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- The dlmerization constants, K

S i for chlorophyll a, (0.8 + 0 3) x 10

. UCRL-16599

The Dﬁnerization of Chlorophyll a, Chlorophyll b

and Bacteriochlorophyll in Solution1

" Kermeth Saver, Jomn R, Lindsay Snith? and Alfred J. Schultz
Department of Chemistry and Laboratory of Chemical
f.Biodynamics University of -California, Berkelev, California

ABSTRACT

Analysesiof the absorption spectra of three chlorophylls in

; ‘.carbon tetrachloride solution demonstrate the existence of mononer—

dimer equilibriun in the'concentration range from 10'6,to 10"3 mole-1"1,

=C /cm , are (1.0+ 0.4).x 10" l-mole™t.
4

d
l-mole“l for chlorophyll b and

(2.2 4 0.7) % lOl__‘_l--mole"‘l for bacteriochlorophyll at 24 + 2°c,

corresponding to standard free energles of dimer formation of -5.&,.

-~ =5.,3 and -5.8 kcal—mole‘l, respectively.

The -absorption spectra of pure monomer 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 princioal

. peak centered at approximately the positlon of the monaner absorotion

= maximum and a shoulder to long wavelensths. The relative ‘oscillator
} strengths of the split canponents indicate that the corresponding

' ”transition.monen@s for the two molecules in each dimer are nearly

-



| 'per:bendicula.r to one anéth°r'.' The proton ma.-gnetic resonance spectmm.

of aggres zated bacteriochloroohyll in DCCly exhibits characteristic features

e _similar to those previously reported for ag,gregated chlorophylls a and v

‘ ‘g. "The evidence fram these Investigations leads to.the conclusion that
‘che structums of the djmers are nearly iden'cical for the three chlorophyll

molecules ..

S (1) The investigations described in this report were sponsored, in part

| by the U. Ssﬁtomic Energy Comnission

'(2)." .Charles F. Két‘cering Research Foundation Fellow. Preé‘ent"address: '
Departznent of Chemistry, University of York, Yorkshire, E:ngland..

¢
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. by Weber

dimers are; oresent in significant anounus only at temperatures well ;

~3-

The nature of the interaction of chloroohyll molecules with one

'another 1s of particular interest in relation to the organization of

these molecules in photosynthetic systems. The presence of agmregated

.j'chlorophyll has frequently been invoked to account for complex features
,' . of the'abeorption spectra of vlant chloroplasts and bacterial chromatophores.
Tn a recent study evidence supporting an agcregated state of .chlorophyll

-/ 'in_vivo was obtained from measurements of the optical rotatory dispersion

ooectra of suspensions of chloroolast lamellar fragnents.3

The formation of chlorOphyll a dimers in concentrated solution
i

" in saturated hydnocaroonsvwas first reported by Lavorel' and by Weber
and Tealeé‘based on comparisons of absorption spectra with action spectra
‘:3', for'fluorescence.> The dimer gave a broadened absorption spectrum, but'

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

® of the fluorescence polarization and efficiency as a function

of concentration led to the calculation of dimerization constants for

. chlorophyll a of 130. -mole™  in 1iquid pareffin and 4.5 l-mole™ in

ether. The latter value was based on data of Watson and Livingston;7 f

~ the original authors had interpreted their own reéults as Indlcating the .
absence of apprecilable. concentrations of dimers, Brody and Brody8

' repofted cnlorOphyll g_dﬁner formation In concentrated ethanol solutions

on the basls of absorption spectrum broadeninv' however, Stensby and':

o Rosenber'ﬂ'9 found evidence that in concentrated ethanol solutions the

e below ‘room température The only direct quantitative detennination

10

‘ mononer—dbner éﬁuilibrium in solution is that of Aronoff From

i ¥ i-:z’

W



_meaeuranents of(the:vapor‘preSSure lowering as a function ofvchlorOpnyll;g
- concentration injbenzene, an equilibrium constant of 459 l-mole~L at : _ v
'310°K was obtained. f‘7A : | S o 3 -
'The association of chlorophyll a, chlorophyll b and several of - |

‘their derivatives has been studied using nuclear magnetic resonance, .-

L p'infrared spectrophotometry, and molecular weight measurements by Katz,

11

and coworkers™ and by Anderson and Calvinl?, These investigators conclude

that ag?revation results chiefly fron the interaction of the central -

' ‘magnesium of one chlorophyll molecule with a carbonyl functional group

‘*of the second. In each case the carbonyl group of ring V aopears to be _
°‘strongly involved and in the case of chlorophyll b, the fbrmyl sub-
'_ stitutent of ring II also interacts with the magnesium, aoparently 1eading
" to trbner fonnation at high concentrations.
~In this paper we report studies on the monomer-dimer equilibriun
gé of chlorophyll g, chlorophyllpg and bacteriochlorophyll in carbon
'dtetrachloride over a wide range of concentratlons using the absorption
' spectra of the solutions as a measure of the specles present., The .'_
methods are similar to those used to study the dimerization of methylene °
‘bluel3 andgof oyanine'dyesl¥_ Wle have increased the sensitivity of the
| appfoach by measuring difference spectra between eolutions of different .
I concentrations with path Jlengths 1nveroely prOportional to the concentrations.‘
For each of the three chlorophylls, the evidence indicates that a |
:,simple monomer—dimer equilibrium exists througnout the concentration

=4 l

range from 10‘6 mole—l -1t greater than 107 mole—l It is therefore - v

p'p0551b1e to calk ulate the absorption spectra of pure monamer and pune




© dimer for each of the chlorophylls in carbon tetrachloride. Analysis
of the results suggests thaﬁ the structures of the dimers are very

nearly the same for the three pignents.

