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Stark effect spectroscopy of the 1250 nm P* band of Rhodobacter
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The absorption and Stark effect spectra of the 1250 nm hand associated with the oxidized special pair (P*) in Rhodobacter
sphaeroides reaction centers have been measured. The absorption spectrum in the 1000-1450 nm region is essentially identical
whether P* is generated by chemical oxidation or continuous illumination. The Stark effect on the 1250 nm band of P* is
relatively small compared to the Stark effect seen for the Q. transition of P. A quantitative analysis indicates that the change in
dipole moment for the 1250 nm band is very small. These results are compared with data for two model systems: a
lanthanide-bridged porphyrin dimer, Eu(OEP),, and a mixed valence coordination complex, the Creutz-Taube ion. The Stark
effect spectrum of the 1250 nm P* band is found to be similar to both of these systems. This contrasts with valence-trapped
systems whose mixed valence transitions exhibit a large change in dipole moment (Oh, D. and Boxer, S.G. (1990) J. Am. Chem.
Soc. 112, 816; Oh, D. and Boxer, S.G. (1991) J. Am. Chem. Soc. 113, 6880). These results, together with other observations on
the spectrum of reaction centers in the P* state, are consistent with the view that the 1250 nm electronic transition of P is

delocalized over the two bacteriochlorophyll molecules comprising the special pair.

Introduction

The characteristic EPR and endor properties of the
cation radical produced in the initial photoinduced
electron-transfer step of photosynthesis have been es-
sential for establishing whether the primary electron
donor, P, is a monomer or dimer [1-3]. In the case of
bacterial reaction centers (RCs), the EPR linewidth of
P* is narrower than for the cation radical of an iso-
lated monomeric bacteriochlorophyll (BChl) [1,2]. In
combination with endor data, these observations led to
the early suggestion that P is a dimer of BChls [1,4].
The three-dimensional structure of the RC confirms
that two BChls are in close proximity in the primary
electron donor [5,6]. Detailed characterization of the
unpaired spin density distribution in P* by endor con-
tinues to be a rich area of investigation (see, e.g., Ref.
7.

While EPR and endor are exquisitely sensitive to
the unpaired spin density distribution in P*, they are
intrinsically limited to probing this information quite
long after P* is formed (typically fractions of us or
longer). Because the initial charge separation step oc-
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curs in a few ps, the nature of P* as it is initially
formed is an important issue. It has been known for
many years that P* also has a characteristic electronic
absorption band in the near infra-red at about 1250 nm
[8,9], and this absorption feature has been used on
occasion to monitor the short-time kinetics of the RC
[10,11]. In contrast to the ground state absorption of P,
which has been discussed at great length in the litera-
ture, the 1250 nm P* has not been the subject of as
much interest. Very recently, another low-lying elec-
tronic transition of P* has been discovered at 2600
cm~! in the mid-infrared [12]. This band, likewise, is
sensitive to the electronic coupling and delocalization
in P*. Because both the 1250 nm and 2600 cm ™! bands
can be detected with whatever time resolution is avail-
able, it is useful to understand the electronic origin of
these bands.

In the following, we report the Stark effect on the
absorption spectrum of the 1250 nm band and compare
the results to related experiments on the ground state
of P [13-16], some transition metal mixed-valence com-
plexes [17,18], and a lanthanide-bridged porphyrin (oc-
tacthylporphyrin, OEP) dimer, Eu(OEP),, which is a
synthetic model for P* [19]. From the viewpoint of a
Stark effect experiment, very different results are ex-
pected depending on whether the electronic state is
localized or delocalized. For a localized (valence-
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trapped) mixed-valence system, such as MZ2*-L-M3",
where M*" is a metal ion and L is a bridging ligand, a
substantial ground-state dipole is present, and pho-
toexcitation of the mixed-valence transition reverses
the direction of this dipole (M?*-L-M3*— M3*L-
M?2%) . The ground and excited-state dipole moments
are antiparallel to each other, and a large change in
dipole moment, | Au |, is expected. In the other limit,
if the hole is delocalized, then no change in dipole
moment is expected. At a qualitative level, when a
change in dipole moment dominates, the lineshape of
the Stark effect spectrum for an isotropic, immobilized
sample, is approximated by the second derivative of the
absorption lineshape [20]. If the change in dipole mo-
ment is small, then other effects such as the change in
polarizability, and transition polarizability and hyper-
polarizability lead to Stark effect lineshapes which
resemble combinations of zeroth and first derivatives
of the absorption spectrum. To the extent that the 1250
nm P* transition can be viewed as related to a mixed-
valence transition (see below), even at a qualitative
level, the Stark effect spectrum can provide a sensitive
probe of the degree of delocalization of the 1250 nm
transition.

