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The orientational distribution and rotational dynamics of planar perylene molecules incorporated into spherical
vesicles of palmitoyB-9-oleoyl(16:0,18:1)phophatidylcholine (POPC) was studied using time-resolved
fluorescence anisotropy. The experimental anisotropy decay curves were analyzed using a global target
approach. Here, anisotropy curves obtained at six temperatures above-tfenggllar phase transition of

the vesicles as well as the two combinations of excitation and emission wavelengths, (256, 470 nm) and
(410, 470 nm), were fitted simultaneously. We have utilized two sets of orientational distributions of perylene
in the bilayer. One set contains various one-population orientational distributions, while the other consists of
models in which the probes are distributed over two distinct orientational populations. We find that in general
the models yield statistically equivalant solutions, though the two-population models need a substantially
smaller number of fit parameters. The existence of two distinct orientational populations of perylene in the
lipid vesicle bilayer is in agreement with the results of Monte Carlo dynamics simulations in the preceding
paper, but we argue that additional independent information is needed in order to remove the remaining
ambiguities. We conclude that time-resolved anisotropy experiments on macroscopically unoriented samples
do not provide sufficient information in order to fully characterize the orientational distribution of probe
molecules in the bilayers.

Introduction Recently, this has been addressed in a study on the distribution
of DPH in vesicles of various unsaturated lipidsThe time-
resolved polarized fluorescence experiments were linked to the
dependence of the lifetime of DPH on the polarity of the
surrounding medium and thus on its position of the probe in
the bilayer. The analysis revealed that at least two populations
of DPH molecules are present in the bilayer, each possessing a
characteristic orientational and dynamical behavior. This is not
the result of the coexistence of gel and bilayer phases but rather
of a competition between the interactions between the DPH
molecules and the lipid chains on one hand and their tendency
to partition into the center of the bilayer on the other. It is
|mportant to realize that the center of the bilayer is a region
él\llth considerable free volume as the result of the imperfect
packing of the lipid chains belonging to the two opposing
monolayer§l Similarly, a two-population model was invoked
in order to account for the fluorescence depolarization of DPH

The physical properties of artificial, pure lipid structures
provide many needed insights into the functioning of membrane
systems in living organisms. The orientational and dynamic
behavior of lipid structures such as monolayers, bilayers, and
vesicles is a key aspect in building up the picture. This behavior
is frequently monitored with fluorescent probes incorporated
in the lipid structures at low concentrations. Commonly, probes
such as 1,6-diphenyl-1,3,5-hexatriene (DPH), its polar analogue
1-(4-trimethylammonio)-DPH (TMA-DPH), and perylené’
are used. The information about the static (structural micro-
heterogeneity, polarity, orientation) and the dynamic (especially
nanosecond reorientations) properties of the surrounding lipids
can be obtained from observables such as the fluorescenc
lifetime and fluorescence anisotropy.

The extraction of information about order and dynamics in
ﬁgrrf[;g:eld \@S;ﬂg S|ntfrr|(r)1rsr:c fg:;])tglegglcte; %? ﬂ? Q Izﬂg%¥@d$ﬁgys 'S in columnar liquid crystals, where it is found to partition between
stems from the fact that the experimental anisotropy signal is athe core and cha.ln regiofs. ]
sum of three independent second-rank orientational correlation !n the preceding paper Monte Carlo dynamics (MCD)
functions and cannot be resolved unequivocably into its simulations are used to demonstrate how two populations of
individual contributions. It has been amply demonstrated that Nohanchored probe molecules such as DPH and perylene can
although many physically distinct models for the orientational arise within a lipid bilayer. It is shown that the tendency of
order and dynamics provide excellent fits to the anisotropy these molecules to access the regions of free volume at the center
decay3'37 only few describe corrrectly the separate correlation Of the bilayer can be counteracted by invoking a repulsive
functions35:38-40 The analysis of the anisotropy decay curves Potential, the so-called burial potential. This potential results
thus can only be carried out if additional independent informa- in @ distribution of the centers of mass of the probes over the