_ . Experimental
Teolation’ of £ he Chlorophylls.3;'

o : Chlorophylls a and b were obtained from spinach leaves using a |
,]modification of the procedure of Anderson and Calvin.™® The mixed
chlorOphylls in an agueous acetone extract are separated fram tne
xanthophylls and other carotenomds usin chranatography on polyethjlene.
Following the transfef of the'chlorophylls to isooctane as solvent,

the chlorophylls a and b are separated from one another by chromatography
on powdered sugar. The seoarate isooctane solutions of chloroohylls

~a and b are each washed 5 times with water to remove contaminants
(principally cornstarch)»ieached fram the sugar. Theichlorophylls
"precipitate ffom tne isooctane soiution upon standing overnighf in the -
‘dark at —15°C. The solid material is collected by centrifugation,..

~ dried under vacuum and stored a2t room temperature in the dark. ‘

_ . Anal. Calc..for Chl. a . HQO _

;C; 72.47; H, 8.18; N, 6.15. Found: C, 72.08; H, 8.043 N, 5.86.

Caic. for Chl b * H,0: ,C; T1.38; H; 7.843 N, 6.05. TFound: ,C,A7l.3i;
H, 7.78; N, 5.9.. | | |

. Bacteriochlorophyll was obtained from R. rubrum by extraction

‘ of  the wet-packed cells with acetone. The plgment extract, diluted to
.a 70:30 acetone water mixture, was separated chranatographically on |

polyethylene vﬁollowing chromatography, crystallization was induced o

of the acetone under vacuum. The bacteriochlorophyll ,




R  carr1ed out in minimum iight:

L Found» ¢, 70.99; H 7.83; N, 5.93; Mg, 2.60.:.

was then recrystallized from:aquedus‘acetone; ~All-operations were
" Anal. Calcd. for Bechl * H20~ C, 71 06; H 8. 2& N, 6 03,_ 2, 2 61.:

Dreoaration of’ oolutions

. For each.experﬂneqt, fresh stock soiutions wére prepafed'by

' diésélving a welghed sample dr-the hydrated chlorophyll in a known
volumé of carbon tetrachloride (ca. 4 mg/5 ml). Les§ éoncentrated”
solutions were then prepared b&'serial and/or paréllel dallution. In
order to prevent pheopﬁytinization'of'the pigments; particuiarly
bacteriochlorOphyll, traces of impurities were removed from the carbon =
‘tetrachloride (Baker and Adamson, reagent grade) by the method of
Fiéser.ls Ethanol, acetone and diethyl ether.wefe eacﬁ reagent grade

and used without further purification. All sdlutions were prepared

“5 in dim green light and stored In the dark. No decawposition was

observed, using high preclsion spectrophotametry as the test, for

-concentrated solutions spanding Ehroughout the day at roam temperature

. or for several days-at- 0°C,

‘Aboorotion Soectra

- Absorption spectra were recorded using a Cary 14& Soect"ophotoneter.
Difference spectra were recorded directly using a dilute solution in a.
long path cuvetfe in the reference beam and}a more goncentrated solution .
in'cofrespondingly shorter.path length cuvette. in the sample beam.s : ;
: .nCuvette path lengths were calibrated using potassium chromate solutlons | ’

©l4n 0,05 N KOH Ghlorophyll solutions were protected from room light

=
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- througnout in order to avold bleacnlng. In general, solutions at

concentratlons less than 10 -5 mole-l -1 in cafbon tetrachloride exhibited

B some'bleaching during the recording of the spectra, and 1t was necessary

' to record then quickly‘to'aVoid substantial errors from this source.

In each case both the sample and reference solutions were prepared

_ bv dilution of the stock solutlon Just before the spectrum was reconded.

' ‘Nuclear Magnetic Resonance‘Spectra

NMR spectra wefé recorded using a Varian A-60 nuclear magmetic

resonance spectrometer. Ul mg of bacteriochlorophyll was dissolved

under nitrogen in 0.5 ml of DCC1, (99.7% enrichment; Isotopes Specialties

» Couy. Burbank, Calif'), which had been distilled under vacuum and -

exhaustively evacuated at -78°C two times. The titration with CD3OD
(09% enrichmnnt Bio—Rad Laboratorieo, Richmond, Calif.) was carried
out by adding successlve portions of the pure du-metnano; using a

precision microliter | syringe (Hamilton Co., Whittier, Calif.). Chemical

~ shifts were measured rclative to the sharp resonance at 436 cps from the

impurity of-HCCl present in the deuterated solvent. No tetramethyl

3
silane was added in these studies.
| Results
The concentration dependence of the absorption spectra of

chlorOphyll brand bacteriochlorophyll are qualitatively similar to that

‘reported previously.for chlorophyll g,3 In etnanol, acetone or diethyl
- ether the absorption spectra (in terms of molar absorptivities) are |

" not appreciablﬁ\affected:by changes in concentration throughout the range

'5_to lOf3 ﬁoie—l'l.- In carbon tetrachloride, on the other hand,
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increasiné5eoncentrationbof each of the chlorophylls results in the
attenuation of the principal absorption maxima and the formation of new
: bands.(shoulders) at longer wavelengtbs. Difference spectra between
:':solutions of different concentration, in cuvettes whose path lengths
'are‘in inverse probortion_to the concentrations; have.numerous maxima
and minima tnroughout.the visible and near infrared regions (Figs.‘1~3;

] tracesrat the bottom of‘eachtfigure).

