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Abstract
Photosynthesis, the biological process whereby the energy of the Sun is stored into biochemical energy, starts
with energy absorption by light-harvesting complexes. These pigment-protein complexes are able to absorb
and transfer energy with high speed and e�ciency to the reaction center, the site of solar-energy conversion. To
understand how these complexes work allows to elucidate strategies to design robust bio-inspired solar-energy
conversion systems. Here, we report a two-dimensional electronic spectroscopy study of the photosystem II
core antenna complexes, CP43 and CP47, and of monomeric chlorophyll a at cryogenic temperature aiming to
investigate both the mechanism and the pathways of energy transfer with a focus on quantum-coherent
phenomena. Our results demonstrate that multiple energy transfer pathways are active within CP43/CP47 and
that electron-vibrational mixing promotes energy transfer via a vibronic-coherent mechanism. This work
provides unprecedented detail on energy transfer within CP43/CP47 and contributes to our understanding of
the natural light-harvesting design principles.

Introduction
In photosynthesis, the e�cient solar-energy collection, transfer and conversion is accomplished by pigment-
protein complexes, consisting of light-absorbing molecules (pigments) embedded into a protein matrix. During
the early steps of photosynthesis, light-harvesting complexes absorb solar energy and transfer the resulting
excitation energy to the reaction centre with remarkable speeds (10-100 ps timescale)1 and with low energy
losses2. Once the energy reaches the reaction center, the excitation energy is converted into electrochemical
energy by a series of electron transfer processes2. In plants, the photosystem II (PSII) reaction center performs
charge separation with near 100% e�ciency2 despite its highly disordered energy landscape. Hence, natural
light-harvesting and reaction center complexes teaches us valuable lessons1,3 about how photo-excitation can
be collected and directed using light-harvesting complexes and how this energy con be converted to a
separation of charges, the energy conversion step required to convert sunlight into electricity or fuel.

Here we focus on the �rst steps of photosynthesis, that is, the energy transfer (ET) process in light-harvesting
complexes. In photosystem II, the closest light-harvesting (or antenna) complexes to the reaction center are the
CP43 and CP47 core antenna each containing 13 and 16 chlophophyll a (Chl) molecules, as well as 2 and 3 β-
carotenes, respectively. Visual inspection of the X-ray structure4 reveals similar Chl arrangement for
CP43/CP47 within the photosynthetic membrane with 8/8 Chl on the stromal side, 4/7 Chls on the luminal
side, and one Chl located in between the stromal and luminal Chls. The electronic/vibrational properties and
the ET dynamics within CP43/CP43 have been widely studied in the past by several steady-state and time-
resolved spectroscopic techniques. It is worth noting the intrinsic complexity of interpreting the spectroscopic
data for highly congested pigment-protein complex as CP43/CP47 where several absorption bands contribute
to a narrow spectral window (from 650 to 700 nm, 1100 cm-1). To overcome the spectral congestion problem
and aid in the assignment of absorption bands to speci�c Chls within CP43/CP47, theoretical methods
(structure-based modeling)5-7 arise as powerful tools. In summary, the main conclusions drawn from these
experimental and theoretical comprehensive studies are: in CP435,8-10, the two lowest energy states at 77 K
absorb at i) 682.5 nm with 3 nm (65 cm-1) full-width at half maximum (fwhm) composed by two strongly
coupled Chls close to the RC complex; and at ii) 680 nm with 11 nm (238 cm-1) fwhm formed by six strongly
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coupled Chls further from the RC; in CP475,11,12, at 77 K the two low-energy states absorb at i) 690 nm with 10
nm (220 cm-1) fwhm corresponding to a single Chl far from the RC; and at ii) 683 nm with 8 nm (170 cm-1)
fwhm arising from three excitonically coupled Chls located closer to the RC than the 690 nm Chl. The
investigation of the low-energy states is especially relevant since, after the absorbed excitation energy has
reached the lowest energy states, they are responsible to transfer energy from CP43/CP47 to the RC complex, a
process occurring on the 20-40 ps timescale13-16.

The ET dynamics within isolated CP4317-19 and CP4717,19 have been studied by time-resolved absorption
(pump-probe) and �uorescence spectroscopy at 77 K and RT which yield similar ET rates: 200-400 fs and 2-3
ps at 77 K17, and 80-500 fs and 1-2 ps at RT18,19. In addition, a slower 10-12 ps rate was observed in a
visible/visible and visible/mid-infrared pump-probe study for CP4318 at RT, and a 17 ps energy relaxation was
resolved only for CP4717 at 77 K. The combination of femtosecond transient absorption and picosecond
transient �uorescence of CP43/CP47 at 77 K assisted with structure-based Monte Carlo simulations and
energy transfer rates calculated by Foster theory concluded in the assignment of the experimentally observed
multiphasic ET dynamics17: for both CP43/CP47 the 200-400 fs phase corresponds to relaxation to the lowest
energy state within the Chls located on the stromal side (680 and 690 nm states for CP43 and CP47,
respectively), and the slower 2-3 ps phase is associated with energy transfer from the luminal to the stromal
side Chls. It is worth noting that the above-mentioned Monte Carlo simulations could not account for the
narrow 682.5 nm CP43 state and, therefore, this state was not included in the interpretation of the ET
dynamics. 

