
Cotton, Van Duyne / Redox Properties of BChI and BPheo 7605 

An Electrochemical Investigation of the Redox 
Properties of Bacteriochlorophyll and Bacteriopheophytin 
in Aprotic Solvents 

Therese M. Cottonlab and Richard P. Van Duyne*,a 

Contribution from the Department of Chemistry, Northwestern University, 
Evanston, Illinois 60201. Received May 21, 1979 

Abstract: Knowledge of solvent effects on the redox properties of bacteriochlorophyll (BChI) and bacteriopheophytin (BPheo) 
is important for understanding their possible role(s) as intermediate electron acceptors in the primary photochemistry of pho-
tosynthetic bacteria. In the present study, an investigation of the electrochemical behavior of these compounds by cyclic vol-
tammetry (CV) and cyclic differential pulse voltammetry (CDPV) in several aprotic solvents has shown that BChI aggregation 
and ligation interactions have a significant effect on its redox potentials. In methylene chloride, the one-electron reduction po
tential of BChI was found to shift positively by 200 mV to a value nearly identical with that of BPheo in the same solvent. The 
shift is most readily explained by the presence of BChI aggregates in this solvent. The one-electron oxidation potential is rela
tively unaffected by aggregation. In contrast, the formation of six-coordinate BChI in tetrahydrofuran (two molecules of sol
vent coordinated to the Mg atom of BChI) affects both the one-electron reduction and one-electron oxidation potential, with 
the greatest effect on the latter. Solvent effects on the redox properties of BPheo were found to be much smaller, a finding con
sistent with its inability to undergo aggregation and coordination interactions similar to those of BChI. 

During the past decade, considerable progress has been 
made toward understanding the primary photochemical events 
in photosynthetic bacteria.2 The reaction center (RC) complex 
has been purified3 and found to contain four bacteriochloro
phyll (BChI) and two bacteriopheophytin (BPheo) molecules 
in addition to one quinone and three polypeptides. (See recent 
reviews in ref 4-8.) Two of the BChI molecules, the special pair, 
which absorb at 870 nm (P870) are now generally accepted 
as the primary electron donor in photoinduced charge sepa
ration.9"12 The quinone molecule has been shown to act as the 
primary electron acceptor'314 as defined on a millisecond time 
scale.15 However, with the advent of picosecond (ps) absorption 
spectroscopy techniques, an intermediate electron acceptor 
with a lifetime of 250 ps has been detected.16'17 The interme
diate was identified by Fajer and co-workers18 as one of the 
BPheo molecules present in the RC by a comparison of the 
optical properties of the intermediate with those of the BPheo 
anion radical prepared electrochemically in methylene chlo
ride. Subsequently, BPheo has been identified as the inter
mediate electron acceptor in a variety of photosynthetic bac
terial species.19-23 The picosecond data have recently been 
reviewed,24-25 and possible artifacts of the method have been 
discussed.2627 Although the role of the remaining two BChI 
molecules and the BPheo molecule in the charge separation 
process has not been unambiguously demonstrated, there are 
some experimental observations that suggest BChI (P800) may 
be involved in some manner in the transfer of an electron from 
P870 to PBheo. These observations include the picosecond 
absorption study of Shuvalov et al.,28 which has been inter
preted by these authors to indicate that electron transfer pro
ceeds from P870 to P800 and then to BPheo within 35 ps. 
Steady-state optical spectra of the reduced intermediate have 
indicated the presence of a BChI anion radical as well as that 
of BPheo.29 

Because BChI and BPheo participate directly in the initial 
photosynthetic charge separation, it is important that their 
redox properties be known. This information is necessary for 
a detailed understanding of the mechanism of charge separa
tion. For example, an estimate of the efficiency of the primary 
step in photochemical energy conversion has been made by 
comparing the electrochemical potential difference between 
the oxidized donor and reduced acceptor with the energy of a 
single photon absorbed by P870.18 In this calculation, the ox
idation potential of the special pair BChI, as determined by 

potentiometric titrations on in vivo preparations, was used as 
the donor potential. Since the reduction potential of BChI or 
BPheo has not been determined directly in the RC,30 values 
obtained electrochemically for these compounds in organic 
solvents were used for the acceptor potential. The results in
dicated an efficiency of 70% for electron transfer from P870 
to BPheo and an efficiency of 90% for electron transfer from 
P870 to BChI. The former value is in good agreement with 
previous estimates of photosynthetic efficiency and constitutes 
additional support for the much stronger optical evidence of 
BPheo as the intermediate electron acceptor. If, however, P800 
BChI functions as an extremely short-lived electron acceptor 
between P870 and BPheo as proposed by Shuvalov et al.,28 it 
is necessary to consider the potential difference created by the 
transfer of an electron from P870to BChI. An accurate value 
for the reduction potential of BChI is needed for this purpose. 
There have been several literature reports for the one-electron 
reduction potential of BChI in organic solvents,3133 but the 
effect of BChI interactions has not been considered. In the case 
of P870 BChI, the oxidation potential in vivo is lowered by 
approximately 200 mV relative to monomeric BChI in solution, 
no doubt as a result of the interaction between the two special 
pair BChI molecules. Therefore, it seems reasonable that the 
reduction potential of BChI or BPheo may be affected by their 
interactions in the RC, since there is strong coupling of the RC 
pigments as evidenced by CD studies.34 Consequently, we have 
endeavored to determine the effect of BChI aggregation and 
ligation interactions on its redox properties in organic solvents. 
The effect of solvent on BPheo redox properties was also ex
amined. The results, which are presented here, indicate both 
aggregation and ligation interactions affect the redox prop
erties of BChI, although in a significantly different manner. 

Experimental Section 
Materials. BChI was isolated from Rhodospirillum rubrum ac

cording to the procedure of Strain and Svec.35 BPheo was prepared 
by standard methods. The isolation and chromatography of both BChI 
and BPheo were performed under subdued light and the final product 
was stored under vacuum at 0 0C. 

