
BIOCHIMICA ET BIOPHYSICA ACTA 4~9 

' ~ "  O o BBA / . 3 . 0 ~  

PROPERTIES OF BLACK L I P I D  MEMBRANES OF CHLOROPLAST 

PIGMENTS 

t417E I'ING TIN(;, \VILLIAM A, HUEM()ELLER, SUBBIAH LAL1THA, A. L()UISE DIANA 
AXD lt.T. TIEN 

l),:'partment qf Iliophysies, Michigan Stale U~ffversity East Lansing, 31ich. (U.S.A.) 

(Received July 23rd, 1968 ) 

S U M M A R Y  

I. Physical properties of black lipid membranes formed from chlorophylls and 
chloroplast pigments in aq. NaC1 solutions have been determined. The properties of 
chlorophyll black lipid membranes show significant differences from those black lipid 
membranes produced from phospholipids, synthetic surfactants, or oxidized chol- 
esterol. 

2. The chlorophyll black lipid membranes as measured by a reflectance technique 
have a thickness of about Io5 cc 5 A. Possible sources of error in assessing the 
membrane thickness are discussed. 

3. The bifaeial tension of the chlorophyll black lipid membranes in o.i M NaC1, 
as measured by the bulging method, was found to be 3.8-4.5 dynes/cm. 

4. The permeability to water of chlorophyll black lipid membranes has been 
determined by an osmotic flow method. NaC1 was used as the solute. A value 5I/x/see 
has been obtained for the permeability coefficient. The effect of temperature on water 
permeability has also been investigated. The Arrhenius activation energy has been 
found to be 4.2 kcal/mole. 

5. Electrical parameters of chlorophyll black lipid membranes have been 
measured in various NaC1 solutions (Io -3 to I M). In dilute solutions (Io --%~ M or less) 
the d.c. resistance was I- 1@-3" IOs X2. cnf'. At higher concentrations, the resistance of 
the membrane was lower by a factor of ten. The temperature dependence of membrane 
resistance has been measured. A value I5. 9 --  0. 3 kcal/mole has been obtained for 
the activation energy. 

6. It is concluded that black lipid membranes produced from chloroplast 
pigments are useful model systems for further investigation which may give insight 
into the processes relevant to photosynthesis. 

I N T R O D U C T I O N  

As a result of studies made by the monolayer techniques and the classical 
permeability measurements, the well known bimolecular or bilayer lipid model for the 
plasma membrane has been developed 1. This simple and elegant model first suggested 
by CJORTER AND (-~RENDEL 2 has been seemingly supported by a vast number of in- 
vestigations using sophisticated methods such as the X-ray diffraction analysis and 
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electron microscopy. I t  has n~w become evident tha t  membranes  of less than IOO A 
thick are present, not  only in the plasma membrane,  but  also in membranes  of 
bacteria, mitochondria,  retina, nerve myelin and chloroplasts*. In all these systems 
it has been postulated tha t  a highly organized structure of lipids in a lamellar arrange- 
ment  as the central core exists in all membranes.  Fur ther  evidence in support  of the 
bilayer lipid model was provided by the formation of black lipid membranes as an 
isolated structure in aqueous solutiona, L A review of the work on black lipid nleln- 
branes has been given recently by TII~N ~\xl) DIANA '~. 

In the case of chloroplasts, CaLW.-, ,G has suggested tha t  the latnellar form of the 
photosynthet ic  pigments is essential to the functioning of the photochenfieal appa- 
ratus. With this view in nlind, the present work was undertaken to investigate (i) 
whether a black lipid menabrane could be consti tuted from photoact ive pigments, 
and (ii) the possibility of using such a black lipid nlembrane system as energy trans- 
ducers in the s tudy  of certain aspects of photophysical  and photochenfical processes. 
This paper reports the properties of black lipid membranes  produced from chloro- 
plast pigments, which hitherto have not  been studied. The interaction of light and the 
effect of chemical agents on these new black lipid membranes will be described in 
separate publications7, s. 

EXPERIMENTAl. 