With this contribution, our objective is to determine whether ET in CP43/CP47 proceeds via a quantum-
coherent mechanism. In this manner we aim to shed light on the long-lasting debate20,21 about the presence
and role of coherence in light-harvesting with confronting views both in favour22-27 and against28,29 the fact
that non-trivial quantum coherent effects play a fundamental role in determining the speed and e�ciency of
ET. Furthermore, we revisit the ET process within CP43/CP47 to improve our understanding about the possible
ET pathways in these biologically relevant light-harvesting complexes. 

To achieve our goals, we have performed two-dimensional electronic spectroscopy (2DES) experiments at 77 K
on CP43, CP47 and monomeric Chl. 2DES probes the evolution of an initially created coherent superposition of
electronic/vibrational states excited by a spectrally broad laser pulse with high temporal and spectral
resolution, and therefore, it provides great detail into the ET dynamics and coherences between the states
excited. 2DES is advantageous with respect to the widely used transient absorption (pump-probe)
spectroscopy because it delivers an additional data dimension; besides the detection axis (presented in pump-
probe), 2DES also provides an excitation axis, it correlates excitation with emission events and hence, allows to
visualize ET events and coherences between states in a direct manner. The cryogenic temperature (77 K)
provides enhanced spectral resolution (with respect to RT) and avoids back-transfer reactions. Both effects
facilitate the interpretation of the spectroscopic data and increase the amount of information that can be
extracted which is especially relevant for spectrally congested complexes such as CP43/CP47. To aid in the
interpretation of the complex 2DES data set and to provide an unambiguous assignment and interpretation of
the spectral features, we have included the study of monomeric Chl where no Chl-Chl interactions are possible
which allow us to compare the coherences present in isolated Chl molecules with the coherences observed
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between the Chls in the CP43/CP47 pigment-protein complexes. Brie�y, three types of quantum coherences can
be observed in multi-chromophoric systems: electronic, mixed electronic-vibrational (vibronic), and
vibrational3,30-32. The electronic coherence between two states creates correlations between the wavefunctions
of the states enabling the excitation energy to move rapidly and to coherently sample multiple pathways in
space1,3,33-35. Consequently, electronic coherence provides directionality36, speed, robustness (low sensitivity to
the intrinsic energetic disorder found in biological systems), and e�ciency to energy transfer22-24 and electron
transfer34,37-40 processes. The mixed electronic-vibrational coherence (so-called vibronic; that is, vibration-
assisted electronic coherence) corresponds to electronic coherence promoted by an intra-molecular vibration of
the system. In this case, whenever a vibration is in resonance with the energy gap between two electronic
states involved in energy or electron transfer, the vibration mixes the electron-vibrational states41,42 and
provides ultrafast and robust channels for energy and electron transfer processes. The vibrational coherence
corresponds to coherence among the vibrational sublevels within ground and excited electronic states. In
photosynthetic complexes, vibrational coherence is usually observed for vibrational frequencies that are higher
in energy than the energy gaps between the electronic states. It is worth noting that for isolated Chl43-46 (or
bacteriochlorophyll47-50) molecules in solution mainly vibrational coherences are observed.

Taking into account the electronic energy levels (absorbing from 650 to 700 nm, with energy differences up to
1100 cm-1) and the vibrational frequencies (with several vibrational modes in the 100-1100 cm-1 range as
observed by �uorescence line-narrowing (FLN) spectroscopy8,11) present in CP43/CP47, we consider that the
resonance between the vibrational modes and the energy gaps between the electronic states within the
excitonic manifold is a reasonable possibility. Consequently, we anticipate that the vibration-assisted electronic
coherent mechanism could be at play in the ET processes within CP43/CP47.

In this study, we investigate the ET pathways and mechanism within the PSII core CP43 and CP47 antenna
complexes by applying 2DES to CP43, CP47 and Chl at 77 K. The correlation between excitation and emission
events together with the high sensitivity of 2DES to the various types of coherences, allows us to disentangle
multiple ET pathways within CP43/CP47, and to demonstrate that these ET processes occur via a vibronic
quantum-coherent mechanism. 

