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UCRL-16599 

The D:1merization of Chlorophyil g, Chlorophyll b 
. . . . 1 
and Bacteriochlorophyll in Solution 

. 'I(enneth &iuer, John· R. Lindsay Smith2 and Alfred J. Schultz 
:· ·. 

Department of Chemistry and Laboratory of Chemical 

·. Biodynamics, University of California, Berkeley, California 

ABSTRACT 
·~ . 

· . Analyses· of the absorption spectra of three chlorophylls in 

carbon tetrach1oride solution demonstrate the existence of monomer­

dimer equilibrium in the concentration range from 10-6 to 10-3 mole-1-1• 

' . 2 J~ ' 1 
Tne dimerization constants, Kd = Cd/Cm, are (1~0~ 0.4).x 10 1-mole~ . 

for ·chlorophyll ~'. (0.~ + 0.3) x 10
4 

1-mole-1 for chiorophyll .Q. and 

'; (2.2 + 0. 7) x 10~. 1-mole-1 for bacteriochlorophyll at 24 + 2°C, ·- . . -
correspondU\~ to standard free energies of dimer formation of -5.4, 

' . 

. -5.3 and -5.8 kcal-mole-1, respectively. 

The ·absorption spectra of pure monaner and pure dimer in carbon 

tetrachloride are calculated for each.pigment. For each of the'chlorophyll 

dimers the· long wavelength absorption band consists of a principal 
·;. :, 

peak centered at .ap~roximately the position of the monomer absorption 

maximun an~ a s~ulder ·to long wavelengths. The relative 'oscillator 

: strengths of th~ split components indicate that the corresponding 
., 

. transition;m~ts for the two molecules in each d:1mer are. neari.y 

I . 
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perpendicular to one· another. The proton ma'g'letic resonance spectnrn 

. of aggregated bacteriochlorophyll in DCC1
3 

exhibits characteristic features 

similar to those previously reported for ~~gated chlorophylls ~ and 

b. ·'rhe eVidence from these investigations leads to the conclusion that -.. . . 

the structures of the d:lrners are nearly identical for the three chlorophyll 

molecules~ 

I· 

i 
., 

.. 

(1)~ . T'ne invest.~gatior;J.S described in this report were. sponsored, in part 

by the U .s·a.~~omic Energy Ccmnission 

(2). Charles F. ~~ttering Research Foundation Fellow. Present address: 

Department of Chemistry, University of York; YorkstU.re, England. 
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. The nature of the· interaction of chlorophyll molecules with one 
0 

·another is of particul~ interest in relation to the organization ·of 

these molecules in photosynthetic systems. The presence of ~~sated 

chlorophyll has frequently been invoked to account for complex features 

of the ·absorption spectra of plant chloroplasts and bacterial chroma.tophores • 

In a recent stoudy evidence supporting an ap-X:>CTet;ated state of .chlorophyll 

·in vivo ~ras obtained fran measurements of the optical rotatory dispersion 

spectra of suspensions of chloroplast lamellar fragments.3 

Tne fonnation of chlorophyll ~ diiners in concentrated solution 

in saturated hydrocarbons. was first reported by Lavore14 ~d by Heber 

and Teale~ based on COl'Tl'arisons of absorption spectra \dth action spectra 

for· fluorescence. The dimer:gave a broadened absorption spectrum, but 

did not contribute to the fluorescence of the solution. Further studies 

by lveber6 of the fl~orescence polarization and. efficiency as a function 

.. ) · of concentration led to the calculation of dimerization constants for 

. chl~rophyll ,g_ of 130. 1-mole -l in liquid paraffin and 4. 5 1-mole -l ir}. 

. , . . ether. The latter value was based on data of Watson and Livingston; 7 
·t ·, 

•. , . (o 

.. -~ 

; ':'>< 
0 0 ° 

,_, ·: .... 
I ~-· • 

I • •: 

... · 

the original authors had interpreted their <Ytm results as indicating the 

absence of appreciable· concentrations of dimers. Brody and Brocty
8 

reported chlorophyll ~ <timer formation in concentrated ethanol solutions 

on the basis of absorption spectrum broaden:in'S; hoi'<-ever, Stensby and . 

Rosenberg9:found evidence that in concentrated ethanol solutions the 

dimers are: present· ;1.n significa:1t a-nounts oru..Y at temperatures well 
., • . -~~ I 

bel0'\'1 room· t~Jrature •. ·The only direct quantit_ative determination 

. moncrier-<limer ~~Uilib~~ in . solution is that of ·Aronoff
10

• Fran 
1 t :.·.·. 
. . ; :·~l 
I . 
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_measurements of the· vapor pressure lor,.;erin~ as a function of chlorophyll ~ 
. . . 

concentration in benzene, an equilibrium constant of 459 1-mole-1 at 

310°K t·ras obtained. · 

:The association of chloropP,yll g, chlorophyll b and several of 

their derivatives has been studied using nuclear magnetic resonance, 

. . 
infrared spectrophotcrnetry, a11d molecular t-reight measurements by Katz, 

. . 

and .coworkers11 and by Anderson and Calvin12 • These investigators conclude 

that aggregation results chiefly from the interaction of the central 
\ . 

. magnesium of one chlorophyll molecule with a carbonyl functional group 

... of. the second. In each ca:se . the carbonyl group of ring v appears to be. 

stron€;ly ·involved; and in the case of chlorophyll· .'Q, the fo!'l'eyl sub­

stitutent of ring II al~o interacts with the magnesium, apparently leading 

to tr:i.lrer formation at high concentrations. 

In this paper we report studies on the monomer -d.imer equilibrium 

:: of chlorophyll g, chlorophyll b and bacteriochlorophyll in carbon 
'' 

tetrachloride over a 'Wide range of concentrations using the absorptipn 

spectra of the solutions ·as a measure of the species present. The 

methods are similar to those used to study the dirnerization of rreth.vlene 

. 13 . 11~ ' ' ' 
blue and :of cyanine dyes • He have increased the sensitivity of the 

approach by measuring difference spectra between solutions of different 

concentrations with path lengths inversely proportional to the concentrations. 

For. each of the three chlorophylls, the evidence indicates that a 
. . 

·. simple· monomer-climer equilibrium exists throughout the concentration 

~e ·.from: 1011 moie-1-1 to ~ater than 10~ rno1e-i - 1•. .It is t.herefore 
. . ~ . . . 