‘ Dimer Spectra

" The presence of monaner—dimer equilibrium for the three chlorophylls =

" in carbon tetrachloride is demonstrated from their spectrophotometric

- properties using a modification of establish’ed‘procedures.lu’13

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 obtalned fram the

initial weighing and the_dilution factor; 2) the extinetion coefficient

" of the monomer as measured in the most dilute solutions; and 3) various
trial values for the extinction coefficients of the dimer at the same
.wavelengthi ,The wavelengths chosen for the analyses_were those of maﬁima
- or minima in the difference spectra.

The equilibrium constant for dimer formation 1s defined as
c
- d

c 2
m

.‘Kd._

where Cd and C are the molar concentrations of dimer and of mononer,

‘m'~frespectively. Figs. 4§ are log-log nlots of calculated concentrations

.based on the ldhgest-wavelength maximum in a series of difference spectra ‘

“for each(canp@u@d.» ‘The data are‘fitted using the least-squares method .

Lo d

xT



‘to a straight line with the theoretical slope 2.0, using the abso"otivity

- 1[of the dimer as the only adgustable parameter. The presence of species

other than dimers would, in general, lead to curvature in the plots of ‘

data handled in this fashion.- 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. Measurements
- at the minima (corresponding to maxima in the absorption spectra) are

especlally sensitive to bleaching in the dilute reference solutions,

and great care must he taken to avoid errors from this source.

Table I summarizes the paraneters characterizing the plots shown

+ < in 1‘:Lgrs. L6, Least—squares slopes and standard deviations are gilven

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

'iff sufficiently different from 2.000 to justify further refinement. The

equilibrium constant can be obtained fram the intercept at log Cj = 0.’

"ﬁfkgcAs this is a‘fairly long extrapolation, it is especlally sensitive to

‘}i*,ithelexact value of the slope used. The Kd values reported in Table I
.'-represent an interpolation to a slope ldentically equal to 2.000, based

) ff_ on the. results of the several trial calculations for each campound. |

. .The same is true for the dimer extinction coefflclents.reported. ;

The spectra of the pure moncmer and pure dﬁner for each chlorophyll
in carbon tetrachloride are calculated using the corresponding equilibrium
constant a difference soectrum and an absorption spectrum of a ailute

solution. Figs. 1«3 (upper curves) show the averages of two such

- calculations (thrée in the case. of bac t riochlorophyll) for each of the |

'{ chlorophylls° The monomer spectra are nearly identical to those of




“at 2l * 2oC

Table -I. lonomer-dimer Fquilibrium Properties of Tlree Chlorophylls in Carbon Tetrachloride

AGS

e | S 1
Compound (mu) Slope (1-mole—1) - [Keal-(mole dimer)—i]
Chlorophyll a 682 2.006 % 0.035 1.0x10%*ouxio" . s to.2
Chlorophyll b S%’;} 2.009 ¥ 0,037 0.8 x 10% ¥ 0.3 x 10 -5.3 ¥ 0.2
‘Bacteriochlorophyll 810 1.995 Z 0.025 2.2 x 10t # 0.7 x 10" - -5.8%0.2
.'-. -




. solutions containing 1 x 10

~10-

- ole-17t (less than 4% dimer in each

" case). Theldimer spectra exhibit broadening of each absorption band

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

maximum.: The long wavelength dimer absorotion band for each pigment

has a distinct shoulder toward the red.

" Absorption Spectra of'the'Chlorophylls

. We have measured the absorption spectra of chloroohyllia,

.chlorophyll b and bacteriochloropnyll in carbon tetrachloride and in

©* " several other solvents. Table IT sumarizes the values for the wavelengths,

.

millimolar absorptivities and, in some cases, the oscillator.strengths.

+ for the principal absorption bands. Same relevant data‘fran_the literature

are included and a comparison shows that our observations are generally

'lf;/ in good ayreement w1th the more recent published values.,

The literature data on bacterlochlorophyll are the least abundant

", and our observations merit some comment. Our spectrum in ether is

in best agreement with tbét; of Holt and Jacobs29;'however, our, absorp-

: ti?ities'are higher by a few percent at each wavelength “The spectrum

in acetone resembles that in ether, except that the secondary maximum

at 392 m in ether exists only as a weak shoulder in the acetone spectrum.

The maxﬁnun-absorptivities of bacteriochlorophyll in ethanol on the other

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

near 600 mu is markedly red-shifted compared with the first two solvents.

Oscillator strengths for the two long wavelength electronic

3 transitions 1ncluding both their 0-0 and 0-1- vibrational comnonents, ‘

. are calculated using absorptivities at 1 mu intervals and Simpson's
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Table IT.

.l‘o.,or'pulntles, c(in l—mﬂlimole"l—cm 1), absorption maxima, A(in mp) and

oscillator strengths, S

Summary of the Flectronic Absorption Spectra of Three Chlorophylls,

Solvent , _

| wa

N Ether

(+)/ CClq)

85}2 .

1117.5

(“30)

l69.2

[ 120.9 (29.5)

8.28  (578)

715

‘(573)f:;u .