tion is available. thickness_ of the_t_)ila}yer. The distribution may _be de_scribed as
a dynamic equilibrium between two population sites, each
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many different single-population models, as well as two- The emission wavelength (470 nm) was selected and scattering
population ones. We have argued that in the case of DPH, theby the emitted light was avoided by passing the light through
ambiguity can be removed by exploiting the dependence of the a narrow band interference filter in combination with a cutoff
fluorescence lifetime on polarity and thus the location of the filter. The absence of stray light was checked prior to any
probes in the bilayer structure, in agreement with the findings measurement, and a pulse profile was obtained from scattering
in ref 41. In marked contrast, the fluorescence intensity decay by Ludox. The correction facto®&(=Iyn/lny) accounting for
of perylene is almost insensitive to polarf§;*” so the the differential in response to the photomultiplier tube (Philips
ambiguity in the analysis remains. XP2020Q) to horizontally and vertically polarized light was

Here, we shall address the question as to whether thedetermined using a dilute perylene/ethanol solution and found
ambiguity in the analysis of the anisotropy decay of perylene to be 1.00+ 0.01.
can be circumvented by the use of global target analysis (GTA) The time-dependent intensitiég, (t) and ly4(t) were mea-
techniqued? To this end we have carried out an experimental sured at six temperatures (10, 15, 20, 25, 30, ant3%bove
study of the time-resolved anisotropy of perylene in palmitoyl- the get-lamellar phase transition of the POPC vesicles. At each
0-9-oleoyl(16:0,18:1)phophatidylcholine (POPC) vesicles at temperature the intensities were measured using two combina-
different temperatures by exciting at both absorption bands. Thetions of excitation and emission wavelengths: (256, 470 nm)
experimental data were analyzed with two different sets of and (410, 470 nm). This resulted in a total of 24 intensity decay
models. One set contains various one-population orientationalcurves with a common emission polarization direction.
distributions of the perylene molecules in the vesicle membrane, Fit Procedures The intrinsic ambiguity in the analysis of
while the second set consists of models in which the probesthe anisotropy decay can be significantly reduced by fitting
are distributed over two distinct orientational populations. In simultaneously the intensity decays at all six temperatures using
both sets the Brownian rotational diffusion (BRD) model was the GTA approach® This involves the calculation aft) and
used to describe the reorientational dynamics of the probes. F(t) using a given set of adjustable model parameters followed

We find that that both sets of models yield statistically by the evaluation ofyy(t) andlyu(t). The model parameters
equivalent fits. However, the two-population models require a are then optimized to obtain the best agreement between the
significantly smaller number of fit parameters than the single- calculated and experimental intensities. This involves an
population ones. The two-population models indicate that the intermediate step of convoluting the calculated intensity decays
majority of perylene molecules90%) are intercalated between  with the measured instrumental response function. Furthermore,
the lipid tails, while the remaining 10% are unoriented and a time shift is introduced as a fit parameter in order to
located in the middle of the layer. Nevertheless, the simulations compensate for the differences in photomultiplier transit times
presented in the preceding paper show that this division into for electrons emitted at the cathode by light with different
an oriented and an unoriented population may well be an artifact wavelength and polarization.
of the analysis. The quality of the measurements and the low@gtossible

We conclude that it is indeed highly likely that perylene were judged by a model-free analysis in whigt) andF(t) at
molecules are present as two populations in the bilayer. Theseeach temperature and combination of excitation and emission
populations have different orientational and reorientational wavelengths were fitted separately to a multiexponential decay
properties. Since, however, no independent information about function. It turned out that the total intensity decay could be
the exact distribution of the molecules over the bilayer is excellently described by a single exponential at all temperatures:
available, the results of the global target analysis remain
ambiguous. F(t) = e "™ 2)

Experimental Section with 7 depending on temperatufie

Sample Preparation Perylene was obtained from Fluka AG The deconvolution software package developed and described
and used without further purification. POPC (palmitdyB- in ref 48, which implements a GTA with a modified Gauss
oleoyl(16:0,18:1)phophatidylcholine) was purchased from Sigma Newton—Marquardt nonlinear least-squares fitting, was used
Chemical Company (St. Louis, MO). The perylerROPC in the analyis. All calculations were run on an HP735

vesicles (1:500) were prepared as described previdugil. workstation.
samples exhibited the typical monomeric perylene absorption Theory. The fluorescence anisotropyt) reflects the ori-
and fluorescence spectt&>? entational properties and the stochastic rotational dynamics of

Experiments. The time-resolved anisotropy decay measure- the perylene molecules in the lipid membrane. In spherical lipid
ments were carried out using the synchrotron radiation sourcevesicles it can be expressed as the sum of three correlation
(SRS) in Daresbury, U.K. operating in the single bunch mode functionsGy(t):4°
as a tunable light source with high repetition frequency (3 MHz).

