
J. Am. Chem. Soc. 1984, 106, 915-920 915 

the two equations becomes apparent. 
We express the log of the solubility as a function of temperature 

by means of eq 12. At T0 where AH" = 0, the natural log of the 
solubility is 

AH°n AC1 
In sol0 = 

p (AS0O " ACp) 
~ + -TT In T0 + (13) 

RT0 R ° R 
Subtracting eq 13 from eq 12, expanding the right-hand term in 
a power series, and neglecting the terms above those in T2, one 
obtains 

In sol - In sol0 = 

^K)-3[(?-0-KH] 
(14) 

Keeping in mind that -AH°0/R = ACpT0/R, eq 14 can be rew­
ritten as 

In sol = 
ACpr0

: 

2R U)-^)^""*) 
(15) 

Since ACp, T0, R, and In sol0 are all temperature independent or 
assumed to be so. Equation 15 is equivalent to eq 7 as used by 
Ueda et al.8'18 where their constants A, B, and C are represented 
in the following way: 

A = ACJ0
1/IR 

B = -AC?T0/R 

C = ACp/2R + In sol0 

Thus it can be seen, for example, that the temperature-independent 
term C, which they suggested as representing the hypothetical 
solubility at some infinitely high temperature, actually contains 
ACp, R, and the logarithm of the solubility at T0 which falls in 
the experimental range. 

Although the detailed theoretical treatment of aqueous solutions 
of hydrocarbons, particularly mixed aqueous solutions, promises 
to be a difficult one, the general thermodynamic laws governing 
the solubilization process will be useful. For the present we feel 
that methanol and ethanol exert their influence upon hydrocarbon 
solubility by bringing about a decrease in water structure and 
release of somewhat immobilized water molecules as the hydro­
phobic interaction between hydrocarbon and alcohol takes place 
in the aqueous medium. 
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Abstract: Deuterium and phosphorous NMR spectroscopy and differential scanning calorimetry (DSC) have been used to 
examine the behavior of dimyristoylphosphatidylcholine (DMPC) bilayers to which hexane has been added. This work represents 
a characterization of a two-component bilayer system in which the minor component is a simple example drawn from the large 
class of hydrophobic molecules that are located in the biological membrane or can be incorporated into it. DSC thermograms 
indicate that the phase behavior of this mixture is similar to bilayers composed of a mixture of dilauryolphosphatidylcholine 
and distearoylphosphatidylcholine. Isothermal melting is observed at about O0C. Deuterium NMR spectra of perdeuterated 
hexane dissolved in the bilayer show three overlapping powder patterns indicating that on average both ends of the molecule 
are experiencing the same environment. Deuterium NMR spectra of macroscopically oriented bilayers indicate that the direction 
of motional averaging is the same for both the lipids and hexane, i.e., normal to the bilayer plane. The temperature dependence 
of the hexane-deuterium quadrupole splittings exhibits a maximum at the lipid—bilayer phase-transition temperature. At about 
the isothermal melting temperature the powder patterns coalesce into a single line, indicating the onset of isotropic motion. 
Deuterium NMR spectra of acyl-chain perdeuterated DMPC and phosphorus NMR spectra of the DMPC head group change 
little upon the addition of hexane. Taken together these results indicate that at hexane to lipid ratios of less than about 0.5 
the bilayer is intact and the order of the DMPC molecules is little affected by the presence of the alkane. The hexane motion 
giving rise to three powder patterns is, no doubt, quite complex, but we envision it as encompassing a shuffling between the 
two monolayers in a direction normal to the bilayer surface as well as rotation about this normal axis and gauche-trans 
isomerization. 

