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Phosphatidyl choline analogues with increased phosphate-trimethylammonium distance were synthesized and aqueous 
solutions of these bilayer forming phospholipids were prepared. Dielectric spectra of the solutions were measured at several 
temperatures around the crystalline/liquid-crystalline phase transition temperature of the samples. The observed data are 
treated in terms of a Debye relaxation function and also of a relzation function based on a theoretical model of the aqueous 
solutions of multibilayer vesicles. As a noteworthy result, a pronounced cooperativity effect in the diffusive motions of the 
zwitterionic head groups emerges. The degree of cooperativity depends on the radius of curvature of the multibilayer 
vesicles and also on the length of the phospholipid zwitterions. The values for the mobility of the trirnethylammonium group 
are of the same order of magnitude as those for the mobility of whole phospholipid molecules in its lateral diffusive motion. 
Indications for a phase transition at a temperature above the main transition temperature are found with solutions of Cth- 
lecithin anaiogues with 9 and 10 methylene groups between the phosphate and the trimethylammonium group- 

1. Introduction 

The structural properties and functional character- 
istics of phospholipid bilayers are largely determined 
by the combined action of the hydrophobic properties 
of the aliphatic inner part of the membrane and of the 
molecular mechanisms at the hydrophilic membrane 
surface. In the past decade the hydrocarbon phase of 
phospholipid double layers has been extensively studied 
by various experimental and theoretical methods. Only 
recently, however, interest has been direcred towards 
the physical state of the membrane surface [ l-I.5 ] _ 

Among the experimental techniques which are sen- 
sitive to surface properties of bilayers, dielectric relaxa- 
tion spectroscopy takes advantage of the fact that 
many of the phospholipids have a zwitterionic head 
group. The electric dipole moment of such h&ad groups 
is used as a natural molecular mark in dielectric relax- 
ation studies. No artificial spectroscopic labels have 

thus to be introduced into the sample. 
It has been shown by dielectric relaxation spectro- 

scopy [ 151, that there exists a high degree of coopera- 
tivity (orientational correlation) in the molecular 
motions of the phosphorylcholine groups in aqueous 
solutions of dimyristoylphosphatidylcholine (Cl,+- 
lecithin)_ The strong correlation of zwitterion orient;- 
tions appears to be restricted to bilayer structures since 
the effect is dramatically smaller in micellar lysolecithin 
solutions and also with other zwitterionic amphiles 
which form micelles in water [ 16]_ As another result 
of the previous dielectric relaxation measurements a 
substantial reduction in the mobility of the cationic 
trimethylammonium group of the phosphorylcholine 
zwitterion emerges if it is incorporated in the surface 
OfC 14-lecithin bilayers instead of lysolecithin micelles. 
It seems to be interesting in this connection to look 
for factors other than shape of the multimolecular 
wregates which control the orientational correlation 
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Table 1 
Data of the solutes and solutions. Values for the molar we&ht Mu of the solutes given for the unhydrated phospholipids. The CrYS- 

talline/liquid-crystalline phase transitions temperature Tt has been determined at decreasing temperature [22). Values for the 
molarity c and the volume fraction u refer to room temperature. The dc conductivity D has been found by fitting of the relaxation 
function RD(V) (eq. (1)) to the experimental permittivity spectra 

Phospholipid Formula 
(shorthand 
notation) 

-__-__-_.- 

Cre-lecithin C40Hao~W’ 
Cre-PNs-lecithin C43&6N%P 
Cre-PHe-ledthin CMHssNOaP 
Cre-PN+ecithin GsHeoNCsP 
Cre-PNg-lecithin C47H94NOaP 

Cre-PNro-lecithin C4&9aNOsP 
_~---- 

WI Tt c ” Sonication 

IislmoU RI ImWl YmS/cm I 
21” 51% 210% tl% 

---___ 

734.0 41.0 0.129 0.095 0.253 (24.4”C) strong 
776.1 37.3 0.095 0.074 0.144 (23.4”C) weak 
790.1 37.1 0.137 0.108 0.298 (21.8”C) weak 
804.2 37.0 0.097 0.078 0.099 (22.9”C) weak 

