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Summary 

The electronic structures of  the cation and anion of  bacteriopheophytin a 
monomer  are investigated by the self-consistent charge extended Hiickel proce- 
dure including both 7r and o electrons in the molecule. The calculated electron 
distributions are tested by comparison of  the predicted hyperfine fields at pro- 
ton sites with experimental data in both  the ions and most  important,  by their 
ability to explain the observed trend in the hyperfine fields in going from the 
cation bacter iopheophytin ÷ a to the anion, a trend that is similar in many 
respects to the corresponding observed trend for the bacteriochlorophyll  a 
cation and anion. Good agreement is obtained with experiment both  for the 
absolute values of  the observed proton hyperfine fields in both bacteriopheo- 
phytin a cation and anion as well as the ratio of  the corresponding fields for the 
two systems. In particular, our calculated electron distributions in the two 
molecules lead, for the cation, to substantially different proton hyperfine fields 
for the two methyl  groups attached to rings I and III, while for the anion, the 
corresponding fields are much closer to each other, a trend in good agreement 
x~ith recent data. Also explained are the features of  larger methine hyperfine 
constants in the anion as compared to the cation and the reverse trend for the 
protons in rings II and IV. Other features of  the calculated electron distribu- 
tions in the cation and anion are discussed and compared with each other. Pos- 
sible additional measurements in the two systems that could provide further 
tests of  the theoretically obtained electron distribution will be pointed out. 

Abbreviations: BPh a, bacteriopheophytin a. BChl a, bacteriochlorophyll a. 
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(I) Introduction 

The bacteriochlorophyll  dimer cation (BChl)~ has recently been shown 
experimentally, particularly by electron paramagnetic resonance [1--4] (EPR) 
and electron-nuclear double resonance [5,6] (ENDOR) methods,  to be the 
primary electron donor [7] in photosynthet ic  bacteria. Also from recent EPR 
and M5ssbauer measurements, ubiquinone, magnetically coupled to a Fe 2÷ ion, 
has been shown [8,9] to be the primary electron acceptor. A number of  basic 
questions remain to be answered for the understanding of  the primary pro- 
cesses in bacterial photosynthesis.  Thus the nature of  the bonding between 
monomer  units in (BChl)~ dimer is not  completely understood at the present 
time, although a number of  theories [10--13] have been proposed for it. The 
molecular systems associated with intermediate states in the primary processes 
have not  been completely understood as also the role of  the bacteriopheo- 
phytin (BPh) molecules in the reaction center. It has recently been proposed 
[ 14] that bacteriopheophytin may be a transient electron acceptor in the P-870 
oxidation process. 

The understanding of these problems, particularly the nature of the bonding 
between monomer  units to give the primary donor dimer, (BChl)~ can be sub- 
stantially assisted by a proper understanding of  the electron distributions over 
the monomer  units themselves. Recently,  through the use [ 15--19] of EPR and 
ENDOR techniques on the monomer  cations and anions of  bacteriochlorophyll  
and bacter iopheophytin molecules and their selectively deuterated counter- 
parts, information regarding the hyperfine fields has become available at the 
proton sites in the various monomers.  These fields can be evaluated from calcu- 
lated spin densities at the proton sites and can therefore act as valuable checks 
of  the correctness of  calculated wave-functions for these molecules. 

The available data [15--18] on the proton hyperfine fields in the various 
monomer  units have indicated interesting variations of  the spin densities at pro- 
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F i g .  1. B a c t e r i o c h l o r o p h y l l  a molecule .  The heavy lines represent  the conjugation path used in  e a r l i e r  
~r-orbital  calculat ions.  



63 

COCH3 H CH3 
~ 2 0  a ~ 3 o 3 b ~ H / H  

o 

F 

W ~ 7dH//7c H ~  0 

CH~ C% ~ C~ H 

Fig. 2. Bacter iopheophytin a molecule. The heavy lines represent the conjugation path used in earlier 
~-orbital calculations. 

ton sites over the monomer  units themselves and also interesting changes in 
these distributions in going from cations to anions. The trends are very similar 
in going from the cations [15--17] BChl ÷ a to the corresponding anions [18]. 
There are also much smaller, but nevertheless, finite variations [15,17,18] in 
going from BChl ÷ a to BPh ÷ a and from BChl- a to Bph- a (the arrangement of 
atoms and groups in BChl a and BPh a molecules being shown in Figs. 1 and 2). 
These various trends may be summarized as follows. For both the BChl ÷ a ion 
[ 15--17] and BPh* a ion [ 17], the hyperfine constants for the methine protons 
are found to be small, in the neighborhood of 1 MHz. The hyperfine constant 
associated with the protons of the methyl  groups di rect ly  linked to ring I is 
next in order in magnitude and is about 5 MHz. The hyperfine constant for the 
methyl  protons in ring III is about a factor of two larger than for ring I. The 
only other proton hyperfine constant observed is associated with the protons in 
rings II and IV and these are the largest, about 60% higher than that  for the 
methyl  protons in ring III. The anions of both BChl- a and BPh- a show com- 
pletely different features, with the methyl  protons of  rings I and IH now having 
nearly equal hyperfine constants comparable with that  for the ring III methyl 
protons in the cations. The methine protons are now found to have consider- 
ably larger hyperfine constants than in the cations, within 15% of the values for 
the methyl protons of rings I and III. In contrast, while the protons in rings II 
and IV had the largest hyperfine constants in the cations, they are the smallest 
in the anions, and the corresponding ENDOR patterns are as yet  unresolved 
with anions. Finally, regarding the differences between BPh a and BChl a sys- 
tems, there are small but finite differences between the methine proton hyper- 
fine constants in the two systems in the cases of both the cations and anions, 
the BPh ÷ a system appearing to have a somewhat smaller [17] methine proton 
hyperfine constant than BChl ÷ a. Also the methyl  proton hyperfine constants 
[18] for rings I and III in BChl- a monomer  appear to be slightly larger than 
the counterparts in BPh- a, especially for ring I. 

