm and at both 379
and 398 nm for Py(CH, ); Py and PyCH,0CH, Py, respectively
(see Tablel). The activation energies of the intramolecular
excimer association process, determined from the slopes of the
lines, are indicated in the figure. 1 kcal=4.184 kJ.

vironment of Py(CH, ), Py in the erythrocyte ghosts
is different from that of PyCH,OCH, Py, suggest-
ing a lower viscosity in the former case, see below.

An alternative interpretation that the different
apparent viscosity obtained with the two probe
molecules reflects a difference in the probe mo-
tion, affecting the rate constant of excimer forma-
tion, k,, and hence the values of E, and of the
measured fluidity, cannot be excluded a priori.
This interpretation does not appear to be plausi-
ble, however, as in liquid paraffin practically iden-
tical values for E, were observed, see above.

(B) Erythrocyte membrane viscosity

The excimer-to-monomer fluorescence intensity
ratio, I’ /1, of the probe molecules in the erythro-
cyte ghost membrane can be translated into viscos-
ity values by comparing this intensity ratio with
those measured in an appropriate solvent or solvent
mixture of known macroscopic viscosity. For this
purpose, liquid paraffin was chosen as the solvent.
However, with Py(CH,);Py as well as with



PyCH,OCH,Py, the I’ /I values for the erythro-
cyte membranes and for the other membrane sys-
tems were found to be lower than those in liquid
paraffin. Attempts to use ethylene glycol /glycerol
mixtures to obtain model solvent viscosities more
directly comparable with those of the membrane
systems were unsuccessful since the fluorescence
spectra of the probes showed aggregate formation
in mixtures with large percentages of glycerol. The
viscosity values for the erythrocyte ghost mem-
branes were therefore determined by extrapolation
of the liquid paraffin data, using a plot of I’ /I
versus the reciprocal macroscopic viscosity 1. The
I’ /1 value obtained with the probe molecule in
liquid paraffin at a given temperature (and there-
fore viscosity) was linearly extrapolated to 1 /4 =0,
where I’ /I = 0 (see Eqn. 1). The, lower, I’ /I value
measured at the same temperature in, for example,
the erythrocyte ghost membrane then graphically
corresponds to a value for 1/, giving the mem-
brane viscosity that is based, in this procedure, on
liquid paraffin.

The value of 76 cP for the apparent viscosity of
the erythrocyte ghosts at 37°C, determined with
Py(CH,);Py using the procedure outlined above,
compared reasonably well with the value of 57 cP
deduced by Glatz [7]. Our value at 5°C, 570 cP, is
considerably higher than that found by Glatz, 141
cP, however,

The viscosity values obtained for the erythro-
cyte ghost membranes with Py(CH, ), Py have been
plotted as a function of temperature in Fig. 3. A
logarithmic plot of these data versus the reciprocal
absolute temperature results in a non-linear re-
lationship, the slope changing from 41 to 51
kJ /mol at the upper and lower temperatures, re-
spectively. This is not too surprising, as also for
liquid paraffin, the reference solvent, such a plot is
nonlinear, due to the fact that this solvent contains
alkane molecules with a non-uniform chain-length
distribution.

For the other probe molecule, PyCH,OCH, Py,
using the same extrapolation procedure, consider-
ably higher values for the local viscosity in
erythrocyte ghost membranes result: from 133 cP
at 37°C to 1550 cP at 5°C (see TableI and below).
A similar difference was observed for the activa-
tion energies of excimer formation E,, see above.
The difference in ghost viscosity reported by the
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Fig. 3. The temperature dependence of the apparent viscosity
of the direct environment of the probe molecule Py(CH,),Py
in erythrocyte ghost membranes, using liquid paraffin as the
reference solvent, See text.

two probes can reflect a difference in the mean
distribution of the solubilized probe molecule over
the membrane. For synthetic phosphatidylcholines
it has been reported that the bilayer is less fluid
close to the bilayer /water interface than it is to-
wards the interior [25,26]. If this is also the case
for the erythrocyte ghost membrane, then the
PyCH,OCH,Py molecule would appear to be
solubilized closer to the membrane/water inter-
face than is Py(CH,),Py.

