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Hyperfine Coupling in Chlorophyll Radical Cations. 
A Nuclear Magnetic Resonance Approach 
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Abstract: Most of the relative proton hyperfine coupling constants in the radical cations of chlorophyll a, chlorophyll b, and 
bacteriochlorophyll a have been determined using electron transfer NMR line broadening in the fast exchange limit. The re­
sults have been used to confirm ENDOR assignments for some methyl groups and to give a detailed spin density distribution 
for many positions exhibiting no ENDOR signals. Agreement with ENDOR is qualitatively good for ChI a and Bchl a, but is 
poor for ChI b. 

In photosynthesis, light energy from the sun 'is trapped 
as chemical energy in the form of reducing power. In the first 
few nanoseconds after light absorption an electron is ejected 
from a reaction-center chlorophyll-protein complex and a 
chlorophyll radical cation is produced.1-2 The reaction center 
chlorophyll of plant photosynthesis is chlorophyll a (1), which 
may be accompanied by the accessory chlorophyll b (2); pho-

PhytylO-CO 

1 R = Me 

2 R=CHO 

tosynthetic bacteria employ bacteriochlorophyll a (3) or bac­
teriochlorophyll b (A4-4a3). 

Although chlorophyll radical cations play a central role in 
photosynthesis, elucidation of their properties is made difficult 
by their chemical instability and the limitations of the tech­
niques normally used to study them. Thus, their ESR spectra 
generally consist of a single Gaussian signal containing over 
109 unresolved lines3, and at the outset of this work ENDOR 
was giving only rudimentary information.4 Progress has been 
rapid in both techniques recently5-7 but each suffers a funda­
mental limitation: assignment of hyperfine coupling constants 
to individual protons requires deuteration, chemical modifi-

rM«« 

P h ^ l 0 £ 0 CfI2M., 6 

cation, or fitting observed couplings to those predicted by MO 
theory. 

In contrast, the NMR spectra of chlorophylls are rich in 
information, can be assigned spectroscopically without re­
course to modification,8 and can yield relative hyperfine cou­
pling constants via electron transfer broadening. This technique 
has been known for many years,9 the theory is well estab­
lished,10 and its use in assigning ESR spectra has been advo­
cated,1 ' but it has been largely ignored. We show here12 that 
the method can be used successfully in systems which are much 
more complex than those13 previously studied. It should be 
applicable also to the recently synthesized "reaction-center" 
dimers,14"17 and the equally significant radical anions.18 A 
similar technique is being used to study chlorophyll trip­
lets.19 

Theory 

Spin densities (pc) on carbon atoms in a x radical can in 
principle be determined from proton hyperfine coupling con­
stants (an) via the McConnell relation (eq 1) where Q is a 
parameter which reflects the efficiency of spin transmission 
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(a) 
Figure 1. Spin transmission from a IT system. 

to the proton. 

^H = QPc (1) 

For protons a to the T system (Figure la), QCH is 76 MHz.2 0 a 

We have presented evidence elsewhere20*3 that for protons /3 
to the 7T system (Figure 1 b), QCCH = - 1 5 + 224 cos2 8 MHz, 
giving CcCH3 = 97 MHz.20c 

The hyperfine coupling can be obtained by NMR: the theory 
of the exchange broadening and contact shift of a proton ex­
changing between diamagnetic and paramagnetic sites (Figure 
2 and eq 2) was developed by de Boer and MacLean.10,21 

ChI + C h I + - ^ = ^ ChI+ -+ ChI 

The exchange contribution to the line width, Ave 

by 

(2) 

Avex = (xT2ex) ' = 
/PTpflH

2 /4x 

+ ( / D T P W / M ) + 2 T P T , 
(3) 

where T2ex is the exchange contribution (in seconds) to the 
proton transverse relaxation t ime, / P a n d / D are the fractions 
paramagnetic and diamagnetic, T\e is the electron spin-lattice 
relaxation time, and -rp and rD are respectively the lifetimes 
in the paramagnetic and diamagnetic states, in seconds: 

1-P = (^ex[DIr1 (4) 

TD = (/Cex[P])_1 (5) 

where [D] and [P] are respectively the concentrations of dia­
magnetic and paramagnetic in moles/liter. 

