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Strong Complexes of Chlorophyll a h'ith Electron Donors1 

Kenneth Sauer and Julia Ku 

[Contribution from the Department of Chemistry, Laboratory of Cheniica1 

Biodynamics, and Lawrence Radiation Laboratory, University of California, 

, Berkeley, California.] 

"Abstract: The formation of complexes of chlorophyll ~ with several 

nucleophilic compounds ,in carbon tetrachloride is observed spectrophoto

metrically. Dimers of chlorophyll ~, present in appreciable amounts in 

carbon tetrachloride solutions at 10~4 to 10-3 mole~t-l, are readily 

dissociated by addition of the electron donors. Analysis of titration 
) 

curves for this reaction shows that 1:1 complexes are formed and permits 

the calculation of equilibrium constants and free energies for complex 

fonnation. Expressed in tenus of the equilibrium ChI + N '~ Chl • N, 

the free energies for complex fonnation by several nucleophiles are: 

pyridine; -4.9; metilanol; -4.2; ethanol; -4~l; water; -3.1; acetone, 

-2.3; and ether; ... 1.8 kcal-mol~-l; whereas the free energy of inter .. 

action of chlorophyll~ \vith itself is -5.4 kcal-mole-l • Strong complexes 

C~G~ = -4 .. 5 kcal--mo1e .. l ) are also, fonned \vith monogalactolipid and with 

sulfolipid isolated from p1an·t chloroplasts. Evidence is presented 
, 

that these coordination reactions occur at the sixth ligand position 

of the central ~agnesium of the chlorophyll molecule, and that the fifth ' 

position is already occupied by very strongly bound ''later. We~propose 

that: this initially:botind·waterdistorts·the structure at the center 

of the molecule sufficiently to reduce substantially tile. ability of 
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~agnesium to bind l.igands at the sixth position. > These interactions 

are relevant to the various, fonns of chlorophyll occurring' in .~. ' 

',. 
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Studies of the absorption and fluorescence spectra of photosyn·, 

thetic materials suggest that the chlorophyll molecules exist jn more 

than a single kind of environment. i!!.. ~ 2 .. 7 A similar conclusion 

results from examination of the optical rotatory dispersion and 

circular dichroism spectra o~ pigmented fr,agments of chloroplasts arid 

photosyntiletic bacteria. B,9 . The circular dicllroism spectra, ,in particu

lar, suggest that a substantial fraction of the chlorophyll exists in 

one or more aggregated forms in which there are strong chlorophyll-
• , ,. '/ l 

chlorophyll interactions. These degenerate-type interactions. give rise 

to exciton splittings and to characteristic double Cotton effects in 

the circular dichroism spectra. At· the same time there is a signifi

cant portion of the clllorophyll present for which no such interaction 

is apparent. 

The present study of the formation of complexes of chlorophyll 

l."ith nucleophilic molecules in a non-polar medium is an attempt to 

learn more about the strength and nature of these molecular inter

actions. Livingston, Watson ;)nd MCi\rcllcIO, have shown that solutions 

of chlorophyll ~ in rigorously-dD' benzene are non-fluorescent, 

presumably as a result of aggregate formation. The appearance of 

apparent exciton splittings in the absorption spectra support this 

conclusion. The addition of polar substanceswhicll form 1:1 molecular 

addition compounds with the chlorophyll restores the fluorescence. 

Freed and Sancierll extended these studies to chlorophyll b in hydro

carbon media and detennined the much weaker equilibrium constants for 

the addition of a second polar molecule to the singly solvated species. 
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TIle formation of the first solvate is difficult to measure in hydro

carbon media because of uncertainty as to ~le nature and extent of 

'chlorophyll aggregation in the pure, dry hydrocarbon. 

