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Abstract: The optical control of coherence to improve and create a new molecular function is a 

grand challenge in science. In this work, we present a synthetic strategy to build a donor-donor-

acceptor (D1D2A) supramolecular construct and tailor vibronic coherence to leverage an efficient 

long-range electron-transfer by defeating the thermodynamic energy trap imposed by Boltzmann 

statistics. The relaxed D1* lies 0.35 eV below the D2* state. By a combined transient IR and two-

dimensional electronic vibrational spectroscopy study we show that selective excitation of the 

vibronic bands of lower energy primary donor (D1) leads to substantial rapid (<200 fs) formation 

of a charge-transfer state (D1D2
+A-), followed by hole transfer leading to (D1

+D2A-). This provides 

direct evidence of electron transfer (secondary donor D2 to A) induced by a vibronic quantum 

ratcheted ‘uphill’ energy transfer from D1 to D2. Thus, it lays out a rational for improving 

efficiency of solar energy conversion and expanding the spectral bandwidth in synthetic light 

harvesting systems. 

One-Sentence Summary: A molecular quantum energy ratchet is engineered to leverage an 

efficient long-range electron-transfer defeating the thermal energy trap.  
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The development of methods to utilize quantum coherence to create new, or to enhance 

exsting functions in molecular systems represents a grand challenge (1–4). Coherent propagation 

of excitation and charge may enable their directed motion, or ratcheting, over long distances with 

limited energy loss. A molecular quantum ratchet in principle could take advantage of 

electronic/vibronic coherences made possible from strongly coupled vibrational modes to move 

the energy of an absorbed photon from a not-yet-relaxed (nonequilibrium), highly delocalized, 

initially prepared excited state to a higher energy absorber. The concept of the quantum ratcheted 

energy transfer has been discussed in the context of natural photosynthetic light harvesting (5) and 

explored further by Hoyer et al. (6). In such a ratcheted mechanism, an electronically excited 

chromophore produced by absorption of a low energy photon transports its excitation energy to a 

neighboring chromophore that would otherwise only absorb photons at a shorter wavelength; 

harvesting the exciton on the bluer absorber via an ultrafast electron transfer to a linked acceptor 

locks in the ratcheting. Directed coherent hot exciton migration, coupled to ratcheting, may thus 

uniquely empower energy conversion reactions, as the transport provides a path to defeat 

thermalization of the states (e.g., by vibrational cooling and/or internal conversion), enabling 

kinetic processes that would be forbidden in conventional energy and electron transport theories 

that assume thermalized initial states. In addition, such a system has the potential to sufficiently 

expand the coverage of the solar spectrum by the energy conversion device. 

Designing molecular quantum ratchet. Here, we describe benchmark experiments that: (i) 

challenge and test our ability to manipulate coherence in electronically coupled, vibronically 

mixed multi-chromophore arrays on a time scale shorter than thermalization, and (ii) demonstrate 

how control of electronic/vibronic coherences can ratchet the energy of non-thermalized 

excitations to transduce energy. Figure 1 shows a molecular quantum ratchet design D1D2A. Our 
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goal is to engineer a molecular system that facilitates uphill energy flow from donor D1 to D2 

(uphill in the sense that ∆G(0) is positive to move from the thermalized D1* state to the thermalized 

D2* state), followed by unidirectional and irreversible electron transfer from the D2* state to the 

acceptor (D1D2
+A-) state, exploiting vibronic coherence effects to access the D1D2

+A− charge 

separated state, which is otheriwse inaccessable from the D1 singlet excited state (D1*). In order 

to achieve such successful ratcheting, two conditions must be satisfied: (i) vibronic coupling 

between D1 and D2 should be ‘optimal’ for unidirectional energy transfer (i.e., the vibronically hot 

D1* state should match D2* states) (7) and (ii) D2* (first singlet excited state of D2) to A electron 

transfer must be much faster than the rate of return of the exiton to D1* and its vibrational 

relaxation. In our synthetic supramolecular construct, the D1 unit features a highly conjugated 

bis[zinc-porphyrin] framework; note that the ethynyl bridge promotes substantial porphyrin-

porphyrin electronic coupling and drives globally delocalized ground and excited-states in this 

supramolecule (8–11). In contrast, D2 in this multichromophoric array is a simple monomeric zinc 

porphyrin. The lowest energy electronic absorption (S0→S1) of the D2 chromophore thus occurs 

at a shorter wavelength than that for D1 (Figure 1B). The phenyl ring that links D1 and D2 provides 

only a modest degree of porphyrin-porphyrin electronic coupling (~50 cm-1) (12), enabling 

independent S0→S1 excitation of D1 to produce an instantaneously prepared D1* state in this array. 