The contact shift depends on the Boltzmann distribution 
between the electron spin states which is approximated by 

fraction in lower state g^/3eH 
z : : — 1 H (6) 
traction in upper state AkT 

Assuming that the shift in the paramagnetic state in the ab­
sence of hyperfine coupling effects is given by the diamagnetic 
chemical shift, then the contact shift in hertz, <5C, is given by 

gJ3eH l + 2 r p r l e - ' 
5c = -anfp' 

AkT 1 + ( / D T P W / 4 ) + 2 r P r , 
(7) 

where ge = 2.0026, & = 9.27 X 10-2 1ergG-> (Bohr magne­
ton), H = magnetic field in gauss, k = 1.38 X 10_ 1 6ergdeg_ 1 , 
and T is the absolute temperature. 

The direction of the contact shift is generally the best 
method for determining the sign of an, although triple tech­
niques can be used in favorable cases.22 

For eq 3 and 7 there are three limiting cases, each of which 
we have observed experimentally in this work. 

(1) Fast Exchange, Type 1. If electron spin-lattice relaxation 
is so fast that 

then 

and 

2TpT16"1 » 1 + (fDTP
2aH

2/4) 

Ave* =fpTizaH
2/&Tr 

<5c = - « H / P 
AkT 

(8) 

(9) 

(10) 

aH=4x106Hz 

100 

Figure 2. Hypothetical 1H 100-MHz NMR spectrum for a proton with 
DH = 4 MHz, long T\t, and small ka. 

(2) Fast Exchange, Type 2. If electron transfer is very fast, 
then rp is small and 

is given t h e n 

1 » 2 T P r l e - i + (/DTP
2flH2/4) 

Avex =fpTpaH2/Aw 

( H ) 

(12) 

and <5C is the same as for fast exchange type 1. 
In each type of fast exchange, broadening is proportional 

to OH2 SO that relative hyperfine coupling constants within a 
molecule can be determined from relative broadenings without 
a knowledge of Tp, T\e, o r /p . Type 1 and 2 can be experi­
mentally distinguished by the concentration dependence of 
broadening: Type 1 is concentration independent (apart from 
any dependence of Tle) but type 2 shows a strictly bimolecular 
dependence via Tp and eq 4. 

(3) Slow Exchange. Where electron and spin-lattice relax­
ation are both sufficiently slow that 

then 

/ D T P
2 a H

2 / 4 » l +2TpT 1 6 - 1 

Av^ = / P / T T T P = (TTTD) -1 

(13) 

(14) 

All resonances in slow exchange have identical broadenings. 
It is possible for a proton with large aH to satisfy eq 13 and be 
in slow exchange while another proton in the same molecule 
with small aH satisfies eq 8 or 11 and is in fast exchange. 

Both Tp and T\e increase on cooling so that in fast exchange, 
broadening will increase until a coalescence point is reached. 
On further cooling the resonances will pass into slow exchange. 
For type 2 exchange, dilution will have the same effect. If two 
resonances with different hyperfine couplings are in fast ex­
change, cooling will leave the ratio of the broadenings un­
changed until the signal with the largest hyperfine passes into 
slow exchange. Further cooling should cause the ratio to de­
crease monotonically until the second resonance passes into 
slow exchange and the ratio reaches unity. Thus, our criterion 
for fast exchange in this work has been the temperature inde­
pendence of broadening ratios. Note that changes i n / P will 
change the absolute size of broadenings (and shifts) but not 
the ratio of broadenings. Changes in keK will change the 
broadening but not the shift. 

Inspection of eq 9, 10, and 12 shows that contact shifts are 
most likely to be observed at high magnetic field (since 5C is 
field dependent but Ai/ex, the result of coupling, is not), high 
temperature and concentration (to minimize Ai<ex), and where 
AH is small (since dc is proportional to a\\ but Aj/ex is propor­
tional to OH2)-
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Figure 3. 100-MHz 1H NMR spectra of 1, 20 mM in acetone-(4 at 290 K. Below, normal spectrum; above, broadened spectrum after partial oxidation 
with 5. 

