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Formalisms are developed for calculating the absorption wavelengths, dipole strengths and rotational 
strengths for dimers of bacteriochiorophyll and related molecules. The expressions explicitly consider the 
mixing of bacteriochlorophyil's four main excited states (Qy, Qx, Bx and By) in the ground and excited states 
of the dimer. This mixing must be considered in order to account for the hyperchromism and nonconservative 
circular dichroism found experimentally in oligomers of bacteriochlorophyli and bacteriopheophytin. The 
spectroscopic properties of the eight absorption bands of a bacteriopheophytin dimer are calculated as 
functions of the geometry of the dimer. The importance of the mixing of nondegenerate excited states, and 
of the mixing of doubly-excited states into the dimer's ground state, is evaluated by comparisons with 
calculations in which these phenomena are neglected. Structures for bacteriopheophytin dimers are found for 
which most of the calculated spectroscopic properties are consistent with the properties seen experimentally. 
Possible explanations are considered for the remaining discrepancies between the calculated and observed 
properties. 

I n t r o d u c t i o n  

The bacteriochlorophyll (BChl) in photosyn- 
thetic bacteria occurs in pigment-protein com- 
plexes that typically contain from two to seven 
BChl molecules bound to a relatively small, hydro- 
phobic protein [1-4]. The spectroscopic properties 
of the BChl-protein complexes differ markedly 
from those of monomeric BChl in organic solvents. 
The long-wavelength (Qy) absorption band  is 
shifted to lower energies and is sometimes in- 
creased considerably in dipole strength. The cir- 
cular dichroism (CD) bands frequently have very 
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large rotational strengths, and the CD spectrum in 
the Qy region is nonconservative. (The rotational 
strengths of the positive and negative CD bands 
do not sum to zero.) 

In the accompanying paper [5], we show that 
absorption and CD spectra resembling those found 
in vivo can be obtained with oligomers of BChl or 
bacteriopheophytin (BPh) in mixed aqueous 
solvent systems, or in micelles of the detergent 
lauryldimethylamine oxide. The oligomer probably 
needs to be no larger than a dimer, in order to 
have such spectra [5,6]. Because the spectral effects 
are seen with BPh as well as with BChl, they 
clearly do not depend on specific interactions with 
ligands that bind to the magnesium. (BPh has two 
hydrogens in place of magnesium.) Instead, they 
seem likely to result simply from exciton interac- 
tions between neighboring molecules in the 
oligomer. But the spectra cannot be explained 
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adequately by considering only the interactions 
between degenerate transitions in the two mole- 
cules. For one thing, the 850 nm absorption band 
of the BPh oligomer in lauryldimethylamine oxide 
micelles has a dipole strength that is about 1.7- 
times greater than the total dipole strength in the 
Qy transitions of the monomeric PBh that has 
formed the aggregate [5]. The summed dipole 
strengths of the exciton bands that result from 
interactions between degenerate excited states 
should be equal to the sum of the dipole strengths 
of the individual molecules [7,8]. Exciton interac- 
tions between degenerate states also are not suffi- 
cient to account for the nonconservative CD spec- 
trum of the oligomers. The sum of the rotational 
strengths of the exciton bands that result from 
such interactions must be zero [7,8]. Finally, if one 
considers only degenerate states, a large bathoch- 
romic shift of the Qy absorption band (a shift to 
longer wavelengths) requires that the Qy transition 
dipoles be oriented more or less in parallel. This 
orientation would give the corresponding CD band 
a smaller rotational strength than is observed [9]. 

The large dipole strength and rotational strength 
of the Qy band in the oligomers appear to arise at 
the expense of the higher-energy (Soret and Qx) 
bands [5]. Intensity borrowing of this sort, termed 
hyperchromisim, can be rationalized by consider- 
ing exciton interactions between nondegenerate 
states in neighbouring molecules, in addition to 
interactions between degenerate states. The theory 
of hyperchromism, which was developed orginally 
by Tinoco [7,8], has been aplied extensively to 
nucleic acids and proteins, and recently has been 
used for anthracene [10]. We here elaborate the 
theory in a form that is useful for chlorophylls and 
related molecules, and calculate the spectral prop- 
erties of dimers with a range of geometries. 

Theory 

Consider a dimer of BChl or PBh. Each of the 
monomeric components of the dimer has four 
main excited states, designated Qy, Qx, Bx and By, 
or 1, 2, 3 and 4, in order of increasing energy 
[11-14]. Zero-order wavefunctions for the ground 
state and excited state J of a dimer of identical 
non-overlapping, uncharged and nonpolar  mole- 
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cules (a and b) are: 

~'g=+o0+h0 (1) 

(2) 

where ~mO is the wavefunction for the ground state 
of isolated monomer  m, and ~mj is that for the 
monomer 's  excited state j .  The dimer has two 
exciton states corresponding to the monomer 's '  
state j ;  we designate these by even and odd values 
of the index J ,  letting J = 2 j  or 2 j  - 1 with j = 1, 
2, 3 and 4. 

The zero-order energies of the dimer's states 
are: 

E~=2Es (3) 

e y = E,+ g -  ( -  x)+voj.~+ (4) 

where E s and Ej are the energies of the gound and 
excited states of the isolated molecules and Vaj, b j 
is the interaction energy between the two mole- 
cules. Because monomeric BChl or PBh probably 
has only a relatively small permanent  dipole mo- 
ment  when the molecule is in the ground state or 
any of the relevant excited states [13,14], the inter- 
action energies depend mainly on the transition 
dipole moments. In the point-dipole approxima- 
tion: 

I~,~j'l~bk 3(p.j'R~h)(ILbk'R.b) 
Vaj,b k iRab[3 iR.bl5 (5) 

where /.lmj is the electric transition dipole for the 
transition 'Ore0-* ~mj, and Rab is the vector con- 
necting the centers of molecules a and b [8]. (The 
transition dipole/~mj is ~mjl#ml~m0), where #,, is 
the electric dipole operator operating on molecule 
m.) More accurate results could be obtained by a 
point-monopole treatment [13,15]. 

