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A ring and the Cl of the sugar. 

Conclusions 
We have established that Yb(III) binds to a unique position 

on the C11, C12 oxygens in the plane of the ring system of Adm. 
The possibility that the Yb(III) ion binds to the other quinone, 
semiquinone system (C5, C6 oxygens) can be excluded on the basis 
of the distances determined from the T1 data, i.e., there is only 
one reasonable fit to the T1 data. This is the model in which the 
Yb(III) resides at the C11, C12 binding site in Adm. The results 

The lipid bilayer constitutes the principal structural features 
of the biological membrane.1 A variety of hydrophobic com­
ponents exist naturally within the bilayer (e.g., membrane proteins 
and cholesterol)2,3 or can be introduced artificially (e.g., general 
anesthetics).4,5 The lipid bilayer is essentially a "solvent" for 
hydrophobic "solute" molecules. A quantitative understanding 
of the solvent properties of lipid bilayers is essential for under­
standing membrane structure, the insertion and translocation of 
proteins into and across membranes, and the mechanisms of 
membrane active drugs. In order to characterize the interactions 
between bilayer lipid and hydrophobic components in detail, we 
are examining simple model systems. In the work reported here, 
hexane is employed as a prototypal hydrophobic molecule and the 
bilayer is constructed from a single type of lipid. In a previous 
study, we examined the hexane/DMPC bilayer system.6 We 
found that the alkane behaves in a very nonideal manner and that 
an unusually large amount of hexane could be incorporated into 
the bilayer without affecting the motional behavior of the lipids. 

We present here information about the behavior of the hex-
ane/DOPC bilayer system. Differential scanning calorimetry 
thermograms indicate that hexane acts as a simple impurity—even 
at concentrations in the bilayer equimolar with the lipid. 2H NMR 
powder patterns give direct information about the average order 
imposed upon the alkane by the bilayer and, by inference, in­
formation about the types of anisotropic motion being executed 
by the labeled molecule.7,8 The 2H NMR spectra of bilayers of 
DOPC labeled at the double bonds are essentially unaffected by 
the addition of hexane. The spectra consist of four overlapping 
powder patterns, one from each of the four deuterons. 2H NMR 
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of this study illustrate the potential utility of analyzing Yb-
(Ill)-induced relaxation rate enhancements in terms of internuclear 
distances. We are currently extending the analysis of this paper 
to determine the conformation of the sugar ring of Adm in 
methanol. 
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spectra of perdeuterated hexane dissolved in DOPC bilayers reveal 
that the types of motion that this small molecule undergoes in 
the bilayer are strong functions of both temperature and con­
centration. 

Experimental Procedure 
2H labeled and unlabeled DOPC were purchased from Avanti Po-

lar-Lipids, Inc. (Birmingham, AL), deuterium-depleted water (2H con­
tent = 1% of natural abundance) from Sigma (St. Louis, MO), hexane 
(pesticide grade) from Burdick and Jackson Laboratories, Inc. (Musk­
egon, MI), perdeuterated hexane from KOR Isotopes, Inc. (Cambridge, 
MA), and 14C-labeled DOPC was from New England Nuclear (Cam­
bridge, MA). Tritiated hexane was synthesized from 1-bromohexane via 
reduction with LiAl3H4 and LiAl2H4. All alkanes used were checked for 
purity by using gas chromatography and found to be greater than 99% 
pure. Thin-layer chromatography was used to monitor lipid purity. 

