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cm2/s, we would require a P< 15 (150) A. A value of P < 15 A 
seems very unlikely, slnce it is then of the order of the average 
dimension of il DPPC molecule, while P < 150 A is not as unlikely 
but would require a rather fast D .  

(35) R. F. Campbell, E. Meirovltch, and J. H. Freed, J.  Phys. Chem., 83, 
525 (1979). 

D = (6r)’/667 using isotropic motion for simpliclty. Then from eq 
2 we obtain (with 6y+ 6rfor simplicity), ROs 47r2D/P2. Now 
for a nitroxide, tho slow tumbllng region is for 7rR (6R)-’ 5 IO-’ 
s. But since we have (d , )  - 0.1 (cf. Table II), then In the present 
case we have TR 2 IO4 si. Thus, motional averaging of the distortion 
effect would require P2/24n2D < E.g., for D = IO-’ (IO-’) 
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In this continuation of ESR studies on a variety of spin probes incorporated into low-water-content 1,2-di- 
palmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers, results with the headgroup-region probes, PD-Tempone 
and V02+, are reported for the biaxial phase. The fluidity of the weakly ordered PD-Tempone probe is quite 
high for higher water content (14 wt %) but decreases for lower water content (9 wt %) (i.e., R,, the diffusion 
coefficient, decreases from lo9 to lo8 s-l and shows properties probahly related to slowly relaxing local structure 
in the latter case). The V02+ ions are, however, immobilized on the ESR time scale and yeakly oriented. Both 
probes show distributions in local director, which, however, become better aligned as H, the magnetic field, 
is tilted into the bilayer plane. Also both probes then have a preferential alignment perpendicular to the projection 
of H in this plane. These results are taken as definite evidence for cooperative headgroup alignment by the 
magnetic field. While positive (vs. negative) diamagnetic susceptibility is expected they could not be distinguished 
by these experiments. Anomalous results from a stearamide probe in the LJ1) phase, viz. an unusually large 
observed splitting of 19.05 G with plate samples but typical splitting of 16.1 G with tube samples, is taken as 
evidence for significant differences in microscopic ordering properties of the DPPC samples resulting from 
different anchoring constraints imposed by the shapes of the holders. The nature of the biaxiality observed 
in the biaxial phase by other techniques is considered in the light of these ESR results. 

I. Introduction 
The addition of small amounts of water-to dry phos- 

pholipids results in the formation of bilayer structures with 
a hydrophobitc interior and two polar interfaces. In a 
preceding ESR spin-probe study (referred to in the fol- 
lowing as 1)l we examined evidence for cooperative chain 
distortions taking place in the hydrophobic region of the 
bilayer; the sul~ject of the present study is an examination 
of evidence for cooperative headgroup reorientation at  the 
bilayer interface enhanced by external magnetic fields and 
by surface forces. 

We studied 2-14 wt % water content DPPC both in the 
biaxial and in the LJl) phases, using the alignment 
technique of Powers and Pershad to prepare uniform 
planar multi1a:yers between parallel giass plates. In these 
aligned phases the main chain axes a’, of DPPC are per- 
pendicular to the main headgroup axes d h  of the phos- 
pholipid molecules, and at  low water content d, is ap- 
proximately parallel to fi,, the norpal to the plates and 
to the bilayers, implying that the d h  axes lie within the 
bilary plane, as illustrated in Figures 1 and 2. 

Our ESR results on these phases show some distinctive 
and unusual characteristics for which we suggest inter- 
pretations relevant to  an understanding of the physical 
properties of these phases. Thus we relate the phenom- 
enon of magnetic-field-induced molecular reorientation, 
previously observed with and biologicaPb mem- 
branes, to the molecular conformation of DPPC and to 
long-range cooperative alignment in the bilayer plane and 
between adjacent bilayers. We show that our results on 
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the well-aligned ‘DPPC samples are consistent with the 
hypothesis that, upon tilting the external field H away 
from fi,, the DPPC headgroups reorient i? the bilayer 
plane so as to optimize the angle between dh  and H. 

Surface-aligning forces are likely to contribute sub- 
stantially to the long-range alignment of the headgroups. 
By replacing the parallel glass surfaces by a cylindrical 
sample holder, the boundary conditions are drastically 
altered. In support of this we find with a stearamide spin 
probe in the L,(ll) phase that by changing the sample 
geometry, not only the macroscopic alignment, but also 
the microscopic characteristics, as reflected in the ESR 
spectra of this probe, are substantially altered. Our 
findings with this probe (which is built of a stearic acid 
chain residue and a piperidine ring containing the nitr- 
oxide) are consistent with a hypothesis that in the plate 
samples the piperidine ring is intercalated between adja- 
cent bilayers and ,with high ordering and probably expe- 
riences “very anisotropic” diffusion, whereas in tubes the 
familiar behavior4 of low ordering and slightly anisotropic 
diffusion is encountered. Such a description would be 
consistent with a considerable decrease in the extent of 
lateral as well as interbilayer cooperativity in the latter 
case, while in the former the plates tend to layering which 
imposes rather severe conformational and dynamic re- 
strictions on the stearamide molecule. 

We do suggest that a cooperative in-plane “anchoring” 
of headgroups may be achieved in the plate samples during 
the growth process of the biaxial phase from the higher 
LJ1) phase, inducing a nonzero biaxial birefringence. This 
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Figure 1. Schematic illustration of the various spin probe molecules 
and of the host DPPC molecule. x’”, y”’, and z”‘are the principal 
axes of the magnetic tensors whereas z‘denotes the principal axis 
of the ordering tensor. 

interpretation of the optical biaxiality is in agreement with 
the light scattering,2a  x-ray^,^ and 31P NMR6 results on 
DPPC bilayers. 