A considerable amount of evidence s~ggests that chlorinated hydro

carbons serve as more suitable media for studying chlorophyll solvation • 
• 

The occurrence of chlorophyll 'J. djmcys at high concentrations in benzene, 

carbon tetrachloride and chloroform was demonstrated by molecular \lTe,ight 

measurements using vapor osmorr:-ctry .. 12,13 Using ~le .differences between 

the absorption spectra of the monomer and -of the dimer in carbon tetra- " 

chloride, Sauer, Lindsay Smith and Shul tz14 'were able to determine' 

equilibrium constants for dimer formation from measurements of solu

tions containing lO-6to·~O-3 mole-i- l of chlorophyll 2;., chlorophyll b, 

and bacteriochlorophyll •. From their data it was possible to calculate 

the separate absorption' spectra of the monomer and of the dimer. TI1e 

present study uses elese results to determine solvation equilibrium 

constants for the addition of polar molecules to solutions of chloro-

phyll a. py,ridine. biological lipids j me~lanol, ethanol, water, 

acetone, and ether all appear to form stable solvates but with decreasing 

strength of interaction in ~le orde~ given. Very probably all of these 

invo.lve the fonnation of l:l complexes with the central magnesium atom 

of chlorophyll !-molecules which already contain, in these experiments, 

a single water molecule in the fifth coordination position. 

Experimental .. 

Materials. Chlorophyll a was obtained·from spinach ~eaves using the 

procedure of Anderson and CalvinlS as modified by Sauer, Lindsay Smith 

and Schultz.14 Solutions were prepared as described in the latter 



·study. Care was ta1<en to avoid ~ecessary e).-posure to room light; 

hO\."ever, at the relatively high concentrations of chlorophyll used 

in this study the solutions are relatively stable. Several experi

ments in whiCh oxygen was carefully excluded from the solvent showed 

no s.ignificant differences; hence, this ".,ras not included as a part of 

• the routine proce ·ure. TIle carbon tetrachloride used was either Baker 

. and Adamson, Reagent Grade, or Matheson, Coleman and Bell, Chromato

grade. Identical results were obtained ,."hen either of tilese was used 

directly from a freshly~opened bottle, or after distillation through 

a short vigreaux column~ . The one case, mentioned below, for '."hich 

substantially different results were obtained was with carbon tetra .. 

chloride dried by distillation onto molecular sieve (Linde, SA). 

':rvrethods. Visible absorption and difference spectra were recorded ' 

using a Cary c 14 spectrophotometer with a special red-sensitive photo

multiplier (HamawztsuR-136)~ Difference spectra were amplified ~lrough 

the use of a slidewir~ giving 0.1 absorbance for full-scale recorder 

deflection. Care was taken to use concentrations such that the absorbance 

at the band maxima did not exceed 0.8, in order to keep the spectrophoto~· 

metric slit wid~1s below 0.2 mm and thereby avoid possible errors from 

stray light. Tests indicated iliat such spurious effects become signi .. 

ficant only at slit widths in excess of 0.3 nun. Experiments were 

carried out at ambient temperature (24 -: 2°C), except for the series 

involving water complex formation. In this case, the sample and 

reference cuvettes were temperature controlled using jackets thro.ugh 

which , ... ater was circulated from a regulated thermostat. 

I 
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TIle chlorophyll ~ solvates studied all have very similar absorption 

spectra, and these in tum closely reseJl1ble the spectrum, of the '. ,'., 

chlorophyll ~ monomer in carbon tetrachloride. This is in agreement with 

the observation of Livingston, 1'!atson and McArdle. IO In order to obtain 

a sensitive measure of the solvation equilibria, competition is set up 

bet\veen the solvates and chlorophyll ~ dimer!;, which do have a dis

tinctive l~ng \~avele~gth shoulder ne~r 682 m~ in their absorption spectrum 

in carbon tetrachloride.14 In a typical stUdy a relatively concentrated 

solution of chlorophyll a . in carbon tetrachloride C'" 2 x 10-4 Jl1jt) is· 

diluted ''lith precisely equal volumes of a series or solutions containing 

different concentrations of the solvating species, also dissolved in 

carbon tetrachloride. Thus the ratio chlorophyll !:.:tota1' solvate is 

lmown for each resulti?g solution in the series • Difference spectra 

measured for each solution in the ser~es versus. one containing an 

identical concentration of chlorophyll ~ in pure carbon tetrachloride 

exhibit minima and maxima resulting from, the disappearance of dimer, and , 

the fonnation of solvated chlorophyll in its place. The minimum at 

682 m~ in the difference spectra is used for the quantitative determi

nations. Since the, extinction coefficients at this wavelength for both 

monomeric and, dime ric chlorophyll in carbon tetrachloride, as well as 

the equilibrium ~onstantfor dimerization, are kno,~ from previous 

studies,,14 it is possibie to calculate the extinction coefficient of 

the solvate at this wavelength and the amount of solvated chlorophyll 

present in each solution in ~le series. 