Results And Discussion
Two- dimensional electronic spectra: energy transfer dynamics

Two-dimensional electronic spectroscopy (2DES)30-32 is a four-wave mixing spectroscopic technique capable
of unravelling ultrafast energy transfer dynamics and the presence of coherences with high temporal and
spectral resolution. The utilization of three broadband (90 nm fwhm centered at 695 nm, 2000 cm-1) and
ultrashort (15 fs) laser pulses allows to excite a coherent superposition of all the electronic and vibrational
states covered by the laser spectrum (all the Chl QY absorption bands) (Fig. 1a) and to follow both the
evolution of the initially created coherences and the ET processes. The �rst and second pulses create coherent
superpositions of states, the third pulse induces the emission of a photon echo signal, and the fourth pulse
interferes with the emitted signal to allow the measurement of both the amplitude and the phase of the signal.
By sequentially delaying the �rst and second pulses by the coherence time (τ) for a �xed population time (T,
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time between the second and third pulses) and by Fourier transform along τ, the excitation dimension of the
2D spectrum is obtained whereas the detection axis is acquired by dispersing the photon echo signal for each τ
in a spectrometer. Consequently, the 2D spectra correlates emission with excitation events as a function of T:
the populations of the initially excited states appear on the diagonal [excitation wavelength (λexc) = detection
wavelength (λdet)] as positive features representing ground state bleach (GSB) and stimulated emission (SE),
the excited state absorption (ESA) appears as a negative band above diagonal, and ET processes are directly
visualized as population transfer between a donor and an acceptor as below diagonal features (cross-peaks,
CP). Furthermore, coherences between two states (A and B) are observed only at the CP positions (λA,λB) or
(λB,λA) with their 2D signal amplitude oscillating as a function of T with a frequency corresponding to the

difference in energy between the states involved (ωA – ωB)30-32. The 2DES data has been collected with T from
-1 ps to 1 ns, with the range between -104 to 2000 fs scanned with 8 fs steps to investigate whether the
ultrafast ET processes occur via a coherent mechanism.

To assess the pathways and mechanism of ET in the PSII core antenna, we collected the 2D spectra of CP43,
CP47, and monomeric Chl at 77 K. Figure 1a shows the linear absorption spectra of CP43, CP47 and Chl at 77
K together with the laser spectral pro�le utilized in the 2DES experiments. The laser light excites all the QY

electronic states involved in ET and extends to the red side of the absorption spectra to allow the investigation
of the low-lying energy states properties. The real rephasing 2D spectra for CP43, CP47 and Chl at 77 K are
shown in Figure 1b for T = 312 fs after excitation, a population time at which, according to previously
published transient absorption data17-19, the ultrafast phase of ET in CP43/CP47 is still in progress; hence,
excited state population as well as energy transfer spectral features are present. Both the CP43/CP47 2D
spectra show a rich diversity of spectral bands with diagonal and CP features whereas monomeric Chl shows a
single band with the positive GSB and SE around the diagonal and the negative ESA above the diagonal, as
expected for a monomeric molecule32,51,52. For CP43 (Fig. 1b, Table 1), the diagonal band shows two maxima
centered at (λexcitation, λdetection) (667.7,669.1) nm with an amplitude of 0.80, and (681.4,682.7) with an
amplitude of 0.92 which correspond to the GSB and SE of the main bands present in the linear absorption
spectrum at 669 and 682.5 nm. These central wavelengths are taken at the minima of the second derivative of
the absorption spectrum which shows bands at 682.5, 677.5 (weak), 669, and 660.5 nm. In the following, we
will use the notation [(λexcitation, λdetection) nm, amplitude] to describe the spectral features (note that all 2D
spectra has been normalized to one at the maximum of the 2D amplitude at T = 104 fs.) (Table 1). Below
diagonal, three CPs are readily visible at [(675.4,682.7) nm, 0.45], [(669.2,682.7) nm, 0.42], and [(664.5,682.2)
nm, 0.38]. These CPs are signatures of ET and/or coherences between the 664.5, 669.2, and 675.4 nm states
and the low-energy 682.5 nm state. Note that all these states are present in the absorption spectrum yet the
exact band position differs from absorption to 2DES data due to band overlap. For CP47 (Fig. 1b, Table 2), one
maximum [(675.8,676.6) nm, 0.73] and two shoulders at [(681.4,682.7) nm, 0.60] and [(670.3,670.5) nm, 0.60]
are distinguishable on the diagonal corresponding to the GSB and SE of the 683, 676.5 and 671 nm bands
observed in the linear absorption spectrum (an additional band appears in the second derivative of the
absorption at 660.5 nm). In this case, due to stronger spectral overlap (with respect to CP43) the CPs are not as
well-resolved as in CP43, yet in CP47 the CPs are also clearly visible below diagonal along two detection
wavelengths: 676 and 683 nm (see Fig. 2b for better resolved CPs at longer T). These CPs point towards the
presence of ET and/or coherences among the 683, 676.5 and 671 nm states.
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Table 1. CP43 real rephrasing 2D spectral features