832.2 36.8 0.058 0.048 0.137 (23.7”C) 
0.106 C.088 0.195 (39.4”C) 

weak 

846.2 34.8 0.098 0.083 0.129 (22.3OC) weak 

and dynamics of the phospholipid polar head groups. 
In this communication we are reporting the results 

of our dielectric relaxation studies on aqueous solutions 
of various 1.2-dipahnitoyl-sn-glycerol-3-phosphoryl- 
N,N,N-trimethylalkanolamines (C16-PN,-lecithins, 
rz = 2,5,6, 7,9, and IO) with a different number of 
methylene groups between the anionic phosphate 
group and the cationic trimethylammonium group. 
The dependence of the complex permittivity of the 
samples, E(Y) = E’(Y) - ie”(v), on frequency, ZJ, has 
been determined in the range IO5 to about 3 X LO7 Hz 
by tune domain reffectometry. The measurements were 
carried out at several temperatures around the crystal- 
line/liquid-crystalline phase transition temperature, T,, 
of the aqueous phospholipid system. 

The observed frequency dependent permittivities 
are phenomenologically described by a simple Debye 
relaxation function and the parameters of this function 
are discussed with respect to both, its variation with 
temperature and with ztitterion length. The measured 
E(V) data are also discussed on the basis of a theoretical 
model ofthe soiutions in order to get insight into the 
molecular mechanisms in the motions of different 
dipolar head groups at the membrane surface. 

2. Materials 

2.1. Syrrthesis of the C16-PiVn-lecithin 

(C16-Lecithin) analogues stepwise increase the 

nurnber of CH2 groups between phosphate and tri- 

methylammonium were prepared from 1,2-dipalmitoyl- 

sn-glycerol by phosphorylation with the respective 
bromoalkylphosphoric acid dichlorides to yield 1,2- 
dipalmitoyl-snglycerol-3-phosphoric acid bromoalkyl- 
esters as described elsewhere rl7J _ The bromoalkylesters 
were converted to the phosphorylcholine analogues by 
amination with trimethylamine [ 17,183 _ The crude 
amination products were purified by chromatography. 
The pure Cl,-lecithin analogues were obtained in yields 
of about 60 per cent based on 1.2-dipalmitoyl-sn- 
glycerol. 

The starting 1,2_dipalmitoyl-sn-glycerol (Rf = 0.2) 
was free of the 1,3-isomer (Rf = 1.3) as shown by thin 
layer chromatography on boric acid plates [ 193 with 

the solvent system chloroform/hexane/diisopropylether 
5 : 4 : 1 (parts of volume). The molar ratio of fatty 
acid/phosphate/vicinal diol [ 193 was close to that ex- 
pected (expected: 2 : 1 : 1; found: 1.98 : 1.00 : 1.02 for 
C16-PNg-lecithin and 1.97: 1.00: 1.01 for Cl,-PN,o- 
lecithin). There was no indication for fatty acid migra- 
tion, 1,2dipahnitoyl-snglycerol to 1 &dipalmitoyl- 
glycerol, during the phosphorylation step. 

Phosphate content was analyzed according to Eibl 
and Lands [20] with the reagent kit supplied by Serva 
(Heidelberg, Germany). Vicinal diol was determined 
by pejodate analysis by measuring the formed iodate 
directly as introduced by Eibl and Lands [21]_ 

The synthesis and results of the elemental analysis 
of the C16-lecithin analogues are described in detail 
in ref. [ 17]_ The normal C 16-lecithin had been purchased 
from Koch-Light (Coinbrook, England) and was used 
without additional purification. 
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2.2. Preparation of the solutiorts 

The solutions were prepared by addition of water 
to a weighed out amount of phospholipid. The water 
used was doubly distilled and sterilized by UV radia- 
tion during distillation_ The electrical dc conductivity 
o of the pure H 0 was smaller than 2 X 10m3 mS/cm 
(= 2 X lO-6 a-% cm-l). 

The crude solutions were stored at 60°C for about 
12 hours to allow for swelling. The solutions of the 
C16-lecithin analogues got homogeneous by weak 
ultrasonic irradiation. The aqueous sample of normal 
C16-lecithin had to be strongly sonicated for some 
minutes in order to get homogeneous. 

Due to some unavoidable ionic impurities of the 
phospholipid materials the dc conductivity of the 
aqueous solutions was larger by a factor of about 160 
than that of the pure solvent. Conductivity values and 
some other data of the solutes and solutions are pre- 
sented in table 1 _ 

3. Measurements 

3.1. Experimeutal method 

The dependence of the complex (relative) permit- 
tivity of the solutions, E(V) = E’(Y) - ie”(v), on the 
frequency, v, has been determined by fast response 
time domain reflectometry (TDR). A sequence of fast 
rising step-voltage pulses was applied to a specimen cell 
by a coaxial transmission line and the time-dependent 
electrical response of the cell to the exciting pulses 
was observed. The signals in the transmission line were 
probed by a sampling device, analog/digital converted, 
and stored on a digital tape. The frequency spectrum of 
the complex permittivity was calculated from the 
stored data by means of a digital computer. 