Materials and Methods

Photosynthetic RCs were isolated from Rb.
sphaeroides, R26, by standard methods [21]. P* can be
generated either by chemical oxidation with K ;Fe(CN),
or by photoexcitation. Stark effect spectra were ob-
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Fig. 1. Light-induced absorption spectrum of Rb. sphaeroides reac-
tion centers in the 7200 cm~!-9500 cm™! region showing the P*
absorption band (glycerol /buffer glass at 77 K in a 500 wm path-
length cell).
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Fig. 2. (A) P* absorption spectrum produced by chemical oxidation

of reaction centers with K,{Fe(CN),] (glycerol /buffer glass at 77 K

in a 100 wm pathlength cell). (B) Stark effect spectrum of the same
sample as panel A (applied external field 2.4-10° V /cm).

tained on chemically oxidized samples, while absorp-
tion lineshapes, used to obtain the derivatives needed
for data analysis, were obtained by both methods. The
equivalence of these two methods of preparation is
discussed below. The extinction coefficient of the 1250
nm band is quite small (¢ approx. 20 cm™! mM '), and
the Stark spectra must be obtained on thin samples
(thickness approx. 100 wm), therefore, concentrated
RC solutions were chemically oxidized for the Stark
measurements. In a typical experiment, samples which
were 10-100 uM in RCs were oxidized by excess
potassium ferricyanide (typically 40-50 mM) in a sol-
vent consisting of 50% glycerol /50% buffer (10 mM
Tris (pH 8.0), 0.05% LDAO buffer). The samples were
immediately introduced into the sample cell and
plunged into liquid nitrogen.

Stark effect spectra were obtained using methods
described elsewhere for frozen glycerol /buffer glasses
[20,22,23]. These experiments provide an excelient ex-
ample of one of the advantages of using frozen samples
rather than polymer films for obtaining Stark effect
data [20]. The detector was a Ge-photodiode for the
900-1500 nm region (Judson IR, Model J16). The
light-minus-dark difference spectra were obtained by
exciting an RC sample (500 pm thick sample cell filled
with 100 uM RCs in glycerol /buffer solution) with
light from an Ar-ion laser (all lines). The sample trans-
mission was probed with light from a 100 W tungsten-
halogen lamp passed through a monochromator and
was chopped at 400 Hz before impinging on the sam-
ple. It is rather difficult to obtain an accurate baseline
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Fig. 3. (A) Absorption spectrum ( ) and fit (------ ) of chemi-
cally-oxidized reaction centers between 7500 cm~! and 8150 cm !
(same sample as Fig. 2, 77 K). (B) Stark effect spectrum ( )
and fit (------ ) of same sample as in panel A. (C) Fit ( ) to the
Stark effect spectrum composed of zeroth (— — —), first (------ )
and second (------ ) derivative components of absorption obtained
from the simultaneous best fit of both the absorption and Stark
spectra.

for the 1250 nm band, both because there is broad
underlying absorption and because the absorption is so
weak. This causes some uncertainty in the quantitative
analysis of the Stark effect spectra since this requires
accurate first and second derivatives of the absorption
(see below). The absorption and Stark effect (4.A4)
have been set equal to zero at energies below 7500
cm™! which is well below the energy of any major
feature in the spectra.

Eu(OEP), was obtained as a generous gift from
Prof. David Bocian or it was prepared as described in
Refs. 24 and 25. Stark spectra were obtained on
polystyrene films (average molecular mass 430 kDa) as
described for other organic chromophores [13,14].

Results

The light-minus-dark difference spectrum of RCs in
the 1060 to 1350 cm ™! region is shown in Fig. 1. The
main feature of the spectrum is an absorption band

1 1t is of interest to note that similar small absorption features are
apparent in all RC mutants which have been looked at by this lab
using this method. This includes mutants such as the Rb.
sphaeroides heterodimer ((M)H202L) which has no apparent 1250
nm band under similar conditions (unpublished results).

