Nature does not rely on long-lived electronic quantum
coherence for photosynthetic energy transfer
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During the ﬁrst steps of photosynthesis, the energy of impinging solar photons is transformed into electronic excitation energy of the light-harvesting
biomolecular complexes. The subsequent energy transfer to the reaction center is understood in terms of exciton quasiparticles which move on a grid of
biomolecular sites on typical time scales less than 100 femtoseconds (fs). Since
the early days of quantum mechanics, this energy transfer is described as an
incoherent Förster hopping with classical site occupation probabilities, but
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with quantum mechanically determined rate constants. This orthodox picture has been challenged by ultrafast optical spectroscopy experiments (1–3)
with the Fenna-Matthews-Olson protein (4) in which interference oscillatory
signals up to 1.5 picoseconds were reported and interpreted as direct evidence
of exceptionally long-lived electronic quantum coherence. Here, we show that
the optical 2D photon echo spectra of this complex at ambient temperature in
aqueous solution do not provide evidence of any long-lived electronic quantum
coherence, but conﬁrm the orthodox view of rapidly decaying electronic quantum coherence on a time scale of 60 fs. Our results give no hint that electronic
quantum coherence plays any biofunctional role in real photoactive biomolecular complexes. Since this natural energy transfer complex is rather small
and has a structurally well deﬁned protein with the distances between bacteriochlorophylls being comparable to other light-harvesting complexes, we anticipate that this ﬁnding is general and directly applies to even larger photoactive
biomolecular complexes.
The principle laws of physics undoubtedly also govern the principle mechanisms of biology. The animate world consists of macroscopic and dynamically slow structures with a huge
number of degrees of freedom such that the laws of statistical mechanics apply. On the other
hand, the fundamental theory of the microscopic building blocks is quantum mechanics. The
physics and chemistry of large molecular complexes immersed in solution may be considered
as a bridge between the molecular world and the formation of living matter. A fascinating question since the early days of quantum theory is on the borderline between the atomistic quantum
world and the classical world of biology. Clearly, the conditions under which matter displays
quantum features or biological functionality are contrarious. Quantum coherent features only
become apparent when systems with a few degrees of freedom with a preserved quantum me2