A series of mixtures of DOPC, hexane, and 2H-depleted water were 
prepared. Samples were prepared in essentially the same manner as 
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Abstract: Deuterium nuclear magnetic resonance (NMR) spectroscopy and differential scanning calorimetry (DSC) have 
been used to examine the behavior of 1,2-dioleoyl-.sn-glycero-3-phosphatidylcholine (DOPC) bilayers to which hexane has 
been added. This work represents an extension of an earlier study of hexane dissolved in dimyristoylphosphatidylcholine (DMPC) 
bilayers. Both differences and similarities in the two bilayers are oberved. DSC thermograms indicate that hexane incorporated 
into DOPC bilayers behaves as a simple impurity—the lipid phase transition is broadened and shifted to lower temperatures 
by the addition of hexane. Deuterium NMR spectra of perdeuterated hexane in the bilayers show three overlapping powder 
patterns, indicating that on average both ends of the molecule are experiencing the same environment. The temperature dependence 
of the hexane deuterium quadrupole splittings exhibits a maximum at the lipid bilayer phase transition temperature. The 
hexane powder patterns coalesce into a single line under conditions of low temperature and high concentration, indicating 
the onset of isotropic motion. Deuterium NMR spectra of 1,2-(9',10'-2H2)DOPC consist of four overlapping powder patterns 
which change little upon the addition of up to 50 mol % hexane. Thus, the bilayer stays intact and the motional characteristics 
of the DOPC double bonds are not changed by the presence of even an equimolar mixture of the alkane. 

0002-7863/84/1506-6909S01.50/0 © 1984 American Chemical Society 



6910 / . Am. Chem. Soc, Vol. 106, No. 23, 1984 

IA 3 mole % hexane 

Jacobs and White 

27 mole % hexane 

J-f \ 
-Mt" 

13 C 

- 4 0 -30 - 2 0 •10 

T e m p e r a t u r e C C) 

Figure 1. DSC thermograms of multilamellar liposomes of DOPC con­
taining various concentrations of hexane: A, no hexane; B, 3 mol %; C, 
27 mol %; D, 45 mol %. The enthalpies in kilocalories per mole of DOPC 
for the endotherms shown: A, 8.5; B, 8.2; C, 8.0; D, 7.6. 

described previously.6 Briefly, hexane (at various partial pressures) and 
2H-depleted water were allowed to equilibrate with the lipid from 12 h. 
The lipid was then taken up with about 300 ^L for 2H-depleted water 
and sealed in the NMR tube. In all cases the DOPC was doped with a 
small amount of (14C)DOPC and the alkane with (3H)hexane, and the 
relative amounts of the two components were determined by radioactive 
counting methods. The mole percent hexane was then calculated as the 
moles of hexane divided by the total number of moles of lipid plus hexane. 
The uncertainty in the mole percent hexane noted below is 2 mol %. 
When pure hexane was used in the equilibrium (partial pressure of 
hexane equal to unity), 50 rriol % hexane was incorporated into the 
DOPC bilayer. 

2H NMR spectra were obtained at the NSF Southern California 
Regional NMR Center on a modified Bruker WM-500 spectrometer in 
the Fourier transform mode at 76.8 MHz (magnetic field strength of 11.7 
T). AU 2H spectra were taken by using the quadrupole echo technique5,10 

with a fKh0 = 40 ^s and a 90° pulse of 6-9 /AS. The pulse repetition rate 
was one per second. The number of scans per spectrum varied from 1000 
to 10000. All free induction decays were processed with an exponential 
multiplication factor of 40 Hz. The data acquisition rate was 166 666 
Hz. Sample temeperature was controlled with a flow of temperature-
regulated nitrogen gas. In all cases the sample was allowed to reach 
thermal equilibrium before data acquisition was begun. Typically, this 
took 20 min after the probe temperature had stabilized at the desired 
temperature. The relative intensities of the overlapping powder patterns 
observed were obtained via a spectral simulation routine." 

The differential scanning calorimetry was performed on a Perkin-
Elmer DSC-2B with a liquid nitrogen cooling accessory. A typical DSC 
sample contained about 2 mg of DOPC/hexane and 5 mg of water. For 
each thermogram the sample was cooled to -43 0C, held there for 15-30 
min, and then heated to 30 0C at 1.25 °C/min. In Figure 1 the en-
dotherm due to water freezing has been omitted. Low-temperature 
thermograms were run in essentially the same manner except that the 
temperature span was from -113 to -43 0C. 