327

centered at 1250 nm. A smaller band centered around
1125 nm is also observed, along with a small increase in
absorption in the entire wavelength region between the
bleach of the special pair Q, band centered at 870 nm
and the band at 1250 nm, with some structure in the
region between 920 nm and 1020 nm (results not
shown) !. The larger band has its maximum at 1250 nm
with a full-width-at-half-maximum of 280+ 20 cm™.
Because of the assumed one-to-one correlation be-
tween the bleach of the 870 nm hand and the appear-
ance of the 1250 nm band, a comparison of the relative
amplitudes of these two features can be used to esti-
mate the extinction coefficient of the 1250 nm band,
giving 20 cm ™! mM ™! based on the 870 nm band (114
cm™'mM~).

Fig. 2A shows the absorption in the 1060-1350 nm
region following chemical oxidation of RCs with potas-
sium ferricyanide. The 1250 nm band is essentially
identical to the band generated by photoexcitation (cf.,
Fig. 1). The Stark effect spectrum of the identical
sample is shown in Fig. 2B. Fig. 3 shows an expanded
view of the absorption, Stark effect, and a best fit to a
sum of derivatives of the absorption and is discussed
below.

The near infrared absorption band of Eu(OEP), at
77 K is shown in Fig. 4A. Fig. 4B shows the Stark effect
and a fit to that band. The fit was accomplished by
using the zeroth, first, and second derivative compo-
nents of a fit to the absorption, and the components
are shown in Fig. 4C.
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Fig. 4. (A) Absorption (scaled to 4 =1 at the absorption maximum)

and (B) Stark effect spectrum of Eu(OEP), in polystyrene at 77 K

(4A scaled to its value at 1.0-10% V/cm). (C) Fit ( ) to the

Stark effect spectrum composed of zeroth (— — —), first (------ )
and second (------ ) derivative components of absorption.
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Discussion

Absorption of P+ and Eu(OEP),

The 1250 nm absorption band is unique to the
cation radical of the dimeric special pair. It is not
observed upon chemical oxidation of monomeric BChl
in vitro [8]. Although this transition has been used as
an optical fingerprint for P*, the nature of this elec-
tronic transition has not been extensively discussed.
The absorption spectrum has several noteworthy prop-
erties. (i) Within the signal-to-noise, the 1250 nm band
is identical whether P* is generated by chemical oxida-
tion or photochemically. (ii) The linewidth of the 1250
nm band (280 cm™!) is considerably smaller than that
of the Q. transition of the unoxidized special pair
(about 520 cm ') under identical conditions. (iii) Addi-
tional structure is observed at higher energy, notably
the band at 1125 nm (a shift of about 880 cm™~! from
the 1250 nm band). It is quite possible that the weaker
band seen at 1125 nm is part of a vibronic progression 2.

A similar near-infrared band is seen in some lan-
thanide octaethylporphyrin sandwich complexes such
as Eu(OEP), (Fig. 4A) [19]. This complex contains a
hole in the porphyrin r-system and can be viewed as a
model for P*. Under conditions reported in this paper
the near-infrared absorption band of Eu(OEP), has a
width which is at least a factor of five greater than that
of the 1250 nm band of P*. At low temperatures in
deuterated solvents, Duchowski and Bocian have re-
ported resolved structure in the near-infrared band of
Eu(OEP), [19]. We were unable to reproduce this
structure for samples provided by Prof. Bocian (same
samples as those used in Ref. 19) or for those prepared
in our laboratory; however, the band around 1250 nm,
which is characteristic of the correct oxidation state, is
present in our samples. The linewidth is reported to be
sensitive to solvent and sample preparation which may
explain the absence of structure in our spectra. Inter-
estingly, the individual features within the well-re-
solved vibronic progression reported by Duchowski and
Bocian [19] have linewidths on the order of 200 cm ™'
Simulation of the observed spectra was accomplished
using two origins separated by 400 cm ™!, with vibronic
progressions of approx. 250 cm~' and approx. 310
cm ™. It was suggested that the two origins arise from
two distinct conformers of the dimer, and the structure
is due to a vibrational mode which modulates the
inter-ring distance. It is possible that the band at 1125

cm~! in the P* spectrum is also due to a vibronic

2 In principle, the 1125 nm feature could be the upper exciton band
associated with the 1250 nm transition. This is unlikely as the
exciton splitting should scale as the square of the transition dipole
strength. The latter is much smaller for the 1250 nm P* absorp-
tion than for the Qv transition of BChl.

progression, though likely with a different physical
origin.