]Iaterials  

All reagents were c.p. grade and were used as obtained. The laboratory distilled 
water was re-distilled in an all-glass appara tus  before use. The solvents used in this 
work were methanol,  light petroleum (b.p. 3o-6o°), various ~t-alkanes (C~ to C12, 

99 mole %, Phillips Petroleum Co.). These solvents were used without  further purifica- 
tion. Fresh spinach leaves obtained froin local markets,  which had been processed 
(i.e. washed and with rootes removed), were used. Chlorophylls and xanthophyl ls  
purchased from commercial sources were also tried (K and K Rare Chenficals, and 
Sigma Chemical Co.). 

Preparat ion of  solutio~ts 

Unless otherwise s tated all black lipid membranes  studied were formed in un- 
buffered 0.I ~'I NaC1. The black lipid membrane-forming solutions were prepared by 
procedures described elsewhere". In brief, the basic extract ion procedure was as 
follows : (i) fresh spinach leaves free of nlidribs were boiled for I min in distilled water, 
(ii) the water was then cooled rapidly with ice and decanted, (iii) the leaves were 
pressed and dried between layers of paper towels, (iv) the dried leaves were then 
extracted 3 times with light pe t ro leum-methanol  (2:1, v/v) at room temperature  
using a procedure given by  STRAIN AND SVEC 10, (V) the combined extracts were 
evaporated to dryness in a flash evaporator  (Buchler Ins t ruments  Co.). The residue 
thus obtained was completely soluble in alkanes and was used for black lipid mem- 
brane formation.  In  later experiments it was found tha t  the boiling step described in 

* References may be found in a number of symposium publications: (a) Syrup. on the Plasma 
51embrane, Circulation, 26, part 2 (1962); (b) Brookhaven 5~mp. in Biol., 19 (1967); (c) Mito- 
chondrial Structure and Co~npartmenlalion, Adriatica Editrice, Bari, 1967; (d) Syrup. on L@id 
3lo~olayer and Bilayer Models and Cellular 3Iembranes, J. A~n. Oil Chemists' Soc., 45, No. 4 (1968). 
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the STRAIN-SVEC procedure was not necessary and therefore was omitted in later 
preparations. It should be mentioned that black lipid membrane-forming solutions 
could also be prepared from commercially available pigments. For instance, a black 
lipid membrane-forming solution used in earlier experiments consisted of 3.5 % 
chlorophyll and 5.2 % xanthophyll in n-octane (w/v). No apparent differences were 
observed between the fresh and commercial preparations insofar as the formation of 
a black lipid membrane was concerned. 

Methods of black lipid membrane formation 
The two basic methods described earlier were used in black lipid membrane 

formation.~,5. For thickness determination by reflectance technique, a Teflon loop of 
3 mm (internal diameter) was suspended from a wire inside a glass tube of S mm 
(internal diameter). The glass tube was connected through an outlet at the bottom 
to a o.I M NaC1 reservoir. The glass tube was first filled with the aqueous solutions 
to just below the level of the loop. A thin laver of lipid solution was then introduced 
onto the surface. Bv raising the oil-water interface over the loop, a self-thinning film 
was formed in the process. The fihn fornled in this manner was thick and usually 
thinned down in a few minutes to the black state. In the experiments of biracial 
tension, water permeability, and electrical properties, the black lipid membranes were 
formed either using the brush technique ~ or the injection method. In the latter case, 
a 2-/xl drop of the lipid solution was shot onto the aperture in the wall of the Teflon 
chamber. This was accomplished by means of a inicrosyringe (IOO/4) with a repeating 
dispenser attachment (Model PB-6oo-I, Hamilton, Whittier, Calif.). This dispenser 
attachment permitted a minute and an equal quantity of lipid solution to be ejected 
onto the opening each time the release button was actuated. It should be mentioned 
that the formation of a black lipid membrane is basically a very simple process. 
However, a certain amount of practice and experience are necessary. The basic 
techniques and precautions have been given in earlier publications 4, 5 

Apparatz~s a mt procedure 
Since a number of physical properties of these new black lipid membranes were 

characterized in this work employing quite different experimental set-ups, the 
apparatus and procedure used are described in the following paragraphs under 
separate headings. 

Thickness of chlor@hyll black lipid membranes 
Tile reflectance of the black lipid membranes constituted from chloroplast 

pigments was measured with an optical set-up described previously 11. Briefly, a high 
intensity light source was focused on the membrane and the intensity of the reflected 
light was measured with a photometer (Photomultiplier Microphotometer, American 
Instrmnent Co.). The resulting intensities of the reflected light from the silvery- 
golden and black films were recorded. The Brewster angle of these black lipid mem- 
branes was not determined. However, tile reflectance of the membrane was measured 
at 546I A and 4350 A. 