Experimental Section 

Chlorophylls a and b were isolated from leaf beet perpetual spinach 
(Beta vulgaris var. cicla) and bacteriochlorophyll a from Chromatium 
D. They were partially purified by dioxane precipitation, and chro-
matographed on sucrose to analytical and spectroscopic purity. Details 
are being published elsewhere.8b 

Zinc tetraphenylporphyrin perchlorate (4) was a gift from Dr. J. 
Fajer. The tris(bromophenyl)aminium salts 5 and 6 were prepared 
by Ledwith's procedure.23 

scopically using T\, NOE, and coupling arguments.813 Radical 
cations were generated by the addition of any of the crystalline 
salts 4-6, denoted A+ : 

Br-^-J-N+-

5 X= SbCi6 

6 X= ClO11. 

5: mp 189-194 0C dec (lit. 141-142 0C).23 Anal. Calcd for 
Ci8Hi2NBr3SbCl6: C, 26.5; H, 1.50; N, 1.7. Found: C, 26.7; H, 1.55; 
N, 1.7. 

6:mp 120-123 0C (lit. 129 0C).23 

1H NMR spectra were obtained at 80 (Varian CFT 20), 100 
(Varian XLlOO), or 270 MHz (Bruker WH270) in the Fourier 
transform mode. Five to one hundred free induction decays were 
collected and summed before transformation. In time-dependent 
experiments care was taken to ensure that spectral change during 
spectral accumulation was small. Line broadening experiments were 
generally carried out in acetone-^ as solvent by directly adding oxi­
dizing agent. Bacteriochlorophyll solutions were always thoroughly 
degassed to minimize the steady-state concentration of radical cation 
(see Results). Experiments with the other chlorophylls were run both 
with and without degassing. 

Line widths were determined directly from the width at half-height 
and, in the case of very broad lines, the peak height. A computer 
program was used to simulate the broadening of overlapping lines,24 

assuming a Lorentzian line shape. Exchange line broadenings were 
determined from the line width by subtracting the unbroadened line 
width, determined under the same conditions of temperature and 
concentration. Uncertainties in the line-broadening ratios represent 
the spread of values obtained from different spectra and are partly 
subjective. 

The ESR experiments were performed using an extensively modi­
fied Varian V4500 X-band spectrometer.25 The near-infrared spectra 
were obtained with a Pye Unicam SP500, Series 2 visible spectrom­
eter. 

Results 

Acetone-^6 was found to be an ideal solvent as it is suffi­
ciently basic to disaggregate the chlorophylls but is too weak 
a nucleophile to attack the radical cations rapidly. The NMR 
spectra in this solvent were unambiguously assigned spectro-

ChI + A+- — ChI+- -I- A (15) 

ESR spectra of the chlorophyll solutions after addition of small 
quantities of A+ ' showed the presence of only 1+ --3+ - with the 
line widths expected for monomeric species.2-3-26 A solution 
of 1 in acetone treated with 5 showed the characteristic 800-nm 
absorbance of I + - in the near IR.27 

When small quantities of solid 5 were added to solutions of 
ChI a in acetone-rfg, selective NMR line broadening was ob­
served. If sufficient 5 was added, resonances from all the pro­
tons a, /3, and y to the conjugated system were broadened so 
much as to be unobservable (Figure 3) and the NMR spectrum 
showed only signals from the phytyl group and the 10b ester 
methyl, together with solvent and water peaks and the two 
doublets from neutral tris(p-bromophenyl)amine. Under the 
conditions of the experiment the broadenings slowly decreased 
and disappeared and the NMR spectrum of ChI a was restored 
unchanged, except that the water peak moved slightly down-
field; perhaps this indicates that small quantities of HCl are 
formed when the anion of 5 decomposes. The signals from the 
neutral amine were never observed to vary in height or width 
during such a series of spectra; they were always completely 
sharp. From this observation we conclude that eq 15 is obeyed 
and electron transfer to 5 from chlorophyll is rapid and irre­
versible. 

During this decay, spectra of ChI a in the presence of pro­
gressively smaller concentrations of ChI a+ ' could be obtained. 
From such a series of spectra all the relative broadenings from 
the largest to the smallest could be determined. At 310 K with 
ChI a around 25 mM, half-times for this decay were typically 
around 5 min in undegassed solutions, somewhat longer de­
gassed. Although the radical cation was more stable at lower 
temperatures, and below about 250 K was stable over a period 
of hours, it was not possible to determine hyperfine couplings 
since the fast exchange conditions were not satisfied. Dilute 
degassed solutions at 310 K were also not in fast exchange for 
the protons with larger hyperfine couplings. 

