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ABSTRACT 

In mixed monolayers with purified chloroplast glycolipids and 

other colorless lipi~s, chlorophyll ~ fluorescence exhibits a decrease 

in quantum efficiency with increasing chlorophyll concentration. The 

fluorescence, which is strongly polarized in dilute 'films, becomes 

,progressively depolarized as the area fraction of chlorophyll increases, 

and it" is completely depolarized in a pure chlorophyll ~ monolayer. The 

observed behavior is consistent with an inductive resonance mechanism 

of energy transfer among the chlorophyll molecules with a critical 

transfer distance of 20 to 80 2, depending on the model chosen for the 

energy transfer mechanism. 

The purified glycolipids--mono- and d1galactosy1 diglycerides and 

sulfoquinovodiglyceride--separatelY form stable, compressible ~ono1ayer~ 

of the liquid-expanded t~pe on an aqueous subphase and in an atmosphere 

of nitrogen. At maximum compression the three glycolipids occupy areas 

of 55,.80, and 47 A2-molecule-l, respectively, in the monolayer. Mixed 

monolayers of chlorophyll ~ with, separately, the monogalactolipid and 

the sulfolipid behave upon compression as two-dimensional solutions. 

The fluorescence polarization at high chlorophyll concentrations in 

mixed mono1ayers indicates that several of the lipid diluents facilitate 

local ordering of the pigment molecules. 

* * '* * '* 

" .,'". 
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A photosynthetic unit consists of a number of chlorophyll molecules 

associated with a rate-limiting dark step in the particular photochemical . . 

reaction sequence under investigation. Depending on whether one measures 

oxygen evolution accompanying C02 fixation(l) or the Hil'l reaction,(2,3) 

the ratio 'of chlorophyll to essential components such as manganese or 

cytochromes present in low concentrations,(4) or minimum requirements 

of potent inhibitors,(5) the size of the photosynthetic unit varies 

from 250 to 2500 chlorophyll molecules. Regardless of how the unit is 

characterized, the chlorophyll contained in it must act cooperatively 

in absorbing light quanta and in transferring the excitation energy to 

an associated site of chemical activity. Despite extensive ·investigation 

of physical and chemical properties of the photosynthetic apparatus, the 

mechanism of this energy transfer ~ vivo has not been unequivocally 

determined. 

Since Hughes,(6)Hansen,(7) and Langmuir and Schaefer(S) first made 

monolayers of mixed chlorophyll a and b extracts in the 1930's, numerous 

workers have investigated chlorophyll ~-containing films. A review of 

these studies appeared recently. (9) The results suggest that these 

model systems are well suited to our purpose. The compression behavior 

and spectroscopic properties of pure chlorophyll 2.. monolayers are well 

characterized.(10,1l,12) Mixed films of the pigment with surface active 

lipids in which it is miscible appear to be ideal two-dimensional solu

tions.(13) Their absorption spectra have striki~g'simila~ities to those 

of biological material. The dependence of chlorophyll' a fluorescence 

yield' on pigment and/or quencher concentrations in monolayers indicates 

that energy transfer occurs among pigment molecules in the interface 
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environment.(~4) Although emission from diluted chlorophyll ~ mono

layers has been reported as depolarized, the experimental arrangement 

used in the study did not permit theoretical analysis.(15) 

We have studied the fluorescence properties and electronic energy 

transfer of chlorophyll ~ molecules,in, monolayers at a nitrogen-water 

interface. Mixed films of chlorophyll together with colorless surface

active lipids undergo increased fluorescence quenching and depolar1za-" 

tion with increasing chlorophyll ~ concentration in the films. The 

experimental evidence shows that. the pigment molecules do not move 

freely in these environments. Thus, transfer is restricted to a non

radiative mechanism which does not involve transpo,rt of mass and does 

not in general require pigment contact. (16) Two such mechanisms, 

inductive resonance(17) and exciton migration,(18) have been t~eated 

extensively in the literature. Franck and Livingston(l9) and Katz(20) 

suggested a role for these processes in photosynthesis many years ago. 

Lacking sufficient experimental information, they were unable to evaluate 

the relevance of the mechanismsr The question of which, if eithe~, of· 

these me~hanisms occurs in chloroplast lamellae has not yet been resol~ed. 

We have examined the applicability of these two mechanisms to·our model 

systems. Exciton migration appears to be possible only in a random 

two-dimensional array of chlo~ophyll ~ at very hi'gh pigment concentra-

ti ons. Ene.rgy transfer by inducti v~ r.esonance accounts sati sfactori ly 

for our experimental results over the
1
full range of concentrations 

studied. 

The diffusion 9f localized excitons has recently received attention 
• >.~ 

as a possible. means of energy transfer in the photos~nthetic apparatus. (21 ,22) 
I { 

I-
i 
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According tci Trlifaj's mathematical treatment of this mechanism the 

energy transfer rate is proportional to the inverse sixth powe~ of the 

intermoleculard1stance.(23) As this dependence on separation is also 

exhibited by inductive resonance energy transfer, the two processes 

cannot be distinguished by our method of investigation. 

THEORY" 

Fl vores cence depol ari zati on by energy transfer' 

An array of fixed, isolated, randomly-oriented molecules excited by 

linearly polarized light will exhibit polarized emission. The degree of 

this polarization measured in the forward direction depends only on the 

orientation of absorption and, emission'oscillators.lf the molecules 

rotate while i~ the excited state, o~ if they constitute an ensemble of 

molecules which interact so that excitation energy is transferred among 

them, the observed 'fluorescence of the system will become depolarized. 