chanical phase relation of a wave function are well shielded from environmental ﬂuctuations
that otherwise lead to rapid dephasing. This dephasing mechanism is very efﬁcient at ambient
temperatures at which biological systems operate. Also, the function of biological macromolecular systems relies on their embedding in a “wet” and highly polar solvent environment, which
is again hostile to any quantum coherence. So, the common view has developed that a quantum
coherent phase relation between the pigments involved in any biologically relevant dynamical
process is rapidly destroyed on a sub-100 fs time scale. The transport is dominated by incoherent coupling between sites in which the energy transport is spatially directed by differences
in site energies that naturally lead to energy relaxation and ﬂow to the special pair. The nature
of any quantum coherent interaction is short lived and would only involve nearest neighbours,
a distinctively different view and operating physics from that of a fully coherent process as
implicated by electronic coherences living as long as proposed (1–3).
In the recent years, ultrafast nonlinear two-dimensional (2D) optical spectroscopy has made
it possible to challenge this orthodox view, since it accesses the fs time scales. A prominent
energy transfer complex which is simple enough to provide clean experimental spectroscopic
data is the Fenna-Matthew-Olson (FMO) protein (4). In 2007, the oscillatory beatings observed
in the off-diagonal signals of 2D optical spectra have been reported to survive for longer than
660 fs at cryogenic temperatures at 77 K (1). They were interpreted as signatures of long-lived
electronic quantum coherent exciton dynamics in the FMO network. The same conclusion was
drawn also from an experiment at higher temperatures up to 277 K (2), and similar beatings
have been reported for marine cryptophyte algae (3) as well. These experiments have triggered
an enormous interest in a potential new ﬁeld of “quantum biology” (5–9), with far reaching
consequences even for the functionality of the human brain (10) and for technological applications (11). The cornerstone experiments (1–3) remained unconﬁrmed until recently, when a
new effort was made to identify the excitonic energy transfer pathways (12) at 77 K. However,
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observation of long-lived electronic coherences in the 2D off-diagonal signals was not reported
in Ref. 12.
Interesting conceptual studies on the possible constructive role of dephasing ﬂuctuations
on the efﬁciency of energy transfer in networks (13–18) were initiated subsequently. However, also critical questions were formulated (19–23) which remained largely unresolved up to
present. Advanced dynamical simulations (24, 25) did not conﬁrm long-lived electronic coherence. An additional strong coupling of the excitonic to the nuclear degrees of freedom was also
considered (26–33) as a possible driving source of coherence. Such a mechanism can yield
longer lived oscillations of the cross-peak amplitude (34, 35), yet, a strong vibronic coupling
is required and the oscillation amplitudes typically remain small. Moreover, the coupling between such oscillations can only persist as long as the electronic coherence lives as long as the
vibrational period, an issue that has not been discussed.
Motivated by the unsatisfactory lack of experimental conﬁrmation of the long-lived electronic coherence at ambient temperatures, we have revisited this question in the present combined experimental and theoretical study with the important distinction that we have conducted
these studies under physiologically relevant conditions. We have measured a series of photon
echo 2D optical spectra of the FMO trimer, extracted from green sulfur bacteria C. tepidum,
at room temperature (296 K or 23◦ C) and for different waiting times T . The 2D spectra for
selected times between T = 0 and T = 2000 fs are shown in Fig. 1 (a). In addition, we have
calculated the 2D spectra of the FMO monomer (see Supplementary Materials for details) and
compared them to the experimental ones (Fig. 1 (a)). In passing, we note that the calculated
absorption spectrum shown in Fig. 1 (c) coincides with that measured in Ref. 36. The experimental and calculated 2D spectra for different waiting times agree well. At initial waiting time
T = 0 the 2D spectrum is stretched along the diagonal, which is a manifestation of a signiﬁcant
inhomogeneous broadening. With increasing waiting time, the inhomogeneous broadening is
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rapidly reduced and becomes undetectable beyond T ∼ 1000 fs. A central feature of 2D electronic spectroscopy is that the antidiagonal width uniquely reveals the electronic dephasing time
scale. This also holds when a strong vibronic coupling is present (34). In Fig. 1 (b), we show
the antidiagonal cut of the 2D spectrum measured at T = 0 (indicated in Fig. 1 (a) by the black
line) with a ﬁtted Lorentzian proﬁle yielding a FWHM of Δhom = 175 cm−1 . This corresponds
to an electronic dephasing time of τhom = [πcΔhom ]−1 = 60 fs (c is the speed of light), which
sets a principle upper limit for the decay times of any possible oscillations originating from
the beatings between the excitonic transitions. Furthermore, the magnitude of the off-diagonal
peaks in the upper left region of the 2D spectra remarkably increases for growing waiting times.
This renders the spectrum strongly elongated along the ωτ coordinate and reveals an efﬁcient
energy transfer between the FMO pigments. The progressions ranging from the central peak at
ωτ = ωt = 12400 cm−1 to the region ωτ = 13500 cm−1 , ωt = 12400 cm−1 indicate a vibrational relaxation of the localized vibrational modes of the bacteriochlorophylls. In addition, we
clearly observe a fast decay of the central peak amplitude within the ﬁrst 1 − 2 ps, induced by
thermally ﬂuctuating electric ﬁelds from the polar protein environment.
The energy transfer pathways and the associated timescales are revealed by a multidimensional global analysis (37) of consecutive 2D spectra at different waiting times T , arranged in a
three-dimensional array S(ωτ , ωt , T ) (for a detailed description, see Supporting Information to
Ref. 38). This results in two-dimensional decay-associated spectra (2DDAS) Ai (ωτ , ωt ) which
are shown in Fig. 2 (a) (left column: analyzed experimental spectra, right column: analyzed
theoretical data, see also Supplementary Materials for more details). We have resolved four
different energy transfer timescales. The shortest decay time of τ1 = 90 fs is associated to
the positive diagonal peak at 12500 cm−1 . Furthermore, a strong negative off-diagonal peak at
ωτ = 12500 cm−1 , ωt = 12000 cm−1 indicates the energy transfer from the excitonic states
located around 12500 cm−1 to the lower ones at 12000 cm−1 . The second 2DDAS, associated
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with a lifetime of τ2 = 750 fs, displays similar features, but with slightly broader peaks and
a noticeable extension to the blue spectral side. The third (τ3 = 7.0 ps) and fourth (τ4 = ∞)
components of the 2DDAS only show one diagonal peak at the central position of 12200 cm−1
with rather broad peaks. This indicates a thermal relaxation of the pigments inside the FMO
protein. Our ﬁndings qualitatively agree with those in Ref. 12, with all our transfer rates being
smaller which is due to the high temperature.
Next, we address the question of long-lived coherent oscillations in off-diagonal signals
in the 2D spectra. We have analyzed the residuals obtained after removing the underlying
slow kinetics from the 3D data set S(ωτ , ωt , T ). Their Fourier transform provides a threedimensional spectrum of the possible vibrations. The most intense of them with the amplitudes
above the noise threshold are plotted in Fig. S9 of the Supplementary Materials. As a result
of our model, all the exciton states in the FMO complex are located in the frequency region of
12123 − 12615 cm−1 . Hence, the largest oscillation frequency which can be expected from the
beatings between them is ∼ 490 cm−1 . However, the lowest oscillation frequency which we
found in the residuals lies well above (∼ 600 cm−1 ). Hence, we can safely conclude that the
origin of these oscillations is not due to interference between the excitonic states.
A cross-correlation analysis (38) of the residuals across the diagonal ωτ = ωt in a delay
time window up to 2 ps yields a 2D correlation spectrum shown in Fig. 2 (b) where the positive
(negative) values indicate (anti-)correlated residuals. We ﬁnd two strong negative peaks, which
proves on the basis of Ref. 39, 40 that the oscillations in this region are related to vibrational
coherence. Moreover, we clearly observe two negative peaks at the frequencies 12400 cm−1
and 13300 cm−1 . They can be associated to strong localized vibrational modes of the bacteriochlorophylls which follows from the vibrational progression in the absorption spectrum shown
in Fig. 1 (c).
To underpin the vibrational origin of the oscillations with rather small amplitudes, we con6