Magnetic-field-induced reorientation of a liquid crys- 
talline director has been observed with thermotropic 
smectic C phases7i8 (where the director is tilted relative to 
the normal to the smectic layers), from which it was pos- 
sible to estimate the elastic constant for reorientation of 
the smectic C director component (that is perpendicular 
to A,) about A,. The headgroup region of DPPC can be 
viewed as a special type of smectic C “phase” with a 90’ 
tilt. Thus a systematic study as a function of magnetic 
field strength and orientation, as well as sample thickness, 
would enable one to estimate the analogous elastic constant 
for lyotropic liquid crystals. Our present results indicate 
that in lyotropic phases magnetic instabilities occur at 
similar external fields as in thermotropic phases for 
identical geometries, 

Experimental details are summarized in section 11, while 
the main results obtained with perdeuterated tempone 
(PD-Tempone) and V02+ in the biaxial phase and with 
stearamide in the Le( 1) phase are presented and discussed 
in section 111. (The structure of these molecules and of 
DPPC is shown in Figure 1.) In section IV we give further 
discussion in terms of other studies; our conclusions appear 
in section V. 
11. Experimental Section 

The details regarding sample preparation and recording 

1- c. ,I 
xrn 

Flgure 2. x,”, yF”, f,,,“ represents the mean director frame of tee 
structure with z, 11 n, and x,” in the plane defined by 5 ,  and H. 
x,”, y,”, 2,‘’ is the local director frame with fil(?) 11 z,“ and 8’ and cp‘ 
denoting thepolar and azlmuthal angles of AI(?) in the x,”, ym”, L,“ 
frame, with d, denoting the projecJion of A,(r) in the xmr’-yd’ plane. 
a Is the angle between 2:’ and dh and P between dl and dh. x ,  y ,  
<is the lab frame with HI1 z ,  8 denot_es the angle between A,,, and 
H. J /  is the angle between fi,(?) and H. We also define x‘y’z’to be 
the ordering frame of a particular probq molecule. 4 denotes the 
orientation of the undistortei chain and dh the mean headgroup axis 
of a DPPC molecule, with dh I 4. 

of ESR spectra have been summarized in part 1. 
Stearamide [(4-octadecanoyl)amino-2,2’,6,6’-tetra- 

methylpiperidinyl-1-oxy] was purchased from Molecular 
Probes. 

A stock solution of 0.1 M VOS04 obtained from Alfa 
Products in 3 N HC1 at  pH 1-2 was used; the final pH of 
the DPPC bilayers was estimated to be pH = 3.0. 

111. Results and Discussion 
Although the relevant frames of reference have been 

defined in part 1, we shall summarize them for convenience 
in Figure 2. The x,”, y,”, 2,’’ axes define the mean di- 
rector frame of the multilayer sample with 2,’’ parallel to 
R,, the bilayer normal, and x,” within the plane defined 
by z,/l and H; z,”(fi, y,”(fi, z,”(fi represent the local director 
frame with &(?) along z,” and 6’ and 4 denoting the polar 
and azimuthal angles of z,” in the x,”, ym”, 2,’’ frame. The 
x!, y/, z’axes represent the molecular ordering and diffusion 
q e s  of a particular probe, and x ,  y, z is$he lab frame with 
H 11 z ;  8 is the angle_ between R, and H and \k the angle 
between R1(7) and H with cos \k = cos 0 cos 0’ - sin 8 sin 
8’ cos 4. The undistorted DPPC chain q e s  d, are parallel 
to z,” and the main headgroup axes d h  lie within the 
xmrr-ymrr plane. 

A. PD-Ternpone i n  the Biaxial Phase. The ESR 
spectra of PD-Tempone in the biaxial phase are poorly 
resolved for a water content below 14 wt  %. We shall 
discuss in detail the results obtained for 14 w t  % samples 
and then comment on lower water content structures in 
the light of these results. 

The main features of the angular- (8) dependent spectra 
illustrated in Figure 3a are characteristic of relatively high 
mobility, low ordering, and a substantial distribution of 



ESR Studies of Oriented Multilayers The Journal of Physical Chemistry, Vol. 84, No. 24, 1980 3297 

-_ TABLE I 
~ , I I I  aylgl aZif '  aN g, g y " '  gz"J g N  -- 

PD-Tempone in 14 wt % water 6.16 5.5 36.8 16.22 2.0088 2.0061 2.0027 2.00587 
content DPPC bilayers, bi- 
axial pliase 

content DPPC bilayers, bi- 
axial phase 

PD-Temgone in 9 wt % water 4.0 4.0 35.4 14.2 2.0088 2.0061 2.0027 2.00587 

PD-Tempone in phase V (ref 13) 5.61 5.01 33.7 14.78 2.0088 2.0061 2.0027 2.00587 
stearamide in the La( 1) phase 7.26 5.23 36.1 16.1 2.0090 2.0061 2.0022 2.0058 

~ 1-acetylaminoperdeuterio-2,2',6,6'- 7.2 5.2 35.9 16.00 2.0090 2.0061 2.0022 2.0058 
tetramethylpiperidine in 
CD, OD (ref 15b) 

DPPC bilayers, biaxial phase 

phosphate (ref 15a) 

V 0 2 +  in 2 wt % water content 74.4 74.4 200.9 116.6 1.9785 1.9785 1.938 1.965 

VOz+ coniplexed to tnimethyl 74.5 74.5 202.6 117.2 1.977 1.977 1.94 1.965 

- TABLE I1 
Eact, 

s-1 N fi epS G oc mol 
6 ,  lO-'Rl, eS' 7 T,*-', temp, kcal/ 

- tD,1,) h deg P 

PD-Tempone in 1 4  i-0.057 t0.41 90 0.0 10.0 2.0 1.0 1.0 0.3 26 
wt % water content 
DPPC bilayers 