In all cases equilibritun obtains rapidly, and no s,igIiificant 

changes in the absorption spectra lvith time. are observed. In particular, 
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there is no spectral evidence of allomerization in the presence of 

added alcohols, undoubtedly O\'ling to the '10'" ,alcohol concentratio~ 

used 'and the relatively short time required' for the measurements • 

. Results . 

. Chlorophyll !:Complexes. The addition of small amounts of polar 

solvents such as pyridine, acetone, alcohols or water to carbon tetra

chloride solutions of chlorophyll ~produces a regular decrease in the 

absorption shoulder at 682 m\.l. '1111s is evidence of the disappearance 

of chlorophyll dimers' as a result of t.he fonnation of solvated chloro

phyll molecules. Fie. 1 Shah'S the spectrophotometric observations for 

part of a series of solutions containing different amounts of pyridine 

added to a fixed amount of chlorophyll, all in the same final volumes. 

Absorption spectra are sho\~ for chlorophyll ~ in pure carbon tetra

cllloride'and for a solution containing a rather l~rge excess of pyridine. 

In a4dition, difference spectra are sho'~ for some of the intermediate " 

amounts of pyridine.. Very similar spectrophotometric results are 

obtained for the other complex forming agents studied, although the 

concentration ranges studied differ depending on the .strength of the 

interaction • 

. In order to detennine quantitatively the 6:J.uilibrium constants for 

complex formation, it is necessary to consider equilibria involving 

the \.;; : .. )".j :. ; ••.. monomer and 'dimer as well as the solvated species. The 

equilibrium constant for dimerization, Kd, is detennined from the 

absorption spectrum of chlorophyll ~ in pure carbon tetrachloride 

using the equations 

A = t (cmCm + cdCd~ 

Ct = ~ + ZCd 
", I<cI ~.' .. ~ 
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,,,here A is. the obs,erved' absorbance of chlorophyll! at the measuring 

wavelength (682 m)J in these studies), t is the path length, € is the . 

molar decadic absorption coefficient and'C the concentration inmole-t-l • 

The subscripts m, d and t refer to tile monomer, dimer and total cilloro-
682 . 3 682 ph)'ll present, respectively •. 11le values em =8.01 x 10 and £d = 

, 
8.19 x 104 R.-mole-Lon-1 are taken from th~ previous study o~ chloro-

phyll a dimerizatio~ in carbon tetracllioride. 14 A variation of about - . 

. 2-fold in Kd ,~as observed in the entire series of experiments. This 

is wit1lin tile range of uncertainty reported previously, and a possible 

origin for this variation in extent of dimerization resulting from 

variable amounts of included water is discussed below. 

Addi tion of various amounts of the nucleophilic complex" forming 

re,agents produces a decrease in d~er absorption which depends 

monotonically on the imount of reagent added. The .,data are then 

plotted as titration 'curves for the fonnation of complexes at the 

expense of the dimers present initially. Fige 2 is such a curve for 

the chlorophyll' a-pyridine complex. The "roidpoint" represents the 

conversion of 50% of the initial dimer concentration, and shape of 

Vle curve is sensitive to tile nuwber of molecules of electron donor 

complexing ,,<lith each chlorophylL As 'ITill be seen, our evidence sho",s 

that all of the compounds studied form 1:1 complexes with chlorophyll! 

in these experiments. 

With the assumption that only 1:1 complexes occur, the equilibria 

~ these solutions can be considered to conform simultaneously to the 

following set of c011di tions: 
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A = 2. ('mCm + EdCd + tcCc) , 

Ct = em + 2Cd + Cc 

em = Cc + en 
~:i:' Cd 

;::7, 
'111 

\",here the subscript c· refers to the c~mplex and n to the nucleophile. 

Kc is the equilibrium constant for the formation of complexes from 

monomers (we could alternatively express it as formation from dimers; 

however, ~1ese equilibria are necessarily interdependent), and Ctn is 

the total concentration in moles per liter of added nucleophile. ' 

TI1ese equations cannot be solveu simply in closed form; hence we 

adopt a procedure for obtaining Kc (and of testing for the munber of 

nucleophiles associated with each chlorophyll in the complex) by 

successive approximations. Assuming that the midpoint of the titra

tion represents conversion of half the available dimer, and of course 

. a portion of the monomer, to complexes, we can estirnate Cc by a straight

fonvard calculation. Using this value together with those for €:m and Cd 

already available, \ve then calculate Gm, Cd, Cc and Cn for each solution. 