T Diagonal682 Diagonal669 CP675-682 CP669-682 CP665-682 CP659-682 CP654-682

112
fs

681.1,682.2
1.00

667.7,669.1
1.00

675.1,682.2
0.49
155 cm-1

669.5,682.2
0.37
280 cm-1

664.8,682.2
0.26
385 cm-1

659.1,681.8
0.14
505 cm-1

653.9,681.3
0.08
615 cm-1

312
fs

681.4,682.7
0.92

667.7,669.1
0.80

675.4,682.2 
0.47
150 cm-1

669.5,682.7
0.39
295 cm-1

664.5,682.2
0.34
390 cm-1

659.1,681.8
0.21
505 cm-1

653.9,681.3
0.13
615 cm-1

496
fs
 

681.4,682.7
0.90

667.7,669.1
0.67

675.4,682.7
0.45
160 cm-1

669.2,682.7
0.42
295 cm-1

664.5,682.2
0.38
390 cm-1

659.1,681.8
0.25
505 cm-1

653.9,681.3
0.15
615 cm-1

992
fs
 

681.8,683.2
0.88

667.7,668.7
0.46

675.8,683.2
0.42
160 cm-1

669.2,682.7
0.45
295 cm-1

664.8,682.2
0.44
385 cm-1

659.1,681.8
0.31
505 cm-1

653.9,681.3
0.17
615 cm-1

10
ps

681.8,683.7
0.60

666.6,667.8
0.11

675.8,683.7
0.29
245 cm-1

666.6,683.2
0.53

365 cm-1

659.1,681.7
0.37
515 cm-1

653.9,681.3
0.24
615 cm-1

The excitation and detection wavelengths are given in nm separated by a comma (excitation,detection). The features
for which the maximum precise position could not be determined are indicated in grey. In these cases, the position was
chosen based on the nearby diagonal and CP positions. The amplitude of each feature is displayed below its position.
The energy difference between all CPs is indicated in cm-1.
 
Table 2. CP47 real rephrasing 2D spectral features

T Diagonal683 Diagonal676 Diagonal670 CP676-683 CP670-683 CP665-683 CP670-676 CP665-676

112
fs

681.4,682.7
0.66

675.8,676.6
0.93

670.0,670.0
0.92

675.8,682.7
0.40
150 cm-1

671.7,682.7
0.29
240 cm-1

667.0,682.7
0.18
345 cm-1

670.0,676.1
0.50
135 cm-1

662.3,676.1
0.22
310 cm-1

312
fs

681.4,682.7
0.60

675.8,676.6
0.73

670.3,670.5
0.60

675.8,682.7 
0.33
150 cm-1

671.7,682.7
0.27
240 cm-1

667.0,682.2
0.21
335 cm-1

670.0,676.1
0.38
135 cm-1

662.3,676.1
0.22
310 cm-1

496
fs

681.8,682.7
0.48

675.8,676.1
0.56

670.3,670.5
0.50

675.8,682.7
0.28
150 cm-1

671.7,682.7
0.26
240 cm-1

667.0,682.7
0.22
345 cm-1

670.0,676.1
0.30
135 cm-1

662.3,676.1
0.20
310 cm-1

2.5
ps

683.0,684.1
0.35

676.2,676.6
0.33

669.2,669.6
0.27

676.9,684.1
0.25
155 cm-1

670.3,683.7
0.26
295 cm-1

662.3,682.2
0.20
440 cm-1

669.2,676.1
0.19
150 cm-1

662.3,676.1
0.16
310 cm-1

20
ps

683.0,684.1
0.18

675.1,675.6
0.13

669.5,670.1
0.14

675.4,684.6
0.15
200 cm-1

670.3,683.7
0.17
295 cm-1

662.3,682.2
0.14
440 cm-1

668.1,675.6
0.08
165 cm-1

663.0,676.1
0.08
290 cm-1

The excitation and detection wavelengths are given in nm separated by a comma (excitation,detection).
The features for which the maximum precise position could not be determined are indicated in grey. In these cases,
the position was chosen based on the nearby diagonal and CP positions. The amplitude of each feature is displayed
below its position. The energy difference between all CPs is indicated in cm-1.

Remarkably, the application of 2DES at 77 K allows the observation of well-resolved diagonal and CP spectral
features that remain hidden when employing other spectroscopic methods such as transient absorption. Here,
the additional detection dimension of the 2DES data allows us to directly visualize ET processes between
closely spaced electronic states, with energy differences as low as 135 cm-1. After identifying the main spectral
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features in the 2D spectra, we analyze the ET dynamics. Figure 2a/b shows the CP43/CP47 real rephasing 2D
spectra at four representative T (112 fs, 496 fs, 1 ps, 10 ps)/ (112 fs, 496 fs, 2.5 ps, 20 ps). The 2D spectra for
monomeric Chl as a function of T is not shown because, as expected, no signi�cant spectral evolution is
observed43-46 but only the partial decay of the GSB, SE and ESA in the time scale of our experiment (the longest
probed T is 1 ns). At T = 0 fs, coherence is the only origin of CPs since no ET can occur right upon excitation.
Yet, strong coherent artefacts that cannot be eliminated are present until T ≈ 100 fs due to the wave-mixing
nature of 2DES32, resulting in T = 104 fs being the �rst T free from artefacts in our datasets. As the system
evolves over time, the coherence usually disappears through intramolecular and intermolecular (mostly
pigment-environment) interactions32.