The earlier theoretical efforts to understand the spin density distribution in 
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these systems utilized [20,21] r-orbital procedures *. In these calculations, 
a ~r-network involving carbon and nitrogen atoms in the part of the BChl a mol- 
ecule (cation or anion) indicated by the dark line in Fig. 1 was used. These cal- 
culations gave the unpaired spin populations on the carbon and nitrogen atoms 
included in the ~r-network. Using empirical relations between the ~r-orbital spin 
populations on the carbon atoms and the spin densities on the neighboring 
hydrogen atoms either on the plane of the ~-orbital network or off  the plane, 
the proton hyperfine constants for the BChl ÷ a have been estimated. These 
results explained a number of features [15--17] of the experimental data, the 
methine protons having the smallest hyperfine constant, the methyl  proton 
hyperfine constants in rings I and III, the next in order and the proton hyper- 
fine constants for the rings II and IV, the highest in magnitude. However, since 
the 7r-network handled the rings I and III as equivalent, the theoretical values 
of the methyl proton hyperfine constants in these rings came out [ 15] equal in 
contrast with experimental results [15--17]. 

Our work reported here was aimed at the explanation of the observed fea- 
tures of the proton hyperfine constants for [15,17] BPh ÷ a and [18] BPh- a 
ions. Of particular interest to us was the explanation of the feature involving 
the marked difference between the proton hyperfine constants in rings I and III 
of [17] BPh ÷ a (and [15--17] BChl ÷ a) in contrast to the closeness of the cor- 
responding hyperfine constants for [18] BPh- a (and [15,18] BChl- a) and of 
course also of the very significant differences in the unpaired spin distributions 
by the other observed proton hyperfine constants [17,18] in BPh ÷ a and BPh-a 
(and [15--17] BChl ÷ a and [18] BChl- a). We have utilized the self-consistent 
charge extended Hfickel procedure [22--24] to obtain the electronic wave- 
functions for the two systems, BPh ÷ a and BPh- a, and used the wave-functions 
to obtain the unpaired spin distributions over the two systems. The above pro- 
cedure includes in the molecular orbital wave-functions both the 7r and a elec- 
trons and the interaction among them and, therefore, allows the recognition of 
the difference between the rings I and III due to the presence of the non-planar 
ring V adjacent to ring III. 

Our results for the unpaired spin distributions for the cation and anion will 
be seen to provide a satisfactory explanation of the observed difference [17] in 
the proton hyperfine constants of the methyl  groups in rings I and III in the 
case of BPh ÷ a and lead to corresponding hyperfine constants for BPh- a which 
are much closer to each other than in the case of BPh ÷ a, in agreement with the 
experimental trend [18]. Our calculated spin distributions also explain all the 
other observed features [15,17,18] including, in the cation case, the small 
hyperfine constants [17] for the methine protons and the expected relatively 
large ones for the protons in rings II and IV, from observed BChl ÷ a data 
[15--17] and the reverse trend [18] in the anion. In fact, it will be shown that  
the cause for the different ratios of the proton hyperfine constants for rings I 
and III for the cation and anion is related to that  for the differences in the 

*Fel ton ,  R.H.  ( q u o t e d  by  Feher ,  G. et  al [ 1 5 ] )  has a t t e m p t e d  to  exp la in  d i f f erences  b e t w e e n  the  
t w o  rings I and  I I I  by  at taching earbony l  groups  to  these  rings, but  the  d i f f erence  obta ined  was 
mi ni mal  and m u c h  smal ler  than n e e d e d  to  expla in  the observed d i f f erence  in the  m e t h y l  p r o t o n  
hyper f i ne  c o n s t a n t  for  the  t w o  rings. 
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trends of  the methine protons and ring II and ring IV protons in the two cases. 
We have studied BPh ÷ a and BPh- a in the present work, both  because of  the 

interesting data available [15,17,18] for these two systems and in contrast  to 
the case of  the corresponding bacteriochlorophyll  systems, BChl* a and BChl- 
a, one does not  have the orbitals of  the central magnesium atom to consider, 
which simplifies the calculation. However, in view of the overall similarity of 
the experimental data in the [15--18] BChl a and BPh a systems [15,17,18],  
success in the explanation of the trends in the hyperfine constant  data in the 
latter can be considered as indicative of expected success in explaining the data 
in the BChl a systems. In subsequent investigations, we plan to treat the BChl ÷ 
a and BChl- a molecules by the same procedure as that  used here to a t tempt  to 
understand some of the small but  significant differences between the proton 
hyperfine constants, between the BChl a and BPh a ions, in particular the some- 
what  larger methine hyperfine constant observed in [16,17] BChl ÷ a as com- 
pared to [17] BPh ÷ a. 