90;1 ‘

(662)

(a7)

Tbis study

cCly

~ (Monomer)

h1.0
-169.3

(415.0)
(415)

67.7 (432.9)
103.8. (433)

&1

_<.’+34_>. |

7.27
8.50-

(579)
(588) -

0. 064

0.060 |

- 0.225

- 0.257 -

(18)

il’his study

Chlorophyll b

~(430)
C(428.4)

158.5  (455)
156. (452.7)

1614 (452, “)..QQ?;;

(soh5)

56.3

52.1
57.8 -

(644).

NGCER RN
(642.3) =7

an

8y '
Tnis study

- CC1y o
(10 Sm-1"1)

. Fonomer)

. (Dimer)* S

139.9  (456.5)

156.7 (456)

» 108 7 (ll6li)

10.7 (597)
13 2o (598)

0. 031

0 038

58.9
59.2
5.6

(645.3)

(645)
- (oh8)

0136.

- 0. 151

- (18)

|This study |

on ..
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Tablc II (Continued) P .\. e e e e e e e e e e s ’
BacieviochloroPhyll..”u“”“”“.”“””””j B
Selvent €y iolet € S X € } f €ed X f éred | Reference
. . e e e e - P "ViOlet
Ether 85.5 (358) |52.8 (391) |22.1 (575) 95.7  (772) 1.12 (19)
70,7 (357) |u6.8  (392) [20.2  (574) 93.4 (767-70) 1.32 (20)
 78.4  (358.5)48.1  (391.5)]20.9 (577) 91.1  (773)" 1.24 (17) -
73,4 (357) |47.1 - (392) |22.0 . (573)  0.110_. 96.0 - (770) - 0.309 _41.31 |This study
Ethanol 58.5 (365.5) J15.2 (607)  0.123 |62.0  (773). 0.307 11,06 |This study
Acetone 65.7 - (358) 19,4 (576.5) 0.127 ./69.2 - (770)- 0.300 |1.05 |This study
cely, L - , T ST N -
(Monomer) 61.7 (361.5)}85.,5 ~ (398) ;20.1  (580) 0,108 |88.0 .(780) 0,280 j1.42 :
S R , AR R A R A This study
(Dimer)# 4g. . .(361) -{20.2.. -(589)-..0.12L |54,  (785) -0.33-..11,10. : :
*Absorptivities and oscillator strengfhs.given per mole of.monomgrjin”the dimers. } -



"[ mole«lfl) have beenlreoorted by Cless, et al.

-1]-

,a@prdximation. As can be seen in Table II, the oscillator strengths

~ for bacteriochlorophyll are not neariy 50 solvent dependent as are the

sbsorptivities. |

| " Brody and Brodv8b report a red oscillator strength of 0.23 forv
chlorophyll a in ethanol, which 1s very closo to our. value in CClq

On the other hand, Jacobs,'gt_al.21 report values of 0.38, 0.28 and
0.79 for the rea osc1llato* strenbths of ether solutions of cnloroohyl~

"hdtn a, chlorophyllide b and bacteriochlorophyllide respectively.

It is known that the absorption ooectra of. the chlorophyllides are wirtually |

22 The discrepancies

ldentical to those of the corresnondlna chloropnylls.
of the oscillator strengths is well outside the nonnal expected uncertain-
“ities.. Thls is espe01ally true for bacteriochlorophyll, where we have
made measurementszin ether and where the red absorption band 1s well

resolved from higﬁer'electroaic transitions.

“'Nuclear Magneuic Resonance Spectra of BacteriocnIO“oothl

e

The nucleaﬁ megnetic resonance (N'R) spectra of chlofophyll a

ggregates 1n DCCL., at high concentrations (ca. 0. 1

11b

~and chloropnyll 3

The protons most af;ected

by deshlelding b he‘ring current effects In the aggregates were
identified by comgarison with the NMR spectra of the monamer molecules,"

_Aobtained.either upon dilution with DCCl3 or byAtitration with CD3OD,

: which.effectively breaks up the chlorophyll aggregates.

o We have perfonned a similar tlitration for bacteriochlorophyll. |

' Figa 7 shows the NFR spectra of bac»eriocx;orothyll in DCCl3 (upper curve)

. and the same so%gtion wlth an excess of CD 0D (lower. curve). The shifts

" in the positionsfbf the varlous resonances throughout the titration are

o

L SN T AT N et At A e e < o [ R 4, ot e A A A g1, g 0 158 a5t
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lustrated in ﬁ‘lg 3, nd some of the resonances that can be,__assi@ed _
' are tabulated in Table TTI. As in the case of chlorophylls a and b, -~
fhe largest change ’chat oceurs upon‘ breaking up bacteriochlorophyil -
_ A_f‘aggrega’ces is f.‘or' ’che C-IO or*oi:on° Following the reasonlng of Closs, .

' . ‘et al.}lb e interpret this as mdlcat:mc' the participation of the.