The solvents used in this study were the purest available grade 
(Burdick and Jackson, distilled in glass). Both ACN and CHiCh were 
dried by repeated vacuum distillation onto activated 3- or 4-A mo
lecular sieves. According to a recent study, this treatment results in 
water contents below 10-4 M in many organic solvents.36 In the case 
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Figure 1. Cyclic and cyclic differential pulse voltammograms of BChI (5 
X IO -4 M) inacetonitrile with 0.1 M TBAP as supporting electrolyte: (A, 
B) very dry acetonitrile; (C, D) acetonitrile plus less than 1% water; (E. 
F) very dry acetonitrile plus 2 X 10~3 M hydroquinone. Working electrode 
was a platinum bead with surface area equal to 0.105 cm2. Cyclic vol-
tammetry parameters were as follows: scan rate = 0.1 V s_1, Vstip = 1.0 
mV, ;s lep = ;Samp = 1-00 ms. Cyclic differential pulse voltammetry pa
rameters were as follows: scan rate = 0.02 V s_1, VMp = 1.0 mV, tMp = 
50 ms, Kpuise = 10 m V, (pulse = 20 ms. The initial scan direction was ca 
thodic, and data shown are of the first scan. 

of THF, the initial drying over molecular sieves was followed by re-
fluxing the TH F over metallic Na and distilling into a round-bottomed 
flask. The THF was then subjected to three vacuum distillations onto 
activated sieves as described for ACN and CH2CI2. 

The electrolytes tetrabutylammonium tetrafluoroborate (TBAF) 
and tetrabutylammonium perchlorate (TBAP) (Southwestern Ana
lytical Chemicals, Austin, Tex.) were twice recrystallized from ethyl 
acetate and dried under vacuum at 100 0 C for 48 h. 

Apparatus. Electrochemical Cell. The cell used in these experiments 
was designed for high vacuum operations. In CV and CDPV the 
working electrode consisted of a Pt or Au bead sealed in glass. A Pt 
mesh working electrode was used for controlled potential bulk elec
trolysis. Other aspects of the cell design were identical with those 
described previously.37 

Electronics and Data Collection. The potentiostat, computer 
hardware, and programming used in performing CV and CDPV have 
been described.38 The latter technique is comparatively new, and 
certain aspects of the data collection will be reviewed here to facilitate 
interpretation of the voltammograms. Both the CV and CDPV data 
are collected on a Raytheon 500 minicomputer. The data collection 
and analysis are performed in real time by two separate programs. The 
CV program utilizes a staircase potential ramp with a variable step 
height and width. The current is sampled near the end of each step. 
Data are displayed in conventional plots of potential vs. current. The 
CDPV program also utilizes a staircase potential ramp. However, a 
single potential pulse of short duration compared to the step width is 
superimposed on each step. Current is sampled immediately before 
(/'i) and at the end (/2) of each pulse. Data are displayed in plots of 
potential vs. the difference in current (i2 — i\) (hence, differential 
pulse voltammetry). 

Methods. Solutions of the electrolyte and BChI were prepared by 
two procedures. In one procedure the electrolyte solution was prepared 
in a nitrogen-purged glovebox and pretreated with activated alumina 
(Woelm W200, Activity Super 1) for 24 h to remove electrophilic 
impurities.3940 This pretreatment has been shown to enhance greatly 
the stability of ChI a anion radicals in DMF.4 1 4 2 The BChI was dried 
as described by Ballschmiter et al.43 in the side arm of the electrolysis 
cell. The electrolyte solution was decanted from the alumina into the 
cell in a N2-purged glovebox, and the cell was returned to the vacuum 
line for final degassing by repeated freeze-pump-thaw cycles. In the 
second procedure, the electrolyte was added to the side arm of the 
electrochemical cell, and the BChI was cast as a film from CH2Cl2 

onto the walls of the optical cell portion of the electrochemical cell. 
The cell was evacuated, and the electrolyte was heated to 100 0 C 
overnight. The following day, dry solvent was vacuum distilled into 
the side arm of the cell and the contents mixed by tilting the cell. Both 
procedures resulted in comparable electrochemical behavior of the 
BChI on the CV and CDPV time scale. 

The electrolysis cell used in these studies employs a platinum 
quasireference electrode rather than the commonly used SCE refer
ence electrode. This choice of reference is necessary to permit high-
vacuum degassing of the cell and its contents and to avoid contami
nation of the electrolysis solution with water. The anions of BChI and 
BPhco are extremely sensitive to oxygen and water. In order to relate 
the potentials obtained with the quasireference electrode to a SCE 
reference electrode, the pilot ion method of calibration was used.44 

Ferrocene was added to the auxiliary side arm of the cell, which was 
also evacuated and isolated from the electrolysis solution. Following 
the electrochemical studies on the compound of interest, ferrocene 
was added to the electrolysis solution while the cell was kept under 
vacuum. The potential for the one-electron oxidation of ferrocene to 
the ferricinium ion was then determined by CV and CDPV against 
the Pt reference. Finally, the cell was filled with nitrogen and the 
quasireference was replaced with a SCE electrode. The potential for 
the ferrocene oxidation was again determined. The difference deter
mined between the oxidation potential of ferrocene vs. Pt and ferrocene 
vs. SCE was used to correct the BChI and BPheo redox potentials. An 
attempt was also made to compensate for differences in the junction 
potentials of ferrocene vs. SCE for the various solvents by relating all 
of the reported potentials to ferrocene oxidation in tetrahydrofuran 
(THF). 