sider the time evolution of the two off-diagonal signals located at the pair of frequencies 12300
cm−1 and 12600 cm−1 marked by the red and blue squares in Fig. 1 (a). We consider the results
of the theoretical modeling which on purpose only includes an overdamped vibrational mode
(with a vibrational lifetime of τΓ = 15 fs, see Supplementary Materials), but do not include
underdamped vibrational states of the bacteriochlorophylls. Hence, any calculated oscillations
occuring out to long time must originate from possible beatings of the electronic dynamics due
to a coherent coupling between the excitonic states. This helps to uniquely determine the origin of the oscillations observed in the experimental spectra. The results shown in Figs. 3 (a)
and (b) prove that any electronic coherence vanishes within a dephasing time window of 60
fs. It is important to emphasize that the dephasing time determined like this is consistent with
the dephasing time of τhom = 60 fs independently derived from the experiment (see above).
It is important to realize that this cross-check constitutes the simplest and most direct test for
the electronic dephasing time in 2D spectra. In fact, the only unique observable in 2D photon echo spectroscopy is the homogeneous lineshape. The use of rephasing processes in echo
spectroscopies removes the inhomogeneous broadening and this can be directly inferred by the
projection of the spectrum on the antidiagonal that shows the correlation between the excitation
and probe ﬁelds. This check of self-consistency has not been made earlier and is in complete
contradiction to the assertion made in earlier works. Moreover, our direct observation of the
homogeneous line width is in agreement with independent FMO data of Ref. 12. This study
ﬁnds an ∼ 100 cm−1 homogeneous line width estimated from the low-temperature data taken
at 77 K, which corresponds to an electronic coherence time of ∼ 110 fs, in line with our result given the difference in temperature. In fact, if any long lived electronic coherences were
operating on the 1 ps timescale as claimed previously (1), the antidiagonal line width would
have to be on the order of 10 cm−1 , and would appear as an extremely sharp ridge in the 2D
inhomogeneously broadened spectrum (see Supplementary Materials). The lack of this feature
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conspicuously points to the misassignment of the long lived features to long lived electronic
coherences where as now established in the present work is due to weak vibrational coherences.
The frequencies of these oscillations, their lifetimes, and amplitudes all match those expected
for molecular modes (41, 42) and not long-lived electronic coherences.
For a comparison with the previous experimental work (at the temperature 277 K (4◦ C)) of
Ref. 2, we have extracted from our measured 2D spectra the time evolution of the “cross peak”
located at ωτ = 12350 cm−1 , ωt = 12200 cm−1 (spectral position marked by a black cross
in Fig. 1 (a)). As follows from Fig. 3 (c) (see also Supplementary Materials), no long-lived
beatings and associated electronic coherence can be observed at this position in the measured 2D
spectra. Within the available experimental signal-to-noise ratio, we can conclude that there are
no oscillations with amplitudes larges than 5% of the signal. They may be interpreted as weak
vibrational coherence, consistent with earlier ﬁndings (35) for a much smaller excitonically
coupled system (a dimer) with strong vibronic coupling.
The present work, which has considered a full analysis of possible electronic state couplings, decay associated spectra, signs/amplitudes of off-diagonal features and most telling the
directly determined homogeneous lineshape that the previous assignment to long lived electronic coherences is incorrect. There is no long range coherent energy transport occurring in the
FMO complex and in all cases is not needed to explain the overall efﬁciency of energy transfer. This constitutes the main result of our work and conﬁrms the orthodox picture of rapidly
decaying electronic coherence on a time scale of 60 fs in the exciton dynamics in the FMO
protein complex at ambient temperature. In turn, it disproves any contributions of quantum
coherence to biological functionality under ambient conditions in natural light-harvesting units,
in line with our previous study of the light-harvesting complex LHCII (38). Since the FMO
complex is rather small and a structurally quite well deﬁned protein with the distances between
bacteriochlorophylls comparable to other natural light-harvesting systems, we anticipate that
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this ﬁnding in generic also applies to even larger photoactive biomolecular complexes.
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environmental effects on FMO electronic transitions. J. Phys. Chem. Lett. 2, 1771-1776
(2011).
26. N. Christensson, H. F. Kauffmann, T. Pullerits, T. Mancal, Origin of long-lived coherences
in light-harvesting complexes. J. Phys. Chem. B 116 7449-7454 (2012).
27. C. Kreisbeck, T. Kramer, Long-lived electronic coherence in dissipative exciton dynamics
of light-harvesting complexes. J. Phys. Chem. Lett. 3 2828-2833 (2012).
28. H. Hossein-Nejad, A. Olaya-Castro, G. D. Scholes, Phonon-mediated path-interference in
electronic energy transfer. J. Chem. Phys., 136, 024112 (2012).
11