Suitable plots will then' (1) pennit the determination of ICc and (2) test 

for the molecular ratio .in the complex. TI1e clearest, if not the most 

sensitive, such plot is one based on the logarithmic form of the 

equilibrium' expression for complex £Ormation 

log Kc -: log em + log en = log Cc 

Hence, a p~ot of log Sn + log en versus log Cc should give a straight. 
:\ 

line with Unit slope'if a'I:l complex is forn:ed, and Kc can be 
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calculated from the intercept '''hen log em + log c;" .= O. Such a plot is 

shO\m for the chlorophyll ~.;.pyridine cOJTq:>lex in Fig. 3. The line drmm 

has a slope of l. 00 and the fit of the data to a straight line attests 

to the fact that a 1:1 complex is involved. Minor adjustments of E:c 

are wade in order to improve the overall .agreement; ho,~ever, these do 

not affect the conclusion that a straight-line fit' together 'with a slope 
. ! - ---

of unity demonstrates'the formation of only 1:1 complexes over the 

entire concentration ,range studied. No reasonable value 'for an 

extinction coefficient for any 11igher complexes will satisfy this test. 

With the value of KC obtained from the log-l,og plot, it is now 

possible to calculate a theoreti~al titration curve of the type ShO'~l 

in Fig. 2, a more stringent test of the correctness of the interpreta .. 

tion. The solid line shown :in Fig. 2 is, in fact J calculated in this 

.fashion and the agreement with the experimental data is quite satis

factory. That l~igher complexes would be readily distinguished by this' 

procedure is shown in Fig. 2 by the pronotulced deviation of the dashed 

curve, whiCh is calculated for a ChI • 2 N complex. In particular, 

the inflection characteristic of the ti trat;ion curves for the fonnation 

of this and all higher solvates is never observed. (One partial excep

tion to this is discussed below.) 

The titration curve analysis :for the formation of the duorophyll 

complexes ,,'lith ethanol; methanol, and acetone is simil~r to that for 

the pyridine complex. In this case the midpoints occurred at higher 

nucleophile to chlorophyll ratios and, correspondi,ngly J the computed 

equilibrium constants are smaller for these chlorophyll complexes. 
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1he pertinent spectral and thermodynamic properties are summarized in 

Table I. 

Table I. Chlorophyll!: complexes 'vi th various nucleophiles l...Tl carbon 

tetrachloride at ca. 297°K. Equilibrium constants for complex forma-

t10n, ~~lar extinction coefficients of the complexes, and free energies 
r . 

of complex formation· 

'(lJ (2) 
£ £ 

Cornplexing 'atg82' , .. 'at 664~666 
J\rrent' , . ' . , , . . (.R. -molc'::."'.t:::cJiy-?j"""""""" , , , , '(.R...;nlole- l ) , . (Kcal';mole-l ) 
~.:,-

1. 01lorophyll !: (1.0~O.4)xl04 . -S.4!O.2 

2. Pyridine 8.4xlO3 8.9xlO 4 (3.8~O.4)x103 -4.9 

3. Methanol 7.8xl03 9.0x104 (1'.1'!:O.2)xlO3 . -4.2 

4. Ethanol 7.8xlO 3 8.4xlO4 (1.0~O.2)xl03 ' -4.1 

s. 1'!atcr (1.0::O.6)xl04 (7.8:0.4)xlO4 (2'!:1)xlO 2 -3.l'!:0.5 

6. Acetone 8.4xlO3 . 8AxlO4- 4S:!:8 -2.3 

7 • Ether zono -1.8:!:O .4 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . , . ' , ........ ......... , , .. ... , . , 