Results 

Comparison of Cyclic and Cyclic Differential Pulse Vol
tammetry. In the data to be presented, both CV and CDPV 
were used on the same solutions of BChI or BPheo. A direct 
comparison of the results, as shown in the figures which follow, 
illustrates the advantages of CDPV over CV. However, the 
theory for cyclic differential pulse voltammetry is still in the 
state of development. For this reason, conventional cyclic 
voltammograms, the theory of which is well developed, were 
also recorded for comparison purposes. The charging current 
is not observed in the cyclic differential pulse voltammogram, 
since it is effectively subtracted from the total current in the 
differential response. The oxidation and reduction processes 
of the electroactive species, or faradaic response, are manifest 
as peaks on a flat base line in a manner identical with that in 
the related technique differential pulse voltammetry.45 The 
determination of base-line current, a problem in CV, is elim
inated. Chemical reversibility can be readily assessed by 
comparing the peak heights in the forward and reverse scans. 
Quasireversible charge transfer causes a separation in the peak 
potentials with scan direction.46 A disadvantage in the dif
ferential pulse procedure is the lower signal-to-noise ratio, 
especially in solvents of low dielectric constant. In order to 
offset this problem, it was necessary to scan at a slower rate 
(0.02 V/s) than in cyclic voltammetry (0.1 V/s). 

Electrochemistry of BChI in Acetonitrile. Nitrile-containing 
solvents are often used in electrochemical measurements be
cause they have a broad potential range in both the anodic and 
cathodic scan directions. Butyronitrile (BuCN) was used as 
a solvent for the coulometric generation of the anion radical 
of BChI.31'47 Acetonitrile (ACN) was used as a solvent in a CV 
study of the oxidation behavior of BChI.32 In the present study, 
ACN was chosen over BuCN as a solvent for evaluating the 
electrochemical and chemical reversibility of the BChI anion 
radical due to its greater volatility, which permits relatively 
rapid vacuum distillation of this solvent. Anhydrous BChI 
dissolved slowly in dry ACN, often taking as long as 1 h to 
reach a concentration of 5 X 10 -4 M. The solutions were sta
ble, however, once the BChI had dissolved, and no precipitation 
was observed. 

Figures IA and 1 B are typical first scan cyclic and cyclic 
differential pulse voltammograms for a 5 X 10-4 M solution 
of BChI in dry ACN. The initial potential was -0.3 V, and the 
scan direction was cathodic. On examining CV results, it may 
be seen that the first reduction peak at -0.99 V has a pro
nounced anodic shoulder, which appears reversible. The £1/2 
values are listed in Table I. The second reduction peak also 



Cotton, Van Duyne / Redox Properties of BChI and BPheo 7607 

Table I. Oxidation and Reduction Potentials of Bacteriochlorophyll in ACN0* 

E-- £ i / 2 2 " 
sample £i/22+ E\/2+- peak 1 peak 3 peak 2 peak 4 

ACN, dry 
CV 0.78 0.42 -0.88 (sh) -0.99 -1.28 
CDPV 0.78 0.42 -0.88 (sh) -1.00 -1.26 

ACN, wet 
CV 0.78 0.42 0.90(sh)(l) -0.98(1) -1.32(1) 
CDPV 0.78 0.42 0.90 (sh) (1) -0.98(1) -1.32(1) 

ACN/HQ, dry 
CV 0.78 0.42 (I) (I) 
CDPV 0.78 0.42 0.90 (sh) (I) -0.99(1) -1.10 1.46 

ACN/THF, dry 
CV 0.84 0.42 -1.01 -1.35 
CDPV 0.42 -1.00 
a Potentials are in volts vs. SCE. b sh = shoulder, I = irreversible. 

contains a shoulder, but it is cathodic to the main peak. The 
one- and two-electron oxidation of BChI appears electro-
chemically and chemically reversible in this solvent on the basis 
of peak separation and relative heights in the forward and re
verse scans. The same conclusions are reached on examining 
the reduction and oxidation processes by the CDPV procedure 
(Figure 1 B), but the reduction peaks are better resolved and 
the reversibility is easier to assess than in CV. Both cathodic 
peaks and their respective shoulders show reverse scan peaks 
approximately 90% of the current value observed in the for
ward scan. The peak current for the one-electron reduction of 
BChI is only 50% that of the one-electron oxidation. 

The origin of the shoulders on the reduction peaks of BChI 
in ACN was initially puzzling. Several explanations were 
considered, including adsorption of the BChI on the Pt elec
trode surface. Adsorption of the product of an electron transfer 
is known to cause prewaves, as observed in the one-electron 
reduction of BChI on Hg in Me2S0.33 The separation between 
the peaks due to adsorption in the forward and reverse scans 
is <59 mV for a reversible one-electron transfer process if the 
electroactive compound is strongly adsorbed. The relative in
tensity of an adsorption peak to those associated with diffu
sion-controlled electron transfer is scan rate and concentration 
dependent. An increase in scan rate, or a decrease in the bulk 
concentration of the electroactive compound, should result in 
an increase in peak current for the adsorbed species relative 
to that of the solution species.48 None of these diagnostic cri
teria applied to the shoulder on the reduction peak of BChI in 
ACN, however. 

Another possible explanation considered was that the 
shoulders are due to the interaction of BChI with an impurity 
in the solvent or electrolyte. Therefore, the effect of two 
common impurities, water and proton donors, known to in
teract with porphyrin anions,49 was examined. The CV and 
CDPV response of BChI in ACN in the presence of low con
centrations of water (less than 1 %) is shown in Figures 1C and 
1 D. From both figures it is immediately obvious that water has 
no effect on the one- and two-electron oxidation but decreases 
the chemical reversibility of the one- and two-electron reduc
tion of BChI in ACN. The anodic shoulder on the first reduc
tion peak is observed to shift negatively in Figure ID and 
overlap more with the main reduction peak (see Table I). The 
effect of an added proton source, hydroquinone (HQ), is shown 
in Figures 1E and 1F. The concentration of HQ is 4 times that 
of BChI. The electrochemistry of BChI in this solution is quite 
different from that in either dry or wet ACN solutions with 
respect to the reduction processes. The initial potential was 
—0.25 V, and, in the cathodic scan, the shoulder and first re
duction peak are identical with that observed in dry ACN (see 
Table I). Immediately following reduction peak 1 is another 
peak (peak 3) that may reflect a protonation reaction or ad-
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Figure 2. Cyclic and cyclic differential pulse voltammograms of BChI (5 
X 10-4 M) in acetonitrile with 0.1 M TBAP as supporting electrolyte: (A, 
B) very dry acetonitrile; (C, D) very dry acetonitrile plus less than 1% 
tetrahydrofuran. Working electrode was a platinum bead electrode with 
surface area equal to 0.105 cm2. Cyclic voltammetry and cyclic differential 
pulse voltammetry parameters were identical with those in Figure 1. The 
initial scan direction was cathodic, and data shown are of the first scan. 