· possible to ca.l;~ulate the absorption spectra of pure monaner and pure .. 
~.' ' I 

.. 
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climer for each of the chloroph,ylls in carbon tetrachloride. Analysis 

of the results sur;gests that the structures of the dimers are very 

nearly the s~ for the three pigments. 

Exper:imental 

·roolatiort .. of ... t~G·cruorop{\ylls·~~ .. 

Chlorophylls §:. and Q 1:1ere obtained from spinach leaves using a 

. 15 . 
·modification of the nrocedure of Anderson and Calvin. The mixed 

' . ~ 

chlorophylls in an aqueous acetone extract are separated from the 

xanthophylls and other carotenoids using chranatography on polyethylene.· 

Following the transfer of the chlorophylls to isooctane as solvent, 
. : 

the chlorophylls a and b are separated fran one another by chromatography -· -
on powdered. sugar. The separate isooctane solutions of chlorophylls 

a and b are each washed 5 times with water to remove contaminants 

(principally cornstarch) · leached from the sugar. The chlorqphylls 

·:·:: .. ·,_.:. 

.·.·~·I ·.··· 

precipitate from the isooctane solution upon standing overni~t in the . 

, , 1. dark at -l5°C. The· solid r_naterial is collected by centrifugation, 

. ; ,• ... ',. 

' ~ ' 

.. ·:.' . 

.. '· . 

' . ' 
·r···:··' ;,· ',, 

' : :•. 

. , 
.,f. 

•. '~. ' . . . ,_ 

.. . ; 

;. .·. ':-· 

-·· 

'·: .. . . ' 

dried under vacuum and stored at room temperature in: the dark. . . 
Anal. Calc •. for Chl. g_ • H

2
o: 

C, 72·.47; H, 8.18; N, 6.15. Found: C, 72.08; H, 8.04.; N, 5.86. 

Calc. for Chl b • ~0: c, 71 .. 38;· H, 7.84; N, 6.05. ·Found: c, .71.31; 

H, 7.78; N, 5.~ •. 

· Bacteriochlorophyll was obtained fran ·R~ ·rubrun by extraction· 

of· the wet-packed cells with acetone. The plgnent extract, diluted to 

. a 70:30 acetone:water mixture, Wa.s separated chranatographically on 
. ' 

polyethyle~e •. ~3*ollow:Ing chranatography ,' crystallization was induced . 
' . _;~~~\~ . . . ' ' . ' . 

by removing p~ of the acetOne under va.cuun. The b~cteriochlorophyll 

! . -~t~'-~ 
i ~~~: 

~-
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was then recrystallized rrom:aqueous acetone. 

carried out in miriimt.m lir,ht · • 

All· operations \':ere 

. ·~. Calcd. for Bchl • I~O: C, 71.06; H, 8.24; N, 6.03; Mg, 2.61.· 

Fol.md:. c, 70.99; B, 7.83; N, 5.93; Ng, 2.60.:· 

Preparation of·Solutions 

For each.experfment, fresh stoCk solutions were prepared by 

dissolving a weifrjled s~le of the hydrated chlorophyll in a knO'...m 

volune' of carbon tetrachloride (ca. 4 mg/5 ml). Less concentrated 

solutions were then prep~d by serial and/or parallel dilution. In 
I 

order to prevent pheophytinization of.the pigments, particularly 

bacteriochlorophyll, traces· of impurities vrere removed fl:x>m the c.arbon · 

tetrachloride (Baker and Adamson, reagent grade) by the method of 
~ . . 

Fieser. Ethanol, acetone and diethyl ether. t~-ere each re~n-ent grade 

and used without further purification. All solutions were prepa.voed 

in dim green light and stored in the dark. No decanposition was 

observed, using hL~ precision _spectrophotometry ~s the ~est, for 

concentrated solutions standing througnout the day at roan t~~erature 

or fo~ several days· at· 0°C-

'Absorotion Spectr~ 

Absorption spectra \':ere recorded using a Cary 14R Spectrophotometer. 

Difference spectra i·rere recorded directly using a -dilute solution :In a . 

long path cuvette in the reference beam and a more concentrated solutio."'l 

in cor~spondingly s~orter path length cuvette. in the samp~e beam) . . I. . 
Cuvette. path lengths were calibrated using potassium chromate solutions 

' 

·in o'.os N KOH. :'Juoro!'hYu solutions were protected . .fran room light 
;! .:. ~· . 

.· 

• 
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throU?)hout in order to avoid bleac~~. In general, solutions at 

concentrations less than 10-5 mole-1-l in c~bon tetrachloride exhibited 

some· bleachin~ d~~ the recordin~ of the spectra, and it was necessary 

to record them quickly. to avoid substantial errors fran this source. 

In each case both the sample. and reference solutions \'iere prepared 

by dilution of the stock solution just before the spectrum was recorded. · 

Nuclear Magnetic Resonance Spectra 

NMR spectra were recorded using a Varian A-60 ·nuclear ma.[7letic 

resonance spectrometer. 41 mg of bacteriochlorophyll \'las dissolved 

under nitrogen in 0.5 ml of DCC1
3 

(99.7% enrichnent;.Isotopes Specialties 

. Co. , Burbank, Calif. ) , . which had been distilled under vacuum and 

exhaustively ·evacuated at -78°C two timeso The titration with co
3
oo 

(99% enrichment, Bio-Rad Laboratories, RichnoJ!d, Calif.) \'laS carried 

out by adding successive portions of the pure d
4
-methanol using a 

precision microlit~~ syringe (Hamilton Co., Hhittier, Calif.). Chemical . . . 

· shifts were. measured relative to the sharp resonance at 436 cps fran the 

impurity of.HCC1
3 
pres~nt in the deuterate~ solvent. No tetra~ethyl 

silane was added in these studies~ 

Results 

The concentration' dependence of the absorption spectra of 

chlorophyll !?.: and bacteriochlorophyll are qualitatively similar to that 

·reported previously .fo~ ~hlorophyll .s_. 3 In et~ol, acetone or diethyl 

ether the absorption spectra (in terms of molar absorptivities) are 

' • l • 

·not appreciably affected. by changes in concentration throughout the range 
l. . 

