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The dimerization of chlorophyll u to the so-called special pair. in xvhich the two monomers are linked together by two 

nucleophilic molecules (alcohol or water). leads to shifts and splittings of the absorption and magnetic circular dichroism 
(MCD) spectral bands. The changes in the Q-band region are described starting from a model proposed previously (L-L. 
Shipman. J.R. Norris and J-I. Katz. J. Phys. Chem. 80 (1976) 877). and which we extended to include the MCD. The 

parameters %_v and a_,., containing the exciton and environmental parameters (L.L. Shipman. J.R. Norris and J.J. Katz. J. Phys. 
Chem. 80 (1976) 877) and the relative orientation of the monomers in the dimer. determine toe spectral features. Spectral 
simulation leads to the conclusion that in the special pair a, and a_,. are in the regon of 0.6-0.8 and that the dimer has C2 

symmetry. The model was also applied to the case of the pure dimer of chlorophyll b where the monomers are bound together 

directly. With similar values for a, and cc,. the spectra could be reconstructed assumivz almost parallel monomers in the dimer. 
the equilibrium constant for the association 2M = M 2 was determined as 0.8(+0.2)~10~ mol-‘/I. The present choice of 
compounds was based merely on practical reasons. The model may be applied equally we11 to other similar cases. 

1. Introduction 

In solutions of chlorophylls dimerization may 
take place. Especially the dimers of chlorophyll 
(Chl) CI have been investigated quite extensively 
[3-S]. In dry solvents of Ccl,, octane, etc., the 
so-called ‘pure dimer’ forms in which the keto 
group of molecule I is attached to the magnesium 
of molecule II. Further aggregation is also possi- 
bIe. In the presence of nucleophilic compounds 
such as water, alcohol. pyridine, the so-called ‘spe- 
cial pair’ is present at higher concentrations and 
lower temperatures_ In the dimer the monomer 
halves are held together by two nucleophilic mole- 
cules which play a dual role in that the electron- 
donating groups are attached to the magnesium 
and the acceptor parts to the C = 0 of the chioro- 

phy’l]4]- 
For these dimers several structures have been 
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proposed. In the pure dimers of Chl u many 
relative positions of the two monomers are possi- 
ble [S], for the special pair of Chl a the molecular 
planes have to be parallel (more or less) and for 
that case only two possibilities remain, either with 
or without Cz symmetry [4]. 

We have tried to establish a relation between 
the possible dimer structures and the absorption 
and magnetic circular dichroism (MCD) spectrum 
which show splittings and shifts compared to the 
corresponding monomer spectra. We studied two 
specific compounds. 

Firstly, the special pair of Chl u, found at lower 
temperatures, was studied using high concentra- 
tions of Chl a in solutions of toluene in the pres- 
ence of ethanol. The restriction to two possible 
parallel structures makes the interpretation of the 
rest&s somewhat simpler than for the other case 
studied, the pure dimer of Chl 6. The latter com- 



pound was chosen because the spectrum shows 
considerably more detail than that of the corre- 
sponding pure dimer of Chl (1. 

The results were applied for the lower Q bands 
of the compounds_ As a theoretical model we 
exploited the semi-empirical theory of Shipman et 
al. [l]. which we extended to include the MCD. 
Inclusion of MCD in the analysis of the spectrum 
may lead to a better correlation between theory 
and experiment, due to the additional information 
provided by the MCD signs. The relative orienta- 
tions of the transition dipole moments and angular 
momenta strongly influence the absorption and 
MCI) spectra. Restrictions on these relative orien- 
tations. of course. are imposed by the bonds and 
geometries of the monomers. 

In the model one starts from the optical transi- 
tions in the monomers. The monomer bands are 
shifted and split by several effects. expressed by 
the exciton splitting and the environmental param- 
eters [I]. 