In the absence of molecular movement, the extent of fluorescence depolari

zation is a measure of the extent of energy transfer among differently 

oriented molecules~ 

This may be'seen by expressing the observed macroscopic polarization 

as a function of the energy transfer rate. We start wlth the equation of 

Weber(24) 

liP - lf3=(1/P
O

- 1f3) [~fn(3tos~c9J-l (1) 

where P is the observed polarization, Po the limiting polarization in 

the absence of energy transfer, fn the fraction of the fluorescence 

intensity emitted by the nth molecule to be excited as the energy is 

transferred in the array,and e is the average angle between emission 

oscillators in any pair of molecules. To obtain liP, in closed form, 

, , 
, 

. J 
•. 'J 
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fn should be expressed in the form a x bn, with a and b independent of n. 

In the general case of a random array of molecules in whi ch back-transfers 

occur, a simple expression for fn is not easily obtained. For this case 

we have 
f n ::: 1 '/O>pn (t) e -tiT 'dt 

T Jo . 

where Pn(t) is'.the probability that the nth excited molecule is excited at 
. 

time t, and T is the experimental lifetime of the' excit~d state. The most 

ge~eral exp~ession for Pn(t) is 

p (t) ::: -liT - E W p(u~r) + E w n p (t)p(n~rn) n. . . \.l n).l U \! \! \! 
(2) . 

Here; the w., are pai Yi'li se transfer rates from mol ecul e i to mol ecul e j, 
lJ 

the form of which depends on the st~ength of the average molecular inter-

action, and the p'S are partition functions for a random distribution of 

molecules. The last term is included to describe properly weighted back 

transfers of energy among identical molecules. This equation does not 

admit of a simple solution, and we have not obtained a closed form expres

sion for equatidn (1) in this. general case. 

If, however, back transfer is ignored and certain assumptions are 
the . ,. """":. . . 

made as to the arrangement oflf!101ecular array", Weber(14) has shown that 

.equatton (1) is easily solved. We shall consider:special cases of fluores

cence depolarization due to energy transfer,after describing the model 

system in detail an'd discussing the energy transfer mechanisms in this 

context. 

Description of the system 

First we determine Po' the limiting d,egree:of polarization in the 

absence of ene.rgy transfer, for a two-dimensional monolayer containing 

chlorophyll ~o The'x-y plane is that of the.mono;layer, which is excited 

I 

I 
~ 

" f 
! 
t 
I 

'" I 

. ... 

! 

I 
i 
! 
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from the z direction by linearly polarized light, with the electric 

vector parallel to the y-axis (Fig. la)o The limiting degree of fluores

cence polarization~observed in the z direction, from an ensemble of molecu1es 

is then defined as 

( 3)' 

where Ix and Iy are the average fluorescence intensities with electric 

vectors in the x andy directions. The absorption, A, and emission, F, 

oscillators of a given molecule both lie in the plane of the porphyrin 

ring of chlorophyll ~(25) and define an angle a in.this plane. The oscil

lato~s form angles 6A and 8F, respectively, with the z-axis. The projec

tions of the absorption and emission oscillators in the x-y plane form 

angles ¢A and ~F with respect to the x-axis. The fluorescence intensities 

emitted by thi s molecule in the x and y directions are 

(s; n SA sin ¢A)2(sin 2 
Ix ::: OF cos ¢F) . 

(51 n SA sin 
2' 

~F sin ¢ ) 2 (4 ) 
Iy = ¢A) (sin F 

A rationalization .of thi~coordinate·system in terms of the chemical 

properties of chlorophyll~ is shown.schefuatically in Fig. lb. The place

ment of the carbonyl and, carboxyl groups in the aqueous interface follows 

the reasoning of BellarTIy, ~aL(ll) 

To obtain the macroscopic polarization observed from an ensemble of 

molecules [Equation (3)], the intensities must be averaged over all pos

sible molecular orientations;i.eo, over all azimuthal angles and all 

allowed polar angles, subject to the restriction that a = constant. Per-

forming these operations (see Appendix A), we obtain.finally 

P ::: o . 

2' 2 . 2 
cos a - 2cosa cos SA cos sF+'cOS eA·cos8 F . .. . . - 1/2 

sin2sA Sin 2sF 

(5) 
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If absorption and emission oscillators are parallel, a = a 'and sA = OF' 

The limiting degree of polarization then ,reduces to 

1 2' 4 .- .2cos ° + cos e P = 1/2.= 1/2 
o sin4e 

When absorption and emission oscillators are perpendicular, 

Po = cot2
8A tot2eF - 1/2 

We emphasize that Equation (5), is obtained using the assumption that 

a constant average angle i (Appendix A) determines the orientation of the 

molecular planes with respect to the plane of the ensemble, which assump

tion ,is probably applicable to our experimental model. (11 ,15) In this 

cas~, if a = 0, Po is the sa~e a~ that observed in random three-dimensional 

systems.(26) However, when the absorption and emission oscillato~s are not 

parallel, the limiting degree of polarization in the two-dimensional model 

depends on the orientation of the molecule with respect to the surface as 

well as upon a. In three-dimensional systems, Po is a function only of 

the angle between the oscillators. 

The error introduced into Equation (5) for Poif Sis not constant may be 

determi ned by di fferenti ating Equati ons A2 and A3 with respect to B. We obtai n 

d( cos. 8A) - d( cos. 8F) 
=. cot B de • 

For example, a fluctuation of 30 ,in B for B =155 0 causes an uncertainty in 

cos eA and cos eF of about 4%.-, These values seem reasonable for highly com

pressed monol ayers contai ning chlorophyll ·a. 