In Section II we discuss briefly the model system closely resembling BPh- a 
molecule that we have used in our work, the modifications corresponding to 
the model system being made to keep the computat ional  work practicable 
wi thout  any loss of  physical insight. The methods for calculating the energy 
levels and wave-functions and obtaining spin densities and proton hyperfine 
constants from them is also briefly described in Section II. Section III presents 
our results for the spin density distributions in the cation and anion and the 
proton hyperfine constants. The results are compared with experiment 
[15,17,18] and the significance of  the results and the nature of  the agreement 
between theory and experiment is discussed. The final section, Section IV, pre- 
sents concluding remarks and lists future theoretical and experimental investi- 
gations that  could further enhance the understanding of  the electronic struc- 
tures of  bacteriochlorophyll  and bacteriopheophytin systems. 

(II) Procedure of  calculation of  energy levels, wave-functions and proton 
hyperfine interactions constants 

The model system used to carry out  our calculations is shown in Fig. 3, and 
as can be seen from this figure, this model compound has most  of  the features 

~C~c/°  H ,H 
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Fig. 3. M o d e l  system used Ln the present w o r k  for  c ~ c u h t i o n s  on b a c t e r i o p h e o p h y ~  a cat ion and anion.  
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of the BPh a system in Fig. 2 intact including the rings I through V. The main 
changes are the replacement of a number of groups by hydrogen atoms. These 
groups are the following: the methyl  group attached to carbon site 3b in 
ring II, the ethyl group attached to the carbon atom at 4b, the phytyl  group 
attached to the carbon atom at 7b, the methyl group attached to the carbon 
atom at site 8b and the methyl group in COOCH3 in ring V. These changes, 
which correspond essentially to replacing single bonds C-C by C-H, are not  
expected to have any significant influence over the electron distribution over 
the rings I through V, particularly the spin densities at the proton sites whose 
hyperfine constants have been observed. However, they allow us to reduce the 
number of  atoms and atomic orbitals involved to a practicable number.  With 
the choice of the model  system in Fig. 3, we have 59 atoms and 164 orbitals in 
our calculations, which include the ls orbitals on the hydrogen atoms and the 
2s, 2px, 2py and 2pz orbitals on carbon, nitrogen and oxygen atoms. In the 
BPh + a system, we have a total of  175 electrons with 174 electrons doubly 
occupying 87 molecular energy levels of  the system and one unpaired electron 
singly occupying one level. In the BPh- a system, on the other hand, the total 
number  of  electrons is 177, 176 of  these doubly occupying 88 molecular 
energy levels with one electron again having its spin unpaired. The locations of 
the atoms used in Fig. 3 for our model  system are obtained from the crystal 
structure data in methyl pheophorbide a [25] and the use of conventional 
[26,27] bond distances and bond angles involving the C-H bonds where they 
are not  known in the molecule because the positions of  the hydrogen are not  
known from X-ray diffraction data. It is important  to note,  however, that  the 
carbon atom frame work in ring II is planar in the pheophorbide structure since 
this ring is unsaturated there, whereas in bacteriochlorophyll  and bacteriopheo- 
phytin systems, it is saturated. Consequently the bond distances and angles 
involving the lines joining the carbon atoms 3a, 3b, 4a and 4b are somewhat  
different for the bacter iopheophytin system than for pheophorbide.  Since 
structural data regarding the positions of  atoms are not  available for the bacte- 
r iopheophytin system, we have used the carbon atomic positions in ring II as 
characteristic of pheophorbide.  A change from this would have required modi- 
fications in quite a number  of C-C bond distances and bond angles. The effect  
of  the choice made for the geometry in ring II on the proton hyperfine con- 
stants associated with this ring shall be discussed in Section IH dealing with the 
results of  calculation for the hyperfine constants. 

(A) Brief description of  procedure of  calculation of  energy levels and wave- 
functions 

The elctronic wave-functions and energy levels of  the cation and anion of  the 
BPh a model system in Fig. 3 were obtained by the self-consistent charge- 
extended Hfickel procedure [22].  This procedure is discussed in the literature 
[22--24] at a number  of places. Only a brief description is included here for 
the sake of completeness. The molecular orbitals ¢~, as in all semi-empirical 
procedures, are expressed as a linear combination of  atomic orbitals ×i in the 
form 

¢,, = ~ C,,~x~ (1) 
i 
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the molecular orbital energies E ,  and the corresponding sets of  coefficients Cui 
being obtained by variational principle, leading to the simultaneous linear equa- 
tions: 

C ~ j ( h i j  - -  E ~ S i j  ) = 0 (2) 
J 

which in turn yield the secular determinatal equation: 

D e t  I h u - - E p S i j l  = 0 (3) 

In Eqns. 2 and 3, S~] and hij represent the matrix elements of  unity opera- 
tor (overlap integrals) and the Hamiltonian, respectively. In this procedure, the 
matrix elements h o. are approximated [22] by the following forms: 

hii = h°i + Iqtl (h~i) (4) 

E S i j (h i  i + hH ) (5) 

where h°i, hi i  + and hii -  refer to the ionization energies for the electron in orbital 
×i for the atom l when it is neutral or carries single positive or negative charges, 
respectively. The value of  the parameter ~'= 1.89 has been found [23] from 
work on several metal-porphyrin systems to give the best fit between observed 
optical spectral data and those calculated from the energy levels of  the corre- 
sponding systems. The charges q~ refer to the lth atom and are given in 
Mulliken's approximation [28] by the relation: 

q,  = - [ I c . , l '  + c . , c . j s i A  + z l  
u i(D i(m) 

(6) 

the symbol  i(l) indicating that the summation over i is carried out  for those 
orbitals which are on atom l. Since qz depends on the molecular orbital coeffi- 
cients C~i, the latter in turn being determinated from the Eqns. 2, which 
depends on the ql-dependent matrix elements hu and hij (given in Eqns. 4 and 
5), the process of  calculation has to be carried out  self-consistently. In our 
work, we have used the self-consistency limit for qz as 0.05. 