12. Apparatus 

The fast rising pulse signals as produced by a tunnel- 
diode step generator were characterized by a rise time of 

35 ps, a duration of 36 fl and a repetition frequency 
of 17.6 kHz. The step-voltage pulses were fed to a 
specimen cell which consists of a coaxial line/circular 
cylindrical waveguide transition [23], the waveguide 

being excited below its cut-off frequency by the Fourier 
components of the pulses. The main advantage in the 
use of such an open circuit termination as a sample 
cell is the fact, that no change in the experimental 
set-up is needed in order to fill the cell. For this reason, 
reference measurements on pure water and with the 
empty cell can be performed without any changes in 
the contacts of the line system. 

The apparatus as well as the methods of data acquisi- 
tion Snd processing are described in full particulars 
elsewhere [24] _ 

3.3. Umertaitzties in rhe pennittivity data 

Errors in the complex permittivity values are mainly 
due to imperfections of the apparatus, to the limited 
time window in the measurements, to the uncertainty 
in the determination of the zero point of time scale 
and to temperature fluctuations in the sample. Usually, 
complex permittivity data obtained by TDR studies 
are more reliable around the central part of the relaxa- 
tion spectral region than at the ends of the spectrum. 
On grounds of test measurements on reference liquids 
and of numerical simulations the precision of one 
permittivity data can be generally characterized by an 
estimated uncertainty of less than 2% in the values of 
e’(v) and of less than 5% in the values of e”(v). The 
latter figure, however, may be a little greater in the 
high and low frequency part of the spectral range 
under consideration_ 

3.4. Realization of the temperature program 

The measuring program for each solution was per- 
formed at falling temperature with a fifteen minutes 
interval between successive points of measurements 
allowing for thermal stabilization of the sample. After 
completion of a series of measurements the liquid was 
heated up and one of the initial data points was meas- 
ured again in order to Iook for eventual alterations of 
the solution_ Only those series of measurements in 
which the complex permittivity spectrum was suffi- 
ciently independent of time (deviations between the 
criginal data and those obtained by repetition of the 
measurement smaher than the experimental uncer- 
tainty in the E(V) values) are presented here. 
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Fig. 1. Real part of the permittivity, E’(V), and negative imagin- 
ary part excluding contributions of ohmic conductance loss, 
E” - 20/v, plotted versus frequency, Y, for solutions of normal 
Cl.s-lecithin and of the PN6 and PN7 Cle-lecithin analogues. 

4. Results in terms of a Debye relaxation function 

4.1. Empirical description of the measured complex 
permittivity spectra 

In fig. 1, the dependence of the quantities E’(U) and 
en(v) - 2aJv on the frequency v is displayed in the 
range 0.1 to 30 MHz for the aqueous C16-PNZ-lecithin 
(normal C16-lecithin) and for solutions of the analo- 
gues C,6-PN,lecithin and C,,-PN,-lecithin. The term 
2u/v has been subtracted from total E”(Y) in this pre- 
sentation of experimental data in order to omit con- 
tributions due to ohmic conductivity G as caused by 

slight ionic impurities. 
Within the limits of experimental error the measured 

complex permittivity spectra E(v) = E’(v) - ien can 
be analytically represented by the function 

(1) 

Since the dielectric relaxation of the solvent water has 
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FQ. 2. The extrapolated high frequency permittivity ED(-) of 
the Debye relaxation term (eq. (l)), normalized to the static 
permittivity ~~(0) of pure water at the same temperature, plotted 
versus temperature T for the Cte-PN,,solutions. 

to be expected to occur at frequencies well above 30 
MHz (see fig. 1 in [l S]), the extrapolated high frequency 
permittivity eD(m) reflects two different contributions 
to the static permittivity ~~(0) of the solution;namely 
those resulting from fast solute and solvent distortion 
polarization mechanisms and those resulting from the 
orientation polarizabiIity of the water. The second 
term on the right hand side of eq. (1) represents a 
“Debye” relaxation which is characterised by one dis- 
crete relaxation time rD _ The results of previous dielec- 
tric studies on aqueous C14-lecithin solutions [ 151 
suggest this relaxation to be essentially due to the 

restricted diffusive motions of the zwitterionic phos- 

pholipid head groups. The term 2io/v in eq. (1) repre- 
sents conductivity contributions to the measured total 
imaginary part -F(v) of the complex permittivity. 