Energy transfer mechanisms ( 

. Many discussions :of the criteria for the occurrence.of exciton migra

ti on and i nducti ve resonance ene.rgy trans fer have appeared in the 1; tera

ture. ('17,18) Recently FBrster(2!) has presented a un;fi~d approach to this 
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problem, distinguishing three possible cases. Dependin~ on the relative 

magnitudes of molecular interactions and spectral band widths, energy 

transfer among like molecules may occur by free, or localized exciton 

migration, or by inductive resonance processes. FBrster calculates that 

the approximate boundary between the latter two possibilities is 

characterized by 

U ~ Ae: I /4 ,_ vv i 'V 0 
..... (6) 

Here uvv ' is the vibronic interaction matrix element between vibrational 
... 

levels v and Vi of ~n electronic state, and f:"t' is the vibronic band-

\.'Ji dth; i.e., the interaction energy must be, greater than one-quarter 

of this band width if exciton migration is to occur. In the point dipole 

approximation, the electrostatic interaction energy between electronic 

states of two molecules i and j is 

kij I ~ I 
Uij = ;Zr' .3 

lJ 

2 

(7) 

n ;s the refractive index of the medium, rij the center-to-center separa-

tion of the molecules, r~1 t.heir transition electric dipole moment, and 

k the orientation factor in the dipole-interaction. The vibronic matrix 

element in equation (6) may be written 

- 2 (~)' uvvi = Uij Svv l 

where the vibrational overlap matrix element S~VI ~,l.O. (17) 

Equations (6) through (8) may be used to determine which mechanism 

of energy transfer is likely to occur in chlorophyll-containing mono

layers. In general, the vibronic band width, f:"e:', is obtained from high 

resolution absorption spectra; however, vibrational band fine structure 

is not resolved even in low temperature chlorophyll! spectra, and gas 

, 
, - , 

! 

" I 
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phase spectra of the pigment are not available. F8rster's,uggests that 

30 cm-1 is a reasonable estimate for vibronic band widths, (27) but 

cautions that the existence of localized excitons in a ~ystem where 

vibrational band fine structure cannot be observed is questionqble. We 

calculate IIJI from the relation of McRae and Kasha,(28) using f = 0.2'3 

and A = 6.7 x 10-5 cm, for chlorophyll ~ in a polar solvent. (29) The'n 

for an average refractive index of 1.17 for the monolayer env;ronment(14) 

we have· 

= 1.15xlO 5 kS~v' (9 ) 
r3 

i~'r is the average nearest n~ighbor separation in angstroms. -The 

orientation factor is 

k.. ,= cos W·; - 3. cos w,· cos w· lJ lJ J. 

where Wi and Wj are the angles between the ith and jth transition dipoles, 

respectively, and the line joining them, and Wij i~ the angle between 

dipoles. An average over. all allowed possible orientations of chlorophyll 

molecules in the monolayer is required to obtain k~ For the monolayer 

. geometry, where the line joining any two dipoles is parallel to the mono

.layer plane, we have 

k = sin2BF (cos Wi cos Wj-- 2 sin Wi sin Wj) + COS 2BF 

since we have assumed e is constant and hence Bi = Bj = BF. When this 

expression is averaged over all possible azimuthal angles, we find that 

k may vary from ~ 0.1 for a random array to 1.0 for parallel oscillators. 

If equation (9) is'now substituted into equ'ation (6), we see that 

. the interaction energy of molecules in a random array exceeds one-quarter 

of the \'baridwidth only if the pigment molecules are less than 5 R apart, 
! 

I 
:1 
j 

i; 

'f.' 

IIi 
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provided in addition that the vibrational overlap integral approaches 

unity. This spacing· is approximately equivalent to that of adjacent 

chlorophyll ~ molecules. Thus, in a randomly oriented array, and/or in 

the case that the vibrational overlap integral is significantly less 

than unity, the interaction energy is not sufficiently strong that 

exciton migration is likely to occur. Only in a monolayer containing 

a high mole fraction of chlorophyll ~ in an ordered array, in which ~ase 

fluorescence will not be strongly depolarized, is exciton m~gration 

probable. Otherwise, we predict that energy will migrate among pigment 

molecules by the mechanism of inductive resonance. 

Critical distance for transfer by inductive resonance 

The above considerations suggest .that we consider that energy is 

tranSferred by inductive resonance among chlorophyll ~ molecules in the 

monolayers. FBrster(30) has developed an extensive formalism for the 

general three-dimensional case~ He shows that the rate of pairwise 

/ 

energy transfer is proportional to the square of the interaction energy 

[Equ~tion (7)J and defines a critical distance for transfer, Ro, as follows: 

w" = lJ 
z= 
V Vi ,. 

4 1 (Ro)6 S - - -vv I - T . ri j (10) 

Here, Wij ;s the pairwise energy transfer rate, T is the experimental 

fluorescente lifetime of the pigment molecule, and the other symbols 

are used as previously defined. Ro' which is that molecular separation ; 

at which emission and transfer are equally probable, may be calculated 

from spectral parameters according to an eq~ation obtained from a classi

cal derivation of the transfer rate,(30) 
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R6 .~ .. 9 k2C4 lnlO 
o l28w6 n4 N' 

( 11) 

c ;s the velocity of light, N' the nllmber of molecules in a millimole, 

n the refractive index of the medium, to the natural fluorescence life

time of the molecules, £(v) the extinction coefficient of the molecules 

at fre~uency v, and f(v) the normalized fluorescence spectrum. We will 

compare a critical distance so computed from chlorophyll! monolayer 

spectral properties b.vT\<leet~ et !L..(14) \I{ith separations determined 

from fluores~ence polarization characteristics, as described below. 

Ideally, equation (10) is to be inserted in equation (2). The 

general solution to equation (1) is then obtaine~ for the degree of 

fluoresc~nce polarization .as a function of molecular separation and 

involving the critical distance. Because we have not been able to obtain, 

equation (2) in closed form. we shall instead consider two limiting cases. 

The first is one discussed by F/jrster himself. ," If a single transfer of 

excitation energy among molecules in a random array is sufficient to 

depolarize fluorescence, the relative degree of polarization ;s a direct 

measure of the fraction of initial~y excited mol~cules which fluoresce. 