29. A. Kolli, E. J. O’Reilly, G. D. Scholes, A. Olaya-Castro, The fundamental role of quantized
vibrations in coherent light harvesting by cryptophyte algae. J. Chem. Phys. 137, 174109
(2012).
30. P. Nalbach, M. Thorwart, The role of discrete molecular modes in the coherent exciton
dynamics in FMO. J. Phys. B: At. Mol. Opt. Phys. 45, 154009 (2012).
31. A. W. Chin, J. Prior, R. Rosenbach, F. Caycedo-Soler, S. F. Huelga, M. B. Plenio, The
role of non-equilibrium vibrational structures in electronic coherence and recoherence in
pigment-protein complexes. Nature Phys. 9, 113-118 (2013).
32. E. J. O’Reilly, A. Olaya-Castro, Non-classicality of molecular vibrations activating electronic dynamics at room temperature. Nature Comm. 5, 3012 (2014).
33. P. Nalbach, C. Mujica-Martinez, On the inﬂuence of underdamped vibrations on coherence
and energy transfer times in light-harvesting complexes. Ann. Phys. 527, 592-600 (2015).
34. A. Halpin, P. J. M. Johnson, R. Tempelaar, R. S. Murphy, J. Knoester, T. L. C. Jansen,
R. J. D. Miller, Two-dimensional spectroscopy of a molecular dimer unveils the effects of
vibronic coupling on exciton coherences. Nature Chem. 6, 196-201 (2014).
35. H.-G. Duan, P. Nalbach, V. I. Prokhorenko, S. Mukamel, M. Thorwart, On the nature of
oscillations in two-dimensional spectra of excitonically-coupled molecular systems. New J.
Phys. 17, 072002 (2015).
36. J. Z. Wen, H. Zhang, M. L. Gross, R. E. Blankenship, Membrane orientation of the FMO
antenna protein from Chlorobaculum tepidum as determined by mass spectrometry-based
footprinting. Proc. Natl. Acad. Sci. U.S.A. 106, 6134-6139 (2008).