PD-Temponea in 9 wt 2.5 1.0 46 
% water content DPPC 2.0 1.1 38 

1.4 1.3 26 
1.5 0.4 46 

0.75 0.5 26 

bilayers -0.052 -0.4 90 0.0 1.7 1.8 24.0 1.0 1.2 31 5.5 

t0.052 t0.4 0 0.0 1.1 1.0 1.0 30.0 0.5 38 6.6 

0.0 ;:: 2.8 1.0 1.0 1'2 8.6 1.3 90 
stearamidcc in 2 wt % 

water content DPPC 
bilavers -3.5 -0.09 0.3 1.2 115 

0.02 0.15 tubeb 

plates - .0.305 -3.6 0 -0.07 0.17 39.0 10.0 1.0 1.3 103 11.2 
- 3.6 -0.07 0.1 '1.4 90 

a Negative ordering and 6 = 0" is (in this dynamic range) indistinguishable from positive ordering and: = 90". The tube 
samples were simulated with P(q, o ) = :  1/4n, with 
frame. 

and 'p denoting the polar and azimuthal angles of nl(F') in the x y z  
The observed hyperfine splitting for plates (tubes) was 19.07 G (16.3 G) at 90 "C and 18.8 G (16.2 G )  at 115 "C. 

f i l ( i )  relative to fi,. As eqlained in part 1, the distribution 
of f i l ( F )  with respect to H reflected in the 6 = 0" spectrum 
is identical with the distribution of SI(?) relative to &,. To 
simulate the ESR line shape we proceeded as described 
in part 1 and find, similar to the hydrophobic probes in 
the LJ1) phase (but unlike PD-Tempone in this phase), 
that a good fit between theory and experiment can only 
be obtained with a distribution funlction of the form 

P(B',cp') = (sin 6'p (1) 

i.e., a two-dimensional (2D) spatial distribution as shown 
in Figure 3bl. Our calculations include homogeneous 
contributions to the line width of the individual compo- 
nents in the distribution as explained in part 1, based on 
a recent formulation of Moro and Freed,9a and the pa- 
rameters used to simulate the spectra in Figure 3b are 
summarized in Tables I arid 11. The imagnetic parameters 
were obtained by scaling the principal values of the hy- 
perfine tensor of PD-Tempone in phase V by uN(DPpC)/ 
aN@hase V), with ~ N p p p C )  denoting the v,alue of the hyperfine 
splitting in the isotropic phase occurring above LJ1) 
(which was found to be nearly the same as aN in L,(l)) and 
are given in Table I. 

We interpret the disorder in fil(?) relative to li, for 
PD-Tempone in the biaxial phase in a manner similar to 
that we interpreted in I for the hydrophobic probes in the 
LJ1) phase, ie., in terms of cooperative chain distortions. 
Unlike our results with PD-Tempone in the LJ1) phase, 
which indicated that the upper part of the DPPC chains 
close to the interface is essentially defect free (or else the 

PD-Tempone is diffusing relatively rapidly, cf. I) our re- 
sults suggest that in the biaxial phase distortions occur over 
the entire chain length. This is consistent with neutron 
diffraction experiments on selectively deuterated uniform 
DPPC bilayers,1° where one determines the distance xo of 
a particular deuterated segment from the center of the 
bilayer and u, the l / e  half-width of the distribution in xo. 
For 6 w t  % water content, u was found to be 1.5 8, for the 
C-4 segment of DPPC (with the carbonyl carbon being C-1) 
and 3.4 8, for C-1.5 in the LJ1) phase while it is approx- 
imately 2.8 A for all carbon atoms in the biaxial phase.loa 
These neutron diffraction results imply that the upper part 
of the chains are rather uniformly and highly ordered in 
the LJ1) phase, while the flexibility of the chain increases 
gradually upon proceeding down the chain toward the end 
methyl group. In the biaxial phase, however, all the carbon 
atoms are substantially and equally "spread about their 
mean position. Since the time scale of the diffraction 
experiment is related to very high frequencies ( N 1013 s+), 
what appears to be a static distribution in distances xo from 
such experiments may be either a static and/or dynamic 
disorder on the ESR time scale. 

Note that our observed value for UN of 16.2 G in the 
biaxial phase witlh 14 wt % water is very similar to that 
observed for I'D-Tempone in pure water.4 This indicates 
that PD-Tempone is located in the relatively polar region 
close to the bilayier interface at  this water content. 

For 0 = 90" we first tried to simulate the experimental 
spectrum in Figure 3a with eq 1, similar to what had been 
done in part 1 for 11 # 0". We found that the experimental 
spectrum cannot be simulated satisfactorily in this manner. 
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to the headgroup region only. (Note that the hydrophobic 
probes were only studied in the easier to prepare 2 wt % 
samples.) 

Magnetic-field-induced reorientation in phospholipid 
membranes has been observed previously with ESR spin 
 probe^.^ Gaffney and McConnel13 have interpreted the 
ESR line shape of spin-probe-doped egg lecithin assuming 
that the lyotropic liquid crystal is a smectic C-type phase 
with the main chain axes tilted at about 30’ relative to the 
smectic layer normal and, similar to observations on 
thermotropic smectic C  phase^,^ the director reorients 
freely about the normal to the smectic layer so as to 
minimize the magnetic frqe energy, Fmg, i.e., the angle 
between the director and H (Fmw = -6.H = AXd@ cos2 $, 
with p denoting the magnetic moment and Axd the an- 
isotropy in the bulk magnetic susseptibility). In our case 
the tilt of the main chain axes d, relative to fi, is only 
10-15’ for 14 wt % water and even smaller for lower water 
content;ly5 such a small tilt and the smectic C model cannot 
explain our PD-Tempone spectra in the biaxial phase. On 
the other hand, the main headgroup axis d h  is tilted at  
about 90” relative to firn.’Joc Thus, assuming that the 
headgroup region behaves as a smectic C liquid crystal with 
d h  being the “smectic director”, we expsct, for high fields 
and thick samplesz8 that, upon tilting H away from being 
parallel to A,, all d h  axes reorient in the @layer plane so 
as t2 optimize the angle between a h  and H. For 8 = 90:, 
all dh axes will then tend to be fully aligned relative to H. 