The position and amplitude of the main diagonal and CP features for CP43/CP47 at �ve representative T are
summarized in Table 1 and Table 2, respectively (note that the features that appear as shoulders not as
maxima are shown in grey). In addition, the difference in energy between the states involved in each CP is
indicated. For CP43 (Fig. 2a, Table 1), two diagonal maxima are observed at 682 and 669 nm, together with �ve
CPs connecting the states absorbing at 675, 669, 665, 659 and 654 nm with the low-lying 682.5 nm state. It is
worth noting that even though the CP659-682 and the CP654-682 do not appear as separated CPs along the
excitation axis due to band overlap, they do emerge as maxima along the detection axis. The overall spectral
evolution consists of (from 112 to 992 fs): the fast decay of the Diagonal669 amplitude (from 1.00 to 0.46), the
slow decay of the Diagonal682 amplitude (from 1.00 to 0.88), the moderate decrease of the CP675-682 (from
0.49 to 0.42) and the increase of the other CPs: CP669-682 (from 0.37 to 0.45), CP665-682 (from 0.26 to 0.44),
CP659-682 (from 0.14 to 0.31), and CP659-682 (from 0.08 to 0.17). The evolution of the spectral features reveals
ET from the 675, 669, 665, 659, and 654 nm states to the 682.5 nm state. The Diagonal669 band decays into
the Diagonal682 feature via the CP669-682: the Diagonal669 amplitude decreases while the CP669-682 amplitude
increases due to population transfer to the 682.5 nm state. At the same time, the Diagonal682 amplitude should
increase, yet it decays slightly (from 1.00 to 0.88). This could be explained by that fact that two states
contribute to the Diagonal682: the broad [680 nm (11 nm fwhm)] and the narrow [682.5 (3 nm fwhm)] low-
energy states since both are excited by the laser pulses. In this case, it is reasonable to consider that the decay
of the 680 nm state GSB and SE hinders the observation of the increase of the Diagonal682 amplitude due to
energy transfer from the 669 nm to the 682.5 nm state (see below). Furthermore, and even though the
Diagonal675 and the Diagonal665 are not resolved as separated bands due to spectral overlap, the presence of
the CP675-682 and the CP665-682 implies that ET from both the 665 and the 675 nm states to the 682.5 nm state
occurs on an sub-picosecond time scale (the moderate decrease, instead of increase, of the CP675-682 is most
likely caused by band overlap with the Diagonal682 band that decays slightly in the same time scale).
Moreover, the high sensitivity of 2DES allows us to visualize ET from higher energy states (absorbing at 659
and 654 nm) via the presence of the CP659-682 and CP654-682. At longer times, T = 10 ps, the Diagonal669

feature has disappeared almost completely (amplitude 0.11), while the Diagonal682 is clearly visible (amplitude
0.60) an indication that this state has been populated by ET from higher-energy sates. 

Remarkably, the ET from the 665, 669 and 675 nm states to the narrow (3 nm fwhm) low-energy 682.5 nm
state is revealed by two facts: the CPs central wavelength (682.5 nm) and their width (around 3 nm). It is worth
noting that even though the Diagonal682 is broad (at least 10 nm) owing to the population of both broad and
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narrow low-energy states [680 nm (11 nm fwhm) and 682.5 (3 nm fwhm)] by the laser excitation, the fact that
the CPs are as narrow as the 682.5 nm state and centered at the same wavelength demonstrates that only this
state receives excitation energy from higher energy states. The observation of three well-resolved CPs reveals
the existence of, at least, three distinct ET pathways from the different Chls pools absorbing around 675, 669
and 665 nm to the 682.5 nm state, whereas the broad low-energy 680 nm state does not receive energy (i.e.,
remains unconnected) from the high-energy states.

