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The LH-1 antenna of the purple bacterilthodopseudomonasgidis has been investigated using femtosecond

pump—probe spectroscopy. We find that qualitatively the relaxation processes are comparable to those in

Rhodobacter sphaeroidesxd Rhodospirillum rubrum Both the spectral relaxation and depolarization take
place in approximately 150 fs, which suggests that the excitations in the LH-1 ring are delocalized over two
to three pigments. Strong oscillations of the punppobe signal are observed at all temperatures. We conclude

that these must be of a vibrational origin and could be related to the observed fine structure seen in the

low-temperature absorption spectrumRys. viridis membranes. The main frequencies of the oscillations
are 65 and 105 cm, and the damping time is700 fs. From the amplitude of the oscillations and the slow

damping time, we conclude that excitations are transferred in a vibrationally coherent manner from site to

site.

I. Introduction acidophilabut consists of eight dimeric unifsKarrash et at?
The primary events in photosynthesis are the absorption of have shown that reconstitution of dimeric LH-1 subunits resulted

light, transportation of the associated energy, and conversioni" SPontaneous 2D crystallization into a 16-fold symmetric ring,
into a stable electrochemical potential. The latter task is "€S€mbling in size very much the electron microscopy results
performed in a highly specialized pigmemirotein complex of Miller and Stark et ab® Dueto this accumulating evidence,
called the reaction center. The first two tasks are performed It Is now gener.ally accepteq that a circular organization. gf
by so-called light harvesting or antenna complexes (see for aPigment-protein subunits is a general feature of antenna
recent review ref 1). In the past years, much progress has beerfOmplexes of purple bacteria.
made in the structural knowledge of photosynthetic complexes. ~ While the high-resolution structures give the precise spatial
In plant systems the structures of the PS I, PS II, and LHC Il organization of the pigments within the antenna complexes, in
complexes are known with moderate resolution {384R).2-4 general, the function of the protein is not only to “fix” the
One of the first reports of antenna and reaction center organiza-pigments at a specific position and orientation but also to
tion in bacterial photosynthetic membranes was made by Miller influence the spectral properties through specific and nonspecific
et al. of Rps.viridis.> These membranes have a pseudocrys- pigment-protein interactions. This has for instance been shown
talline organization of the RC core complexes in vivo, which by studying the influence of specific point mutations in the
enables electron microscopy combined with Fourier analysis protein surrounding the Bchl pigmeritst2 All high-resolution
techniques to picture the membrane with a resolution up to 20 structures suggest a high degree of symmetry in the antenna
A.56 These results for the first time demonstrated that the complexes. In the LH-2 complex oRps. acidophilafor
antenna systems in purple bacteria are organized in a regulainstance, only two different environments for the Bchl molecules
circular manner, in the case of the LH-1 complexRpfs.viridis can be discerned: the binding sites belonging todhend 3
in a circle around the RC. In 1995 the first high-resolution polypeptide. From the X-ray structure it is clear that fhe
three-dimensional X-ray structure of a bacterial antenna complex pigment is slightly bent.  This shows that, apart from influencing
was published by McDermott et &l.This revealed that the the electronic£) structure of the pigment, the protein environ-
peripheral (LH-2) antenna oRps. acidophilaconsists of a ~ ment can even influence the shape of the pigniemhich is
circular aggregate of nine dimeric pigment protein units, a dimer known to have a strong influence on the spectroscopic properties
consisting of amt and appolypeptide, each binding a bacte- of these pigment® Calculations to model the circular dichro-
riochlorophyll molecule at a conserved histidine residue located ism of this complex have given additional indications for a
in the transmembrane helical stretch of the protéinThe spectral heterogeneity associated with ¢handj pigmentst*
distances between neighboring pigments are approximately 9The spectral heterogeneity is however not visible in the (low-
A, suggesting that there is relatively strong electronic coupling temperature) absorption spectra of the Brbbntaining antenna
between them. For the LH-2 complex Bjps. molischianum  systems, suggesting that in these systems the splitting is much
the high-resolution three-dimensional structure has now alsoless than the inhomogeneous and homogeneous broadening.
been solved, and this complex is comparable to thaRps. Contrary to the Bchh containing purple bacterid&ps.viridis
. does show a spectral heterogeneity in the low-temperature
E_;;?gﬁfﬂfgggg%;%ﬂf’gi.Fa*Sl 20 44 47899. Tek31 20 44 47930.  gpsorption spectra. At cryogenic temperatures, four different
t Present address: Department of Chemical Physics, University of Pands can be discerned in the absorption spectruf@ne of
Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands. the possible explanations for the fine structure is that the above-
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mentioneda—f heterogeneity is much stronger than the other tions but that some form of vibrationally coherent transfer of
broadening effects in this system. Furthermore, in the mem- excitations takes place.
brane preparations, additional asymmetry in the structure can
be introduced by the presence of the reaction center in the centetl. Materials and Methods
of the ring: Since the reaction center is asymmetric, the ringlikg Samples were prepared as described béforBor the low-
structure is distorted and could cause spectral heterogenel'Fy,[emp(_:‘ra,[ure measurements, the membranes were diluted in a
McGlynn et al. ha_ve demonstrated that there are !es_s subunltsouﬁer containing~70% glycerol and 100 mM potassium buffer
present per reaction center when the puf-X protein is present 1 7 g - For the room-temperature measurements the sample
during the synthesis of the photosynthetic membréangrom was put in a rotating measuring cell (light path 3 mm) and
this they conclude that probably, in vivo, the I__H-l ring is not spinned at a frequency of approximately 45 HZ@ m/s). This
complete but that a section of the ring is occupied by the puf-X  eng res that (at a repetition rate of 100 kHz) the sample receives
protein. This protein is assumgd to play a rolelln the quinone ot most two pulses before being refreshed. In the low-
transport to andl from the reaction center and is an additional temperature measurements the sample wasigu8immacrylic
symmetry-breaking factor that could cause spectral heterogeneyette and cooled using a UTREKS helium flow cryostat. A
ity. Apart from arguments based on structural heterogeneity, 15 cm |ens was used to focus both pump and probe beams in
alternate explanations for the observed heterogeneity are excitoiine sample (spot size-150 um diameter), and the typical
interactiort” or the presence of a strong vibrational structure of - eycitation intensity was 0.620.1 nJ/pulse. Probe intensity was
the individual chromophores. Note that the latter would imply typically 10 times lower. Femtosecond pulses at 800 nm were
relatively large Franck Condon factors for some specific low-  generated using a titanium:sapphire-based oscillator (Coherent,
frequency vibrations. MIRA) and regenerative amplifier (REGA). This combination
One of the main functions of the antenna complex is to generates 180 fs, 4] pulses around 800 nm at a repetition rate
transfer excitations through the membrane to the reaction centerof 100 kHz. Twenty-five percent of the pulse is used to generate
Many time-resolved measurements with subpicosecond time a white light continuum by focusing the beama 2 mmthick
resolution have been performed to monitor the rate and mech-sapphire disk. Part of the continuum is compressed using a
anism of energy transfer in LH-1 and LH-2 antenna complexes prism compressor and used as the probe pulse. The dispersion
of different species. These have been done using fluorescencef the continuum was corrected in the wavelength region around
up-conversion, pumpprobe, and photon echo techniqd&s? 1000 nm by measuring the probe wavelength dependence of
They have shown that after excitation very fast relaxation takes the optical Kerr signal of a GSample?® The remaining chirp
place <1 ps) which is most probably due to excitation after correction was cubic, with a maximum deviation of less
migration. This relaxation shows up in pumprobe and  than 40 fs in the range between 960 and 1070 nm. The
fluorescence measurements as a spectral red-shift of the absorpneasured traces were corrected for this after the measurement
tion difference spectrum and depolarization of the emission, by artificially shifting the zero point of the measured kinetics.
respectively. Both phenomena have been analyzed in terms ofThe remaining part of the continuum was used to seed a double-
excitation migration in inhomogeneously broadened molecular pass optical parametric amplifier (OPA-9400, Coherent). The
aggregates. Inhomogeneity in bacterial antenna complexes ha®PA is pumped with the frequency-doubled remainder of the
been extensively studied using methods such as fluorescencdundamental 800 nm REGA output. From the output of the
line narrowing and hole burning and probably has a width in OPA, the idler is selected using cutoff filters, and the pulse
the range 206400 cnr for different complexed334 Boththe =~ Was compressed by placing 2.5 cm of glass (BK7) in the beam.
dynamic spectral relaxation and depolarization could be under- This way of compressing the pulse was necessary because the
stood with these amounts of inhomogeneity. Recent calculationsidler output of the OPA is negatively chirped. Optimal
have shown that inhomogeneity has considerable influence oncompression of both idler and white light continuum resulted