The analysis for complexes '''ith water and ether is not so simple, 

as the titration caTUlot be carried to cOlnpletion for experimental 

reasons. At concentrations of ether sufficient to, give ,essentially 

complete complex formation, the solvent mediulll is altered significantly, 

and continuous dlanges irl absorption spectra coupled Ni th the disap

pearance' of isosbestic points are observed. TIle initial parts of the 

ether titration curve (Fig. 4) does not shoN an inflection, however, 

and we take this as evidence for the probable formation of a l:l com-

plex. By curve fitting procedures, illustrated by the theoretical 



-12-

curves shmm in Fig. 4, ,"e estimate the association constant for the 

,,,eaker chlorophyll-ether complex (see Table I). In connection with 
" 

other studies, we have investigated the ability of separated plant 

chloroplast lipids to form complexes 1\~th chlorophyll! in carbon tetra

chloride. Using the same methods as described in the present paper, 
• 

'strong monosolvate complexes (liGo = -4.5) are observed both with mono

galactodiglyceride and with sulfoquinovodiglyceride.16 

, 'Water' complexes. 111e study of the ,,'ater complex presented diffi

culties because of the very l:i,mited SOlubility of \vater in the carbon 
-' 

tetrachloride solvent. Our first eA~eriment (solid circles in Fig. 5) 

sho,,,ed an apparent inflection in the titration curve and ,suggested t.~e 

intriguing possibility that a higher complex formed un'iquely in the 

case where 'vater is the complexing ,agent. :Numberous repetitions of 

this experiment, however, failed to ShOH any convincing inflection, 

al though the scatter of results was much greater than for any of the 

other tit'rations. Considering all of our results taken together, "Ie 

)11USt tentatively conclude that water forms a 1:1 a<ldition complex'vith 

chlorophyll !:. just as the other nucleopile~ do. At the same time, we 

are unable to account satisfactorily for the irreproducibility of Vle 

measurements using wate,r. We measured the difference spectra in thenno

statically-controlled sample and referen~e cuvettes, observed no syste

matic changes in the difference spectra "lith time, took pains to insure 

the absence of undissolved 'vater in the titrating solution, and caref~lly 

excluded most of the oA-ygen from the solutions in some cases.' None of 

these factors seem to be the origin of thelrreproducibility. It is 

possible that different amounts of water ,,,ere initially present in the 
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carbon tetrachloride reagent or the solid chlorophyll !:.., which was 

always stored in a.desiccator over Ivlg (CI04). One would expect such 

variations to appear in the other titration curves, however, if·either 

of tilCSC situations occurred. Under the assumption Blat a.l:l complex 

\'I'j. th 'vater is indeed fonned, we have included average values for the 

properties of the water complex along with the other data in Table I. 

The special role of \vater in fonning complexes with chlorophyll 

requires further consideration. TIle occurrence of strongly bound water 

in chlorophyll crystalS has been known since the time of Willstlitter 

and Stoll.17 The stoichiometry generally assurned is one water for each 

t\·!O chIorophylls; however, results based on elemental analysis require 

. an accuracy of better than 1% to detect one~half water molecule asso-

. dated with each chlorophyll, and further. analytical evidence is 

required to confirm the reported ratio. In particular, Rabinowitch 

has reported the tendency of ethyl chIorophyllide to adsorb water' 

reversibly and continuously over a range of partial pressures .1S 

Livingston, Watson and McArdle have demonstrated the difficulty with 
, • .1 

which a portion of t."l-J.e bOUJld Hater is removed from solid chlorophyll 

samples. lO - As He did not carry out the ex."l-J.austive degassing and 

heating under high vacuum that they found necessary to produce truly 

anhydrous chlorophyll, we assume that some bound. Hater is present in 

our solid material. Livingston, Watson and McArdle' found that, in 

benzene solutions from which ,Hater was rigorously excluded, chlorophyll 

shO\vs spectral evidence of aggregation even at concentrations as low as 

10-6 mole~t-l. TI1eseaggregates are completely destroyed by.the addi-

", tion of an amount of water Hhich is virtually' equivalent to tL~e amotmt 
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of chlorophyll present. We find supporti!tg evidence for higher aggre