(B) Procedure for evaluation o f  hyperfine constants 
The hyperfine spin Hamiltonian used for analyzing the EPR and ENDOR 

spectra is given by [29] 
--> 

/_/spin = ~ AzIt . S + " Sz " S (7) 
l / 

In Eqn. 7, ~ and ~ are the vectors representing the spin of  the nucleus atom l 
and the total electronic spin of  the molecule. A~ refers to the isotropic hyper- 
fine constant  for the nucleus l, arising from the contact  interaction [30,31] 
between the nuclear and electronic spin magnetic moments,  the dipolar inter- 
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action between them leading to the tensor term Bz. In the liquid state, the 

effect of gl vanishes due to the random reorientational motion of  the mole- 
cules and only the isotropic constants A~ are observed. In the solid state, the 
directional dependence of the dipolar spin-Hamiltonian leads to a broadening 
of  the EPR and ENDOR spectra and again only the isotropic hyperfine inter- 

action terms A~ are determined from these spectra. To determine g~, single 
. - . - )  

crystal measurements are desirable. From the contact  term [30,31] in the basic 
hyperfine interaction Hamiltonian between the electronic and nuclear mo- 
ments, the hyperfine constant Az in Hertz can be related to the densities of  the 
unpaired spin orbitals at the nucleus of atom according to the relation [31]: 

27~7~h ~ 1¢~(/)12 (8) 
AI - 3S  ~, 

u n p a i r e d  

where 7e and ?z refer to the gyromagnetic ratios of the electron a n d / t h  nu- 
1 cleus, respectively, ~ ?eh and 7zIh being the Bohr magneton and the magnetic 

moment  of the lth nucleus. For BPh ÷ a and BPh- a, there is only one unpaired 
electron and S = ~, hence 

- 4"yeTih [~bunpaired(/)l 2 (9) Az 3 

For the protons of interest to us for which the hyperfine constants have 
been measured, namely, the protons attached to the carbon atoms 3b, 4b, 7b 
and 8b in rings II and IV, the methine protons attached to the ~, f~ and ti car- 
bon atoms and the protons in the methyl  groups attached to carbon atoms l b  
and 5b in rings I and III, we could thus get the hyperfine constants by evalu- 
ating ¢,npaired (l) at each of these protons. However, there are two complica- 
tions, especially for the methine and methyl  group protons. Thus, there is an 
important  effect present which is particularly significant when the direct con- 
tribution to the hyperfine constant is small, as in the case of the methine pro- 
tons, where the density at the proton sites from the ~r-type unpaired electron 
would vanish if the molecule had planar geometry especially at the sites of the 
methine groups. The pertinent important  effect  in this case is the exchange 
polarization effect  [31--35] involving the exchange interaction between the 
unpaired spin electron and the electrons in the occupied paired spin states 
which makes the space parts of  the wave-functions of states with different spins 
unequal. As a consequence their contributions to the hyperfine fields at the 
nuclei do not  vanish and have to be taken into account.  The contribution from 
the exchange polarization effect  is difficult to evaluate from first principles 
[36,37], particularly for large and complicated molecules of  the present type. 
However, for the case of  an unpaired 7r-electron on the carbon atom in a C-H 
bond, a semi-empirical relation is available [35] which gives the exchange 
polarization contribution to the proton hyperfine interaction constant, namely, 

AH = Qp'~ (10) 
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where p" is the unpaired spin population on the r-orbital  on the carbon atom 
and Q is about  --70 MHz. This formula will be used to evaluate the exchange 
polarization effect  for the methine protons where it is of  crucial importance. 
For the other protons of  interest, particularly the protons of  rings II and IV, 
where the direct contribution from Eqn. 9 is substantial, the exchange polariza- 
tion effect  is not  as crucial in importance and we shall only consider it qualita- 
tively in discussing our results in the next  section. 

The second problem that has to be faced is that for the methyl  protons,  we 
need the average over rotating CH3 groups which would require a set of  time- 
consuming wave-function calculations for each different configuration of  the 
rotating CH3 groups. To avoid this problem, we shall make use of  a semi- 
empirical expression which has been developed [38] relating the proton hyper- 
fine constant  A H for the protons of the rotating methyl  group to the unpaired 
spin population in the 7r state of  the ring carbon atom bonded to the methyl  
group. This relation is based upon the idea that  there is finite unpaired spin 
population appearing at the protons of  a CH3 group through hyperconjugation 
interaction between the unpaired r-orbital on the adjacent carbon atom and 
the C-H bonds of the methyl group. The semi-empirical expression is given by 
[15,38]:  

AH = (B0 +B1 cos20)p" (11) 

where B0 = 30 MHz and B1 = 300 MHz are emperical parameters, ~ is the angle 
between the plane involving the C-C and C-H bonds and that involving the 
r-orbital and the C-C bond. Since the parameters B0 and BI are obtained empir- 
ically, one could consider that  the influence of  any exchange polarization 
effects present is included indirectly in Eqn. 11. 