Note that the energy gap between the relaxed D1* and D2* is 0.35 eV. Higher lying D1* vibrational 

levels thus offer the potential for electronic/vibronic coherences to drive formation of a coherent 

[D1-D2]* electronically excited state (Figure 1A); formation of such a delocalized coherent excited 

state in this design would also be promoted by the fact that D1* is characterized by a high oscillator 

transition moment polarized along its highly conjugated axis. Attached to D2 is a naphthalene 

diimide (NDI) electron acceptor (A), defining an excellent platform for ultrafast charge separation 
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(13–15). Note that the direct D2-A linkage provides electronic coupling more than order of 

magnitude greater (15) than that afforded by the phenyl group that bridges D1 and D2. Hence, any 

D1 excitation directed to D2 through electronic/vibronic coherence has the potential to undergo 

ultrafast adiabatic electron transfer to produce the D1D2
+A- charge separated state on a time scale 

similar to or faster than the D1*/D2 Rabi oscillations that would normally drive relaxation of the 

coherent [D1-D2]* state to D1*. Because charge delocalization is more extensive in D1 than in D2, 

this design also provides a relaxation pathway for D1D2
+A- to a lower energy D1

+D2A- charge 

separated state. 
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Figure 1. Quantum ratchet and its linear optical properties. (A) Schematic representation of 

vibronic quantum ratcheting. (B) Chemical structure of the quantum ratchet molecule. Primary 

donor (D1), intermediate donor (D2) and acceptor (A) units are represented in orange, blue and 

green respectively. (C) Linear absorption spectra of D1D2A (black), D1 (orange) and D2A (blue) 

in 3:1 binary solvent mixture of diethyl ether and ethanol at 95K. The excitation spectrum used for 

transient IR and 2DEV experiments is shown by the filled red curve. (D) Molecular orbitals of the 

excited state transitions enabling ratcheting obtained from TDDFT/TDA analysis. The calculated 

energies of each excited states, oscillator strength (f) values (indicating the probability of 

absorbing a photon) and the permanent dipoles (μ) are shown on top. (E) Relative (%) fluorescence 

quantum yield of D1D2A compared to D1 at different excitation frequencies and in different 

solvents. 

 

Results and Discussion 

Excitation frequency dependent fluroscence quenching. A preliminary study of vibronic quantum 

ratcheting in our D1D2A structure was carried out by recording excitation frequency dependent 

emission of the D1D2A construct and D1 following selective excitation of D1. A decrease in 

fluorescence quantum yield in D1D2A relative to the parent compound D1 was observed in both 

polar and non-polar solvents (Figure 1E). Tuning the excitation frequency to the higher frequency 

vibronic (100-1500 cm-1) bands of D1 results in further decrease in the fluorescence quantum yield 

of D1D2A. This indicates that excitation of the D1 vibronic band in D1D2A opens up an additional 

non-radiative route of excitation relaxation, absent in D1. 
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Visible-pump infrared-probe study and evidence of quantum ratcheting. To unravel the decay 

pathways in D1D2A, D1 unit was selectively excited with a broadband visible pulse centered at 

14900 cm-1 and a bandwidth of ~1900 cm-1, covering the vibronic shoulder of D1 (Figure 1C). A 

mid-infrared pulse over the range 1580-1780 cm-1 was used to probe C=O vibrational modes. 

Among the three building blocks of D1D2A, only the NDI acceptor unit (A) contains C=O groups. 

This provides a unique marker to track the electron transfer by selectively probing the C=O 

stretching mode of NDI, which shows significant spectral shifts upon formation of the radical 

anion (16, 17). Figure 2A shows the transient IR spectrum, where ground state bleach (GSB) and 

photo-induced absorption (PIA) bands are positive (yellow/green) and negative (blue/violet), 

respectively, in the 2D contour maps. Above 1700 cm-1 multiple GSB bands are observed, assigned 

to the C=O stretching vibrations in the ground electronic state of NDI. Below 1700 cm-1 the PIA 

bands dominate. In particular, within 200 fs after excitation three major PIA peaks are observed at 