We can analyze the spectral effecta of such a cooperative 
headgroup reorientation in the magnetic fieid by consid- 
ering a simple model. We first assume that d h ( f l  remains 
in the x,”-ym” plane at  an angle a with x,” as shown in 
Figure 2. So if the PD-Tempone, located in the-headgroup 
region, is indeed sensitive to reorientation of dh(7) by the 
magnetic field, then its ESR spectrum+shoulq show a de- 
pendence upon the angle y between H and dh(% From 
Figure 2 we have cos y = d i n  8 cos a, so that Fmag = A,&% 
sin2 8 cos2 a. 

Now the exact manner in which the PD-Tempone is 
affected by magnetic effects is not yet c_lear. Suppose we 
assume a definite correlation between dh(3 and the pro- 
jection of fil(fl in the x,“-y,” plane (call it dl( f l )  such that 
a = d + 0, with PD-Tempone sensing fil(fl directly. This 
suggests we try a distribution function of form 

P(d/,,,‘) ph28Ws2(d+P)(gin 8!)-1 (2) 

Equation 2 reverts to eq 1 for 8 = 0’. We find that for the 
two limiting cases of 0 = 0 and 90’ we can successfully fit 
the 8 = 90” spectrum in Figure 3 provided we use r = -5.0 
or +5.0, respectively. -Thu:, in the _case of P = 0’ we would 
preferentially have dl 11 d h  and d h  I x,” (,or negative 
Giamagnetic anisotropy), while for P = go”, dl I dh and 
d h  11 x,” (or positive diamagnetic anisotropy). While we 
cannot distinguish between positive vs. negative diamag- 
netic _anisotropy from this experiment alone, it still follows 
that dl  will preferentially align Qarallel to y,”, i.e., per- 
pendicular to the projection of H in the x,”-ym” plpe .  
On the basis of simple models we would prefer dl I d h  so 
p = 90” and there is positive diamagnetic anisotropy. 

If, however, we assume no correlation between a and d,  
then a model in which PD-Tempone was sensitive to d h  
could be the simple limit where its “local director” is a 
composite with polar angle 8’ (from fil(F)) and azimuthal 
angle a, or a + r/2. We now use dl as the component of 
the composite director in the ~,’~-y,’~ plane; thuj  usepf 
a implies dl 11 dh, while use of a + 7r/2 implies dl I dh. 
Then a similar analysis leads to similar conclusions, viz. 
dl prefers to align along Y,’~ for 8 # Oo, but one does not 
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Figure 3. (a) ESR spectra of M PD-Tempone dissolved in 14 wt 
% water content DPPC bilayers in a 150 f 50 p m  thick plate sample 
in the biaxial phase at room temperature for field orientations as denoted 
in the figure; the dashed line represents the ESR spectrum of M 
PD-Tempone in D,O at pH ~6.00 and was included to show that we 
do encounter here a single-species spectrum with no bulk species 
present. (b) I. Calculated spectrum for 0 = 0’ obtained by using the 
formulation of Mor0 and Freed‘@ with the distribution function P(d’,p‘) 
= (sin Of)-’ and the parameters given in Tables I and 11. 11. Same 
as I for d = 90’. 111. Same as I1 with P(d’,cp’) = &sin28s’n2(d+B)(sin 
19’)~’  with r = -5.0 (5.0) and fl  = 90’ (0’). 

The calculated spectrum displays particular powderlike 
features reeecting a considerable distribution of til(?) axes 
relative to H, whereas the experimental spectrum consists 
of a well-defined triplet suggestive of a unique orientation 
of f i l (?)  relative to H, as illustrated in parts bII and a11 of 
Figure 3. Also, the 0 = 90’ spectra are unchanged when 
H is rotated in the x,”-y,” plane. We considered next 
the possibility of a magnetic-field-dependent angular 
distribution function. Since the ESR spectra of the hy- 
drophobic probes discussed in detail in part 1 could be 
simulated in both the LJ1) and in the biaxial phase simply 
with eq 1, any such collective reorientation of local di- 
rectors that is sensed by PD-Tempone is probably related 
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know from this result alone whether the headgroup ex- 
hibits positive or negative diamagnetic susceptibility. 

The first case involving correlation between d, and d h  
seems somewhat more reasonable td us. At  any rate, de- 
fects in the main chain region should not be affected by 
the headgroup reorientation in order to be consistent with 
our results using the hydrophobic probes albeit a t  lower 
water content (2 wt %). In support of this, it was shown 
with 31P NM[R"J2 that the onset of dynamic headgroup 
reorientation occurred while the chains remained immo- 
bilized. (Actually our model could allow for the chains 
themselves to reorient while the local director representing 
a cooperative distortion wave does not.) 

A comment is appropriate at this point about the sen- 
sitivity of our ESR results to the precise choice of distri- 
bution function such as eq 2. T h w  we tried a variation 
on eq 2 such that sin2 B cos2 (d is replaced by sin2 B sin2 
8' cos2 (d and we found that the B =: 90" spectrum could 
again be satisFactorily fit for r = -5.0. Thus, while the ESR 
results cannot distinguish between forms similar to eq 2, 
the successful variants on this form are still consistent with 
(1) a substantial magnetic-field-induced reorientation in 
the headgroup region and (2) a preferential alignment of 
4, the smectic C-type director (sensed by the PD-Tem- 
pone), along ym" in th_e xm'-ym" plane, i.e., perpendicular 
to the projection of hl in this plane, Clearly eq 2 is the 
simplest statement of these matters. 

Further evidence for this magnetic-field-induced head- 
group reorientation comes from an analysis of V02+ 
spectra. However, before we consider these spectra we 
wish to say a few words about the PD-Tempone results 
with lower water content. 