10-6 to 10-3 mole-1-1• In carbon tetrachloride • on the other ha,nd, 
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fu~reasing concentration of each of the chlorophylls results in the 

attenuation of the principal absorption maxima and the formation of .new 

bands. (shoulders) at l~nger \•.ra.velen:;ths. Difference spectra between 

.solutions of different ~oncentration, in cuvettes whose path le~;ths 

are . in inverse proportion to the concentrations, have numerous maxiJ!la, 

and minima thro~~out .the visible and near infrared regions (Figs. 1-3; 

traces at the bottom of each figure) • 

Dimer Soectra 

Tne presence of moncmer-d:imer equilibrium for the three chlorophylls 

in carbon tetrachloride is demonstrated from their spectrophotometric 

. . ' . 14 13 
properties using a modif'lcation of established procedures. ' Since 

the absorption spectrum of the dimer is different from that of the 

monomer, we can calculate concentrations of monomer and dimer present 

in each solution using: 1) the total concentration obtained fran the 

initial weighing and the dilution factor; 2) the extinctfon coefficient 

of tne monaner as measured in the most dilute solutions; and 3) various 

trial values for the extinction coefficients of the dL~er at the same 

. wavelength~ . The v.ra.velengths chosen for the analyses were those of rnax.:1ma. 

or ~a ·1n the difference spectra. 

The equilibrium constant for dimer.formation is defined as 
cd 

K = . , 
d 2 

em 

where Cd and em are the molar concentrations· of dimer ~d of monaner,. 
' . . 

. respectively. Figs. 4-6 are log-log plots of calculated concentrations 
~ . . . 

based on the ~d~st-wavelength maximum in a series of difference spectra 
.· . [~ . . . 

·for each canpt~d. The data are fitted using the least-squares met~od 

.. -



;, 

'• ::. 

-9-

., ., 

.; . 

to a straight line with the theoretical slope 2.0, using the absorptivity 

· , of the climer as the only adjustable parameter. The presence of species 
.... ' ' 

Q . 

. . 

other thEm dimers vrould, in general, lead to curvature in the plots of 

data handled in this fashton. · No such evidence is seen, even at the 

highest concentrations studied. Analysis of the data at other maxima 

and minima. in the difference spectra give very similar plots. r1easurements 

at the minima (correspondli1g to maxima in the absorption spectra) are 

especially sensitive to bleaching in the dilute reference solutions~ 
) 

and great care rm1st be taken to avoid errors fran this source. 

Table I sumrrKU~izes the parameters characterizing the plots shown 

in Figs. 4-6. Least-squares slopes and standard deviations are given 

for the final approximation made in each case. These slopes are not 

sufficiently different from 2. 000 to justify further refinement. T'ne 

equilibrium constant can be obtained fran the intercept at log em = 0. · 

....... As this is a ·fairly long extrapolation, it is especially sensitive. to 
j; 

'r • ' '' 

' \ ~ : I 

\'·. 

·'.· 

• .. 

'• 
'.,.',, . ;• 

,. ' '·.• .. ' 

. ·the exact value of the slope used. The Kd values reported in 1'able I. 

-represent an interpolation to a slope identic?}ly equal to 2.000, based 
. . 

on the. results of' the several trial calculations for each canpound. 

The same is true. for the dimer extinction coefficients.reported • 

. ·The spectra of the pure monaner and pure dimer for each chlorophyll 

in carbon tetrachloride are calculated using the corresponding equilibrium 

constant, a difference. spectrum and an abso!~tion spectrum of a dilute 

solution. Figs. 1-3 (upper curves) shmr the averages of two such 
~ ~ . . . 

calculati~ns :ct~e fu the case. of bacteriochlorophyll) for each of the 
-~ 

chlorophyllse' Th~ monaner spectra are nearly identical to those of 
~~; r~~--
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Table. I. !f.onomer-<iimel~ Equilibrium Properties of Three Chlorophylls .in Carbon Tetrachloride 

, at 211 :!: 2°C . 

Comp::mnd 

. ). 

(m~) 
........ · ..... . 

ChloroplJ0rll a 682 

Chlorop~yll b { 664} 
477 

Bacteriochlorophyll 810 

.. ·,'. , 

., 

.-

-~ ~ 

. ·.. . ~ 

Slope 

. 6+ 
2.00 - 0.035 

+ . 
2.009- 0.037 

. 
l. 995 :!: o. 025 

·'· 

... 

Kcl 
(l--l10le-l) 

l. 0 X 104 :!: O.LI x lOft . 

0.8 X 104 ! 0.3 X 10~ 

2.2 X 104 ~ 0.7 X 104 

- ·'· 

0 
60297 

[Kcal-(mole d:lmer)-1] 

-5.~ :!: 0.2 

-5.3 :!: 0.2 

8 + -5. - 0.2 

~~;.:, ·.ir· .. · 

·\ ~ 

(_~) 

~~v-~' • i•' •: . .: 
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solutions cont~. 1 'x 10-6 mole-1-l (less than 4% dimer in each 

case). The dimer spectra exhibit broadening of each absorption band 

to longer wavelengths; however, each of the dimer bands retains a single 

maximum. : The long wavelength dimer absorption band for each pi@ment 

has a distinct. shoulder toward the red • 

. Absorotion·spectra of'the Chloropnylls 

. We have measured the absorption spectra of chlorophyll ,g, 

.chlorop~yll £and bacteriochlorophyll in carbon tetrachloride and in 

· several other solvents. Table II surrmarizes the values for the \'la.Velengths, 
. i . 

mill:imolar absorptivities and, in scrne cases, the oscillator stren:;ths. 

for the principal absorption bands. Sane relevant data fran the literature 

are included, and a canparison shows that our observations are generally 

in good a~ement with the more recent published values •. 

The literature data on bacteriochlorophyll are the least abundant 

i 
1 

and our observations merit sane canment. Our spectrum in ether is 
l 

. 20 . 
in best agreement with that; of Holt and Jacobs .. ; ·however, our ,absorp-

tivities ·are higher by a few percent at each wavelene;th. The spectrum 

in acetone resembles that in ether, except that the secondar-; maximum 

at 392 mu in ether exists only as a weak shoulder in the acetone spectrumo 

Tne maximum· absorptivities of bacteriochlorophyll 1n ethanol on the other 

'hand, are appreciably less, the bands are broader and the 'transition 

near 600 mu is markedly red-shifted ccmpared with the first two sol vents. 