sorption of BChI on the electrode surface. The second major 
reduction peak present in dry ACN (peak 2) is no longer ob
served when HQ is present, and a new peak is seen at a lower 
potential, or — 1.6 V (peak 4). On the reverse scan in the anodic 
direction, only peak 3 appears reversible and a broad peak is 
present near - 0 . 4 V (peak 5). The behavior of this peak is 
similar to that observed near —0.5 V in the irreversible reox-
idation of the protonated products of ZnTPP5 0 and ChI a41 

reduction. Hence, it is assigned to the oxidation of protonated 
BChI dianion. 

From the above experimental results, it may be concluded 
that the electrochemical behavior of BChI in ACN in the 
presence of water or the proton donor, HQ, is significantly 
different than in dry ACN. Residual amounts of water or 
proton impurities in the ACN do not appear to be the cause of 
the shoulders on the BChI reduction peaks. A third possibility 
considered was that the shoulders result from BChI self-
aggregation in ACN. (The nature of BChI aggregates has been 
reviewed recently.51) To explore this hypothesis a small amount 
of tetrahydrofuran (THF) (less than 1% v/v) was distilled into 
the electrochemical cell containing BChI in ACN. The CV and 
CDPV measurements were repeated, and the one-electron 
reduction and one-electron oxidation processes are shown in 
Figures 2C and 2D. For purposes of comparison, the cyclic and 
cyclic differential pulse voltammograms of BChI in dry ACN 
are also shown in Figures 2A and 2B. The effect of TH F on the 
one-electron reduction of BChI in ACN is significant. The 
anodic shoulder is observed to disappear completely on the 
addition of THF, and the current magnitude of the main peak 
is increased to equal that of the first oxidation peak. Though 
not shown, the second electron reduction peak also shows a loss 
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Table II. Oxidation and Reduction Potentials of Bacteriochlorophyll and Bacteriopheophytin in CH2Cl2"* 

sample 1/2 £l/2+- -1/2 • E\/i 

BChI, CH2Cl2 

CV 
CDPV 

BChI1CH2Cl1THF 
CV 
CDPV 

BPheo, CH2Cl2 

CV 
CDPV 

BPheo+BChI, CH2Cl2 

CV 
CDPV 

ferrocene 
CV 
CDPV 

0.82 
0.79 

0.79 
0.79 

0.42 
0.42 

0.42 
0.42 

0.82 
0.82 

0.85/0.42d 

0.85/0.42rf 

0.52 
0.51 

-0.83 
-0.83 

-0.85 
-0.83 

-0.82' 
-0.81<-

-1.08 
-1.08 

-1.03 
-1.05 

-1.39 
-1.34 

-1.43 
-1.41 

-1.10(1) 
-1.11 (D 

-1.10 
-1.09 

-1.57 
-1.56 

" Potentials are in volts vs. SCE. h I = irreversible. c BPheo E\ / 2 BChI E i /2
+: * BPheo £ 1/2 

3 0 0 5 0 0 6 0 0 700 
WAVELENGTH lnml 

Figure 3. Electronic absorption spectrum of a 1.3 X 10~4 M solution of 
BChI in dry methylene chloride (solid line) and in the presence of less than 
1% tetrahydrofuran (dashed line). 

of its shoulder and an increase in peak current. These results 
are consistent with BChI self-aggregation as the cause of the 
shoulder on the reduction peaks, since THF is an excellent 
nucleophile and readily dissociates BChI aggregates as dis
cussed in more detail below. 

Electrochemistry of BChI in CH2CI2. The electrochemical 
behavior of BChI in CH2CI2 was examined, since this solvent 
is similar in properties to CCl4, a solvent known to promote 
aggregation of the chlorophylls. (It is not possible to perform 
electrochemical measurements in CCI4, due to the high solu
tion resistance.) In order to interpret the data to be presented, 
a brief review will be given concerning the aggregation be
havior of BChI in CCl4.51 From IR and NMR spectroscopy, 
it has been deduced that aggregation is the result of coordi
nation of the carbonyl functional groups of one molecule of 
BChI with the central Mg atom of a second molecule in solvents 
lacking nucleophilic properties, such as CCl4 and benzene. It 
is a consequence of the requirement for a coordination number 
of five for the central Mg atom of BChI. This interaction can 
be perpetuated, and BChI in CCl4 has an average aggregate 
size of three over the concentration range from 1O-2 to 10_ l 

M as determined by vapor phase osmometry measurements.52 

In BChI there are two carbonyl functional groups on the pe
riphery of the porphyrin macrocycle that are involved in self-
aggregation: there are the C-9 keto and the C-2 carbonyl 
groups. Evidence for their interaction can be had from shifts 
of their infrared vibrational frequencies to lower values on 
aggregation. Self-aggregation of BChI also affects its electronic 

+1.0 +0.5 0 -0.5 -1.0 -1.5 
Elvolts vs SCE) 

+ 1.0 +0.5 0 -0.5 -1.0 
E(voltsvaSCE) 

Figure 4. Cyclic and cyclic differential pulse voltammograms of BChI (4 
X IO-4 M) in dry methylene chloride with 0.1 M TBAP as supporting 
electrolyte: (A, B) dry methylene chloride with scan range including all 
four reduction peaks and both oxidation peaks; (C, D) dry methylene 
chloride with scan range including only the first two reduction peaks and 
the first oxidation peak; (E, F) dry methylene chloride plus less than 1% 
tetrahydrofuran distilled into the solution. Working electrode was a 
platinum bead with surface area equal to 0.105 cm2. Cyclic voltammetry 
and cyclic differential pulse voltammetry parameters were identical with 
those in Figure 1. The initial scan direction was cathodic, and data shown 
are of the first scan. 