Shark effect spectra of P*, Eu(OEP), and the mixed-va-
lence system

It is immediately apparent that there is little change
in dipole moment associated with the 1250 nm transi-
tion of P*, as there is no evidence for a significant
second derivative contribution to the Stark effect line-
shape. This result is independent of the precise choice
of baseline for absorption or AA. It is in striking
contrast with the electronic ground state of P, whose
Stark effect spectrum is dominated by a second deriva-
tive contribution [13,15,16].

The Stark effect spectrum can be analyzed more
quantitatively by comparing A A(v) with the derivatives
of the absorption. When an external electric field is
applied to a non-oriented and immobilized sample, the
change in absorption can be modelled as:

B, vd[Aw)/v]

= 2 X
AAW) = (fFu) {AXA<v)+ T

C, v dZ[A(V)/V]} W

+
30h%c? dv?

where v is energy in wavenumbers, A is Planck’s con-
stant and ¢ is the speed of light [20]. The local field
correction factor f relates the magnitude of the field
present at the chromophore, F,,,, to that of the exter-
nally applied field: Fy,,=f"F,,. > x is the angle be-
tween the applied electric field direction and the polar-
ization vector of the probe beam. The coefficients A4,
B, and C, depend on a variety of molecular parame-
ters. The second derivative component, C,, is associ-
ated exclusively with a change in the permanent dipole
moment. The first derivative contribution, B, is due to
changes in polarizability between the ground and ex-
cited states, though contributions from the cross-term
between the transition moment polarizability and dif-
ference dipole moment can contribute. The zeroth
derivative component, A,, is due to changes in the
polarizability and /or hyperpolarizability of the transi-
tion moment.

The simplest approach to the analysis of Stark effect
spectra is to decompose the Stark effect signal, A A4,
into a sum of contributions from the three derivatives
of A. We have shown recently that this overempha-

3 In this paper, we are primarily concerned with the contributions to
the Stark effect lineshapes. The value of f appears as a common
multiplier of each derivative term in Eqn. 1, so its value does not
enter differentially into the decomposition of 4 4. When values
are given for |{Au| and for |TrAea|, the numerical values are
given in terms of f as Debye/ f and A /{2, respectively.



sizes the absorption spectrum in the analysis [16]. Al-
though the absorption spectrum often has low noise, its
derivatives do not. The quality of AA is often very
high, and, as in the present case, the absorption is
weak. Therefore, we have implemented an approach
based on simultaneously fitting 4 and A A, thereby
giving comparable weight to both as is appropriate to
the experimental uncertainties. The dashed lines in
Fig. 3A and B show the best simultaneous fit of both
the absorption and Stark effect bands of P* using this
strategy. Considering the signal-to-noise, limited by the
small extinction coefficient and the detector sensitivity,
the fit of both spectra is reasonably good. Fig. 3C
shows the zeroth, first, and second derivative compo-
nents which are summed to give the overall best fit
shown in Fig. 3B. As expected by qualitative inspec-
tion, there is only a very small second derivative com-
ponent to the fit, demonstrating that | Au| is very
small (< 1.0 Debye /f). This small contribution argues
strongly against a significant change in the electron
distribution between the ground and excited states of
P* for this transition. The counterion for P is either
Q™ ,, when P* is formed by photoexcitation, or it is
the Fe(Il) ion somewhere in solution. In either case, a
well-defined dipole moment exists both in the ground
and excited state of P*, and the position of the counte-
rion does not move at the instant P* is excited. If the
hole on P* were localized on one macrocycle in the
ground state and moved to the other upon photoexcita-
tion at 1250 nm, we would expect a change in dipole
moment, Au, irrespective of the location of the coun-
terion. The Stark effect data indicate that | Au | is very
small for the 1250 nm band, and this is consistent with
a small change displacement of charge associated with
photoexcitation of P*. Recent theoretical analysis of
the 1250 nm band likewise suggests that | Au | should
be small for this transition (Parson, W.W., personal
communication).