Oscillator strengths for the two long wavelength electronic 
1i 

. transition~, iiic~uding both their 0~ and 0-1· vibrational canponents, 

are calculated· using absorpti vi ties at 1 mu intervals and .Simpson's 

r':" .. ··• 

\..···· 
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Table II. Su11nary of the F1E:Ctron1c Absorption Sf..€Ctra of 'l"l"'..ree Ch1orophyl1s. 

f,bsorptivities, E(fu l-mil1:l.nole-l·~m- 1 ); absorption mc>...x:iJna., >.(in ffil.l) and 

. . 
oscillator strengths, f •.. · · ·· . . ... . . . . . · ................ , ....... • ................... . 

. Chlorophyll a, .......... · ................... .. 

Solvent £ ).. 
<blue· A h .A 

f ., S:>e:i ).. 

•••••••• :.:J •·•••••• ·\ 

117.5 (~30). 8.28 .. (578) I 90.1 (662) 85.2 . (410) Ether 

. ~~5~ -~~~: .169.2 ... :(410) .. 1110.9 (429.5)1 7 ._1~: .· ·(578)::: 86.8 (662) . 

CCllj. 47.0 (415.0) 67.7 (432o9) 51.7 ( 664.. 7) 

O'·bnomer) 69.3 (1U5) 103.8. (433) 7.27 (579) o. 064 84.9 (665) 

f £blue IReference 

.trol 

1.30 (17) 

1.28 !This study 

1.31 (18) 
I 

0.225 )..22 

(~:l.Jn~)~:::.-1.·: ......... ·· :·:1_83.7 _(li34~ 1.-_8.50_- _ _-(5~~~:. 0.~60_15~·.5:. ~668)· .. ~.257:1_1.~1 . 

. . Chlorophyll.b .... 

. . 
.... 

r--:ther . 57.0 . (430) 158.5 (455) 11.5 (595) 56.3 (644) . -· 2.82 (17) 
.. . . . . 

..3~oeJ1;: ~:::·~~~B). 
. . 

57.5 . (428.4) 156. (452. 7) 52.1 (642.4) . . . . . 
· (+o .. ~~ cc~ 4 ) -161.4 (452.~) 10.9 .... (594 .5) '){.8 . (642 .3) 

- . -- . 
2.80 This stud ............ . ... 

. . . . . . . . . . : . .· ~ . . . . . . . . .................. • • • 1 ·.· 
y 

CCl4 . . . .. 

(lo-Sm-l-:1) 50.9 431.8 139 .• 9 (~56. 5) .. 58.9 (645.3) . . 2.86 (18) 

(r.'bnomer) 156.7 (456) 10.7 (597). 0.03~ 59.2 (645) 0.136 . 2.64 This stud v 

(DimerP .. · j ...... · · . ·· · . 1~~-.~. :<~~~. 13.2 .... ·(598) .. 0.038 45.6 .. (648) . 0.151 2o39 . ·.· II . .II . 
••••• •• •• •••• _...... • • ... • : • : • : • : • •• : •• 0 • . ' .... · .. . .. : ... : ,. . : .... · .' .' : ...... . 0::.: _. .. • ......... :' . ... •. . ·.: .. ' .. 
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Table !I (Continued)·· \ 

Bacteriochlorophyll:. 

Solvent e: • 1 A 
v~o et 

e: . A c A f I cred >.. f c 
red !Reference 

Ether 85.5 

7o.7 

73.4 

i 73.4 
I 

I 

Ethanol 58.5 

(358) 152.8 

(357) 146.8 

(358-.5)11+8.1 

(357) 147.1 

(365.5) 

(391) 122.1 

(392) 120.2 

(391.5)120.9. 

(392) ,22.0 

15.2 

(575) 

(574) 

(577) 

( 573) 

(607) 

r-:- . 
v~o1e~ 

95,7 (772) 1.12 

93 • 4 ( 7 6 7-70 ) 1.32 

91.1 (773). 11.24 

··--·-·--
0.1lQ_) 96.0 (770) 0 .~.Q~ _11.31 

o:i23 o, 1 62.0 
-----~ 

(773). 0.~~7-~1 1.06 

(19) 

(20) 

(17) ~ 

This' study 

This study 

-----------*-------------+·-------------r--------------------+-------------------~----~--------

Acetone 

CC14 
(Monomer) 

(Dimer)* 

65.7 

61.7 

49. 

(358) 

(361.5)135.5 

(361) 

19.4 (576.5) 
--·:-:--~ 

0 • .\.2_'LJ 69. 2 .(770). 

(398) 120.1 (580) 
:~----· .....:._ 

_0.108 __ 1 88.0 .(7SO) 

···20.2-· -(589)· 0.121· 1·54. : (785) 

~·:Absorptivities and oscillator strengths given per mole of monomer in the dimers o 

0,300 11.05 This study 

o·~·28-o~l1·:42 
---

·0 .33 .. 
•This study 

1 ,,}~.:- Il-"'~"-

•-: - .... 
-· .. ~-· . 

! ~ 

c:~ 
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_approximation. As can be seen in Table II, the oscillator strengths 

for bacteriochlorophyll are not nearly so solvent dependent as are the 

absorptivities.; 

. Bb . 
Brody and Brody report a red oscillator strength of 0.23 for 

... . . 
chlorophyl];. g_ in ethan<?l, which is very close to our. value in cc1

4
• 

. 21 . 8 0 
On the other hand, Jacobs, ·et al. report values of 0.3 , 0.2u and 

0.79for the red 'oscillator strengths of ether solutions of chlorophyl-

lide §., chloroph,yllide b and b_acteriochlorophyllide, respectively. 

It is known that the absorption spectra of. the chlorophyllides are ~ually 

identical to those of the ~orresponding chlorophylls. 22 Tne 'discrepancies 

of the oscillator strengths is well outside the normal expected uncertaL~-

· ities. Tnis is especially true for bacteriochlorophyll, where vle have 

made meastli"Ements .in ether and where the red absorption band is well 

resolved from higher· electronic transitions. 

··'Nuclear J'.'Ia.311etic !3esonance Spectra of Bacteriochlorophyll 
~-~~ ... 

The. nucle~ magnetic resonance (.N!iffi) spectra of chlorophyll a 

. and chlorophyll· fi-;~sregates .in OCC1
3 

at high concentrations (ca. 0.1 
.. , .. ,, . . . b 

rrole::..~7<l-~) have beer/ reported by Closs, et al. 
11 Tne protons most affected . . 