(III) Results and discussion 

The unpaired spin population distribution over BPh ÷ a and BPh- a ions using 
our calculated wave-functions are shown in Figs. 4 and 5, respectively. In both 
systems, for the C, N and O atoms, both the net  unpaired spin population 
arising from the 2s, 2Px, 2py and 2pz orbitals as well as those from only the 
2pz(~) orbitals are noted in Figs. 4 and 5, the spin populations in the r state 
being enclosed in parentheses. We shall now analyze the main features of  these 
spin population distributions, starting first with the cation. 

(A) Unpaired spin population distribution and proton hyperfine constants in 
the cation, BPh ÷ a 

It can be seen from Fig. 4 for the spin population distribution in BPh ÷ a that  
in addition to the significant unpaired spin populations at the carbon and nitro- 
gen atoms in the earlier r-orbital calculations [20,21],  there are sizable spin 
densities at a number  of  other  atoms in the molecule. Thus, in the fifth ring 
and its side chains it can be seen from Fig. 4 that  there are very significant 
unpaired spin populations on the oxygen atoms with the unpaired spin popula- 
tion carried in one of  them (33) by the ~-orbital and in two other (34 and 35) 
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by the other p-orbitals. There is also significant spin density on the oxygen 
atom in the CH3-C= O attached to ring I. As a consequence of the distribution 
of the unpaired spin population over the other atoms in the molecule, there is 
a decrease in the unpaired spin populations on the carbon atoms which consti- 
tute the r-network, relative to the corresponding populations on these atoms 
from r-orbital calculations [20,21]. 
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The most important  feature of the spin population distribution in Fig. 4 
obtained from our calcultions is the substantial difference in the spin popula- 
tions in rings I and III. In particular, the unpaired spin populations on the car- 
bon atoms in ring III are larger than on the corresponding carbon atoms in 
ring I. This larger unpaired spin population in ring III is most likely a conse- 
quence of  the presence of the adjacent ring V, which in drawing spin popula- 
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tion towards itself also increases the spin population on ring III as compared to 
ring I which does not  have an adjacent ring similar to V. The larger spin popula- 
tion in ring III, particularly on the carbon atom 5b bonded to the methyl  group 
as compared to that  on the corresponding carbon atom l b  in ring I, is of  course 
very important  from an experimental point  of  view because it can explain the 
larger hyperfine constant  [15,17] associated with the protons of  the methyl  
group bonded to ring III as compared to that  for ring I. Thus, using the un- 
paired spin populations on atoms l b  and 5b in Eqn. 11 for the rotating methyl 
groups, the proton hyperfine constants for rings I and III are obtained as 4.43 
and 10.75 MHz, respectively *. These values are compared with the correspond- 
ing values from ENDOR measurements for these protons in BPh ÷ a and BChl ÷ a 
in Table I. The values of  these hyperfine constants predicted by theory can be 
seen to be in good agreement with experiment, the theoretical ratio A~(III)/  
AH(I) for the CH3 proton hyperfine interactions in the two rings being 2.4 as 
compared to 1.84--1.97 found experimentally in [15--17] BChl ÷ a and [17] 
1.74 in BPh ÷ a. 

Turning next  to the unpaired spin populations on rings II and IV in Fig. 4, 
it is the spin density in ring IV that is meaningful to compare with experi- 
mental data in BPH ÷ a and BCHl* a because both the rings IV and II are 
reduced in these systems while for the methylpheophorbide structure [25] 
that we have used (Section II), the positions of  the carbon atoms in ring II were 
characteristic of  an aromatic ring. The spin densities at the carbon sites 3b and 
4b in ring II were found to be significantly larger than the corresponding car- 
bons 7b and 8b in ring IV. This is likely consequence of  the planar geometry 
of  the aromatic ring II in methyl-pheophorbide structure, which allows a 
greater delocalization of  the unpaired molecular orbital through it. One could 
use the spin populations in ring II to interpret hyperfine data in chlorophyll* a 
(Chl + a) free radical [16],  except  for the fact that we have two protons each 
attached to carbons 3b and 4b, in the model compound (Fig. 3) we have stud- 
ied, in place of  the CH3 and C2Hs groups in Chl ÷ a. Nevertheless, as a rough 
check of  the calculated spin populations in ring II in Fig. 4, we can use the 
unpaired spin population on the carbon atom at 3b in combination with 
Eqn. 11 for an attached rotating CH3 group to obtain 4.1 MHz for the hyper- 
fine constant of the methyl  protons, a value that  is comparable to the experi- 
mental result in Chl ÷ a. Also, this theoretical value, in keeping with experiment 
[16],  is closer to the methyl group hyperfine constant in ring I of BPh÷a than 
that for ring III. 

The spin densities found on the protons in ring IV using the procedure 
described in Section IIB, can be converted into hyperfine constants using 
Eqn. 9. By this procedure, as can be seen from Table I, we get proton hyperfine 
constants of  12.6 and 20.1 MHz from the pair of  protons in positions 53 and 
54 and the very similar results 20.0 and 12.4 MHz from the proton pair 55 and 