The values for the parameters of function (1) have 
been found by fitting RD(v) to the experimental com- 
plex permittivity spectra by means of a non-linear least- 
squares fitting procedure. Values for the conductivity 
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Fig. 3. The relaxation strength ED(O) - ED(-) of the Debye F&. 4. The Debye relaxation time ‘D of the RD(Y) function 
relaxation term ieq_ (1)) as a function of temperature T for (eq. 1) plotted versus temperature T for the solutions of Cr6- 
the various phospholipid solutions. lecithin analo~ues. 

o obtained thereby are given in table 1 for one temper- 
ature. The values for the other parameters of the RD(v) 
function are presented in figs. 2,3, and 4 and will be 
discussed below. 

4.2. Parameter valuei of the relaxation specrral fwzction 

In fig_ 2, a plot of the ratio eD(m)/cJO) versus 
temperature T is given for the various solutions. ~~(0) 
denotes the static permittivity of pure water at the 
respective temperature T. The values for ~~(0) have 
been taken from fig_ 2 in ref. [15] where data from 
Mason et al. 1251, Mahnberg et ai. [26], and from this 
laboratory are cohected. The cD(~)/eW(0) ratios are 
around 0.85 reflecting the dilution of the polar solvent 
and the accompanying action of internal depolarizing 
electric fields within the solution. 

The crystalline/liquid-crystalline phase transition 
temperature for the various phospholipids, T,, as ob- 

tamed at decreasing temperature is also indicated in the 
plots shown in fig. 2. These i”’ values have been determined 
by light scattering measurements on pure aqueous 
phospholipid solutions and, additionally, by fluores- 
cence methods using admixed N-phenylnaphthylamine 

as a label [22] - The e~(~)/e~(O) versus T relations for 

solutions of C lecithin, C16-PN5-lecithin, Cl6PNg- 
lecithin and d”- Ie-PN7-lecithin are either smooth curves 
or show’ small changes at Tt_ With the C16-PN10- 
lecithin sample and the 0.106 molar C,,-PN,-lecithin 
solution, however, a distinct step-like change in the 
E~(-)/E_,(O) values emerges at a temperature T, well 

above Tt_ As demonstrated by figs. 3 and 4, the other 
parameters of the Debye relaxation function show a 
similar behaviour. 

The relaxation strength ED(O) - ED(-) is plotted 
versus temperature Tin fig_ 3 while the dielectric relax- 
ation time rD is displayed in dependence of temperature 
in fig_ 4. These plots clearly show step-like changes in 
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Fig. 5. The molar dielectric increment (ED(O) - eD(a))/c and 
the relaxation time TD of the Debye relaxation term (eq. (1)) 
plotted versus the number 12 of methylene groups between the 
phosphate and the trimethylammonium group for tempera- 
tures 30°C and 45°C. 

the ED(O) - ED(~) and rD values of the C16-PNg- 
1ecitEn and C16-PN10-lecithin solutions at T, > Tt_ 
‘3Ihe relative decrease in the parameter values of these 
solutions at T, is substantially greater than the change 
in the data of the other solutions at Tt_ The occurrence 
of strong step-like changes in the parameters of the 
Debye relaxation spectral function at T, may be taken 
to indicate a transition in the physical state of the 
bilayer surface formed by dipolar phosphoryl-N,N,N- 
trimethyhtonanolamine and phosphoryl-N;N,N- 
trimethyldecanolamine groups, respectively. 

In fs. 5, the values for the molar dielectric increment 
(~~(0) - eD(m))Ic and the relaxation time rD are 
plotted versus the number n of methylene groups be- 
tween the anionic phosphate and cationic trimethylam- 

monium group of the phospholipids. The non-mono- 
tonic behaviour of the (ED(O) - eD(w))/c versus n and 
rD versus 12 relations, especially the small values of the 
relaxation parameters at n = 6, suggest the formation 
of special zwitterion conformations at the surface of 
the phospholipid bilayers. This aspect will be taken up 
below in section 6. 