For CP47 (Fig. 2b, Table 2), the overall spectral evolution is similar to CP43 yet with signi�cant differences. In
this case, due to stronger spectral overlap half of the spectral features displayed in Table 2 do not appear as
separated maxima; therefore, and in order to analyze their amplitudes, their positions have been taken from
better-resolved 2D spectra (for instance at T = 496 fs for the CPs present along the 683 nm detection
wavelength at and T = 2.5 for the CPs along the 676 nm detection wavelength). At T = 112 fs, the GSB and SE
features have maximum amplitude (≈ 0.94) between 667 and 677 nm along the diagonal and extend to the red
up to around 685 nm with half the maximum amplitude (≈ 0.47). The CPs start to be apparent below diagonal
along the detection axis around 676 and 683 nm although to a lower extent than for CP43. At longer T, 496 fs
and 2.5 ps, the CPs are better resolved and clearly visible. In fact, at these population times CP47 displays two
kinds of CPs, three CPs connecting the 676, 670, and 665 nm states (CP676-683, CP670-683, and CP665-683) with
the low-energy 683 nm state (similar to CP43); and two CPs relating the 670 and 665nm states (CP670-676 and
CP665-676) with the 676 nm state. The latter CPs appear as separated bands at 2.5 ps. At longer times, T = 20
ps, three diagonal features are visible at 683, 676 and 670 nm; and most of the CPs emerge as
maxima. Unfortunately, in this case the strong band overlap complicates the analysis of the 2D spectral
features amplitude, which in almost all cases decreases as function of time, most likely due to pigment-
environment interactions32.

Nevertheless, and despite the strong spectral congestion, the CP47 spectral features demonstrate the presence
of multiple ET pathways with various donor and acceptor states: the lowest-energy state (683 m) receives
energy from higher-energy states (676, 670, and 665 nm), the high-energy states (670 and 665 nm) transfer
energy to the 676 nm state, and the 676 nm state receives and transfers energy. 

 

Two-dimensional frequency maps: coherences between states involved in ET

After analyzing the ET dynamics, now we explore whether ET in CP43/CP47 proceeds via a coherent
mechanism. As it was previously indicated, coherence between two states (A and B) emerges in the real
rephasing 2D spectra as a CP [(λA,λB) or (λB,λA)] which signal amplitude oscillates as a function of T with a

frequency equivalent to the difference in energy between the states (ωA – ωB)30-32. To examine the presence of
coherent ET in CP43/CP47, the quantum beats (2D signal amplitude oscillations as a function of T) have been
isolated from the 2D traces by subtracting the ET dynamics (applying and subtracting a polynomial �t to the
traces) and analyzed by Fourier transform (FT) in order to retrieve the oscillation frequencies present in the
datasets (CP43/CP47 and Chl). The FT has been performed on the traces from 104 to 1504 fs which yields a
40 cm-1 frequency resolution (± 20 cm-1) with the maximum sampled frequency being ≈ 2100 cm-1 (8 fs step
employed within the FT range). Figure 3 shows the results of the FT analysis up to 850 cm-1. Plotting the
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maximum amplitude of each frequency found in the complete 2D dataset for each studied system (Fig. 3a)
provides a general view of the dominant frequencies present in the data. Yet, a detailed physical picture is
obtained by analyzing the 2D frequency maps (Fig. 3b, c, and d). Differently from the 2D spectra which contain
contributions from all absorbing and emitting states, the frequency maps display only the states which
oscillate at a speci�c frequency, hence these maps reveal coherences between electronic/vibrational states.
The major frequencies for CP43 are (± 20 cm-1): 150, 265, 300, 345, 400, 520, and 750 cm-1 (Fig. 3b) (the 2D
frequency maps for 300, 400, and 520 cm-1 are shown in the Supplementary Fig. S1). For CP47 the dominant
frequencies are (± 20 cm-1): 130, 265, 300, 345, and 740 cm-1 (Fig. 3c) (the 2D frequency maps for 300 cm-1 is
shown in the Supplementary Fig. S1). In the case of Chl, the observed frequencies related to the ones found for
CP43/CP47 are (± 20 cm-1): 170, 265, 305, 345, 395, 520 and 740 cm-1 (Fig. 3d) (the 2D frequency maps for
305, 395, and 520 cm-1 are shown in the Supplementary Fig. S1). It is interesting to note that for the three
samples almost all frequencies retrieved by FT of the 2DES data have been previously observed in their FLN
spectra (except for the frequencies below 250 cm-1 in CP43/CP47 that overlap with the strong phonon wing in
FLN) (CP438, CP4711, and Chl53). Since the CP43/CP47 oscillation frequencies have their counterparts in the
FLN spectrum of isolated Chl, we can conclude that the frequencies observed in 2DES correspond to Chl
intramolecular vibrations. The information about the coherences present in the 2D frequency maps can be
understood as follows. Electronic and vibronic coherence between two states (A and B) appears as a CP
[(λA,λB) or (λB,λA)] in the 2D frequency map corresponding the difference in energy between the states (ωA –

ωB)30-32. For vibrational coherence the chair-type structure emerges3,32,34,44,45 in the real rephasing 2D
frequency maps as a combination of vibrational coherence generated via the GSB and SE [see Fig.3d (Chl 740
cm-1 map) for an example], whereas the vibrational coherence generated only via the SE emerges with the
amplitude distribution of the Chl maps at 265 and 345 cm-1 (Fig.3d) where the CP below the diagonal feature is
absent32.

