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Summary 

It is shown, by infrared spectroscopy, that  the packing in the gel phase 
of fully-hydrated dipalmitoyl phosphatidylcholine is not  uniform over a large 
temperature range. With decreasing temperature,  starting at that  of  the pre- 
transition, there is a gradual change in the molecular packing of  the acyl 
chains, from near hexagonal to orthorhombic or monoclinic. 

The structure and dynamics of the gel and liquid-crystalline phases of 1,2- 
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) multibilayers have been the 
subject of extensive spectroscopic studies. While the highly-disordered nature 
of the liquid-crystalline phase is well-documented [1,2],  the gel phase is less 
well-characterized. Although the latter is often referred to as a solid-like phase, 
recent 2H-NMR studies have demonstrated the presence of considerable motio- 
nal disorder [2]. The motion responsible for this disorder is thought to be a re- 
orientation about  the long axes of the acyl chains, the rate of which decreases 
as the temperature is lowered [2]. Similar conclusions with regard to motional 
disorder were also reached from X-ray diffraction studies [3--5] which in- 
dicate that  at temperatures close to that  of  the pre-transition, the acyl chains 
are packed in a slightly distorted hexagonal form and tilted with respect to 
the plane of the bilayer. With decreasing temperature,  the angle of  tilt in- 
creases and the hexagonal packing becomes progressively more distorted [4,5].  
The above studies generally conclude that throughout  the gel phase, the acyl 
chains are in an all-trans conformation.  

*NRCC publication No. 17681. 
Abbreviations used: DPPC, 1,2-dipalmitoyl-sn-glyeero-3-phosphocholine; DPPC'd~2,1,2-diper- 
deuteropalmitoyl-sn-glycero-3-phospbocholine. 
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Temperature-dependent changes in the gel phase of  DPPC were also ob- 
served by Raman spectroscopy [6,7] .  A different interpretation was placed on 
these results in that most  of  the temperature-dependent changes were at- 
tributed to variations in the number of  gauche conformers of  the acyl chains. 
However, Yellin and Levin [6] found evidence for crystal-packing (inter-chain) 
cffects at low temperatures, but were unable to separate these from intra- 
chain effects. More recently, Gaber et al. [7] concluded from Raman differ- 
ence spectroscopy that the increasing hexagonal distortion results from the 
introduction of  triclinic packing into the acyl chain region of  the bilayer. 

In this report, we present the results of  an infrared study which clarifies 
the temperature-dependent modification of  the crystal packing of  hydrated 
DPPC in the gel phase. 

A fully hydrated 6 pm thick multibilayer dispersion of DPPC (Sigma, 
St. Louis), was prepared in a CaF2 cell as described in detail elsewhere [8] .  
The cell was placed in an evacuable low-temperature chamber located in the 
sample compartment of  a Perkin-Elmer 180 infrared spectrophotometer.  
Spectra were recorded at a resolution of  1.5 cm - i  at temperatures ranging 
from - 1 0 0  to 30°C; the temperature was monitored by a copper-constantan 
thermocouple located against the edges of  the cell windows. 

As shown in Fig. 1, the infrared spectrum of the gel phase of  DPPC 
changes drastically in the CH2 scissoring region as the temperature is varied. 
At 30°C, just below the pre-transition temperature, the spectrum consists of  a 
strong narrow band at ~ 1 4 6 8  cm -~ , superimposed on several weak bands. The 
1468  cm -1 band results from the scissoring mode of the methylene groups in 
all-trans acyl chains in which the phase difference between adjacent groups is 
180 ° , while the underlying bands arise from scissoring modes of  glycerol and 
choline methylenes and methyl  bending modes. 

As the temperature is progressively lowered, the 1468 cm -1 band splits 
into two clearly-resolved components  while the underlying bands remain con- 
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Fig. 1. Infrared spectra  in the  CH 2 scissoring reg ion o f  a fu l ly -hydrated  dispersion o f  d i p a l m i t o y l  phos-  
phat idy lcho l ine  in the gel phase  at - 9 4 ,  - 3 7 ,  - 1 8 ,  - 5 ,  10  and 22°C.  
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Fig. 2. T e m p e r a t u r e - d e p e n d e n t  splitt ing o f  the  acyl  chain  OH 2 scissoring m o d e  in d i p a l m i t o y l  phos -  
phat idy lcho l ine  in the  gel  phase .  The lack  o f  l o w e r - f r e q u e n c y  po in t s  b e t w e e n  0 and 10°C results  f r o m  
the  fac t  that  in this  range the  l o w e r - f r e q u e n c y  band is  on ly  ev ident  as an unreso lved  shoulder .  

stant in frequency and intensity. This splitting is readily monitored by plot- 
ting the frequencies of the two components as a function of temperature 
(Fig. 2). The onset of the splitting is evident at 10°C; it increases in magnitude 
rapidly between 10 and-20°C, becoming constant at temperatures below 
-60°C. However, at lower temperatures there are still considerable reductions 
in the width of the two components, as evidenced by the increasing depth of 
the valley between the bands. 