The excitation wavelength (either 256 or 410 nm) was selected r(t) = 0.4[Gy(t) + 2G,(t) + 2G(1)] 3)

with a monochromator (bandwidth of G:1 nm). The mac-

roscopically isotropic vesicle suspension in a quartz cuvette (pathwith

length of 1 cm, absorbance below 0.1) was then excited with a

short (fwhm= 200 ps) pulse of vertically (V) polarized light 2 ) - 5 -

using a Glan-Taylor prism as the polarizer. The complete setup G(t) = N Z DDki(ano)ij (Qsm?)DDiO(Qmu)DjO(QmV)

is described elsewhePé. The fluorescence emission was k=2 (4)

detected with a 90scattering geometry using a standard single-

photon counting system with vertical (V) and horizontal (H) Here, D2 (Qsy) are the Wigner rotation matrix elements of

polarization directions. The anisotrop{t) is now defined as rank 2% Qgp and Qsm denote the three Euler angles
characterizing the orientation of the molecule relative to the

L (®) = Tun(t) 1 local bilayer normal at timé= 0 andt, respectively. Qu, and

F(t) @) Q, are the Euler angles of the absorption and emission dipole

moment in the molecular frame, respectively. The brackefs

whereF(t) = Iy (t) + 2lyu(t) is the fluorescence intensity decay. denote an orientational average.

rt) =
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It can be readily showfd thatr(0), the limiting anisotropy at long symmetry axis

timet = 0, is determined by the angdebetween the excitation
and emission transition dipole moments:

r(0)=0.2(3 cods — 1) (5)

In spherical vesicle systems the anisotropy decays to a plateau
at long times, t — co:

2

m)
ij=—2
(6)
where E[Déi(an)D the order parameters, are defined as aver- O
ages over the Boltzmann distribution corresponding to the
orienting potentialU(Qsy) experienced by the probe in the

bilayer: OO
S AR PH(Qq & VT

2
e (7)
sm

Knowledge of the order parameters can be used to reconstruct
the orientational distribution function of the probes by using
the maximum entropy approaéh.However, it is important to
note that not all order parameters can be accessed experimentally
and that furthermore many are identically zero for reasons of
symmetry2?:58

The decay of the anisotropy due to reorientational dynamics
of the probes in the vesicle bilayer can be described by the Figure 1. Molecular structure of perylene. The moleculaaxis is
Brownian rotational diffusion model (BRI3$:2559 In this model chosen perpendicular to t_he plane of the ring. The*S_Si transition
the molecules are assumed to undergo small-step stochasti@ 419 ”Im ISI gengrallyhplellter]vegjo bte Iocz_at;ed afgg%xuma_tely _alotn%the
rotatio_nal motions under the_i_nfluenc_e of the_effective orienting :;F%?(?nf;tlé@r;gﬁévfhéesh;i mj‘;gﬁlgsr' a's(?s_a nm s oriente
potential U(Qsm). The specific details of this model can be

found elsewhere, while the effective potentiff2srm) employed  of 3 cylindrically symmetric molecul®sy,becomes independent
will be discussed later on. of the third Euler angle’sm

Consequently, the analysis of the fluorescence anisotropy The models for the rotational diffusion of the perylene
dgcays yields mfprmatlon about the orientation of the_trans.ltlon molecules only differ in the form assumed for the orienting
dipole moments in the molecular frame and on the orientational potential U(Qsy). In general, the maximum entropy form of
and dynamical properties of the probes in the vesicle bilayer. the potential will be taken to be