the spectral properties of these circular comple%@83135.36 in a 100-120 fs cross-correlation at 1020 nm (measured using
and needs to be incorporated to explain steady-state and dynami@ 0-2 mm BBO crystal at the place of the sample). The pump
properties of these complexes. In the core antennRpx. beam polarization was rotated using a variable waveplate; final

viridis, due to the possible heterogeneity, the relaxation could Cross-extinction of the pump and probe beams was better than
be different from the apparently only inhomogeneously broad- 1/2_00. The detection wavelength was selected after the sample
ened LH-1 antenna complexes Bb. sphaeroidesnd Rs. using al/g m monochromator (bgndW|dth 4 nm), and detection
rubrum Time-resolved measurements with picosecond resolu- Was done using a lock-in technique. The power spectrum was
tion have shown that relaxation in the antenna is fast and thatcalculated using the S-plus statistical software package (see
trapping inRps. siridis takes place with approximately 60 ps Results section for more details of the Fourier analysis).

at room temperatur&. The time resolution in these experiments

was however not large enough to resolve the fast energy-transferl!!- Results

processes that take place in the antenna. To further investigate Magic Angle Delta Absorption Spectra and Kinetics. In

the nature of the inhomogeneity and heterogeneity in the core Figure 1 the absorption spectra of membraneRms.viridis at
antenna ofRps. viridis, we have performed pumfprobe room temperature @4 K are shown together with the
measurements at different temperatures on photosyntheticabsorption-difference spectra at different temperatures, 1.6 ps
membranes with~100 fs time resolution. While the spectral  after excitation. The absorption spectra are essentially equal
relaxation is qualitatively similar to that found in other systems, to those presented earlir. Remarkable is the large red-shift
there are some distinct differencesRps.viridis. Most notably and narrowing of the near-infrared absorption band upon
the coherent oscillations observed in the purppbe measure-  lowering the temperature from 290 to 4 K. In ref 15 at least
ments are very pronounced iRps. viridis, even at room four Gaussian bands were needed to describd # absorption
temperature. An analysis of the temperature and wavelengthspectrum. Recent linear dichroism measurements on these
dependence of the oscillations suggests that conventional transfesamples have shown that the redmost absorption band (around
mechanisms cannot explain the slow damping of the modula- 1045 nm) has a slightly higher LD/A ratio than the bulk of the
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Figure 2. Time-resolved absorption difference measurements upon
Figure 1. Absorption difference spectra taken 1.6 ps after excitation excitation at 1017 nm and detection at different wavelengths within
at room temperature (chain-dash), 77 K (dotted) &rK (solid). The the Q region of theRps.uiridis antenna band. The temperature was
spectra were recorded by keeping the delay between pump and prober7 K. The data shown are part of the data used to construct the
fixed and scanning the monochromator to spectrally resolve the absorption difference spectra in Figure 3. Going from top to bottom in
difference signal. Pump and probe beams were polarized under magicthe graph, the wavelengths of detection were 1020, 990, 1030, 1070,
angle. The absolute absorption difference was on the order of 5 mOD; 1040, and 1050 nm, respectively.
the spectra at different temperatures are not normalized relative to . ) o
each other. The inset gives the absorption spectrum of membraneCurve was generated from the data using a cubic spline inter-
fragments ofRps. viridis at room temperature (chain-dash) and 4 K polation routine and was plotted through the data points.
(solid). From the time-gated spectra, we can easily discern three dif-
ferent spectral shapes. The early spectra have a negative signal

absorption band, thus providing an independent confirmation around 1030 nm, whereas to the red as well as to the blue the
for the heterogeneous nature of thea@sorption band ifRRps. signal is positive. Note that the minimum of the initial signal
viridis 3 doesnot coincide with the wavelength of the exciting pulse

The absorption difference spectra shown in Figure 1 are taken(1017 nm). This signal is present during the pulse and slightly
1.6 ps after excitation. As will be demonstrated below, all major changes shape (compare thd0 and—7 fs spectra in Figure
relaxation processes take place within the first picosecond, and3a). At later times (125 fs) a spectrum is formed that has a
thus the spectra after 1.6 ps represent “relaxed” delta OD spectralarge negative signal around 1040 nm and a positive band
Kinetic measurements on a long time scale show that the shapepeaking at 1005 nm. The final spectrum is slightly broader

of the delta OD spectrum does not change aftérps but de- than the 125 fs spectrum and has shifted to the red (a negative
cays in amplitude with a decay time of approximately 150 ps peak at 1055 nm and a positive band at 1020 nm). To do a
at 30 K. more thorough analysis of the spectral evolution and to estimate

The shape of the delta OD spectra is qualitatively similar to the time scale of the changes, we have performed a global
delta OD spectra observed for other purple bact§i&2>272840  gnalysis of the kinetic data using a sequential model. We find
The blue part of the spectrum consists of excited-state absorptionthat a satisfactory fit could be obtained using two sequential
whereas the red part of the spectrum reflects a sum of ground-states together with a pulse following contribution that accounts
state bleaching and stimulated emission. Upon lowering the for the fast early signals. The time required for the first state
temperature, the delta absorption spectrum basically follows theto convert into the second state was 150 fs. The corresponding
changes of the OD spectrum, i.e., the spectrum gets more narrowspecies-associated spectra are shown in Figure 3b. The pulse-
and shifts to the red. However, especiallg thK spectrum is following contribution has a shape that strongly resembles the
differently shaped from the difference spectra obtained at higher early time spectra shown in Figure 3a. The initially created
temperatures. The excited-state absorption band has becomend final spectrum are comparable to the 125 fs and 1.1 ps
extremely narrow, and the bleaching region appears to consistspectra of Figure 3a, respectively. The final spectruny1€
of a relatively narrow peak superimposed on a relatively broad nm red-shifted with respect to the initially created state. To
band. compare with similar measurements by Visser etfdPwe have

Figure 2 shows kinetic traces detected at different wavelengthsextracted the location of the zero crossing from the interpolated
in the Q region of theRps.viridis antenna after excitation at  data. We note that the spectral resolution is much lower in our
1017 nm at 77 K. After correction, the final uncertainty in the experiment, and the coherent artifact significantly disturbs the
t = 0 definition is on the order of 10 fs. First it is clear that initial part of this shift. However, the typical decay (1/e) time
most dynamics occur within the first picosecond after excitation. of the zero crossing of the interpolated data was 130 fs, which
The signals consist of coherent purmprobe and free induction  is close to the time constant derived using the spectral fitting
decay contributions arountd= 0, with superimposed the true  model.
population signals. In addition to this, oscillations can clearly ~ Figure 4 shows the spectral evolution of the absorption
be seen in the pumpprobe signals lasting up to 1 ps after difference spectrum at 77 K upon excitation at 1036 nm. The
excitation. shape of the spectra is very comparable to those observed upon