Results 

The addition of hexane to DOPC bilayers causes the lipid phase 
transition endotherm to shift to lower temperatures and broaden 
as shown in Figure 1. The enthalpy of the transition is approx­
imately 8 kcal/mol DOPC and is decreased slightly by the addition 
of the alkane (see Figure 1). N o heat absorption, other than that 
shown and an ice-liquid water endotherm, was observed between 
-113 and 30 0 C . 

Figures 2 and 3 show 2 H N M R spectra of perdeuterated hexane 
dissolved in DOPC multilayers over a range of concentrations and 
temperatures. At relatively low concentrations (less than 30 mol 
%) and high temperatures (greater than -18 0 C , the phase 
transition temperature, Tm for pure DOPC bilayers), the spectra 
are composed of three overlapping powder patterns in an intensity 
ratio of 3.2:2. The powder pattern with the smallest quadrupole 
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Figure 2. 2H NMR spectra of perdeuterated hexane in DOPC liposomes 
at several temperatures and two concentrations. The slightly off-center 
peak in the 3 mol % spectra comes from residual HOD.6 
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Figure 3. 2H NMR spectra of perdeuterated hexane in DOPC liposomes 
at several concentrations and two temperatures. 
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Figure 4. Plots of the innermost (lower traces) and outermost (upper 
traces) quadrupole splittings of perdeuterated hexane in DOPC liposomes 
as a function of temperature at two hexane concentrations: open circles, 
5 mol %; closed circles, 20 mol %. The two outer powder patterns coalese 
below 0 0C, yielding a single quadrupole splitting. 

splitting (Avq, the separation between peak maxima) is the most 
intense. In these figures each CD 2 and CD 3 group contributes 
a powder pattern doublet to the spectra. The order parameter 
SQD is related to Acq by 

-A", = %(e2qQ/h)SCD 
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Figure 5. 2H NMR spectra of liposomes of pure 1,2-(9',10'-2H2)DOPC 
and after the incorporation of 50 mol % hexane. 
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Figure 6. Plots of quadrupole splittings from liposomes of the double 
bond deuterated lipids as a function of reduced temperature: triangles, 
POPC; 16 closed circles, DOPC; open circles, DOPC plus 50 mol % 
hexane. 

where ^qQ/h is the static quadrupole coupling constant: 167 kHz 
for the C-2H bond12'13 or 175 kHz for an olefinic C-2H bond.14 

At high hexane concentrations and low temperatures a central 
isotropic peak emerges as the dominant spectral feature. Plots 
of Avq as a function of temperature (Figure 4) exhibit maxima 
at approximately the Tm of DOPC. Figure 4 also shows that an 
increase in hexane content causes a decrease in Avq for the alkane. 

2H NMR spectra of 1,2-(9',10'-2Hj)DOPC multilayers with 
0 and 50 mol % hexane are shown in Figure 5. Four overlapping 
powder patterns of equal intensity are observed, although the outer 
two patterns have almost the same Avq. Seeling the co-workers15,16 

have measured 2H NMR spectra for l-palmitoyl-2-oleoyl-5«-
glycero-3-phosphatidylcholine (POPC) bilayers in which the oleic 
acyl chain has been deuterated at the double bond. They observe 
two powder patterns: one from each of the two olefinic deuterons. 
Figure 6 shows plots of Avq for double-bond deuterated POPC 
and DOPC bilayers as a function of reduced temperature (T1 = 
(T- Tm)/Tm). We note that the inner most and outer most 
quadrupole splittings are substantially the same in the three 
systems shown: POPC, DOPC, and DOPC/hexane (50 mol % 
hexane). 

