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ABSTRACT Time-resolved pump-and-probe experiments
of reaction centers of the purple bacterium Rhodobacter sphae-
roides (R26) in the mid-IR region between 1000 and 1800 cm-'
are recorded with a time resolution of 300-400 fs. The
difference spectra of the states P*, P+H-, and P+Q- with
respect to the ground state P predominantly reflect changes of
the special pair. They show positive and negative bands due to
changes of distinct vibrational modes superimposed on a
broad background of enhanced absorption. A number of
certain bands can be assigned to the special pair P, to the
bacteriopheophytin HA, and to the quinone QA. The temporal
evolution of the IR absorbance changes is well described by the
time constants known from femtosecond spectroscopy of the
electronic states. Differences occur only at very early times,
which are indicative of fast vibrational relaxation with a time
constant of a few hundred femtoseconds.

In the reaction center (RC) of the photosynthetic bacterium
Rhodobacter sphaeroides, excitation by light initiates electron
transfer (ET) reactions along a chain of chromophore mole-
cules. ET starts at the primary donor P, a pair of strongly
coupled bacteriochlorophyll a (BChl-a) molecules. The elec-
tron is subsequently transferred in -3.5 ps to an accessory
BChl-a molecule, BA, and in a second rapid transfer step (0.9
ps) to a bacteriopheophytin a (BPhe-a) molecule, HA. The
initial charge separation process is terminated with the trans-
fer of the electron to the quinone QA within =200 ps (1-6). In
isolated RCs, where the secondary quinone QB was removed,
the charge persists =100 ms at QA (7). In recent publications,
ultrafast spectroscopic techniques probing the electronic ab-
sorption bands of the pigments established this stepwise ET
scheme and confirmed it by determination of the energy levels
of the various intermediate states (8, 9). While basic principles
of the ET process are known (10-12), the microscopic under-
standing of the reaction requires more detailed experimental
data for the various intermediate states. Information is espe-
cially required that connects the dynamic and spectroscopic
properties with data from x-ray structure analysis (13, 14).
Detailed quantum chemical calculations of the electronic
structure of the ground state of the special pair P, its elec-
tronically excited state P*, and the cation PI gave valuable
information on the high quantum efficiency, the unidirection-
ality of the ET, and the absorption properties of the RCs.
These calculations are mainly based on the spectra deduced
from steady-state and time-resolved spectroscopy of elec-
tronic states and on the Stark effect (15-18). Additional
knowledge is expected if vibrational modes of the RCs are
investigated. Important information came from steady-state
IR and resonance Raman studies (19-23), allowing assignment
of specific vibrational modes to molecular groups. In addition,

time-resolved vibrational spectroscopy should allow one to
find (i) electronic and structural changes of the chromophores
and the protein by observation of the position and the strength
of vibrational bands as well as (ii) the role of vibrational
motions for the ET by observation of nonequilibrium vibra-
tional populations.
On the time scale of 100 ,us to 1 ms, weak absorption changes

were found in the C=CO region due to protonation of an amino
acid side group near QB (24). In a recent publication, transient
IR spectra in the range of 1500-1900 cm-' were presented
with a time resolution of 60 ps .giving information on the
intermediates P+HX and P+Q- (25). The experiment demon-
strated that dynamic changes of the transient spectra induced
by the primary ET reaction are essentially completed after
several hundred picoseconds. Additional information with
higher time resolution in the same spectral range was pre-
sented very recently (26).

In the present paper, we present experimental data for the
extended spectral range from 1000 to 1800 cm-' taken with a
time resolution of better than 400 fs. The data give evidence
of molecular changes upon formation of the intermediates P*,
P+H-, and P+Q-. The spectral range covers the pigment ester
and keto C=O range; the amide C=O region; as well as the
frequency range of C-N and C-C stretching and C-H
bending modes. Here we focus on presentation of the exper-
imental data combined with a qualitative interpretation of the
results.

