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‘ ABSTRACT

In mixed monojayers with purified chloroplast g]ycé]ipids and
other colorless lipids, ch]orophyll a fluorescence exhibits a decfease
in quantum efficiency with increasing chlorophyll concentration. The
fluorescence, which is strqngly_polarized in dilute films, becomes
progressively depolarized as the area fraction of chlorophyll increasés;
and it“is'éompletely depolarized in a pure chlorophyll a monolayer. The.
observed behavior is consistent with an inductive resonance mechanism
of energy transfer amdng the chlorophyll molecules with a critical
transfer distance of 20 to 80 X, depending on the model chosen for thev_"
energy transfer mechanism. ' .

The purified glycolipids--mono- and digalactosyl diglycerides and'“
' sulfoquinovodig]yceride--separatei} form stable, compressible monolayers
of the Tiquid-expanded type on an aqueous subphase and in an atmosphere’
of nitrogen. At maximum compression the three g1yc01ipidsvoccupy areas;:
of.55,.80, and 47 A2-molecule~l, reépective]y, in the mono]ayef. Mixed
: mdno1ayer$ of chlorophyll g.with, separately, the monoga1actd]ipid and
the sulfolipid behave upon compréssidn as two-dimensioné]lsolutions.
The f1uore§cence polarization at high‘ch1or0phy11 concentrations in
mixed monolayers indicates that several of the 1ip5d diluents facilitate

Tocal ordering of the pigment molecules.

B2 Tk % | %



~3-
A photosynthetic unit consists of a number of chlorophyll molecules

associated with a rate-Timiting darklstep in the particular photochemical

reaction sequence under investigation. Depending on whether one measures
oxygen evolution accompahying €0, fixation(1) or the Hill reaction,(2’3)

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

' cytochromes present in low concéntrations,(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
tharacterized; the chlorophyll contained in it must act cooperatively

in absorbing light quanta and in transferring the excitation energy to

aﬁ associéted site of chemical activity. Despite extensive investigation

of physical and chemical properties of the photosynthetic apparatus, the

~mechanism of this energy transfer in vivo has not been unequivocally

————

determined;

Since Hughes, (6)Hansen (7) and Langmuif and Schaefer(s) fifst made
mono1ayers of mixed chlorophyll a and b extracts in the 1930's, numerous
workers have 1nvestigated chlorophyll a-containing films. A review of
these studies appeared recent1y.(9) The results suggest thaf'these
model systems are we11 suited to our'ﬁurpose. The compress1on behavior
and spectroscopic properties of pure chlorophyll a mono]ayers are well

characterized, (10,17,12)  Mjxed films of the pigment with surface active

1ipids in which 1t is miscible appear to be 1dea1 two d1mens1ona1 solu-

tions. (13) Their absorption spectra have str1k1ng s1m11ar1t1es to those
of biological material. The dependence of chlorophy11'3_fluokescence
y1e1déon pigment and/or quencher concentrations in monolayers indicates

that energy transfer occurs among pigment molecules in the interface
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environment.(14) A]thdugh emission from diluted chlorophyll a -mono-
layers has been reported as depolarized, the experimental arrangement o
used in the study did not permit theoretical ana]ysiﬁ;(]s)

We have studied the fluorescence properties and electronic energy
transfer of chlorophyll g_m91ecu]§sviqimono]ayers at a nitrogen-water
interface. Mixed films of chlorophyll together with colorless surfabe-v
'.active 1ipids undergo increased fluorescence quénching and depo]ariza;“v
tion with increasing chlorophyll a concentration in the films. The
e*perimenfa] evidence shows thatithé pigment molecules do not move
freely in these envirohments; -Thus, transfef is restricted to a non-
radiative mechanism which does not involve transport of mass and does
not in génera1 require pigment contact. (16)  Two such mechanisms, |

inductive resonance(17) and exciton migration,(ls) have been treated SR
20)

| extensively in the literature. Franck and Livingston(19) and Katz
suggested a role for these processes in photosynthesis many years ago.

~ Lacking sufficient experimental informatibn, they were unable to eya1uaté

the relevance of the mechanisms. The question of which, if either, of-’;

these mechanisms occurs 1n>ch16rob1ast lamellae has not yet been'resoTQ;d.
We have examined the applicability 6f'these two mechanisms po~od? model

‘systems. Exciton migration appears to be possible only ih a random

'i-_'two-dimehsiona1.érray of chlorophyll a at very,hfgh pigment concentra-

tions. Energy transfer by inductivg resonance accounts satisfactorily
for our experimental results over ;heﬁfu11 range of_cbncentrations
': studied. o | .' _
" The diffusion of Tocalized excitdn; has recently received attentfon
as a possible means of énergy transfeﬁ_in the photosﬂnthetic apparatusk(ZI'zz)

b
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Accordfng to Trlifaj's mdthematica] treatment of this mechanism the
energy transferTrate.is'propoktionaI to the inverse sixth power of the
intermo]ecu1ar'distance,(zs) As this dependence oh separation is also
exhibited by inductive resonance energy transfér, the two processes
cannot be distinguished by our method of investigation.v
THEORY =

Fluorescence depolarization by enerqy transfer:

An array of ffxed, isolated, randomly-oriented molecules excited by.
linéar1y polarized Tight will exhibit po1arized emission. The degree of
this‘pOTarization measured in the forward direction depends only on the
or1entat1on of ausorpt1on and emission oscillators, " If the molecu1es
rotate wh11e in the exc1ted state, or if they constitute an ensemb1e of
molecules which interact so that excitation energy is transferred among
‘them, the observed;fiuore$cence of the system will become depolarized.
“In the absence of mo]ecu1ar_mdvemeht,'the extent of'f1uorescence depolari-
zation is a measure of the extent of energy transfgr among differently
or1ented molecules,

Th1s may be: seen by express1ng the observed macroscop1c po1ar1zat10n

as a function of the energy transfer rate. We start with the equation of
(24) |

o
1/P - 173 = (/P = 1/3) [an 3.&)5%4)] ' (1)

where P is the observed polarization, P, the Timiting polarization in

Weber

the absence of ehefgy”transfer, f, the fraction of the fluorescence
intensity emitted by the nth molecule to be excited as the energy is
transferred in the array, and o is the average angle between emission

oscillators in any pair of molecules. To obtain 1/P in closed form,




" Here, the.w,

C6e

fn shou1d be expressed in the form a x b" , with a and b 1ndependent of n,

In the general case of a random array of mo]ecu]es in wh1ch back-transfers

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

we have . : - Jes SR
1 5TET -t/t .
R i ?:jgj Pn € d?

th

where pn(t) iSwthe’probabflity that the n"" excited molecule is excited at

~time t, and 1 is the experimental 1ifef1me‘of the-excited state. The most

- o genera1 expression for pn(t) is

palt) = =1/% = mwe pluar) + gy b (Op(n,r) o ()

R ¢ R u v

i3 are paﬁrwise transfer rates from mo1ecu1e i to mq]ecu1e Js |
the form of which depends on the strength of the average molecular inter-
action, and.the p'S'are partition functions for a random distribution of |
molecules. The 1ast 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 equation (1) in this general case.
If, however back transfer is 1gnored and certain assumpt1ons are

: the o
made as to the arrangement of /molecular array, Weber(1 )

has shown that
;equatmon (1) is easily solved. We shall cons1der15pecia1 cases of fluores-
'cence depo1ariiaﬁion due to energy transfer, after describing the mode]
system in detai]iand discussing the energy transfer mechanisms in this
context, |

Description of the system

First we determine PO,,the 1iMiting degreezof'pblarization in the .
absence of energy transfer, for a two-dimensional monolayer containing

chlorophyll a.- The x-y plane is that of the monolayer, which is excited

A, At g AT ¢ Tty T AT i VST A= g =

—— e

S st T s o ——
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from the z direction by linearly polarized light, with the electric

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

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

~is then defined as -

I, -1
o oy oy

where f; and f& ére the average fluorescence intensities with electric
vectors in the x and'y directions. The absorption, A, and emission, F,
oscillators of a given molecule bofh lie in the plane of the porphyrin

ring of chlorophyll 2‘25)

and define an angle « in.this plane. The oscil-
Tators form Qng1¢s 0, and Ors respective]y, with.thé'z-axis. The projec-
tions of the absorption and_émission oscillators in the x-y plane form
angles ¢A and ¢F with réspect to the x-axis. The fluorescence intensities
emitted by this molecule in the x and y directions are

. . 2, . 2
(sin 8 Sin ¢A) (s1‘n\eF cos ¢F).

2 | (4).

Ix

o . 2, .
Iy = (S]n 8- Sin ¢A) (Sjn 8r s1n.¢F)
A rationalization of this. coordinate system in'terms of the chemical

i

'prOperties of chlorophyll a is shoWn.schematica11y in Eig; 1b. The place-
ment of the carbony] and carboxyl groups in the aqueous interface follows
the reasoning of Bellamy, ggigli(]])
To obtain the macroscopic polarization observed from an ensemble of
'_ molecules [Equation (3)], the intensities\must be averaged over all pos-
sible molecular orientations;”j;g:J*over‘a11 azimuthal angles and all
allowed poTar angles, subject to the. restriction that « = constant. Per-

forming these operations‘(SEe Appehdix A), we obtain finally
" cos - 2C0S .6 COS 0, COS 6.+ 080, OS2
_ C0s’a - £C0S.a COS §p COS Bp.+.COS By COS Op |
Po = —— - 172 (5)
_ sin“e, sin“e. o
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If absorption and emission oscillators are para11e1, e = 0 ‘and (%'=

| The limiting degreé~of”po1érization_then,reduces to

» 2 4

O .

. s1n4e
When absqrptionpand emission osci11ators are perpehdicu1ar,
| | Py ='cot26A cotze - 172
We emphasizelthat Equation (5). 15'0bta1ned'Usﬁhg the assumption that
a constant everagevang1e E-(Appendix'A) determfnes the orientation of the
mo]ecu]ar p]anes with respect to the plane of the ensemb1e which assump-"

(1,15) 11 this

~‘tion is probably app11cab1e to our exper1menta1 mode]
~case, 1f a =0, P0 is the’same as that_observed in random three-dimensiona]
- Systems.(26) .However,_when the absorption and emission oscillators are not
para]]e] the 1imiting degree of po1arization in the two-dfmensiona1 mode] |
depends on the. or1entat1on of the molecule with respect to the surface as
f we11 as upon a. In three- d1mens1ona1 systems, Po is a funct1on only of
~ the angle between the‘OSC111ators.