The monomer (Chl u or h) exists in a mono- 
ligated form with a pentacoordinated magnesium 
and a diligated form with a hexacoordiuated mag- 
nesium. Even at low concentrations of an 
electron-donating molecule the monoligated form 
is present. preventing the formation of pure di- 
mers. At high concentrations of the nucleophile 
pyridine. the magnesium binds two pyridine mole- 
cules. Diligation with other nucleophiles occurs to 
a measurable extent only at lower temperatures_ 
The assignments for the spectra of the mono- 
ligated form are important for interpretation of 
the dimer spectra. since at least one of the mono- 
mers in the dimer is also pentacoordinated. These 
assignments are made by comparison of the spec- 
tra of the monoligated monomer with those of 
porphyrins and of diligated monomers_ 

For the porphyrins. Gouterman [6] in a study of 
the spectral changes on substitution and following 
the results of molecular orbital calculations con- 
cluded a _r-polarized lowest absorption band. De- 
spite the fact that chlorophyll has a symmetry 
which is even more reduced. the strong resem- 
blance of the chlorin and chlorophyll spectra sug- 
gests the same assignment for the lowest chloro- 
phyll absorption. A basis for this similarity is the 
fact that in all these molecular orbital calculations 

Table 1 

Absorption bands of Chl u and b monomers and dimers in the 
550-725 nm re_eion 

Chl (I 
Monomer 
Special pair 

Cht h 
MLill0mIX 
Purr dimer 

580 (x) 660 (_v) 
592 
628)(“) ;;)(I-) 

613 (x j 644(v) 

614 
634)(“) 

the four-orbital model gives a good description of 
the Q bands of these compounds 171. 

In table 1 we have listed the wavelengths of 
monomer and dimer bands of interest. The spec- 
trum of the special pair of Chl a (figs. 1 and 2) has 
_r-polarized bands at 670 and 702 nm due to the 
monomer band at about 670 nm [S-10]. The x- 

t 

e I. 

cl t 

. 

I 1 I I , I 1 

MU 

50 
Wavelength tnml===> 

Fig. 1. Absorption and MCD spectrum of Chl (I in tt solution of 
dry tolurnr nnd an equivnlent ;imount of ethanol at 293 K 
(------) and 130 K (- )_ Chlorophyll concentrzttion 0.07 
mol I-‘. 
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Fig. 2. Experimental (at 130 K). Chi n special pair spectrum 

(- ) and the spectrum simulated for (z_= = 0.670. a,. = 0.645 
and the angle j3 = v(- - - - - -). The low intensities of the 550-650 
nm region of the absorption spectrum show a relatively large 
experimental error and should be considered accordingly (cf. 
differences with fig. 1). 

polarized bands are located at 592 nm and in the 
region around 630 nm. At 628 nm a small dimer 
absorption is located which we assumed to be the 
X-band. The precise location of this band does not 
influence our calculations to a large extent. On 
dimerization the absorption in this region does not 
change significantly_ The x-polarized monomer 
band is located around 580 nm. 

The pure dimer of Chl b (fig. 4) has y-polarized 
bands at 646 and 662 nm due to the splitting of 
the 644 nm band of the monomer. Similarly, the 
x-polarized bands are located at 614 and 634 nm, 
with the corresponding 634 nm monomer band. 
The assignments for the Chl b monomer are given 
in ref. Il. For the dimer the assignment is based 

MC0 

Wave1 enqth Cnml==, 

Fig. 3. Simulated Chl a spectrum for /3 = T(- ). B 
=fr(._ .---)andp=O(------).Inallcasesa,=0.670and 
a, = 0.645. 

on our absorption and MCD spectra (see below). 
The strong resemblance of the spectra of Chl a 
and 6, together with the assignments given for the 
monomer and dimer of Chl a [8,9] further support 
the present assignments_ 

2. Experimental 

Chl a and b were obtained commercially from 
Sigma or prepared from fresh spinach leaves by 
the procedure described in ref. 13. Samples were 
kept at low temperatures to prevent possible de- 
composition. 