The dominant contribution to A4 for the 1250 nm
band is from a negative first derivative of the absorp-
tion. As discussed above, the zeroth and first derivative
contributions contain a number of terms which can
cancel and are much more difficult to interpret in
terms of optoelectronic factors. The amplitude of the
first derivative contribution to the 1250 nm P* band is
considerably smaller than for the Q, band of P, and
the sign is reversed [16]. We have argued elsewhere
that mixing with a charge-transfer state (s) should and
does lead to a substantial excited state polarizability
for *P [16]; this does not appear to be significant for
the 1250 nm transition. Assuming that the entire first
derivative component is due to a change in polarizabil-
ity (i.e., there is no contribution from the polarizability
of the transition moment), we obtain |Tr(Aa)| ap-
prox. —100 A3 /f2, compared to |Tr(Aa)| approx. 900
A3/f 2 for P [16]. The size of the zeroth derivative
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contribution is small, which is consistent with the ex-
pectation that the contribution of the polarizability of
the transition dipole moment is small. Note also that
any contributions from the hyperpolarizability of the
transition dipole moment is not considered in this
analysis. The simplest explanation for the lineshape is
that there is a decrease in polarizability upon excita-
tion at 1250 nm. This is not without precedent [18],
though it is quite unusual.

The near infrared feature of Eu(OEP), in Fig. 4,
which has its maximum at 1250 nm, is similar to that
seen for the 1250 nm band of P*, except that the
linewidth in our spectrum is about a factor of 5-times
larger than the 1250 nm band of P*. As discussed
above, the apparent width of the 1250 nm band for
Eu(OEP), is sensitive to inhomogeneous broadening,
and the underlying features have been shown to have
linewidths comparable to those of P* [19]. In spite of
this difference in inhomogeneous linewidths, the line-
shapes of the Stark spectra of the 1250 nm bands in
Eu(OEP), and P* are qualitatively similar (compare
Figs. 3B and 4B). The Stark effect spectrum of
Eu(OEP), shows a large negative first derivative com-
ponent and a small, positive second derivative compo-
nent with almost no zeroth derivative component. From
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Fig. 5. (A) Absorption and (B) Stark effect spectrum (solid line) for
the Creutz-Taube ion, [NH,);Ru(pyrazine)Ru(NH,);]’*, in the
mixed-valence region taken from Ref. 18 (50% glycerol/H,0 at 77
K and F, =4-10° V/cm). The dashed line in (B) is the best fit to
the Stark effect spectrum where only the region at lower energy than
6500 cm ™! is shown (other absorption features are present at higher
energy). The decomposition of this fit is shown in (C) consisting of
zeroth (— — —), first (------ ) and second (- - ) derivative com-
ponents of the fit to the absorption spectrum and suming to the
best-fit curve ( ).
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a quantitative analysis, | Au | is calculated to be about
1.0 Debye /f.

We have recently published an extensive analysis of
the Stark effect spectra of classical mixed-valence sys-
tems of the general type Ru(II)-ligand-Ru(III). The
degree of delocalization in this class of compounds has
been the subject of enormous work, and the results are
directly relevant to the data in this paper and to more
general problems in electron transfer [26]. As an illus-
tration, the absorption and Stark effect spectra of the
mixed valence transition of the Creutz-Taube ion,
Ru(ID)-pyrazine-Ru(III) [27), are shown in Fig. 5 (data
taken from Ref. 18). There is a striking qualitative
resemblence between the AA spectra for the mixed
valence transition and the 1250 nm P* band, especially
the nearly complete absence of a second derivative
(] Ap 1) contribution. By contrast, valence-trapped sys-
tems, such as Ru(II)-4,4’-bipyridine-Ru(I1I), have Stark
spectra which are completely dominated by contribu-
tions from the second derivative of the absorption [18].
This comparison reinforces the conclusion reached
above that the 1250 nm P* transition does not involve
a significant change in the localization of the hole
between the ground and excited states. Experiments to
measure | Au| for the recently discovered 2600 cm™!
band of P* [12] are in progress.
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