MATERIALS AND METHODS
RCs from Rb. sphaeroides R26 were prepared according to
standard procedures (27). The RCs were treated with ter-
butryn in order to eliminate QB; subsequently, they were
concentrated to 5 mM with a Centricon 30 ultrafiltration cell
(Amicon) and held between two CaF2 windows, yielding a
sample thickness of 10 ,um. The measurements with probing
wavelengths of >1680 and <1560 cm-' were performed in
H20 buffer (20 mM Tris-HCl/0.08% lauryldimethylamine-N-
oxide, pH 8). For investigations between 1560 and 1680 cm-1,
H20 was exchanged by 2H20 by diluting a concentrated sample
once in 2H20 followed by a subsequent reconcentration. All
experiments were done at 12°C. The transient spectra were
recorded as follows: Tunable femtosecond IR probing pulses
were generated by difference frequency mixing between the
output of an amplified Ti:sapphire laser (A = 815 nm; repe-
tition rate, 1 kHz) and the output of a traveling wave dye laser
in a AgGaS2 crystal as described recently (28). A second
traveling wave dye laser delivered excitation pulses at 870 nm
with an energy of 1 pJ. Relatively high excitation densities with

Abbreviations: RC, reaction center; ET, electron transfer; BChl-a,
bacteriochlorophyll a; BPhe-a, bacteriopheophytin a; FT, Fourier
transform.
ITo whom reprint requests should be addressed.

1826

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement" in
accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 92 (1995) 1827

approximately one photon absorbed per RC were used. Exci-
tation and probing pulses were polarized parallel to each other.
The spectral band width of the IR pulses (65 cm-') allowed
broadband frequency-resolved detection; the IR pulses were
dispersed in a grating spectrometer and measured with a
10-element MCT (Grasbey Infrared) detector array with a
spectral resolution of 3-8 cm-'. The instrumental response
function was determined before each measurement with the
help of a thin silicon sample (100 ,gm thick). Here free carriers
are generated by optical excitation leading to induced absorp-
tion, which is measured by the IR probing beam. Deconvolu-
tion of this signal yields the cross-correlation function of the
system, which typically has a width of 300-400 fs (full width at
half maximum).

In the experiments presented here, the transient absorbance
changes at each point of the spectrum were recorded as a
function of the delay time tD. Transient absorption curves were
obtained between 1020 and 1785 cm-', with a spectral reso-
lution of 3-8 cm-1. The tD interval from -2 ps to + 1 ns was
covered by measuring the range from -2 ps to +1 ps in steps
of 100 fs and increasing the tD intervals exponentially between
1 ps and 1 ns. The complete spectra were obtained by
combining the individual 10-point spectra at special tDS. The
accuracy within a 10-element spectrum is better than AA =
10-4. Because of inevitable uncertainties upon tuning the laser
system, the accuracy between two independent 10-element
spectra is of the order of AA = 3 x 10-4 or somewhat larger
at the points where the spectra in H20 and 2H20 are con-
nected. The illuminated volume of the sample was completely
exchanged between two laser shots by rotating and translating
the sample cuvette during the measurement.
The correct ET of the RCs was tested by measuring the

decay of P* in a gain experiment at 914 nm. For this purpose,
a second probing beam was supplied from a white light
continuum. The gain measurement of several sample prepa-
rations showed that the decay of P* is not affected by the
concentration procedure. A fit of the observed decay of P*
yielded a value of 3.2 ± 0.2 ps, which is within the range of
values found otherwise (1, 2, 4, 5). We note that these test
measurements were performed on the same sample and under
the same experimental conditions as the IR measurements.

In frequency-resolved ultrafast spectroscopy, disturbed free
induction decay can lead to coherent features, which can
pretend absorption changes in excite-and-probe experiments.
This phenomenon appears when the dephasing time T2 of an
investigated IR transition line is longer than the duration of the
IR probing pulse and when the probing pulse is spectrally
resolved (29, 30). According to a theoretical analysis, the
coherent signal appears only at negative tDS. These effects will
be discussed elsewhere.