12

37. V. I. Prokhorenko, Global analysis of multi-dimensional experimental data. European Photochemistry Association Newsletter June 2012, p. 21.
38. H.-G. Duan, A. Stevens, P. Nalbach, M. Thorwart, V. I. Prokhorenko, R. J. D. Miller,
Two-dimensional electronic spectroscopy of Light Harvesting Complex II at ambient temperature: a joint experimental and theoretical study. J. Phys. Chem. B 119, 12017-12027
(2015).
39. V. Butkus, D. Zigmantas, L. Valkunas, D. Abramavicius, Vibrational vs. electronic coherence in 2D spectrum of molecular systems. Chem. Phys. Lett. 545, 40-43 (2012).
40. D. Egorova, Detection of electronic and vibrational coherences in molecular systems by 2D
electronic photon echo spectroscopy. Chem. Phys. 347, 166-176 (2008).
41. M. Rätsep, A. Freiberg, Electron-phonon and vibronic coupling in the FMO bacteriochlorophyll a antenna complex studied by difference ﬂuorescence line narrowing. J. Lumin. 127,
251-259 (2007).
42. M. Rätsep, Z.-L. Cai, J. R. Reimers, A. Freiberg, Demonstration and interpretation of signiﬁcant asymmetry in the low-resolution and high-resolution Qy ﬂuorescence and absorption spectra of bacteriochlorophyll a. J. Chem. Phys. 134, 024506 (2011).
Acknowledgments
H.-G.D. thanks Eike-Christian Schulz for his comments on the properties of the FMO protein
at room temperature. We acknowledge ﬁnancial support by the Max Planck Society and the
Hamburg Centre for Ultrafast Imaging (CUI) within the German Excellence Initiative supported
by the Deutsche Forschungsgemeinschaft. H-G.D. acknowledges generous ﬁnancial support by
the Joachim-Hertz-Stiftung Hamburg. Work at the University of Glasgow was supported as part
of the Photosynthetic Antenna Research Center (PARC), an Energy Frontier Research Center
13

funded by the U.S. Department of Energy, Ofﬁce of Science, Basic Energy Sciences under
Award #DE-SC0001035.

14

Supplementary Materials
Materials and Methods
Figs. S1 to S12
List of References

15

Figure 1: Spectroscopy of the FMO complex: (a) 2D photon echo spectra for different waiting times T taken at 296 K. Shown is the real part. The left column shows the experimental
results, while the right column displays the theoretically calculated spectra using the parameters
obtained from the ﬁts shown in (c) and (d). The black solid line marks the antidiagonal along
which the spectral signal is shown in (b). It is used as a consistence check for the electronic
dephasing time. The blue and red squares in the top right panel mark the spectral positions at
which we evalute the cross-peak time evolution shown in Fig. 3 (a) and (b). The black cross
in the left second panel marks the spectral position evaluated in Fig. 3 (c). (b) Spectral proﬁle
along the antidiagonal as extracted from the experimental data shown in (a). we note that the
negative amplitude part in the proﬁle shows the signal from the solvent at T = 0 fs, which leads
to a slight underestimation of the homogeneous line width. (c) Linear absorption spectrum at
296 K. Black symbols indicate the measured data, the red solid line marks the theoretically
calculated result. The blue bars show the calculated stick spectrum. (d) Circular dichroism
spectrum at 296 K. Black symbols mark the measured data. The red solid lines shows the
theoretical result calculated with the same parameters as in (c).
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Figure 2: Analysis of the FMO spectra: (a) 2D decay associated spectra (2DDAS). The left
column shows the experimental results and the right column the theoretically calculated spectra.
The four resulting associated decay times τ1,...,4 are indicated in the panels. (b) 2D correlation
map of residuals obtained from the series of experimental spectra after subtracting the kinetics
by the global ﬁtting procedure. The red line on top is the measured absorption spectrum of the
FMO trimer, and the blue bars mark the stick spectrum of the FMO model. The white dashed
lines mark the exciton energies, which are used to overlap with the correlation map.
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Figure 3: Time dependence of off-diagonal signals: Time evolution of the real part of the calculated 2D photon echo signal at the spectral positions (a) ωτ = 12300 cm−1 , ωt = 12600 cm−1
marked by a red square in Fig. 1 (a), and (b) for ωτ = 12600 cm−1 , ωt = 12300 cm−1 marked
by a blue square in Fig. 1 (a). It is apparent that a minimal amount of electronic coherence only
survives up to ∼ 60 fs. (c) The real (black), and imaginary (blue) part of the experimentally
measured time trace at the same spectral position (see black cross in Fig. 1 (a)) ωτ = 12350
cm−1 , ωt = 12200 cm−1 as measured in Ref. 2, however, measured here at 296 K. The error
bars indicate the standard deviation obtained after averaging four data sets. The imaginary part
is vertically shifted by 0.035 for clarity.
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