Table I gives our observed relative broadenings, for 1 in fast 
exchange, together with derived hyperfine couplings and un­
paired spin densities. The broadenings represent the combined 
results of several different experiments. Values for H7 and Hg 
are less precise than for other protons as the signals are ill-
defined multiplets which overlap with a phytyl resonance. H4a 

could only be observed using a (180°-t-90°)„ pulse sequence 
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X ''Ll\ _ ^ ' ^ / V ^ _ . _AA'\ 
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1 1 1 1 " T - -

11 10 9 8 6 i 
Figure 4, Partial 100-MHz 1H NMR spectra of 2, 55 mM in acetone-af6 
at 270 K. Bottom, normal spectrum; above, spectra with successively in­
creasing concentrations of 2+\ 

Table I. Broadenings and Derived Parameters for Chlorophyll a 
and Its Radical Cation0 

Proton 

a 
8 
& 
2a 
2b',2b" 
la 
3a 
4a 
5a 
7 
8 
10 
4b 
7a,7b 
8a 
10b 
Phytyl 

ReI 
broadening 

(AK5X) 

0.095 
0.010 
0.310 
0.017 
0.023 
0.29 
0.29 
0.03 
1.000 

>1.4 
>1.4 

0.025 
0.005 
0.005 
0.001 

<0.0001 
<0.0001 

Absolute 
OH. 

MHz* 

2.30 (±0.11) 
0.75 (±0.08) 
4.20 (±0.21) 
0.98 (±0.14) 
1.10 (±0.16) 
4.1 (±0.2) 
4.1 (±0.2) 
1.3 (±0.3) 
7.5C 

>9.0 
>9.0 

1.2 (±0.2) 
0.5 (±0.1) 
0.5 (±0.1) 
0.24 (±0.05) 

<0.075 
<0.075 

Q. 
MHz 

76 
76 
76 
76 
76 
97 
97 
41 
97 

100 
120 
153 

Po 

0.030 
0.010 
0.055 
0.013 
0.014 
0.042 
0.042 
0.032 
0.078 

>0.090 
>0.075 

0.008 

" [1] « 8OmM in acetone-^; 270-310 K; fast exchange; 5 as oxi­
dant. * aH = 7.5(AK1.,,)

1/* MHz. c ENDOR value." 

to eliminate Hiob, which has a longer 7V8,28 The absolute 
hyperfine couplings in Table I have been calculated using the 
reasonably unambiguous ENDOR2-6 result asa = 7.5 MHz 
to calibrate our relative values. Q values for /3 protons have 
been calculated using our equation (see Theory), assuming free 
rotation for methyl groups and the following values of 8 taken 
from the crystal structure29 of ethyl chlorophyllide a: 4a (60°), 
7 (44°), 8 (39°), 10 (30°). However, Q is extremely sensitive 
to 6 and is therefore less reliable than 2CCH3 ' 

Essentially identical experiments were carried out with ChI 
b (2) and Bchl a (3), and these are illustrated in Figures 4 and 
5. We observed that 2+ ' decayed much more rapidly and 3+" 
much more slowly than I+". 

Whenever a solution of Bchl a in acetone-^ was prepared, 
line broadening was seen, This line broadening was observed 
even when the solution was flushed with nitrogen. As the so­
lution stood in the probe of the spectrometer, the broadening 
disappeared; this decay was accelerated if the temperature was 
raised. The broadening was restored when air was admitted 
to the sample, and is accentuated by light. The line broadening 
was identical with that observed when solid 5 was added, and 
we interpret these observations as indicating that in acetone, 
air or light oxidation of bacteriochlorophyll a creates small 
steady-state concentrations of the radical cation, sufficient to 
induce line broadening. The ESR spectra of these solutions 
indicate the presence of radical cation, but with our equipment 

V. 