Figure 3a shows a spectral representation of the kinetic data.excitation at 1017 nm. A clear difference is however that no
To generate these time-gated spectra, the signals at each wavesr hardly any red-shift of the zero crossing is seen in the pump
length (spaced 10 nm) were taken at a certain time delay andprobe spectrum. The end spectra are equal within experimental
plotted together as a spectrum. To guide the eye, a smootherror.
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Figure 3. (A, top) spectral representation of kinetic traces obtained
upon excitation at 1017 nm at 77 K (see Figure 2). Shown are spectra
at time points—40 fs (squares);-7 fs (diamonds), 60 fs (triangles
pointing up), 125 fs (triangles pointing left), and 1.1 ps (triangles
pointing down). The symbols represent the true data points; the lines

are spline fits to the data and were added to guide the eye. The inset

shows the integrated total absorption difference intensity aroent
(total time range shown is 350 fs). (B, bottom) Resulting spectra of a
global analysis of all the data of the 1017 nm excitation experiment
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Figure 5. The 5 K anisotropy measurement. Excitation was at 1055
nm and detection at 1070 nm; shown are the parallel (solid),
perpendicular (dash) pumprobe response, the calculated (squares)
and the fitted anisotropy (solid). The anisotropy was fitted with a 150
fs monoexponential decay and a remaining anisotropy of 0.16.
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Figure 6. Anisotropy of the pumpprobe signal measured after
excitation at 1055 nm and detection at 1050 nm. The temperature was
5 K (see Figure 5 for details).

using a three-step sequential model. The first spectrum (squares) is

following the pulse. Initially, the diamonds spectrum is formed which
relaxes to the final spectrum (circles) with a time constant of 150 fs.
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Figure 4. Evolution of the absorption difference spectrum after
excitation at 1036 nm. See Figure 3 for details.

Anisotropy. We have measured polarized purgrobe ki-
netics at a variety of excitation and probe wavelength combina-

tions and temperatures. Figure 5 shows an anisotropy measure-
ment d 4 K upon excitation in the red part of the band (1055
nm). Again, in the region arourid= 0 strong contributions of
coherent coupling are seen in the individual measurements with
the probe beam both parallel and perpendicular to the excitation
pulse polarization. Shown in the figure is also the anisotropy
calculated from both traces and a monoexponential decay
function fitted to the anisotropy decay. The decay of the
anisotropy takes place with a characteristic time of 150 fs, and
the residual anisotropy (after 1.5 ps) is in this case 0.16, which
is significantly higher than the value of 0.1 found upon excitation
in the middle and the blue part of the band (not shown). Figure
6 shows an anisotropy signal detected at 1050 nm. In this signal
clearly oscillations in the calculated anisotropy can be observed.
We note that fitting the anisotropy is ambiguous, since the region
aroundt = 0 is strongly contaminated with contributions other
than from population dynamics. As a consequence, fitting of
the anisotropy was started after pusmobe pulse overlap.
Furthermore, also the oscillations could contribute to fast phases
in the anisotropy signal.

Oscillations. Following the excitation of thdRps. viridis
LH-1 antenna, strong oscillations are observed at all detection
wavelengths and at all temperatures. Even at room temperature
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Figure 7. (A, top) Comparison of different traces, focused on the
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Figure 8. Top part shows the residual of a trace upon excitation at
1017 nm and detection at 1040 nm. The solid curve is a fit to the data
using a combination of two decaying sine functions (see text). The
parameters of the fit arey = 0.78ps,r1 = 0.31ps,t2 = 0.54ps,Ay =
0.29,A; = 0.26,¢; = 2, and¢, = 1.26. The bottom graph shows the
power spectrum of the residuals at different temperatures. Shown are
the power spectra at room temperature (dashed), 77 K (solid), and
4 K (dash-dot). The locations and widths of the peaks are given in
Table 1.

Residual) = exp(— l)(Al Sin(th + ¢1) +
Ty Ty

A, sin(zr—zt + ¢2)) 1)

oscillatory patterns. The traces were scaled and some inverted to makel Ne drawn line through the residual in the top of Figure 8 is a
comparison easy. From top to bottom, traces at 1090, 1070, 1050, 1010fit to the data with this function giving a damping time of 780
990. and 1030 nm are shown. The vertical line was drawn to indicate fs for both oscillatory components, and frequencies of 61 and

the approximate maxima and minima in the oscillatory patterns.
Excitation was at 1017 nm and temperature was 77 K. (B, bottom)
Kinetics after excitation at 1017 (solid), 1036 (dashed), and 1056 nm

(dotted). The traces were scaled to make the signal at later times overlap

Detection was at 1050 nm and temperature was 77 K.

(not shown) oscillations with an amplitude 820% could be

106 cnt! for the oscillations. Given the signal-to-noise ratio

of the measurement, no improvement of the fit was observed
by adding a separate damping rate for the second mode. A
complementary way of analyzing the frequency content of the
oscillations is to calculate a power spectrum or periodogram of

the residual. To improve the resolution of the power spectrum,

observed. Figure 7a shows traces detected at different positionghe signal was tapered (i.e., zeros were added to the end of the

in the absorption band upon excitation at 1017 nm at 77 K.

The dashed vertical line was drawn to indicate the approximatetion of the analysis).

position of the “peaks” or “valleys” in the oscillations of the

time trace before transformation to increase the spectral resolu-
In the power spectrum shown in the
bottom of Figure 8 two dominant frequencies can be found, at

different traces. Itis clear from this comparison that the phase 65 and 103 cm!. Minor peaks are at 28, 133, and 180 ¢m
of the oscillation is constant throughout the band, except for a The decay time of the modes was derived from the full width

180 phase flip. A detailed analysis of the data shown in Figures

at half-maximum (fwhm) of the peaks in the Fourier spectrum

2 and 3 indicates that there are two points where this phaseusingzy = 1/(2Avc). The width of the Fourier component25

jump takes place. One is at 1030 nm, slightly blue-shifted from
the isosbestic point (which is at 1035 nm at 77 K). The other

cm™1) corresponds to a decay time of 670 fs, which is close to
the damping time found in the nonlinear fitting procedure above.

18 phase shift takes place between 1060 and 1070 nm. InIn general, the Fourier spectra of all residuals of the traces

these traces the maximum relative amplitude of the oscillation

between 990 and 1090 nm showed identical features. All

was 20% (detection at 1040 nm). Figure 7b illustrates that there Fourier spectra were dominated by two distinct spectral
is no excitation wavelength dependence of the oscillatory patterncomponents, one around 65 cthand one around 105 crh

or of the amplitude of the oscillations. The excitation wave-
lengths in Figure 7b range from22 nm to the blue to~17
nm to the red of the absorption maximum.

Analysis of the Oscillations. Figure 8 shows the residual
of the 1040 nm trace from Figure 2 after fitting with a biex-
ponential decay to remove the nonoscillatory part of the signal.
To analyze the oscillations, we have fitted the residual with the
following function:

both with a width of~25 cntl. To validate our Fourier analysis
method and to determine the systematic errors made in the
location and width of the peaks, we have analyzed simulated
traces comparable to the measured data (noise and a mono- or
biphasic decay was added to two oscillatory components and
the data was convoluted with-a100 fs wide Gaussian pulse
representing the instrument response). Errors in the estimated
parameters were approximately 10% (location) and 20% (width).
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TABLE 1: Locations and Widths of the Two Dominant the excitation density used. The absolute bleaching of the
Modes in the Power Spectrum of the Residual at Different sample during the measurement was in the order of 5 mOD,
Temperatures equivalent to an excitation density of 1 out of every 200
temp  Aexo Adet freq  width(zg)  freq  width (za) pigments per pulse. Given the relation between the repetition
(K) (hm)  (em™) (em*(ps) (cm™) (em™(ps)) rate (100 kHz) and the recombination rate of the charge-

290 1015, 980 48 23.2(0.72) 108  35.4(0.47) separated state (6 ms at 4 K), it is evident that the reaction center

160 1017,1050 65  25.7(0.65) 103  26.4(0.63) js permanently in the state"®,~ during these measurements.