In order to account for hyperchromism, it is 
necessary to mix other excited states in with g,o 
and ~o. In the absence of permanent  dipole mo- 
ments or other perturbations, ~/,o mixes only with 
states in which molecules a and b are both excited 
[8,16]. Taking a linear combination of the zero- 
order ground state with these doubly-excited 
molecular states gives the first-order ground-state 
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wave function: 

( 4 ) 
j - t  - 

(6) 

where F a = (1 + E Y'~ gfk)  - ' /2"  The coefficients 
j 

gjk are found by first-order perturbation theory to 
be: 

gjk = -- Va j .bk /h (Va j  + Vbk) (7) 

where Paj and Vbk are the frequencies of the opti- 
cal absorptions associated with excitation of mole- 
cules a and b into states j and k, respectively [8]. 
The factor F a is needed to normalize if'a, but F G 
typically differs from 1.0 by less than two percent. 

The doubly-excited molecular states are far 
enough removed from xpo in energy so that they 
do not alter the energy of the ground state signifi- 
cantly. However, they can contribute to both the 
dipole strengths and the rotational strengths of the 
transitions in the dimer. 

The eight excited states of a BChl or BPh dimer 
can be expressed similarly as linear combinations 
of the singly-excited molecular states. In some 
cases, the dominant  contributions to a given ex- 
cited state, #j ,  will still come from a particular 
pair of degenerate molecular states, %j  qb0 and 
%0 ¢bJ" Separating out these contributions and 
using first-order perturbation theory again, one 
obtains the approximate expression: 

4 Vaj,bk ) 
% = ¢~j~'bo- 5". - - - -  ¢.o~h* 6 

k * j  h(Vbk -- VaJ ) 

4 V,,k,bj } 
- ( - 0  ~ ~ o o % - ~  - - - -  ¢.k¢~o 6 (8) 

k*j  h(V~k -- Phj) 

where: 

( [ ] [ ] 2 } : 2 +  
k'~j h(Vbk--V'~J ) kC'j -- 

Eqn. 8 is essentially equivalent to Tinoco's equa- 
tion [8] (IIIB-15), but emphasizes the importance 
of Fs, which can be significantly less than 1/7r2.  
For  simplicity, we have again assumed that the 
permanent  dipole moments of the ground and 

excited states are negligible compared to the tran- 
sition dipoles. 

Eqn. 8 is useful for analyzing the dimer transi- 
tions that arise predominantly from the Qy or Qx 
transitions, because these transitions are relatively 
well separated in energy from each other and from 
the By and B x transitions. As long as the interac- 
tion energies between the degenerate states are 
much smaller than the energy gaps between the 
monomer 's  transitions, Eqn. 4 also continues to 
describe the energies of the dimer's states reasona- 
bly well. However, Eqns. 4 and 8 are inadequate 
when one considers the dimer transitions that arise 
mainly from the By or Bx transitions. These transi- 
tions are relatively close together in energy, and 
their interaction energies can be comparatively 
large because of the large dipole strength of the By 
transition. 

For a more general solution, one must use the 
full secular equation to obtain better descriptions 
of the dimer's eigenstates. Let the first-order wave- 
function of the J t h  excited state of the dimer be: 

8 

~IPJ = E Cq.j~bq 
q - 1  

(9) 

where the basis set of wavefunctions ~q are ffl = 

%re&o, #'2 = %0 @bl, ~b3 = %3 ~bO . . . .  and ~b 8 = 
%0 @b4" For consistency of notation, let v 1 -- v~l, 
P2 = Pbl,  P3-~" Pa2' etc.; and let /~q be the electric 
transition dipole for the molecular transition %0 
Cb0 ---' q%" We continue to assume that orbital over- 
lap between the two molecules is negligible, and 
that the doubly-excited states do not affect signifi- 
cantly the energy of the dimer's ground state. This 
allows one to refer the energies of the dimer's 
excited states (E j )  to the energy of the zero-order 
ground state (E°) .  The transition energies ( A E j  = 
E j -  E °)  and coefficients (Cq, s )  are obtained as 
the eigenvalues and eigenvectors of the secular 
equation [ H p , q  --  t ~ p , q A E d ] [ f q , j ]  = 0, where the ele- 
ments ( t ip .  q) of the Harniltonian matrix H are: 

1¢1) 1¢2) 1¢3) [¢4) "" [¢8) 

(¢11 hVl Val.b 1 0 Zal.b 2 ... Val.h4 ] 

(if21 V~l.ha h v~ Vo2.bl 0 ... 0 ~ 

4¢31 0 v,2.~, h,'3 Vo~.~2 ... 0V,2.b,| 
(¢41 V.l.b 2 0 V.2.b 2 hv 4 ... 

(%1 vo~.~,,, o v,,=.,,, o . . .  h,,~ : 



Zero elements indicate that the elementary, 
singly-excited states of an individual molecule are 
not mixed if the other molecule remains in its 
ground state. These states could be mixed by the 
perturbation due to a permanent  dipole in the 
neighboring molecule, but as stated above, perma- 
nent diples have been neglected. 