The interpretation of the 2D frequency maps (Fig. 3b, c, and d) is assisted by: i) the calculation of the energy
difference between the electronic states involved in each ET step (states connected by CPs) (Table 1/2 for
CP43/CP47), ii) the indication of the electronic states center wavelength as horizontal and vertical back dotted
lines, iii) the inclusion of the below and above diagonal lines shifted by the frequency of each map as thin
black lines. 

For CP43 (Fig. 3b), the low frequency 150 cm-1 map corresponding to the CP675-682 displays minor but visible
amplitude at the CP position, indicating that ET from the 675 to the 682 nm state may proceed via a vibronic
coherent mechanism. The related monomeric Chl map at 170 cm-1 clearly deviates from the chair-type
structure and from the structure observed for CP43/CP47, still, a virtually identical 2D map was observed
recently for monomeric bacteriochlorophyll a at 77 K50 (in isopropanol as used here). The 265 cm-1 map which
corresponds to the CP669-682 displays a complicated amplitude distribution. In this case, it is extremely useful
to compare the CP43 map with the related Chl map which shows the amplitude distribution of the vibrational
coherence generated via SE32. In fact, the CP43 map resembles the Chl map, it contains the above diagonal,
the diagonal and the two below diagonal features as the Chl map yet with a signi�cant difference: the intense
CP669-682 feature. Consequently, we conclude that for CP43 the 265 cm-1 map represents both vibrational and
vibronic coherence, the latter indicating that ET from the 669 to the 682 nm state occurs via a coherent
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mechanism. The 345 cm-1 map (CP665-682) shows a dominant signal at the CP position both below and above
diagonal (note that the above diagonal CP feature is not exactly at the CP682-665 position most like likely due to
spectral overlap with the ESA signal), with a minor contribution from the vibrational coherence via SE,
indicating the presence of vibronic coherence between the 665 to the 682 nm state which implies that this ET
channel also exploits the advantages of coherence. The 750 cm-1 map reveal the chair-type structure
corresponding to purely vibrational coherence, that is, this vibration is too high in energy to couple to the
electronic energy gaps. For CP47 (Fig. 3c), the 130 cm-1 map corresponds to the CPs connecting the 676 and
the 683 nm states (CP676-683) as well as the 670 and the 676 nm states (CP670-676). The map shows a clear
feature at the CP676-683 position, indicating that ET between these states occurs via a coherent mechanism. In
addition, the CP feature extends to the CP670-676 suggesting that also these two states might be connected by

coherent ET. The 265 cm-1 frequency is close in energy to the energy gaps between the 670 and 683 nm states
as well as between the 665 and 676 nm states (CP670-683 and CP665-676, respectively), and indeed, both CPs

appear in the 265 cm-1 frequency map with signi�cant amplitude. Again, the shape of the amplitude
distribution in the frequency map strongly indicates that ET between the states involved in the above-
mentioned CPs proceeds via a coherent mechanism. The 345 cm-1 map (CP665-683) displays intense amplitude
features both below and above diagonal at the CP position. Similarly to CP43, the minor participation of
vibrational coherence contributes to the diagonal and above diagonal CP and the overlap with the ESA band
may shift the possible vibronic above diagonal feature slightly to the blue. In any case, the strong signal at the
CP665-683 position provides compelling evidence of coherent ET from the 665 to the 683 nm state. The 740 cm-

1 map display the chair-type amplitude shape consistent with purely vibrational coherence, therefore, we
conclude that this high energy vibration is not able to couple to the electronic energy gaps.

Concluding Remarks
The application of 2DES at 77 K to study the ET dynamics and mechanism in the PSII core antenna CP43 and
CP47, and the comparison with the coherences present in monomeric Chl, has allowed us to disentangle, for
the very �rst time, the ET pathways within CP43/CP47 with unprecedented detail. For CP43, all the high-energy
states (absorbing at 675, 669 and 665 nm) transfer energy directly to the narrow low-energy state absorbing at
682.5 nm; whereas for CP47, the high-energy states (absorbing at 667 and 670 nm) transfer energy to lower-
energy states (absorbing at 676 and 683 nm), the lowest-energy state (absorbing at 683 nm) can receive
energy from three higher-energy states (absorbing at 667, 670 and 676 nm), and the medium-energy state
(absorbing at 676 nm) is capable of both receiving and transferring energy from the 667 and 670 nm states
and to the 683 nm state, respectively. Remarkably, in both CP43/CP47 the lowest-energy transitions (at 682.5
nm in CP43 and at 683 nm in CP47) are associated with strongly coupled Chls located close to the RC5,17,
position which makes them the most optimal candidates to receive energy from the higher-energy states to
ensure the subsequent transfer of energy to the reaction center.

Regarding the mechanism of ET, with this contribution we have been able to shed light into the long-lasting
discussion about the presence of coherent ET in light-harvesting systems. We consider that the results and
analysis presented here demonstrate that ET in CP43 and CP47 pigment-protein complexes proceeds via a
quantum-coherent mechanism. The electronic-vibrational mixing between the electronic states involved in all
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the observed ET pathways and the intra-molecular vibrations visualized in the 2D frequency maps as clear
vibronic coherence features, provide convincing experimental evidence to support our conclusion.