Biracial tension of chlorophyll black lipid membranes 
The bifacial tension (free energy) of the black lipid membranes made from chloro- 

plast pigments was measured with the apparatus used earlier in similar studies 12,:n. 
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The appa ra tu s  consisted of a Teflon sleeve held between a set of ground-glass  joints .  
The inner chamber  was connected  to an infus ion-wi thdrawal  pmnp  z~ia a bal last  
ehaml)er. The outer  chamber  was connected  to another  bal las t  chamber  (flw a deta i led  
d iagram,  see Fig. 4, ref. r i ) .  The infus ion-wi thdrawal  pump  was usual ly  s t a r t ed  af ter  
the  observable  par t  of the membrane  had  become c¢mapletely black for 2 111i11. The 
infusion ol the  aqueous solut ion made the membrane  bulge ¢mt and the m a x i n m m  
pressure difference was noted  when the black l ipid membrane  was hemist)herical in 
shape. The bifacial  tension was ca lcula ted  using the formula  y Pd/8, where P is the 
pressure difference across the  black l ipid membrane  and d is the d iamete r  of the 
aper ture .  

Water permeability of chlorophy'll black lipid membraJzes 
The appa ra tu s  and procedure  for osmotic water  pe rmeab i l i ty  studies were the  

same as thos.~ previous ly  repor ted  la. The cell assembly  consisted of a closv, d inner 
c o m p a r t m e n t  which was immersed in a conta iner  of much larger volume. The inner 
c o m p a r t m e n t  was connected t<) a micrometer  syringe of o.e5 ml (Cole-Palmer In-  
s t rmnen t  and Equ ipmen t  Co., Chicago, Ill.) the volume of which could be ad jus t ed  
accura te ly  to abou t  o.o~ /,1. The t empe ra tu r e  of the whole cell assembly  could be 
ma in ta ined  within about  0.05 ° by  flowing t he rmos t a t e d  wate r  through a coil placed 
in the outer  compar tmen t .  Af ter  the  fihu had  bec,}mc black, a knowll q u a n t i t y  c,f 
cone. NaCI solut ion was added  to the outer  c o m p a r t m e n t  and  thorough ly  mixed.  
The difference in osmotic  pressure across the black lipid membrane  caused the elttux 
of water  and  this was manifes ted  by the inward  bulging of the membrane .  B\" ad~ 
jus t ing the micrometer  dial, the volume change as a result  (~f water  efilux could be 
measured.  The se t t ing of the  dial was bas::d upon the visual ()i~servation of pa t t e rn  of 
light reflected from the black l ipid membrane .  The water  permeat ion  s tudies  were 
carr ied out  in the dark  except  tile b lack l ipid membrane  was observed with light 
t r ansmi t t ed  through a na r row-band  interference filter (54i)I)v). The t e lnpera tu re  
dependence  of water  pe rmeab i l i ty  was also invest igated.  

Electrical properties of chlorophyll black lipid membram's 
Tile electr ical  proper t ies  of the  chlorophyl l  black l ipid nlemt)rane examined  

included the d.c. resistance, dielectr ic breakdown,  and current  v~fltage rela t ionship.  
The black l ipid membrane  resista~ee was als~,~ measured  as a function of t empera tu re ,  
and  the i -V curves were ob ta ined  by measur ing membrane  potent ia l  as a function of 
appl ied  voltage.  The measurements  were per formed in various NaC1 solut ions ranging 
from io  -a to Lo M. The t empera tu re  dependence  of the  d.c. resistance was s tudied  in 
an appa ra tu s  repor ted  earl ier  u except  t ha t  a simple t)~x conta in ing  a set of l ixed 
resistors (Io s to xo 1° D) and a vol tage s~mrce (Hg b a t t e r y  with a precision potent io-  
meter) was used. As ment ioned  before, b lack  l ipid membranes  were formed on a 
Teflon sleeve separa t ing  two aqueous s.olutions. Calomel electrodcs with sa tu ra t ed  
KC1 bridges were used. The I .I7 curves of the membrane  were ob ta ined  with a set-up 
consis t ing of an inexpensive e lec t rometer  (Model EU\V-3oI  , Hea th  Co.) and  a pH 
lnilliw~lt tes t  box (Model EUA-zo - I e ,  Hea th  Co.). The circuit  d i ag ram for this silnt)le 
se t -up  is ident ica l  to the one given earl ier  (Fig. 2, ref. I4). 
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RESUI.TS ANI)  DISCUSSION 