Introduction 
The primary structural element of the biological membrane is 

the lipid bilayer. The interior of the bilayer is a mixture of the 
alkyl chains of the amphiphilic molecules of which the bilayer is 
composed. The partition of molecules between the bilayer and 
the surrounding aqueous phase plays a major role in determining 
the structure and function of the biological membrane. The most 

widely accepted architectural model for the membrane is the fluid 
mosaic model in which integral protein "solute molecules" are 
dispersed (or aggregated) within the two-dimensional bilayer 
"matrix" or "solvent".1 Thus, the interior of the membrane is 
often taken to be an alkyl solvent in which other molecules are 

(1) Singer, S. J.; Nicolson, G. L. Science 1972, 175, 720-721. 
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dissolved. This hypothesis has proved useful in studying the 
mechanism of general anesthetics2,3 and carrier-mediated ion 
transport.4 The characterization of this quasi two-dimensional 
system in terms of solvent-solvent, solvent-solute, and solute-solute 
interactions is a complex problem. The difficulty is due principally 
to the multiplicity of kinds of lipids that make up the "solvent" 
and the complexity of the protein "solute" molecules. As a first 
step toward understanding such a system, we have chosen to study 
single-component lipid bilayers to which have been added simple 
hydrophobic solutes. In the present case the "solute" is a simple 
hydrophobic molecule, hexane. The "solvent" is dimyristoyl-
phosphatidylcholine (DMPC) in excess water. 

Besides being well-defined model systems, the alkane/lipid 
bilayer solutions are used extensively in black lipid membrane 
studies5 '6 and are of interest for physiological reasons; e.g., the 
shorter chain alkanes are anesthetics.7 We chose to study hexane 
in D M P C because of the convenient phase transition at 23 0 C 
and the existence of thermodynamic studies by Simon and col­
leagues.8'9 We have employed differential scanning calorimetry 
(DSC) to study the thermodynamics of DMPC/hexane bilayer 
mixtures and deuterium and phosphorous N M R to study the 
microscopic behavior of this system. We have limited our ex­
aminations to mixtures of alkane, lipid, and water with compo­
sitions giving only lamellar phases. Thus the lipid 31P N M R 
spectra show little change with either temperature or hexane 
concentration, despite significant changes in the DSC thermograms 
induced by even very small amounts of hexane. The 2 H N M R 
spectral characteristics of 2H-labeled hexane dissolved in the 
bilayer are strong functions of both hexane concentration and 
temperature. The 2 H N M R spectra of 2H-labeled D M P C are 
altered only slightly by the introduction of hexane. 

Experimental Procedure 
Materials. Lipids (both 2H labeled and unlabeled) were purchased 

from Avanti Polar-Lipids, Inc. (Birmingham, AL), deuterium-depleted 
water (2H content = 1% of natural abundance) from Sigma (St. Louis, 
MO), hexane (pesticide grade) from Burdick and Jackson Laboratories, 
Inc. (Muskegon, MI), and perdeuterated hexane from KOR Isotopes, 
Inc. (Cambridge, MA). Tritiated hexane and methyl-deuterated hexane 
were synthesized from 1-bromohexane via reduction with LiAl3H4 and 
LiAl2H4. All alkanes used were checked for purity by using gas chro­
matography and found to be greater than 99% pure. Thin-layer chro­
matography was used to check lipid purity. 

Sample Preparation. A series of mixtures of DMPC, hexane, and 
2H-depleted water were prepared. In all cases approximately 100 mg of 
lipid was dried from chloroform/methanol (2:1 volume ratio) to form a 
thin film on the inside of a 25-mL round-bottom flask. A hexane/hex-
adecane mixture of defined composition was placed in another flask, and 
2H-depleted water was put in a third. All three flasks were connected, 
the temperature was controlled at 27 0C, and the water and alkane flasks 
were stirred. After 12 h, 0.3 mL of 2H-depleted water was added to the 
lipid flask via a septum. The lipid/alkane/water mixture was warmed 
and gently vortexed to thoroughly disperse the lipid. The mixture was 
then withdrawn and placed in the NMR sample tube (7 mm diameter, 
12-15 mm long) which was then sealed. In all cases the hexane (unla­
beled or 2H labeled) was doped with a small amount of tritiated hexane. 
The radioactivity of an aliquot of the final sample allowed the amount 
of hexane in the aliquot to be assayed. A phosphate assay10 was used to 
determine the amount of lipid in the same aliquot. The mole percent of 
hexane was then calculated as the moles of hexane divided by the total 
number of moles of lipid and hexane. The uncertainty in the mole 
percents of hexane noted below is 2 mol %. A similar procedure was 

(2) Mullins, L. J. In "Molecular Mechanisms of Anesthesia"; Fink, B. R., 
Ed.; Raven Press: New York, 1975; Vol. 1, p 237. 