Basic Assumptions about Lipid Phase, Molecular Shape,
BRD, and Potential The perylene molecule (Figure 1) may UBsm¥sm)
be considered flat and to have a rectangular shape in both the— kT
excited and the ground stdie. It is known that perylene has 5 )
two separate excitation bands, one around 256 nm and one €(DoaBsm¥sm + Do —oBsm¥sm) (8)
ranging from 390 to 440 nm. Steady-state anisotropy measure-
ments indicate that the latter absorption band and the emissionwhere the coefficientsl,, 14, and € can be dependent on
band are pure, while the 256 nm band may be taken to be puretemperature but are independent of the excitation and emission
to a good approximatioff. The moleculaz-axis is here chosen ~ wavelengths. The use of this maximum entropy form of the
to be perpendicular to the molecular plane. Since the transitionpotential implies that the order parametéBs[] [P4L] and
moments lie in the molecular plane, their orientations may be EIDSZDare considered to be the most significant in the descrip-

= (lzpz(cosﬁsn‘) + /14P4(C05ﬁ5”) +

taken to beQn, = {,,9¢°,0° and Qm = {,,90°,0°}. We tion in the orientational order of the perylene molecules. Note
shall henceforth assume that this orientation is independent ofthat the potential, eq 8, reduces to a cylindrically symmetric
temperature. form ([[DSZDE 0) on settinge = 0.

The rotational diffusion of the perylene molecule in the BRD Finally, we stress that the orientation of the transition dipole
model is described by two diffusional coefficients. The first moments is taken to be independent of temperature, while the
(Dp) describes the reorientation of the molecuaxis relative dynamic and orientational properties are considered to be
to the local bilayer normal, the so-called out-of-plane rotations. independent of the excitation and emission wavelengths. These
The second@) gives the in-plane rotations, the reorientation assumptions form the minimal globalizations applied.
of the molecular plane around its moleculaaxis. BothDp Specific Models for U(Qsy). A. One-Population Models
and D, will be taken to be dependent on temperature but In these models the perylene molecule experiences the same
independent of the excitation and emission wavelengths, sinceorienting potential in every region of the bilayer. Thus, the
they are molecular shape properties. following parameters enter the description of the anisotropy

The bilayer structure in a vesicle may be considered to be decay at temperatur& Ax(T), 14(T), €(T), Da(T), Dy/Dn(T),
locally uniaxial and independent of the first Euler angle . We o, (lex = 256), o, (lex = 410), ando,(lem = 470). Since
may thus sef2sm= (BsmYsm).*%%758 We note that for the case  measurements were carried out for 6 temperatures, this means
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that a maximum number of 33 parameters need to be optimized. TABLE 1. Lifetime of Perylene in POPC Vesicles (1:500) at
This number can be reduced by imposing additional restrictions Various Temperatures'

on the orienting potential or by introducing further globalizations fluorescence fluorescence
(e.qg., a specific dependence of a parameter on temperature). We temp lifetime temp lifetime
have tried various potentials corresponding to different physical  (°C) (ns) (°C) (ns)
situations. 10 6.25 25 6.12
One potential is the purB, potential: 15 6.21 30 6.09
20 6.16 35 6.05
UBsm = —KT(4,P,(cosfy) aThe lifetimes do not depend on excitation wavelength. The error

in the temperature is 0?,Lwhile the error in the lifetimes is 0.1%.
Perylene is thus considered to be a perfect dEééDE 0.If

no further globalization is applied, 21 adjustable parameters TABLE 2: 1(0) for Perylene in POPC Vesicles (1:500) at
enter the GTA analysis. Various Temperatures and Two Excitation Wavelength3

A second potential is thB,—P, potential: temp r(0) r(0)
(°C) Jex= 256 Nm Aex= 414 nm