absorption spectrum. Figure 3 (solid line) illustrates the 
spectrum of BChI in CH2CI2; it is identical with that in CCl4 

at the same concentration. The Q^(0,0) transition near 780 nm 
is most affected by aggregation. A decrease in intensity is noted 
together with the formation of a shoulder near 810 nm. The 
addition of sufficient quantities of a nucleophile such as THF 
causes disruption of the BChI aggregates and coordination of 
the nucleophile to the central Mg of BChI as shown by IR and 
NMR spectroscopy. The disaggregation is manifest in the 
electronic absorption spectrum by a loss of the 810-nm 
shoulder together with an increase in the 780-nm peak intensity 
(dashed line in Figure 3). Equilibrium constants have been 
obtained for the interaction of nucleophiles with BChI or ChI 
a following the changes in the IR or visible absorption spec
trum with incremental additions of the nucleophile.53-54 Values 
obtained by the two techniques agree well, indicating that the 
effects of aggregation on the IR and visible absorption spectra 
are of the same origin. 

Examples of typical first-scan CV and CDPV results for 
BChI solutions in dry CH 2Cb are shown in Figures 4A and 4B. 
The midpoint potentials for the reduction and oxidation peaks 
are listed in Table II. In both techniques four distinct peaks 
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are evident in the cathodic scan. The fourth peak is near the 
solvent limit and is not as discernible in the CV results (Figure 
4A). Both the second and third peaks show irreversibility—the 
current values are much lower in the reverse scan relative to 
the forward scan. The reversibility of the second peak is sub
stantially improved if the cathodic scan limit includes only the 
first two peaks (Figures 4C and 4D), which suggests a chemical 
reaction follows the third peak. 

The current magnitude for the reduction peaks is consid
erably less than that of the one- and two-electron oxidation 
peaks of BChI in CH2CI2 (Figures 4A and 4B). Since only the 
first two reduction peaks are chemically reversible, the effect 
of BChI concentration and scan rate on the relative heights of 
these two peaks was investigated. The effect of concentration 
was examined to determine whether these peaks are related 
by a chemical equilibrium, i.e., the formation of BChI dimers 
and trimers from monomers. Extrapolation of data obtained 
by vapor phase osmometry to infinite dilution has indicated 
that the trimer is the limiting size of the BChI aggregate.52 

However, small amounts of water or other nucleophilic im
purities in the electrolyte solution could serve to disaggregate 
the BChI. 

Peak currents for a series of solutions containing BChI in the 
concentration range between 10 -4 and 10 -3 M were normal
ized by ratioing the values to the current magnitude of the first 
oxidation peak in the same solution. The ratios were found to 
be independent of BChI concentration with the value of the first 
peak equal to 0.25 ± 0.05 and that of the second peak equal 
to 0.50 ± 0.05. Variation of the scan rate between 0.02 and 10 
V/s had no effect on the relative heights of the two reduction 
peaks, although the first peak showed a greater increase in AE, 
the difference between the forward and reverse scan peak 
maxima, with increasing scan rate. 

Distillation of the TH F into the CH2CI2 solution in sufficient 
quantities to disaggregate the BChI produces significant 
changes in the electrochemical reduction behavior. The four 
reduction peaks collapse into two reversible peaks. Figures 4E 
and 4F show the cyclic and cyclic pulse voltammograms of the 
first oxidation and first reduction peaks in the presence of 
THF. A comparison with the above figure for BChI in CH2CI2 
in the absence of THF shows that the two reduction peaks are 
replaced by one peak of enhanced current magnitude. A 
comparison of the reduction potentials for aggregated and 
disaggregated BChI (Table II and Figures 4D and 4F) indi
cates that the first electron reduction peak in the disaggregated 
BChI has a potential slightly more positive than the second 
peak in the aggregated BChI. 

To characterize further the nature of the BChI species giving 
rise to the first reduction peak in dry CH2C^, a constant po
tential bulk electrolysis experiment was performed, and ab
sorption changes were monitored by difference absorption 
spectroscopy. Before electrolysis a zero base line was estab
lished between 300 and 1100 nm by placing an aliquot of the 
neutral BChI solution in the reference compartment of the 
Cary 17D spectrophotometer. The cell pathlength was chosen 
to match that of the BChI solution in the electrochemical cell, 
which was placed in the sample compartment of the spectro
photometer. Electrolysis at —0.92 V, or 90 mV past the first 
reduction peak, resulted in the difference spectrum shown in 
Figure 5A. A negative absorbance is seen at 780 and 812 nm, 
indicating that the species reduced at the first peak in CV or 
CDPV has an absorption spectrum corresponding to aggre
gated BChI. The absorbance decrease at 812 nm corresponds 
to a complete loss of the 812-nm shoulder in the normal ab
sorption spectrum (see Figure 3). A positive absorbance is seen 
at 1050 nm, which is red-shifted by 50 nm relative to the pre
viously reported near-infrared transition of monomeric BChI--
in DMF.31 Other bands that appear red-shifted in the anion 
radical include the 650 (from 620 nm) and the 940 (from 920 

1000 
WAVELENGTH (nm) 

Figure 5. Electronic absorption spectra of bulk electrolyzed BChI (4 X 10-4 

M) in dry methylene chloride with 0.1 M TBAP as the supporting elec
trolyte: (A) difference absorption spectrum (BChI reduced at —0.92 V 
in sample compartment minus neutral BChI in reference compartment 
of Cary I7D spectrophotometer); (B) absorption spectrum of BChI re
duced at -0.92 V (solid line) and -1.16 V (dashed line). 

nm). The solution was then electrolyzed at — 1.16 V or 80 mV 
past the £1/2 value of the second reduction peak. At this po
tential the difference absorption spectrum showed a decrease 
in BChI absorbing at 780 nm, as would be expected, since this 
is the only spectral form of BChI remaining. An increase in 
absorbance occurred at 1000 nm (Figure 5B). 