0^! / 3 K !10 

Figure 5. Partial 100-MHz 1H NMR spectra of 3, 32 mM in acetone-^ 
at 310 K. Bottom, normal spectrum; above spectra with successively in­
creasing concentrations of 3+\ 

Table II. Broadenings and Derived Parameters for Chlorophyll b 
and Its Radical Cation" 

Proton 

a 
8 
6 
2a 
2b',2b" 
3a 
la 
4a 
5a 
7 
8 
10 
4b 
7a,7b 
8a 
10b 
Phytyl 

ReI 
broadening 

(AKeJ 

1.3 
0.33 
1.2 
0.01 
0.02 
0.02 
0.36 
0.20 
1.000 

>0.02c 

1.5' 
1.60 
0.010 
0.005 
0.005 

<0.001 
<0.001 

Absolute 
flH, 

MHz4 

8.60 (±0.43) 
4.30 (±0.21) 
8.30 (±0.42) 
0.75 (±0.11) 
1.10 (±0.14) 
1.10 (±0.14) 
4.50 (±0.23) 
3.5 (±0.5) 
1.5d 

>1.1 
9.2 (±2.1) 
9.5 (±1.3) 
0.75 (±0.17) 
0.53 (±0.12) 
0.53 (±0.12) 

<0.24 
<0.24 

G. 
MHz 

76 
76 
76 
76 
76 
76 
97 
41 
97 

100 
120 
153 

Pc 

0.113 
0.056 
0.109 
0.098 
0.014 
0.014 
0.046 
0.085 
0.077 

>0.011 
0.077 
0.062 

" [2] « 60 mM in acetone-rf6; 270-300 K; fast exchange; 5 as oxi­
dant. * aH = 7.5(AKex)

1/2 MHz. c The resonances from H7, H8, Pi, 
and H4a overlap. d ENDOR value.26 

the NMR line broadening is more sensitive, being able to detect 
radical cation concentrations down to ca. 10~8 M. 

The observed line broadenings and derived parameters for 
2+ ' and 3+- are listed in Tables II and III. The Q values follow 
those for 1 except that in 3 we assume ring B to be less distorted 
than ring D.29 Despite much effort at 100 and 270 MHz we 
were unable to accurately determine the broadenings of the 
methine protons H7, Hs, and (in Bchl a) H3 and H4, except to 
say that they are very large. Possibly the problems caused by 
overlapping of peaks could be resolved by high-field studies on 
the respective methyl chlorophyllides. 

For both 2 and 3, we have to admit considerable experi­
mental uncertainty in the ratio of the smaller to the larger 
broadenings, since there are no convenient resonances with 
intermediately sized broadenings. We are thus forced to 
compare the broadenings of very broad and fairly sharp 
lines. 

In order to ascertain the counterion, oxidant, and solvent 
dependence of our broadenings we have carried out the sets of 
experiments listed in Table IV. No evidence of significant re­
distribution of the unpaired spin density was found in any of 
them. The only experimentally measurable variation in hy­
perfine coupling is for H3 in chlorophyll a, which is estimated 
to be 0.6 MHz in expt 4 and 1.3 MHz in expt 3. These varia­
tions need not concern us unduly since the amount of spin 
density at Cp is minute and small changes in distribution can 
lead to very large changes in a$. 
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Table III . Broadenings and Derived Pa ramete r s for Table VI. Apparen t Meso Carbon Spin Densi t ies 0 

Bacteriochlorophyll a and Its Radical Ca t ion" 
Carbon 1 2 3 

ReI Absolute 
broadening aH, Q, a 3 0 1 L 3 5-7 

Proton (li>ex) MHz* MHz Pc ^ 1 0 5-6 u 

^ - ^ - 7 0.8 6.2 2.0 
a 0.20 4.30 (±0.43) 76 0.057 5 5.5 10.9 4.9 
/3 0.01 0.95 (±0.13) 76 0.013 Total 1_03 34^ 119 
<5 0.15 3.70 (±0.37) 76 0.049 
la 
2b 
3 
4 
5a 
7 
8 
10 
3a 
4a,7a,7b 
4b 
8a 
10b 
Phytyl 

0.45 
0.0008 

>1.0C 

>1.0C 

1.000 
>1.0 f 

>\.0C 

0.11 
0.005 
0.002 
0.002 
0.003 

<0.0001 
<0.0001 

6.40 (±0.64) 
0.27 (±0.05) 

>9.5 
>9.5 

9.5rf 

>9.5 
>9.5 

3.1 (±0.3) 
0.67 (±0.15) 
0.43 (±0.10) 
0.43 (±0.10) 
0.52 (±0.12) 