A word of caution is in order as to the exact
meaning of these viscosity data, as the values are
only as good as the extent to which the reference
solvent is a good model for the particular environ-
ment. It may be impossible to find a homogeneous
solvent that can truthfully represent the nature of
the local environment in intrinsically inhomoge-
neous and anisotropic systems such as biological
membranes. This exposes the limits inherent in the
use of probe molecules, which moreover have
molecular dimensions that cannot be ignored and
which always more-or-less perturb their environ-
ment. Nevertheless, useful information can be
extracted from studies based on probe molecules.
Probe molecules often find their optimal applica-
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TABLE 1

VISCOSITIES (IN cP) DERIVED FROM EXCIMER-TO-
MONOMER FLUORESCENCE INTENSITY RATIOS FOR
DI(I-PYRENYL)PROPANE (Py(CH,);Py) AND DI(I-
PYRENYLMETHYL) ETHER (PyCH,OCH,Py) IN VARI-
OUS MEDIA AT 37°C

Values are viscosities taken with liquid paraffin as the reference
solvent, having a viscosity of 47 cP at 37°C. The viscosity data
derived from PyCH,OCH,Py are less meaningful than the
data based on Py(CH,),Py, because of the solvent polarity
dependence of the monomer fluorescence spectrum of
PyCH,OCH,Py. The fluorescence intensity of the excimer
emission /' has been determined at 500 nm for both probe
molecules, whereas the monomer fluorescence intensity / was
measured at 379 nm for Py(CH,);Py and at 398 nm for
PyCH,OCH,Py. With the latter probe molecule the value in
parentheses refers to 379 nm. These last values suffer more
strongly from the solvent influence on the monomer fluores-
cence spectrum than the values based on the intensity de-
termination at 398 nm. See text.

Py(CH,),;Py PyCH,OCH, Py
Erythrocyte ghosts 76 133 (200)
DMPC
multilamellar liposomes 23 53 (80)
EGG PC
multilamellar liposomes — 69 (110)
0.1 M SDS
micellar solution 12 20 (50)

tion not so much in experiments designed to give
absolute values for some physical property, but
rather in investigations of differences between
structurally related media or of changes taking
place in a particular system, such as, for instance,
those due to variations in temperature. It seems
that the results of a variety of different probe
molecules will have to be collated and combined
with the results of other methods of investigation
to obtain a more detailed picture of any inhomo-
geneous environment.

(C) Conclusions on probe location

An important question when using probe mole-
cules concerns the determination of their location
in a medium. With the probes employed here the
fluorescence and absorption spectra contain infor-
mation which can be used to investigate this prob-
lem.

1. Vibrational structure of the fluorescence spec-
tra. The vibrational structure of the monomer flu-
orescence spectrum of one of the probe molecules,
PyCH,OCH,Py (see Fig. 1), and also of the re-
lated molecule, PyCH,OCH,, depends on the na-
ture of the solvent. This phenomenon, the Ham
effect [27,28], has been observed before with un-
substituted aromatic hydrocarbons such as pyrene,
naphthalene and benzene. As in the case of pyrene,
the zero-zero vibrational peak in the fluorescence
spectrum of PyCH,OCH,Py and PyCH,OCH,
increases in intensity with respect to the other
peaks as the solvent polarity increases. For the
other dipyrenyl compound, Py(CH,),Py. only a-
weak Ham effect is observed. as in the case of
1-methylpyrene.

The intensity ratio of the fluorescence peaks of
PyCH,OCH,Py at 379 and 390 nm, /4,5/ 15y, IS
plotted as a function of solvent polarity, char-
acterized by the polarity-polarizability parameter
f—3f" [29] (see Fig.4). Here f= (e — 1)/(2e + 1),
the dielectric constant function, and f' = (n*—
1)/(2n* + 1), the refractive index function. It is
seen from Fig.4 that a correlation exists between
the fluorescence intensity ratio /,4/154, and the
solvent polarity parameter f — 5 /. The highest val-
ues for this ratio are observed for highly polar
solvents such as dimethyl sulphoxide (No. 17),
glycerol (No. 23) and methanol (No. 1). Similar
plots are obtained employing other solvent polar-
ity scales, such as the well-known E(30) [30].

The fluorescence intensity ratios observed with
PyCH,OCH,Py solubilized in erythrocyte ghosts
(E. Ghosts), egg phosphatidylcholine {egg PC) and
dimyristoylphosphatidylcholine (DMPC) and in
aqueous micellar solutions of SDS have been indi-
cated as line segments in Fig. 4. The /., /1, ratio
for the erythrocyte ghosts is the lowest of these
four media, with a value close to that of 1-hexanol
(e =133, No. 11). A larger value for I,,/1+g, 18
observed for egg PC and muitibilayers of DMPC.
corresponding to 1-butanol (e = 17.5, No. 8). The
largest l.;/15, ratio is observed in the SDS
micelles, with a value between that of methanol
(e =32.7, No. 1) and ethanol (e=24.6, No. 4).
These results signify that in SDS the PyCH.-
OCH, Py probe molecule is solubilized close to the
aqueous micellar surface, whereas it is solubilized
further away from the aqueous interface in egg PC
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Fig. 4. The ratio of the fluorescence intensities at 379 and 390
nm, Iy,4/15, determined at the peaks in the spectrum of
PyCH,OCH,Py at 30°C, as a function of the solvent polarity
parameter f — 1f’ (see text). The 354 /I35, ratios observed with
the probe molecule solubilized in a 0.1 M aqueous micellar
solution of SDS and in membrane systems of egg PC, DMPC
and erythrocyte ghosts (E. Ghosts), are indicated by line seg-
ments. For the numbers of the solvents, see Experimental.