Water-free solutions could be prepared by dis- 
solving the chlorophyll in a solution of Ccl, which 
had been dried over a molecular sieve. Subsequent 
distillation of part of the solvent then removes 
traces of water [14;. The special pair of Chl u (fig. 
1) was formed by adding twice the equivalent of 
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Fig. 4. Absorption and MCD spectrum of Chl b in a solution of 
dry Ccl,. The product of sample thickness and chlorophyll 
concrntration was 2.5 X IO-* moI I-’ cm. The dimer ex~apo- 

Inred spazcn-um for C 5 2.5 x lo-” (-_). the spectrum for 
c=2.5x10-5( ..----).C=5xlO-‘(------)and,afterad- 

difion of ethanol. for C = 2.5 x IO-” mol I-‘: room temper- 
Ll,“PZ. 

ethanol to a Chl Q solution at a concentration of 
0.07 M in dry toluene. At room temperature no 
dimerization is visible. A dimer spectrum appears 
on cooling the solution. 

The same compounds were investigated by 
Shipman et al. [10,16]. At 183 K, for comparable 
concen:rations, the dimer association seems com- 
p!tte. as follows from infrared measurements. 
Therefore. in our case. at 130 K. one must also 
;Lssume complete dimerization. The 670 nm band, 
also present in the monomer. is more intense in 
our case than in ref. 10. 

The spectrum of the pure dimer of ChI b in dry 
solutions of Ccl, is shown in figs. 4 and 5. The 
measurements at different concentrations of Chl b 

=ere made for constant values of the product of 
concentration and optical path length. The overall 

MCD 
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Fig. 5. Experimental extrripolared Chl h specrrum ( -) and 

the spectrum simulated for a._ = gr = 0.8 with j3 = z(- - - - - -): 
room tcmperawre. 

monomer concentrations chosen were from 25 X 
TOW6 (1 mm path) to 5 X low7 M (50 mm path). 

Unligated monomers can only be obtained in 
the presence of dimers (at higher concentrations 
higher polymers are formed). To obtain the mono- 
mer spectrum we added a small amount of ethanol 
to an equilibrium mixture. This leads to the con- 
version of almost all monomers to the monoligated 
monomer. We now assumed that the monomer 
and the monoligated monomer have almost the 
same spectrum. As indicated by the behavior with 
respect to the isobestic points on dilution or on 
adding ethanol, the latter assumption cannot be 
very far from reality- Also, clearly only two com- 
pounds are present in the equilibrium mixture in 
the solutions_ 

From the changes of the typical dimer absorp- 
tion band at 662 nm on dilution we calculated the 
equilibrium constant for the dimerization reaction 
2Chlb~(Chlb),asK=0.8(~0.2)X106mol-’I. 
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The contribution of the 662 nm band to the spec- 
trum was determined by deconvolution of the 
absorption bands. 

Subsequently, using the assumption with regard 
to the monomer spectrum and the value of K. the 
dimer spectrum could be determined (continuous 
curve in fig. 4). Again, the spectrum intersections 
at the isobestic points are as might be expected for 
a two-component equilibrium_ 

The measurements were carried out using a 
home-built apparatus [17]. The absorption spec- 
trum could be measured simultaneously with the 
MCD. Our instrument had no baseline correction 
for the absorption. If desired the baseline was 
corrected by comparison with spectra measured on 

a Cary 14 instrument. The field strength was gen- 

erally 5.5 T. 

As can be seen from figs. l-4 dimerization 
leads to overall changes of the absorption and 
MCD spectrum. Especially in the Q-band region 
from 550- to 700 nm the changes are very obvious 
(table 1). 

2.2. Calculation of dimer absorption and MCD spec- 

tra from the monomer contributions 

The optical spectrum of both types of Chl Q 
dimers has been described in the literature [10,16]. 
As mentioned above, for the electronic transitions 
in the dimer the monomer molecular states are a 
starting point [l]. Charge-transfer effects seem to 
be small [5,18] and their consideration is beyond 
our scope. We only look for a correlation between 
the orientation of the molecular parts and the 
observed spectra due to the superposition of the 
absorption and MCD molecular moments. 