The error introduced into Equation (5) fbh Po,if g8 is not constant may be

- determined by differentiating Equations A2 and A3 with respect to g. We obtain

| d(cbs.eA) ) d(cos,eF) _ .
cos 0, " Tcos Br .='~C°t g dB )

For examp1e,=a fluctuation of 3°.in g for E = 155° causes. an uncertainty in
cos eA.ahd cos o of about 4%.- These values seem reasonable for highly com-
pressed monolayers contéinihg ch]orophyll.g;

" Energy transfer mechanisms =~ .-« ¢

Many discussions-of the criteria for-the-occurrence,of exciton migra-

| t1on and 1nduct1ve resonance energy transfer have appeared in the litera-

(17 18)

ture. Recent]y Fdrster(zz) has presented a un1f1ed approach to th1s

-

N v e e
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problem, distinguishing three possible cases. Depending on the relative
magnitudes of mo]ecu]ar‘inteéactions and spectral band widths, enerqy
transfer among like molecules may occur by free. or localized exciton
migration, or by inductive resonance processes. FUrster calculates that
the approximate boundary)betweeh the latter two possibilities is |
characterized by _ ’
"uyv; Q Ae'/4l. ) i~,~”"  ~(6)
Here u,y,' is the vibronic interaction matrix element between vibrational
levels v and v' of an electronic state, and}Ae'lgg the vibronic band-
width; i.e., the interaction energy must be greater than one-quarter
of this band width if exciton'migration is to occur. In the point“diho]e
approximation, the elegtrostatic interaction energy between e1ectronjc
states of two molecules i and j is |
' kijlulz,
uy; = ;2;:g§‘ ‘ "_ (7)
n is the refractive index of the medium, rjj the center-to-center separa-
tion of the molecules, [u| their transition electric dipo]e moment, and
k the orientation factor in the dipo]e~interactioh. The vibronic matrix
element in equation (6) may be written
| upyi = Uij Sev' s e
where the vibrational overlap matrix element Ssv. N 1.0.(]7)
Equations (6) through (8) may be used to determine which mechanism
6f energy transfer is likely to occur in chlorophyli-containing mono-
1qyers.  In general, the vibronic band width, aAc', is obtained_froh high

resolution absorption spectra; however, vibrational band fine structure

is not resolved even in low temperature chlorophyll g_spectra,'andvgas
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phase specthé'qf the pigment aré’not available. Flrster suggests that
30 em | is a reasonable estimate for yjbroﬁic band.widths,(27) but
cautions that the existence of localized excitons in a system where
! Vibrationa] bana’finé Struct&re cannot be observed is questionable. Wé :
calculate [ﬁl from the re]ation’of McRae and Kasha,(28) using f = 0.23
’and_* = 6.7 x 107° Cm;;for‘chlorophy11 a in a polar solvent.(29) Then -
for an average réfractiVe indexvof 1.17 for the monolayer environment(14)
we have;_'. | 2' v
| | ey )

Uoor = 1.15 x 105

vwv'
r

if.r is the average nearest neighbor separatidn in angstroms. “The
orfentation factor is | | |
kij .= .COS Wij -3 cosvwi.cos‘wj‘ R
where @i_and_wj arevthe,ang1es between the ith and jth transition dipoles,
‘resp9ctiveiy, and the line joining them, and Vi is the angle between
',dipofes. An averageoveré]] allowed possible orientations of chlorophyll
 tmo1ecuies 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
ZeF'
‘since we have assumed g is constant and hence 8 = 65 = 6p. MWhen this

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

k = sihzeF (cos ¢1 cos'wj~- 2 sin y; sin wj) + ¢os

ﬂ'*k'may'Vary from ~ 0.1 for a random array to 1.0.for parallel oscillators.
If equation (9) is-now substituted into eQuatipn (6), we see that
. the interaction enérgy of molecules in a random arfay'exceedé one-quarter
of the “bandwidth only if the pigment mb]ecu]eé are less than 5 R apart,

S : { P

4

|
]

P
i
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provided in addition that the vibrational overiap integral approaches
unity,’ This spacing:iS‘apprbximate1y equivalent to that of adjacent
chlorophyll a molecules. Thus, in a randbm]y 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 6f chlorophyll a in an ordered array, in which case
fluorescence will not be strongly depolarized, is exciton migration
probab1e. Otherwise, we predict that energy will migrate among pigment

molecules by the mechanism of inductive resonance.

Critica]'distance for transfer by’inducfive resonance

The above cons1derat1ons suggest that we consider that energy is

transferred by inductive resonance among chlorophyll a mo1ecu1es in the

monolayers. Forster(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

[Equation (7)] and defines a critical distance for transfer, Ry, as follows:

f fugsl® ST 1 (R .
wij——'—h—-A—ET—' v’.vn.vau = ’rij (10)
Here, Wi j is the pairwise energy transfer rate, t is the experimental

fluorescence 1ifetime‘of the pigment molecule, and the other symbols
are used as previously défined. Rg» Which is that molecular separation '
at which emission.and transfef are equa11y probabie, may be calculated
from spectral parametefs according to an equation obtained from a classi-

cal derivation of the transfer rate,(3o)
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6 . 9k%4 110« o f b
R™. = MALE X e(v) f(v) dv (1)
0 28t o N

: 0 .
¢ is the yeTocity of Tight, N' the number of molecules in a millimole,

'n the refractive index of the medium, 1, the natural fluorescence Tife-
f, time of tne:mo1é¢u1es, e(v) the extinctfon coefficient of the molecules
at frequency v, and f(v) the normalized fluorescence spectrum. We wf11
compare a'critica1 disténce_so computed from chlorophyll g_mono]ayer
:spectra] properties By,Tnéet; EE.él;ﬂ14) with separations determined
_from‘f1uoréséénce pq1arization chanacteristics; as described below.