RESULTS
Temporal Evolution. Four examples of time-resolved IR

absorbance changes are shown in Fig. 1 for the frequencies
Vpr = 1132 and 1595 cm-' and in Fig. 2 for vpr = 1443 cm-'.
At 1132 cm-', an instantaneous increase of absorbance at tD
= 0 is followed by a decay, which can be fit well by a single
exponential function with a time constant of 3.8 ps. Between
10 ps and 1 ns, a weak increase of absorption is found. Quite
different is the situation at 1595 cm-1. There is only a small
instantaneous signal followed by a slow absorbance increase,
which leads to maximum absorption at 10 ps after excitation.
Subsequently, the signal decays again until it reaches a con-
stant level at 1 ns. The data can be simulated by assuming an
intermediate state increasing with 3.8 ps and decaying with 240
ps. Since the transient absorption change appears simulta-
neously with the formation of P+H- and disappears during the
ET step to P+Q-, one obviously observes at Vpr = 1595 cm-1
an absorption band related to HA. At most other wavelengths,
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FIG. 1. Transient absorbance changes (x103) at 1132 cm-1 (a) and
1595 cm-1 (b). Time scale is linear between -2 ps and +1 ps and
logarithmic between 1 ps and 1 ns. Model functions (solid lines) in both
plots are calculated by using two exponential kinetics with time
constants of 3.8 and 240 ps.

the amplitude of the 240-ps kinetic component is 3-5 times
smaller than the 3.8-ps component. It turns out that to a
first-order description all data measured between 1020 and
1785 cm-1 can be explained in the same simple framework. In
the present data, there is no evidence for the 0.9-ps kinetic
component, which was referred to the fast ET step from P+BA
to P+H- (5, 6). In addition, no indication for protein motion
occurring with a time constant different from those known
from visible spectroscopy is found. A global fit of all data yields
3.8 ± 0.4 and 240 ± 40 ps for the time constants of the two
kinetics. These values are somewhat smaller than the numbers
measured in visible and near-IR experiments but agree within
experimental error.
Around tD = 0, some weak deviations from this simple

description are observed. There is evidence for a fast process
at early tDS, which is most distinct around 1210 and 1440 cm-'
(Fig. 2). At this wavelength, the absorption of the RCs (solid
circles) clearly increases more slowly than the model curve of
the system (dashed line) calculated from the cross-correlation
function (deduced from the reference experiment of the
silicon sample). A careful inspection of the data supports the
notion that there is only a small instantaneous absorption
increase followed by an additional increase with a time con-
stant of =200 fs. A quantitative analysis of the early time
dependence will be given elsewhere.

Transient Absorption Spectra. In Fig. 3 difference spectra
are presented for three tDS of 1, 10, and 1000 ps. At these tDS,
high concentrations of single intermediates occur as calculated
on the basis of the stepwise ET model (6). Difference spectra
taken at these three time points give a general view of the

a. 4

-al 3
V

2

-

I

-1 0
Delay Time [ps]

21

FIG. 2. Transient absorbance changes (X103) at 1443 cm-1. In-
crease of absorption (solid circles) is delayed with respect to the
instrumental response function (dashed line), which was calculated
considering the reference experiment on silicon.
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FIG. 3. Transient difference spectra taken 1 (a), 10 (b), and 1000

(c) ps after optical excitation of RCs. Spectra are related to interme-

diate states P*, P , and P+Qj, respectively. Data are compared

with a light-induced steady-state difference spectrum measured in a

FTIR spectrometer (d). Time-resolved measurements between 1560

and 1710 cm-l are done in 2H20 buffer in order to eliminate strong

H20 absorption in this spectral range. FTIR spectrum shows some

differences between measurements in H20 (solid line) and 2H20

(dashed line) (20). However, these are broad and do not affect the

discussion of narrow bands in the text. Absorbance change is shown

3.