and DMPC bilayers, and even further in the case
of the erythrocyte ghosts. Still, the probe sur-
roundings are far removed from being a purely
alkane-chain environment such as hexadecane (No.
15). With PyCH,0CH, a similar plot of 5,4/,
vs. f— 3f’ is obtained. However, with this probe
molecular the I, /1,4, ratio in erythrocyte ghosts
has the same value as for egg PC and DMPC,
comparable to 1-butanol. This means that the
PyCH,OCH, probe molecule does not penetrate
as far into the erythrocyte membrane as does
PyCH,OCH,Py.

As shown above, the specific molecular proper-
ties of a solvent, mainly the polarity, determine the
peak distribution in the fluorescence spectrum of
PyCH,OCH,Py, to a much greater extent than in
the case of Py(CH,),Py. For this reason, the latter
probe molecule is better suited for viscosity mea-
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surements in unknown media, for which the I’ /1
ratios in such media are compared with those in
model solvents, as was described above. Any dif-
ference in polarity between the medium and the
model solvent would lead to different intensity
ratios of the vibrational peaks in the monomer
fluorescence spectrum of PyCH,OCH,Py and
therefore to different I’ /I ratios having no direct
connection to macroscopic viscosity.

2. Absorption spectra. The absorption spectra of
both probe molecules Py(CH,),Py and
PyCH,OCH,Py are similar to that of l-ethyl-
pyrene or l-methylpyrene. The first absorption
band (see Fig. 5) is only weakly allowed, 'L, in the
Platt notation [31], whereas the second absorption
band, 'L, [31,32], has a much larger transition
dipole moment. The absorption spectra of dis-
solved molecules are generally affected by the
nature of the solvent. As has already been known
for more than a century [33,34], the spectral posi-
tion of an absorption band responds mainly to the
polarizability of the medium, i.e., to the refractive
index, n, and not so much to other solvent proper-
ties such as the dielectric constant, e.
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Fig. 5. Absorption spectrum of PyCH,OCH,Py in a 0.1 M
aqueous micellar solution of SDS at 20°C. The first absorption
peaks of the two lowest energy transitions in the absorption
spectrum, lLb and 'La (see text), are indicated with arrows.
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The spectral shift, Av, due to the solvent
polarizability, i.e., due to the London dispersion
forces, can be expressed as [35]

2
Av=1071-10°-L . =1
va® 2n’+1

(3)
where f is the oscillator strength of the absorption
band at the transition energy » (in cm '), and «
(in A) stands for the radius of the spherical solvent
cavity that had to be created to accomodate the
solute molecule. The oscillator strength, f, is a
direct measure of the intensity of a band in the
absorption spectrum. It is therefore clear from
Eqn. 3 that the effect of solvent polarizability,
expressed by (n*—1)/(2n*+ 1), will be much
stronger for allowed absorption bands, such as the
'L, band in Fig. 5, than for bands such as the 'L,
having a much smaller value for the oscillator
strength. For instance, the energy of the first ab-
sorption peak of the 'L, band of 1-ethylpyrene, is
blue-shifted in a polar solvent of low refractive
index (n=1.3298) such as methanol (340.8 nm)
with respect to a nonpolar solvent of higher refrac-
tive index (n = 1.4120) such as decane (342.6 nm).
Therefore, the spectral position of the first strong
absorption peak ('L,) of the probe molecules
Py(CH,),;Py and PyCH,OCH,Py contains infor-
mation on the molecular nature, in this case on the
polarizability, of their direct surroundings.

In order to obtain this information, the energy
of the first vibrational peak of the 'L, band in the
absorption spectrum of PyCH,OCH, Py, indicated
in Fig.5, has been measured in a number of
solvents. The results are plotted in Fig.6, as a
function of the polarizability parameter (n?—
1)/(2n*+ 1), see Eqn. 3, showing a good linear
correlation. When the data are plotted as a func-
tion of the dielectric constant or of the solvent
polarity parameters E(30) or f— 1f’ (see above),
no such correlation between the data and the
solvent parameter is observed. Also indicated in
Fig. 6, as line segments, are the absorption peak
energies of PyCH,OCH,Py in the three mem-
brane systems, erythrocyte ghosts, DMPC and egg
PC, and in an anionic micellar solution of SDS.