C-9 carbonvl of ring v in the ag;;r'egate Lormtlon. The in’ceraction
- 1s presumed to be prjmarily with the c}entralmagxesiwn of a second L

"’ba.cter',iocl'ﬂ.oropm/ll molecule. A confirmation of the assignment of

ﬁhe C—iO» -pr'o"cori'resonance was obtained samewhat inadverten‘cly. A

o .'aetive carbonyl g,t*wp and forms only dimers up to a concentration of

'._small amount of oxygen was introduced to the nitropen purbed solut ion

of bacteriochloroobyll during the titration with. CD3OD. Over ‘che

- .course of a week at 0°C in the dark, the qample a_llom,rized in the

presence of the alcohol. The initial effect on the spectrum vas the

complete disappearance of the resonance at 361 cps and the fomatior;

~of a new bard af 507 cps. No other changes 6cmed during this

j;nitial ~mteﬁal, ai,though evidence of 'much further decomposition

| appeared upon additional Standing. Allémerization is thought to

involv_‘e.an oxidation of ring\’ (e.g., see Aronoff23), »
Chloro‘phyll b agg;regation appears to Involve strong interactions |

with the formyl carbvonyl at position 3 as well as with the C-9 carbonyl. llb

'b This g:wes rise to higher aggregates than dmers at concentrations in |

..1 1ia

. excess of ILO"2 mole-l Chlorophyll a does not possess a second C

¥

0.1 mole--l’:L 3 'I’he NMR data on bacteriocrﬁorophyll strongly suggest::

" that the acetyl carbonyl at position 2 is also involved in ageregate
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A Table III. Chemical Shifts (cps from Tetra;methyléﬂane Position) for
a ‘Bacteriochlorophyll dissolved in DCCls plus CD30D¥ -
Proton DCCly ... - DCCLg + cn3oounnn.lnu»Difference
« . 500 52l + 24
8 . s 501 0
s o8 490 w2
' 10 G 361 S a5y
w0 e 233 | + 25.5
5\ 1o 200.5 4 8.5
or o . :
1 175 196 o+
2 UABM 180 .26
. '*Ooncentra‘cions: bacteriochlorophyll, 0.09 mole—l‘l; CD40D, 1.0 mole~1"F.
(Note to editor: - Place the stmctdre of bacteriochlorophyll
MUB~8686-A at the bottom of this table.)
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in the aggregates.

13-

.- formation in this high concentration range. The methyl protons of

‘cl":e‘ acetyl ﬂmcﬁion, and the « proton adjacent to it are both shifted

B sigr]ificantly downfield when the dimers are broken up. The resonances
" of the 8 and § methine bridge protons, by contrast, are virtually

- unaffected.

A complete assignment of the MR spectrum of bacteriochloropflyll

" 1s not possible on the basis of our present evidence. . For example,.‘
the methyl substituents at positions 1 and 5 are in very nearly
équivalent locations in bacteriochlorophyll. FEach is two carbons

_ ‘rémoved 'f‘rom a ketone carbonyl and ad,jacgmti to a saturated pyrrole

?ing 'on‘the other side. "The two resonances assigned to these methyl |
protons, at 196 and 200.5 ¢ps in excess methanol-dy, cannot be dis-

tinguished without further studies.. They are of interest, however,

since the former is shifted upfield 21 cps'and the latter only 8.5 eps

Discussion

_Dimer Structures. Changes in the long wavelength absorptlon

- bands of chlorophyll aas a function of concentration in carbon tetra-
- chloride were reported by Anderson and Calvin.*? Their spectra showed

" virtually identical behavior to those reported here, but were inter—

rreted to result from a chlorophyll a-chloropnyll a interaction of a

non-specific type, leading to a lowering of the energles of the

... electronic trans:Ltions and a red shift in the absorption srectra.
p Livingston* Watson and McArdlezL‘ have likcwlse refected the preeence

- of simple mOnomer-dimeI‘ equ_libriwn in accounting for the absence of

chlorophyil fluorescence in solutions in riforously dry benzene.
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These soiutionS‘become fluorescent upon.the<additi0n'of one of é
:wide variety of nucleophilic "activator” molecules; however, the concen-:- '
“tration dependence of the increased fluorescence is at variance with

an equilibriwn involving dimers of chlorophyll. |

o : Anaiysis of our results demonstrates that the true situation.jn
.carbon tetrachloride solutions involves both monomeraaﬁner equilibrium-
‘and energy iowering of the transitions in the dimer relative to the :
‘monomer.. A quantitative treatment of the absorption data 1s con-
,sistent‘with the presence of well—defined chlorophyll dimers in cafbon.'
tetrachloride. Furthernnre, the component molecules are rather strongly_
V‘,ocoupled to one another. At the same tlmebthe center of the red transi-
vtion of chlorophyllig_shifts by 192 mn‘l~from.15046 em™t in the monomer
to 14848 cnfliin’the‘dimer. As seen in Table IV, similar red shifts

are observed for chlorophyll b and bacteriochlorophyll. Additional

. conifirmation of the presence of monomer~dimer equilibrium of chloro-
phyll 2’ In carbon tetrachloride is obtained from the effect on the
absorption spectra of concentrated solutions which are titrated with
snall amounts of nucleophilic reagents.25A Analysis of the results, .
.:particularly for stnong complex formers such as pyridine or ethanol,

© is entirely consistent with an equilibrium involving chloropr&ll -
monomers, chlorophyll dimers end complexes formed with a single mole-
'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 number of sbnilarlties in the properties of the dimers of

‘,chloropnyll chloropnyll b and bacteriochlorophyll suggest that,
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v'a’é least in carbon tetrachlofide or chlorofo‘rm,es solvent, they result
from similar _mlecdier interactions: (1) The equilibrium constants

' for dimerization are a1l within a factor of three of one amother. The
f‘r'ee energies of djmerizatipn are AG° = -5.4, -5.3 and -5.8 Kcal-mole ™t
"at 297°K for chlorophyll a, chlorophyll b and bacterioehiorophyll,

o ".respee'tively. (2) The ‘similai‘ eplittingrs of the long wavelength

" absorption bands for \the diners indicate that t‘we relative orien’ca-»
:tlons of the long; wavelenzth electric dipole trms:d;ion mommts of
?.the two molecules in the dimer are nearly the same for the three pig~

| ments (see. below) (3) The protoh magnetic resonance spectrum of
.blcterlochlorophyll aﬁgr'egath e)’nimts shifts a.naloc'ous to those

, reported previously for chlorophylls a and b.