77 1017,1040 65  245(0.68) 103  24.7 (0.67) Even though . i ante at different & )
4 1055, 1050 67 19.5(0.85) 104 251 (0.66) ven thougn we report experiments at airrerent temperatures,

] o ] we will, in the analysis, concentrate on the 77 K measurements
@ Decay times of the oscillations were calculated from the width of ¢p,5uwn in Figures 24. The reason for this is first that the

the peak in the spectrum usimg= 1/(2cA), whereA is the full width L .
at half-maximum of the band in the Fourier spectrum. For the analysis spectral resolution is much higher compared to room temperature

aresidual was chosen with a large amplitude of the oscillations, general@nd second that the possible amount of permanent hole burning
features were however identical for all residuals. is significantly lower at this temperature compared to 4 K. Hole-

burning measurements 4K show that significant nonresonant
This was also true for “bad” fits (i.e., biphasic fits of monoex- hole burning can take place at this temperature, even upon
ponential data, and vice versa). Only low frequency componentsexcitation in the blue part of the band (Monshouwer et al.,
were strongly dependent on the fit used. This analysis indicatesunpublished results).
that the estimates of frequency and decay times of the oscilla- The global analysis in Figure 3b demonstrates that a reason-
tions using the Fourier analysis are reliable for modes above able description of the data shown in Figure 3a can be given
~40 cntl. In general, the frequencies found are very compa- using a sequential model with two different spectra and a
rable to measurements by other groups on Bxlabntaining contribution due to an infinitely fast decay component (pulse
antenna systenfd-2* Two similar modes found have for follower). The initial (pulse following) signal has a spectral
instance also been observed by Chachisvilis et al. in the LH-1 shape roughly equal to the second derivative of the absorption
complex ofRs. rubrum? (67 and 103 cm?). Also, the width band. This feature is essentially present only during the overlap
of the peaks+{25 cn1!) and thus the damping of the oscillations  of the pump and probe pulse and is found for all excitation
are very similar to their measurements. We note that the wavelengths and at all temperatures. Furthermore, we note that
estimates of the kinetics and decay times of the oscillations arein general the minimum of this component is not coinciding
based on a model where the observed signal is a sum ofwith the wavelength of excitation.
exponentia_lly decaying and_oscillating_terms. In a model Wh_ere Coherent Artifact. It is now well established that in a
the decay is not expone_ntlal b_ut for instance takes place in apump-probe experiment during the overlap of the pump and
coherent fashion (see Discussion), this model does not apply,probe pulse, apart from signals arising from population changes,

and the decay rate of the oscillations should be differently qgitional coherent contributions are present in the observed
analyzed. Fourier spectra of the residuals at other temperaturesbump_probe signaf446 These contributions arise from the

_(5 K, _160 K, and room temp(_arature) showed features_essentiallypresence of pump polarization during the probe pulse (pump
identical to the ones described above. In all Fourier spectra

! qpolarization coupling), as well as the so-called “perturbed free
the spectrum was dominated by two components around 65 andpqy,ction decay”. Cruz et al. have analyzed these contributions
105 cnt!, except at room temperature, where the lowest

- - and their dependence on the population relaxation timg (
frequency was shifted to 48 cth At typical wavelengths, we the dephasing timeTg), and the spectral inhomogenefty.

have analyzed the Fourier spectrum of the residuals to extracteyy|itatively, the initial spectra in Figures 3 and 4 agree nicely
the frequencies of the oscillations, as well as the decay time. i, the predicted contribution from the free induction decay

The results are shown in Table 1. Most remarkable is that the ¢, honent in these calculations. The simulations indicate that
amplitude of the oscillations is very large, even at higher s contribution has spectral oscillations that decrease in

temperatures. At room temperature oscillations with an am- fre S . L
. ) quency with increasing deldy. Very similar features can
plitude of ~20% (peak to peak) were observed. This weak po cjaary seen by comparison of thé0 and—7 fs spectra in

temperature dependence of the oscillation amplitude is_markedlyl:igures 3a and 4. In both measurements, the positive peak of
dlﬁergnt from the RC and the LH.'l antenna of Balqontaln|ng the initial spectra in the red part shifts from around 1055 to
species, where a strqng redgctlon of the oscillation amplitude 1065 nm going from—40 to —7 fs. This shift is consistent
was observed when Increasing the temperature to 29_7@44(' with the signature of the free induction decay described above.
Also note th"?‘t the decay time of the oscillations is virtually Important is however that the amplitude of the oscillations
temperature independent. essentially “follows” the pulse. The rate of decay (toward
negative time) of the free induction decay is dependent on both
the dephasing time and the inhomogeneity. A fast decay is
Magic Angle Kinetics. The magic angle dynamics shown indicative of a fast dephasing and/or a large inhomogeneity.
in Figures 2-4 are characterized by fast signals during the Since the width of the absorption band is determined by these
overlap of the pump and probe pulses, subsequent spectratwo factors, an important parameter is the ratio between the
relaxation and oscillations superimposed on the decay kinetics.inverse width of the total absorption band and the pulse length
Apart from these processes in the first few picoseconds, kinetic of the excitation and probe pulse. In our experiment, both are
measurement on a long time scale indicate that the overall approximately equal, which explains the observation that the
pump-probe signal decays with a time of 150 ps at 30 K. This free induction decay does not extend much before 0 but
value found in our measurement is close to the decay of the essentially coincides with the pulse. We therefore ascribe the
fluorescence in membranes found by Kleinherenbrink é8 al. first phase in the kinetics to coherent coupling effects and not
and is due to trapping of excitations by oxidized reaction centers. to ultrafast energy transfer or relaxation. It should be noted
In our measurements the oxidized state of the reaction center isthat modeling of the spectra with a two-level system is a strong
a consequence of the high repetition rate in combination with oversimplification. The signal in the blue is mainly due to

IV. Discussion
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excited-state absorption and is thus not properly described in amost comparable to the “blue” excited data seRjps.viridis.
simple two-level model. This probably explains the strong This suggests that either the €xcitation does not result in an
asymmetry of the coherent features, namely, that the spectralisotropic distribution or the inhomogeneity is much different
oscillations are much more prominent in the red part of the in the LH-1 complexes oRs. rubrumandRb. sphaeroidem
spectrum than in the excited-state absorption region. comparison wittRps.viridis. In that respect it is interesting to
Spectral Relaxation. Several techniques have been used to compare our experiments with those by Kennis et al. and
study the dynamics of energy relaxation in photosynthetic Nagarajan et al. on the LH-2 complex Bfs. acidophila&>2°
antenna Comp|exes_ The (po|arized) pu-ﬁ]mbe measure- Upon excitation in the middle of the B850 band they observe
ments in this paper are most comparable to work done by Vissern0 (<1 nm) red-shift of the spectrum. To further investigate
et al., Chachisvilis et al., Hess et al., Kennis et al., and Nagarajanthese differences between species, more detailed spectral
et al. on the LH-1 and LH-2 complexes Bb. sphaeroidesRs. evolution measurements should be done exciting in both the
rubrum,andRps. acidophild?8192125:26:2830.40 Fleming and co- Qxand the Qregion. We note that the strong oscillations seen
workers have applied both fluorescence up-conversion and threein the pump-probe signals suggest a relatively strong vibrational

pulse photon echo techniques to investigate the nature and ratd@rogression in this antenna (see below). Since the vibronic
of the relaxatior?®223 All techniques consistently demonstrate bands are broad, excitation via these transitions, which would

that, after excitation, a fast<(L ps) spectral equilibration of ~ be the case for the 1017 nm data in Figure 3, results in a uniform
the excitation takes p|ace within the antenna Comp|ex_ The excitation of the antenna. This would explain the Slmllarlty
nature of the relaxation is however still a matter of debate, between the spectral relaxation aftgreQcitation and excitation
ranging from models considering the exciton to be fully localized in the blue part of the absorption spectrum.