1628, 1613 and 1596 cm-1. At longer probe delay the GSB bands show monotonic decay, while 

the PIA bands show an initial rise up to ~70 ps and a decay with a time constant of ~140 ps. A 

transient IR experiment with resonant (ωexc=17900 cm-1) excitation of D2A (Figure 2C) shows the 

same PIA bands at 1596 and 1628 cm-1. However, in contrast to D1D2A, the PIA bands show a 

mono-exponential decay with a time constant of ~90 ps. 
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Figure 2. Transient IR spectroscopy. (A, B) Spectro-temporal evolution of transient IR signal in 

D1D2A after selective excitation of D1 with an excitation spectrum centered at 14900 cm-1 shown 

in Figure 1C. (C, D) Spectro-temporal evolution of transient IR signal in D2A after resonant 

excitation of D2 with an excitation spectrum centered at 17900 cm-1. In the 2D maps (A and C) 

probe delay till 5 ps are shown in linear scale while, probe delay from 5 to 300 ps are shown in 

log-scale. (E) Control transient IR experiment with D2A with same excitation spectrum 

(ωexc=14900 cm-1) used for D1D2A. In each figure positive and negative amplitudes represent 

ground state bleach (GSB) and photo-induced absorption (PIA) signals, respectively. (F)  

Schematic representation of proposed kinetic model for excitation relaxation in D1D2A (left) and 
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D2A (right). The thick red arrow represents the excitation and yellow arrows represent different 

relaxation channels: fluorescence (FL), electron-transfer (ET), cascaded electron-transfer (CET) 

and charge-recombination (CR). 

 

The IR signatures of the NDI ground state and radical anion are well described in the 

literature (16, 17). Previous spectrochemical FTIR and transient IR studies on NDI-based 

compounds have found that the C=O stretching in NDI- radical anions shows three major 

characteristic IR peaks at 1630, 1590 and 1514 cm-1 (16, 17). Thus, the bands at 1596 and 1630 

cm-1 in our transient IR spectra are characterized as charge-transfer bands. The appearance of those 

bands within 200 fs in D1D2A indicates rapid formation of the NDI- radical anion as a result of 

electron transfer from D2 to A. Clearly direct excitation of D2 in D2A also produces the NDI- anion, 

but with entirely different kinetics than upon excitation of D1 in D1D2A. Although our excitation 

spectrum at 14900 cm-1 is not resonant with D2 (Figure 1C), two-photon absorption could lead to 

direct excitation of D2. To ensure that the electron transfer from D2 to A in D1D2A does not arise 

from direct excitation of D2 or A via two-photon absorption, we carried out a transient IR control 

experiment (Figure 2E) with D2A using the same excitation spectrum (ωexc=14900 cm-1) used for 

D1D2A, and no transient IR signal was found, other than a coherent artifact near time zero due to 

the overlap of the pump and probe pulses. 

The appearance of characteristic charge-transfer bands at 1628 and 1596 cm-1 within 200 

fs of selective D1 excitation in D1D2A provides direct evidence of rapid electron transfer from D2 

to A, which must be the consequence of ratcheted energy transfer from D1 to D2. The decay of 

those charge-transfer bands along, with the GSB bands, indicates relaxation to the ground state 
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through charge-recombination. In D2A, charge-recombination happens in ~90 ps. In D1D2A, an 

initial rise of the charge-transfer bands in <70 ps is observed, which suggests conversion of the 

primary charge-transfer species to an intermediate species before charge-recombination takes 

place. We propose that the primary charge-transfer species D1D2
+A− forms, through a cascaded 

electron transfer from D1 to D2 (or hole transfer from D2 to D1) to generate the intermediate charge-

transfer species D1
+D2A-, which finally undergoes charge-recombination and relaxation to the 

ground state. Similar cascaded electron/hole transfer was previously reported for a Pt-based donor-

donor-NDI complex (17). Our theoretical analysis shows a lower permanent dipole moment for 

D1D2
+A- (µ= 40.43 D) compared to D1

+D2A- (µ= 112.82 D) (Figure 1D), which in turn, increases 

the IR transition dipole moment and results in the rise of the transient IR signal. The charge-

recombination in D1
+D2A- (~140 ps) is slower compared to the rate in D2

+A- (~90 ps), presumably 

because the charges are spatially more distant in the former case. 