<0.1 
<0.1 

97 
97 

136 
136 
97 

100 
120 
153 

0.066 
0.003 

>0.07 
>0.07 

0.098 
>0.095 
>0.079 

0.02 

" [3] ^ 70 m M in a c e t o n e - ^ ; 2 7 0 - 3 2 5 K; fast exchange; 5 as oxi­
dant. b a n = 9.5(ACex)'/2 M H z . c Not measurable due to overlapping. 
^ E N D O R value.5 

Table IV. Condit ions for Line Broadening Exper iments 

Expt Chloro- Oxi-
dant 

5 
6 
5 
5 
5 
6 
5 
4 
5 

O2 

Solvent 

Acetone-^ 
Acetone-^6 
Acetone-rf6-pyridine (500:1) 
C D 3 O D - C D 2 C I 2 ( I I I O ) 

Acetone-^ 
Acetone-^ 
CD3OD-CD2C12(1:10) 
CD3OD-CD2C12(1:10) 
Acetone-^ 
Acetone-^ 

Table V. Apparent Pyrrole /3-Carbon Spin Densities0 

Carbon 

1 
3 
4 
5 

1 

4.2 
4.2 
3.2 
7.8 

2 

4.6 

8.5 
7.7 

3 

6.6 

9.8 

" Percentage of one electron. 

With the exception of H^ in 1, there is no experimentally 
accessible combination of concentration, temperature, and 
magnetic field which will allow measurement of contact shifts 
before the resonances are too broad to observe. We have ob­
served small (<0.2 ppm) upfield shifts of Hp in 1 at 270 MHz 
which are consistent with a contact mechanism, but other ex­
periments also indicate a possible pseudocontact contribu­
tion.30 

A few results on the concentration dependence of the 
broadening apparently indicate type 1 fast exchange for 1-I+-

(undegassed) and type 2 fast exchange for degassed solu­
tions. 

From solutions of 3 + ' in acetone-^6 we have isolated A3'4-
bacteriochlorophyll a (2-acetyl 2-devinyl-l; R. G. Brereton and 
J.K.M.S., unpublished results). I + - apparently gives "allom-
erized" products, oxidized at Cio.31 

a Percentage of one electron. 

Table VII. Hyperfine Coupling Constants (MHz) Determined by 
ENDOR and NMR 

This ENDOR 
Proton work Katz6 Fajer2 Feher7 

1 la, 3a 4.1 2.83.3.72 2.8 
5a 7.5 7.56 7.4 

7,8 >9.0 11.0 11.8 
3 la 6.4 5.3 4.78 5.0 

5a 9.5 9.8 9.44 9.2 
3,4.7,8 >9.5 14.0 16.38,13.48 16.0 

12.92, 11.48 

Discussion 

The couplings to the methine protons on the reduced rings 
are rather large, inasmuch as they can be determined by NMR. 
They reflect spin densities of around 10% on the pyrrole a 
carbons. The ring methyl couplings range from 4 to 9.5 MHz, 
indicating 3-10% spin density on the pyrrole /3 carbons (Table 
V); the measured values for H4a in 1 and 2 support these in­
dications but both the observed broadening and Q are less re­
liable. 

In ChI a and Bchl a the coupling constants to the meso 
protons, and also to Hin which senses the unpaired spin density 
at C7 , are comparatively small (Table VI); however, they are 
relatively much larger in ChI b. In each case H^ has much the 
smallest of the three meso proton hyperfine couplings. Lastly, 
we can observe that little spin density leaks out onto the pro­
ton-bearing substituents: the 2-vinyl group in ChI a and ChI 
b, the 3a-formyl group in ChI b, and the 2b-acetyl in Bchl a all 
show only small couplings. 

Our results must be compared with those determined by 
ENDOR (Table VII), remembering that our absolute values 
are derived using the ENDOR values for a^ as a standard to 
calibrate our relative hyperfines. The general pictures pro­
duced by NMR and ENDOR are in good agreement for ChI 
a and Bchl a. Indeed the NMR method provides good assign­
ments for the ENDOR signals. However, in both compounds 
we find a\& to be larger than ENDOR does.32 Whether this is 
a solvent/temperature/concentration effect or a fundamental 
problem in comparing dissimilar techniques is not clear, but 
the HOMO is clearly identified as the expected2-33 one. For 
ChI b + ' we find strong indications of a different spin density 
distribution, consistent perhaps with the slight occupancy of 
a thermally accessible empty orbital,2'33 but ENDOR exper­
iments have not confirmed these results.2,26 The possibility 
remains that part of our observed line broadening arises from 
additional unidentified exchange processes. 