For the description of the dimer one starts with 
the ground-state product functions of the two 
monomers @p: 

*x = @p. @; (1) 

The lowest excitations are simply the antisymme- 
trized products in which one of the monomer 
functions has been excited, i.e., @; - !I$’ and@ - @;_ 

The simplest form of the hamiltonian is ex- 

pressed by the sum of the individual monomer 
terms H, and the mutual interaction H,l: 

H-H,i-Hz’H,z (2) 

In a calculation one has t6 diagonalize the interac- 
tion matrix (If): 

H ( Al,+o, 7- 

T AIt-0, 1 

where d, = (@,!JH,j@,‘) - (@FjH,J@,!‘) and a, ex- 

presses the interaction of the molecular part i with 
the solvent or inequivalence due to changes in- 
duced by bonding with the other monomer. In the 
case where the monomer halves are identical err = 
02. 

The exciton interaction is expressed by the tran- 
si&t density parameter T= (@p - @HUH,.,/@; - 

1 
In this way the lowest excited-state energies are 

expressed by: 

E/Y+ u~~d~i-u~I-~~(~,--1~+o~-~~)~*47-~]”~ 

(4) 

with the eigenstates: 

K=fi l(l~~)‘/28;~~_+~(1Ta)J/~OP91 (5) 

where the ‘interaction parameter’ is given by: 

LT.= d,-Lld,+a,-ul 

((A, -d, + 0, - a2)‘+4P)“2 
(6) 

The typical ‘exciton only’ case is for A, = A,, 
equivalent monomers making up the dimer. and 
2T B u, - a,. The difference u, - a2 shifts the 
whole exciton spectrum by that amount. 

For an estimate of the quantities in these for- 
mulae we use the results of the spectra. First we 
calculate the absorption and MCD for these di- 
mers. 

2.3. Absorption and MCD of dinzers 

Only B terms contribute to the MCD. The 
monomer transitions are approximately x- or y- 
polarized_ For the excited state dimer wave func- 



tion for the Q-band we write: 

wherej = x, y and where we have now written for 
the product functions: 

The parameters cu, and a,. do not have to be 
identical. If we indicate the ground-state product 
by G == <Dy - @2 we obtain for the transition Q.,.,+ 
G the MCD term: 

Ft.*== rm(Q.,._ ;-4Q,, >-(Gfl;rQ.,_,~\Q,_I~G) 

+ Im<Q.,._ IfilPc, >-CGGIQ..., ) A tQ,_ IFIG) 

where the usual notation [19] has been used. The 
monomer eiectronic transition dipole moment is 
denoted by & the angufar momentum operator by 
n?. The energies of the states in the dimer are given 

by Y_, iJ$_% etc. Substitution of eq. 7 then leads 
to: 

B,_=F 
%,- w,_ 

+ 
2-2a,a,.-~,(~-*~)‘~Z(1-~~)~‘~-~ut(l-~~)”2~U~(1-Olt)“3 

rv,_- w,* 

and similarly: 

B,_== _ F 
2-_2n,a, _ 4,(1 -*yft - *yz- nz(l - *y-l- %(I - a.$‘= 

%_- “yY_ 

(13) 
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In F=$M..R R .\ .I Q. Q,., R,. and R,, are the dipole 
strengths for the monomer Q, and Q,. bands, 
respectively, and M,,. the matrix element of the 
magnetic moment operator connecting the two 
states. 

The dimer absorption and MCD may now be 
calculated for different sets of the parameters 
ff,, a,.. aI, al and aj. The precise locations and 
widths of the absorption and MCD bands were 
determined by deconvolution of the experimental 
spectra_ In a second calculation the E and D 
values were determined for a, and a,. between 0.1 
and 1.0 for variation of the a values between the 
extremes of 2.0 and - 2.0. The experimental ratios. 
defined by 

r, = S,+/B,._. rz = B,_/B,_ and I-, = D_,.,/D. .s - 

were used to obtain restrictions on the allowed 
quantities. A rather wide range around these ratios 
was used in the calculations. From the result of the 
calculations the set of B and D values closest to 
the experimental ones was used for the simulated 
spectral plots with the previously determined band 
locations and widths. 