Electrdnic absorptiori spectra provide information relevant to the

- structure of the d:'miers of chromophoric molecules. Several theoretical
‘ ’crea‘cments based on the :mter’ac'clo% of point dipoles have been reported
_:m the literature.2§‘28 On the basils of the conclus:Lons of the tk‘eoreti-»
cal arguments the relative orientations amd the dis‘cance_ of separation |
| of the transition dipoles can be deduced from the relative oscillator
“ $trengths, Dy and D_, of the split components, the dimer band splittings,
‘ "'04;»-"6, and, in the case of optically ac’cive molecules such as the

. chlorophylls, from the rotational strength of the dimer. Although the

theoretical 'model, based on point dipole interactions, represents a

:'great oversimpliflcation for molecules as complex as the cnlorophylls,

it 1is nevertheless instructive to consider the model as a first approxi- -
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' The analy51s of the long; wavelength dnmer absorptlon bands of the
"_'chlorOpnylls is difficult, owing to the apprec1able overlsp of the two
b_road components. . Furthermore, . the correspording monomer tranSltions
"vare appreciably é.synmetrlc vi‘nen they are plotted on an energy scale.
In order to- syntoe‘size the dimer spectra, we first assume that the two .

- ~ 'split components have identical shapes. The two components differ only., in |
their amplitudes and in the frequencies of their respective niaxim. '

-‘E‘a_ch component .is approximated as-a compound Gaussian ‘function. The |
"requisite asymmetry is introduced by assigning 5 smaller half-vandwidth '
to the Caussian at frequencies less than that ab the maximum, and a

larger half-vandwidth ab frequencies greater than that at the maximm
(% see Jgrgensen?d). The same ralfwidth parameters are assigned to
both components of the dimer band, however. The two compound Gaussian
curves are adjusted, with the aid of a computer, so that their sum
.approkimates t'he dimer’ spectrum. The success of this approach caﬁ b_e |

best judged by the result for bacteriochlorophyll shown in Fig. 9.
v.'The fit is reasonably close jn, the region of the center of the transi- |
, 't'iOn;. Ahowever,‘ poorer agreement obtains in the wings, where the Gaussian
functions fall off too rapidly. The 0-1 vibrational components were

‘also. included as separate compound Gaussians, bub with greater half-
'bandw:.dtbs than for the corresmndiné 0-0 components. The parameters
| .for the "best-fit" synthes:Ls for the 0-0 bands for the three chloro- ' -
. j":pnylls are’ sunmarized in Table IV, where the subscripts + and - refer . -

{;to the high a.nd low frequency components, respectively.

Un.f‘ortms:tely, the rotational strengths carmot be calculated o
'sirhply., The optical rotatorv dispersion spectra and circular dichr'oism



" a future publication.
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épec,tra of each of the cHlorovhylls do not exhibit local eonservation
of rotational strength in the regions of mdividual»'tmnsition_s (see
Sater3 for the ORD spectrum of chlorophyll a dimers in carbon tetra-
chldride). This ﬁmbably results from static field interactions of

each component of the dimer on the electronic configuration of the .

. other. The static field effects are probably also responsible for

" ‘the hyperchromism observed for the dimers (Table IV). Ve hope to

present a trestment of the OFD spectra of the chlorophyll dimers in
The zero-Order theory for the ,ntor’action of pomt electric
dipole transition. mmen’co in dimers pI'CﬂiCbS that the ratlo of the’

dipole strengths of the ’c,vo split components, D4/D_, 1is sensitive only »

to the angle be’cween the two transition mrr’en’cs.za The angular dependence |

Dy -1+ cos CC o
D 1 -cos @ ‘ | >

where OC 1s the angle between the two transition dipole moments. The

angles calculated from the data preéenteﬁ here are glven in Table IV.
They lie between 73 and 82° for the long vavelength oscillators of the
three chlorophylls. Th.llo, these pairs of abuorp‘uion oscillators are

nearly perpermdicuiar' to one another in the ‘chree dimers. The similari-

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

('\' 10-14 mole-»l"‘l), and not necessar dy to the higher aggregates

apparen’cly present' in ’chloroph;yll b and bacterlochlorophyll solutions
.at the higher concentrations (10"2 - 10"1 mole~L 1) used in the N'R

In order to characterize completely the geometry of the dimers

e
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Table IV. Peak Frequencies and Dipole Strengths for the Long

‘»;'Javélength Apsorptioﬁ Bands of ¥onomers and Djmer;s of Three -
FCh'lQr'ophyillsﬂi.n Carbon Tetrachloride (Data are‘presen‘ced for ’
the 0-0 viorational bards only.) . . o :
‘Compound . Chlorophyll a Chlorophyll b Pacterio-
Ui s cnlorophyll
1 'Monomeré " - _ _
A, L . 665 s 8L
'5, cmflv_ o ‘1._] 15040 15504 . 1 12805
D, debye? - SN o5 16,91 37.60
9, el L 1';‘A 15029 15458 12810
Seml L i ‘f' 14666 . 15060, 12320
(-9, el T 33 3 4o
172 (34 + a_),. emL l 14848 - 15259 12565
9~ 12 (34 + s,); emL | 192 R obs | 210
D.;.; debye® 3.6 .- 26,3 45.0
D_, debye - 22.1 : 1.5 37.1
b+/D~ R o ©1.48 1.8 S 132
d;, degreeé S 78.2 , 73.8 o 8L.9