· · by deshielding by>the ring current effects in the Of"negates Vlere 
:t 

identified by ComParison \'Ii th the NP'iR spectra of the monaner molecules, 

obtained either upon dilution vdth occ1
3 

or by titration \<lith CD
3
oo, 

. which. effectively breaks up the chlorophyll aggregates • 

. He have performed a similar titration for· bacteriochlorophyll. 

Fig~· 7 shows the Nivffi spectra of bacteriochlorophyll in :occ1
3 

(upper curve) 

and the same soi~tion with an excess of co
3

oD (lower. curve)'. T'ne shirts· 

in the positiorul/bf the various resonances throughout the titration are 
/ 

' 
\,' 

l; 

l 
. -· 
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illustrated in Fig. 8., an1 some of the resonances that can be,_ass:i.gncl 

are tabulated in Table III. As :in .the case of chlorophylls ~and £, 
. . 
the largest change that occurs Ut:On breaking up bacteriochloroph_.vll 

aegregates is for the C-10 ·proton. Follo\dng the reasoning of Closs, 

·et· al. ~lb :i';e interpret this as indicating the pa.rticip3.tion of the .. 

C-9 carbonyl of ring V in· the aggregate formation. T'ne interaction 

is presumed 'to be primarily 'v'lith the central magnesium of a second 

· b3.cter).ochlorophYll molecule. ··A confirmation of the ass:ignment of 

the C-10· proton resonance v.as obtained sanewhat inadvertently. A; · 

snall amount of oxygen \'m.s introduced to t~e nitrogen :rm-ged solution 

of bacter1ochlorop0Yll during the titration with. CD3oo. Over the 

course of a week at 0°C in the dark, the sample allo."Tlerized in the 

presence of the alcorol. The initial effect on the spectrum i'K.l.S the 

complete disappearance of the resonance at 361 cps and the formation 

of a new band at 5rfT cps. No other ch3.nges occurred during this 
' . 

initial interval, al:though evidence of much further. decom!X)sition 

appeared UIXJn additional standing. Allomerization is trought to 

mvolve an oxidation of ring v (e.g., see Aronofr23). 

. Chlorophyll b a&c:;regation appears to involve strong :Ll"lteractions 

with the formyl carbonyl at position 3 as well as 'v'iith the C-9 carbonyl. lib 

This gives rise to higher aggregates th:ln d:L"ners at concentrations ,in 

2 · 1 lla 
· .. excess of 10- 1!01~1- • Chloropr,yll ~does not possess a second 

_.active carbonyl group and forms only dirners up to a concentration of 

·· 0.1 mole-1-l~ The NJ/ffi. data on b3.cter1ochlorophyll strongly suggest·: 
i ·~ 

~ ~-~ 

·that the ad~tyl carbonyl at position 2 is also involved in ~egate 

/ 

,• 
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Table III • Chemical Shifts (cps fro:n Tetrameth,ylsilo.ne Position) for 

Protor.t ........ _I?C~l3 

a 500 524 + 24 

B 501 501 0 

' 0 4.88 490 + 2 

'' 

10 (307) 361 + 54 

11 207.5 233 + 25.5 
I 

5\ t2 200.5 + 8.5 

o~J 175 196 + 21 

.... . .. , ·2 ... ' . . ' . . . ' 154.' .. · ' 180' .... ., ............ '+26 
. . . . . . '' .............. ' . . . . . . . . . . '. ....... ' .. . ~ . . . . 

*Concentrations: bacteriocp~oroprijll, 0.09 mole-l-1 ; CD3oD, 1.0 mole-1-1 • 

(Note to editor: ··Place the structure of bacteriocrJ.orophyll 

r~rUB-8686-A at the bottom of this table.) 

' . 

·! 
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formation in this h:tp-_,h concentration range. T'ne methyl protons of 
. •. 

the acetyl function, and the a proton adjacmt to it are both shifted 

· s~ificantly dmm.field v1hen the d:imers are broken up. The resonances 

of the B and o meth:ine bridge protons, by contrast, are virtually 

· unaffected. 

A complete assignment of the NTIJR spectrwn of bacteriochlorophyll 

is not rx:>ssible on the basis of our present .evidence. For exarnple, · 

the methy:). substituents at positions 1 and 5 are in very nearly 

equivalent locations in bacteriocb~orophyll. Each is two cartons 

· rem:::>ved from a ketone carl::onyl 8.!Id adjacent' to .a saturated pyrrole 

ring on the otheP side. ·The two resonances ass~q;ned to these rr.ethyl 

protons, at 196 and 200.5 cps in exces::? metr.anol-<1.4, cannot be dis­

tinguished without further studies. They are of interest, h:::n·;ever, 

since the former is shifted upfield 21 cps a:1d the latter only 8. 5 cps 

. !) :in the ~ega.tes. 

·· ·. ·· ·· Discussion 

. . ' 
'.\.). . . ·:. 

Dimer ·Structures. Changes in the long 'l'.ravelei\;st;h absorption 

bands of chlorophyll ~as a i\..tDction of concentration in carbon tetra­

chloride were reported by Jinderson and Calvin.12 Their spectra shJHed 

virtually identical beh:tvior to trose reported here, but were inter­

preted to result f'ro11. a chlorophyll §:_-chlorop!wll a interaction of a 

non-specific type, leading to a lm1ering of the energies of the 

electronic transitions and a red shift in the absorption spectra. 

.Livine;stori~~ v.Jatson and. McArdle24 have.lik~wise rejected the presence 

.; ~ . . . . . 

of simple • n'lbnomer-<limer equilibrium in accounting for the absence of 

chlorophy{l fluorescence in solutions in rigorously dry benzene. 

\, 
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These solutions become fluorescent upon the addition of one of a 

i'lide variety of nucleophilic 11activator 11 molecules; h:)'vto::ver, the concen-: · 

· tration dependence of the increased fluorescence is at variance with 

an equilibrium involving dimers of cbJ.orophyll. 

·. Analysis of our results demonstrates that the true situation in 

_.carbon tetrachloride solutions involves both rnonomer-dimer equilibrilll1l 

and energy lowering of the transitions in the di.-·ner relative to the 

monomer.. A quantitative treatment of the absorption data is con-. 