(3) Hill, M. W. In "Molecular Mechanisms in General Anesthesia"; 
Halsey, M. J., Miller, R. A., Sutton, J. A., Eds.; Churchill Livingstone: 
Edinburg, 1974; p 132. 

(4) Lauger, P. Science 1972, 187, 24. 
(5) White, S. H. Science 1980, 207, 1075-1077. 
(6) Fettiplace, R.; Gordon, L. G. M.; Hladky, S. B.; Requena, J.; Zing-

sheim, H. P.; Haydon, D. A. In "Methods of Membrane Biology"; Korn, E. 
D., Ed.; Plenum Press: New York; 1975; Vol. 4, pp 1-75. 

(7) Carter, D. E.; Fernando, Q. J. Chem. Educ. 1979, 56, 284. 
(8) Simon, S. A.; Stone, W. L.; Bennett, P. B. Biochim. Biophys. Acta 

1979, 550, 38-47. 
(9) Mcintosh, T. J.; Simon, S. A.; MacDonald, R. C. Biochim. Biophys. 

Acta 1980, 597, 444-463. 
(10) Stewart, J. C. M. Anal. Biochem. 1980, 104, 10-14. 

employed for the macroscopically oriented samples, except that the lipid 
was initially deposited on 8-10 microscope cover slips. After evaporation 
of solvent and equilibration in the hexane and water atmosphere, the 
cover slips were stacked and approximately 10 ^L of water was drawn 
up between the slips via capillary action. The stack of slips was then 
inserted into the NMR sample tube, which was then sealed. 

NMR Spectroscopy. 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). All 2H spectra were taken by using the 
quadrupole echo technique11,12 with TKho = 40 ^s, and a 90° pulse of 6-9 
/as. The pulse repetition rate was 1 s. 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. Quadrature phase 
detection and full proton decoupling conditions were employed. The data 
acquisition rate was 166 666 Hz. T1x^ values were determined by 
measuring peak heights as a function of TKho. No change in the spectral 
line shapes were observed as T ^ was changed. Heights were then 
corrected for the intensity of overlapping spectral features. Log-linear 
plots of corrected peak heights vs. 2TKho yielded straight lines whose slope 
was -1/T20Ch0. The estimated uncertainty in TlKil0 is 15%. Sample 
temperature 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. 

Phosphorus-31 NMR spectra were obtained on a Bruker WM-250 
spectrometer (Chemistry Department, UCI) at 101.3 MHz (magnetic 
field strength of 5.9 T) operating in the Fourier transform mode. The 
90° pulse was 30 ^s. Approximately 10 W of gated proton decoupling 
was employed. An exponential multiplication factor of 100 Hz was 
employed. The data acquisition rate was 50 kHz. The pulse repetition 
rate was 1 s. Under these conditions there is significant pulse power 
falloff across the spectrum and incomplete proton decoupling. This 
results in a somewhat distorted line shape, but changes in the chemical 
shift anisotropy (Aa) from one spectrum to another can be measured 
accurately. Temperature control was accomplished in the same manner 
as described for the 2H NMR experiments. 

Calorimetry. The differential scanning calorimetry was performed on 
a Perkin-Elmer DSC-2B with a liquid nitrogen cooling accessory. In all 
cases aliquots were taken from the NMR samples and immediately sealed 
in aluminum DSC pans. A typical DSC sample contained about 2 mg 
of DMPC/hexane and 5 mg of water. For each thermogram the sample 
was cooled to -13 0C, held there for 15-30 min, are then heated to 32 
0C at 1.25 °C/min. With this protocol no freezing of the water in the 
sample was observed. Subsequent scans of the same sample exhibited 
a slight broadening of the endotherms, but were qualitatively the same 
as the initial run. Low-temperature thermograms were run in essentially 
the same manner except that the temperature span was from -113 to -83 
0C. Heat absorption onset and completion temperatures were determined 
as described by Mabrey and Sturtevant13 except that no correction was 
made for the finite width of the pure DMPC-bilayer phase transition. 