We have used a program written in BASIC for 
a minicomputer to solve for the coefficients and 
energy associated with each excited state of a 
dimer. The interaction energies ( V a j . b k )  a r e  first 
obtained for a specified geometry using Eqn. 5. 
The Hamiltonian then is diagonalized by Jacobi 's  
method, essentially as described by Carnahan et 
al. [17]. This procedure generates an 8 × 8-matrix 
of coefficients, which are automatically scaled so 
as to normalize the wavefunctions. The algorithm 
generally converges within two or three iterations. 

To calculate the electric and magnetic transition 
dipoles of the dimer, it is useful to arrange the 
normalized ground-state coefficients, gjk FG (Eqns. 
6 and 7), in a matrix, G, with the same dimensions 
and structure as the Hamiltonian matrix. The ele- 
ment Ge, q (p,q = 1 . . . .  8) then represents the con- 
tribution to the ground state from the doubly-ex- 
cited dimer containing the two singly-excited ele- 
mentary states whose transition dipolar interaction 
is expressed by Hp,q. The terms on the main 
diagonal are set to zero to avoid indicating double 
excitation of the same monomer;  other elements of 
the Hamiltonian that would indicate this are al- 
ready zero. G is thus: 

11 0 g21 0 . , .  0 

g21 0 g22 - ' '  g24 

g12 0 g22 0 . . .  0 FG 

g14 0 g24 0 . . .  0 

The electric transition dipole for the transition 
hv 

' / ' c  ~ g'J is: 

~,  = < % 1 ~  + ~ b l % >  (12) 

Combining Eqns. 6, 9, 11 and 12, and evaluating 
the integrals gives: 

~', = ~ q. ,  + E G.,%, t,, 
1 p--1  

(13 )  
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The t e r m s  Cq, j l£  q represent upward transitions 
from the main component  of the dimer's ground 
state (~a0q%0) to the various molecular excited 
states (~q) that make up the excited state g'j of 

8 

the dimer. The terms Y'. Cp.jGp,ql% represent 
p - - 1  

downward transitions from one of the doubly-ex- 
cited elementary states that are present in the 
dimer's ground state to one of the singly-excited 
molecular states. 

The transition dipole # j  can be calculated im- 
mediately by vector addition using Eqn. 13, once 
all of the coefficients for the ground and excited 
states are known. The corresponding dipole 
strength is [/~j[2. 

The rotational strengths of the dimer's absorp- 
tion bands are given by: 

~ j  ~ Im( - n l j  .}g j )  : {Im(- m j ) }  .~ j  ( 1 4 )  

where m j  is the magnetic transition dipole of the 
transition ~/'G --" q'J, and Im means the imaginary 
part  of the function within the parentheses 4 [8]. 
We assume that the absorption bands of the indi- 
vidual monomers have negligibly small magnetic 
transition dipoles, compared to the magnetic di- 
poles that result from exciton interactions. This is 
consistent with (but not proved by) the observa- 
tion that the CD spectra of monomeric BChl and 
BPh are very weak relative to the CD spectra of 
the aggregated species. It is consistent also with 
the fact that optical transitions are strongly al- 
lowed electrically. Strong electric and magnetic 
dipole transitions are mutually exclusive in mole- 
cules that are approximately centrosymmetric, be- 
cause of their different symmetry transformations 
[15,18]. 

For a transition such as ~a0 ~ %j  in an individ- 
ual molecule, the magnetic transition dipole maj  
can be expressed as: 

'~i 
m aj = -- -"CVajR >( ~aj  

where the position vector R points to the center of 
electron density on the molecule and c = 3.101° 
c m - s  -1 [8]. Using Eqn. 13, the magnetic transi- 
tion dipoles of the dimer can be written: 

_ "~1 ~ (15) " = c 1" '  cq . . ,  - c , , . . , a , , , ,  R , ,  × t ,~ 
p = l  
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Rq points to the monomer  (a or b) on which 
transition dipole Fq is located. The negative sign 
before the sum over p results from the fact that 
these terms reflect downward molecular transi- 
tions, as was noted above in connection with Eqn. 
13; ma;  differs from Faj in depending on the 
direction of the transition. 

The calculation of ~ j  is simplified by placing 
molecule a at the origin of the coordinate system. 
Ieq[ then is zero for q odd, and Eqn. 15 reduces 
to :  

I m [ -  " A  = "~ I [2  (16) - ~ R b X  Pq C q , j - -  Cp, jGp,q  I, Lq 
• - p - 1  

with: 

q = 2 j  

The vector sum over j is the same as the sum 
over q in Eqn. 13, exept that only even values of q 
are included, each term is weighted by Vq, and the 
sign of the nested sum over p is negative. ~ j  can 
be calculated straightforwardly from Eqns. 13, 14 
and 16. 

To test the reliability of the coefficients Cq,j 
and Gp,q, it is useful to calculate the quantity 

8 8 
A~= ~, ~ j / (  £ ~f)a/2, which is principle 

j E  1 J ~ l  
should be zero. In the calculations summarized 
below, A ~  was generally 10 -3 or smaller. When 
the mixing of the doubly-excited states with the 
ground state was omitted, A ~  was generally less 
than 10 -6 .  This indicates that the diagonalization 
of H to find the coefficients Cq,j for the singly- 
excited states is numerically accurate, as it should 
be if the convergence criterion in the Jacobi algo- 
ri thm is sufficiently stringent. (We used the crite- 
rion 1 - $1/$2 < 10 -7, where $1 and $2 are the 
sums of the squares of the diagonal elements of H 
before and after a given iteration of the Jacobi 
procedure.) The coefficients Gp.q for the ground 
state are less accurate, because they are obtained 
by first-order perturbation theory (Eqn. 7), rather 
than by diagonalizing the 17 × 17-Hamiltonian of 
the doubly-excited states and the zero-order ground 
state. However, the increased accuracy that could 
be obtained by full diagonalization is small rela- 
tive to the other approximations inherent in the 
Hamiltonians. 