 

Two-dimensional electronic-vibrational spectroscopy. We carried out a two-dimensional 

electronic-vibrational (2DEV) spectroscopy experiment, which adds a dimension along the 

excitation frequency axis offering a unique possibility to explore the role of vibronic bands on the 

ratcheted electron-transfer dynamics. The excitation spectrum used for the 2DEV measurements 

(Figure 3) on D1D2A was the same (ωexc=14900 cm-1) as used for the transient IR experiment. The 

GSB and PIA bands are represented by red (positive) and blue (negative) colors in each 2DEV 

map. Although the same IR-peaks are observed across the different excitation frequencies, 2DEV 

maps show that the relative amplitude of GSB and ESA signals are highly excitation frequency 

dependent. For example, at T=0.2 ps the GSB bands dominate below ωexc=14200 cm-1, while the 

PIA bands dominate from 14200 to 15000 cm-1 and above 15200 cm-1 the relative amplitude of 
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GSB bands increases. In addition, the 2DEV spectra at all waiting times are structured along the 

excitation frequency axis. Four dotted lines on Figure 3A, T=0.2 ps represent the maxima of the 

structured bands, which are separated with an energy gap of about 430-480 cm-1. As the waiting 

time increases, the 2DEV spectra continue to evolve. While the GSB bands decay, the charge-

transfer PIA bands at 1628 and 1596 cm-1 initially rise and then decay (Figure 3B), in agreement 

with our transient IR data (Figure 2B). A closer look at the data indicate that the relative amplitudes 

of the charge-transfer bands depend on waiting time. In particular, at earlier waiting times (<5 ps), 

the 1628 cm-1 band appears predominantly at the lower excitation frequencies (<14500 cm-1), 

while at longer waiting times the PIA amplitude spreads across the excitation frequency axis. 

Furthermore, the excitation frequency dependent dynamics are clearly evident when the 2DEV 

transients at different excitation frequencies are compared, as shown in Figure 3B. The 1628 cm-1 

(and 1596 cm-1, shown in SI) PIA band exhibits excitation frequency dependent kinetics; the rise 

and decay are slower at higher excitation frequencies. In contrast, the decay of the GSB band at 

1760 cm-1 does not show any significant dependence on the excitation frequency, except at 

ωexc=14380 cm-1, which seems to show slightly faster kinetics compared to other excitation 

frequencies and becomes negative at longer probe delay. This might be due to overlap with the 

negative PIA signal, specially at longer waiting time when the charge-transfer PIA rises in 

amplitude. 
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Figure 3. Two-dimensional electronic-vibrational (2DEV) spectroscopy. (A) The 2DEV 

spectra at waiting times T= 0.2, 5, 50, 100 and 200 ps. The normalized linear absorption spectrum 

(black line) of D1D2A and the excitation spectrum (filled red curve) are shown in the top panel. 

(B) The 2DEV transient (each normalized to maximum signal amplitude) of the 1760, 1630 and 

1596 IR bands at excitation frequencies 13950 (black), 14380 (red), 14730 (green) and 15150 

(blue) cm-1. Those excitation frequencies are marked by vertical lines in 2D map in (A) T=0.2 ps. 

(C) The schematic illustration of population relaxation after excitation of higher vibronic bands of 

D1. Different routes of relaxations are represented with arrows: energy transfer (EnT), electron-

transfer (ET), cascaded electron-transfer (CET), vibrational relaxation (VR) and charge-

recombination (CR). 

 



 13 

The higher relative amplitude of the charge-transfer PIA compared to the GSB bands at 

bluer excitation is consistently observed in the 2DEV, as well as in the transient IR spectra (see 

SI, Figure S4). In particular, the 2DEV spectrum at >100 ps, when the cascaded electron-transfer 

is complete, shows that the PIA bands dominate the higher excitation frequency regime. This 

finding suggests that the excitation of D1* vibronic band favors the non-radiative charge-transfer 

route, resulting in higher yield of the final charge-separated species D1
+D2A- compared to the 

Franck-Condon excitation. This is in line with the excitation frequency dependent fluorescence 

quantum yield discussed earlier (Figure 1E). Thus, our data suggests involvement of a vibronic 

coupling between D1* and D2* mediating the uphill energy transfer.  

The charge-transfer PIA absorption band appears asymmetric along the excitation 

frequency axis at earlier waiting times, while it gradually spreads out and becomes more even 

along the excitation axis at longer waiting time (>100 ps). This is a typical signature in 2DEV 

spectral evolution when population relaxes from higher to lower energy states (18, 19). We assign 

this as a vibrational cooling process, which typically occurs in a few tens of ps. When the higher 

vibronic bands of D1* are excited, the system, after energy transfer from D1* to D2* and subsequent 

electron-transfer from D2* to A, lands on higher vibrational levels of the D1D2
+A- state that need 

to undergo vibrational cooling before relaxing to D1
+D2A- (Figure 3C). Hence, the bluer excitation 

slows down the cascaded electron transfer and subsequent charge-recombination processes, which 

results in a decrease in the rise and decay rates of the PIA bands at higher excitation frequencies. 