DPPC with Lower Weight Percent Water. The ESR 
spectra obtained by using PD-Tempone probe in 9 w t  70 
water are similar to those of the 14 wt % content samples, 
although spectral resolution is considerably lower. This 
is found to be due to a decreased rate of rotational re- 
orientation (cf Table 11). Also, there is increased ordering 
of A,(?) so that eq 1 had to be modified to P(0') = 
e-4.5sina@'(sin y;,-1 for t, = 0". Also the hyperfine tensor 
required readjustment to a lower am We suspect these 
features imply either some increased intermolecular in- 
teractions experienced by the PD-Teinpone at the DPPC 
headgroup at  lower water content in the biaxial phase 
and/or some relocation of the probe a little further from 
the headgroup region (cf. below). Again the spectra for 
6' = 90" could be fit only when the above distribution for 
P(B') was multiplied by the factor e-3.5sin2ecos2(d+~). From 
a complete line-shape analysis (cf. part 1) it was possible 
to fit the spectrum including motiorial effects, and the 
results appear in Table 11. These results show that, unlike 
the 14 wt % case, a simple rotational model does not fit 
the spectra. Instead, one must invoke a model of very 
anisotropic viscosity or, alternatively, B fluctuating torque 
model13 with very slow fluctuations from the surroundings 
(i.e., e >> 1). Alternatively, one may invoke a model of 
slowly relaxing local structure.gb These results and the 
spectral observations requiring them (Le., unusually large 
widths of the two outer hyperfine lines) were characteristic 
of previous observations with this probe in nematic13 and 
smecticgb phases. The results of Lin and Freedgb on PD- 
Tempone are consistent with the probe being gradually 
expelled from the more-ordered regions to the less-ordered 
hydrocarbon chains as the liquid-crystalline phases become 
more ordered (due to reduction of temperature). It may 
be that at least gome of our observations of PD-Tempone 
in the biaxial phiase of DPPC reflect a similar trend as the 
water conknt is reduced from 14 wt %. The 2 wt % water 
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Flgure 4. Experlmental ESR spectra of M VOSO, dissolved in 2 
wt % water content CPPC bilayers in a 150 f 50 pm thick plate sample 
in the biaxial phase at mom temperature for field Orientations as denoted 
In the figure. 

samples containing PD-Tempone were too broad for any 
extensive analysis, but the U N  was estimated to be similar 
to that for the 9% samples, and the line shapes appear to 
have the distinctive features characteristic of a (sin B')-l 
distribution or modification we found for 9 wt % water. 

B. V02+ in the Biaxial Phase. The experimental 
spectra obtained for V02+ in the (2% water) biaxial phase 
at room temperature for various orientations B are shown 
in Figure 4. The invariance of the spectra upon lowering 
the temperature to -150 "C indicates that these are rigid 
limit spectra corresponding to a 5' = l / 2  and I = ' /2 axially 
symmetric V02+ radical, including 16 peaks from 8 parallel 
(# = 0") and 8 perpendicular (4 = 90") lines. From the 
positions of these peaks we obtained the principal values 
of the A and g teiisors listed in Table I, and using these 
values we have calculated a three-dimensional (3D) iso- 
tropic powder spectrum with P(B',d) = 1/4a illustrated 
in Figure 5b. By comparing the 3D calculated powder 
spectrum with the experimental trace for B = 0" in Figure 
4a we notice that hi the experimental spectrum the parallel 
peaks are too intense and too asymmetric as compared to 
the theoretical lines. We have recalculated the powder 
spectrum with P(%',d) = e - ~ w ,  thus allowing for a nonzero 
ordering (with z' 11 z'? relative to ii,, and with X = 0.56 
we obtained spectrum a in Figure 5 which we consider to 
be a good fit to the experimental 6 = 0" spectrum in Figure 
4. This result corresponds to a low microscopic ordering 
of the VOZf probe and is discussed further below. 

We next calculated spectra for 8 = 0,30,60, and 90" with 
the same P(B',q'), and we obtained the traces shown in 
Figure 6. By examining Figure 4 we notice that the main 
change in the experimental spectra upon going from B = 
0" to B = 90" is a substantial decrease in the relative in- 
tensity of the parallel vs. the perpendicular peaks until, 
for B = 90°, an approximately one-site spectrum, corre- 
sponding to the perpendicular orientation, is obtained. 
This feature is not reproduced adequately by the theo- 
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C I  1 
2D RIGID LIMIT 

Figure 5. Calculated rigid-limit spectra for a S = ' I 2  and I = 7 / p  radical 
with ax,,, = ayfr,  = 74.4 G, = 200.9 G, gXnnf = gut,, = 1.9785, and 
g p  = 1.938 and m, dependent intrinsic line widths T2*-' ranging 
between 5.0 and 12.0 G, determined by means of a best-fit procedure. 
Spectrum a was calculated with P(e',cp" = e-0,57sh28', spectrum b with 
P(d',d) = 114% and spectrum c with P(8',d) = (sin 8')-'. The xsymbols 
denote the position of the z"'/( Hresonances and the Isymbols the 
2"' 1 H resonances. 

retical spectra a-d in Figure 6, the main discrepancy oc- 
curring for 6 = 90" (compare the bottom trace Figure 4 
with spectrum d in Figure 6). Basically, the effect is similar 
to the one observed with PD-Tempone; the distribution 
of z'axes in the theoretical spectra is greater than in the 
experimental ones. Therefore, we then tried the modified 
form P(O',p') a e~,569inZB+rsin28c08*(~+~) as suggested by eq 2, 
and now 8' and (d are the polar and azimuthal angles of 
z' of V02+ in the xm", ym", zm" frame but again CY = p' + 
P with P a fixed phase relation. We find, however, that 
for 0 = 90' this is still not a satisfactory form. Note that 
this form implies that the magnetic-free-energy term re- 
lated to headgroup-induced reorientation may simply be 
added to the weak ordering term for vanadyl. The ordering 
of the vanadyl is an indirect probe of the headgroup 
alignment, the X = 0.56 result from the rigid-limit spectra 
being a composite of (weak) ordering of the V02+ relative 
to the headgroups and any mosaicity in alignment of the 
headgroups (see below). [This is somewhat different from 
the PD-Tempone case for which the rapid motion relative 
to its local director just required that the macroscopic 
distribution of local directors be included in describing any 
powderlike features of the ESR spectrum.] We can better 
represent the composite effects on V02+ by utilizing 