U(Bsm = —KT(4,Py(cosfs;,) + 4,P,(COSps)) 10 -0.10 0.27

15 —0.08 0.25

Again, D2,= 0. The fourth-rank term allows a collective tilt 20 —0.07 0.23

in the orientational distribution. Twenty-seven adjustable gg :8'82 8'35

parameters enter the GTA analysis in this case. 35 ~0.03 0.21

The third potential is thé,—DZ, potential:
P 2P0z P @The error in the temperature is 0°C. The error in the value of

r(0) is 1%.
U(ﬂsmysn) = _kT(XZPZ(COSﬁsn) + G(DSZ(ﬂsmysn) + ( )
Dg —oBeVsm) excitation wavelength but shows a slight dependence on
temperature. The same lifetimes are recovered in the various
Now the perylene disk is assumed to be rectangular @ih model fits and are summarized in Table 1.

symmetry. The deviation from disk shape is reflected by the  Anisotropy Decay. Model-Free Analysis A multiexponen-
nonzero value oﬂDSZD. Twenty-seven parameters are needed tial, model-free analysis reveals that the lowest glgBalossible
as for the case of thdP,3-[Ps[potential above. is 1.41. The values af(0) at the various temperatures and for

B. Two-Population Models The basic premise of these a certain combination of excitation and emission wavelengths
models is that the effective potential experienced by the peryleneare summarized in Table 2. The values extracted (e) at
molecules depends on their depth in the bilayer relative to the all excitation wavelengths and temperatures range between
aqueous interfaces. Here, we shall only deal with the simplest —0.03 and 0.03.
implementation of the idea by assuming that a fracfiofthe One-Population Models. 1. Pure;FPotential The fit
molecules experiences a potenti{Ssmysm while the fraction  procedure was started by analyzing the data with the maximum
(1 — f) experiences the potentidf(Bsmysm. Both populations  number of parameters required by the potential, 21 in the case
have distinct rotational diffusion coefficient®y1(T), Dy,1(T) under consideration. However, during the fit it appeared that
and Dp(T), Dy(T), respectively, though the fluorescence certain parameters exhibited a negligible dependence on tem-
lifetime r and the orientations of the transition dipole moments perature. This finding was exploited for globalization. With
in the molecular frame are the same for both populations. The this potential the ratid®,/Dy turned out to be independent of
following set of parameters is now necessary for the description temperature and was thus globalized. Consequently, only 16
of the anisotropy decayf, 12,(T), 14,4(T), €x(T), Dou(T), (D parameters were used, yielding a glopafound of 1.82. All
Do)u(T), 42,AT), 24AT), €2(T), DoAT), (DWD)(T), 0ullex = further attempts at globalization with other parameters resulted
256), 0u(Zex = 410), andou(Lem = 470). in a sharp increase gf > 10.

For pureP; potential for both populations, Two classes of solutions with the sarewere found: one

class with a positive value d®,Jand the other with negative

1 _ .
U (Bsm = —KT(4,,1P5(cOSfy))  with 4,, < 0 P,0values. The values of all the other parameters are exactly
) . equal. The absolute values of the order parameter were
U (Bsm) = —KT(4,,P(cosfsy)) withd,,= 0 significantly larger than zero. The valuesr{®) calculated from

) . _ the directions of the absorption and emission transition dipole
Now a maximum of 40 parameters is needed for the analysis. moments were significantly lower than those extracted in the

For theP,— D2, potential for both populations, model-free analysis.
1 ) 2. P,—P4 Potential Exactly the same physical solutions
U (Bsm¥sm = —KT(A,1P(coSPgy) + €1(Dga Bsmy?sm + were found in this case as for the puRpotential. Again

D(Z) oBemVsr)); Ap1 =0 Dy/Dg could be globalized and the same value §811.8, was
’ recovered. Thus, 22 model parameters enter the analysis.

U2 = —KT(L. P-(cOS + (D2 + Consequently, this model provides no more information than
Bsmr s (%2, P5(COSfsr) , €o(DoolBsm?sm) the [P,C0model above and we shall not consider it any further.
Do —oBem¥sm); 4222 0 3. P,—Dj, Potential. For this potential we fing? = 1.42,

using all 27 parameters. All attempts at globalization resulted

in a sharp increase of? Sixteen statistically equivalent

solutions are obtained that can be divided into four classes of

four solutions each. The multltiplicity within each class of
Total Fluorescence Intensity Decay The total fluorescence  solution arises from the inherent symmetry of a rectangular,

intensity decay-(t) = Iy (t) + 2lyn(t) is excellently described  flat molecule and reflects the ambiguity in assigning xtend

by a single exponential. The lifetime is independent of the y axes in the molecular plane. Two classes of the four have a