on one chromophore (monomer or dimer) to models using Both the spectral model (Figure 3b) and the zero crossing
complete delocalization of the excitation over the antenna dynamics give a typical time for the relaxation Rps.uviridis
complex. In general, however, the assumption is that the systemof ~150 fs. This is a factor of 24 faster than found ifRb.

is excited in a state that is not in thermal equilibrium. sphaeroidesndRs. rubruni®1® We note however that there
Subsequent dynamics represent the evolution of the systemare some differences that might make direct comparison difficult.

toward equilibrium. First the spectral resolution is much lower in our measurement.
Visser et al. monitored the relaxation of thg Gelta OD Second, the instrument response in the experiments of Visser

spectrum upon nonselective excitation in thg@and of the  €tal. was approximately 4 times longer than in our experiment.

LH-1 complex of bothRs. rubrumand Rb. sphaeroidet$1® Since no deconvolution was done of the data, this could have

Even at room temperature the nonselective excitation does nota pronounced effect on the extrapolated relaxation rate, espe-
result in an equilibrium distribution, and relaxation takes place. cially in the case of multiexponential kinetics. We conclude
This is expressed in a shift of the difference spectrum of 12 nm from the magic angle spectra that the spectral relaxation
to the red with a main component of 325 ¢ rubrun) and observed irRps.viridis is qualitatively similar to those observed
700 fs Rb. sphaeroiddsat room temperature. Apart from some in Rs. rubrumandRb. sphaeroideand is dominated by a 150
small differences, the time-gated spectra in Figure 3 show the fS component. Comparison with the simulations by Visser et
same main features as the measurements on these systems. Als@l. indicates a transfer time between sites (in a hopping model)
in Rps.viridis a ~10—15 nm red-shift of the zero crossing of ~Of less than 100 f&1° However, the estimate from this
the bimodal delta absorption signal is observed. Note howeversimulation is strongly dependent on temperature and spectral
that the excitation was not uniform, as is assumed for the Q Parameters such as homogeneous and inhomogeneous broaden-
excitation, but was selective. (The excitation was 22 nm blue- ing of the antenna band. Since these parameters could be very
shifted relative to the peak of the absorption band.) Further- different from for instanc&s. rubruma direct comparison using
more, the coherent artifact contribution is much smaller in the these simulations should be treated with caution. Furthermore,
data by Visser et al., which is due to thg €xcitation scheme  the dependence of the spectral relaxation suggests that upon
in those experiments. The red-shift of the zero crossing was €Xcitation at 1036 nm the initial population is close to the
interpreted by Visser et al. as a thermalization of the excitations thermalized end population.

by hopping energy transfer between individual dimers on an  Anisotropy. Apart from spectral changes of the isotropic
inhomogeneous lattice. Apart from a shift of the zero crossing, spectra, the electronic relaxation is expressed in a depolarization
there is also significant dynamic relaxation in the red part of of the observed signal. Inherently, the pungrobe technique

the spectrum. Apart from population transfer, these dynamics is not the most suitable technique to study this, since the signal
are most likely related to dynamics in the excited state of the is composed of a sum of different components, with (possibly)
Bchl molecules (SE) and to coherent artifact contributions. As different signs. This can severely disturb the anisotropy signal.
stated, the Qexcitation was assumed to result in a uniform To minimize the contributions of these artifacts, we have looked
distribution of excitations over the inhomogeneously broadened at the stimulated emission region of the delta absorption signal.
Qy absorption band. In this work and in recent work by other Comparison with the OD spectrum shows that at wavelengths
groups, spectral relaxation in thg @gion has been monitored  above 1060 nm the ground-state bleaching contribution to the
in a variety of antenna systems upon direct excitation in the difference signal is negligible. Furthermore, we assume that
long-wavelength ban#2®6 Comparison of Figures 3 and 4 in this wavelength region the excited-state absorption is
shows that, as would be expected, the spectral relaxation isrelatively small. The signal in this region is thus mainly due
dependent on the initial excitation wavelength. Apparently, the to stimulated emission and can therefore be directly compared
initially excited population in the 1036 nm excitation experiment to the spontaneous emission measurements done by Jimenez et
(Figure 4) is much closer to the thermalized “end” population, al. and Bradforth et 2922 Upon excitation at 1036 as well as
since the spectral evolution toward this end spectrum is much 1056 nm, the decay of the emission polarization is essentially
smaller. This is mainly expressed by the absence of a shift of monoexponential with a decay time o150 fs. In LH-1

the zero crossing. Surprisingly, thus the relaxation upon Bradforth et al. found a biphasic decay of the anisotropy with
excitation in the @band inRb. sphaeroideandRs. rubrumis a major 110 fs and a minor 400 fs compon&ntThe 150 fs
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found in our measurements could be a mixture of these two anisotropy can be ascribed to changes in the relative intensity
components which possibly could not be resolved due to a of both contributions at the detection wavelength. This is most
slightly worse S/N ratio in our experiments or due to a different likely caused by the specific wavelength dependence of the
amplitude ratio of these components. The depolarization time oscillations. In the measurement shown in Figure 6 this effect

is thus quite comparable to that of the LH-1Rif. sphaeroides is enhanced since it is a one-color experiment, and furthermore,
For homogeneous ringlike complexes the relationship betweenat this wavelength and temperature, there is a relatively large
the hopping time and the depolarization time is givefby part of nontransferring excitations (see below).
. Previous steady-state fluorescence anisotropy measurements
depol _ 1 2) have shown that, upon excitation in the red part of the absorption
Thop 4 sirf(360N) band, the emission is highly polariz&d.This suggests that no

or very little transfer of excitations takes place upon excitation

A rglatively sir.nple. lower limit .for the hopping time can '?e of the low-energy transitions in the broad absorption baed;
derived by estimating the maximum homogeneous line width e gtate that is excited is also the state that emBsmilar

from th_e steady-state al_)Sorption spectrum. A detailed spectralhigh fluorescence emission anisotropy has been observed for
anaIyS|s_ of the absor.ptlon spectrum showed t.hat, at 4 K, the arious different antenna systems in steady-3téfand time-
absorption band consists of several battd3he width of these resolved absorption difference measureméht@ur measure-
bands was less than 20 nm (190 Cinfwhm. If we assume 0o clearly show that, upon excitation in the red part of the

that this W.idth Is <_:omple_tely_ du_e to lifetime b_roadt_ening, W€ hand, the residual emission anisotropy is higher than 0.1, the
can associate a single site lifetime of 90 fs with this spectral value expected for complete depolarization in a plane. Indeed,