3. Results and Discussion 

3.1. The special pair of Chl a 

According to the literature the keto groups are 
connected through the nucleophile to the mag- 
nesium atoms, yielding a structure in which the 
monomer planes are approximately parallel El]_ 
The z-axes of the monomer coordinates are either 
parallel, which corresponds to the Euler angle 
p = 0 (a, = 2), or antiparallel with /3 = z (a, = 
- 2). For these values of a, a, and a_,. were varied 
between 0.1 and 1.0 for different possible uZ and 
Q~. The experimental ratios are r, = 0.69 + 0.07, 

‘Z = 3.0 f 1.0 and rJ = 0.53 f 0.06. With these re- 
strictions and a, = -2 one obtains the values 0.61 
< a, -= 0.70 and 0.62 < a,. < 0.68. Within experi- 
mental error the model then yields for a, and a., 
any combination in these ranges. For r, = 0.69, 
r, = 4.0 and r, = 0.53 one has, for instance, a, = 
6670 and a_, = 0.645. For the other possible value 
of a, = +2 this procedure does not yield any 

combination for a,, aI.. We therefore believe that 
the Euler angle R = r, which means that the dimer 
has CZ symmetry. 

If one assumes that the quantities r, and r, are 
smaller, as indicated by an earlier publication [lo], 
the same conclusion remains valid, except that azr 
and a_,. become smaller. 

The values of a of about O-65 in combination 
with the observed splittings for the y-polarized 
bands of 680 cm-’ may lead to an estimate for the 
environmental splitting, -r, - ~z, and the transition 
density parameter, T. Using the above definitions 
of these quantities, one obtains T, - -rZ = 442 cm-’ 
and T = 258 cm-‘. From the dipolar interaction. 
2T = 2$/R3, a rough estimate of the dipolar dis- 
tance may be made. If the dipole strength of the 
y-polarized band in the monomer is about 25 
debye’, one has for the distance R = 8 A. Al- 
though no particular significance should be at- 
tached to these estimated values. some indication 
as to the correctness of the magnitudes involved is 
obtained. 

Merely to show the behavior of the simulated 
spectrum on varying the angle ,!Z between the 
z-axis we have given some plots in fig. 3 for the 
same values of a,, a_,., u2 and u3- In these plots the 
angle /3 has the values 71, $r and 0, respectively. Of 
course, an angle of $Z is impossible for the special 
pair. 

3.2. The pure dimer of ChI b 

The ordering of the dimer absorption bands is 
based on the analogy with Chl a and on the 
following arguments. By definition, the highest 
energy band of a pair of x- or y-bands has the 
subscript + (eq. 4). Also the zero-zero transitions 
of the x- and y-bands have opposite MCD. We 
therefore conclude that the ordering, with increas- 
ing energy is y_y+x_x+. 

If, for instance, the ordering is y_x_y+x+, the 
MCD signs would show the ordering + - -+ -, 
contrary to experiment, etc. 

The bonding in Chl b dimers is not known. If 
only one bond exists between the two monomers, 
as for instance is the case in Chl u pure dimer, all 
possible orientations seem to be possible. Experi- 
ment leads to the ratios r, = 0.82, rz = 0.60 and 



r3 = 0.50. Contrary to the previous exampie the 
vaIue of rz could be determined within small limits 
due to the better resolution of the MCD bands. 

If. for instance_ it is assumed that aJ = o[~ = 0.8, 
a best spectral fit is obtained for q = -2-O to 
- 1.7 (Le.. for /3 = 7i to O.Sr) corresponding to a 
configuration with approximately parallel mono- 
mer pIaries. 

As far as we know, estimates of the interactions 
for Chl h dimers have not been made from other 
experiments. The symmetry of the MCD spectrum 
with respect to the splittings indicates that ty, = a_,_ 

For smaller values of the interaction parameter 
the spectrum may be simulated for a larger region 
of the angle p_ For LY,, cry c 0.4 almost any orien- 
tation becomes possibIe. 