gate £onnation in dilute solutions in carbon tetrachloride \vhichhas , 

been dried over molecular sieve, (Linde SA). This Has a qualitative 

observation only, and the results \\fere difficult to reproduce. The 

opservations do s~ggest, hm.,rever, that the species ''Ie have been calling 

"monomer" and "climer" are really complexes in which one molecule of 

water is already' coordinated fo the central ~agnesium atom in the fifth 

ligand position •. PresuI1lably the Chlorophyll "complexes" retain this 

coordinated Hater, and the added nucleophilic reagent then binds at 

the sixth coordination position on the opposite face of the porphyrin 

system. ,~igands, includi?g water, binding at the sixth position, 

clearly do so much less strongly than does water at the fifth position • 

. ·DiStUssion 

Our spectrophotometric observations clearly show that certain 

nucleophilic substances such as pyridin.e,' ethanol and 'yater,' readily 

disrupt the interactions responsible for chlorophyll dimerization in 

carbon tetrachloride. !-!evertheless, examinC).tion of the equilibrium 

const::mts and ftee energies of interaction, listed in Table I shows 

that the inter~ction of chlorophyll !:wi th itself is stronger than 

that with any of these other simple nucleophiles. We have every 

reason to believe that the explrolation of Closs, Katz and coworkers19 

and of Anderson and Calvin20 . gives a correct interpretation of the 

origin of ~he principal forces leading' to dimerization.' In this 

picture tile carbonyl oXygen of carbon~9 ring V of one chlorophyll 

molecule is coordinated with the central ~gnesium of the .second 
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clllorophyll molecule. Steric interference exists if a structure is 

constnlcted with the two porphyrin planes parallel. Closs·et·<il. 

proposed, therefore, that the planes intersect at a small angle. We 

nmv have independent evidence from t.~e exciton interactions of the 

etectronic absorption bands and from the circular dichroism spectra of 

bacteriochlorophylldimer~ in carbon tetrachloride that .the angle of 

intersection of the chlorophyll planes is close to 45°. Full details 

of these studies will be published shortly.9,ZI 

The precise reason forslicl: D. sU'ong interaction '',lith the C ... g 

carbonyl is not so evident. 1nat it is not simply the nucleophilicity 

of· carbonyloxygens in: general is attested by the fact that added 

acetone fonns. a rruch \veaker complex than does chlorophyll itself. 
'. , 

Furthennore, ~igher .aggregates than climer?, resulting from inter-

actions with the 3-fonnyl substituent of chlorophyll b13 ,l9 and with 

·Z ... acetyl substituent of bacteriocl"liorophylll4 occur only at much higher 

concentrations .and represent a nruch loJeaker interaction with the ~g:

nesium than the primary one resulting· from the C-g carbonyl. This 

latter ftmctional group, occurring· as it does in a highly strained 

S-member ring and adjacent to the large 'IT-electron system of the 

porphyrin ring, Nould not be expected to be similar in its electronic 

properties to a siJTIple isolated ketone or aldehyde carbonyl. Neverthe-

. less, Ne infend· in a fortreoming paper to present evidence that the 
~ . . 

particul~r~y strong interaction present in the chlorophyll dimers· 

results, <3:t.least in part, from a cooperative interaction wherein the 
I 

second magnesium atom, previously not implicated in the phenomenon, 

" . ' 
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is coordinated with the phytyl ester carbonyl of the first chlorophyll 

rnolecule.21 We believe that this two-point interaction, whidl is sho\\'I1 

to be feasible in a study of molecular modelS of dllorophyll dimers, is 

not only responsible for the unusual strengt..~ of t.l}e interaction but 

also for the rigid three-dimensional geometry of the dimer indicated, by 

the analysis of its electronic absorption and circular di'chroism spectra. 

'Comparison of the strengtlls of complex formation by the various 

added nucleophiles does not lead to an" obvious correlation for the 

trend observed with molecular properties. For example, the hydroxylic 

, oxygens, of \'later or simple alcohols bind with greater strength than does 

the more nucleophilic oxygen of acetone , although more\\rea.1cly than the 

electronegative nit~ogen of pyridine. When saturated ,oxygen atoms are' 

not attached to protons, as is the case in diethyl ether, the binding 

is very weak indeed. This does not appear to be a consequence of simple 

steric repulsion by the ethyl groups in diethyl ether, on the basis of 

molecular model studies; but the alJo"lable configurations for the ether 

molecule are restricted and tllere may be a ratiler large entropy of for

mation for the complex.' The original conclusion that a hydrogen atom 

must be'attached to the nucleophilic atom in order for strong complexing 

to occur with chlorophyll aID was subsequently discarded upon the obser

vation that quinoline forms quite strong eomvlexes~22 Our observation 

of the forwAtion of very strong pyridine complexes confirms this latter 

result. From the long list of complex~g molecules studied by 

Livingston, Watson and M:Ardle,IO it is apparent tllat :increasing 

basicity corr~lates with :increasing binding 'strength, at least among 

molecules\vith the same functional group. In order to account for the 

" 
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anomalouslystro?g bindiIig of alcoho~s" and water in comparison \vith 