Hypercrﬁbmisn (%) o
100 x(?(2<D;‘+jD-> - é) 110 2006 . 145

.............
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'we need to specn.i‘y three adalt jonal parameuers, such as the angle
‘between‘the normals to the porphyrin planes, the distance betuecen the .
~centers of tho planes, and the angle be‘ov}een one of the normals and a
| llne jotning ‘the centers. The dimer splitting and the rotational
strengths of the cor'responding dimer transitions give Us two réia—
' vtlonsh_Lps involving these par‘ameters put still permit one de;:r‘ee of
vfreed‘om. In pr'mc1ple, we may oe able o remove the rmalning degree
_"of freedom and obtain checks on the structure by applying a similar
: éﬁalys‘is to anbther tra:isi‘gioh oriented differently with respect to
‘the chlorophyll molecular axes. The two' electronic transitions nex£
highest in energy in eéch chlorophyll are t‘noqght to lie in the por-
phyrin plane but to be perpendicular to the _lorig wavelength_transition

moment directions.30 Unfortunately, the first of these near 600 mu is

... very weak and the second, the Soret band in the blue s is strongly over=-

lapped by another trénsitidn of.different orientation. The best case

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

.nchloropnyli. Here, however, the dimer scectrum shqws' no evidence of

‘spiitt:'mg, merely a..' shift to the red. It may be that one component

-, has neafly Zero ._oscillator strength, or that both ére apprecbiable but

the splitting. -is small ’ Cémpariéon with ;che‘mnomer .sp.ectrum might |

. suggest that the short xavalengtn component is missing and lead to the -
.' conclusion tl'at the transrc:Lon moments are nearly antl—par‘allel to one .
‘A another (cos Of X' 11); however, we camnot rule out the possibi_lity of -

. a pronouncedé red shift of the center of the transition in the dimer. .

There is no reason to ta.ke the red shift of the long wavelength transi--

tion as a measure of this effect, since different excited states are

i: +

,-_inirolved.
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Br’ody and Br’odv8b have repor'ted a soectrun ‘and dimer geometry Lor
hlorophyll a at high concentratlons (2.9 x J.O‘2 moles~-1~1) in ethanol.

Then.r results are entirely different from ours. We believe ‘cha’c the

' _:source of this discrepancy-lies in several erroneous assumptions in

their approach. Their calculation of the dimer spectrum assumes that the -

dimer has no absorption at the wavelength of maximum absorption of the

monomer, at 665 mu in the red in ethanol. Not only is this entirely

.inconsistent with their corollary assur otion that the absorbance at

‘665 mu does not change when one converts a sabstantlal part of the

monomer to dimefs; but. it 1s in complete dlsag'ee'nent w1th dmer

‘spectrum shown in Fig. 1 of the present paper. ' In their measurement

of the difference spectra rno attempt was made to assufe that the 'produot :

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

~ reference cuvettes. As a consequence, their "absor"ption speotr'um" for
‘che dimers résembles our'diffefeme spectra for concentratedversus
.dllute solutions, and bears no szm.lari’cy to a true dimer absorption
'spectrum The dimer splltt_mgr they calcdlate is too large by a factor

A f of two and the dimer oscnlla‘cor strengths have no foundation wha‘csoever.

In aadl‘clon, we feel that their arbitrary use of the model of McRae ang, -

Kasha,?7 in which the transition moments of the two molecules of the

.dimer‘ are assumed to be coplanar, has no foundation for the case of the

chlorophylls. Additional objections to the work of Brody and Erody have

" ‘been raised by Stensby ard Rosenberg,” who: were unable to observe

soectropho’cometmc evidence for chlorophyll dimer formation in ethanol -

at similar t:oncentrations at room temperature, and by Katz, ‘et al.l}@

and Closs, eﬁ al., P wro found strong dlsaggregating effects of small
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- amounts of methanol or’ethanol added to concentrated solutions con-

vt e e gt b g n A "

taining chlorophyil a dimer:s in non-polar solvents. Our spectral

bobser'va‘tions have corifﬁ'.med the strong compl‘exing ability of ethénol : g

" at the expense of dmemza‘c10n.3 Stensby and Rosenberg have suggested ‘ ,

‘tha‘c the broaaened ‘absorption oosemed by Brody and Brody may have - .

resglted from undissolved chloropnyh pre‘sen-u in suspension at the

 high concentrations. . | R o . o

: On the basis of similarities in electronic absorbtion spectra‘,. '

. protén magmeﬁic resonance spectra ard free er«crgies of formation, we o ’i
_conclude that the dimers of chlorophyll a, chlorophyll b and bacterio- |
-',chlorophyli in carbon tetrachloride are probébly very sﬁnﬂar in s'crué-

ture. This similarity must result from a correspondiﬁg sjmilarity in

“" the forces responsible for dimerization; hence, we f eel that dimeriza-
_ _t'ion in relatively dilute solutions results from feé‘cures which thé

three molecules have in co*nmon; The mtera.ctlon of ‘che C-9 caroonyl

" of one chlorophyll molecule wltn The magnes sium of the .second molecule | t

in the dimer (Closs, et al.;1® Katz, et al.;1'? Anderson and Calvinl2) o

' is a reasonable proposal for these dimerization interactions. ‘The. . i
additional intéract,ions invblving the formyl substituent of chlorophyil 9_