General co~sideraliom: 
The black lipid membranes constituted from spinach chloroplast pigments 

characterized in this stud), show significant differences from those of "ordinary" 
black lipid membranes folmed front materials such as phospholipids, synthetic sur- 
factants and oxidized cholesteroP. Before discussing the results of this work certain 
important features of the black lipid membrane as model systems for the natural 
membrane may be mentioned. In particular, we would like to compare the organiza- 
tion of the black lipid membrane with that of postulated chloroplast structures. 

Evidence derived from electron microscopy ~, X-ray diffraction ~G, and bire- 
fringence ~7 as well as circular dichroism ~a studies strongly indicates that the photo- 
synthetic apparatus is composed of highly organized lamellar structureslE For in- 
stance, a simple model of a chloroplast thylakoid is pictured by MENKE 2° to consist 
of two protein layers separated bv a Gorter-Grendel bilayer of lipids. Other models 
have been proposed bv \MEIER AND BENSON 21 and by ML'HLETHALER z2. The salient 
features in all these models lies in their oriented lipid core onto which other 
important cellular constituents such as proteins may interact through either ionic or 
Van der Waals attraction or both. \Vithin the chloroplast, the usual picture is that a 
granum is composed of a stack of disc nlembranes. Each disc membrane is believed 
to separate two phases (aqueous?) folming the so-called inner and outer spaces 2a. The 
thickness of this disc membrane is estimated to be about 7o--I2O A (refs. 20, 22). It is 
in this context that a black lipid menlbrane (usually less than 9 ° a thick) separating 
two aqueous solutions provides a useful model system for investigation. 

As has been discussed elsewhere 2., a black lipid membrane possesses two 
aqueous solution-membrane interfaces or a b~]&ce (this term is introduced to stress 
the two co-existing oil-water or membrane-solution interfaces). This biface, ill the 
order of molecular dimension, is the site where the interfacial-active molecules are 
located, l:rom the well-known principles of interfacial chemistry, it is to be expected 
that the constituent molecules of the biface nmst be oriented in such a fashion that 
their mutual interaction energy is at a maximunL Although the macroscopic concepts 
such as dielectric constant and refractive index have been applied to ttle biface, it 
nmst be admitted that much basic physical chemical investigation is necessary in 
order to achieve a better understanding of the black lipid membrane systems. 

The thick,less of chlorophyll black lipid membranes 
Using previously described optical techniques, we have made a preliminary 

estimation of the thickness of the membrane. The results given in Table I are based 
upon black lipid membranes produced by chloroplast lipid solution at 22 ± I':. Al- 
though the refraetive indices of these membranes are not available, tile calculated 
thickness values using assumed indices of refraction at two different wavelengths are 
in excellent agreement. The results imply that the indices of refraction of tile mem- 
branes (in the silvery-golden and in the black state) change negligibly with wavelength 
of light used. It should be pointed out, however, that the thickness of the chlorophyll 
black lipid menlbrane reported here might differ from the true value by as much as 
50 % owing to the use of assumed refractive index values. The other source of error 
in assessing tile thickness of black lipid membrane based upon the simplified Rayleigh 
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equation is the assumption tllat the black lipid imnibrme is a Iwiiiogeneous and iso- 

tropic structure characterized II!- a single rcfractivc index. As discussed elcsewllere24, 

a niore realistic model ma>. 1x2 represented by a triple-lahwed structure with different 

refractive indices for each la\w-. Thercfow, tllc thickness of tlie inenil~rane will be 

about ro ub larger than the value calculated acwi-ding to Kayleigh’s equation. 

In spite of tile afore-iiieIitioiled uncertainties, WC: believe it is useful to suggest a 

structural model to account for tlie calculated results. This is shwn sclicniatically in 

Fig. I. Several orientations of tlw p-pllyrin ilead group at the biface are possible. 