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

vgenéra] solution to equétion (1) is then obtainédAfor the degree of

'Fluoreécence po]ariiatibn.as a function of molecular separation and
"'invo1ving the critical distance. Because we have not been able to obtain;:
a equation (2) in closed form, we shall instead consider two limiting cases.
The first is one discussed by FBrster‘himse1f..;If a.single transfer of
L excitation energy among molecules in a random array is sufficient to

*v_depo1arize'f1uoréscence. the relative degree of polarization is a direct .

. measure of the fraction of‘initia1ﬁyvexcited molecules which fluoresce.

'Thisvassumption obviqus1y representé the greatest possible decrease in

"polarization with 1néreasing energy transfer, In this case, Firster

defines a critical concentration C, such that . | - _,/"f
| | C = ¢, when P = P /2 . Ny _?”,-'K(12)

At‘this concentration the average Senaration betwéen interaEting mole-

cules is the critical distance Ros C, may be obtainén from p]ots}of

]/P vs.. C. The separation Ry, wnich:in this‘cnse of one-step depolari-

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

- Tated directly..
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Alternatively, we may use the approach suggested by‘Neber,(24)
assuming that f1udrescence polarization is inversely proportional to
an aVeragé transfer rate,  Th1s‘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 overjooks the‘cht 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

o= (Twgg )" (- Twgy) (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 tfansfer rate,
and averaging over‘a11 allowed orientations of the pigment molecules in
- the mono]ayer geometry, we obtain an expression for the critical trans-
fer distance, R',-as a function of the observed polarization and the
pigment concentration: |
szayts g s
31(1/Pg - 1/3)  B(cos "oy + 5/4 sin fof)
S is the slope of a plot of 1/P vs, C, and B is an angular factor (see

R (14)

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

we have uséd a modification of Flrster's definition,

Wee =k Bo_>6 = l.kij Gl.%) S o (10a)
1) T T I".i j

r’lj

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

P
e

e < s oA e
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From experimenta]fdata we will caltu]afe Ro [Equatien (12)] and
R [Equation (14)] and'compare these values of the critica]'disténce
fongspecial.cases of inductive resonance energy transfer with that value
comﬁuted by Tweet,'gﬁ_gl;_from épectra1 data. This separation, Ro(s),
should f§11 within ‘the kange defined by the limiting values obtained
from the po)arizét{on data, if inductive resonance enerqy transfer does
occur among ch16roﬁhy1] g.mo1ecu1es in the monolayers. |
MATERIALS AND METHODS

', /-\Dgai”atus .

The moné]ayer f1uofome£er used in these experiments was a modified
commercial Langmuir film balance (Central Scientific Company). The
b_ troUgh, painted black and heavily éoatedeith paraffin, was mounted on
é base plate on which was constructed an automatic barrier drive mechanism.

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

- barrier moved at a constant rate of 20 mm/min, corresponding to a change

ixin'monolayér surface area of 28 cmz/min. The trough, torsion balance,
and drive mechahism,'with the éxception of the motor and gears, could
.be enclosed in a blackened Lucite cover, The torsion balance vernier
- extended thfqugh this cQVer,'wh{ch had'windows for observation of the
float pointer and barrier position indicator. Ports allowed for sweeping
the enclosure with inerﬁ gas, for spfeading the fi1ms; and for poéitfoning
B the prtomultip]iér._ |

‘The optical system, sHown schematically in Fig. 2, was designed so 
that the éxciting 1i§ht”Wa§ incident a]qng a normal to the surface plane,
and the fluorescence emftted,Wag observéd'in the forward direction; The

" 1light source, an air-colled 100-watt-mercury lamp (Genpra] tElectric AH-4),
: ' - i
;1 .
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was mounted horizontally underneath the experimental table. The light
passed through a collimating lens, filters I for isolating the 406 nm
mercury line (two>406 nm narrow band pass interference filters, Baird-
Atomic, Inc!, type B-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 window seated in an
opening in the bottom of the trough. A shutter sliding betweenvthe
trough mount and table had provision for a colored glass filter used
~as a fluorescence standard. We %6u;d'tﬁat a Corning red. cutoff filter,
No. 2-63, fluoresced with sufficient intensity in the région of chioro-
ph}]l g.fTubrescence to be useful as a standard. French (32) has
reported a similar phenomenon for several cutoff filters.