Application to bacteriopheophytin dimers 

To calculate the dipole strengths and rotational 
strengths for a BPh or BChl dimer, one first must 
know the magnitudes and directions of the molec- 
ular transition dipoles Ixaj and Fbk- Fig. 1 defines 
the angles that we have used to specify the orienta- 
tions of the dipoles. Molecule a is centered at the 
origin of a fight-handed Cartesian coordinate sys- 
tem. Its Qx and Qy transition dipoles are taken to 
be orthogonal [11-14], and are used to define the 
x and y axes. The B x transition dipole is assumed 
to be parallel to Qx, and the By dipole to Q.v" 
Vector e b ( x ,  y, 7, ) (not shown in the figure) locates 
the center of molecule b. Direction angles ay, /~v 
and yy specify the orientations of the Qy and By 
transition dipoles of molecule b with respect to the 
x, y and z axes; angles a , ,  fix and y~ give the 
orientations of the Qx and Bx transition dipoles. 
Five of these six angles are independent. 

The squared magnitudes of the transition di- 
poles, the dipole strengths, are obtained by in- 
tegrating over the absorption bands of the mono- 

z iz' 

~al Y 

x x. 
Fig. 1. Angles used to specify the geometry of BPh dimers. 
Transition dipoles i~,, 2 (Qx) and P,~I (Qy) of molecule a define 
the x- and y-axes of a right-handed Cartesian coordinate 
system with the center of molecule a at the origin. Axes x' ,  y'  
and z'  are parallel to x, y, and z. Direction angles ay, 1~v and 
~(v define the orientations of transition dipole I*m (Qy) of 
molecule b, relative to the x, y, and z axes. Angles a,,, fix, and 
"Ix define the orientations of I~b2 (Qx)" (Otv is not indicated in 
the figure.) Carbons 10 of molecule b and 9 of molecule a are 
labeled. The carbomethoxy group on C10 projects below the 
plane of the ring. 



meric pigments: 

II~.,jI 2 = 9.18-10 -3 [ 9 n / (  n 2 + 2) 2] f (  ~.,,j/.)d. debye 2 

where n is the refractive index and e,,j (i,) is the 
molar extinction coefficient for transition j of 
molecule m [19]. But there is an immediate prob- 
lem connected with the shapes of the absorption 
bands, The Qx and Qy bands of monomeric BChl 
and BPh have distinct vibrational shoulders that 
lie about 1300 and 2800 cm-1 above the principal 
band (Fig. 2). Whether or not the higher vibra- 
tional levels should be included in the integral 
depends on the strength of the interaction between 
the two molecules. In the limit of strong coupling, 
w h e n  2Vaj,b k is much greater than the separation 
between the higher vibrational levels and the (0,0) 
level, the integration should include the higher 
levels [20]. The result of the interaction in this 
limit is that the entire absorption band is incorpo- 
rated into the exciton bands, which are sharpened 
and shifted strongly in energy relative to the origi- 
nal band. As Fig. 2 illustrates, this situation ap- 
pears to apply to the interactions between Q y  

transitions in the oligomers of BChl and BPh 
whose preparation is described in the accompany- 
ing paper [5]. In the opposite limit of very weak 

100  

! 
~ 50 

I t  

! , 
t / 

J 

I I I I I 

I ' , / V ; ' ,  
" ~  ",1, 

4 0 0  6 0 0  8 0 0  
A (rim) 

m 

\ 

Fig. 2. Absorption spectra of monomeric BPh in acetic acid ( - -  
), and of oligomeric BPh in acetic acid-water mixtures or 

in LIDAO micelles ( ). Redrawn from Figs. 1 and 4 of 
Ref. 5, with estimated corrections for the monomeric BPh 
remaining in the samples of oligomers. The extinction coeffi- 
cients are expressed on the basis of the molarity of monomeric 
BPh. 
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coupling, the various vibrational states of the two 
molecules can be viewed as interacting indepen- 
dently. The exciton bands resulting from interac- 
tion of the main vibrational bands experience the 
greatest shift of wavelength, because their dipole 
strength is greatest. The weak-coupling limit ap- 
pears to apply to the Qx band of the BChl and 
BPh oligomers. In this case, the main exciton band 
is shifted slightly to the blue and experiences hy- 
pochromism relative to the original band, whereas 
the higher vibrational bands hardly change (Fig. 
2). To calculate the relevant transition dipole for 
the Qx band, it therefore seems appropriate to 
take the integral only over the main vibronic band. 

Evaluation of the B x and By transition dipoles 
for BChl and BPh presents additional problems. 
These transitions overlap in the absorption spectra 
of the monomeric pigments, and resolution of the 
components is uncertain because the band shapes 
are not known. The By transition actually may 
consist of several overlapping y-polarized transi- 
tions [14]. It would be helpful to have the linear 
dichroism spectra of well-oriented monomeric pig- 
ments, but these have not been measured to our 
knowledge. For simplicity, we assumed that the 
bands are Gaussian, and used the entire bands to 
estimate the dipole strengths. 