This assumption obviously represents the greatest possible decrease in 

polarization with increasing energy transfer. In this case, FBrster 

defines a critical concentration Co such that 

C = C o when P = (12) 

At this concentration the average separation between interacting mole

cules is the ~ritical distance Ro.Co may be obtai~~d from plots of 

lIP vs. C. The separation ROt which· in this case of one-step depolari

zation gives an upper limit for the critical distance, is then calcu

lated directly •. 

... 

Ci 
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Alternatively, we may use the approach suggested by 'Weber,(24) 

assuming that fluorescence polarization is inversely proportional to 

an average transfer rate. This assumption implies that the molecular 

array is spatially uniform and omits consideration of back transfer. 

It results in an underestimation of the critical distance for energy 

transfer, because it overlooks the fact that repeated energy transfers 

back and forth between two closely spaced molecules occurs with high 

probability and does not contribute correspondingly to fluorescence 

depolarization. Using this approximation to obtain a lower limit for 

the critical separation, we follow Weber in writing 

(1 - l: \1-," ) . , J (13 ) 

for the fraction of the total fluorescence intensity emitted after 

n transfers. Substituting this expression into equation (1), using 

equations (7) and (10) for the interaction energy and transfer rate, 

and aVeraging over all allowed orientations of the pigment molecules in 

the monolayer geometry, we obtain an expression for the critical trans

fer distance, R' ,as a function of the observed pol~rization and the 

pigment concentration: 

[4 (2a) 
4 

S 1 .. r6 
R' = 

3n(1/Po - 1/3) B(cos 48 + 5/4 sin 48F ) 
F -

(14 ) 

Sis the slope ofa plot of liP vs. C, and B is an angular factor (see 

Appendix B). In calculating this lower limit of the critical separation, 

we have used a modification of F~rster's definition, 

w -,1 (~)6 = 1 k? ij - T r. . T 1,) 
1J ~;s (lOa) 

and averaged over all allowed kij in a random two-dimensional array_ 

- ·1 
( .. " i 
i 
i 

. ! 
i 
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From experimental data we will cal~ulate Ro [Equation (12)Jand 

RI [Equation (14)J and compare these values of the critical distance 

fo~ special cases of inductive resonance energy transfer with that value 

computed by Tweet, et ~ from spectral data. This separation, Ro(sL 

should fall within the range defined by the limiting values obtained 

from the polarization data, if inductive resonance energy transfer daes 

occur among chlorophyll ~ molecules in the monolayers. 

MATERIALS AND METHODS 
, .' 

Apparatus 

, The monolayer fluorometer used in these experiments was a modified 

commercial Langmuir film balance (Central Scientific Company). The 

trough, painted black and heavily coated with paraffin, was mounted on 

a b~se plate on which was constructed an automatic barrier drive mechanism 
l 

similar to that described by Gaines.(31) Gears were chosen such that the 

barrier mo~ed ~t a constant rate df 20 mm/min, corresponding to a change 

in monolayer surface area of 28 cm2/min. The trough, torsion balance, 

and drive mechanism, with the exception of the motor arid gears, could 

be enclosed in a blackened Lucite cover. The torsion b~lance vernier 

extended through this cover, which had windows for observation of the 

float pointer and barrier posi~ion indicator. Ports allowed for sweeping 

the enclosure with inert gas, for spreading the films~ and for positioning 

the photomultiplier. 

The optical system, shown s~hematically in Fig. 2, was designed so 

that the exciting lightwai i~ciden~ alon~ a normal to the surface plane, 

and the fluorescence emitted was observed in the forward direction. The 

1.ight source, an air-colled 100-watt-me'rcury lamp (Gen;eral Electric AH-4') , 

... 
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was mounted horizontally underneath the experimental table. The light 

passed thiough a collimating lens, filters I for isolating the 406 nm 

mercury line (two 406 nm narrow band pass interference filters, Gaird

Atomic, Inc., type 8-1, with infrared blocking; Corning band pass 

filter No.5-58), a polarizer (Polaroid HN 22) which could be rotated 

exactly 90° in its holder, and a 2" diameter quartz windm·J seated in' an 

opening in the bottom of the trough. A shutter sliding between the 

trough mount and table had provision for a colored glass filter used 

as a fluorescence standard. VIe found that a Corning red ,cutoff filter, 

No. 2-63, fluoresced with sufficient intensity iri the region of chloro

phyll ! fluorescence to be useful as a standard. French (32) has 

reported a similar phenomenon for several cutoff filters. 

Filters II for blocki,ng the exciting light (Optical Coating Labora

tories, Inc., dielectric rejection filter, 00 = 2.07 at 406 nm) and 

isolating the pigment fluorescence band (two Corning red cutoff filters, 

No.2-58 and 2-59) were attached to the lower end of the photomultiplier 

holder. A separate holder for the analyzer (Polaroid HR), which could 

be rotated 360°, fit into the photomultiplier holder. 

A red-sensitive photomultiplier (RCA 7326 with 5-20 response) was 

used to detect fluorescence. 'It was operated at 1800 volts from a regu

lated supply. The photomultiplier was not cooled, but it was sheathed 

in a mu metal shield connected to the screen on the photomultiplier 

leads. The photomultiplier output was amplified using a DC microvolt

meter (Keithley, Model 151) and recorder-(Moseley, Model 680 Autograf). 

A 240 K ohm resistor across the voltmeter input terminals reduced 

the noise level of the circuit, but lengthened the time constant to 

approximately 2 sec. 
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Materials 

Chlorophyll ~ was isolated from spinach chloroplasts by column 

chromatography according to the method of Anderson and Calvin,(33) 

and the microcrystalline suspension in :iSooctane stored in a refrigerator, 

under ni trogen. A 11 operati ons wi th the p.i gment were carr; ed out in di m 

. green ',i ght or in the dark. 