5. Theoretical model of the solutions 

The description of the experimental data by the 
RD(v) function (eq. (1)) allows for the discussion of 
general trends in the dielectric properties and the relax- 
ational behaviour of the various phospholipid solutions. 
To enable statements on the microdynamics of the 
solutions it is desirable, however, to relate the meas- 
ured permittivity spectra to molecular parameters_ 
For this purpose internal depolarizing fields and 
b! uwell-Wagner effects of the dielectrically hetero- 
geneous phospholipid solutions have to be taken into 
account. 

At high water content leci’thins form vesicles which 
consists of a series of concentric, roughly spherically 
shaped closed bilayers, each separated from the next 
by a layer of water [27,28] _ Aggregation to such vesicles 
is illustrated, for instance, by electron micrographs of 
aqueous samples of normal C16-lecithin (C16-PN2- 
lecithin) [29] and of the C16-PN4-lecithin analogue 
[22] _ In our theoretical model of the solutions the 
multilaminar vesicles are assumed to be exactly spherically 
shaped as shown in fig_ 6, and any distribution in the 
size parameters is neglected for simplicity. Those param- 
eters include the ratius r1 of the water containing core, 
the thickness dv of the interlameUar solvent layers, and 
the number iVof phospholipid bilayers per aggregate. 

In the frequency range under consideration, the 

solvent is simply.characterized by the complex permitti- 
vity 

ev(v) = e&O) - i2oJv , (2) 

where l ,v(O) denotes the temperature dependent static 
permittivity of water and uv the solvent conductivity. 
The interior of a solute bilayer, essentially consisting 
of hydrocarbon chains but also including the anionic 
phosphoryl groups, is treated as a homogeneous dielec- 
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Fig. 6. Sketch of the model for the aqueous solutions of Cr6- 
PNn-lecithin aggregates and illustration of the notations for 
parameters. 

tric of real permittivity eu = 2. The diffusive motions 
of the cationic groups relative to the adherent anionic 
groups are assumed to be restricted to circular paths 
of radius .$I on the bilayer surface, as indicated in fig- 6. 
The cationic mobility in this motion is denoted by uI. 
A cooperativity factor gI reflects a possible correlation 
in the orientation of neighbouring phospholipid zwit- 
terions. The factorgI represents the mean number of 
zwitterions forming a dielectric domain. 

With respect to a harmonically alternating local 
electric field directed tangentially to the bilayer sur- 
face the surface polar&ability density of the bilayers is 
given by the expression 

q(v) = aI(-) -t AcuI/(l + 2irrvr1) . (3) 

With respect to an radial electric field the surface polari- 

zability is assumed to be zero. The high-frequency part 
cuI(=) which refers to fast polarization mechanisms of 
the head groups is negligible here. The relaxation time 
TI is given by 

rI = E$+-, (4) 

and the relaxation strength Acu, is related to the cooper- 
ativity factor gI according to 

Aq =g (&eo)’ - (5) 

k denotes Boltzmann’s constant in eqs. (6) and (7) 
and T the temperature in the Kelvin scale. E, is the 
mean surface number density of zwitterions and e. the 
elementary charge. 

Derivation of the relaxation spectral function R,(V) 
for the aqueous solutions of the C16-PN,,-lecithins, 
requires the dielectric substitute for the multilaminar 
vesicles to be established. In proceeding so, advantage 
can be taken of the presumed globular shape of the 
vesicles. For a dielectric sphere of radius r, which is 
covered by a layer of different dielectric material of 
thickness d and additionally by a thin polarizable layer 
can be exactly replaced by a homogeneous alternative 
sphere of radius r+d_ Thus starting at the core of the 
vesicle and proceeding layer by layer to the periphery, 
the multilaminar aggregate can be subsequently replaced 
by a spherically shaped homogeneous dielectric_ Some 
steps of this substitution procedure are indicated in fig. 6. 
Application of the corresponding formulae, which have 
been presented previously [ 151, results in the complex 
permittivity E(V) = E(rN + d,) for the homogeneous 
globular substitute of the multilaminar vesicles. 

The vesicles are embedded in excess solvent. Appli- 
cation of a mixture formula 1301 to the solution of 
a’homogeneous isotropic dielectric spheres of complex 
permittivity E(V) in solvent of complex permittivity 
ev(v) therefore yields the desired relaxation spectral 
function 

3u,e&) (+(v) - e&J)) 20 
Rm (IV) = eJy) * 

E(v) + 2e&) - u,(W) - e&J)) 

- il, 
(6; 

ua denotes the volume fraction of the water containing 
multilaminar aggregates, which is related to the volume 
fraction of the phosphohpid, v, according to 
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(7) 

The additional conductivity term in eq. (6) represents 
conductivity contributions without Maxwell-Wagner 
relaxational behaviour. Such contributions may be 
caused, for instance, by drift of the total phospholipid 
aggregates, if these are electrically charged by absorp- 
tion of ionic impurities. 