Filters II for blocking the exciting 1ight (Optical Coating Labora-
tories, Inc., dielectric rejection filter, 0D = 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 S-20 response) was
used to detectfﬂuorescence. It was operated at 1800 volits from a regu-
1ated‘Supp1y. The photomultiplier was not cooled, but it was sheathed
in a mu metal shield connected to the screen on the‘photomultipIier :
leads. The photomultiplier output'was amplified using a DC miérovo]t-
meter (Keithley, Mode1'15]) 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

approximate1y 2 sec.
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o Materials _ v
Ch}orophy]l‘g;was:iso1ated from spinach ch]oroplasfs by column.
chromatography according to thevhethod of Anderson and Ca1vin,(33)
and the microérystaliineyéﬁspension in dsooctane stored in a refrigerator
uhder»nitrogen.' A]]loperatfons_with the pigment were éafried out in dim’i"
.‘”_green light or fn‘the_dark. | |
Castor oil (Baker CaétorvOil Cpmpany, dBﬂrefined.grade, MW 928,
J viscésity 6.8 poise) was taken from freshly opened cané; Oleyl alcohol
:,;,(9-octadecen-1-ol, Hormel Institute;lUniversity of_ﬁinnesota), reported:
: fb be at least §9% pure; was.used directly. |
‘ Piant structural 1ibids, monogalactodilinolenate and sulfoquino-
vodiglyceride, wére éxtracted from spinach chloroplasts and pufffied_by
column and thin-layer chromatography by a modification{34) of the bro-
cedures of'O?Briénvand Benson(35) and Nichols. (36) | |
"Benzene (Baker and Adamson or J. T. Baker, reagéht grade) used as
. the spreading solvent was redistilled from sodium hydride. . A1l mono-
layers were spread on a subphése of 10-3 M aqueous pﬁosphate buffer,
‘.upH 7.6 - 7.8, made from. reagent grade potassium mono- and dibasic phos-

phates and distilled, deionized water.

. Methods

b}

uStandafd-techniques“Qére ugedxfo:sgréad monolayérs from benzene

'solutions;(37) Purevchlorophyl1 a solutions were prepared by‘dissolving
'é known.weightsbfvdried pigment in benzenegv The concentration was then
~ checked with the absorption spectrum,.using the extinction coefficients
of Seely and Jensen, (38) if mixed‘fi1ms were to be formed; aliquots of .

. !
v the pigment solution were combined with aliquots of }iPid solution,
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which had been‘hade up'to T_mg/ml iﬁ benzene. 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.
ﬁono]ayers were formed after the fluorometer had been assembled, the
trough filled and covered,,and the enclosed space swept with buffer- |
saturated nitrogen gas. Thekljght réachiﬁg the photomultiplier wifh
polarizers érossed and paka]]e], and the f]uqreécence of the standard
fluorescing fi]ter were recorded before films were spread. After a short
time had been allowed for eyaporatioﬁ of the spreading so]vent,.the mono-
. layers were compressed at a constant rate to a surface pressure of
appFoximate]y 12 dynes/cm.. The films were maintained at this pressure
“while several measurements of fluorescence intensity with polarizers
crossed and parallel were taken.'vThirty-sec to 1-min traces were
recorded for each polarizer setting to minfmize the effects of spurious
noise from the mercury arc and photomultiplier. The final barrier posi-
tion was read from é scale on the cover which was calibrated to actual
position on the trough.
| We also observed the fluorescence polarization of three-dimensional
viscous so]ﬁtions of chloropnyll a using fhe monolayer f]uoroﬁeter.
This was accomp11sned by placing a small. covered pyrex petri. dish con-
taining so]ut1ons, prepared as described by Goedheer,(39) d1rect1y over
the window in the bottom of the empty trough. The edges of the dish
were masked to-avoid light scattering. F]uoréscence‘intensities were
measured as described above for films. In this case, however, the petri

dish filled with'sdlvent was used to obtain blank readings.
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The degree of f1uorescence polar1zat1on was calculated from each

pa1r of read1ngs with po]arlzers crossed and para11e1 accord1ng to

‘I"-I . o
P = A T L : S (115)
e

. where A = I” - {L. The intensity values were corrected for the s1gna1
observed in the absence of a film and for variations in source 1ntens1ty
as 1nd1cated by the f]uorescence standard. Then the average value and -
standard deviation of P were computed for eace saﬁp]e film'ok so]htion; -
- If the chlorqphy11 a mo]ecu]es'are~f1xed-fn the systems, the liﬁicing
*;:po]arization,'P ,- is reached at 1nf1n1te dilution," when no energy transfer
; can occur. e determine this degree of polar1zat1on in each dilyent 11p1d
o by extrapolation of a,plot of 1/P vs. pigment concentration per unit area o
.‘(or per unit volume). The critical distances for traﬁsfer‘by inductive
.resonance.[Equetions (12) and (14)] are obtained from the slope of the
1east -squares straight line fits to these data at low concentratwon.
| RESULTS AMD-DISCUSSION

Viscous solutions of chlorophyll a

Several werkers(39;40,47) have reported 1imiting fluorescence

. polarizations of P = 0.2 1 0.04 for chlorophyll a in castor oil,

excited by 406 nm Ifght and observed with conventional apparatus.