properties of these intermediates. In Fig. 3a, tD = 1 ps is chosen

where, according to the stepwise ET model (6), =80% of the

excited RCs are in state P* (15% are in P+BX and 5% are in

P+HX). At tD = 10 ps (Fig. 3b), >90% are in intermediate

P+HX; at tD = 1 ns (Fig. 3c), practically all (>95%) excited

RCs have reached P+A For comparison, Fig. 3d shows a

difference spectrum obtained in a Fourier transform IR

(FTIR) experiment by steady state visible illumination (600 nm

< A < 800 nm). This spectrum represents the steady-state

accumulation of P+QX after complete relaxation. When com-

paring the spectra of Fig. 3 c and d, one should keep in mind that

in the FTIR spectrum, arbitrary polarization between exciting

and probing light was used and that the FTIR spectrum was

obtained at a higher spectral resolution (2 cm-').

The difference spectrum of Fig. 3a corresponding to the

P > P* excitation shows a number of striking features.

Throughout the entire spectral range between 1020 and 1780

cm-l the absorption increases (except at =1683 cm-'). In

addition, distinct spectral features described by relatively

broad positive (1118, 1240, 1270, 1403, 1458, 1532, and 1666

cm-') and negative (1059, 1345, and 1683 cm-') bands are

superimposed to the increased absorption.

In a similar way, the 10-ps spectrum representing the
intermediate state PaHn shows mainly enhanced absorption
and a detailed band pattern. The differences between P* and

P(He become quite apparent if a double-difference spectrum
is calculated (Fig. 4a). In this spectrum, representing
A(P+H-/PHA) - A(P*/P), a number of negative bands

ll
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FIG. 4. Difference between the spectra of Fig. 3 b and a (a) and Fig.
3 c and b (b). In the double-difference spectrum in a P+H- bands are
positive and P* bands are negative, whereas in b QA and HA bands are
positive and HA and QA bands are negative. Absorbance change is
shown X103.

appear which indicate that P* has stronger average absorption
than P+H-. Prominent features include dispersion-like
changes (1673/1706 cm-', 1736/1752 cm-'), the disappear-
ance of bands (1114, 1238, 1270, 1453, and 1532 cm-1), and the
appearance of new bands (1297 and 1478 cm-').
The changes induced by the transition from P+H- to P+QX

are significantly weaker (see double-difference spectrum in
Fig. 4b). The most evident absorbance changes occur at 1228,
1295, 1376, 1605, 1633, and 1667 cm-'. The two spectra of
intermediate P+Q- recorded at 1 ns and in the FTIR exper-
iment (Fig. 3 c and d) are comparable. Only weak differences
are seen, which originate from the higher spectral resolution
of the FTIR measurement. This large similarity of the spectra
rules out substantial changes of the structure of the RC after
transfer of the electron to the quinone QA.

DISCUSSION
Temporal Evolution. The dominant absorption change ob-

served at most wavelengths is an initial absorption increase at
tD = 0 followed by a subsequent 3.8-ps kinetic component. All
other kinetic components have smaller amplitudes-i.e.,
changes of the electronic structure in the special pair upon
electronic excitation (absorption change at tD = 0) or the
formation of P+ (3.8-ps kinetic component) cause the main
contribution in the observed IR spectra. Apparently, this
property is directly related to the dimeric structure of the
electron donor since changes at HA and QA upon reduction are
much weaker. The absorption amplitudes from the dimer may
be explained by a relatively large change of the 'T-electron
system and the structural conformation of the dimer during the
first picosecond after excitation.
While the 3.8- and 240-ps kinetic components are well

resolved, the fast ET step from P+B- to P+H- in 0.9 ps is not
directly seen in the IR data. However, if bands in the BA/BA
difference spectrum are as small as those of the HA/HA
difference spectrum [as suggested by in vitro spectra of BChl-a
and BPhe-a (31)], it is obvious that a 0.9-ps kinetic component
should be very small (-6 times smaller than the changes shown
in Fig. 4b, since in the sequential ET model P+B- is populated
to <16%), and a definitive detection is not possible at present.