Since the interior of the black lipid iiicnh-ant is b&vet1 to be liquid-like, tile 

porphyrin group may be in a “dynamic” state. Tliat is, tlic p:~rl)li~7-in plate may lie 

sornetiines parallel to the biface, s~mietiiiie5 perpendicular and at other times s:)ine- 

where in bctwzen. However, a mow or less perpendicular orientatim is favored based 

upon the bifacial tension data (SW following section). Witll this picture in mind, the 

observed thickness of the ruelnbranc’ could be accounted for II!- the depth of anclloring 

of the pllytyI chain and 1~~ the atnount of otller lipids such as carotcnc located in the 

intwiw- of tlw menlbranc (SW l:ig. I). 

I’$, I. Schematic model of possible molecular orgsnization for a black lipid membrane of chloro- 
plast pigments. The membrane reported here \vas formed on a Teflon support separating two 
aqueous solutions. When formed in this manner, the transvcrsc electrical and transport properties 
of the mcmbranc can bc measured and controlled chemical investigation can be carried out. The 
thickness: of the mcmbranc was about IOO .% (SW text). 
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The bifacial tensions of the chlor@hyll black lipid membrane 
The bifacial tensions of the black lipid membrane formed from chloroplast 

pigments in n-octane and in n-octane-butanol mixture are, respectively, 4.5 ± o.I 
and 3.8 ± o.2 (dynes/era). The results are significantly higher than those of other 
black lipid membranes produced from natural lipids 2~. It appears also that the 
pigment solvent used has a noticeable effect on the results. Whether or not the solvent 
molecules are incorporated into the black lipid membrane structure we are not 
certain. The lower value in the case of the octane-butanol mixture strongly suggests 
however that the bifacial region is modified owing to the presence of additional inter- 
facial-active species. 

Extending the equations and reasonings used in the monolayer studies at the 
air-water interface to the bilayer lipid membranes at the water-oil-water bifacelL 
the bifacial pressure to which the constituent pigments (and other interracial-active 
species) are subjected is given by 

~ i  - -  T 0 - - ; ' i  ( I  } 

where ,~i is the bifacial pressure, 7o and 71 are the interfacial tension between liquid 
hydrocarbon solvent and water and the bifacial tension of the black lipid membrane, 
respectively. Hence, the bifacial pressure is of the order of 45-5o dynes/era. Therefore, 
at the observed biracial pressure one would expect that the pigment molecules (as 
typified by chlorophylls) in the membrane should occupy their limiting areas. In other 
words, the molecules in the black lipid membrane are closely-packed. On the basis of 
the bifacial tension data, it seems likely therefore that the porphyrin plates of the 
molecules are oriented more or less perpendicularly to the biface as is illustrated in 
Fig. I. 

The permeability to water 
The osmotic water permeability coefficient, P0, is calculated using the equation 

Po - 0.025 RTP' (2) 

where P '  = J/A:'.r, R and T have the usual significance. J is the net volume flow of 
water in time dt and A~ is the osmotic pressure difference across the black lipid 
membrane. The conversion factor (o.925) is used to express P0 in tz/sec units. The 
volume change as a function of time for a typical run is shown in Fig. 2. Results of a 
number of experiments using black lipid membranes generated from several different 
lipid solutions are summarized in Table II. 

T A B L E  I I  

V A L U E S  OF P 0  FOR B L A C K  L I P I D  M E M B R A N E S  P R O D U C E D  F R O M  F O U R  D I F F E R E N T  L I P I D  S O L U T I O N S  

AT 2 2  ~_ I ° 

Chlorophyll black lipid membranes formed from Permeability coefficient, Po (H/sec) 

C h l o r o p h y l l - x a n t h o p h y l l  n l i x t u r e  in  n - o c t a n e  * 5 i ,  3 
C h l o r o p l a s t  p i g m e n t s  i n  n - o c t a n e  * * 51 .4  
3 I e t h a n o l - l i g h t  p e t r o l e u m  e x t r a c t  in  n - o c t a n e  (no  bo i l i ng )  ** 48 ,5  
M e t h a n o l - l i g h t  p e t r o l e u m  e x t r a c t  in  o c t a n e - b u t a n o l  m i x t u r e * *  51. 7 