* The  spin popu la t ion s  on  these  m e t h y l  h y d r o g e n  a t o m  sites  (36,  37  an d  38 in r ing I and  48,  49 and 
50 in r ing I I I )  l is ted in Fig. 4 are in keep ing  w i t h  the  ca lcu la ted  p r o t o n  hy per f ine  cons tant s  4 .43  
and 10 .75  MHz.  The  spin p op u la t ion s  at these  h y d r o g e n  a t o m s  are ob ta ined  using the  ca lculated  
h y p e r f i n e  con s tan t s  t o g e t h e r  with  Eqn .  9 and  tak ing  in to  a c c o u n t  the  fact  that  the  w a v e - f u n c t i o n  
for  the  unpa i r ed  e l e c t r o n  indicates  that  the  spin dens t i ty  at  each  o f  these  p r o t o n  s i tes  gets  a bo ut  
60% c o n t r i b u t i o n  f r o m  the  h y d r o g e n  a t o m  Is orbi ta ls  and the  balance  f r o m  the  tails o f  the  2p 
orbitals  o f  the  carbon a t o m  o f  the  m e t h y l  group.  
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56, respectively. Now, in making comparisons with experiment [15,17], we 
have t o  remember that  in the model system we have used, one each of the 
hydrogen atoms in the pairs (53, 54) and (55, 56) is a replacement for a CH3 
group and a phytyl  chain and, therefore, there are only two protons in ring IV 
directly attached to carbons 7b and 8b in BPh + a and BChl ÷ a. It is, therefore, 
more meaningful to compare the average of the calculated proton hyperfine 
constants in ring IV with the experimental hyperfine constants for this ring. 
There are no measured values available in BPh ÷ a itself, but in BChl ÷ a the pro- 
ton hyperfine constants for rings II and IV range [17] from 11.48 to 
16.38 MHz in good agreement with the average value of 16.3 MHz from our 
results for the protons at sites 53, 54, 55 and 56. What is also important  is that  
the order of the theoretical results from Table I show the same sequence for 
the proton hyperfine constants in rings I, III and IV as the experimental results 
[15--17] for these rings and the theoretical and experimental values of the 
respective ratios are also in reasonably good agreement. 

We consider next the hyperfine constants associated with the methine pro- 
tons attached to the ~, ~ and 6 carbons. The spin populations associated with 
the unpaired electron wave-function are seen from Fig. 4 to be very small at 
these proton sites. The fact that  these spin populations are negligible but non- 
vanishing (0.0001) for the protons adjacent to the ~ and 5 methine carbons is a 
consequence of the departure from planarity of  the molecule. The proton 
hyperfine constants associated with the spin densities at the/3 and 5 methine 
proton sites are seen from Eqn. 9 to be quite small, only 0.07 and 0.15 MHz, 
respectively. However, as mentioned already in Section II, there can be larger 
contributions from the exchange polarization effect [35] associated with the 
unpaired spin polarization on the adjacent carbon atoms. The spin populations 
on the ~ and 5 methine carbons are seen from Fig. 4 to be nearly equal and 
about a fifth of the spin population on the ~ methine carbon. From a consider- 
ation of the relative positions (Fig. 4) of the ~, ~, and 5 methine carbons with 
respect to the rings I--V in the molecule, the similarity between the ~ and 5 
methine carbons and their difference from the fl methine carbon become under- 
standable. Thus, the ~ and 5 methine carbons lie on either side of the ring I, 
the/3 methine carbon is adjacent to ring III which has the ring V linked to it. 

Using Eqn. 10 relating the spin population on the carbon atom to AH(EP), 
the exchange polarization (EP) contribution to the hyperfine constant of the 
proton in a methine bond. AH(EP ) for the ~ and 5 protons come out as 
--0.93 MHz and - 0 . 8 8  MHz, respectively, while for the ~ proton, AH(EP) 
comes out  as --4.82 MHz. On combining with the contributions to the ~, ~ and 
6 methine proton hyperfine constants from the spin population directly con- 
tributed to by the unpaired electron, we get the theoretical hyperfine constants 
listed in Table I. Of these, the ~ and 5 methine proton hyperfine constants 
agree well with the observed experimental value associated with the methine 
protons in BPh ÷ a, which is somewhat smaller than the corresponding experi- 
mental value [16,17] in BChl ÷ a. 

Considering the ~ methine proton, there is no experimental evidence cur- 
rently available for an additional ENDOR f requency  of comparable size as the 
theoretical value of --4.75 MHz associated with the methine protons. There 
could be a number of reasons for this. One possibility is that  there may be sub- 
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stantial anisotropy in the hyperfine field due to the electron-nuclear dipole 
interaction associated with the large spin population on the carbon atom of the 

methine bond. The other possibility is that  the value of  A H associated with 
the ~ methine proton is comparable to that  of  the methyl  group protons in 
ring I and its ENDOR spectrum could, therefore, be hidden within the line- 
width of the ring I proton ENDOR line. It would be very useful from the view 
of testing the theory if some experimental technique could be found to mea- 
sure the A n associated with the/3 methine proton. 

(B) Unpaired spin population distribution and proton hyperfine constants in 
the anion, BPh- a 

We consider next the results of our calculation for the spin population dis- 
tribution in the anion, BPh- a, the predicted hyperfine constants for the pro- 
tons and their comparison with experimental results as well as with the theoret- 
ical and experimental results for the cation, BPh ÷ a. The first and a very impor- 
tant feature of the spin distribution in the anion in Fig. 5 in reference to exper- 
imental results on the proton hyperfine data, is that  the spin population dis- 
tributions in rings I and III are reasonably close to each other in contrast to the 
situation in Fig. 4 for the cation, where the spin populations on the carbon 
atoms lb  and 2b in ring I were smaller by a factor a little over 2 as compared 
to those on the corresponding carbon atoms 5b and 6b, respectively, in ring III. 

The spin populations on the ~ and 6 methine carbon atoms in the anion are 
seen to be almost five times larger than in the cation. For the ~ methine carbon, 
the spin population is comparable to those for the ~ and 6 methine carbons and 
similar to that  for the fl methine carbon in the cation. That is, for the three 
methine carbons at ~, ~ and 5 positions in the anion, the unpaired spin popula- 
tions are all comparable, in contrast to the case of the cation where our results 
show that  these populations differ by a factor of five between the ~ and 5 
methine carbons on the one hand and the/3 methine carbon on the other. 