Discussion 
DMPC and DOPC possess the same head group (phosphati­

dylcholine) but different acyl chains: the former having two 
saturated chains 14 carbons long, while the latter has acyl chains 
18 carbons long with a double bond halfway between the head 
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group and the chain end. This difference is reflected in the 
different physical properties of the bilayers the lipids form; e.g., 
their bilayer phase transition temperatures differ by 40 0C. A 
comparison of the consequences of adding a small hydrophobic 
molecule to these bilayer systems reveals interesting similarities 
and differences. In an earlier study6 we found that DMPC bilayers 
would incorporate on the order of 30 mol % hexane before the 
bilayer structure collapsed. Because no significant change is seen 
in the 2H NMR spectra of 2H-labeled DOPC bilayers upon the 
incorporation of up to an equimolar mixture of hexane, the DOPC 
bilayer structure (as reported by the labeled double bonds) must 
be relatively unperturbed by the addition of this much alkane. 
At low hexane concentrations DSC thermograms indicate that 
the DMPC bilayer undergoes a phase separation at about O0C. 
Whereas, in the DOPC bilayers, hexane behaves as an impurity 
causing the bilayer phase transition endotherm to broaden and 
shift to lower temperatures. This behavior extends to equimolar 
amounts of incorporated hexane—the highest concentration we 
could obtain through our experimental protocol. Thus, both the 
DSC and NMR results imply that, compared to the DMPC 
bilayer, the DOPC bilayer is a much more accomodating structure: 
significantly more alkane can be incorporated with significantly 
less disruption. 

Except for the lowest hexane concentrations, the temperature 
and concentration dependence of the 2H NMR spectra of per-
deuterated hexane incorporated into DOPC and DMPC bilayers 
follows the same general course. At low concentrations of hexane 
in DOPC bilayers (less than 7 mol %) relatively sharp 2H NMR 
powder patterns are observed for the labeled hexane at all tem­
peratures examined, even well into the gel phase of the DOPC 
bilayer. In the gel phase of the hexane/DMPC bilayer system 
at low hexane content almost all of the intensity in the spectrum 
of the deuterated hexane was in a central isotropic peak. This 
behavior is observed at higher hexane concentrations in the DOPC 
bilayer where an isotropic peak appears superimposed on the 
powder patterns as the sample temperature is lowered through 
its phase transition temperature (see Figure 2). Figure 3 reveals 
that at constant temperature the amount of isotropic hexane (as 
compared to the anisotropic spectral component) increases with 
the total concentration of hexane. In both bilayers at very high 
hexane contents there is an appreciable isotropic component even 
in the liquid crystalline phase of the bilayer. In DMPC bilayers 
the appearance of an isotropic peak in the 2H NMR spectra 
appears to coincide with the phase separation within the bilayer 
as observed by DSC. This is not the case in the hexane/DOPC 
bilayer (no phase separation is observed in the DSC thermograms 
of this mixture), although in both systems the isotropic behavior 
is prevalent at low temperatures and high concentrations of the 
alkane. Recent neutron diffraction studies of oriented multilayers 
of liquid crystalline DOPC in the presence of various concen­
trations of hexane reveal that at 22.5 0C up to 1 mol of hexane 
per mol of lipid is incorporated into the bilayer with little or no 
change in the density of the hydrocarbon region17 and that the 
hexane is found intermingled with lipid acyl chains in the central 
10 A of the bilayer regardless of its concentration in the bilayer. 

The 2H NMR results presented above reval that the motional 
characteristics of hexane dissolved in liquid crystalline and gel 
phase DOPC bilayers are quite different. The high-temperature 
disordered phase imposes constraints on the hexane motional 
freedom resulting in anisotropic motion giving rise to the observed 
powder pattern line shape in the 2H NMR spectra. In the more 
ordered gel phase the principal feature of the spectra is a single 
resonance in the center of the spectra. This indicates that in the 
gel phase hexane is undergoing isotropic motion. We outline two 
mechanisms by which this could take place. The first mechanism 
involves rotational diffusion of the hexane molecules within the 
gel phase. In effect they no longer sense the presence of the 
surrounding anisotropic media. This is a plausible mechanism 
considering that the order parameter of the hexane in the liquid 
crystalline bilayer is small (Avq never larger than 10 kHz) and 
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that the shape of the molecule is probably not far from spherical 
(length to width ratio of a//-»ww-hexane is only 2.4). The second 
mechanism involves rapid lateral diffusion of hexane through 
different bilayer orientations with respect to the external magnetic 
field. When the correlation time for lateral diffusion (TC) becomes 
small enough that 2irAvqTc S 1, the 2H NMR spectrum will exhibit 
isotropic behavior.18 The correlation time is related to the radius 
of the liposome (r) and the diffusion constant of hexane in the 
liposome (D): TC = T2KdD). If Aeq = 10 kHz and D = lO^-lO"18 