W'dth_bl Sf'nce m_tt;lgse_ antenna ?ys:re]mj also ??hck-translf?_r 'Sas would be expected from the steady-state fluorescence
possIbie from neignboring pigments, the aecay of the population 0 4¢rements, the pumprobe signal only has a higher “end”

of a single site is highly mult_iexponer_nial. However, simulations anisotropy upon excitation in the very red part of the band
have shown that on these kinds of circular structures the average. 1950 nm). Moreover, inherent to the short duration of the
single site lifetime is approximately half of the hopping tiffie, excitation pulse 100 fé) the excitation is relatively broad

which resm_JIt_s in a minimum hopping tir_ne (.)f ap_proximately 130 banded €20 nm). Therefore, a considerable part of the excited
Iﬁe rcr:l?nr?n?b%nﬁotgp?ir?é(at?rizrﬁgi:;gglgrl\fvaetﬁ: dtltrr?:t Eﬁg%;fse)c\fi/\lfg states will be outside the narrow band corresponding to high
size of the ring N” is less than 11 Frlom electron microscopy polarlzat|on1,5_anq th_ert_efo_re the o_ve_rgll anisotropy upon fem-
on membranes oRsp. viridis 56 2.D crvstalloaranhy work of tosecond excitation is limited to significantly lower values than

10 p. vInais, o Y grapny \ . _, the maximum of = 0.4. The “trapping” of excitations on the
Karrash et all? and a variety of estimates based on biochemical lowest state is expected to be temperature dependent, since at

and spectroscopic methotfst is estimated that the number of 8 .
. - L . higher temperatures the thermal energy is enough to escape from
pigments in the LH-1 ring is between 24 and 32. Using these the lowest state to slightly higher lying states. This was

e e o s 1Dzt conimed by measuring e amsotopy nder e same cond-
. L . tions as in Figure 5, but at 77 K (not shown). The final

between two and three pigments. Similar conclusions have been_ . R

L anisotropy (at 1.6 ps) in this measurement dropped from 0.16
drawn by several groups. Measurements of the radiative rate : .
: L L . to 0.13, in agreement with the proposed model.
of different complexes indicated that the exciton is delocalized ) )
over several pigments but that this number is much smaller than  EXCiton Model. A number of groups describe the antenna

the total number of pigments in the compféx.Similarly, system of photosynthetic p_urple bacteria as a strongly _coupled
pump-probe measurements by Kennis et al. indicate a moderate€XCiton systemt’:2>%0 In this case the spectral relaxation is
delocalization in the LH-2 complex oRps. acidophil&’ ascribed to scattering to lower exciton levels. For a completely

Chachisvilis et al. found that the hopping time that was deduced delocali_z_ed exciton model the exciton spectrum consists mainly
from the isotropic signals combined with the depolarization Of transitions from the ground state to the two degenerate next
found in a pump-probe measurement yields a value fothat to lowest exciton states. The initial anisotropy of su<_:h a system
is much lower than what would be expected for the LH-2 would be 0.7, decaying rapldl_y to 0.1 dgeto dephasing between
antenna using a monomer (18) as well as a dimer model (9). the two degenerate perpendicular exciton stétes.
From this discrepancy they conclude that the excitatioRn Recently, pumpprobe measurements wittv35 fs time
sphaeroidess delocalized over at least four pigme#ts. resolution were reported for the LH-2 complex®ps. acido-
The anisotropy measurements probed in the middle of the phila by Nagarajan et & They find a decrease of the total
band exhibit very different behavior. Figure 6 shows an delta absorption signal of approximately 30% with a biphasic
anisotropy signal measured in the bleaching region of the decay of 33 and 200 fs. Furthermore, the initial anisotropy is
difference spectrum. First the initial decay is much faster. This much higher than the expected maximum of 0.4. Both effects
makes it hard to estimate the decay time since the coherentare described in terms of exciton relaxation of a strongly coupled
artifact is also contributing to these early punmrobe signals. ringlike structure (full exciton delocalization over the ring). The
Furthermore, the anisotropy shows clear oscillations. No suchdecay of the total intensity of the signal is ascribed to the
oscillations of the anisotropy have been observed in the relaxation of the excitation to the lowest exciton level. Since
spontaneous emission of other complé%&%or in our measure-  this level is dipole-forbidden in a fully delocalized exciton
ments onRps. viridis in the stimulated emission region. A model, this relaxation should be accompanied by the observed
natural explanation for this surprising observation is that this decrease of the total signal, as observed by these authors. The
measurement is nearly a one-color experiment. Therefore, partmeasurements dRps.viridis in this paper show a very different
of the observed signal is due to nontransferred populatien (  behavior. Integration of the spectra in Figure 3a from 990 to
0.4) and part due to excitations that are depolarized 0.1). 1090 nm reveals no fast components corresponding to a decay
The final anisotropy signal is a weighed average of these, so or rise of the total area of the pumprobe difference spectrum
= (0.4a + 0.1)/@ + 1), where a is the ratio of both (see inset). We note however that the time resolution of our
contributions. It is clear that in this case modulations of the measurement is lower than that of Nagarajan et al. A kinetic
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phase of 35 fs would have a7 times smaller amplitude due  with neighboring pigments. Even if the dipole moment of the
to the lower time resolution in our experiment and, if present, ground state to first vibronic state is a small fraction of theéd0
might therefore be difficult to observe. The mechanism as dipole strength, one would expect observable changes in the
described by Nagarajan et al. predicts however a significantly transition frequencies due to exciton interaction between these
larger amplitude for the fast phase in our 77 K measurements transitions.

compared to room temperature. At 77 K the thermal energy  Oscillations. Oscillations as shown in Figures 7 and 8 have
(koT) is 53 cnT?, whereas the gap between the lowest exciton been observed in different antenna and reaction center prepara-
level and the dipole-allowekl + 1 states in a fully delocalized tions in the past. Vos et al. have measured these oscillatory
model is (using reasonable assumptions) larger than 108.cm features in the reaction centers Bb. sphaeroidesnd Rb.

As a consequence, the final occupation of the lowest exciton capsulatus!#254 They find oscillatory features with distinct
state should be larger than 77% (including the degeneracy offrequencies ranging from 15 to 200 chwith damping times
thek £ 1 states). A comparison of the absorption difference of approximately 2 ps at room temperature. In different
signal after relaxation (see Figure 1) with the steady-state (bacterial) antenna systems, comparable features have been seen.
fluorescence spectrum in ref 15 shows that at least 30% of theAlso in these systems oscillations in the puagpobe signals
signal is due to stimulated emission, and thus is not in the dipole- as well as spontaneous emission are underdamped and last for
forbiddenk = O state. Furthermore, recent calculations of the approximately 1 pd'~23 In the LH-1 complex oRb. sphaeroi-
influence of inhomogeneity on the exciton states has shown thatdesthe temperature dependence of the oscillations was found
already a small amount of disorder causes the lowest state toto be very strong* In these systems at room temperature hardly
become allowed® We therefore suggest that the fast decay of any amplitude of the oscillation can be seen, in contraBs.

the overall signal as observed by Nagarajan et al. is not due toviridis for which at some wavelengths oscillations with an
trapping of excitations in the forbidden lowest state but is due amplitude of~20% are observed at this temperature. Also in
to some other process. Possibly the 33 fs component observedhe bacterial reaction center there is a very strong temperature
in their experiment is partly due to a coherent four-wave mixing dependence of the amplitude of the oscillatiéhigading to a
effect as discussed above: ifuet al. have recently calculated ~ Strong reduction of the amplitude at room temperature.
energy transfer in LH-2 in the presence of disorder and Nature of the Oscillation. The observed oscillations are
homogeneous broadening using multilevel Redfield thédry. generally ascribed to a simultaneous excitation of different
In their simulations they find a dynamic decrease of the total €xcited-state vibrational levels of the molecule due to the broad
bleaching signal that is qualitatively comparable to the measure-Spectral width of the excitation pulse. This excitation prepares
ments by Nagarajan et al. The rate found in the simulations is the molecule in a wave function that is a superposition of the
however much slower than found in the LH-2 complexRpfs. different vibronic wave functions, so

acidophilaand should furthermore be easily resolvable in our _ _

measurements dRps.viridis. Also, this slow relaxationis not  W(t) = c(0)d”"|e,0CH (1) e 1 H ... +

observed irRps.viridis. Even at room temperature the decrease c(n) ei(w+nwV|b)t| end(3)

of the total area of the absorption difference spectrum is less ’