Theoretical Background 
Derivations and discussions of solid-state 2H and 31P N M R in 

terms of Hamiltonians, order parameters, and "powder pattern" 
line shapes can be found elsewhere.14"18 In 2H N M R spectra of 
labeled lipids dispersed as multilamellar structures in water, one 
observes a powder pattern. In this powder pattern the separation 
between peak maxima (Ai<q: the quadrupole splitting) is related 
to the C - 2 H order parameter ( S C D ) by" 

A 3 ^ ^ C 

where e^qQ/h is the static quadrupole coupling constant (167 kHz 
for the C- 2 H bond).19,20 In a multiply labeled molecule (alkane 

(11) Solomon, I. Phys. Rev. 1958, 110, 61-65. 
(12) Davis, J. H.; Jeffery, K. R.; Bloom, M.; Valic, M. I.; Higgs, T. P. 

Chem. Phys. Lett. 1976, 42, 390-394. 
(13) Mabrey, S.; Sturtevant, J. M. Proc. Natl. Acad. Sd. U.S.A. 1976, 73, 

3862-3866. 
(14) Seelig, J. Q. Rev. Biophys. 1977, 10, 353-418. 
(15) Seelig, J. Biochim. Biophys. Acta 1978, 515, 105-151. 
(16) Abragam, A. "The Principles of Nuclear Magnetism"; Oxford 

University Press: London, 1961. 
(17) Jacobs, R.; Oldfield, E. Prog. Nucl. Magn. Reson. Spectros. 1981, 

14, 113-136. 
(18) Kohler, S. J.; Klein, M. P. Biochemistry 1977, 16, 519-526. 
(19) Derbyshire, W.; Corvin, T. C; Warner, D. MoI. Phys. 1979, 17, 

401-407. 