5.3. Fixedparametersofthe model 

Various electron micrographs of multilaminar phos- 
pholipid vesicles [27,29,3 13 show the mean number of 
bilayers per vesicle to be N= 6. This value has thus 
been used in fitting the relaxation function R, (v) to 
the experimental permittivity spectra. 

The solute bilayer thickness d, has been estimated 
for normal Cte-lecithin according to 

d,(T) = 2M,J(ArA p,A(T)) 3 (3) 

where Mu denotes the solute molar weight NA is 
Avogrado’s number, p = 1 g/d the density of the 
phosphohpid and A(3 the bilayer surface area occupied 
by one C16-lecithin molecule. Using surface area data 
from ref. 1321: 

A(T < TJ = 48 w2, A(T > Tt) = 70 ii2 , 

the following values are obtained by eq. (8): 

(9) 

dJT < Tt) = 52.2 i% , d,(T > TJ = 363 W _ (10) 

Assignment of these values to the solutions of C,,- 
lecithin analogues is justified, if the dipolar head-groups 
of the analogues - iike the phosphorylcholine group 
of normal lecithin 1121 - are aligned almost parallel 
to the bilayer surface. In this case, the du parameter 
mainly reflects structural properties of the hydrocarbon 
phase of bilayers. As indicated by the strikingly uniform 

Tt values (table 1) those properties of the various C,e- 
PN,-lecithins appear to be very similar. 

The thickness of the interlamelhu layers &, has been 
fmed according to the relation 

d,(T) = 2n,Qw/(~~A(T)) - (11) 

Herein, n, denotes the number of water molecules, 
which per phospholipid molecule are contained in the 
interlammelar solvent region, and ~5~ = 18 ml/mol is 
the apparent molar volume of water. Following the re- 
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F&. 7. The quantitiesgl.$, ZJI is2 p andgIui plotted versus temper- 
ature T for the Cr6-PN+cithin solution. go and q denote the 
cooper&iv&y factor and the mobility in the diffusive motion 
of the trimethylammonium group, resp. ~$1 is the radius of the 
circular path of this motion. 

suits of deuteron magnetic resonance measurements 
[33], which yield I+ = 23 for phosphatidylcholines, 

d,(T<T,)=28.7& d,(T>T,)= 19_7A, (12) 

is obtained. 

5.4. AdiustablepmanlerersoftherelaxationspectraI 
firiZCriO?Z 

To find the values for the unknown parameters, the 
relaxation spectral function R, (v) has been fitted to 
the experimental e(v) data with the aid of a non-linear 
least-squares fitting procedure. These are: the radius r1 
of the vesicle core, which according to eq_ (7) is related 
to the volume fraction ua of the vesicles, the relaxation 
strength Acvr and the relaxation time rr of the surface 
polarizability density, and a less interesting conductivity 
parameter. It turned out that one of the conductivity 
parameters could be abandoned_ The microscopic quan- 

tities rl, AcyI, and rI reflect the parameters +(=), ~~(0) 
- eg(-), and ro, respectively, of the phenomenolo- 
gicahy introduced Rg(v) function_ 

The values of the variance obtained in the least- 
squares fits of the model relaxation function R,(v) are 
similar to those found in the fits of the Debye relaxation 
function Rz>(v). 



Fig. 8. The quantities&. u&, and ~LUL plotted versus 
temperature T for the 0.058 molar Cre-PNa-lecithin solution. 
go and UL denote the cooperativity factor and the mobility 
in the diffusive motion of the trimethylammonium group, 
resp. 51 is the radius of the circular path of this motion. 

6. Discussion 

6.1. Parameters of head group microdynamics in 
dependence of Zemperature 

The dependence of the quantities gI.$f, LQ/F$, and 
gIuI on the temperature T is displayed in fig- 7 for 
the C 16-PN7-lecithin solution and in fig. 8 for the 
0.058 molar c 16-PNp-lecithin solution. The gI.$g, 
u&, and gIuI data have been calculated from the 
AorI and r1 values according to eqs. (4) and (5). 