Recently, vibrational relaxation was discussed in the context
of adiabatic and nonadiabatic ET (32, 33). The observation of
an oscillating signal in the decay of P* at low temperatures led
to the interpretation that coherence may be essential for ET
even at room temperature. The excess energy during elec-
tronic excitation (estimated from the Stokes shift) can only
excite low energy vibrational transitions with v < 1000 cm-'

1828 Biophysics: Hamm et al.
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not investigated here. Nevertheless, low lying modes of P may
be strongly coupled to the observed modes. For example, a
displacement of both BChl-a molecules of P with respect to
each other is expected to change the electronic distribution in
P considerably (17) and should therefore affect the intensity of
high-frequency modes. The observed fast transient at 1210 and
1430 cm-1 may be explained along this line. This observation
indicates that room temperature vibrational relaxation should
occur on a time scale of 200 fs, which is clearly faster than the
first ET step.

Difference Spectra. The transition from P to P* and the
subsequent charge separation modifies the w-electron system
of the chromophores involved, changing both the bond
strength (shift of a band) and the oscillator strength (change
of band intensity). There are two basically different features in
the difference spectra, which have to be discussed indepen-
dently: (i) A broad positive absorption background related to
P* and PI and (ii) several narrower positive and negative
difference bands from vibrational transitions.

(i) The fact that the broad positive absorption appears very
fast within 1 ps (Fig. 3a) and that it is essentially unchanged
until several milliseconds (FTIR spectrum in Fig. 3d) supports
the notion that it is not caused by thermal effects. Three
explanations are offered for the broad absorption background:
(a) In a charged molecule, positive and negative partial charges
may occur, leading to an overall increased dipole moment of
the IR transitions with the consequence of a difference
spectrum that is mainly positive. This explanation may also be
valid in the case of P*, since an asymmetric charge distribution
in P* was predicted (15). (b) PI is known to have a low lying
broad electronic transition at 2700 cm-1 (16, 17). A similar
band was measured in P* (38). Coupling between this transi-
tion and the vibrational bands may transfer oscillator strength
from the electronic to some vibrational transitions and result
in the observed broad absorption increase. (c) Due to the
complexity of the electronic structure of the RC, it cannot be
excluded that there is another low energy electronic transition.

(ii) The distinct vibrational bands superimposed to the
background give more detailed information. From light-
induced steady-state difference spectra and from electrochem-
ically induced difference spectra of RCs and model com-
pounds [isolated BChl-a or BPhe-a molecules in organic
solvents in their neutral and radical ion states (31, 34)] a
number of assignments have been proposed for the C=-O
modes of BChl-a and of BPhe-a in the range 1620-1750 cm-'.
Reference to these data is made to explain the observed
ultrafast absorption changes.
The P* state exhibits a strong positive band at 1666 cm-' and

a related negative band at 1683 cm1. The same negative band
is found in the P+H /PHA and the P+QX/PQA difference
spectra with a corresponding positive band at 1706 cm-1.
According to ref. 31, this differential band of the primary
donor can be assigned to the 9-keto C==O modes [131-keto in
International Union of Pure and Applied Chemistry (IUPAC)
numbering of the atoms] of PL and PM (differences between PL
and PM are not resolved). Therefore, it seems reasonable to
relate the 1666/1683 cm-1 differential band in the P*/P
difference spectrum to a downshift of the same modes. A
similar downshift was observed upon formation of the triplet
state 3P (35) pointing to similarities between the electronic
structure of P* and 3P.