Hexane Dissolved in Bilayers 

Q 

CC ' 
O 
co 
ffl 
< 
I -ffl -
I -
-10 

r\ 

^ rr 
-̂  / -~~' ̂ .-^ 

0 

^^. ... 
/>J --̂  / ' ,' ' I 

~~~"" y •'•' 

r:: ^1 
I' 

10 20 
TEMPERATURE CC) 

MOLE % 
HEXANE 

— — 58 

-26 

2 1 
12 

n 
30 

Figure 1. Thermograms of aliquots of the hexane/DMPC/H20 samples 
used in the NMR experiments. Heating rate was 1.25 °C/min. The 
vertical scale is not the same for each trace. 

Table I. Transition Enthalpies for 
Hexane/DMPC/Water Mixtures 

mol% 
hexane 

0 
5 

13 
21 
26 
58 

enthalpy0 

full 
temperature 

range 

7.6 
12.1 
12.2 
13.6 
13.1 
14.0 

enthalpy0 

high 
temperature 

peak 

6.3 
7.1 
6.3 

a In units of kcal/mol DMPC. Uncertainty is approximately 0.5 
kcal/mol DMPC. 

or lipid) there will be a powder pattern for each distinct deuterium, 
thus an order parameter for each distinct C-2H bond.21 

Proton-decoupled 31P NMR spectra of multilamellar lipids 
containing phosphatidylcholine headgroups are characterized by 
an axially symmetric 31P powder pattern with ACT = O1 - aL = 
-40 to -50 ppm.15 In such a situation Ao- is proportional to the 
order parameter for the phosphate group. In these spectra crt is 
located at the upfield peak and ax is located at the downfield 
shoulder. Due to experimental difficulties (vide supra), only 
qualitative changes in ACT and the powder pattern line shape will 
be considered below. 

Results 
Calorimetry. As expected, the introduction of hexane into the 

bilayer causes the lipid gel-to-liquid crystalline phase transition 
to broaden and shift to lower temperatures (see Figure 1). The 
A/f for this transition is essentially the same in the 0, 5, and 13 
mol % hexane mixtures (see Table I). There is a second heat 
absorption event at a lower temperature. Above 13 mol % hexane, 
the separation of the two events is an equivocal process. The total 
heat absorbed per mole of lipid over the entire temperature range 
does not change appreciably on going from 5 to 26 mol % hexane. 
Qualitatively similar thermograms have been obtained with di-
palmitoylphosphatidylcholine/hexane mixtures.9 Only at the 
highest hexane concentration examined was any heat absorption 
observed in the -113 to -83 0C range. In the 58 mol % hexane 
mixture a small endotherm was observed at -97 0C. If attributed 
to pure hexane, the heat absorbed would account for less than 
5% of the hexane present. A plot of the onset and completion 
temperatures for the endotherms is shown in Figure 2. The 
essentially horizontal straight line formed by the onset temper­
atures indicates that the mixture undergoes isothermal melting 
at about 0 0C. 

Phosphorus NMR. The 31P NMR spectra of pure diacyl-
phosphatidylcholine dispersions are relatively insensitive to tem­
perature changes.15 They possess the line shape anticipated for 
a powder spectra with an axially symmetric chemical shift an-
isotropy where Ao- = -50 ppm. The intrinsic line width does 
increase as the temperature is lowered through the lipid-phase 
transition and Ao- increases.22 Figure 3 shows 31P NMR spectra 

(20) Burnett, L. J.; Muller, B. H. J. Chem. Phys. 1971, 55, 5829-5831. 
(21) Davis, J. H. Biophys. J. 1979, 27, 339-358. 
(22) Niederberger, W.; Seelig, J. J. Am. Chem. Soc. 1976, 98, 3704-3706. 

J. Am. Chem. Soc, Vol. 106, No. 4, 1984 917 

3Or * 

o 20 

= 10 
OJ 

I ° 
(D 

H-10 

T 

B 

b\ 
) I T + 

C 
0 10 20 30 40 50 60 

Mole % Hexane 

Figure 2. Onset and completion temperatures derived from the ther­
mograms in Figure 1. 

Figure 3. 31P NMR spectra of DMPC multilayers with 26 mol % hexane 
at various temperatures. 

20 KHZ 

Figure 4. 2H NMR spectra of acyl-chain perdeuterated DMPC multi­
layers with 26 mol % hexane at various temperatures. The central peak 
is actually slightly off center and its absolute intensity does not change 
with temperature. Therefore, we attribute it to residual HOD. 

that are representative of all the DMPC/hexane samples used 
in the DSC experiments. The intrinsic line width increases slightly 
as the temperature is lowered. The pure DMPC spectra (data 
not shown) and 26 mol % hexane spectra are superimposable. 

Deuterium NMR. The temperature dependence of the 2H 
NMR spectrum of DMPC with both acyl chains perdeuterated 
(per-2H-DMPC) plus 26 mol % hexane is shown in Figure 4. 



918 J. Am. Chem. Soc, Vol. 106, No. 4, 1984 Jacobs and White 

Ol 
C 

a 
05 a) 10 

3 
O 

35 

30 

25 

5 KHZ 

10 20 30 
Temperature ( °C ) 

Figure 5. Graph of the innermost (lower trace) and outermost (upper 
trace) quadrupole splittings from 2H NMR spectra of acyl-chain per-