In no case is a specific meso, Hio, or vinyl hyperfine coupling 
observed by ENDOR. This is unsurprising for the frozen 
samples, but even in the solution spectra of 3 + 1 when the 
methine protons on rings B and D give well-resolved signals5 

no couplings to Hn , Hp, H5, or Hio greater than 1.52 MHz are 
seen. However, ENDOR intensities are unreliable and an 
apparent absence of couplings is not uncommon. On theoretical 
grounds, ENDOR intensities are expected to decrease as the 
hyperfine coupling decreases.34 

Recent MO studies on I + ' include simple Hiickel,35 self-
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consistent Pariser-Parr-Pople,36 and 340 electron ab initio 
calculations.37 Each predicts for the experimentally found 
orbital virtually no spin density at the meso positions and none 
predicts the remarkable differences between Hia and H5a. 

In the very dilute solutions used in this work fast exchange 
is difficult to achieve solely through electron transfer, partic­
ularly where large a\\ are involved. The presence of dissolved 
oxygen acting as an electron "relaxation reagent" is then 
beneficial, although it masks the electron transfer kinetics. 

Conclusions 
The NMR and ENDOR approaches to hyperfine coupling 

constants in large molecules are complementary. NMR pro­
vides a detailed pictorial determination of a large number of 
relative hyperfine coupling constants without recourse to 
chemical modification or biosynthetic manipulation. It is 
particularly good for small couplings, and holds the promise 
of insight into the dynamics of the system, but its precision is 
relatively poor. ENDOR provides precise data on an absolute 
scale and is applicable to intact reaction centers or organ­
isms. 

Acknowledgments. We are indebted to Dr. A. J. Stone for 
performing the Hiickel calculations and for valuable discus­
sion; to Dr. K. A. Rubinson for the Chromatium D extracts 
and for the ESR spectra; to the staff at Oxford University 
Biochemistry Department and Portsmouth Polytechnic Bio­
physics Department for access to their 270-MHz spectrome­
ters; to Drs. J. Fajer and R. E. Christofferson for details of 
unpublished work; and to the Science Research Council (U.K.) 
for financial support. 

References and Notes 
(1) A. J. Bearden and R. Malkin, Q. Rev. Biophys., 7, 131 (1975); J. P.Thornber, 

Annu. Rev. Plant Physiol., 26, 127 (1975). 
(2) J. Fajer, M. S. Davis, D. C. Brune, L. D. Spaulding, D. C. Borg, and A. For-

man, Brookhaven Symp. Biol., 28, 74 (1976). 
(3) J. R. Norris, R. A. Uphaus, H. L. Crespi, and J. J. Katz, Proc. Natl. Acad. Sci. 

U.S.A., 68,625(1971). 
(4) J. R. Norris, H. Scheer, M. E. Druyan, and J. J. Katz, Proc. Natl. Acad. Sci. 

U.S.A., 71,4897(1974). 
(5) D. C. Borg, A. Forman, and J. Fajer, J. Am. Chem. Soc, 98, 6889 

(1976). 
(6) H. Scheer, J. J. Katz, and J. R. Norris, J. Am. Chem. Soc, 99, 1372 

(1977). 
(7) G. Feher, A. J. Hoff, R. A. Isaacson, and L. C. Ackerson, Ann. N. Y. Acad. 

Sci., 244, 239 (1975). 

(8) (a) H. Scheer and J. J. Katz in "Porphyrins and Metalloporphyrins", K. M. 
Smith, Ed., Elsevier, Amsterdam, 1975, p 599. (b) As the NMR spectra of 
chlorophylls are heavily dependent on solvent and concentration, we have 
separately assigned them in the exact conditions of these experiments: 
J. K. M. Sanders, J. C. Waterton, and I. S. Denniss, J. Chem. Soc, Perkin 
Trans. 1, in press. 

(9) C. R. Bruce, R. E. Norberg, and S. I. Weissman, J. Chem. Phys., 24, 473 
(1956). 