The observation of this splitting provides the key to the under- 
standing of the gel phase changes observed by the various other 
spectroscopic techniques. The splitting is due to a crystal field effect, resulting 
from inter-chain interactions, and has been previously observed in the spectra 
of n-alkanes [9], fatty acids [10] and an anhydrous film of DPPC [11]. It 
only occurs when the acyl chains are packed in an orthorhombic or monoclin- 
ic crystal lattice (Fig. 3A), which have similar subcells in the ab plane [9]. On 
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Fig. 3. A c y l  chain crysta l -packing patterns:  A, o r t h o r h o m b i c  or  m o n o c l i n i c ;  B, hexagona l  and C, tri- 
c l inic .  In all cases,  the  long a x e s  o f  the  chains  are project ing  f r o m  the  page .  In the  case o f  h e x a g o n a l  
packing ,  the  tors ion  about  the long axes  is such  that  the  or i enta t ions  o f  chains  relat ive to  each  o ther  at a 
given m o m e n t  are r a n d o m .  
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the other hand, a single CH2 scissoring mode indicates hexagonal (Fig. 3B) or 
triclinic (Fig. 3C) packing. On the basis of  the X-ray and Raman studies, it is 
clear that the packing is hexagonal at 30°C, albeit slightly distorted [4] ,  and 
not  triclinic. 

Consequently, the infrared data demonstrate that  in the gel phase of 
fully hydrated DPPC, the packing of  the acyl chains changes from a hexagonal 
or near hexagonal lattice at temperatures near the pre-transition, to an ortho- 
rhombic or monoclinic lattice at lower temperatures. The frequency plot in 
Fig. 2 demonstrates that this is a continuous process, extending over a wide 
temperature range. This is in marked contrast with the behaviour shown by 
odd-numbered n-alkanes, where the same transition occurs within a tempera- 
ture interval of less than I°C [9]. 

We may now consider these data in relation to the X-ray diffraction, 
Raman and 2H-NMR studies mentioned in the introduction. Our infrared data 
demonstrate that  the crystal lattice of DPPC undergoes a continuous change 
from near-hexagonal at 30°C to a grossly-distorted hexagonal form, i.e., ortho- 
rhombic or monoclinic, at low temperatures. In this system, such packing also 
requires an increase in the angle of tilt of the chains with respect to the bi- 
layer surface and thus brings the distorted hexagonal model, proposed from 
X-ray diffraction studies [4,5],  in complete accord with our data. 

The determination of the nature of  the crystal packing in the gel phase 
of  DPPC also facilitates the understanding of  the temperature-dependent  ef- 
fects observed in the 2H-NMR spectra of DPPC-d62 [2], i.e., DPPC with fully- 
deuterated acyl chains. In the hexagonal lattice, the acyl chains undergo rapid 
motions about  their long axis, the motions being torsional rather than rota- 
tional due to the restrictions imposed by the head group. The introduction of 
or thorhombic or monoclinic packing, sufficient to cause crystal field splitting 
of the CH2 scissoring mode, restricts the angular amplitudes of such torsional 
motions and should lead to an increase in intensity at +63 kHz in the 2H-NMR 
spectrum. This value of the quadrupolar splitting for C2H2-groups is character- 
istic of the absence of motion on the 2H-NMR time scale. Indeed, the large in- 
crease in spectral width observed by Davis [2] on lowering the temperature 
from 20 to -7°C reflects the restriction of mot ion imposed by the large 
change in the packing of DPPC, as detected by the infrared spectra over this 
temperature range. 

Finally, the temperature-dependent  changes in the Raman spectra, which 
have been previously attr ibuted to increases in the gauche conformer popula- 
tion, are also observed in the or thorhombic to hexagonal phase transition in 
n-C17H36 [ 7]. As we have now established that such a transition occurs in 
DPPC, we believe that the Raman data must  be critically re-evaluated with 
this in mind. 
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