cm2 s"1 (on the order of the lateral diffusion constants observed 
for lipids in lipid bilayers19), then r < 500-5000 A. Electron 
microscopy studies of multilamellar dispersions like those employed 
in this study have shown that they are complex highly convoluted 
structures containing large numbers of liposomes with radii in this 
range.20,21 Lateral diffusion of the lipids in multilamellar dis­
persions accounts for the magnetization transfer across 2H NMR 
powder pattern spectra observed in T1 relaxation experiments.22 

Thus, even with the stated restrictions on D and r, lateral diffusion 
is a plausible mechanism to account for the observed isotropic 
behavior. We note that these two mechanisms are not mutually 
exclusive and that increasing the concentration of hexane in the 
bilayer would tend to increase both the translational and rotational 
diffusion constants toward those found in the pure alkane. 

In POPC bilayers where the oleoyl chain is deuterated at the 
9'- and lO'-carbons (i.e., the double bond) the 2H NMR spectrum 
consists of two powder pattern doublets: one double from each 
deuteron.15,16 In the present study we have examined DOPC 
bilayers in which both acyl chains have been deuterated at their 
double bond. We observe four overlapping powder patterns. The 
Acq's for two of the power patterns are essentially the same as 
those found in the POPC system at the same reduced temperature 
(approximately 2.5 and 14.5 kHz, see Figures 4 and 6). One of 
the other quadrupole splittings is about halfway between the two 
POPC values (7.5 kHz). The remaining quadrupole splitting is 
similar to the larger of the two POPC values (14 kHz). Ex­
trapolating from the POPC case, we conclude that each of the 
four powder patterns in the 2H NMR spectra of double bond 
deuterated DOPC bilayers arises from one of the four deuterons. 
Further, it seems unlikely that the similarity between the POPC 
quadrupole splitting and one pair of the DOPC quadrupole 
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splittings mentioned above is coincidental. Therefore, we conclude 
that the order parameter for one of the double bonds in DOPC 
is the same as that for the double bond in POPC. To determine 
whether the different quadrupole splitting of the other double bond 
implies a different order parameter for that double bond, we 
calculated the deviation of the C=C bond vector from the bilayer 
normal and Smo] (the principal element of the order parameter 
tensor). S11101 is the apppropriate order parameter in this situation 
since it is free of all geometric effects. We used the method and 
assumptions employed by Seeling and Waespe-Sarcevic.16 The 
most suspect assumption in this calculation is the value of S33 
(0.36), which was measured for egg yolk lecithin bilayers23—a 
highly heterogeneous system. Using this value for S33, we found 
that neither double bond is more than 10° from the bilayer normal 
and that Smol = 0.37 for both of the DOPC double bonds (the 
same Smol found for the POPC double bond16). It is clear from 
these calculations that the gross features of the motional char­
acteristics of all of the double bonds in the DOPC and POPC 
bilayers are quite similar. 

In conclusion, we have found that hexane dissolved in a pure 
lipid bilayer is a conceptually simple two-component system which 
exhibits some surprising characteristics. The bilayer will incor­
porate large quantities of the alkane. The phase behavior of the 
system is dependent upon the particular lipid involved, but in both 
cases examined the order of the lipid chains (as determined by 
2H NMR) is essentially unaffected by the presence of hexane. 
The anisotropy of the bilayer is reflected in anisotropic behavior 
of the dissolved alkane only at high temperatures (relative to the 
bilayer Tm) and relatively low concentrations. At low temperatures 
and high concentrations hexane undergoes isotropic motion within 
the bilayer, probably via increased rotational and/or translational 
diffusion within the bilayer. These results emphasize the com­
plexity to be found in simple multicomponent lipid bilayer systems. 
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