their basicities, we propose that the protons attached to the oxygen 

atoms of these molecules simultaneously form hydrogen bonds \d th' the 

porphyrin ni trogens to which the magnesium is primarily bound. In 

particular, this supplementary llydrogen bonding to porphyrin nitrogens 

may account for the unusually strong binding of the first \vater mole

cule at the fifth coordination position of the magnesium. Fig. 6 

shows a schematic diagram of this proposed structure. 

We rust account for the apparent fact that the first bound water 

has much stronger interaction than does a second water at the sixth 

magnesium coordination position. (The distinction bet\veen fifth and 

sixth coordination positions is used here merely to distinguish the 

order of bindirlg. Al though the chlorophyll molecules do not have the 

porphyrin ring as a mirror plane, l'le have no reason from this study to 

believe that complex formation occurs preferentially on one side or the 

other of the ring. In 'the case of the dimer such a preference may very 

,'!ell exist, however.) In addition, pyridine,lv-hich foms a stronger 

,complex than does the second water molecule, does not also displace 

the first wate'r molecule; pyridine fonus only a 1:1 complex Hith 

initially hydrated chlorophyll. We propose; therefore, that the first 

bound water; by means of its two supplementary hydrogen bonds to the 

porphyrin ntitrogens, sufficiently distorts the magnesium-porphyrin , , 

structure to render additional coordination at the sixth ligand posi-
f~' , \ . . 
" 

tion less .favorable~ This could easily occur if the effect of the 

first bound water is to pull the central ~gnesium m-Jay from the por-
" ! f 

phyrin plane, as indicated in Fig •. 6 ~ We do not knmv the precise 
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location of the magnesium atom in the uncomplexed chlorophyll molecules; 

hOlvevcr, X-ray diffraction studies of several metal phthalocyanines , 

shO\" that for metals with covalent radii of 1.2 to 1.3 R, the metal is 

displaced 0.1 to o. 2 ~ out of the porphyrin plane. 23 According to 

Pfluling,24 the covalent radius of magnesium is about 1.4 R. It 'vould 

be surpri~ing then if magnesium could he accommodated in the, porphyrin 

, plane, where, the overall distance .bet\\I'een opposi te nitrogen atoms is 

probably not more than Z .,2 R. Our present hypothesis is not greatly 

affected by the true, geometry of uncomplexed chlorophyll, however. We 

are proposing a distortion resulting from interaction of the first 

bound water molecule, ''lhich perhaps increases a ~gnesium displacement· 
, 

already present and produces a permanent asymmetry ,,,ith respect to the 

porphyin plane. 

At concentrations of strong nucleop~iles three-to-four orders of 

TI'.agnitude higher than those rcqu~red for foI111i?g ChI • N or Ch12, it is 

apparent that dinucleophile complexes 011 ·2N and trimers Ch13, at least 

of chlorophyll b and bacteriochlorophyll, are stable. ll ,13, 14,19, 2S, 26 ,- ' 

These probably result from displacement of water from the fifth coordi

nation position of, the central metal atom for at least a portion of the 

chlorophyll molecules. One must consider'the possibility, however" 

that this ,,,eaker, 'comP1exing occurs at a different site on the molecule. 

One of the chief objectives of our studies of the ~ggregation of 
i 

chloropl~y~ls in solution is the hope of learning properties relevant 

to its interactions 'in 'vivo. Careful absorption and difference spectrum 

measurements, especially in the red region of the spectrum, by Brmffi and 
. c . 

French,4 Kok and Hoch,27 and others, 6,28 indicate that 4 to 7 disti?guishable , 
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, forms of chlorophyll!:. may exist in higher plants • These forms are 

known,' to vary in, their flu,?rescence efficiency, their efficiency in 

inducing photochemistry, their intrinsic response to activating l,ight, 

and their optical rotatory dispersion <md circular dichroism. 7 The 

short 'vavelength forms have properties characteristic of unaggregated 

chlorophyll, lvhereas those shifted to longer wavelengths behave as if 

they are partially aggregated. 9 At the same time it is likely that 

all of these forms of chlorophyll, have at least one molecule of water 

or some other nucleophile bound to the central magnesium atom. 