With respect to the characteristics in the variation 
of solution properties with temperature, the plots 
shown in fig. 7 are typical examples for the C,,PN, - 
lecithin solutions with rt < 7. 

Fig. 9. Limiting values for the cooperativity factor, (g~)~m, 
and the mobility, (uL)max, of the diffusive motion of the tri- 
methylammonium group in aqueous sohrtions of Cte-PNn- 
lecithins plotted versus ?I at 30°C and 45°C. Data for different 
Ct4-lecithin solutions at 30°C [ 351 and for a lysolecithin solu- 
tion at 25°C [16] are presented for comparison. UL value for 
the free%(CH& ion in Hz0 as calculated from the limiting 
equivalent conductivity at 25°C [35] is also included. 

The quantities derived on the basis of our model 
show either rather smooth or even no changes at the 
crystalline/liquid-crystalline phase transition tempera- 
ture Tt_ This finding is in accordance with the beha- 
viour of the parameter values of the phenomenologi- 
tally introducedRD(p) function (eq. (1)). 

model thus supports our previous assumption (sect. 4.2) 
of a transition in the physical state of C,,-PN,-lecithin 
andC 16-PN10-lecithm bilayers at a temperature 7; well 
above the temperature Tt of the main transition. 

6.2. Parameter head group microdynamics as a function 
of zrvitterion letlgth 

As illustrated by the example presented in fig_ 8, The fact, that the unknown radius .!$ of the circular 
solutions of C 16-lecithin analogues with very extended path in the diffusive motion of the trimethylammonium 
zwitterionic head-groups (n = 9 and 10) show different group is included in the relations between parameters 
properties. A distinct step-like change in the molecular 

quantities g& , u&, 

gI and AcuI(eq. (5)) and uI and rr (eq. (4)) respectively, 
and gruJ at a temperature prevents the cooperativity factor gI and the mobility 

T, > Tt emerges with the latter solutions. The treat- cc1 to be explicitely calculated from the AaI and 71 
ment of the experimental data in terms of the solution data. However, limiting values (gI)min and (rQmsx 

2 f 
l- ’ 

x C,L-lecithin 30°C 

+ Lysolecithin 25°C - 
I I I 1 I _ 

500 , I 1 I 1 1 t I 1 
lcps$ ______._________.____._. “I(~N([H,),)____..-..-...-.-..------ 

200 - 
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can be calculated by use of the maximum radius (E&-r,, 
for the circular path. Assuming tangential zwitterion 
orientation with respect to the bilayer surface and using 
the maximum anion-cation center distance for the 
zwitterionic head-group, maximum $j values have been 
estimated according to 

(z&,~ = (n i 2) X 1.265A _ (13) 

The resulting (g&r,in and (u,),, values are presented 
in dependence of ?z for T = 30°C and T = 45°C in fig_ 9. 
Corresponding data for-some aqueous Cl,+-lecithin solu- 
tions at 30°C [ 15 J and for a micellar lysolecithin SOILI- 

tion at 25OC [16] are also included in the diagrams. 
The C14-lecithin solutions with a solute concentration 
at around c = 0_14mol/l differ from one another by 
the core radius rI of the muhilaminar a=regates. In 
addition to the data for vesicles and micelles, the mo- 
bility zxl of the free tetramethylammonium ion at 2S°C 
is indicated in the (u&.,,~ versus II plot. 

The minimum vdues of the cooperativity factor 
for the Cr6-PN,-lecithins shown in fig_ 9 vary between 
&I)ti = 6 (n = 6, 30°C) and (gr),, = 118 (II = 5, 
45°C). The (gI)min values of the C,,-PN,-lecithin 
bilayer samples are thus substantially greater than that 
of an aqueous solution of lysolecithii micelles ((gI)min 
= 1.6 1163) and those of other micellar aqueous solu- 
tions of titter-ionic surfactants, where always GPi)min 
v&es in the order of 100 have been found [16,34]- 
Quite remarkably, however, the range of variation in the 
(g&.nin va3ues of solutions of the various C16-PN,- 
lecithins nearly coincides with the range, in which 
minimum cooperativity values of different aqueous 
C14-lecithin solutions are found. 