In this case a maximum of 52 parameters are needed in principle

Results
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TABLE 3: Anisotropy Fit Results for the Two-Population
Model Using the 0P [JPotential

quenching of the fluorescence intensity by traps, resulting in a
nonexponential decay of the fluorescence interfSitfConse-

0 (Aex = 256) (97.9+ 0.2y quently, it can be ruled out in view of the observation of a
0y (Aex = 410) (0 0.1y i monoexponential lifetime decay in each of our measurements.
gé(mer?“bﬁtﬂoéf population 1f{ ((12& gi 8:2% ~ The second mechanism for explaining the low valueg@f
P,0 0.0020+ 0.002 is averaging by restricted subnanosecond reorientational motions
Do 0.016+ 0.0007T — 10°) ns’! outside the time window of our experiments. The amplitude
Dw/Dq 1.2340.03 and rates of these motions are expected to increase with
contribution of population 2 (¥ ) 90% temperature, thus leading to a further reduction in the value of
[DPDZD &363454%0%00246— 10°) st r(0). This is in fact in line with our observations, and the
DIVDy 11.37+ 0.02 explanation is supported by the MCD simulations presented in

the preceding paper.

It thus appears that the best a GTA approach to the
fluorescence anisotropy can achieve is the recovery of the
effective values of (0) extracted from a model-free fit. Hence,
only an effective orientation of the emission dipole moment in
the molecular frame can be recovered.

The information about the orientational order and rotational
dynamics of the perylene molecules can only be extracted from
the anisotropy decay curves by fitting to the predictions of
populations[P>lJand Dy/Dy are independent of temperature. models for this behavior. We have here used rotational diffusion
Furthermore, the individual diffusion coefficierids; appear to models employing a variety of orienting potentials. Each
exhibit a linear dependence on temperature. This finding potential was found to yield a reasonable reproduction of the
allowed us to reduce the number of model parameters from theexperimental data. The question now arises as to whether we
maximum of 40 to only 12. Remarkably, the lowest possible can in fact choose among the potentials in an objective way.

value ofy?, 1.42, was found using this reduced parameter set. : . . o .
' ’ . - ltis clear that the single-populatid® potential yields a fit
The parameters recovered from the analysis are shown in gle-pop P y

negative value foffP,[] P,[0= —0.40, but differ only in the
sign of the value oﬂDSzmz 4+0.20. The change in sign of
IIIDSZDsimpIy reflects an interchange of theandy axes of a
rectangular molecule.%1 The other two classes are character-
ized by a positive value foP.[] (P,0= 0.3, and again differ
only in the sign oflD3,0= =+ 0.16.

Two Population Models. 1. PPotentials Using the
maximum number of fit parameters (40), we found that for both

Table 3. The values of(0) calculated from the recovered
orientations of the transition moments are identical with those
obtained from the model-free analysis (Table 2).

2. P,—Dj,Potentials The introduction of D3,[yielded no
further improvement in the fits, and moreover, the recovered
value of[IDSZEWas zero at all temperatures. Apparently,

with the simpleP; potentials.

Discussion

It is known that monomeric perylene exhibits a monoexpo-

nential fluorescence intensity decay in a wide variety of systems,

of the data with a significantly higher value gfthan that found
with the model-free approach, 1.8 vs 1.4. Furthermore, the
values ofr(0) recovered with this potential are lower than those
found in the model-free fit. A close examination of the
autocorrelation functions of the residuals for the fits to the
individual decay curves indicates that thgpotential is not as

) : . s . allthe  g,ccessful as the model-free approach in describing the anisot-
information contained in the anisotropy decays can be extracted

ropy decays.