deuterated DMPC with 26 mol % hexane (D) and without hexane (A) 
as a function of temperature. 

10 KHZ 

Figure 6. 2H NMR spectra of 3 mol % perdeuterated hexane in DMPC 
multilayers at various temperatures. 

Figure 5 shows the temperature dependence of the methyl 
quadrupole splitting (innermost powder pattern) and the outermost 
quadrupole splitting. The general appearance of the spectra and 
the temperature dependence of the Avq's are similar to those found 
in pure per-2H-DMPC bilayers.21 

In contrast with the lipid NMR data, the 2H NMR spectrum 
of perdeuterated hexane (per-2H-hexane) dissolved in the DMPC 
bilayer is strongly dependent upon both temperature and hexane 
concentration. Figures 6 and 7 show the effect of changes in 
temperature and composition on the per-2H-hexane 2H NMR 
spectrum. At high temperatures and low to moderate hexane 
concentrations the spectra are a composite of three distinct powder 
patterns with relative intensities of 3:2:2. When [l-2H[]hexane 
is employed, only the innermost powder pattern is observed. As 
the temperature is lowered to about 22 0C the quadrupole 
splittings increase (see Figure 8); i.e., the order parameter for 
hexane motion increases. This is the expected behavior if the 
dissolved hexane reflects the increasing order found in the pure 
lipid bilayer as temperature decreases.23 As the temperature is 
decreased below 22 0C the hexane order parameters decrease (the 
Avq's decrease) and the lines broaden. The magnitude of Avq and 

(23) Oldfield, E.; Meadows, M.; Rice, D.; Jacobs, R. Biochemistry 1978, 
17, 2727-2740. 

(UP) 

Figure 7. 2H NMR spectra of 26 mol % perdeuterated hexane in DMPC 
multilayers at several temperatures. The 12 0C spectrum was recorded 
immediately following the 2 0C spectrum. 
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Figure 8. Graph of the innermost (lower trace) and middle (upper trace) 
quadrupole splittings from perdeuterated hexane in DMPC multilayers 
as a function of temperature at several concentrations: D, 13 mol %; O, 
21 mol %; A, 26 mol %. 

Table II. T2 e c h o Values for 26 mol % Perdeuterated Hexane 
in DMPC Bilayers 

*• 2 e c h o ' m s 

temp, 
0C 

27 
17 
12 

7 

isotropic 
component 

2.19 
2.30 
2.77 
2.90 

powder 
pattern 

2.76 
2.48 
2.32 

the precise temperature at which the maximum in Avq vs. tem­
perature occurs both decrease as the mol % of hexane in the system 
increases. The temperature dependence of the T2Kbo values for 
the central line and innermost powder pattern are shown in Table 
II. 

At the low temperature extreme, regardless of hexane con­
centration, a single resonance is always observed—the powder 
pattern disappears. This effect is reversible. Raising the tem­
perature after the powder pattern disappears causes it to reappear 
(see Figure 7). Above 5 0C the integrated intensity of the central 
line is always less than 10% of the total intensity. At very high 



Hexane Dissolved in Bilayers J. Am. Chem. Soc, Vol. 106, No. 4, 1984 919 

40 KHZ 
i 1 

Figure 9. 2H NMR spectrum of 38 mol % hexane in acyl chain per-
deuterated DMPC bilayers (upper trace) and 58 mol % perdeuterated 
hexane in DMPC bilayers (lower trace) at 22 °C. 

20 KHZ 
h 1 

Figure 10. 2H NMR spectra of macroscopically oriented multilayers of 
acyl-chain perdeuterated DMPC bilayers. The bilayer planes are or­
iented normal to the static magnetic field in the upper trace and parallel 
to it in the lower trace. 

hexane contents the 2H NMR spectra of both the lipid and alkane 
exhibit a significant isotropic component throughout the tem­
perature range examined (0-30 0C). Spectra for an intermediate 
temperature are shown in Figure 9. As the temperature is lowered 
the powder pattern component broadens and disappears. 

Figures 10 and 11 show 2H NMR spectra of bilayer samples 
macroscopically oriented between glass plates. Two orientations 
are shown: one in which the glass plates are normal to the static 
magnetic field (H0), and one in which the glass plates are parallel 
to H0. Figure 10 shows the spectra of acyl chain perdeuterated 
DMPC at 27 0 C. The observed dependence of the distance 
between peaks symmetric about the center of the spectrum (Av(O)) 
upon the angle between the glass plates and H0 (6) indicates that 
the bilayer planes lie parallel to the glass plates; i.e., Av(O) <x 
3(cos25 - l ) /2 . The same angular dependence was observed in 
spectra of perdeuterated hexane dissolved in DMPC bilayers (see 
Figure 11). The two extreme angles are shown in Figures 10 and 
11 where, for all peaks observed, Av(O") = 2AJ ' (90° ) . The 