"and the acetyl carbonyl of bacteriochlorophyll rrp.s‘c be weaker, .and ﬁhey
apparently onl:;' become important at much higher concentrations of the »

pigments. . o .’ o _ N

' Thé long wavelength fransition moments of the t‘m molecules making |

up chlorophyll dnmers are nearly perpendicular to one another; mWever, o

. our present data do not permlt a decislon as to whether the molecules .

re oriented with their porphyrin planes parallel to one

|
(," et

AN
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‘another with one of them skewed 80° with respect to the other, whether
the two planes are mutually perpendicular, or whether the structure is

. somewhere between these two extremes.

' ‘Aclz‘no'wled;&nents. "I’hé authors wish to thank Miss Marianne Byrh

' for her skillful help in the separation of ‘the pure chlorophyll pigments
and Mr. Philib Walson for hisvéssi"stance in several aspects of the

: 'chlompml'l a studies. . - - |
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. .Figdre Capt iqns
F:L,g; 1. Absorptioﬁ spéctfa of cblorophyll g_ in carbon tetracbioride
»(upbér curves). calculated for pure monomer (solid curve) and pure
- dimer (Gashed curv_e).l Absorptivities are givén per rmole of monomer
in the dimer. The lower curve (dashed) shows a difference spectrur
' measured directly between tvo solutions at different concenctrations

" "and for path lengths inversely proportional to the concentrations.:
. s

F:Lg 2. Absorl'p‘c»ion spec’cra‘éf chlorophyll b in carbon tetrachloride
, ':(upperv cur'ves)’.calcula’ced_ for”pure monomer (solid curve) and pure
 dimer (dashed pur've,). Absorptivities are given per mole of monomer
» ~in the va'.nier_'.‘ 'The_lower cur&_e (dashed) shows a difference sp.ectr‘wn
v meésured directly bétwéen two solutions at dif‘ferént'concentrations

and for path lengths inversely proportional to the concentrations.

Fig. 3. Absorption spectra of tacteriochlorophyll in carbon tetra-
chldride (u'pber curves) calculated for pure monomer (solid curvej
and pure dimer (dashed curve). Absorptivities arc glven per mole of
monomer In the dimer. The lower éurve (dashed) S‘nows a difference
- spectrum mea..mred,di;'é'ctly‘betz-:een two solutions at different con=
_centrations and for path lengths inversely proportional to the

concentrations. .

Flg 4, Log—l.og' plot of the concentration of dimer versus concentration
" of monomer for chlorophyll a in carbon tetrachloride. Solid line

drawn with theoretical slope 2.000. Calculation based on an assumed
l"and

dimer absor?pj;ivity of €g8p = 3.95 x 10" 1-(mole monomer)=t - cm”

a measured %iénomer ab_sorptivity of eggp = 0.80 x lo“ l-molet - cm‘l.

" See Table III for least-squares analysis of points shown.



Flg 5.‘ Log-log Olot of the concentration of cnm& versus corncentratcion
of monomer f‘or chloroomll b in carbon tetrac Rloride. Solid 1line G&rawn
with theoretical slope 2.000. Calculation based on an assumed dimer

- absorptivity of eggy = 2.-2.9 X lO 1- (*wme ”Dnomcr)"l - c**-_J- an

| measurea monomer ﬂbsofptivity of eggy = 0.56 x 108 1-mole~l - eml. o

, Soe Table I.LI for least- SCTua.L es analysis of points shown.

Fig. 6. Log-log plot of the concentration of dimer versus concentration

of monomer for bacteriochiorophyll in carvon tetrachloride.. Solid line »
‘drawn with theorétical slope 2.000. Calculation based on an assumed .

! .
dnmer' aboOl"pulV:LtV of €gio = 3- llS X 10” 1~(mole monomer)™ -1 cm"l

-and a measured mom*nor aogorptlvity of 5810 = 0. L&’(’ X ;0 l—*ao_Le'l - ca™4,

See TaoJ.e IIT for 1eaot—uqua; es analysis of points shown.

Flg 7. Nuc'leai; magnetic resonance spectra (60 megacyclesﬁ of bacteric-
cﬁloréphyll in DCCl3 (upper) and with'a lb—fold excess of CD3OD in
D0013 (lower)‘v. Traces at left are run at 3-fold higher oensuiv;t Ng
than those at figh’“. Chemical suifts are given r'elative to TMS (not

present in the sample), based on a shift of 436 cps for HCClg

‘Fig. 8. Chemical shifts for proton magnetic resonance absorptions of
bacteriochlorophyll in DCCl3 as a function of increasing concentration
of CD3OD.' Assignments of some of the resonances to specific protons’
are given at the right.

Fig. 9. Decompositlon of the 1onc wavelength elec;,romc urans_Ltlon of ?

v o3

bactcrlochlorophyll dimers in carbon tetrachloride into tm .“_mllgr

. i
. as;,mne‘crla Gaussian components (casgen curves). The sum of .uhese

. components (solid curve) is compared with the experimental absorptivitiles

(per mole of monomer present in the dimers) (Q). Parameters are summarized
. in Table IV.
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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.