Absorption maxima and dipole strengths (in 
debye 2) calculated in this way for monomeric BPh 
a re :  Q y  (758 nm), 39; Q~ (528 nm), 13; B~ (375 
nm), 37; and By (355 nm), 80. These are indicated 
with dashed lines in fig. 3A. We used the same set 
of transition dipoles to calculate the interaction 
energies between both degenerate and nondegener- 
ate transitions. 

This treatment of the absorption band shapes is 
clearly an oversimplification. The coupling of 
vibrational and electronic transitions can affect 
the absorption and CD spectra of an oligomer 
strongly, even in cases when the vibronic bands 
are not separated as widely as they are in BPh. 
More rigorous treatments of vibronic coupling in 
exciton interactions have been developed recently 
[21-24], and one of these has been applied to 
BChl-protein complexes [25]. However, these treat- 
ments consider only a single excited electronic 
state in each of the interacting molecules. Extend- 
ing them to include four excited states is not 
straightforward. Although probably not highly ac- 
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Fig. 3. (A) ( - - - - - ) ,  dipole strengths for monomeric BPh, 
calculated from the data of Fig. 2 as explained in the text. The 
dipole strengths have been multiplied by 2 to facilitate com- 
parisons with those calculated for BPh dimers. ( ), dipole 
strengths calculated for a BPh dimer with the following struct- 
ural parameters: •b  (X, y, z)= (0.5, 3.5, 3.6) ,~, ay = 79 °, 
flv=15 o, yy=80 °, ax=16.36 °, flx=102.8°, yx=80°. In- 
teractions between both degenerate and nondegenerate excited 
states were included in the calculations. Perturbation of the 
ground state by doubly excited states also was included. Identi- 
cal results are obtained if the directions of the Qx (and Bx) or 
Qy (and By) transition dipoles of molecule b are changed by 
180 o. (B) Rotational strengths calculated for the same dimer. 
The units are debye Bohr magnetons (d.B.m.); 1 d.B.m. = 9.2. 
10 - 39esu2- c m  2. 

curate, the simple t reatment  of  the band  shapes 
used here should be helpful for considering the 
major  effects of  interactions with addit ional ex- 
cited states. 

The solid lines in Fig. 3A show the absorpt ion 
wavelengths and dipole strengths calculated for a 
BPh dimer with a structure similar to that sketched 
in Fig. 2. For  simplicity, the two molecules are 
assumed to be indentical, a l though the theory de- 
veloped above does not  require this assumption. 
Molecule b is displaced f rom a by R b - - ( - 0 . 5 ,  
3.5, 3.6) A, which gives a center-to-center distance 
of  5.05 /k. The bacteriochlorin ring of  molecule b 
is tilted so that  its Qy transit ion dipole makes an 
angle (y  y) of  80 o with respect to the z axis. The 
Q~ transit ion dipole makes an angle (y~) of  80 ° 
with respect to this axis. The angle between the Qy 

transit ion dipoles of  the two molecules (fly) is 15 0. 
Angle ay (79 o ) is determined by  fly and yy, and a 
choice of  sign (cos Oty > 1) that  specifies the direc- 
tion of  rotat ion of  molecule b about  the z-axis. 
Angle a x (16.4 °)  is determined by another choice 
of  sign (cos a x > 0 ) .  Angle fix ( 102.8° ) is de- 
termined uniquely by the previous choices. The 
calculations (Fig. 3A) agree qualitatively with the 
observed spectrum of the BPh oligomer in 
lauryldimethylamine oxide vesicles (Fig. 2). The 
main  Qy transition is predicted to be red-shifted to 
843 nm, and to exhibit string hyperchromism. The 
short-wavelength Qy transition at 707 nm has a 
dipole strength of  only 0.45 debye 2, too small to 
show in the figure. The calculations also predict 
the hypochromism and hypsochromic  shift that 
are seen in the Qx region, and the net hypochro-  
mism and ba thochromic  shift seen in the Soret 
region. 

As shown in Fig. 3B, the calculated CD spec- 
t rum in the Qy region is strongly nonconservative. 
The long-wavelength Qy transition at 843 nm has a 
positive rotational strength that is 5.9-times greater 
than the negative rotational strength of  the short- 
wavelength transition at 707 nm. This asymmetry  
is balanced by net negative rotational strengths in 
the Q~ and Soret regions. These features agree 
qualitatively with the observed C D  spectrum [5]. 
However,  the observed spectrum has a broad  nega- 
tive band  near 815 nm that is not  predicted by the 
theory, and the weak negative band  calculated to 
occur near 707 nm is not  seen experimentally. We 
return to these points below. 

The spectroscopic properties shown in Fig. 3 
are unaffected if molecule b is rotated by 180 ° 
about  its Qx or Qy transition dipole. (A 180 ° 
rotat ion about  the Q~ transition dipole, I~b2 con- 
verts the direction angles for Qy into ay = 101 °, 
f ly= 165 ° and Ye = 100°;  a 180 ° rotat ion about  
I~bl converts the direction angles for Q~ into ax = 
163.6 °, fl~ = 77.2 ° and y, = 100°.)  Such rotations 
affect the signs, but  not  the magnitudes of  the 
coefficients Cp,j; they leave the transition wave- 
lengths, dipole strengths and rotat ional  strengths 
the same. We therefore cannot  distinguish between 
the dimer illustrated in Fig. 1 and the three chem- 
icallly different structures that could be obtained 
by inverting molecule b. The ground states of  
these structures presumably  do differ in energy, 



however. The structure that is illustrated might 
allow the C10a ester carbonyl of molecule b to 
i n t e r a c t  w i t h  the  C9 k e t o  g r o u p  o f  m o l e c u l e  a 

t h r o u g h  a h y d r o g e n - b o n d e d  H 2 0  [5]. 