_sistent Ylith the presence of \·iell-def:ined chloroph,yll diiners in carbon 

tetrachloride. Furtherrrore, the com!X)nent molecules ark rather strongly 

coupled to one another. At the same time the ce."lter of the red transi­

tion of chlo~phyll·. a shifts by 192 cm-1 from 15040 cm-1 in the rronomer 
. 

to 14 848 cm-1 in the dimer. As seen. :i.r1 Table N, similar red shifts 

are observed for chlorophyll !?_ and bacteriochlorophyll. Additional 

confirmation of the presence of m:::momer-dimer equilibrium of chloro­

phyll ~- in carbon tetrachloride is obtained from the effect on th~ · 

absorption spectra of concentrated solutions i'~hlch are titrated vd.th 

snall arrounts of nucleophilic reagents. 25 Analysis of the result~, ... 

particularly for str.ong complex formers su.ch as pyridine or ethanOl, 

· is ent.1rely consistent with an equ.llibrium involving chlorophyll 

monomers, chlorophyll dimers and complexes formed with a single nole­

.cule of the nucleophile. These observations ·apply to solutions in 

carbon tetrachloride only; the situation may be quite different in 

the case of\aromatic solvents like benzene. 
·,,. {'~ 

···: . 
A numb,~ of similarities in the properties of th~ dirners of 

'f\· ~·< . 
. chlorophyl'l -~ chlorophyll b and bacteriochlorophyll suggest that, 

(,''" ·----~-
• \ '1~1\"l'·d. 
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at least in carbon tetrachloride or chloroform as solvent, they result 

from similar m:::>lecular interactions: (1) The· equilibrium constants 

.· for d:imerization are c8..1 within a factor of three of one another. The 

.·free energies of dimerization are 6G0 = -5o4, -5.3 and -5.8 Kcal-mole-1 

. at 297°K for chlorophyll§:_, chlorophyll b and bacteriochlorophyll, 

respectively. (2) The similar splittings of the long v.avelength 

absorption bands for 'the dimers indiCate trot the relative orienta-

tions of the long i'ia.Velength electric di:IX>le transition m:>ments of 

.. the tv.c molecules in the d:i.mer are nearly the same for tne three pig­

ments (see. below). (3) 'I'he proton me.gnetic resonance spectn1rn of 

. bacteriochlorophyll aggr-egates exhibits shifts analogous to those 

. re:IX>rted previously for chlorophylls §:_ arrl. ~· 

Electronic absorption spectra provide information relevant to the 

structure of the di!riers of chrormproric m:>lecules. Several theoretical 

treatments .based on the interactions of po:int di}X)les rave been rer:ortro 

. fu the literature. 26-2B On the basis of the conclusions of the theoreti­

.: cal arguments the relative orientations an:i the distance of separation 

of the transition dipoles can be deduced from the relative oscillator 

·.strengths, D+ arid D_, of the split components, the d:imer band splittings, . . . 

.. ,.... · ·. "+...: v, and, in the case of optically active m:>lecules S'l..tch as the 
:I, ., 

.. 

'.l," , .... 

,· ~ : :. :: : . 

. ·.'•'• 

. ' . 
. · ... 

... 

: chlorophyllsj from the rotational strength of the d:imer. Although the 

theoretical model, base:d on point di}X)le :interactions, represents a 

: great overs1mPlifi~ation for n1olecules as canplex as· the chloropcylls, 
" . 

it is neverlheless :instructivE; to ·consider the m:x:lel as a first approxi-

mat ion~ 

r·.- .... . 
;· .. : ... .. 
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The analysis .of the long t-Javelength dimer ·absorption bands of the 

·.chlorophylls is d:U'ficult, ovring to the appreciable overlap of the ti'.O 

brocid components •. Furtherrro:re,. the corres.por:d:ing monomer transitions 

'are appreciably as;ymnetric \•ihm they are plotted on an energy scale. 

. ' 

.!n order to· synthesize the dimer spectra, we first assume tr..at the tv.o 

.'split components mve identical sffipeso The boJO components differ only in 

their amplitudes and. in the frequencies of their respective max:l..rm. 

Each component is approximated as· a compound Gauss:il:in 'function. The 

' requisite asymmetry is introduced by assigning a snaller half -barrlwidth 
I 

to the Gaussian at frequencies less tffin th3.t at the ma.xim.un, and a 

larger h3.lf-barrlwidth at frequencies greater th:m that at the rraximum 

.· (e~g., see J¢rgens.en29) ... The same rrufvtidth parameters are assiened to 

. . 
both components of the dimer band, however. The two compound Gaussian 

curves are adjusted, with the aid of a computer, so that their run 

approx:ima.tes the dimer spectrum. The success of this approach can be 

best judgect by the rerult for bacteriochlorophyll sh:n·m in Fig. 9-. 

The fit is reasonably close in the region of the cmter of the transi-. ' . 

. tion; :t~n-rever, poorer agreement obtains in the i'lings, where the Gaussian 

·functions fall off too rapidly. The 0-l vibrational components were 

also. included as separate compJund Gaussians, but i'lit~ greater half­

bandi'lidtbs t~ for the corresp:md:L'lg 0-0 components. The parameters 

for the "best-fit" synthesis for the 0-0 · barrls for the three chloro­

.phylls are · Sl.ll11na.rizect in Table Dl, where the subscripts + and - refer 
·_: . . J ~~ ' . 

· to the high ani low frequency compJnents, respectively. 
•, \ 

. t ' 
Unfort~yely, ·the rotational strengths cannot be calculated so 

'l:'i'i: ' i 

'sjmply. The optical rotatory dispersion spectra and c~Cular dichroism 

·,I 

-~· 
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spectra of ea.ch of the chlorophylls do not exhibit local conservation 

of rotational strength in the regions of individual transitions (see 

Sauer3. for the ORD spectrum of s.llloropb.,;yll a d:imers in carbon tetra­

chloride). This probably results from static field interactions of 

each component of the d:imer on the electronic configuration of the 

. other. The stat.ic field effects are probably also responsible for 

the hyperchromism observed for the d1'1ie!'s (Table rv). He hope to 

pr:-esent a treatment of the ORD spectra of the chlorophyll di;-ners in 

a future publication. 

The zero-order theory_ for the :interaction of point electric 

di!'X)le transit.ion. JTDments :ln dirners predicts tmt the ratio of the · 

dipole strengths ·of the t;\!Q split components, D.tfD_, is sensitive only 

to tre angle between the two transition m:ments.28 The angu.lar dependence 

·~ \. is given ·by· 
., 
'• · · D+ ; 1 . + cos CC 

D_ 1 -cos CC 
, 

where OC is the 3119".).e .between the t\·.D transition dipole rroments. 'The 

arlf").es calculated from the data presented here are given in Table D!. 