v _ 

* O b t a i n e d  f r o m  K a n d  K C h e m i c a l  Co.  
** See  re f .  IO a n d  EXPERIMENTAL. 
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In cont ras t  to our earl ier  findings wi th  black l ipid menlbranes  produced from 
oxidized cholesterol,  the  osmotic pe rmeab i l i t y  coefficient for chlorophyl l  black l ipid 
inembranes  is about  6 t imes  larger  la. The effect of t empera tu re  on pe rmeab i l i ty  is 
shown in Fig. 3. In  this  typ ica l  Arrhenius  plot  (log P0 vs. I /T) ,  a s t ra ight  line m a y  be 
in te rp re ted  to  mean  tha t  a change in n lembrane  s t ruc ture  with t empe ra tu r e  (in the  
t en lpe ra tu re  examined)  is perhaps  not  inw)lved.  Also there  is l i t t le  evidence to suggest 
t ha t  a change in the lnechanism of wate r  pe rmea t ion  has t aken  place with t empera -  
ture.  The ac t iva t ion  energy for permeat ion  of water  is found to be 4.2 kcal /mole in 

the range 17. 5 34.o '~. 
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Fig. 2. Yolume flow of water across a chlorophyll black lipid membrane (about too A thick) as a 
function of time. The solute used was NaC1; temp., -'2 ~: i :. 

Fig. 3. Effect of temperature on water permeability of a black lipid membrane of chloroplast 
pigments. The ordinate is plotted as the natural log of osmotic permeability coefficients. 

At  present ,  i t  is difficult to make  any  meaningful  in te rp re ta t ion  concerning the 
relatively, high pe rmeab i l i ty  to wate r  b y  the chlorophyl l  b lack l ipid membrane  
(51" IO 4 cm/sec). As far as we are aware,  no d a t a  exist  for the t h y l a k o i d  metal)fanes 
(comparable  to chlorophyl l  b lack  l ipid membrane)  a l though a number  of invest iga-  
t ions have been made  on the  pe rmeab i l i t y  and osmotic proper t ies  of the chh~rot)last 
nlembrane2~ a0. 

The electrical properties of chlorophyll black lipid membra~ws 
The d.c. resis tance of the black membranes  formed from chloroplas t  p igments  

was measured  in var ious  NaCI solut ions  (IO a- I  M) and as a function ~)f appl ied  
voltage.  Membranes  in IO a-IO 2.'~ M NaC1 solut ion had resistances of I -~@-3" I@ 
£2. cm 2 and  the observed  resistance of the  nlenlbrane exhib i ted  a s t rong concent ra t ion  
dependence  on the ba th ing  nledium. However,  the meml~rane resistances were one 
order  of n lagni tude  lower in Io  " M and higher  concent ra t ions  of NaC1 but  did  n()t 
show any  marked  concent ra t ion  effect. The results  of a number  of measurements  are 
presented  in Fig. 4. Wi th in  the appl ied  vol tages  used (lO--15o mV), the n lembrane  
resis tance was ohmic and i r respect ive of NaC1 concent ra t ions  (see leig. 5). I t  is inter-  
es t ing to note  t ha t  o rd ina ry  black l ipid membranes  in o.I  M elec t ro ly te  solut ion (such 
as NaC1) have resis tances about  2-3 orders  of magn i tude  higher than  the chlorophyl l  
black l ipid membranes .  This difference in resis tance m a y  be owing to the  following 
factors:  (i) the  chlorophyl l  black l ipid membrane  can dissolve greater  amount  of ions, 
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in v a r i o u s  NaC1 s o l u t i o n s .  T e m p . ,  22 - -  I °. T h e  o r d i n a t e  is p l o t t e d  as  m e m b r a n e  c u r r e n t  p e r  c m  ~ 
o f  a r e a .  
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(ii) the  cons t i tuen t  molecules in the  chlorophyl l  b lack l ipid membranes  can in te rac t  
more s t rongly  with  ti le ions in the  ba th ing  med ium resul t ing in a grea ter  number  of 
ions at  the  biface, and  (iii) the chlorophyl l  b lack l ipid membranes  are in t r ins ica l ly  
more conduct ive.  Tile first two factors are se l f -exp lana tory  for in e i ther  case more 
charge carriers  (ions) are avai lable  in (and near) the  membrane  for conduct ion.  The 
th i rd  factor  is less obvious and deserves a brief e laborat ion.  As has been shown by 
TH~N :,8, the  chlorophyl l  black l ipid membranes  exhit)it  both  pho tovo l ta ic  effect and 
pho toconduc t iv i ty .  These photoelect r ic  phenomena  indicate  impl ic i t ly  t ha t  charge 
carr iers  are genera ted  upon i l luminat ion  of the  membrane .  I t  may  be argued tha t ,  in 
the absence of pho toac t ive  light,  mobile  charge carriers  could be also produced 
t he rma l ly  and/or  b y  the  ex te rna l  field. This could account  for the  observed lower 
resistance of the chlorophyl l  blacl< l ipid membranes .  I t  should be ment ioned  tha t  little! 
is known about  the exact  mechanism for charge t r anspor t  in this  type  of membrane .  
Exper imen t s  are now in progress to ob ta in  the  needed informat ion on both the 
mechanism of charge genera t ion  and conduct ion.  