0,
than 5% (not shown). In principle, in a four-wave mixing experiment as puagrobe,

Apart from being related to steady-state and relaxation 456 3 wave packet can be created in the ground state by resonant
mechanisms, the tentative exciton interaction could explain the jmnsive Raman excitation. The motion of this wave packet
observed oscillations in the pumprobe signals. These would  \ould however not be visible in the excited-state absorption
then not be ascribed to a vibronic origin but to beating between (ESA) part of the delta OD spectrum. SinceRps.viridis the
different exciton levels that have been simultaneously excited gggjjlations in the ESA part of the spectrum are virtually
by the broad excitation pulse. In this case one would expect jgentical to the features in the bleaching/stimulated emission
that the spectral relaxation and the decay of the oscillations occurpart, the contribution of the ground-state wave packet is probably
on the same time scale. Our measurements, and measurementgegligible. A similar conclusion was drawn by Bradforth et al.
on different Bchla containing complexes, have however shown gn the basis of spontaneous emission experirdeaisd by
that the decay of the oscillations is a factor ef&2slower than  Chachisvilis et al. following an analysis of the wavelength
the spectral relaxation. Furthermore, in case of quantum beatsjependence of the oscillatiofs. The values of the constants
between different exciton levels, the oscillation frequency should ¢(n) in eq 3 are determined by both the Frantkondon factor
be strongly dependent on the exciton band structure and thusof thenth vibronic level as well as the intensity of the excitation
implicitly on the strength of the coupling between the pigments. pulse at the frequenay + nwyip. Also, the vibrational ground-
Kihn et al. have for instance modeled the influence of excitonic state level in which the molecule was before excitation is
interaction within a Cha—Chl b dimer on the observed coherent  important. Certainly at room temperatudeT ~ 200 cnT?)
oscillations®* They show that the beating frequency is mainly there is significant population of higher vibrational levels in
determined by the coupling strength between the pigments. Inthe ground state. For simplicity, we assume however that the
many different antenna systems in many different species, molecule is in the ground-state vibrational level. This is clearly
identical frequency modes have however been found. Since ittrue for tte 4 K measurement and partly true for the 77 K
is very unlikely that the amount of electronic coupling is experiment (population of the 65 ¢y v = 1 level is in that
constant from system to system and furthermore more or lesscase 23%). Note however that there is very little temperature
temperature independent, electronic coherence is probably noidependence of the oscillations (see Table 1). In the work
the cause of the observed oscillations. From the above wepresented here, the width of the excitation pulse used is 200
conclude that the experimental observations largely exclude ancm~1. Due to this relatively narrow spectrum at most the first
excitonic origin for the oscillations in the pumyprobe signal. and second vibronic level of the 103 and 65¢rtevels can be
We note that it is remarkable that no observable influence of excited by the excitation pulse. Furthermore, the Franck
the excitonic coupling on the vibronic frequencies is seen since Condon factor is strongly dependent on the vibrational quantum
also the vibrational transitions have (dipolar) exciton interaction number and is given 5%
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FC= |me|ogm2 = (SYnl)e S (4) suppressed in our analysis because exponential components are
subtracted from the residual. The well-defined Fourier spectra
in Rps.viridis could be related to a “better defined” or less
inhomogeneous structure of this system. This relative enhance-
ment could also explain the apparent contradiction between the

Values forSwere determined by Cherepy et al. for the accessory wavelength independence of the phase of the oscillations and

bacteriochlorophyll of the reaction center®¥i. sphaeroide® their relatively I.ar.gg ampllt.ude. o
The values for the vibrational modes belewd00 cnr! were In that sense it is interesting to relate the measured oscillations

in the range 0.01:30.036. If we take the upper limit of this to the fine structure seen in the absorption bangs.viridis.1°

range (0.036), we can calculate using eq 4 that the Franck In the decoinposition of the spectrum, we have found a splitting
Condon factors of the first three components of the wave Of 102 cnT* between the lowest energy band and the second
function scale as FC(0):FC(1):FC(2F 0.96:0.034:0.0006. band. If we ascribe the spectral heterogeneity to a vibronic

Note that theS stands for the linear electremuclear coupling
of asinglevibrational mode. This should not be confused with
the total integrated electrerphonon and vibration coupling.

From this we conclude that, using these valuesSaonly the progression, there is a remarkable correspondence between the
lowest vibrational level can be excited. Moreover we note that SPlitting of the bands and the 104 cimode observed in the
only for S> 0.2 the magnitude of the second Frareondon oscillations. However, in the absorption analysis, no 65%tm
factor becomes considerable 10% of FC(1)). mode was obtained, and furthermore a description with Gaussian

bands is more of a descriptive nature and does not relate to a
physical model for the line shapes. To make a more accurate
analysis of the possible vibronic nature of the absorption bands
and to estimate the Huangrhys factors and mode frequencies,
we are planning to do spectral line-shape calculations analogous
to those by Pullerits et &F. using both the temperature-
dependent absorption and emission spedtrkrom Figure 7b

it is clear that there is no excitation wavelength dependence of

As described by Vos et al., the dependence of the oscillations
on the wavelength of detection is caused by the fact that at
different wavelengths different positions of the vibrational
coordinate are probed. In the case afarow, moving wave
packet on the excited-state surface, this results in a gradually
changing phase of the oscillation over the band. This was
indeed observed in the reaction centeRbf. sphaeroidedt If
however, as stated above, only the two lowest vibrational states

participate, the wave packet consists of the beating of only the € am_||ol|tu<_ji of the cl)scnla'go?s. hTh'S lsbsegvanon IS Sarg tof
Oth and 1st vibrational wave function. The wave functions of €concile with a simple model where the absorption band o

these states are well-known, and the final time_dependemRps.ulrldls consists of a relatively narrow distribution of zero

overlap of the wave function with the ground state does not Ponon transitions in the red and a vibronic progression
show any wavelength-dependent phase shift. This is in agree-Xténding to the blue of the absorption spectrum. Assuming
ment with the measurements shown in Figure 7, which suggeststhat the_ coherent nuclear motion is created upon excitation, one
that in Rps. siridis mainly the lowest vibrational states are Would in this case expect a very large difference in the
contributing to the observed oscillations. Chachisvilis et al. oscillation (amplitude) between the 1017 nm excitation case
found in the LH-1 complex oRb. sphaeroidesndRsp. rubrum (mainly ovgrla_p of the pulse with the vibronic lines) ant_j the
that the phase was a gradually changing function of the detection1056 nm kinetics (mainly overlap with the zero phonon lines).
wavelength, with extremes on the edges of the delta absorptionThe_d'ﬁerem e>_<C|tat|on wavelengths should have caused a very
spectr&® This would suggest that in their experiment more & different ratio between the(0) and c(1) constants and
than just the two lowest vibrational levels were excited, implying consequently a different beating amplitude.
that the coupling of the relevant modes to the electronic  The time-resolved vibrational coherence as measured in a
transition would be much stronger in these systems. There arePump—probe experiment is strongly related to the spectral
however no additional indications for larged values of information of the vibrational structure as determined by steady-
vibrations in these systems. We note that the spectral width of state spectroscopic techniques. There is for instance a strong
the excitation pulse in their experiments was about a factor 2 correspondence between the modes observed in the resonance
larger, which might have been responsible for relatively larger Raman spectra and the oscillations seen in pupipbe
population of the higher vibronic levels. measurements. Lutz et al. found Raman bands at 65, 86, 108,
In the bleaching/stimulated emission region the oscillatory 138, 172, and 189 cmt in the LH-1 complex oRb. sphaeroi-
features are in line with those observed in other reaction centerdes®® Some of these lines correspond nicely to the main modes
and antenna preparatiofis2 At 77 K, no observable oscillatory ~ found by Chachisvilis et al. in the same system (at 90, 110,
features are observed upon probing at 1065 nm. At the sameand 175 cm?).2! The modes reported here seem to correspond
wavelength ar-phase jump of the oscillations takes place. to some of these modes, although different lines are prominent
However, in contrast to the reaction center this point does not in this antenna system. Rps.uiridis, the 65 cn! mode, which
coincide with the emission maximufbut is approximately ~ was not observed in the time-resolved data ofRie sphaeroi-
10 nm red-shifted. desantenna, is very strong whereas the 90°tmode is absent
Amplitude of the Oscillation. In the vibronic model the in our measurements. The observed modes are slightly different