Castor oil (Baker Castor Oil C?mpany, dB'refined grade, MH 928, 

viscosity 6.8 poise) Vias taken from freshly opened cans~ Oleyl alcohol 

(9-octadecen-l-ol, Hormel Institute, ,University of Ninnesota) , reported 

to be at least 99% pure, was used directly. 

Plant structural lipids, monogalactodilinolenate and sulfoquino- ' 

vodi glyceri de, were extracted from spinach chl oropl asts and puri fi ed by 

column and thin-layer chromatography by a modification(34) of the pro

cedures ofOIBrien and Benson(35) and Nichols.(36) 

, Benzene (Baker and Adamson or J. T. Baker, re.agent. grade) used as 

the spreading solvent was redistilled from sodium hydride •. All mono

layers were spread on a subphase of 10-3 N aqueous phosphate buffer, 

pH 7.6 - 7.8, made from re.agent grade potassium mono- and dibasic phos

phates and distilled, deionized water. 

~"ethods 
- )' ,.' 

. Standard ,techni ques were used to spread monol ayers from benzene 

. solutions.(37) Pure chlorophyll ~ solutions were prepared by dissolving 

a kno'ttn \'le.ight of dried pigment in benzene. The concentration was then 

checked with the absorption spectrum, using the extinction coefficients 

of Se~ly and Jensen.(38) If mixed films were to be formed, aliquots of 
I 

the pigment solution ItJere combined with aliquots of li~id solution, . i 
1 

., 
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which had been made up to 1 mg/ml in beniene. The final concentrations 

of all spreading solutions were adjusted so that 1 to 4 x 1016 molecules 

could be deposited on the surface in 50 to 200 microliter aliquots. 

t'lonolayers were formed after the fluorometer had been assembled, the 

trough filled and covered, and the enclosed space swept with buffer

saturated nitrogen gas. The light r~aching the photomultiplier with 

polarizers crossed and parallel, and the fluorescence of the standard 

fluorescing filter were recorded before films were spread. After a short 

time had been allowed for evaporation of the spreading solvent, the mono

'1 ayers Vlere compressed at a constant rate to a surface pressure of 

approximately 12 dynes/em. The films' were maintained at this pressure 

while several measurements of fluorescenc~ intensity with polarizers 

crossed and parallel were taken. Thirty-sec to l-min traces \'Jere 

recorded for each polarizer setting to minimize the effects of spurious 

noise from the mercury arc and photomultiplier. The final barrier posi

tion was read from a scare on th~ cover which was ~alibrated to actual 

position on the trough. 

We also observed the fluoiescen~e polarization of three-dimensional 

viscous solutions of chlorophyll ~ using the monolayer fluorometer. 

This was accomplished by placing a small covered pyrex petri. dish con

taining solutions, prepared as described by Goedheer,(39) directly over 

the window in the bottom of the empty trough. The edges of the dish 

were masked to avoid light scattering. Fluorescence intensities were 

measured as described above for films. In this case, however, the petri 

dish filled with solvent was used to obtain blank readings. 
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The degree of~fluorescence polarization'was'calculated from each 

pair of readings with polarizers crossed and parallel according to 

p = . "ll 
2 I..t. + II 

= 
I" . - I..J,. 
III + J:.1.. 

(15) 

where ll.= III - I:.L. The intensity values \-Jere corrected for the signal 

observed in the absence of a film and for variations in source intensity 

as indi cated by the fluorescence standard. Then the average value and" 

standard deviation of P were computed for each sample film or sol~tion. 

If the chlorophyll ~ moleculesar~ fixed in the systems, the li~iting 

polarization, Po' is reached at infinite dilution, when no e'nergy transfer 

can ·occur. He dete,rmine this degree of polarization in each diluent lipid 

by extrapolation of a plot of lIP vs. pigment concentration per unit area 

. (or per unit volume). The critical distances for transfer by inductive 

. resonance.[Equations (12) and (14)J are obtained from the slo~e of the 

l~ast-squares straight line fits to these data at low concentration. 

RESULTS AND·DISCUSSION 

Viscous solutions of chlorophyll a 

Several workers(39,40,41) have reported limiting fluorescence 

polarizations of fo =0~2 ± 0.04 for chlorophyll ~ in castor oil, 

excited by 406 nm 1.ight and observed "lith 'co~ventional apparatus. 

Extrapolation of olir data for 'this system yielded a maximum polariza

tion of 0.214 ± 0.008, in .agreement with the published values. For 

chlorophyll ~dissolved in oleyl alcohol, ~e obtained a maximum polari

zation of 0'.109 ± 0.025. A lO'\'1er limitin'g polarization is expected in 

this solvent, owing to the lower viscosity of the alcohoL 

The maximum polarization possible in the absence of energy transfer 

or rapid molecular rotation in a random three-dimensj~mal array of 
j 

;. 
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molecules is 0.5. This value is reached \'1hen the absorption and emission 

oscillators are parallel.(16) The published value of 0.42 for the 

polarization in the long wavele,ngth region ShO~IS that chlorophyll ~ in 

castor oil solution undergoes little, if any, rotational depolariz~tion.(40) 

The absorption band near 406 nm has been assigned to the By transition, 

which is approximately parallel to the oscillator responsible for emis

sion.(40,42) The low observed polarization at 406 nm, which is about 

, half the value expe~ted for a parallel transition, probably results 

from a parti al overl ap with the Bx band centered near 435 nm together 

with a somevlhat non-parallel orientation of the By and the emission 

ostillators. Calculation of transition moment directions using a point 

monopole expansion for chlorophyll a supports the latter conclusion.(43) 

Extrapolation of our polarization measurements'to infinite viscosity. 

using a double reciprocal plot(26) yields a maximum polarization of 0.24, 

which is still well below the theoretical limit. Using the equation of 

Perrin(26) for the limiting polarizati~n in three dimensions and our 

value, 0.24, for Po, we find the angle bet\'leen the effective 4·06 nm 

absorption and red emission oscillators to be about 35°. 