They lie between 73 an:i 82° for the long \'13.Velength oscillators of the 

three chlorophylls. Thus, these pa:tr·s of absorption oscillators are 

nearly perpendicular to one another in the three dimers. The similari-

ties apply, of course, only to the dirners in relatively dilute solutions 

("- lo-4 rnole-1-l), and not necessarily to the higher aggregates 

apparently present· in chloroph..yll b and bacteriochlorophyll solutions 
~ . -

. at the highet- concentrations ~1 o-2 - 1 o-1 mole-1-1 ) used in the NMR 
~ . :~·· 

;,1 

;.;> 

studies.· 

In order to characterize completely the_ geometry of the d:i.mers · 
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Table D1. Peak Frequencies and Dipole StreJ!gths for the Long 

Have1ength Absorption Eands of I'~onomers and Diincrs of Three 

Chlorophylls in Carbon Tetra~hloride (Data are presented for 

· · · the 0-0 vib:rational bands only. ) ... 

Compound 

·'Monomers 

,, ffi\-1 

v, cm-1 

D, debye2 

Dimers 

(t+ ·- v_), cm-1· 

l/2 (v+ · + v_), crn-1 

v - 1/2 (v+ + v_), em-~ 

2 D_, debye . 

CrJ.orophyll a 

665 

15040 

24.65 

15029 

14666 

363 

14848 

192 

32.6 

22.1 

1.48 

a, degrees 78.2 

{

Hyperchrornism (%) · \ 

100~~ 2 (~ ~ o_)- ijj n.o 
. . . . . . . . . . . . ·!:;F . . . . . . . . .... 

Chlorophyll b 

645 

15504. 

16.91 

398 

15259 

245 

26.3 

14.5 

1.81 

73.8 

20.6 

Pacterio­
.. chlorophyll 

781 

12805 

37.60 

12810 

12320 

490 

12565 

240 

14.5 
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we need. to specify three a.?-ditional pa.r~uneters, su.ch as the &"lf.':.le 

between the normals to the porphyrin planes, the distance betHeeJ1 the 

·centers of the planess and the angle between one of the norr;-als and· a 

line joining ·the centers. The dimer splitting and the rotational · 

strengths of the correspond:ing d:i.rner tra..'1sitions give us t;·,ro rela-

tionships involving these parameters, but still permit one degree of 

free:iom. In principle, vle may be able to rerrove the r611a.injng degree 

of freedom and obtain checks on the stn..l.Ct\.l..L""e by applying a similar 

analysis to another transition oriented differently with ~espect to 

·the chlorophyll rrolecular axes. The tv;o electronic transitions next 

highest in energy in each chlorophyll are thought to lie in. the por- · 

phyrin plane but to be perpendicular to the long vJavelength transition 

rroment directions.30 Unfortunately, the first of these near 600 m~ is 

.very weak and the second, the &Jret band in the blue, is strongly over-

lapped by another transition of different orientation. The best case 

for this analysis is the well:-resolved transition at 580 mu in bacterio­

. · chlorophyll. Here, however, the dill,er spectrun shows no evidence of 

splitting, merely a shift .to the red. It may be that one component 

has nearly zero . oscillator strength, or that both are appreciable but 

_the splitting is smalL· Comparison vr:i.th the monomer spectrum might 

suggest that the sh:>rt vavelength component is missing and lead to the . 

· · ·.conclusion tret .the tr:ansition roments are nearly anti-parallel to one 

another (coset ~- .:.:.1); h:>wever, we cannot rille out the possibility. of 
. ... \~ C1 . • · 

a pronounced: ~ed shift of the center of the transition :L'1 the d:lmer • 
~.\ \ 

' ~f~{~;> . • 

There is no :I:-.$. son to take the red shift of the long wavelength transi- · 
y~ . . . 

tion as a measure of this ef~ect, since d:tfferent exciteki states are 

.·:Involved. 

'. 

r.:~- --<; 
V'li'Z,''i] 
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Br-oo.y and Brody8b ha.v'e rer.orted a spectrum and d:L:ner geometry for 

chlorophyll ~at h:i.&h concentrations (2. 9 x lo-2 rroles-1-l) in ethanol.. 

T~eir results are· entirely different from ours. Vie believe that the 

.source of this discrepancy lies in several erroneous· assumptions :in 

their approach. Their calculation of the dimer spectrum assurnes th3.t the 

dimer ms no absorption at the i'lavelellG'ch of maxim .. un. absorption of the 

rronomer, at 665 m1..1 :in the red in etr.anol. Not only is this entirely 

mconsistent with their corollary assumption that the absorbance at 

665 mll does not change when one converts a su.bstantial part of the 

monomer to dimers~ bUt. it is in cornplete disagree11ent '"ith dimer 

spectnnn sh:::nm in Fig. 1 of the present paper. In their measure"ilent 
,. 

of the difference spectra no attempt ms made to assure that the ·product 

of concentration times path length was the same in both the sample and . 

reference cuvettes. As a consequence, their "absorption spectnnn" for 

the dimers resembles our· difference spectra for concentrated. versus 

dilute solutions, and bears ro s:i.Jnilarity to a true dimer absorpt:l.on 

spectnnn. The dimer splitting they calct.Uate is too large by a factor 

' of ·t....o and the dimer oscillator strengths h3..ve no foun:::lation whatsoever. 

In addition, we feel that their arbitrary use of the m:Jdel of ffJCRae and · 

Kashl, 27 in \'lhich the transition rroments of the ti';o m::>lecules of the 

. dimer are asSLUTled to be coplanar, hls no foundation for the case of the 

chlorophylls. Additional objections to the \\Drk of Brody and Brody. r.ave 

been raised by Stensby ani Rosenberg, 9 whO: ·were unable to observe 

spectrophotometric evidence for chlorophyll dimer formation in eth:l.nol 

at similar ~~ncentrations at room temperature, and by Y~tz, et al.lla 
~ ,1; ---

·'< llb . i 
and Closs; ·e~ al., who found strong disa.gg;regating effects of small 
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amounts of methanol or~ ethanol added to concentrated solutions con-

taining crJ.orophyll a dimers :in non-polar solvents. Our spectral 

observations rave cori.finned the strong complexing ability of eth:mol 

at the expense of dirnerization. 3 Stensby and Rosenbere; have SU<:~este:d 
.. 

that the brOadened 'absorption observed by Brody ·and Brody rr.a.y have 

resultro from undissolved chlorophyll present :in suspension at the 

high concentrations. 