The (Q,-,ax values of the bilayer forming phospho- 
lipids are substantially smaller than the (~1)~~ value 
for iysolecithin which on the other hand is only one 
sixth of the mobility of the free tetramethylammonium 
ion. Above the temperature T,, however, the mobility 
of the trimethylammonium group in C16-PNIo-lecithin 
bgayers (@I)~~~ = 2.3 X lo7 s/g at 45%) is only by 
a factor of about 2 smaller than that in lysolecithin 
ri&Ues ((U&ax = 5 X lo7 s/g at 25OC [163). The 
(U&.r.rax values for the solution of normal C16-lecithin 
(1.5 X 106 s/g at 30°C, 1.2 X 106 s/g at 45OC) are 
within the range of data obtained for different solutions 
of CIq-Iecithin ((2~~)~~ = 0.4 - 1.7 X lo6 s/g at 30°C 
[ 151). These maximum values for the mobility of the 
cationic head-doup at the surface of a bilayer are of 

loo 
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F&_ 10. Dependence of the minimum values of the correlation 
factor, (gI)mk. on the size parameter i (eqs- (14), <IS)) of the 
multimolecular phospholipid aggregates for solutions of CI~- 
PN,-lecithins and Crg-lecithin 1151 at 30°C and for a lysoleci- 
thin solution [ 16 j at 25°C. 

the same order of magnitude as the value [36J for the 
mobility of the total lipid molecule in its lateral diffu- 
sive motion. 

The fact, that nearly the same range of ~~)min values 
is obtained in different aqueous solutions of C14- 
lecithin as in solutions of various C16-PN,-lecithins 
with ?z-= 2,5,6,7,9, and 10 attracts attention. There 
seems to exist a relation between the cooperativity of 
the dipolar phosphohpid headgroups and the curvature 
of the multimolecular aggregates. Therefore, @I&in 
values for the various phospholipid solutions, including 
that of lysolecithin, are plotted versus a mean radius 
of curvature F of the multimolecular aggregates in fig_ 
10. Values for this mean radius of curvature have been 
calculated according to 

r^=(rr-tr~+li,)/z, (14) 

in the case of those phospholipids, which form muhi- 
laminar aggregates, and according to 

r^= (a+ 2tr)/3 , (1% 

for the lysolecithin solution_ Parameter a denotes the 
half-axis of revolution and b the equatorial radius of 
the lysolecithin micelles, which are assumed to be 
oblate ellipsoids of revolution in shape [ 16 J . 



n 

Fig. 11. The ratio (glIrnu,, ‘i and the product gIu1 as a function 
of the number II of methylene groups between the anionic phos- 
phate and cationic trimethylammonium group for the Cr.5- 
PNIr-lecithins at 30°C. 

As illustrated by the data for lysolecithin, C,4- 
lecithin, C ,,-lecithin, and C,,-PN, -lecithin&own in 
the bilogarithmic plot of fig. 10, there is a marked 
tendency of the (gI)min values to increase with in- 
creasing f values. Obviously, rather extended dielec- 
tric domains are formed in large vesicles with only 
slightly curved bilayers while in small vesicles and in 
micelles the strong curvature limits the size of the 
cooperative units. As has been shown by electron spin 
resonance spectra of multibilayer and single-bilayer 
vesicles [371 similar characteristics emerge in the cooper 
ativity of the crystalline/liquid-crystalline phospholipid 
phase transition. 

The cooperativity factor (gI)mia of the Cl,-PN,,- 
lecithins with 72 2 6 also increases with increasing radius 
of curvature f_ At given ?, however, the bI)mi, values 
of the latter lecithins are substantially smaller than 
expected from the (gI)min versus f relation for the 
normal lecithins and the C16-PN5-lecithin. The consider- 
able change in the head group behaviour when going 
from small zwitterions (7~ G 5) to longer ones (71 B 6) 
is also demonstrated by fig. 11 where the quantities 
(&)min/~ and gIuI are displayed in dependence of the 
number n of methylene groups between the phosphate 
and the trimethylammonium group. The ratio ~I)min/ 
f is used to compare independently of the effect of 
bilayer curvature on the size of the dielectric domains 
the cooperative behaviour of the different lecithin head 
groups. The product gIuT is presented in fig_ 11 in order 

to show a quantity, which does not explicitely depend 
on the parameter (T_ A sharp decrease in the (gI)min/f 
and gI UT data when going from rr = 5 to II = 6 reflects 
a strong change in the head group conformations_ Ring 

formation of the long and flexible zwitterions may be 
suggested. But a decrease in the orientation correlation 
factor may be also due to a bilayer surface structure in 
which to a certain degree antiparallel alignment of 
neighbouring dipole moments is favoured. 
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