P(O',a) cc e-Asin24 (34 
with 

X = X(8,a) = X o [ l  + t sin2 6 cos2 (p' + P)] (3b) 
(where for simplicity we shall let P = 0 or 90"). That is, 
the (dimensionless) ordering potential X for V02+ is a 

x0=0.57 

0 8.0" 

e 90" 
t=-3.2, p=90° 

Flgure 6. (a) Same as spectrum 5a; (b-d) same as a for 6 = 30, 60, 
and 90" res ective ' s ectrum e was obtained for 0 = 90" and P(O',p') 
- - e  kd14rsh2L%d+84 with Xo = -0.57, t = -3.2 (3.2), and = 90" 
(0"). 

function of the degree of alignment of the headgroups in 
the magnetic field, which, as we have seen, has the angular 
factor sin2 8 cos' a. From the above discussion we take 
ho = 0.56. We obtained, with the values 0 = 0" and t = 
3.2 (or 0 = 90" and t = -3.2) spectrum e in Figure 6 for 
6 = 90") which is a very good fit to the 8 = 90" experimental 
spectrum in Figure 4. This result is very similar to the 
implications of the PD-Tempone study. Thus, while the 
z'axis for V02+ prefers to align parallel to z," for 8 = Oo, 
when 6 # 0" there is an additional preferential alignment 
such that for 8' > 0" the projection of z'in the x,"-y," 
plane prefers t_o align along y," (i.e., perpendicular to the 
projection of H in this plane). 

We note alstthat the spectra for 6 = 90" are invariant 
to reorienting H in the x,"-y," plane as we would expect. 

A similar conformation of the vanadyl in liquid crys- 
talline micelles (i,e., z"'perpendicular to the bilayer plane) 
was suggested previously by Campbell and Hanna.14 Their  
results imply that the V02+ ion is bound at the interface 
in the lyotropic system they studied (sodium octanoatel 
octanoic acidlwater) by complexation to carboxylic groups 
of the solvent molecules. Furthermore, the similarity in 
the magnitude of the rigid-limit magnetic parameters (A 
and g tensor) of V0'+ in these systems to those of vanadyl 
acetate are considered to strongly support the hypothesis 
of the vanadyl ions being bound at  the bilayer interface. 
We find that our rigid-limit values are very similar to the 
vanadyl-trimethyl phosphate complex16a (see Table I), 
indicating that the V02+ ion is likely to be bound to the 
PO4- group of the DPPC molecule. 
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most prominent difference is that the observed splitting 
is 19.05 G at  95 “C for the plates, which is considerably 
higher than the common range of values for the hyperfine 
splitting for piperidine derivatives (14.5-16.5 G)5 and ap- 
proximately 16.2 G for the cylindrical tube samples. This 
is to be compared with the value of 16.1 G measured in 
the isotropic phase, and we scaled the A tensor (cf. section 
A) by comparison to 4-acetylaminoperdeuterio-2,2’,6,6’- 
tetramethylpiperidinyl-l-oxy in CD30D15b (see Table I), 
since its aM and structure are similar. 

In the macroiscopically disordered tube sample (cf. part 
l), there is little microscopic ordering which only shows 
up from a detailed line-shape analysis. Thus with a com- 
plete line-shape1 simulation we found that throughout this 
phase the stearamide probe experiences weak and nearly 
temperature-independent axially symmetric ordering with 
X = 0.15, anisotropic diffusion with N = 2.8, and a decrease 
in the molecular reorientation rate from R I  = 3.5 X los 
s-l a t  115 “C to RL = 1.5 X lo8 s-l a t  90 “C. We estimate 
an activation energy of about 8.6 kcal/mol (see Table 11). 
These results aire in reasonable agreement with previous 
studies of stearamide in phospholipid  bilayer^,^ showing 
that the piperidine ring is weakly ordered due to extensive 
flexibility of this probe. 

The results for the plate sample are very surprising. It 
appears at first sight difficult to rationalize such a large 
change in observed splitting by just a change in the ge- 
ometry of the sample holder, since it appears that this 
change must have brought about a change in microscopic 
properties of the probe. We do not believe that a change 
in the holder coudd have any substantial effect on the value 
of u N ,  especially since a value of ( a )  = 19.05 G is much 
greater than what has been obtained before! On the other 
hand, if it were now highly ordered in the well-aligned 
LJ1) phase, then we could estimate the value of ( a )  = 
1/2(ayy + a,,,,) = 20.7 G for the limit of complete negative 
ordering with x’”IIz’. We have performed detailed line- 
shape simulations yielding X = -3.6 and p = 4.08. How- 
ever, good fits coidd only be obtained with very high values 
of asymmetry in both the rotational diffusion tensor and 
the microviscosity tensor (cf. Table 11). While these results 
are particular to the models used in the analysis, they do 
suggest unusual properties. First, we do note that the high 
negative ordering would be consistent with the piperidine 
ring being intercalated in the headgroup interface region 
between adjacent bilayers. It is, however, difficult to 
conceive of the entire stearamide molecule being interca- 
lated in this interface in view of the hydrophobic nature 
of the long stearic-acid chain. Instead, we conceive of the 
hydrophobic chain on the average parallel to the DPPC 
chains. Thus the stearamide could take on an ordered 
conformation similar to the DPPC molecules, viz., a chain 
aligned along rim and a headgroup aligned perpendicular 
to rim. For such an ordered conformation, one would in- 
deed expect a dynamic mode for the probe consisting in 
a “very anisotropic” internal reorientation16 of the piper- 
idine segment which is effectively decoupled from the 
reorientation of the highly ordered chain. 

We have built a space-filling model to examine this 
conformational aspect and, in particular, to try and relate 
the main diffusion axis of the piperidine ring to the mo- 
lecular conformation. We found that the segmental motion 
of the nitroxide moiety should neither take place about 
the CH-NH nor about the CO-NH chemical bonds (see 
Figure 21, Rather, there would be a mean symmetry axis, 
similar to the results obtained by Campbell et al.12 for the 
internal reorientation of the DPPC headgroup studied by 
31P NMR. Furthermore, we found that the upper (i.e., 

,tube 

tube 

Flgure 7. Experimental ESR spectra of M stearamide in 2 wt % 
water content lube and plate samples in the La( 1) phase at various 
temperatures (--): the plates were 150 f 50 pm thick and the external 
field H was peirpendicular to the plates. Corresponding calculated 
spectra with the parameters given in Tables I and 11, with P(J/,(p) = 
1/4n for the tube samples and 0 = 0” for the plates (---). 