An examination of the electrochemical behavior of BPheo 
in CH2CI2 provides further evidence that BChI self-aggrega
tion is responsible for the multiple reduction peaks observed 
in CV and CDPV. BPheo lacks Mg and, therefore, cannot 
undergo the C=O-Mg interactions possible in BChI. Rather, 
BPheo self-associates by much weaker ir-ir interactions, which 
apparently do not affect its redox behavior. The electro
chemical reduction of BPheo in CH2CI2 showed only two peaks 
(Table II). The one-electron reduction potential was found to 
be very near that of the first of the four reduction peaks ob
served for BChI in CH2CI2. In order to determine very accu
rately the relative values for the reduction potential of BChI 
and BPheo in CH2Cl2, the CV and CDPV studies were re
peated with BChI added to the solution of BPheo in CH2CI2. 
It is not possible to resolve all of the observed electron-transfer 
steps, since the reduction peaks overlap considerably. However, 
the oxidation peaks are clearly resolved and can be used to 
calibrate the reduction potentials obtained for the isolated 
compounds in CH2Cl2- These values are listed in Table II 
under the heading BChI plus BPheo. It may be noted that the 
reduction potential of BPheo is only 20 mV less negative than 
that of the first reduction peak of isolated BChI in CH2C^. 

Electrochemistry of BChI in THF. In the previously dis
cussed electrochemical studies of BChI in ACN and CH2CI2, 
THF was added in sufficient quantities to disaggregate the 
BChI. Care was taken to avoid adding an excess of TH F, as the 
objective was to form monomeric, five-coordinate BChI, i.e., 
one molecule of THF coordinated to the central Mg atom of 
BChI, i.e., BChI-TH F. If additional TH F is titrated into a so
lution of BChI in CH2Cl2, it is possible to follow the addition 
of a second molecule of THF to the Mg atom resulting in the 
formation of six-coordinate BChI, i.e., BChI-(THF)2. This 
interpretation is based on changes in the visible absorption 
spectrum similar to those observed on titration of pyridine into 
a BChI solution in CCl4.

55 The Qx(0,0) band of BChI gradually 
shifts from 580 to 593 nm with the incremental addition of a 
concentrated THF solution in CH2CI2. In neat THF the 
Qx(0,0) band is also at 593 nm, and the BChI is predominantly 
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Table III. Oxidation and Reduction Potentials of BChI and BPheo 
inTHF" 

sample £ | / 2 + - £ l / 2 1/2' 

0.5 0 -0.5 -1.0 -1.5 
F lvol ts vs. SCE) 

Figure 6. Cyclic and cyclic differential pulse voltammograms of BChI (2 
X 1O-4 M) in dry letrahydrofuran with 0.1 M TBAP as the supporting 
electrolyte: (A, B) scan range includes both reduction peaks and both 
oxidation peaks, (C, D) scan range includes only the first reduction and 
first oxidation peak. Working electrode was a platinum bead with surface 
area equal to 0.105 cm2. Cyclic voltammetry and cyclic differential pulse 
voltammetry parameters were identical with those in Figure I, except IR 
compensation was included in the potentiostat circuit. The initial scan 
direction was cathodic. and the data shown are of the first scan. 

six coordinate. The electrochemical response of BChI in THF 
was examined to determine the effect of ligand coordination 
on its redox properties. 

Both CV and CDPV studies of BChI in THF show two re
versible one-electron reduction peaks and two reversible one-
electron oxidation peaks (Figure 6 and Table III). All four 
peaks are of approximately the same current magnitude, and, 
in each case, AE, the difference in potential between the cur
rent maximum in the forward and reverse scans in CV, is equal 
to 59 mV. Variation of the CV sweep rate gives cathodic/ 
anodic current ratios near 1.0 for each electron transfer. The 
CDPV verified reversible behavior for all of the electron-
transfer steps as shown by nearly identical peak heights in the 
forward and reverse scans. 

As discussed in the Experimental Section, ferrocene was 
used as a standard to correct for junction potential differences 
between the various solvents and the SCE reference. Ideally, 
this permits a meaningful comparison of the BChI redox po
tentials in the different solvents. From the values listed in 
Tables I and II for BChI-THF in ACN and in CH2Cl2, it may 
be seen that an increase in ligand coordination to BChI-(THF)2 
results in cathodic shifts of 60 and 80 mV, respectively, for the 
one- and the two-electron reduction of BChI. The one-electron 
oxidation potential is even more affected and shifts positively 
by 100 mV on formation of six-coordinate BChI. Recently, the 
one-electron oxidation potential of ChI a in THF was also 
found to shift anodically in THF.56 However, it may be that 
the shift in BChI redox potentials in THF is not entirely due 
to an increase in ligand coordination. The E|/2 for the one-
electron oxidation potential of BPheo in THF also shifts pos
itively by 50 mV relative to that in CH2Cl2 (see Tables II and 
III), and it obviously does not undergo metal coordination 
interactions. 