truncated, slightly off center peak in Figure 11 arises from HOD. 

Discussion 
The presence of an isotropic line in the acyl-chain perdeuterated 

DMPC 2H NMR spectra at high hexane concentrations (see 
Figure 9) indicates that some of the lipid is not in a bilayer 
arrangement. This is to be expected, since, in the limit where the 
lipid to hexane ratio approaches zero, the mixture is simply lipid 
dissolved in hexane with extraneous water. Therefore, the fol­
lowing discussion will be limited to those hexane concentrations 
in which the bilayer structure is intact. 

We take the absence of change in the 31P NMR spectra upon 
addition of up to 26 mol % hexane as evidence that the bilayer 
structure per se is not significantly perturbed by the presence of 
this much hexane. This precludes explaining the heat absorption 
in Figure 1 as lamellar-hexagonal or lamellar-micellar transitions. 

Figure 11. 2H NMR spectra of 26 mol % perdeuterated hexane in 
macroscopically oriented multilayers of DMPC bilayers. The bilayer 
planes are oriented normal to the static magnetic field in the upper trace 
and parallel to it in the lower trace. 

The most significant difference in the 2H NMR spectra of per-
2H-DMPC with and without hexane is that the system with hexane 
maintains a sharp liquid crystalline type line shape to lower 
temperatures. As Figure 5 shows, the addition of hexane causes 
only a small decrease in the lipid chain order. A similar lack of 
perturbation of the bilayer by benzyl alcohol has been observed.24 

Likewise, neutron and X-ray diffraction studies have shown that 
little bilayer perturbation is caused by halothane, nitrous oxide, 
or cyclopropane.25 

It has been observed that gaseous anesthetics tend to lower and 
broaden the lipid bilayer gel-to-liquid crystalline phase transi­
tion.26-28 Jain and co-workers26 noted the same behavior for a 
variety of local anesthetics. A large low-temperature heat ab­
sorption event like that seen in Figure 1 was not observed with 
the anesthetics. The different thermal characteristics may be a 
concentration effect rather than a manifestation of qualitatively 
different lipid behavior. Unfortunately, the actual concentration 
of anesthetic in the bilayer was not determined in these studies. 
One must also consider that the local anesthetics have an am-
phipathic character that could cause the phase behavior to be 
different. 

The thermograms observed in the DMPC/hexane mixtures 
resemble the results obtained by Mabrey and Sturtevant13 for 
lipid/lipid bilayer riiixtures. Since the NMR spectra of the lipid 
molecules indicates that the bilayer structure is conserved at all 
temperatures examined and at hexane concentrations up to 26 
mol %, it is valid to discuss the phase behavior of the two-com­
ponent bilayer mixture (within the temperature and concentration 
limits noted) just as the phase behavior of one-component bilayers 
is discussed, even though in both cases water is an additional 
component without which no bilayer would form.13'29 The excess 
water is a separate phase and does not enter into this discussion.30 

In this case the low-temperature "onset" of heat absorption sep­
arates the low-temperature region labeled C in Figure 2 from the 
intermediate-temperature region B, while the temperature at which 
the high-temperature peak reaches "completion" describes the 
dividing line between region B and the high-temperature region 
A. Figure 2 thus represents a partial phase diagram for the 
hexane/DMPC bilayer mixture. It most closely resembles the 
DSPC/DLPC bilayer mixture (acyl chain length difference of 
six carbons) in which monotectic behavior is observed. In such 

(24) Turner, G. L.; Oldfield, E. Nature (.London) 1979, 277, 699-670. 
(25) Franks, N. P.; Lieb, W. R. Nature (London) 1979, 292, 248-251. 
(26) Jain, M. K.; Wu, N. Y.-M.; Wray, L. V. Nature (London) 1975, 255, 

494-496. 
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a phase diagram region A corresponds to a single homogeneous 
phase (liquid crystalline bilayer). Region B contains two phases 
(one hexane rich and liquid crystalline-like, the other hexane poor 
and gel-like). If the onset temperatures describe a horizontal line, 
region C also contains two phases (both gel-like, one hexane rich 
and the other hexane poor) and there must be a single phase region 
D in the low hexane content portion of the phase diagram. The 
curve separating regions D and A will intersect the ordinate at 
the melting temperature of the pure lipid bilayer, touch the onset 
temperature line at its end point, and continue to fall, thus sep­