Unlike PD-Tempone in the biaxial phase, V02+ does not 
reflect the chain distortions, in agreement with V02+ 
binding on top of the polar interface. To illustrate this 
point we have calculated spectrum c in Figure 5 which 
would correspond to a 2D distribution. It is seen to be 
significantly different from the experimental spectrum in 
Figure 4 obtained for 8 = 0”. 

We now consider further the distribution function eq 
3 for 6 = 0” iin terms of the combined effects of very low 
ordering and headgroup mosaicity. Neutron diffraction 
experimentsgb have shown that v = 3 A for deuterated 
segments in ithe headgroup, which is larger than the v 
values for the chaip segments.ga The extent of out-of-plane 
deviations of the dh axes has been estimated by 31P NMR6 
to be approximately f15%; furthermore, a higher degree 
of headgroup mosaicity would be iriconsistent with our 
Cesultslfor the biaxid phase presented in part 1, if we have 
dh I d,. We thus conclude that low ordering of V02+ 
relative to dh is the main reason for the small value of A,, 
that we have found. 

Our result that the V02+ ordering is significantly im- 
proved as the headgroups are aligned by the magnetic field 
seems to imply that V02+ can better intercalate between 
the headgroupis of adjacent bilayers once they have aligned, 
i.e., there must, be some cooperativity between the bilayers 
in this process. 

C. Stearamide in the  L,(1) Phase. The long and flex- 
ible stearamide probe, usually associated with the head- 
group region, exhibits very particular characteristics when 
dissolved in 2 wt % water content DPPC bilayers. Spectra 
obtained with cylindrical tube and plate samples in the 
LJ1) phase are presented in Figure 7. For both types of 
sample geometries, the spectra are independent of orien- 
tation, but otherwise they are considerably different. The 



3302 The Journal of Physical Chemistry, Vol. 84, No. 24, 1980 Meirovitch and Freed 

close to the polar interface) part of the stearic acid chain 
residue would have to be distorted frqm an all-trans con- 
formation parallel to Ti, should x”’ I d,(DPPC), while the 
main chain axis of stearamide is parallel to d,(DPPC). 
[This situation might arise since the stearic acid residue 
is longer than the palmiatic acid residues of the DPPC 
molecules and the long stearic chain is likely to be bent 
close to the polar interface, subject to the constraints im- 
posed by the hydrophobic nature of the chain and the 
location of the piperidine ring,] 

This model would then imply that the effect of sample 
geometry on the microscopic characteristics is due to the 
presence in the case of well-aligned samples (and the ab- 
sence for unaligned samples) of large arrays of uniform 
bilayers with strong cooperative interbilayer forces pre- 
vailing in the headgroup regions. Further, the particular 
structure and conformation of stearamide with polar 
headgroup and hydrophobic chain must satisfy very dis- 
tinctive requirements for packing into the ordered arrays. 
On the other hand, the homologue of stearamide, temp- 
amine, with a single hydrogen replacing the stearic acid 
residue, was found in part 1 to exhibit the same micro- 
scopic behavior in both tube and plate samples (i.e., weak 
~”’ordering). It is of interest to note that Powers and 
PershanZbtc found with oriented low water content DPPC 
containing chlorophyll a that the porphyrin ring is also 
restricted to the bilayer interface. 

There still remains the feature of the invariance of the 
plate spectrum to all reorientations of H relative to x,”, 
y,”, 2,’’ and whether the model suggested above is at all 
consistent with it. Thus, we recall from part 1 that the 
weakly ordered headgroup probes, Tempone, Tempamine, 
etc., showed smectic A-type spectra in the La(l) with the 
usual spectral variations as a function of 0. The only way 
we can rationalize this spectral invariance is to assume the 
following: (1) In the LJ1) phase (just as in the biaxial 
phase) the headgroup axes d h  reorient yithin the bilayer 
plane so as to optimize the angle with H and, because of 
the greater fluidity of this phas? this procesp is essentially 
complete for 0 > Oo, we have d h  11 x,” or d h  11 y,” corre- 
sponding to positive or negative diamagnetic anisotropy 
(cf. sections A and B). (2) The x’l’axis, which is approx- 
imately the main symmetry axis of the piperidine ring, 
tends to lie perpendicular (parallel) to dh for positive 
(negative) diamagnetic anisotroey (cf. sections A and B). 
Then for 0 # Oo we have x”’ I H essentially independent 
of 0 as we required. 

We regard the above model to be an interesting but 
speculative one, which we suggest in our attempt to explain 
the very unusual experimental observation of the large 
differences between plate vs. tube samples for the stear- 
amide probe, The model seems to us not inconsistent with 
our other results and those of other studies, but further 
studies are required before one can have confidence in it. 

IV. On the Nature of the Biaxiality in DPPC 
Bilayers at Low Hydration 

Powers and Pershan2b,c have suggested that the biaxiality 
detected in low water content bilayers is mainly due to the 
headgroup region, based on changes in the uniaxial and 
biaxial birefringence (and other properties) or pure 
DPPC-water mixtures upon incorporating into the bilayers 
various components. Thus, species associated with the 
headgroup region, e.g., Na+ and Ca2+ ions, chlorophyll a, 
etc., mainly affected the biaxial birefringence, whereas 
gramicidin A, associated with the chain region, mainly 
affected the uniaxial birefringence. Light scattering by 
undulations in the monohydrate DPPC bilayers has been 
observed by Powers and Clark2” in the L,(1) phase. These 

undulations are described by the parameters C S 104B and 
h = (K/B)lI2 - 100A, where B is the elastic constant 
associated with compression of the layers, K is the sec- 
ond-order elastic constant associated with bending of the 
individual layers, and C is the (shear) elastic constant 
associated with sliding layers over one another (smectic 
phases with no coupling between layers have C = 0). The 
authors state that upon entering the biaxial phase the 
scattering abruptly disappears indicating that (below the 
phase transition) C - B, i.e., a substantial coupling be- 
tween adjacent layers and therefore some sort of three- 
dimensional crystalline ordering develops within the biaxial 
phase.4 

31P NMR measurements6 on 2 wt % water content 
DPPC bilayers were shown to explicitly imply “anchoring” 
of headgroups in a preferred orientation within the bilayer 
plane (Le., the xm”-y,” plane), although the structures 
were found to be highly mosaic. 