(10) E. de Boer and C. MacLean, J. Chem. Phys., 44, 1334 (1966). 
(11) G. T. Jones and J. N. Murrell, Chem. Commun., 28 (1965). 
(12) Preliminary communication: J. K. M. Sanders and J. C. Waterton, J. Chem. 

Soc, Chem. Commun., 247 (1976). 
(13) B. M. P. Hendricks, G. W. Canters, C. Corraja, J. W. M. de Boer, and E. de 

Boer, MoI. Phys., 20, 193 (1971); J. Chaudhuri, S. Kume, J. Jagur-Grod-
zinski, and M. Swarc, J. Am. Chem. Soc, 90, 6421 (1968); J. K. M. Sanders 
and I. Baxter, J. Chem. Soc, Chem. Commun., 255 (1974). 

(14) J. K. M. Sanders, Chem. Soc Rev., 6, 467 (1977). 
(15) S. G. Boxer and G. L. Closs, J. Am. Chem. Soc, 98, 5406 (1976). 
(16) M. Wasielewski, M. Studier, and J. J. Katz, Proc. Natl. Acad. Sci. U.S.A., 

73,4282(1976). 
(17) A different sort of dimer has also been proposed: F. K. Fong, J. Am. Chem. 

Soc, 97, 6890(1975). 
(18) J. Fajer, D. C. Brune, M. S. Davis, A. Forman, and L. D. Spaulding, Proc. 

Natl. Acad. Sci. U.S.A., 72, 4956 (1975). 
(19) S. G. Boxer and G. L. Closs, J. Am. Chem. Soc, 97, 3268 (1975). 
(20) (a) G. Vincow in "Radical Ions", E. T. Kaiser and L. Kevan, Ed., Intersoience, 

New York, N.Y., 1968, p 151. (b) J. K. M. Sanders, C. G. Newton, and J. C. 
Waterton, J. Magn. Reson., in press, (c) Other estimates of OCCH3 vary from 
94 to 150 MHz (2.8 MHz = 1 G). See ref 20b for a review. 

(21) The proton does not move. It is the transfer of one electron which ex­
changes the proton from paramagnetic to diamagnetic environment. 

(22) R. Biehl, K. Hinrichs, H. Kurreck, W. Lubitz, U. Mennenga, and K. Roth, J. 
Am. Chem. Soc, 99, 4278 (1977). 

(23) F. A. Bell, A. Ledwith, and D. C. Sherrington, J. Chem. Soc C, 2719 
(1969). 

(24) The results in our preliminary communication12 were obtained without the 
use of this program, and for H1a and H38 in the communication are therefore 
somewhat in error. 

(25) K. A. Rubinson, J. Am. Chem. Soc, 98, 5188 (1976). 
(26) J. Fajer, personal communication concerning the ESR and ENDOR of ChI 

b+ \ 
(27) D. C. Borg, J. Fajer, R. H. Felton, and D. Dolphin, Proc. Natl. Acad. Sci. 

U.S.A., 67, 813(1970). 
(28) I. S. Denniss, J. K. M. Sanders, and J. C. Waterton, J. Chem. Soc, Chem. 

Commun., 1049(1976); 192(1977). 
(29) H.-C. Chow, R. Serlin, and C. E. Strouse, J. Am. Chem. Soc, 97, 7230 

(1975). 
(30) J. C. Waterton and J. K. M. Sanders, J. Am. Chem. Soc, 100, 1295 

(1978). 
(31) G. R. Seely in "The Chlorophylls", L. P. Vernon and G. R. Seely, Ed., Ac­

ademic Press, New York, N.Y., 1966, p 91. 
(32) It could be that we should take H1a as our calibration, in which case our 

a$a is too small in 1 + ' and 2+ ' . 
(33) D. Dolphin and R. H. Felton, Ace Chem. Res., 7, 26 (1974). 
(34) R. D. Allendoerfer and A. H. Maki, J. Magn. Reson., 3, 396 (1970). 
(35) A. J. Stone, personal communication. 
(36) C. Weiss, J. MoI. Spectrosc, 44, 37 (1972). 
(37) D. Spangler, R. McKinney, R. E. Christoffersen, G. M. Maggiora, and L. L. 

Shipman, Chem. Phys. Lett., 36, 427 (1975); and personal communication 
from Professor Christoffersen. 