arating regions D and C.31 The dashed line in Figure 2 is drawn 
to approximate these condtions, although it is not known at what 
mol % hexane the onset temperature line terminates. If the onset 
temperatures do not actually describe a horizontal line, then 
regions D and C merge into one region containing a single ho­
mogeneous gel-like phase. 

The hexane 2H NMR data support the above interpretation 
of the DSC thermograms and provide information about the 
behavior of the alkane in the various phases. The disappearance 
of the powder patterns and concomitant appearance of the central 
isotropic line at approximately the isothermal melt temperature 
support the above conclusion concerning the existence of a low-
temperature hexane-rich phase. The lack of any observable heat 
absorption in the DSC thermograms at or near the freezing point 
of hexane (-95 0C) suggests that this hexane-rich phase is not 
pure hexane, even though the hexane motion is isotropic. The 
interface between regions A and B in the phase diagram is ap­
parent in the 2H NMR data as the maxima in plots of Ayq vs. 
temperature for the different hexane concentrations. The powder 
patterns also exhibit an apparent broadening as the temperature 
is lowered through region B. This broadening is not accompanied 
by a shortening of T2Jd10 of the innermost powder pattern peaks 
(see Table II). A broadening due to a distribution of Ai '̂s is 
consistent with these observations. 

The hexane 2H NMR powder patterns give direct information 
about the average order imposed upon the alkane by the bilayer 
and, by inference, information about the types of anisotropic 
motion being executed. A comparison of the hexane and lipid 
acyl-chain quadrupole splittings above 27 0C reveals that the 
hexane methyl and methylene units (maximum Av„ = 10 kHz) 
are significantly less ordered than any of the DMPC methylene 
units (minimum Avq = 20 KHz). Only the lipid methyl group 
with its relatively unrestricted rotation (Acq = 4 kHz) is as dis­
ordered as any part of the hexane molecule. That only three 
powder patterns are observed from per-2H-hexane is somewhat 
surprising. If the hexane molecules align themselves parallel to 
the lipid chains, and if the order parameter gradient found in lipid 
bilayers23,32 is imposed on hexane, then one would expect the 2H 

(31) Findley, A. "The Phase Rule"; Dover Publications: New York, 1951. 

NMR spectrum of per-2H-hexane in this environment to contain 
six overlapping powder patterns and the methyl-deuterated hexane 
spectrum to contain two powder patterns. That a single powder 
pattern is observed in the methyl-deuterated case and only three 
powder patterns for per-2H-hexane implies that both ends of the 
molecule are experiencing the same average environment. That 
the orientation dependence of both the lipid and hexane 2H NMR 
spectra in macroscopically aligned bilayer samples is the same 
implies that the direction of motional averaging for the hexane 
molecules is normal to the plane of the bilayer. Why both ends 
of the hexane molecule experience the same average environment 
must remain, for the present, a matter of conjecture. Two pos­
sibilities are (1) shuffling of hexane parallel to the acyl chains 
between the monolayers and (2) rapid rotation of the alkane about 
an axis normal to the plane of the bilayer. In either case the 
motion must be fast on the NMR timescale. 

Conclusions 
Taken as a whole, the DSC and NMR results yield a relatively 

clear picture of the DMPC/hexane/(excess water) system. The 
lipid deuterium and phosphorus NMR spectra are remarkably 
insensitive to the addition of large amounts of hexane to the 
bilayer, while the DSC thermograms of the mixtures are quite 
sensitive to the amount of the alkane in the bilayer. Moreover, 
the hexane 2H NMR spectral characteristics are strong functions 
of both temperature and hexane content. We draw the following 
conclusions. (1) Upon the addition of up to one hexane molecule 
per two lipid molecules the lipids in the bilayer are not significantly 
perturbed by the presence of the alkane. (2) The hexane is 
disordered relative to the surrounding bilayer and both ends of 
the alkane experience the same average environment. (3) The 
mixture exhibits isothermal melting at approximately O0C, in­
dicating the existence of a low-temperature phase separation in 
which hexane-rich and hexane-poor phases form. (4) In the 
hexane-rich low-temperature phase the motion of the hexane 
molecules is isotropic. 
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