Pure chlorophyll' B. mono 1 ayers 

The fluorescence of several pure chlorophyll ~ monolayers \'las 

recorded at a surface pressure of 12 dynes/em. In no film did the 

degree of polarization calculated from equation (15) exceed 0.008. ,In 

most cases it was less than this. The relatively weak fluorescence did 

not limit the precision of the measurement, which was ± 0.004, even for 

large, highly polarized signals. 
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In a monol ayer of pure chlorophyll a the pi gment molecules are 

sufficiently close to each other that the occurrence of an exciton 

state is a possibility. Hovlever,.even in the absence of exciton migra

tion, energy transfer would be expected to proceed very rapidly among 

adjacent molecules. If the chlorophyll! molecules were randomly 

oriented with respect to the normal to the film surface~ the fluores

cence should be depolarized regardless or' the. energy trnasfer mechanism. 

We observed unpolarized fluorescence, which s~ggests that the pigment 

mol ecul es are unordered in a pure chl orophyll ~ monolayer on an aqueous 

subphase. 

Ch10rophy1la in lipidmonolayers 

figs •. 3 and 4 show the observed degree of polarization as a func-

tion of the fractional area occu~ied by chlorophyll a in monolayers of 

the four diluent lipids used. Areas are calculated from pressure-area 

data for pure lipid and for pure pigment films, using the assumption 

that all chlorophyll a molecules are tilted out of the monolayer plane 

to the same extent. As. discussed above, the error so introduced is 

probably small. The dependence of relative fluorescence yield per u~it 

area occupied by chlorophyll, ffl/'Po' upon pigment concentration is also 

shown in the figures. 

The fluorescence yield and ~egr~€'of polarization of the pigment 

decreases as chlorophyil concentration in monolayers of all four diluent 
.. 

lipids ihcreases. On the basis of results for pure chlorophyll mono-

layers'we would expect the polarization to decrease to less than 0.01 

as the pigment concentration approaches unity. HO\,lever, in films of 

castor oil, oleyl alcohol, and sulfolipid the fluoressence polari~ationl 

• 
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does not appear to fall to zero. This phenomenon wa~ checked carefully 

in films of chlorophyll ~ andsulfolipid • 

Feofilov and ~veshnikov(44) have observed that fluorescence polari-

zation of some dyes fails to approach zero at high concentrations in 

viscous solution. As in the present case, the phenomenon occurs in the 

region of strong fluorescence quenching, where fluorescence lifetimes 

are considerably shortened. It has beenattributed(16) to a substantial . 

reduction of the number of energy transfers possible during the shortened 

lifetime of the excited state. We question whether this explanation is 

comp_lete ly sati sfactory for our pi gment-·contai ning mono 1 ayers, because 

the polarization falls smoothly to zero as chlorophyll ~ concentration 

is increased iri.monogalactolipid films (Fig. 4A). If lifetime shortening 

were due simply to increasing concentration,we would expect residual 

fluorescence polarization .at high pigment concentrat{ons in this lipid 

also. Instead, the diluting lipid seems to determine the p6larization 

behavior of the pigment in the monolayers. 

The observed results may be accounted for if chlorophyll ~ is 

randomly dispersed in films of galactolipid, but is partially oriented 

in the other lipid monolayers. In these. latter films, increasing pig-

ment concentration would not cause a correspondipg decrease in polariza-· 

tion, because the concommitant increase in energy transfers \'!ould be 

occurring a~ong partially aligned molecules. This explanation is 

applicable regardless of .the extent of pigment aggregation. On the 

other hand, pressure-area behavior of the mixed films indicates that 

chlorophyll a is indeed miscible with these lipids.(1~,34) 
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In mixed monolayers in VJhich the pigment molecules are oriented 

at the higher concentrations, the value of kin equation (9) 1tlould 

approach unity ,and exciton migration could possibly occur. Fluorescence 

'. polarization measurements might not reflect this change in energy trans

fer mechanism upon increasing concentration, because the degree of 

polarization .shoul.d reach a constant minimum value owi.ng to the molecu~ 

lar alignment. Exciton interaction may therefore be effected by the 

diluent lipid, insofar ~s the lipid determines the extent of pigment 

.orientati6n at close order. 

·Re.cently Sperl ing and Ke(45) presented evidence for the existence 

of pigment aggregates in pure and mixed monolayers of chlorophyll ~ 
. . 

and arachidic.acid. The extent of thjsaggregation changed \'1ith time, 

and the ~ggregates, initially containin~ some degree o~ order, appeared 

to become di sordered ~·;ith time \'Jhen removed from an aqueous to'a 1 i pi d 

surface. t;ie detected no systematic decrease in'in situ monolayer 
,J:;t-: --

fluorescence polarization with time u~ to the point of substantial fall 

in fluorescence yield of ihe samples. (Measurements were not made beyond 

this time (ca. 45 min), as we assumed that the dec~ease in yield reflected 

chemical changes of the pigment fr6m prolonged exposure to li~ht and 

water.) This finding indicates that the changes in molecular o~der 

observed by Sperling a.nd Ke may have been due to the treatment their 

films rec.eived. 
. ' 