We envision that our �ndings will pave the way to implement quantum-coherent ET in arti�cial light-harvesting
complexes to develop robust, fast and e�cient solar-energy conversion systems.

Methods

Sample preparation
Isolated CP43 and CP47 were prepared from spinach as previously described54. The CP43 (CP47) samples
were diluted in a buffer containing 50 (20) mM Bis-Tris pH 7.8 (6), 0.09% β-DM (w/v), and 60% glycerol to an
optical density of ≈ 0.3 in 500 µm at the QY maximum. Chlorophyll a isolated from spinach in powder form
was dissolved in isopropanol to an optical density of ≈ 0.3 in 500 µm at the QY maximum. All experiments
were performed in a liquid nitrogen cryostat (OptistatDN2, Oxford Instruments).

2DES experimental setup and data acquisition
2D spectra was measured in a diffractive optic-based inherently phase-stabilized four-wave mixing setup in the
BOXCARS con�guration with double modulation lock-in detection for additional noise reduction and enhanced
sensitivity. The laser system (PHAROS, Light Conversion) repetition rate was 1 kHz. The laser pulses generated
by a home-built non-collinear optical parameter ampli�er were centered at 695 nm (95 nm fwhm) and had 15
fs pulse duration. The 2DES experiments were collected at 5 and 12 nJ/pulse. The data presented here was
taken with 12nJ/pulse, an excitation intensity free of annihilation effects (as indicated by power dependence
studies). The coherence time (τ) was scanned in 1 fs steps from − 150 to 280 fs, from − 110 to 300 fs, and
from − 110 to 280 fs for CP43, CP47 and Chl, respectively. The population time (T) was scanned from − 104 to
2000 fs in 8 fs steps, from 2 ps to 5 ps in 100 fs steps, and from 5 ps to 10 ps in 500 fs steps. Additional 2D
spectra were collected at longer T (-1, 15, 20, 25, 30, 50, 100, 250, 500, 750 ps and 1 ns).
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Figure 1

Spectroscopic data for CP43, CP47 and monomeric Chl at 77 K. (a) Linear absorption spectra of CP43 and
CP47 normalized to the Chl content (13 Chls for CP43, 16 Chls for CP47) and Chl at 77 K (the Chl spectrum has
been arbitrarily normalized to 13 Chls to ease comparison with CP43/CP47) together with the laser spectral
pro�le utilized in the 2DES experiments (note that for collecting the Chl 2DES dataset the laser pro�le was
shifted 10 nm to the blue in order to better excite and detect the Chl absorption bands). (b) 77 K real rephasing
2D spectra of CP43 (middle), CP47 (left) and Chl (right) at T = 312 fs. The spectra have been normalized to the
peak amplitude at T = 104 fs (population time at which there is no contribution from the coherent artefact
present around T = 0 fs). The linear absorption spectrum and the laser pro�le are shown at the top and right
side of the 2D spectra to facilitate the assignment of the 2D spectral features to the linear absorption bands. 
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Figure 2

Real rephasing 2D spectra for CP43 and CP47 at 77 K for representative population times T. (a) CP43 real
rephasing 2D spectra at 112 fs, 496 fs, 1 ps, and 10 ps. (b) CP47 real rephasing 2D spectra at 112 fs, 496 fs,
2.5 ps, and 20 ps. Due to the fast decay of the excited states and to facilitate the visualization of the spectral
features; the 496 fs, 2.5 and 20 ps 2D spectra has been multiplied by 2. It is worth noting that the change in
scaling does not modify the zero-value color of the displayed spectra. The 2D spectra has been normalized to
the peak amplitude at T = 104 fs (population time at which there is no contribution from the coherent artefact).
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Figure 3

Oscillation frequencies and real rephasing 2D frequency maps for CP43, CP47 and monomeric Chl at 77 K. (a)
Fourier transform (FT) of the real rephasing 2D spectral traces where the maximum amplitude value of each
frequency across the full 2D spectra dataset is displayed. The FT is performed over a population time window
104 – 1504 fs (frequency resolution ± 20 cm-1) with a step of 8 fs (maximum probed frequency ≈ 2100 cm-1).
Note that the monomeric Chl data has been divided by a factor of two to facilitate the comparison among the
three datatsets. (b) Real rephasing 2D frequency maps for CP43 at 150, 265, 345, and 750 cm-1 oscillation
frequencies. (c) Real rephasing 2D frequency maps for CP47 at 130, 265, 345, and 740 cm-1 oscillation
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frequencies. (d) Real rephasing 2D frequency maps for monomeric Chl at 170, 265, 345, and 740 cm-1

oscillation frequencies.
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