The apparent polarizability, i.e., refractive in-
dex n, of the direct environment of
PyCH,OCH,Py in the erythrocyte ghost mem-
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Fig. 6. The energy (in nm) of the first absorption peak of .the
'L, transition (see Fig. 5) in the spectrum of PyCH,OCH,Py
as a function of the solvent polarizability parameter (n?—
1)/(2n? +1). The transition energies determined with the probe
molecule solubilized in a 0.1 M aqueous micellar solution of
SDS and in membrane systems of egg PC, DMPC and
erythrocyte ghosts (E. Ghosts), are indicated by line segments.
For the numbers of the solvents see Experimenial.

branes has a surprisingly large value (n = 1.513),
much larger than the values for hexadecane
(1.4346), methanol (1.3298) or water (1.3284), tak-
ing solvents that can model a membrane environ-
ment containing alkane chains and water. Like-
wise, large values for the apparent refractive index
are observed for the probe surroundings in the
other membrane systems, n=1.51 for multibi-
layers of DMPC and n=1.50 for egg PC. Only
very polarizable solvents such as pyridine (n=
1.5088, No. 20 in Fig. 6) or chlorobenzene (n =
1.5248, No. 21 in Fig. 6) lead to similar shifts in
the absorption spectra, but such solvents have a
molecular structure that is very different from the
constituents of the membrane systems studied here.
For PyCH,OCH,Py solubilized in an aqueous
micellar solution of SDS, the probe environment is
considerably less polarizable, with n = 1.43, a value
even lower than that of liquid paraffin (n = 1.4802,
No. 18), lying between that of hexadecane (n=
1.4346, No. 15) and n-hexanol (n=1.4179, No.
11) (see the legend to Fig. 6). With the other probe



molecules Py(CH,);Py and PyCH,OCH, similar
results are obtained.

The high value for the apparent refractive in-
dex, n, observed here for the probe environment in
the membrane systems, can result from the fact
that the local density of the probe surroundings is
much higher than that encountered in appropriate
homogeneous solvents. This would lead to an in-
crease in the polarizability by increasing the elec-
tron density. It is of interest to note that it has
been concluded from electron density (X-ray) and
neutron scattering data that for the erythrocyte
ghost membranes the highest local density is found
near the head-group region, i.e., near the aqueous
interface [36]. This, according to the conclusions
drawn above, is the membrane region where the
probe molecules are assumed to be localized. In
any case these probe molecules in the membrane
systems are not located in an environment that
contains a large amount of bulk water, as this
water, due to its low density, would lead to a
reduction of the overall refractive index. This,
then, means that the probe molecules are solubi-
lized inside, for example, the erythrocyte ghost
membranes, away from the aqueous interface.
Similar conclusions were reached in the preceding
section on the basis of the fluorescence spectra.

Conclusion

Probe molecules capable of intramolecular ex-
cimer formation, such as Py(CH,),Py and
PyCH,OCH,Py, have been solubilized in
erythrocyte ghost membranes. Neither thermo-
tropic phase transitions nor temperature hysteresis
effects are observed within the temperature range
(0 to 40°C) studied. The viscosity reported by the
probes is considerably larger than that of liquid
paraffin, with values between 76 cP at 37°C and
570 cP at 5°C, determined by Py(CH,);Py. The
activation energies of intramolecular excimer for-
mation for both dipyrenyl compounds, reflecting
the activation energies of diffusion in the medium,
also indicate a higher viscosity than that of liquid
paraffin.

The two probe molecules, Py(CH,),Py and
PyCH,0OCH,Py, display different values for the
viscosity. This is interpreted as resulting from a
different probe location, the PyCH,OCH,Py
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molecule, displaying the larger viscosity, being
solubilized closer to the membrane/water inter-
face.

From the absorption spectra as well as from the
vibrational peak distribution in the fluorescence
spectra (the Ham effect) of the probe molecules
PyCH,0CH,Py and PyCH,0OCH,, it is concluded
that the direct environment of PyCH,OCH,Py
has properties which are clearly different from
those of alkane solvents such as hexadecane on the
one hand, but also from water, on the other hand.
The probe is therefore thought to be completely
located inside the membrane, but not in a purely
alkane-chain environment, i.e., still close to the
polar head-groups. The comparison of the data for
membranes with those for a micellar solution of
SDS, indicates that the probe molecules in the
membranes have their mean location further re-
moved from the water /membrane interface than is
the case for the micellar solution. Also the large
value for the local polarizability, which is interpre-
ted as a high local density, points to a probe
location well inside the membrane, away from the
aqueous phase.
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