The polarization data at low chlorophyll ~oncentrations in mixed 

films is plotted as lIP vs. C in order to determine the limiting polari

tatio~, Po' in the ~bsence of.energy ~ransfer for each system (Figs. 5 

and 6). These values of Po' T~ble. 'I, are well belo0 those calculated 

• 

. . 
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from equation (5), assuming either that the emission and absorption 

oscillators are parallel (a = 0°, Po = 0.5) or that they form an angle 

(a = 35°, Po = 0.36 ± 0.09). This result suggests' that the monolayers 

under compression were not rigid systems, and further, that monolayer 

viscosities are lower than the corresponding bulk viscosities. Although 

molecular movement is no doubt restricted in monolayers under pressure, 

it is unlikely that it is completely prevented in these liquid-expanded 

films. 8y permitting molecular motion, media of finite viscosities 

would lower the observed values of the limiting polarization. , 

He can use the same fluorescence polarization data to calculate 

critical distances for energy transfer by inductive resonance. The 

slopes of the liP vs. C plots are obtained from the least-squares 

straight line fits to the data. From these values and the limiting 

polarizations, we can compute Ro [Equation (l2)J and ~I (Equation (14)J, 

the upper and lower limits, respectively, of the critical separation. 

For the calculation of R', it \';as necessary to assign a value to 

the molecular diameter, 2a,and to determine OF. ~'Je fol1m\fed S-=l1amy, 

et~j.(ll) in computing the angle B from the average area per pigment 

molecule at the surface pressure at which fluorescence measurements 

were made. Then, from equation (A2), OF = 72 ± 4°. We assume that the 

effective molecular diameter is equivalent to the distance of closest 

approach of two pigment molecules in the film, which separation may 

vary from the thickness of a porphyrin ring, about 5 ~, to the length 

of its side, 15 g, i.e., 2a ~ 10 ~ 5 t 
The results are summarized in Table 1. The assu:nption that one 

transfer of energy is sufficient to depolarize emission yields a critical 
i 
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transfer distance·thr~e t6 four times as la~ge as the alternative case 

involving repzated transfers among fluorescing molecules in a uniform 

.a rray, as menti oned previ ous 1y • 

The experimentally determined limiting values, Ro' for the critical 

separation for inducti~~ resonance energy transfer are to be compared 

"lith the quantity Ro(s) calculated from chlorophyll ~ monola.yer spectral 

propel"ties by T\'leet, et a1. (14) Starting vdth FBrster's relation 

[Equation (ll)J, they used an average va1u~ of the orient~tion factor 

appropriate to the monolayer geometry and approximate values for the 

refractive index of the medium, the monolayer molar extinction coeffi

ci ent, and the experi mental fl uorescence 1 i fetime. They found Ro (s) = 

54 ! 8 2, allowing for the, shift of the red absorption maximum of the 

pigment in the film. This value falls betvJeen the upper and 1m'!er 

limits of the critical distances listed in Table I for each of our 

, . experimental systems. 

t-iesee that Farster's assumption that one energy transfer is suffi

cient to effect depolarization is approximately valid for castor oil and 

oleyl alcohol diluents, but apparently not for the chloroplast lipids . 

. In the latter mixed monolayers, more than one transfer of the excitation 

energy is apparently required. This may,in the case of sulfolipid where 

the degree of polarization never approaches zero, be due to a partial 

orientation 'of chlorophyllby the lipid molecules. 
. ' 

The values of R' in Table I, wh~ch are calculated assuming that 

the pigment system is a uniform array in which back transfers do not 

occur, si gnifi cantly under.estimate the criti ca 1 di stance. Thi s sugges ts 

that back transfers, or energy transfer to similarly oriented molecules~ 
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are frequent,and also that the chlorophyll molecules are probably not 

unif6rmly distributed in the lipids. , 

CONCLUSIONS 

The energy requirements for the existence of exciton states in a 

lipid monolayer containing chlorophyll! indicate that such states are 

unlikely to occur in a random array of pigment molecules separated by 

diluent. On the other hand, in a highly ordered array the transfer of 

excitation energy by exciton ~igration amo.ng non-adjacent chlorophyll 

molecules is a possibility. 

When the interaction energy is not sufficiently strong that exciton 

states exist, energy transfer can occur by inductive resonance. Such 

transfer may be characterized by a critical distance, originally defined 

by F5rster.(30) An upper limit and an underestimation of the critical 

separation, Ro and R' respectively,are calculated from fluorescence 

polarization data for several monolaye~ systems, and compared with the 

value, Ro(s), obtained from spectral parameters by Tweet, e~ ~(14) 

In view of the .assumptions made in these calculations, inductive 

resonance energy transfer appears adequate to account for the observed 

polarization behavior. These assumptions, however, are not rigorously 

applicable to the chlorophyll-chloroplast lipid monolayers. The pig

ment molecules are probably not uniformly dispersed in these lipids. 

With sulfolipid films, in addition, residual polarization at high pig

ment concentrations suggests that the chlorophyll ~ in these monolayers 

is partially oriented. Thus the. mechanism of energy transfer among 

chlorophyll! molecules in a monomolecular layer depends not only on 

the pigment concentration, but also on molecular orientation, which 

may be under the influence of the lipid environment. 
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Appendix A 

In the model system for chlorophyll a at an air-water interface~ 
- -

the azimuthal angles <PA and <PFare related by 

, -1 [' cos . ~ -cos sA COS6FJ . 
~F = ¢A - cos. • 

. sin SA sin sF . 
(Al) 

The porphyrin ·plane is assumed to be tilted vlith respect to the monolayer 

plane, the angle of tilt depending on the extent of compression. (11) ~~e. 