Discussion 
The experimental results presented here emphasize the 

considerable effects BChI interactions can have on its redox 
properties. The significant findings, together with their in
terpretation, are summarized as follows: 

(1) BChI self-aggregation affects its reduction processes. 
Shoulders on the major one- and two-electron reduction peaks 
(in ACN solutions) or four distinct reduction peaks (in 
CH2Cl2) are observed in CV and CDPV experiments. Both 
phenomena are typical of uncomplicated multistep charge 
processes.57 The CH2Cl2 solutions were investigated in detail 
because the reduction peaks are well resolved and, also, because 
BChI aggregates in similar solvents have been well charac-

BChI 
CV 
CDPV 

BPheo 
CV 
CDPV 

ferrocene 
CV 
CDPV 

0.83 
0.85 

0.52 
0.52 

0.88 
0.87 

0.56 
0.57 

-1 .07 
-1 .08 

-0.84 
-0.85 

-1.41 
-1 .43 

-1.17 
-1 .20 

" Potentials are in volts vs. SCE. 

terized. Scan rate and concentration studies show that the first 
peak is not due to absorption of BChI on the electrode surface, 
nor are the first two peaks related by a chemical equilibrium 
(at least on the time scale of the electrochemical experiment). 
An equilibrium process that might be considered is the for
mation of dimers and trimers from monomeric BChI. If this 
were present an increase in BChI concentration should shift 
the equilibrium toward the aggregated state and result in an 
increase in current magnitude of the first peak. This is not 
observed. Therefore, a tentative explanation is that the first 
peak represents the addition of one electron to the BChI ag
gregate and the second is due to the addition of one (or two) 
additional electrons to the aggregate. 

(2) The first electron-transfer step in the reduction of the 
BChI aggregate has a midpoint potential that is 200 mV more 
positive than monomeric five-coordinate BChI. A plausible 
explanation for this effect is that one of the BChI molecules in 
the aggregate, the keto C=O donor, is easier to reduce as a 
result of its interaction with a second molecule, the acceptor. 
In practical terms, the shift equalizes the one-electron reduc
tion potential of aggregated BChI with that of BPheo in the 
same solvent. The effect of aggregation on the reduction po
tential is important because, in the RC, P800 is known to in
volve at least two interacting BChI molecules. A similar shift 
in the £1/2 value for P800 would decrease the potential dif
ference created by electron transfer from P870 to P800. This 
decrease in potential would, in turn, reconcile the thermody
namic considerations18 with the picosecond observations of 
Shuvalov et al.,28 indicating P800 as a transient electron ac
ceptor prior to BPheo. In the RC, however, it is not necessary, 
or desirable, that the P800 reduction potential be shifted so far 
as to equal that of BPheo. A positive shift in the one-electron 
reduction potential of ChI a has been noted previously and 
attributed to the presence of aggregates, but this point was not 
verified experimentally.58 

(3) The absorption spectrum of the anion radical of aggre
gated BChI is red-shifted relative to that of the monomeric 
anion radical, as shown by bulk electrolysis of the CH2Cl2 
solution. The shifts are comparable energetically to that ob
served for the Q; transition in the neutral BChI aggregate. 
Apropos of the RC, it has been noted that all of the picosecond 
and steady-state absorption spectra of I - , the intermediate 
electron acceptor, have absorption bands indicative of BChI--
as well as BPheo--.59 However, the bands in the 600-700 and 
800-950 nm region are red-shifted by approximately the same 
amount as the aggregated anion radical described here. Also, 
the absorption spectrum of the intermediate electron acceptor 
of PSI of green plants was observed recently to correspond to 
a red-shifted anion radical of ChI a. A ChI dimer was proposed 
as the intermediate to account for the red shift.60 

(4) BChI self-aggregation has no significant effect on the 
oxidation processes. This finding is surprising in view of the 
results of Wasielewski et al.61 in which the midpoint potential 
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for the one-electron oxidation and one-electron reduction of 
the covalently linked bis(chlorophyll) cyclophane was observed 
to shift positively by 70 mV and negatively by 150 mV, re
spectively. It should be emphasized, however, that the BChI 
aggregates in the present study are structurally distinct from 
the covalent dimer of Wasielewski. The BChI molecules in
teract by coordination interactions of the donor C=O of one 
molecule with the acceptor Mg atom of a second molecule. 
Consequently, these noncovalent aggregates are asymmetrical. 
Moreover, the aggregates discussed here have been prepared 
under anhydrous conditions, unlike the dimeric ChI a,62-63 

pyrochlorophyll a,64 and BChI a65 reaction center models, 
which contain two molecules of coordinated ethanol or water 
per dimer. These latter models are highly symmetrical and on 
one-electron oxidation exhibit ESR spectra that indicate equal 
sharing of the remaining unpaired electron over both molecules 
of the dimer. As of the present time, we do not have ESR 
measurements to indicate whether spin derealization occurs 
in the BChI aggregates studied here. Since these are struc
turally different and asymmetrical, equal sharing of the un
paired spin in the cation or anion radical cannot be assumed 
a priori. Indeed, if these aggregates are representative of the 
interactions present in P800, derealization should not occur, 
as the ESR measurements on trapped I - have clearly shown 
that the spin is localized on one molecule.29,47,66 

(5) The redox properties of BPheo are relatively unaffected 
by solvent. BPheo, which lacks Mg, and is incapable of ag
gregating in the same manner as BChI, does not display un
usual reduction behavior in CH2CI2. The much weaker ir-ir 
interactions that are possible in BPheo are not observed to an 
appreciable extent in the concentration range used in the CV 
and CDPV experiments. It might be noted, however, that 
BPheo is capable of functioning as a C=O donor to BChI. In 
the RC this type of interaction between P800 and BPheo could 
conceivably affect the redox behavior of BPheo. 

(6) Coordination of a sixth axial ligand to the Mg of BChI 
affects both its oxidation and reduction potentials. The addition 
of a sixth ligand was shown to shift the one-electron reduction 
cathodically by approximately 60 mV. A much larger effect 
was observed for the one-electron oxidation potential which 
shifted anodically by 100 mV relative to five-coordinate BChI. 
The exact magnitude of these shifts is dependent upon the 
junction potential correction and, hence, there is some uncer
tainty associated with these values. A more meaningful com
parison of the effects of solvent on the redox properties might 
be obtained by calculating the 8 value, or the difference be
tween the one-electron oxidation and one-electron-reduction 
potentials within a given solvent, since it is independent of 
junction potential variations. In CH2Cl2 this value is smallest 
and equal to 1.25 V, if the first reduction peak is used in the 
calculation. Five-coordinate BChI in CH2Cl2 has a value equal 
to 1.45 V and six-coordinate BChI has the largest value, 1.60 
V. Solvent effects on the <5 value of BPheo are much smaller 
with a difference of only 70 mV between the value in CH2Cl2 
and THF. 