Recent crystallographic measurements5 imply that upon 
lowering the temperature of a monohydrate sample to the 
biaxial phase strong long-range correlative interactions 
operate both between adjacent molecules within the same 
layer and between neighboring layers. On the other hand, 
with higher water content, the X-ray results suggest a 
decrease in the local cooperativity. 

Thus, for the low water content DPPC there is evidence 
for (a) a preferential alignment or “anchoring” of the 
headgroup in the bilayer plane as well as (b) interbilayer 
correlations in this headgroup “anchoring” such that a 
macroscopic biaxial birefringence is observed. Our ESR 
results suggest that this “anchoring” is weak enough that 
the headgroups may readily be realigned with considerably 
improved alignment by magnetic fields of 3.3 kG both in 
the biaxial and in the La(l) phases when the field has a 
substantial component in the x,’/-y,” plane. When there 
is no aligning component, our results are consistent with 
considerable mosaicity in the headgroup. Also, our results 
lead us to suspect that the anchoring by the plates plays 
an important role in establishing the long-range coopera- 
tivity leading to the overall biaxiality. That is, plate an- 
choring establishes a preferential headgroup alignment 
which is then transmitted by interbilayer cooperativity 
(associated with a nonnegligible value for C). Thus the 
birefringence observed is what Born and Wolfl7 refer to 
as a “form birefringence”, Le., an overall biaxiality arising 
mainly from anisotropy on a scale much larger than mo- 
lecular, related to a repeating entity with a symmetry lower 
than uniaxial rather than being due to anisotropic prop- 
erties of molecules. In this case the biaxiality is directly 
related to the morphology of the structure, i.e., the extent 
of headgroup “anchoring”. 

In a recent study of thermal and strain-induced defects 
in the La(l) phase of low water content DPPC bilayers it 
is pointed out that, in certain cases, there is a nonzero 
biaxial birefringence in this phase, due to the curvature 
of the smectic bilayers in the form of parabolic focal con- 
ics.lS Apparent biaxiality, due to oriented defects in sam- 
ples of lamellar liquid crystals, has been also reported 
re~ent1y.l~ These are examples of another type of “form” 
biaxiality. This situation is similar to the different mor- 
phologies observed with thermotropic smectic C liquid 
c r y ~ t a l s , ~ ~ ~ ~ ~ ~ ~  where external factors such as the shape of 
the sample holder and the orientation of the magnetic field 
were found to influence molecular orientations. I t  might 
be that the high resistance to compression within the bi- 
layer plane, which is particular to the biaxial phase and 
is implied by Brillouin scattering experiments,2c is also 
related to cooperative headgroup anchoring resulting in 
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samples. It appears that it is the microscopic ordering of 
the probe that is greatly affected, and it is conjectured that 
this is due to (a) strong cooperative lateral and interbilayer 
forces prevailing in the headgroup regions for the well- 
aligned samples and (b) a very distinctive requirement for 
packing the stearamide into the ordered array. 

(4) Further studies with headgroup-labeled DPPC would 
be desirable to confirm and amplify these observations. 
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a suppression of long-wave density fluctuations. 
Griffin et a1.16 mention unsuccessful attempts to use an 

external magnetic field to align DPPC bilayers. However, 
throughout these attempts, the magnetic field was turned 
on only after the biaxial phase was obtainedz1 by the 
method outlined in ref 2 in the absence of an external field. 
Assuming thiat the process of “growing” the biaxial phase 
is similar to a regular crystal growth mechanism, one can 
visualize the cooperative headgroup anchoring occurring 
in very much the same way as the orientation-dependent 
growth of a single crystal, determined by the experimental 
conditions. In this case a magnetic field applied in the 
x,”-y,(’ plane during the growth process might assist in 
impronng headgroup alignment. (Similar techniques have 
been used to align thermotropic liquid crystals.20) Such 
an experiment has not been yet performed. 

Finally, we note that the microscopic nature of the in- 
terbilayer cooperativity yielding cooperative anchoring is 
not known yet. One possible mechanism would arise from 
a cooperativnty between headgroup alignment and chain 
defect something like a model we have already discussed. 
However, our results in this work and in part 1 do not show 
any such coolperativity involving the lower chain region at  
least for 2 wt 5% water samples. Another possibility would 
be some cooperativity between headgroup orientation in 
the x,”-y,” plane and preferential alignment in this plane 
of the two DPPC chains which might not be inconsistent 
with our results. 

V. Conclusions 
(1) In the low water-content biaxial phase of DPPC, 

headgroup probes such as PD-Tempone and VOz+ exhibit 
spectra as a function of tilt angle 6 of the magnetic field 
H relative to the bilayer normal Z,”, which can only be 
satisfactorily explained by a distribution function for the 
local directom (senjed by the probes) that depends upon 
the angle between H and the projection of the local director 
in the bilayer (x,”-y,”) plane. 

(2) These ol~servations are taken as definite evidence for 
the DPPC hestdgroups being oriented by the magnetic field 
when 6 # O”,  while the local directors representing dis- 
tortions in the main part of the DPPC chains are essen- 
tially unaffected by the magnetic field for 2 w t  % water 
content samples (cf. part 1). 

(3) In the case of a stearamide probe in the LJ1) phase, 
it was shown that the microscopic properties of the probe 
are altered by changing the nature of the macroscopic 
boundaries, i.e., oriented plate samples vs. unoriented tube 
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