: sped fy thi s ori entati on by the angl e S formed by the normal to the 

porphyrin plane (the posit;vedirection into the subphase) and the-sur

face normal (z-axis). TheneA may be defined in terms of eF' Ct., and S 

according to 

cos 0A = cos a cos SF : sina (sin2s - cos 2eF)1/2 

By observing the spati alan i sOr~ropy of fl uorescence i ntens Hy from a mono

layer containing chlorophyll ~, Tweet, et al.(15) calculated that 

cos OF ~ sin 20° cos (13 - w/2) = 0.34 sin S 

~\Je obtain thus 

cos eA = sin B (0.34 cos a ~ 0.94 sin a) 

(A2 ) 

(A3) 

0A and SF depend only ana a.nd s. ais fixed in the molecules, but is a 

function of the wavelength of illumination. Bellamy~ ~ a1. (11) and 

Tweet, et al. (13) present evi dence suggesting that for a chlorophyll ~ 

monolayer under constant compression, the average value of B is a con

stant determined by the compression. If \'Ie assume that "B" is indeed 

constant,. equation (Al) may be written ¢F = ~A - y, wherey is a constant 

angle. Substituting this expression into equations (4) and averaging 

over all ¢A from 0 to 2w, yields upon substitution into equation (3) 

~os2a~2cos ~ co~ eA cos eF+:cos2eA.cos2eF 
Po = . - 1/2 

sin2eA sin2eF 
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Substit'ution'bfequation (13) into' equation (1) yields, upon, 

expansion of the sum,(,24),' 

lIP - 1/3,= (l-/P
o
'- 1/3) (1'.j.'3 sin2e "'1:Wi5 ), 

2 .. .1- L\'Iij 
, . 

Now, we have from F6rs;er(rl:~), 6 ",',' 1 ,', '(R,')'6 . 
w, l"J" ',= -;- - '= '- k2 -, • " r" 1" .. r" ," 1J ,,' 1J" , 

: .,. . 

'j , 

" '" Then the average transfer rate is given by , 

"qffp'rrij);drij ,k2\ ',', !, '" 

" )2~' (rij)6 /anql~S' " 
, , ~ 

(61 ) 

(62) 

\,." " 

'., '; 
. -J' 

" .. 
• ,' . 'T~ . 

r~ '.~ • I 

I , 
" 
! , .. ', .~ 

",\ l.,.; ; 

':-, .,' 

if 2a is the molecular diameter, and p(rij) is ihe radial distribution " 

function for the molecules. The average is to be taken over all a}lo\'Ied 

angles in the IIrandom ll array. For the model two-~imensional'system at 

"'h~nd, thi s is equi val ent to i ntegrati on ove'r ,~i and ¢ j from 0 to 2'IT, ' " ",", 
• ,I "'.':. • ' • ~ ,j., .,', 

,. 
and substitution of ei = ej = eF. ,The two-dimensional density function /,' 

i~ 2nrC dr; where Cis ,the concentration per unit area~ , Performing the 

integrations indicated in equation (B3), and sUbstitution into and' .. ," 

,", . 
. rearrangement of equa,tion (81) then gives . "" " " J' 1/6 ' 

'R', ='f4(2a)4 s1ope:' ',B' ('C'o's'4
e
'F' '~15'/'4' 's'l'n~e'F''') ", ' . t3'IT(1/Po ~ 1/31 , 

. ," .... 

, " 
, " 

. ....;:.t,.. .. ~. . 

, :. ~ ~" " . 
. . "" ." ... : :--:". ' .. ,~ 

">":" 

'., ' 

" -', ~ 

" . ~~ ~ . 

"' • • < • 

" '.,' , , 
.';'. 

'-;. 1., ..•... !>~ . 
' •• r ,'., . ~ '. 

, . . :. . . 

. .' . , .' .. :. .' ~ . 
\:. .'. 



, , 

'. , .... ____ ." _r ______ _ 

':.'" -

~.' 

~ (I 

~ ... 

Tuble r.' CRITICAL DISTANCE FOR ENERGY TRANSFER IN DILUTE CHLOROPHYLL a j~ONOLAYERS 

Li pi d dil uent Slope* 1 /P 0 - 1/3*, - -

Castor oil (5.4 ± 0.6) x 102 16.5 ± 1.0 

01 ey1 -a 1 coho'l , (746 ± 1.5) x 102 , ,21.2 ± 4.2 

Monoda1actolipid (11.4:t 2~1) x 102 9.4 :t 2.2 

Su1folipid. ' 

*From Figs. 5 and 6 

tEquation (12) 

, ttEquation (14) 

(9.3 :!: 0.9) x 102 " , • ,14.0 :t 1. 9 , 

Rot, Rltt 

57 :': 4 g 17.5 :t 6 ~ 

57 ! 11 R 17.5 ± 11 R 

88 :t 22 ~ ,21.5:t 8 ~ 

78 :t 9 R 19.5 ± 7R' 
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Orientation'of mq1.ecularabsorption, A, artdernission~ F" 

oscillators of chlorophyll a with' respect to' a monolayer' " -. " 

" " ' . '. 

, surface, (xy plane). A and Fare 'in'the. plane of the porphyrin 'Ji 

'ri,ng. ,See text, for definitions of angles • 

•• (MUB-14008) 

b.' Proposed orientation of a chlorophyl,l a molecule at an 

aqueous interface. (11) , , 

" (~1UB-14007) 
. . . , . . 

Fig., 2., t1ono1a.yer fluorometer optical and electroriicschematic 

diagram. ,See text for detai's. 

(f,!UB-14006) , 
" , , 

"Fig. 3., ,Concentration dependence of relative fluorescence intensity 

(--1>--) and fluorescence polarization (-0-) of chlorophyll a' 
, ' 

, in mixed monolayers. Curves are calculated from least- ' 

squares fits to the data •. 

(XBL 676-1136) 

Fig. 4. Ditto 
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~ig. 5. Dependence of the reCiprocal fluorescence polarization on 

chlorophyll ~ concentration in mixed monolaye~' The least-. 

squares stra,ight line has been extrapolated to' zero concen

tration to obtain the limiti.ng degree of polarization,. Po, 

in each case. ' 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Co~
mlSSlon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provide~ access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