In contrast theP,—D3, potential yields a minimay? value
similar to that of the model-free fit. The improvement in the
fit relative to that of theP, potential may be simply due to the
larger number of model parameters, 27 vs 16. Nevertheless,
the extra parameters are introduced to account for the rectangular

while the prescence of aggregates normally results in a complexshape of the perylene molecules. The deviation from a disk
decay behavior of the total fluorescence intensity. The observedshape is reflected in the value of the biaxial order parameter

monomeric lifetimes are independent of excitation and emission
wavelengths and show only a weak dependence on the sur-

rounding matrix. They are 4.0 ns in polymer films, 450
ns in isotropic solutions, 5.5 ns in liquid crystalline systems,
and 6.0-6.5 ns in lipid bilayerg®=4” The last values are in

excellent agreement with the value found here (Table 1). The
observed fluorescence intensity decay thus indicates that
perylene is indeed present in a purely monomeric form in the
POPC vesicles and, moreover, that no quenching, for instance,

by statistical trap&? takes place.

It is known that the absorption dipole moment at 410 nm
and the emission moment at 470 nm are almost parilt€Q)
= 0.35+ 0.01. Here, we find significantly lower values, in
the range 0.270.21, which moreover decrease on raising the
temperature (Table 2). A similar discrepancy is found for
excitation at 256 nm. Now we expé&er(0)= —0.12+ 0.02
but find it to be in the range-0.10 to —0.03, dependent on
temperature.

Two different processes can be invoked in order to explain
the reduction irr(0). The first is the presence of very fast and
efficient intermolecular energy transfer. Given that triesker
distanceR, for perylenes is about 35 & energy tansfer of
sufficient efficiency will only take place if the perylene

[D2,0) which we find to be significantly different from zero. A
nonzero biaxiality for perylene was also found previously in
nematic and isotropic liquid crystai3.

We shall now address the physical significance of the two
different, but statistically equivalent, classes of solutions, one
with a positive[P,l0and one with a negativEP,[Ifound with
the P,—D3, potential. In view of the fact thalfP,(is deter-
mined by the orientational distribution of theaxis of the
perylene model, solutions with negative values®ilIcorre-
sponding to the perylene molecules are interdigitated between
the lipid molecules, with their planes aligned parallel to their
hydrocarbon chains (see the preceding paper for a detailed
discussion). The solutions with the positicorrespond to
perylene molecules oriented with their plane parallel to the
bilayer surface and, as shown in the preceding paper, located
in the middle of the bilayer.

The results obtained with the,—Dj, potential are ambigu-
ous in that we have no criteria for choosing between the two
physically distinct orientational distributions. It is thus not clear
to what extent single-population models describe the behavior
of perylene molecules in the bilayer. For this reason we shall
now examine the two-population models suggested by the MCD

molecules are closely packed. This situation, however, is simulations in order to see whether they offer a resolution of

conducive to the formation of statistical pairs and for the self-

the problem. The two-population models are nothing more than
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a synthesis of the two physical solutions found above with every
single-population model.

The anlysis reveals two additional advantages of the two-
population model. In the first place, the analysis can be carried
out with a significantly reduced parameter set compared to the
single-population models. In the second place, the model yields
values ofr(0) at both excitation wavelengths in good agreement
with the values found in the model-free fit.

The analysis of the anisotropy decay using the two-population
P, potentials model reveals that perylene is distributed into an
oriented population and a randomly oriented one, each with its
own diffusion coefficients. Surprisingly, the planar perylene
molecules in the oriented fraction are found to undergo a highly
anisotropic motion [, > D), while those in the unoriented
fraction undergo an almost isotropic diffusion. This difference
is a strong indication of problems in the resolution of the

experimental anisotropy decay into the components character-

izing each fraction. Indeed, the simulations presented in the
preceding paper question the reliability of the extracted informa-
tion about the unoriented population. It was shown that

synthetic anisotropy decays generated using equally weighted

populationsf = /,, but with P,0values of equal magnitude
but opposite signs, are fitted by the two-population model in
terms of an oriented and an unoriented population. The latter
population has a significantly lower weight than the former and
exhibits isotropic diffusion. This result of the analysis thus
corresponds closely to the finding reported here. It is highly
likely that perylene is partitioned into two populations in the
bilayer. These populations have different orientational and
reorientational properties. But since no independent information
about the exact distribution of the molecules over the bilayer is
available, the results of the GTA remain ambiguous.
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