In conclusion, although the data we have obtained are not 
based upon measurements of BChI and BPheo redox potentials 
in vivo, the need for an understanding of the redox properties 
of these molecules in solution has been recognized.59 Such data 
are relevant to considerations of the energetics of primary 
events, and BChI and BPheo reduction potentials in solution 
have been used extensively in calculations involving the kinetics 
and proposed mechanisms of photoinduced charge separation 
in the RC (see, for example, ref 66). The data presented de
scribe the influence of BChI interactions on its midpoint po
tentials and, thus, predict the effect of similar interactions on 
these values in the RC. Those molecules capable of interacting 
with BChI in the RC include other BChl's, BPheo, or protein 
side chains that can function as axial ligands. 
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Reversed Phase Chromatographic Resolution of 
Amino Acid Enantiomers with Metal-Aspartame Eluants 

Sir: 

The resolution of amino acid enantiomers is of importance 
in peptide synthesis and structure determinations. While such 
methods as selective crystallization and enzyme degradation 
have been used, they are of limited use, frequently owing to 
their specificity. Chromatographic methods of analysis offer 
the possible advantage of resolving not only a pair of enantio
mers but also a mixture of several amino acid enantiomers. Gas 
chromatographic separation of D- and L-amino acids has been 
described by, among others, GiI-Av,' Feibush,2 and Bayer,3 

who have used chiral stationary phases. The method, however, 
requires the derivatization of the amino acids to more volatile 
compounds suitable for GC separations. For this reason, 
modern high performance liquid chromatography (HPLC) 
can be a more attractive tool for enantiomeric resolutions. 
Several approaches have been advanced. Davankov and his 
co-workers4 and Lefebvre et al.,5 to name a few, have used Ii-
gand exchange chromatography. There the separation of the 
enantiomers was achieved with an a-amino acid-copper(II) 
complex grafted onto a resin. Frequently the grafted amino 
acid of choice is proline, although, as Angelici6 has shown, 
other amino acids can form stereoselective complexes. Cram 
and his group7 have used chiral crown ethers bonded to chro
matographic support for the separation of the optical isomers. 
A similar approach was reported by Blasius.8 More recently, 
Hara9 has reported the separation of the enantiomers of Si-
protected amino acid esters on L-valyl derivatives bonded to 
silica gel. Pirkle'0 has demonstrated the resolution of 3,5-
dinitrobenzoyl derivatives of amino acids on chiral fluoro al
cohols. Gaal and Inczedy'' as well as Yoneda and Yoshizawa'2 

have utilized optically active Co(III) compounds to achieve 
optical resolution. In an entirely different approach, Karger 
and his group'3 have used the zinc(II) complex of L-2-alkyl-
4-octyldiethylenetriamine in an aqueous mobile phase to obtain 
the resolution of the densyl derivatives of amino acids. Hare 
and GiI-Av'4 have reported very recently the use of a pro-
line-copper(II) complex in an aqueous mobile phase as the 
resolving reagent in the ion-exchange separation of D- and 
L-amino acids. 

The work described above, while augmenting greatly the 
arsenal of the chemist, suffers from such disadvantages as (a) 
applicability to only one or two pairs of amino acids, (b) the 
need for derivatized amino acids, and (c) harsh conditions such 
as high temperature. We report here preliminary results of a 
chromatographic separation which has the potential of elim
inating most of these restrictions. 
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To resolve optical isomers directly by chromatography, di-
astereomers must be formed in situ while the resolution takes 
place. To form the diastereomers, a chiral reagent can be in
troduced either to the mobile or the stationary phase. Since the 
mobile phase is inherently easier to manipulate, we prefer to 
add the chiral reagent to it, in accordance with the approach 
of Karger13 and of Hare and GiI-Av.'4 Like other workers we 
have utilized the fact that amino acids form complexes with 
metal cations and that the stability of the isomers can be 
stereodependent (viz., ref 6 and 15 and references therein). We 
have chosen the metal complex of the dipeptide L-aspartyl-
L-phenylalanine methyl ester as the resolving agent. The ra
tionale for choosing this particular dipeptide is as follows, (a) 
This dipeptide is available commercially under the tradename 

Table I. The Capacity Ratios W and Selectivity Factors a" of Some 
Amino Acid Enantiomers as a Function of the Acetonitrile (ACN) 
in the Mobile Phase. The Mobile Phase Contains 
10 -3 M Copper-Aspartame Complex 

0% ACN 7% ACN 8% ACN 10% ACN 
solute W a k' a k' a k' a 

L-Dopa 3.2 1.5 
D-Dopa 4.8 
L-tyrosine 5.4 1.6 1.2 1.5 1.0 1.7 
D-tyrosine 8.9 1.8 1.7 
L-phenylalanine b 4.8 1.6 4.3 1.3 
D-phenylalanine b 7.8 5.4 
L-tryptophan b b 13.2 1.3 5.6 1.2 
D-tryptophan b b 16.7 6.8 

" See note 18. * Retention times too long for accurate measure
ments. 

Table II. The Capacity Ratios k' and Selectivity Factors a" of 
Some Amino Acid Enantiomers as a Function of the 
Concentration of the Zinc-Aspartame Complex in the Mobile Phase 

IQ-3M 5 X 10~4 M 2.5 X IQ-4M 
solute k' a k' a k' a 

L-tyrosine 1.9 1.3 2.9 1.4 5.3 1.5 
D-tyrosine 2.5 4.2 7.9 
L-phenylalanine 5.5 1.6 9.3 1.7 16 1.9 
D-phenylalanine 9.0 16.0 30 
L-tryptophan 19.4 1.2 34 1.2 b 
D-tryptophan 23.0 42 b 

" See note 18. * Retention times too long for accurate measure
ments. 
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