As far as rings II and IV are concerned, the unpaired spin populations in the 
anion are seen from Fig. 5 to be rather small compared to those in rings I and 
III, in contrast to the situation in the cation in Fig. 4 where the spin popula- 
tions in rings II and IV are substantially larger than in rings I and III. The small- 
ness of the spin populations in rings II and IV in the anion relative to the cation 
can be noted by comparing, in the two cases, the spin populations at the 
hydrogen sites, which produce the proton hyperfine constants. Thus the largest 
spin population at the hydrogen atom site (H 55) in ring IV in the anion is seen 
to be about a sixth of the corresponding population in the cation. 

Finally, for ring V, one can see from Figs. 4 and 5 that  the overall spin popu- 
lation distributions in the cation and anion are very similar except for differ- 
ences in detail in the populations on some of  the atoms. This similarity is 
important  to notice in attempting to understand the origin of  the redistribution 
of spin populations over the anion as compared to the cation. Thus, since the 
net spin population per unpaired electron is unity,  the increase in spin popula- 
tion in one region of  the molecule must occur at the expense of that  in another 
region. It can be seen from the spin distributions in the cation and anion in 
Figs. 4 and 5 that  for the two different unpaired states in the two systems, the 
net spin populations over the rings III and V do not  change very much. It 
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appears as if the two rings III and V being linked to each other act as stabilizing 
factors on each other for the electronic distribution. One could thus consider 
that the increase in the spin populations in ring I and at the a and 5 methine 
groups in the anion, relative to the cation, occurs at the expense of  the rings II 
and IV which in the anion have lost spin populations very significantly relative 
to the cation. The theoretical s tudy of  the spin distributions in the two systems 
thus shows that the trends of  changes [15--18] in the hyperfine constants for 
different parts of  the molecules in going from the cation to the anion are 
related, the picture of  the redistribution process for the spin population being 
the following. The rings III and V appear to retain their spin population in 
going from cation to anion, the associated proton hyperfine constant  for the 
rotating methyl group in ring III being observed to remain unchanged [15--18] 
as well. The rings II and IV as seen from Figs. 4 and 5 to lose their spin popula- 
tions severely, with the spin populations and the observed proton hyperfine 
constants going from a situation where they are the largest for the cation to 
one where they are the smallest for the anion. The beneficiaries of  the loss of  
spin population in the anion from rings II and IV are the ring I and the methine 
groups a and 6. The increase in the spin populations on ring I increases the pro- 
ton hyperfine constant  for the rotating methyl  group attached to carbon 
atom l b  from a situation in the cation [15] wher~ it is about  one-half of  that 
for protons in the rotating methyl group attached to ring III to the point  where 
in the anion [14,17] ,  it is comparable to (and theoretically from the present 
work, a little larger than) the latter. 

In the second half of  Table I, we have listed the calculated hyperfine con- 
stants in the anion for the methyl protons attached to rings I and III, the pro- 
tons in the methine groups a, ~ and 8 and the protons in rings II and IV and 
compared them with experiment [15,18].  As was done in Section IIIA for 
BPh ÷ a, these theoretical values represent the direct contributions from the 
unpaired valence electron in the case of all the protons except  the methine pro- 
tons, Eqn. 9 being used for obtaining the proton hyperfine constants for the 
protons of  rings II and IV and Eqn. 11 for the protons of  the rotating methyl 
groups at tached to rings I and III. For the methine protons, as remarked 
before, the direct contributions from the unpaired spin electron are very small. 
Consequently the major contribution arises from the exchange polarization 
effect [31--35],  for which Eqn. 10 [35] has been used. While we have included 
the sign of  the hyperfine constant in our theoretical results, one is unable to 
obtain them experimentally from ENDOR measurements [39] which provide 
splittings in frequency. 

The comparison between the theoretical and experimental [ 18] trends in the 
hyperfine constants for different protons within the anion, and also as com- 
pared to the cation [15--17],  have already been discussed earlier in this section 
while discussing the spin population distributions. The theoretical ratio of  the 
proton hyperfine constants in BPh- a for the methyl  groups attached to rings 
III and I is seen to be about  0.75 as compared to the near equality from experi- 
mental results. But this difference * between theory and experiment is rela- 