‘_Extrapo1ation.df.our data for.this'system yielded a maximum polariza-
tion of 0.214 ¥ 0.008, in agreement with the pub]ished values. For
chlorophy11 g;ai5301ved in oley1 alcehoi we obta1ned a max1wum polari-
}'ivzation of 02109 ¥ 0.025. A 1ower ]1m1t1ng po]ar1zatlon is expected in
this solvent, owing te the 1ower viscosity of the_a]coho1:

The maximum po]arizaﬁion cossibfe in the absence d% energy transfer

' or rapid molecular rotation in a random three-dimensional array of
- _ _ , _ e o :
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molecules is 0;5.' This value is reached‘whéﬁ thé absofption and_emissipn
oscillators are para11e].(]6)v Tﬁe published value of 0.42 for.the
polarization in the long wavelength région shows that chlorophyll g!ih

castor oil solution undergoes little, if any, rotational depolarization.(40)

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

N
which is approximately parallel to the oscillator responsible for emis-

sion.(4o’42) The Tow observed polarization at 406 nm, which is about

“half the value expegted for a parallel transition, probably results

from a partial overlap with the By band centered near 435 nm together
with a somewhat non-parallel orientétion of the'By and the emission
oscillators. Calculation of transition moment directions using a point
monopole expansion for chlorophyll a supports the latter conclusion. (43)
Extrapolation of our po]arizatiqn:meaéurements%to infinite viscosity.
using a double reciprocal p]ot(26) yields a-maximum polarization of 0.24;'

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

v Perrin(ZG) for the Timiting po]arizatién in three dimensjons and our

' value, 0.24, for Pg, we find the angle between the effective 406 nm

absorption and red emission osci]latérs to be about 35°.

Pure chlorophyll a monolayers

The fluorescence of several pure chlorophyll a monolayers was

recorded at a surface pressure of 12 dynés/ém. 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, éyen for

large, highly polarized signals.



v“In'a méno]ayér bf'pufe ch1oropﬁy]1 g_the'pigment_holecules afe

. sufficiently close'fo eath other that the occurrence of an excitdn-
state ié a possibilfty. However,. even in‘the aBsence of exciton migra-'
tion, energy transfer would be expééted to proceed very rapidly among

" adjacent molecules., If fhe ch1orophy11A§_mole¢ules were r;ndom]y
orienfed with respect tb the normal to the film surface, the f}uores-
cence should be debo}afized regardless of‘the4energy.frnasferimechanism. '
‘We observed Unpolarized f]uorescence, Whiéh suogeéts that'the pigment
molecules are unordered in a pure ch1orophy11 a monolayer on an agueous
subphase -

| Ch]oroph/11 a in Tipid monolavers

Figs..3 and 4 show the observed degree of polarization as a func-
tioh of the fractional area dccupied_by ch]qrophy]l_g;in monolayers of
the four difueht_]ipfds used. Areas afe calculated from.pressure-area
data for‘purellipid and for pure pighent,fi]ms, using the assumption
‘.vthat all chlorophyll a molecules are tilted oﬁt of the'monolayer plane
>_:to‘thevsame extent. As.discussed above, the error so introduced is

‘prbbably small. The depcndenée of re]ative f]uorescence Jie]ﬁ per unit
- area occup1ed by cn]oroony]l, ¢/¢ s upon pigment concentration is also
vSnOJn in the f1gures .
The fTuorescence v1e1d and degreeé of po]ar1zation of the p1gm°nt
~decreases as cn1oroahy11 concentrat1on in monolayers of all four diluent
i1p1d; xncreasos On tne bas1s of results for pure ch1oronny1] monc-
1ayers we wou1d expect the po]arwzau1on to decroaso to less than 0.01

as the p1gmenu concentratlow approaches unity. nowevor, in films of

E -i'_castor 011, o]eV1 “alcohol, and su]fol1p1d the fluorascence polarwzat1on.
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does n&t éppear totfa11vf§ zero; Thf; phenohenoh was checked carefully
in filns of chlorophyll a and sulfolipid. |

Féofi]Oyband'Syeshnikov(44) have observed that fluorescence polari-
zation of some dyes fails to approéch zerb at high concentrations in
viscous solution, As in the present case; the phenomencn occurs in the
region of strong f]uorescénce quenching, where fluorescence lifetimes
are éonsiderab1y shortened, It has been attributed(16) to a substantial’
reduction of tﬁe number of enefgy transfers possible during the shortened
lifetime of the excited state; We-questién whether this explanation is
completely satisfactory for our ﬁigmentécontaining.monolayers; because
the poiarization'falls smoothly to zero as chlorophyll é_concentr&tion
is inéreased ihvﬁonogalacto1ipid films (Fig. 4A); If Tifetime shortening
were due simply to increasing concentration, we would expect residual
fluorascence po]arfzétion_at high pigment concentrations in this 1ipid
also., Instéad, the diluting 1ipid seems to determine the pb]érizétioﬁ
behavior of the pigment in the monolayers.