Figs .  4 - 8  s h o w  the  re la t ive  c o n t r i b u t i o n s  o f  

d e g e n e r a t e  a n d  n o n d e g e n e r a t e  i n t e r a c t i o n s  to  t he  

c a l c u l a t e d  s p e c t r o s c o p i c  p r o p e r t i e s ,  a n d  a lso  s h o w  

h o w  the  g e o m e t r y  o f  the  d i m e r  a f f ec t s  the  resul ts .  

F o r  Figs.  4 a n d  5, R b ,  "Yx a n d  yy were  h e l d  

c o n s t a n t  at  t he  va lues  u s e d  in Fig.  3. A n g l e  f ly was  

va r i ed  a b o u t  i ts  m i n i m u m  va lue  o f  10 o (90 o _ "(v)" 

V a l u e s  of  f ly o n  the  l e f t - h a n d  s ide  o f  10 o in  e a c h  

p a n e l  r e p r e s e n t  r i g h t - h a n d e d  r o t a t i o n s  o f  m o l e c u l e  

b a b o u t  the  z -ax is  (cos  £ 1 t y  < 0 ) .  T h o s e  on  the  r igh t  

o f  10 o r e p r e s e n t  l e f t - h a n d e d  r o t a t i o n s  (cos  a v > 0). 
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The dashed curves in Figs. 4 and 5 show the 
spectroscopic properties that are calculated if one 
considers interactions between degenerate singly- 
excited states only. Off-diagonal terms of I t  were 
dropped for these calculations, except for terms 
(such as //1,2 ) that represent degenerate interac- 
tions. The perturbation of the ground state also 
was neglected. The numbers by the curves give the 
index J that identifies the corresponding excited 
state of the dimer. Odd and even values of J 
represent symmetric and antisymmetric combina- 
tions of the dominant molecular excited states, as 
explained above in connection with Eqn. 2. The 
solid curves in Figs. 4 and 5 show the results of 
calculations including nondegenerate interactions 
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Fig. 5. Absorption wavelengths (panel A and D), dipole strengths (B and E), and rotational strengths (C and F) calculated for 
transitions 5-8 of a BPh dimer, as a function of/~v. Structural parameters and other conventions as in Fig. 4. 
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and including the pertubation of the ground state. 
For the range of geometries illustrated, the de- 

generate interactions give a substantial splitting of 
the Qy and By transitions (dashed curves 1 and 2 
in Fig. 4A, and 7 and 8 in Fig. 5A). The splitting is 
maximal w h e n  fly is approx. 25 °C. Most of the 
dipole strength of the Qy or By transition goes into 
the longer-wavelength band (curves 1 and 7 in 
Figs. 4B and 5B). The sum of the dipole strengths 
in each pair of exciton bands is equal to that of the 
isolated molecular transitions. In the Q~ and Bx 
transitions, the exciton splitting is smaller (Figs. 
4D and 5D), and the dipole strength goes mainly 
to the band that shifts to shorter wavelengths 
(Figs. 4E and 5E). In all cases, the rotational 
strengths of the two exciton bands are equal in 
magnitude and opposite in sign (Figs. 4C, 4F, 5C 
and 5F). 

When nondegenerate interactions are included, 
transitions 1 -4  all move to longer wavelengths 
(solid curves in Fig. 4A and D). This increases the 
bathochromic shift of the main Qy band, and 
decreases the shift of the Qx band to shorter 
wavelengths. The dipole strength of the main Qy 
band increases substantially, and that of the main 
Q~ band decreases (Fig. 4B and E). The rotational 
strengths of the two exciton bands in each pair 
become unequal in magnitude. For the geometries 
represented on the right-hand sides of Fig. 4C and 
F, including the nondegenerate interactions makes 
the rotational strength of the long-wavelength Qy 
transition increasingly positive, and that of the 
short-wavelength Qy transition less negative. The 
rotational strength of the short-wavelength transi- 
tion goes through zero a t  fly approx 12 °, when the 
long-wavelength transition still has a rotational 
strength of approx. + 0.7. The nondegenerate in- 
teractions have an opposite effect on the rotational 
strengths of the Q~ transitions. The net rotational 
strength of these transitions is negative for the 
geometries on the right-hand sides of Figs. 4C and 
F. 

The effects of the nondegenerate interactions 
on the Soret transitions are more complicated, 
because the molecular Bx and By states are exten- 
sively mixed in the dimer and the nature of the 
mixture varies strongly with the geometry. For the 
geometries illustrated, the nondegenerate interac- 
tions affect the rotational strengths of transitions 5 

and 7 particularly radically (Figs. 5C and F). The 
dipole strength of transition 7 is decreased, 
accounting for much of the increase in the dipole 
strength of the Qy transition. 

The dotted curves in Fig. 4 and 5 show the 
results of calculations in which the perturbation of 
the ground state by the doubly excited states was 
neglected. Nondegenerate interactions of the singly 
excited states were still considered. The perturba- 
tion of the ground state has substantial effects on 
the dipole strengths of transitions 1 and 7 (Figs. 
4B and 5B); the effects on the dipole strengths of 
the other transitions are smaller. The calculated 
asymmetry of the Qy rotational strengths is in- 
creased slightly if one neglects the ground state 
(Fig. 4C). 