Apparently at least one water per D/O' chlorophylls is present even in 

crystalline chlorophyll ~, ,,,here the shift to the red of the longest' 

wavelength absorption band is even more plYonounced than any observed 

'in vivo. 

On the basis of recent studies and those reported here, we are 

tempted to propose that the different forms of chlorophyll in chloro

plasts (and probably of bacteriochlorophyll in photosynthetic bacteria) 

resul t from differing degrees of complexing with nucleophilic substances. ' 

Apart from the ubiquitous 'vater molecules J there are many nucleophilic 

ftmctional groups present in quinones, xanthophylls, structural, lipids, 

and proteins. TIle polarity of L1.e local environment may determine the 

extent to which anyone of these can compete wi thother chlorophyll 

molecules :nor the sixth ligand position. Apparently a number of such 
~ , , 

environments are present, and there is evidence 'that substantial con-
i' 

" ' 

versions from one fonn to another occur during the, grmvth and develop-

'ment of,the photosynthetic materials. 3,7 
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FIGURE CAPTIONS 

Figure 1. Abs011)tion spectra (upper curves) for chlorophyll! in carbon 

tetrachloride (:3.;)3 x 10- 5 mole-9.~l) (solid curve), anel for a 

solution of the :;3::18 concentration containing 6.20 x 10-
3 

" 

mole- C 1 of pyridine (dashed curve). Difference spectra 

(lower curves) for the chlorophyll a in carbon tetrachloride 
, - ' 

Figure 'Z. 

containing various concentrations ,of'pyridine',versus SO,lutions 

contaiiling only. chlorophyll !:.' 

- ............. -. , -4 -1 
1. 24 x 10 molc- R.. of pyridine added ' 

. . . . .:. . . . . 
- , 

. -4 
2.48 x 10 , 

-2 1.24 x 10 

" 
" 

... " " 

" " " 

Spectrophotometric titration curves at 682 mil for the fonnation 

,of the, chlorophyll !!. - pyridine complex from chlorophyll dimers-' 

in carbon tetrawl.loride. Solid curve : calculated for a ChI • Pyr 

complex with Kc = 3.8 x I03·R..-mole-1• Dashed curve: calculated. 

h 2 ·Py 'th 7 2 -2 for a C I • r complex \'J1. KZc = 2.3 x 10 R.. -mole 

, Figure 3. Log-log plot of a fWlction of clllorophyll monomer concentration, 

Sn' and fr:e pyridineconc~ntration, ~, versus chlorophy11- ' 

pyridine complex concentration, ec , a'll in mole-R..- l ., Data calcu

lated·fromexperimental measurements using Kc = 3.8 x 103 R..-mole- 1• 

Solid line is dra\"Il~ Nith. slope" 1.000. 

Figure 4. Spectrophotometric titration curves at 682 mll for the formation 

, 
, , 

.. 

of the chlorophyll!!. .,. ,nucleophile complex from c.~lorophyll ~ 

dimers in carbon tetrachloride. Solid curve with solid. circles: 

. calculated for a ChI •. Ethanol c~mplex with ICc = 1. 0 x 103 

" . -1 
, R.-mole .• Solid curve with open' triangles: calculated. for a 

" . " ......... ~..... ~ ... , ..... , .. -- ......... ~ ... , ~.. .... '.' '." " . 
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ChI • Acetone complex Wit!1 Kc ::; 45 t-molo-1• Dashed curve: 

calculated for a ChI • Ether complex "lith Kc ::; 20 9.-mole- l • 

Spectrophotometric titration curves at 682 mlJ for the for

mation of 'the chlorophyll !:. .;, water complex from chlorophyll 

diillers in carbon tetrachloride ~ Data from three cA'Periments 

, are 5hO\I/11. Solid curve: calculated for a ChI • H20 complex 

with K .;, 2 x 102 R.-mole-1• Dashed curve: calculated for a c ' , 

ChI • 2 H20 complex with K2c = 2 x 105 R,2-mole-2. 

Figure 6., Schematic diagram of proposed structure of a magnesium por-

phyrin containing a strongly bound water molecule. 

! ' 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, 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 behal f 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 . 
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