4. ConcIusion 

It seems that the absorption and MCD spec- 
trum of dimers may be reconstructed in a simpfe 
fashion using the monomer spectrum and the ob- 
served band positions and widths of the dimer 
spectrum. The intensity relations of the absorption 
and MCD are rather specific for the spectral fea- 
tures_ Certain relative positions have to be ex- 
cluded assuming specific interactions. Unfor- 
tunately. precise intensity measurements of the 
absorption bands could not be made due to possi- 
ble overlap of the bands. In the case of we11 
defined absorption bands, the quantities cy, and a_,. 
may be determined more precisely and then used 
in a calculation of the MCD spectrum. We believe, 
however. that in spite of the limitations this simple 
model may have a more general application to the 
description of dimers. In the structural details are 
more accurately known. estimates of the interac- 
tion become more precise and vice versa. 

Appendix 

The coordinates with respect to the monomers 
are given by x~. y,. zI and x2) yz, zz. 

For a description of the electric and magnetic 
vectors a common reference frame is needed for 
which we take xl, _y,. z,_ 

If the Euler angles which relate the two systems 
are given by ar, ,B and y 1211, it follows that: 

(~)=~(~~) (AI) 

where 

( 

=11 at? 013 
A= a11 a22 039 

1 
(AZ) 

a31 032 a33 

where the elements a,, are the matrix elements 
given in ref. 21. One has to calculate expressions 
of the form 

CO,,., I3Q,, >-VGIQ,. >” <i?,_ GIG> 

which after substitution of the functions leads to: 

:[r + ~,.)“‘(l f a,)“2<Q_,,l~lQ.~,>- 

((l-t- a,)“‘(1 + ~.~)“2~~lbl~.,,~~(Q,,lt?l~~ 

* (I+- a,.)“$ - a.v )“2<WiQ,,> A (QJW+ 

+ (I- =,)““(l f ~.,~*“~WX?.,,> A (Q&W) 

+(I - n,)“$ - ~x)1’2(WW. > A <Q.&G)) .’ 2 

4f(I-a.,. )=I1 - 4,~i/2<Q.,,in71Q.~,>- I’” 1 

where Q,, zipi: (j=x,y and i-1,2) are the 
monomer excited Q states. 

For the planar chlorophyll monomers the only 
magnetic contribution is due to the z-components. 
Using eq. Al the elements of mz and pa are 
expressed relative to the reference frame 
(X,,Yrr 21 ). For instance: 

~Q.~Ji%%, = ~rr~Q.&S%~ * ~dQx>G2W>-~ 

* a:3~Q.&~iG>z: 

since the rz and zz components of (Q,,[C;,(G) are 
zero. It has been assumed that both monomers 
have the same dipole strengths for the lower Q 
transitions, thus 

Ro., = RQ.:- RQ, 

and 

RQ., = RQv2== RQ, 



The same holds for the magnetic moments of the 
monomer molecules in the dimer. 

The expressions of eqs. IO-13 are found with 
the abbreviations: 

“I = Q33 f =Ifa+z - =1z’f21 =2cosp 

n,=0,,+011~33-073032=2(c0s~cosy-sin~cos~siny) 

a3 = oz2 f a,,ajl - nt3a3t = - Z(sin Q sin y --cosacospcosy) 

For the dipole strengths D for these transitions 
one obtains the expressions: 

D(a+1’* )=Ra.(l+:t:l--nt)‘/2112) 

n(a -+.r_ )=Rb,(l--(f-Cl~)l~~~.l) 

D(U’.Y.+ )=R6.~l+I(t--at)“la,) 

D(o--,r_)=R~,~1-~(I-~~)“2uz} (A31 

The expressions, eqs. A3 and 10-13, were used for 
the plots of the absorption and MCD spectra. The 
best fit was obtained with the experimental posi- 
tions of the dimer bands and linewidths with a 
Gaussian or damped oscillator function. 
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