Fig. 6 shows the effects of changing angle y,. 
Angles Oty, fly and yy and R b are held constant at 
the values used for Fig. 3. Angles a x and fix vary 
with 7x, but are chosen so that cos ax > 0. Chang- 
ing 3'x between 75 o and 105 o has relatively small 
effects on the calculated wavelengths or dipole 
strengths of the dimer's transitions, but it alters 
the rotational strengths strongly. As 7~ is de- 
creased below 90 o, the rotational strength of the 
long-wavelength Qy band (transition 1) becomes 
increasingly positive, and that of the short-wave- 
length Qy band (transition 2) becomes less nega- 
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Fig. 6. Rotational strengths calculated for transitions 1-8 of a 
BPh dimer, as a function of Yx. Fixed parameters: R b = (0.5, 
3.5, 3.6) A, O~y = 79 o, fly = 15 o, "Yv = 80 o cos a x > 0. Dashed 
and solid curves as in Fig. 4. 
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tive. The  ro ta t iona l  s t rengths  of  two of  the Soret  
t rans i t ions  become  more  negat ive  (Fig.  6B); those 
of  the o ther  two, more  posi t ive  (Fig.  6D). These  
effects d e p e n d  heavi ly  on nondegenera te  in terac-  
t ions.  If  one  cons iders  on ly  the degenera te  in terac-  
t ions,  the ro ta t iona l  s t rengths  of  t rans i t ions  1, 2, 7 
and  8 are i ndependen t  of  Yx (dashed  curves in 
Figs.  6A and  B). 

Chang ing  angle  7y has  compa rab l e  effects on 
the ro ta t iona l  strengths,  and  also al ters  the t ransi-  
t ion wavelengths  and  d ipo le  strengths.  This  is dif-  
f icult  to i l lustrate,  because  the results  d e p e n d  crit i-  
cal ly  on the value of  fly. In general ,  the ba thoch-  
romic  shift, hyperchromism,  and  posi t ive  rota-  
t ional  s t rength of  the long-wavelength  Qy t ransi-  
t ion can all be made  greater  than  shown in Fig.  3 
by  decreas ing 7y toward  75 o and  increas ing fly. 
However ,  values of  7x and  7y that  differ  f rom 90 o 

by  more  than  abou t  10 ° may  not  be  phys ica l ly  
meaningfu l  unless  the z - componen t  of  R b is in- 

creased,  because  the two molecules  would  over lap.  
Fig. 7 i l lus t ra tes  the effects of  changing  the 

center - to-center  d i s tance  be tween the two mole-  
cules, IRbl. F o r  these calculat ions,  all o f  the angles 
specifying the or ien ta t ions  of  R b and  the molecu-  
lar  t rans i t ion  d ipoles  were held cons tan t  in the 
geomet ry  used for  Fig. 3. N o  a t t e mp t  was m a d e  to 
correct  for the d i s tance  dependence  of  the dielec- 
tric constant .  The  figure shows the ca lcu la ted  
wavelengths ,  d ipo le  s t rengths  and  ro ta t iona l  s tates  
for  the two Qy exci ton t ransi t ions.  Dashed  curves 
again  represent  ca lcula t ions  inc luding  nondegener -  
ate interact ions.  As  IRbl is increased,  the effects of  
non-degene ra t e  in te rac t ions  decrease  approx i -  
ma te ly  in para l le l  with the s t rength of the degener-  
ate exci ton interact ions .  The  effects on the ca lcu-  
la ted  d ipo le  and ro ta t iona l  s t rengths  are signifi-  
can t  even when IRbl is as large as 7 or  8 ,~. (The 
s t rength  of  the C D  bands  measured  exper imen-  
ta l ly  is expected to decrease  as IRbl gets large, even 
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though the magnitudes of the rotational strengths 
continue to increase. The two exciton bands move 
closer together in energy, and their rotational 
strengths tend to cancel in the region of overlap.) 

Fig. 8 shows how the spectroscopic properties 
depend on the direction of R b. T h e  intermolecular 
distance [Rbl and the z-component of R b are held 
constant at the values used for Fig. 3, and R b is 
rotated in a cone about the z-axis. The position of 
the center of molecule b is described by the 
azimuthal angle 0 = arctan (ry /rx) ,  where r x and ry 
are the x- and y-components  of R b. The value 
/9--90 o thus means that molecule b is centered 
directly above the positive y-axis, e b = (0, 3.54, 
3.6) /~; 0 = 180 ° means that it is centered above 
the negative x-axis, R b = ( -  3.54, 0, 3.6) .~. Spec- 
troscopic properties calculated for the Qy and Qx 
exciton transitions are shown. In order to obtain 
hyperchromism and a positive rotational strength 
for the main Qy transision, molecule b must be 
displaced mainly along the y-axis (O ~ 90 ° or 
270 o ). Displacements along the x-axis (0 = 0 o or 
180 o) give a larger Qy exciton splitting (Fig. 8A), 
but give hypochromism and a weak negative rota- 
tional strength for this transition (Fig. 8B and C). 
The spectroscopic properties of the main Qx tran- 
sition have the opposite dependence on 0 (Fig. 
8D-F) .  The calculated rotational strengths are 
discontinuous at the points where the dimer's ex- 
cited states are degenerate (0 near 42.5 ° and 
37 o ), but the measured CD would be zero here. 

Interactions of nondegenerate states also can 
affect the linear polarization of a dimer's transi- 
tions. The two exciton transition dipoles that re- 
sult from a pair of degenerate molecular transi- 
tions must be orthogonal, but the mixing with 
additional, nondegenerate transitions generally re- 
moves this symmetry. With the structural parame- 
ters used for Fig. 3, the angle between the two Qy 
transition dipoles, arccos (l~x " ~2/l~xll~2), is 
calculated to be 77.2 ° . The angle between transi- 
tions 3 and 4 is 86.8°; that between transitions 5 
and 6 is 89.8°; and that between transitions 7 and 
8, 100.8 o. Some of these angles change if molecule 
b is rotated 180 ° about its Qx or Qy transition 
dipole, but the effect is probably not large enough 
to be useful for determining structure. 