Strong coupling of the lOa ester C-=O bond (132 ester in
IUPAC numbering) with the 7r-electron system of ring V is
observed for cations or anions of BChl-a or BPhe-a, leading to
an upshift of >10 cm-' upon BChl-a cation radical formation
or a similar downshift upon BPhe-a anion radical formation
(31). In the PI spectrum, a difference band due to the lOa ester
C=O modes at 1752/1736 cm-1 is observed (Fig. 3 b-d). Since
no corresponding feature is observed in the P*/P difference

Table 1. Band assignments of Q-HA/H-QA
double-difference spectrum

Wavelength,
cm-l Sign Quinone (21) BPhe (31)
1605 -
1633 - QA, C=O stretching
1667 - Amide I, C=O

stretching of Thr
M222 near QA

1706 + HA, 9-keto C==O
1728 + COOH, C-O stretching

of Glu L104 near QA

spectrum, we conclude that in P* there is no coupling of this
mode with the altered orbital configuration.
The 2-acetyl C-=O mode (3-acetyl in IUPAC numbering) of

PM is expected around 1654 cm-' (23, 36). In the P* spectrum,
there is no signal in this spectral region. However, a small
distinct difference band with a negative contribution at 1654
cm-1 and a positive contribution at 1666 cm-1 is found in the
P+H- spectrum (Fig. 3b), which may be associated with the
2-acetyl C-O mode. Probably because of the overlap with
quinone bands, this mode does not clearly appear in the P+QA
spectrum.
Throughout the whole spectral range investigated, the dif-

ference spectra at 10 ps (P+H-/PHA) and at 1000 ps (P+Q-/
PQA) are quite similar to each other. To suppress the dominant
contribution of P+, a double-difference spectrum is calculated
that enhances contributions from QA and HA, which are
positive, and from HA and QA, which are negative (Fig. 4b). In
the range between 1550 and 1750 cm-1, there are several
narrow features that can be compared with bands found in an
electrochemically generated QA/QA spectrum (21). The
strong negative bands at 1633 and 1667 cm-1 as well as the
weak positive band at 1728 cm-1 were assigned to modes of the
quinone QA or amino acid side groups near QA (for detail see
Table 1). Since preliminary HA/HA difference spectra of RCs
ofRb. sphaeroides (37) show strong similarities with those from
Rhodopseudomonas viridis, the remaining bands may also be
compared with electrochemically generated in vitro BPhe-b-/
BPhe-b spectra (31). The weak positive band at 1706 cm-' can
be assigned to the 9-keto C=CO mode of BPhe. However, no
interpretation for the strong negative band around 1605 cm-'
can be given at present.
The lack of detailed assignments of the vibrational modes of

BChl-a and BPhe-a in the range <1550 cm-1 allows only a brief
qualitative discussion of the features observed: P* has strong
broadbands around 1530, 1460, and 1250 cm-li.e., in the
range of C-C and C-N stretching and C-H bending modes.
These bands are, at first sight, similar to those observed in the
PI spectrum. However, a detailed analysis of the double-
difference spectrum in Fig. 4a shows that these bands are
shifted to higher wavenumbers upon the transfer from P* to
PI. Apparently, the bonding strengths of the porphyrin back-
bone in the electronically excited state P* are weaker than in
the cation state.

In conclusion, complete time-resolved IR spectra between
1020 and 1780 cm-1 have been measured with a time resolution
high enough to resolve the primary reaction steps during
bacterial photosynthesis. The data display significant changes
in the electronic structure and the vibrational modes of the
chromophores in the primary photosynthetic reactions: (i)
Changes of vibrational modes from the special pair P dominate
the difference spectra. (ii) The electronically excited P* as well
as the cation PI show a broad absorption background through-
out the spectral range 1000-1800 cm-'. (iii) The spectra show
narrow differential features in addition to ii, with the strongest
contribution from the C-O modes (where assignments are
straightforward), but also for C-C, C-=C, and C-N modes

Biophysics: Hamm et al.
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as well as in the C-H bending region. (iv) Additional fast
absorbance changes occur on a time scale of vibrational
relaxation in 200 fs.

We thank P. Tavan and S. F. Fischer for valuable discussions.
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