spectroscopically observed beating is caused by the cross termdrom those obtained in fluorescence line narrowing measure-
when calculating the expectation value of an observable usingMents of the LH-1 antenna &ps.viridis (Robert, B. personal

the wave function in eq 3. The finally observed amplitude is COmmunication). The corresponding modes, at 88 and 114
dependent on both the specific expectation value calculated (so™ *, are both slightly higher than those found in the pump
among others 0fge) and the values(n) in eq 3. Of additional ~ Probe measurements in this paper. We note that the 88 cm
influence is the method of analysis used (see Materials andMmode was measured on the edge of the detection range of the
Methods section). IiRps.ziridis, the Fourier spectrum of the ~ fluorescence apparatus, and the precise frequency of this mode
oscillating features consists of two well-separated, narrow Might therefore be slightly distorted.

modes. This effectively enhances the visibility of the oscilla- Decay of the Oscillations. One of the most puzzling aspects
tions since congested regions of modes interfere strongly andis the relatively slow damping of the vibrational oscillations.
effectively cause a fast initial decay. The latter is strongly Especially in an antenna system where rapid energy transfer
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takes place, a mechanism of transfer of vibrational coherence 300
should be active to explain a damping time that is much larger
than the estimated hopping time. For instance, if we takg 250
= 100 fs, approximately six transfer steps take place before -
the oscillation coherence is destroyed. Z 200
There are several different possible decay mechanisms for @
the vibrational oscillations. The total width (decay time) of the g 150
observed vibrational mode can be divided into a homogeneous 2
and an inhomogeneous contribution. The inhomogeneous @ 100 - B
contribution represents the spread of the energy spacing between %
the vibrational levels. This results in a decay of the oscillations © ' 1
due to a free induction decay like process. The homogeneous S0 N
contribution consists of thermal dephasing and relaxation i o i

processes of the vibrational levels. Relaxation processes can 0

occur between the different vibrational levels of the pigment 0 100 200 300 400 500
or can be due to electronic transfer to other pigments (population hopping time ( fs )

transfer). An estimate of the rate at which these relaxation Figure 9. Expected damping time for the 65 (dashed) and 100%cm
processes take place can be extracted from the resonance Ramgsolid) modes. Curves were calculated using eq 7.
measurements. Note that these give an upper limit to the decay

time since in the ground state no population transfer path is oscillation amplitude is damped with a facteg given by
present. Even though the Raman measurements probe the

ground-state vibrational levels, probably the dephasing and _ 1

relaxation mechanisms are identical to those in the excited state. Rs= W (5)
Measurements on the accessory chlorophyll in the reaction ’(T—p) +1

center ofRb. sphaeroidesvere done by Cherepy et al. using osc

the SERDS technigu®. The Raman lines found have a width
of approximately 20 cm, very close to the widths found in ~ WhereRsis the reduction of the oscillation amplitude per step,
the Fourier transform of our residuals. Consequently, we Thop the hopping time, andoscthe period of the oscillation. To
propose that a large part of the700 fs decay of the coherent  relate this reduction per step to the decay time of the oscillation
nuclear motion must be due to inherent properties of the pig- amplitude in case of multiple transfer steps, we use
ment and not due to excitation transfer. If we assume that
the line width found in the Raman measurements is mainly g Vrdamp — Rstffhop (6)
due to homogeneity, we can calculate that the extra broadening
due to excitation transfer is in the order of 10 Tmwhich
corresponds to 1.6 ps. To explain that, during the electronic
trans_fer steps there is a very sloyv de;cay of the oscillation oz \2 12
amplitude, a form of transfer of the vibrational coherence should Tgamo= ThopIN ( hop) +1 (7)
take place. amp. hop Tosc

Transfer of Vibrational Coherence. Jean et al. have
performed model calculations on the transfer of coherence For the two oscillatory modes found Rps. viridis (65 and
during a charge-transfer procé8s®! This was modeled by 100 cnt?) the relation between the hopping time and the decay
calculating the evolution of a system that consists of a single time of the oscillations is given in Figure 9. Since the hopping
ground-state potential and two excited-state potentials wheretime is expected to be between 80 and 150 fs, it is clear from
tunneling was possible. These simulations have shown thatthe graph that the “hopping’-like model does not apply to
under reasonable circumstances the coherence is effectivelyexplain the long decay times of the oscillations observegigsa.
transferred from donor to acceptor. However, in this modeling, viridis and other bacterial antenna systems. Furthermore, the
a single reaction coordinate was used. This is only valid in the model describes the decay due to transfer only, which is larger
strong coupling case, whereas for energy transfer between thethan 1.5 ps (see above). Most essential in the above reasoning
pigments in the light-harvesting antenna probably the intermedi- is that the transfer step is a pure probability process, or in other
ate coupling case is more valid. words the transfer probability is constant in time. To explain

One mechanism for transfer of vibrational coherence to the long damping times found for the oscillations, we have to
consider is that, just like excitation with a short pulse creates a assume that the transfer rate is a function of the generalized
narrow wave packet on the excited potential, also an impulsive nuclear coordinate, séanse(Q)). Actually, as was also noted
energy-transfer step prepares the acceptor molecule in a narroWy others, the oscillations imply that standard theories for
wave packet in the FranekCondon region. Since in reality — excitation transfer do no longer appty#162 For instance, one
each transfer step is not impulsive, but has a time spreadof the assumptions for the Fsier transfer theory is that the
determined by the transfer time,y), the oscillations will decay  vibrational relaxation in the donor molecule is much faster than
due the created phase shifts of the oscillation in the acceptorthe transfer time between the donor and acceptor. Clearly, the
molecule. To calculate the effect of a nonimpulsive transfer observed vibrations are not in agreement with this constraint.
step on the oscillation amplitude, we have to calculate the The coherent nuclear motion will cause a modulation of the
convolution of the oscillation with the (exponential) transfer spectral overlap between the donor and acceptor molecules, and
function. This problem is analogous to that of the amplitude will thereby modulate the probability of transfer between them.
modulation of signals by a RC low pass filter in electronics. A more quantitative theory of transfer between vibrationally
Straightforward calculation yields that in each transfer step the excited molecules should be developed to estimate whether such

giving for the decay of the amplitude of the oscillation:




LH-1 Antenna ofRhodopseudomonasridis

a theory is capable of explaining the slow decay of the nuclear

vibrations in these antenna systems.

V. Concluding Remarks
We summarize that the oscillations seerRips.viridis are
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