Th

[§0]

observed results may be accounted for if chlorophyll 2 is
randomly dispersec in films of.ga1acto]ipid, but is partially oriented

in the other 1lipid monolayers;_ In theée,latter.fi]ms; %ncreasing pig-
ment concentration would not cause a corresponding decrease in po1ariza- '
tion, because the concommitant increase in energy transfers would be
occurring aﬁong partiaf]y aligned molecules. ‘This explanation is
app]icabie regardless of the extent of pigment_aggregation; On the

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

chlorophyll a is indeed miscible with these Tipids.(13,34)
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In mjxedvmonoléyéfs fn:Which"the pigment_éoleCuTés are oriented
at the higher'éonceﬁtréfiqﬁs; thé value of k in equation (9) would
Vapprbach,unity%andgexc¢t0n migrdtibn cou1d pbssib1yioccur; Fluorescence
'"po1arizatidn méaéurements might hof ref]ect'fhiS»chance in energy trans-
fer wechan1sm upon 1ncreas1no concontrat1on, because the ‘degree of

'polar1zat1on should reach a consLant ninimum va]ue owing to the molecu-

'vflar a11gnment Exc1ton 1nteract1on may’ there.ore be effected by the

.'vdi1uent 11pid, insofar ‘as tﬁe lipid deterﬁines the eﬁtent of pigment
:briéntatiéh at close order. _

’ 1Recent1y Sperling and Ké(45) presented evidehce fbr the existence»
iof'pigment'aggfegates in pure and mixed‘mOnolayérs of chlorophy11‘g
and arach{dié_écid;l The extent of'this,agéfegation changed with time;
.-'and theAaggregates; inifia]]y containing'some degres df order; appeared
 vt0 bgcome disordered with time when rgmoved from ah_aqueous to a lipid

surface, e detected no systematic decrease in in situ monolayer

: fluorescence-po1arization with time ud to the point of substantial fall
~in f}uofescente yie1dvof the samplés. (Measufements vwere not made bevond
}, 'this time (ca. 45 min), as we assumed~that the decrease in yield.reflected |

chemical changes of the pigment from prolonged exposure;to Tight and
"-water;) This findfng indicates that the changes in molecular order
uobservedvby $perling and Ke hay have been due to the treatment_théir
. films received. | | |
The poTarization.data atilbw.¢h1bfophy11 concehtrations in.mixed
f11ms is plotted as 1/P vs. C in ‘order to determine the limiting polari-
B zat1pn, PO, in the absonce of enargy traﬁsrer for eacn system (Figs. 5

and 6). These_values of Po, Tab]e .I, are we]] below those calcu]ated
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from équatioﬁ (5); assuming either that the emission and‘absorption
oscillators are parallel (c ='O°, 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 monb]ayer
viscosities are lower than the corresponding bulk viscosities! Although
molecu1ar'movémént is no doubt restricted in monolayers under pressure,
it is unlikely that it is éomp]ete]y preiented in these liquid-expanded
‘films. By permitting‘molecular motion, media of finite viscosities
would Tower the observed va]ués.of the.limiting polarization.
We.can use the same fluorescence polarization data to calculate
'crifiéa] distances for energy transfer by inductive resonance. The
slopes of the 1/P_v$. C plots are bbtained from the least-squares
.straight line fits to the,daté. From these values and the 1ihfting
po]arizations, we can compute R, [Equation (12)] and R' (Equation (14)],
the upper and lower limits, respectively, of fhe critical separation.
For the ca]cu]atibn of R', it wasvnecesséry to assign a value to
the molecular diameter, 2a,.and to determine or. We followed Bzllamy,
jgi;éigﬁl]) in computing the angle 8 from the average area per pigment
molecule at the surface pressurevat which fluorescence measurements
‘were‘made; 'Then, from equétion (A2), op = 72 I 4°, We assume that the
effective molecular diameter is equivalent to the distance of closest
apprqach of two pigment molecules in the film, which separation may |
vary from the thickness of a porphyrin ring, about 5 R, to the length
of its side, 15 8, i.e., 2a =10 5 R, |
| The results are summarized in Table I, The assumption that one

transfer of energy is sufficient to depolarize emission yields a critical



~transfer distance3tnrée to four times as large as the a]ternative case
'-1nVOIVang renoated transfers among f]uoresc1ng molecules in a un1form
array as ment1oned prev1ous1y.

| The exnorimentally determined Timifing'valués, Qo; for the critical
soaarat1on for 1nduct1ve resonance energy transfer are to be compared
{w1th the quant1ty R (s) ca]culated from ch]oronhyl] 3 mono]a/er spectral
 properties by Tweet, et a].(]4) Start1ng with F8rster's relation |

[Equation (11)], they used an’average value of the orientationvfacfor‘l
f,'apnropriate‘to the monolayer geometry and approximate va]ues for the -

: refractive index of the medium, the monolayer molar extinction coeffi-
cient, and the experimental flunrescence_lifetime; Théy feund Ro(s) =
54 f 3 R, allowing for the shift of the'red abserptién maximum of the
pigment in the 111m. This value falls between the upper and lower
Timits of the critical distances listed in Table I for each of 6ur
'rvexper1menta1 systems." | | | |

Ne see that F6rster s assurnt1on that one energy transfer is suffi-
cient to erfect-depo1ar1zat1on 1s,approx1mate1y valid for castor oil and
oleyl alcohol diluents; but apparently not for tne ¢h1orop1ast 1ipids;
':In.the'latter mixed monolayers, more fhan one transfer of the excitation

energy is anparently required' This may, in the case of sulfolipid whero

o the dogree of po]ar1zatxon never approaches zero, be due to a partial

‘”or1entatjon of chloronhyll by the 1ipid molecules.
~ The values of R! in'Tab1e,I; which are ca]culatedvassuming that
the pignent system is a uniferm array in which back transfers do not
‘ occur, sfgnificant]y underestimate the critica1}distance. This suggests
that back transfers; or energy transfer to similarly oriented moleculess
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—are frequent, and a1so‘that the chlorophyll mo]ecdles are probably not
uniformly distributed in the lipids.
| CONCLUSIONS