On the basis of similarities :in electronic absorption spectra, 

proton magnetic resonance spectra and free energies of formation, we 

. conclude that the dimers of. chlorophyll a, chlorophyll· b and bacteria-· 

· ·.chlorophyll :in carbon tetrachloride are probably very similar in struc-

ture. This similq.rity must result from a corresJ:Onding similarity in 

the. forces responsible for dimerization; hence, -v;e feel that dirneriza-

tion in relatively d_ilute solutions results from features which the 

, · three molecules have in common. The :interaction of the C-9 carbonyl 

of one chlorophyll rrolecule v.rith ·the ma.371esiuw of the second molec\,lle 

in the dirner (Closs; ··et ·a1. ;llb Katz, et al. ;lla Anderson and Galvinl2) 
. . .--- ----

· 'is a reasonable proposal for these dimerization interactions. The 

additional .interactiol!s involving the formyl substituent of chlorophyll b . 

and· the acetyl carbonyl of bacteriochlorophyll rru...tst be weal<er, and they 

apparently only become ~rtant at ruch higher concentrations of the 

pi[gnents. 

The long vavelength transition mxnents of the tv.o ·molecules maJdng 

~-

up chlorophyll :dirners are nearly perpendicular to one another; oowever, . . 
' t :' . . 

oUr ·present ~ta do not permit a decision as to whether the molecules 
~~ . . . i . 

in t~ d:imer ~e oriented with their porp[;lyrin planes parallel to one 

. . )'. 
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another' with one' of them skewed 80° \rith respect to the other, whether 

the tv.o planes are rrutually perpendicular, or whether the structure is 

. someNhere between these tv;o extremes. 
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chlorOphyll a studies. 
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. Fig. 1. Absorption spectra of cn~orophyll Cl. :iii. carton tetracb~oride 

.(upper c'urves) calculated for pure monomer (solid cu..--ve) and pure 

· d:L'11er (dashed curve). Absorptivities are given per rr:ale of monomer 

in the d:imer. Tne lower curve (dashed) shows a difference spectrw:i 

measured directly betv1een tviO solutions at different concentrations 

·and for path l~gths inversely proportional to the concentrations.· 

Fig. 2. Absorpti€ln spectra of chloropr.yll b in carbon tetracb~oride 

(upper curves)· calculated for pure mono.11er (solid. curve) and pure 

d:i1ner (dashed curve). Absorptivities are given per .mole of monomer 

• . in the dirTier •. The lov1er curve (dashed) sh:>Hs a difference spectrum 

measured ·directly between t~\o solutions at different concentrations 

and for path lengths inversely proportional to the concentrations. 

Fig. 3. Absorption spectra of bacteriochl<?rophyll in carbOn tetra-

:; chloride (upper curves) calculated for pure monomer (solici cur-ve) 

· and pure d:imer (dashed curve). Absorpt ivities are given po..r rrole of 

monomer .1n the d:imer. The lower curve (dashed) sh:>Ns a .difference 

· spectrum measured .directly. between ti·JO solutions at different con-

. centrations and for path lengths inversely proportional to the 

concentrations.· . 

~:i.g. 4.. Log-l_og plot of_ the concentration of dimer versus concentration 

of monomer for chlorophyll a in carbon tetrachloride. &>lid line 

drat\Il. with theoretical slope 2·. 000. Calculation based on an asswned 

diiner absorptivity of e:680 = 3. 95 x 1d~ i-(rrole monomer)-1 - CJ1l-l·and 
? t •• ~ ' 

a measured ~anomer, absorptivity of e:6SO = o. 80 x 1o4 1-.1101~-l - CJ"Tl-1 • 

See Table III for least-squares analysis of po.iJlts shov.n. 



Fie;. 5. Log-log plot of the concentration of di.t11er versus concer1tra'cion 

of monomer for chlorophyll b in carbOn tetrachloride. ~clid line drm.n 

i·dth theoretical slope 2. 000. Calculation based on a."l assll;'iio:l di11er 

· absorptivity of c664 = 2. 29 x 104 1-(mle ~nolil~r )-1 - ci;-,-1 a..'1d a 

measured rnqnomer absorptivity of e: 664 = 0·.56 x 104 l-:i::.o1e-1 - c.'il-1. 
.··.;: ~ .. 

. See Table III for least-squares analysls of r:;oints sroi·.n • 

.., .. 6 
l'_l.g._ • Log-log plot of the concentration of d:L-ner versus cor.centration 

of .monomer for bacteriochlorophYll in carton tetracrli.oride. ~olid lbe · 

drawn i>l"ith theoretical slope 2. 000. Calculation based on an ass.utei 
l 

dimer absorptivity of e:
810 

= 3.45 x 104 1-(role nx:mom~r)-1 - cm-1 

. and ·a measured monomer aboorptivity of e:g10 = 0.47 x 1d~ 1-rnole-1 

See Table III for least-squares analysis of points sh:n·,n. 

-l c:n • 

F:lg. 7. Nuclear magnetic resona.'1ce spectra ( 60 rnegacycles) of 'oactcr-io-

chlorophyll in DCC1
3 

(upper) and w:i.th a 10-fold excess of cn
3
on in 

DCC1
3 

(lower). Traces at left are run at 3-fold higher sensitivity 

than th:>se at right. Che:nical s:hifts are given relative to 'INS (not 

present in the sa..-n.ple), based on a shift of 436 cps for HCCl? • 
.) 

·Fig. 8. Chanical shifts for proton magnetic reson211ce abcorptions of 

bacteriochlorophyll :L"l DCCl3 as a function of increasing concentratiou 

of cn
3
on. Ass:Lsnments of some of the resonances to specific protons' 

are given at the right. 

Fig. 9. DeComposition of 'the long ·wavelength electronic transition of 

ba.cterioglJlorbphyll d:imers in carbon tetrachloride int,o t\·;o siinilar 

. :~ .~ . . . ·, 

. as;,mnetrid. Gaussian com}X)n~nts (d.ashEXi curves). T'ne s-u.11 of these 

_., .... 

comr;onents (solid ·curve) is coi'T4.·xu·ed with the experiJi,ental absorptivities 

(per mole of monomer present :L"l the d:imers) (0). Para..-neters are surnmarizEii 

in Table N. 
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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 

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 provides access 

to, any information pursuant to his employment or contract 

with the Commission, or his employment with such contractor. 