• P ro fe s so r  G. F e h e r  (persona l  c o m m u n i c a t i o n )  has i n f o r m e d  us that  f r o m  m e a s u r e m e n t s  by  his 
group ,  the  E N D O R  Hne assoc ia ted  w i t h  the  m e t h y l  p r o t o n s  of  r ing  I and  I I I  is a s y m m e t r i c  indicat-  
ing t h a t  i t  m a y  be c o m p o s e d  o f  t w o  l ines  o f  di f f erent  f r e q u e n c y .  Dr. J .  Fa j e r  and  co l laborators  (see 
rcf.  40)  have  o b t a i n e d  di f f erence  b e t w e e n  the  f requenc ies  o f  the  t w o  p r o t o n  E N D O R  l ines  in 
B C h l -  a, a l t h o u g h  the  d i f f erence  is s o m e w h a t  smal ler  ( a b o u t  10% or  smal le r )  t h a n  the  25% we f ind 
f r o m  t h e o r y .  
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tively small, when compared to the corresponding theoretical ratio of  2.4 from 
our calculations in BPh ÷ a and experimental ratios of  1.74 in the same com- 
pound [18] and [15--17] 1.84--1.97 in BChl ÷ a. As emphasized earlier, the 
important  aspect of  the present theoretical analysis is that  using the same pro- 
cedure for obtaining the electronic wave-functions in the cation and anion, one 
can explain both  the observed vastly different values of  the methyl proton 
hyperfine constants in rings I and III in the cation [15--17] and the closeness of 
the corresponding quantities in the anion [18].  Our theoretical results in 
Table I are also seen to provide agreement with the observed features [18] of 
substantially large hyperfine constants in the anion for the methine protons 
and relatively small ones for the protons of  rings II and IV. As regards the 
absolute magnitudes of  the proton hyperfine constants, the agreement between 
theory and experiment is also seen to be quite reasonable considering the semi- 
empirical nature of the procedure [22--24] employed to obtain the electronic 
wave-functions and the Eqns. 10 and 11 used to obtain the proton hyperfine 
constants for the methine and rotating methyl  groups. 

Before completing this section we shall remark on the hyperfine constants 
associated with the other  protons besides those observed experimentally. The 
only other protons besides the ones we discussed so far in the model system in 
Fig. 3 that  we have chosen for BPh a are the protons 39, 40 and 41 in the 
CH3-C=O group attached to ring I and those in the hydrogen atoms 51 and 52 
in ring V. Of these, the hydrogen atom at position 51 does not  exist in the real 
BPh ÷ a and BPh- a molecules, because it is a replacement for a CH3 group. For 
the cation, the spin population at the carbon atom (No. 26) of  the C=O group 
adjacent to the CH3 is seen to be very small and, therefore, using Eqn. 11 one 
does not  expect  significant hyperfine interaction for the methyl  protons 39, 
40, 41. For the hydrogen atom No. 52, the calculated spin density is very small 
as also is the spin population on the adjacent carbon atom. Therefore, both  the 
direct and exchange polarization contributions to the proton hyperfine con- 
stant for this hydrogen atom are negligible. It appears then that with the pos- 
sible exception of the/3 methine protons, the protons expected to have signifi- 
cant hyperfine interaction in BPh ÷ a have been accounted for experimentally. 

For the anion the significant spin population in ring I is seen from Fig. 5 to 
lead to a sizable spin population on the CH3-C=O group attached to carbon 
atom 2b. Using the calculated spin population on the carbon atom (No. 26) of 
the C=O group and Eqn. 11, we obtain 3.3 MHz for the hyperfine constant for 
the protons of the methyl  group assuming the latter to be rotating as was the 
case for the other methyl groups. There is no experimental evidence available 
for this proton hyperfine constant  but  its size indicates that  it could be 
amenable to observation in the future. For the hydrogen atom No. 52, the pro- 
ton hyperfine constant  is again expected, from the spin populations in Fig. 5 to 
be rather small due to the same reasons as pointed out  for the cation in the pre- 
ceding paragraph. 

Conclusion 

The unusually rich insight that  ENDOR measurements have provided 
[15--18] into electronic distribution over positive and negative ion radicals of 
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bacteriochlorophyll  and bacteriopheophytin has been used to test the theoreti- 
cal understanding of  the electronic structures of  these systems by making com- 
parisons between predicted hyperfine constants from theory with experimental 
data. It is shown that a molecular orbital procedure applied to bacteriopheo- 
phytin free radical systems, both cation and anion, including explicitly both n 
and o atomic orbitals and incorporating fully the atomic orbitals of  all the five 
rings I--V, not  only leads to good overall agreement in magnitude with experi- 
mental proton hyperfine data [15--19] but  can also explain differences in the 
proton hyperfine constants within both the cation and anion and the inter- 
relationships of  the hyperfine data in the two systems. The most  notable of  the 
experimental trends that is explained by the theory is the substantially differ- 
ent methyl proton hyperfine constants in rings I and III in the cation [ 15--17] 
and nearly equal hyperfine constants in the anion [15--18].  The success in 
explaining this and other  trends in the proton hyperfine data, as well as a 
reasonable explanation of  their magnitude, indicates that theory has provided a 
good understanding of  the electronic distributions in these monomer  ions 
which could be used to further enhance our knowledge of  the aspects of  these 
systems that are important  for the process of  photosynthesis,  for example the 
nature of  the bonding [10--13] of the monomers  to form dimers. 

Our theoretical analysis indicates the presence of substantial spin popula- 
tions on the atoms of  the fifth ring and its ligand in both BPh ÷ a and BPh- a. 
Some of these spin population appears on the oxygen atoms in ring V indi- 
cating that there should be significant hyperfine fields at the oxygen nuclear 
sites. It would be very helpful to explore these hyperfine fields through the 
ENDOR pattern of  l~O nuclei. Also, to continue to improve the understand- 
ing of the electronic structures of  these systems, in the future it will be help- 
ful to theoretically study the electronic structure of the bacteriochlorophyll  
cation and anion by the same procedure as we have adopted for the bac- 
ter iopheophytin system here and in earlier work. While the proton hyper- 
fine constants in the bacteriochlorophyll  cation [15--17] and anion [15,18] 
are observed to be very similar to their bacter iopheophytin counterparts,  and 
follow the same trend in going from the cation to the anion, there are small but  
significant differences referred to already in the introduction (Section I), that 
could be related to the interaction in bacteriochlorophyll  between the magne- 
sium atom and the rest of  the system. 
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