_ The enefgy requirements'for the existence of exciton gtates.in a
1ipid monp?ayer containing chlorophyll g_indicaté that_éuch states are
unlikely té occur in a random'array of pigment molecules separated by
diiuent. On the other hand, in a highiy deered array the transfer of
.excitation energy by exciton migration among non—adjacént chlorophyll
molecules is a possibility. o ' | |

: hen the interaction energy is not sufficiently_strong tﬁat exciton
states exist, energy transfer can occur by inductive resonance., Such
~transfer may bé characterizéd by avcritical distance, originally defined
by Forster, (30)  An upper~1imit éhd an underestimation of the critical
separation, Rj énd R! fespectively;.a(e calculated f}om fluorescence
polarization data for several'mono1ayer'systems, and compared with tﬁe
value, Ro(s),vobtaiﬁed from spectral parameters by Tweet, gi_glL(14)
- In view of the assumptions made in these calculations, inductive
~resonance energy transfer appears adequate to accounf for the observed
polarizétion behavior. These assumptﬁons, however, are not rigorously
apb]fcab]e:to the chlorophyll-chloroplast lipid monolayers; The pig-
ment molecules are probably ndt uniformly dispersed in these lipids.
With sﬁ]fo]ipid films, in addftion, residual polarization at high pig-
ment concentrations suggests that the chloroéhyi] g_ih these monolayers
is partially oriented. Thus the mechanism of energy transfer among
chlorophyll a molecules in a monomolecular layer depends not only on .
the pigment concentrat{on, but also on molecular orientation, which

may be under thé influence of the lipid environment.
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Appendix A
In the_mode} systém for chlorophyll a at an air-vater interface;
the azimuthal angles ¢, and ¢p are related by |
;14f.cosi&-éfc05?eA-cos~eF

$F = 65 - '€OS” . (An
. ' sin 6y sin ef ‘

‘_ The porphyrin plane is assumed to be tilted with respect to the monolayef o
plane, the angle of'tilt'debending bn the extent of‘compressfon.(11) Nei.
| igpecify tﬁis orientation by the aﬁg]e g formed by.the normal to the |
. porphyrin plane (the positive direction into the subphase) and the sur-
face norma1 (z—axis). Then}eA may be defined in terms of 8p, o, and B
accofd{ng to | . :
|  cos 0, = cos a cos eg * sina (sing - coszeF)j/2 .
By observing the spatial anisqﬁropy.of fluorescence intensity from a mono-
. layer containing chlofophy]] g} Tweet; et a1.{15) calculated that
| cos ep'ﬁ sin‘20° cos (g - n/2) = 0.34 sin B | (A2)
e obtafn thus , . o

' cos 6y = sin g (0.34 cos o 0.9 sin o) . . (A3)
eA'and sp depend only ono and 8. o is fixed in the mo]ecules;.but is a
function of the vavelength of illumination. .Bellamy; gg;gllfj]) and
Tweet;jgg;glL(]3) present evidence suggesting that for a chlorophyll ét
mbnolayer under constant compression, the average value of g is a con-
" stant detefmined by the compression. If we assume thaf ¥ is indeed
constant, equation (A1) may be written ¢p = 65 ~ y, wherey is é'constant‘
angle. Substituting this expression into equations (4) and averaging
over all ¢5 from 0 to 2w, yfe]ds upon substitution into equation (3)

'ntosza_7,2cos_a,cos 65 COS eF;+jc0526A:c0526F

Py - 1/2

sinlop sinfep
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Subst1tut1on of equat1on (13) into’ equat1on (1) yie]ds; upon -

expansuon of the sum (24)

v | ]/P ] ]/-3 _ (”p '- 1/3‘) ( "3 ;1n2 - 2&2_) (B])

A:.Now, we have from Fbrster(17)

-'f‘-.‘,_'.v?‘w*'f?--f;_ (rw) =T K m e (BB

e?‘g Then the average transfer rate is g1ven by

'“!l‘1f 2a 1s the mo}ecular d1ameter, and p(r1J) is the rad1a1 d1str1but1on

'funct1on for-the_molecu]es. The average is to be taken ovcr all a]]owed

B Vfdng?es in the "random" array. For the model two-d1mens1ona1 system at

“hand, Lh1s 1s equ1va1ent to 1ntecrat1on over ¢1 and ¢J from 0 to 2n,

o and subst1tut1on of e =05 % 6p. The two-d]mensionai dens1ty function .

'integrations indicated in eqnation (B3); and subsfitution-into énd-

_'rearrangement of equat1on (81) then“91?es‘

: A iy 1/6
R = 4(2a)4 slope N 1
3n(]/Po - 1/3) (cos4eF + 5/4 s1n4eF)

J{

S s 2urC dr, where C‘Js,the concentration per unit area. ' Performing the 0 i




_' TabIe I. CRITICAL DISTANCE FOR ENERGY TR/—\NSFER IN DILUTE CHLOROPHYLL a P‘ONOLAYERS
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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

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 provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