Discussion 

The calculations illustrated in Fig. 3 are rea- 
sonably successful in reproducing the main spec- 
troscopic properties of BPh oligomers in lauryldi- 
methylamine oxide. It seems clear that interactions 
between nondegenerate states are significant, and 
have to be considered in order to account for the 
spectra. Although the theory elaborated here is not 
sufficiently refined to determine the structure of 
the oligomers uniquely, the spectroscopic features 
require the neighboring molecules to be displaced 
by 3.5-4.0 ,~ in the y and z directions. The Qy 
transition dipoles of the two molecules must be 
approximately but not exactly parallel or anti- 
parallel ( f l y  - -  15 o or 165 o ). The Qx dipoles must 
be approximately side-by-side, but again not ex- 
actly parallel or antiparallel. These conclusions are 
consistent with the ideas that the dimer is stabi- 
lized by ~r-~r interactions between the bacterio- 
chlorin rings, and possibly by interactions of the 
C10a ester carbonyl group of one molecule with 
the C9 keto group of the other [5]. However, if the 
two molecules actually are this close together, 
orbital overlap and charge transfer between the 
molecules may contribute significantly to the opti- 
cal properties of the dimer [26]. The theoretical 
approach used here could be extended by adding 
charge-transfer states to the set of excited states. 

As noted above, the calculated rotational 
strengths are not entirely in accord with the ob- 
served CD spectrum. The main discrepancy is the 
presence of a negative CD band at 815 nm in the 
experimental spectrum [5]. In our view, it is un- 
likely that the 815 nm CD band represents the 
higher-energy Qy exciton transition. This assign- 
ment would mean that the Qy exciton interaction 
is relatively weak, which would be difficult to 
reconcile with the strong bathochromic shift and 
hyperchromism of the long-wavelength band, and 
with the nonconservative rotational strengths. The 
center of the higher- and lower-energy Qy exciton 
bands would be at 832 nm, which is 74 nm to the 
red of the Qy band of monomeric BPh (758 nm). 
This displacement would have to be attributed to 
effects other than exciton interaction. There is no 
evidence for specific chemical effects that could 
account for the spectral shift, because oligomers 
with similar absorption spectra can be obtained 



with either BChl or PBh under a variety of condi- 
tions [5]. In addition, the positive CD maximum in 
t h e  Qy region coincides almost exactly with the 
maximum in the absorption spectrum [5]. If the 
exciton splitting were small, the positive and nega- 
tive CD bands would overlap, and the observed 
positive maximum would be displaced to longer 
wavelengths. We therefore favor the view that the 
higher-energy Qy transition is in the region of 700 
nm, as indicated in Figs. 3, 4, 6 and 8, and that its 
dipole strength and rotational strength are both 
too weak for the transition to be seen experimen- 
tally. 

If these arguments are correct, there remain 
several possible explanations for the discrepancies 
between the predicted and observed CD spectra. 
First, as emphasized above, the theory used here is 
limited by the neglect of orbital overlap, charge 
transfer, and permanent dipole moments, by the 
use of a point-dipole approximation rather than 
point-monopoles and by an oversimplified treat- 
ment of vibronic coupling. The 700-800 nm region 
of the spectrum could be influenced particularly 
strongly by vibronic coupling, because compo- 
nents of the monomeric Qy transition that are not 
incorporated in the long-wavelength exciton band 
will contribute absorbance and CD in this region. 

A second possibility is that the preparations of 
BPh oligomers that we have considered contain 
dimers with several different conformations, or 
contain a mixture of dimers, trimers and higher 
oligomers. The negative CD band at 815 nm could 
arise from a relatively small population of dimers 
that differ from the major species in, for example, 
the direction of displacement or the sense of rota- 
tion of molecule b. Such dimers would not neces- 
sarily contribute proportionally to the absorption 
spectrum, depending on their geometry. 

Finally, the observed CD spectrum could be 
distorted by light scattering. Several authors have 
discussed the effects of light scattering on the 
measured CD of large particles [27-30]. It has 
been shown that the measured CD spectrum con- 
tains both absorptive (true CD) and dispersive 
(ORD) components [27]. The sign and magnitude 
of the ORD contribution depend on d o / d ~ ,  where 
o is the total optical cross-section of the particle 
for both absorption and scattering, and ~1 is the 
real part of the particle's index of refraction. If 
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d o / d , /  is negative, ORD could make a positive 
contribution to the rotational strength on the 
long-wavelength side of the main (850 nm) Qy 
transition, and contribute a negative band on the 
short-wavelength side. this interpretation would be 
at odds with the observation that the postive CD 
maximum coincides with the abortion maximum. 
However, it does agree with the observation [5] 
that large aggregates of BPh in acetic acid-water 
mixtures, which are somewhat more scattering than 
the small aggregates formed in detergent micelles, 
have a stronger negative CD band near 800 nm 
and a second negative band near 865 nm, in 
addition to the positive band near 850 nm. 

Many of the points made above should be 
relevant to the complexes of BChl, BPh and chlo- 
rophyll that occur in vivo. However, a thorough 
analysis of these complexes will have to consider 
the additional perturbations caused by interactions 
with the proteins. The nature of these interactions 
is still largely unknown. 
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