The dielectr ic  b reakdown vol tage of chlorophyl l  blacl< l ipid lnembranes  was 
deternf ined by  the me thod  previous ly  repor ted  u. If the  appl ied  vol tages were greater  
than  about  I5o mV,  the  membranes  broke within a few seconds. The black l ipid 
meml)ranes  formed from commercia l  p iglnents  had  a lower dMec t r i c  breakdown 
s t rength  and usual ly  rup tu red  when the wdtages  exceeded about  ioo  inV. Never- 
theless, it should be no ted  tha t ,  for a membrane  of about  ioo  ; \  in thickness,  the  
appl ied  vol tages  correspond to the  electric field s t rength  in the order  of ~oo o o o  V/ClT{1. 

\Vhen the  resis tance of the membrane  was measured  as a function of t empera-  
ture  i t  was found tha t  the  resistance increased with  decreasing t empera tu re  in the  
range of 16 -3 ° . Above 34 '~ the membranes  formed were s table  for only  short  periods 
of t ime;  below I6 ° p rec ip i ta t ion  occurred in the  nlelnbrane.  Between the t empe ra tu r e  
range s tudied,  the  n lembrane  resis tance (R) followed the well known relati~mship (a 
form of Arrhenius  equa t ion) :  

17 1?o exp ( . - ] '2/ IeT) (3) 

Where  E is the  ac t iva t ion  energy and R 0 is a cons tant ,  l : rom a plot  of measured  
resis tance verszts the  reciprocal  of absolute  t empera tu re ,  the  q u a n t i t y  E was ob ta ined  

a 

o J  

. ;  

1.4 

- ~ ~ 3 2  7.5,1 " . :  ~ . ! ~  . ~ (  5 . 4 2  5 . 4 4  

Fig. 6. Temperature  dependence  of membrane resistance. Act ivat ion  energy, i5. 9 ~ 0. 3 kcal /mole .  
The resistance of chlorophyl l  black lipid membranes was measured in the temperature range of 
16-3o °. 

Biochim. t3iophys. Acta, i63 (I968) 439-450 



BLACK LIPID MEMBRANES OF CHLOROPLAST PIGMENTS 449 

in the usual manner. A typical plot is shown in Fig. 6. For the chlorophyll black lipid 
membranes in o.I M NaC1, E was found to be 15. 9 ~ o.3 kcal/mole. It should be noted 
that almost all rate processes observed experimentally can be fitted into a form of 
Arrhenius equation. Thus, in the absence of additional information, it is difficult to 
give a unique interpretation of E. In the present case, E may be interpreted to mean 
either the activation energy required for the charge transport or the creation of 
charge carriers or both. Further discussion will be deferred until more data are avail- 
able on the chlorophyll black lipid membrane system. 

CONCLUSIONS 

This investigation demonstrates that  extracts of chloroplasts and photo- 
synthetic pigments such as chlorophylls and xanthophylls, when dissolved in ap- 
propriate solvent, can produce black membranes. These black lipid membranes, in 
the order of bimolecular thickness (about IOO A) are believed to exist in a lamellar 
form whose structural organization resembles the postulated thylakoid membrane in 
the chloroplasts. This new experimental structure, when formed at a biface (i.e. 
separating two aqueous solutions), offers new approaches for the study of photo- 
physical and photochenlical processes as well as dark reactions that  are relevant to 
photosynthesis. 
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