Whether specific modes are responsible for the ratcheting effect is not yet clear. This could be 

addressed by excitation close to the 0-0 band of D1 followed by a tunable infrared “push” pulse to 

tune into specific resonance (20–23). In addition, specific vibrations could be excited in the ground 

state as in two-dimensional vibrational-electronic (2DVE) spectroscopy (24). 
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Quantum dynamical simulations. Phenomenological quantum dynamical simulations are in 

support of the picture described above. The model, described in more detail in the SI (see Figures 

S2 and S3), includes one explicit vibrational mode (coupled to the D1* state), and five electronic 

states (D1*D2A, D1D2*A, D1D2
+A–, D1

+D2A–, and the ground state D1D2A). The quantum 

dynamical simulation shows the ratcheting mechanism: the initial exciton is populated in high 

vibrational states of D1*, and these excited vibrational levels are in resonance with the lowest 

vibrational state of D2*, enabling rapid and coherent exciton delocalization (coherence) assisted 

by strong excitonic coupling between D1* and D2, as well as by the low temperature of the system. 

Electronic dephasing and vibrational relaxation of the D1* state, however, decoheres exciton 

delocalization and eventually localizes the exciton on the D1* state. However, fast ET from D2* to 

A locks in the directional exciton flux to D2*, defeating return to the D1* state and thermalization 

in the D1* vibronic manifold. Overall, the model predicts rapid population transfer from 

vibrationally excited D1*D2A to D1D2*A, which becomes “locked in” by subsequent formation of 

D1D2
+A– (Figure S2).  The model is not intended to quantitatively describe the D1D2A system and 

more precise quantum dynamical calculations will be published elsewhere. 

 

Conclusion 

In summary, we demonstrate that strongly coupled arrays of chromophores offer the 

possibility to use electronic/vibrational coherences in directing the migration of excitation and 

charge by defeating energy wasting thermalization events. In particular, this study reveals how hot 

exciton resonance between red and blue absorbers can empower ratcheted charge separation. Such 

coherent non-equilibrium quantum states enable new paradigms for chemistry that leverage 
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lossless energy transport, and a subsequent ratcheted ultrafast electron transfer reaction that serves 

as an irreversible drain, to harvest the energy of non-thermalized excitations. Electronically 

coupled and vibronically mixed multichromophoric systems not only provide powerful platforms 

to direct long-range transport with minimal energy loss and expand spectral coverage, but offer 

new opportunities to tailor control of reactions in which chemistry is liberated from the shackles 

of Boltzmann statistics. 

 

Methods 

Computational methods. Calculations for D1D2A (TIPS-PZn2-Ph-PZn-NDI) and subsystems 

(D1A, D2A and D1D2) employing Density functional theory (DFT) and Time-Dependent Density 

Functional Theory with the Tamm-Dancoff approximation (TDDFT/TDA) were performed in 

Gaussian 16 (25) at the MN15/def2-SVP level of theory (26, 27). Aliphatic chains were truncated 

to methyl groups to reduce the computational cost. Experimental spectra and the CC2 method (28) 

with the same basis set as implemented in TURBOMOLE (29, 30) was used to benchmark the 

chosen DFT functional. Solvation effects were included in DFT and TDDFT/TDA calculations 

using the polarizable continuum model (PCM) (31). We chose n-pentane (ε=1.83), a solvent with 

lower dielectric constant than the 3:1 diethyl ether and ethanol mixture, to account for low 

temperature (95K) and glass sample conditions. Comparable results were obtained with additional 

implicit solvents (diethylether, toluene). 

Visible-pump IR-probe and 2DEV experiment details. A Ti:Sapphire laser based setup has been 

used for the visible-pump IR-probe and 2DEV measurements. The setup is described elsewhere 

(19, 39). Briefly, a Ti:Sapphire oscillator (Vitara-S, Coherent) was regeneratively amplified 
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(Legend, Coherent) with a 1 kHz repetition rate. The amplified pulse was divided into two beams: 

one beam was used to pump a home-built noncollinear optical parametric amplifier (NOPA); the 

other beam was used to generate a mid-IR probe pulse (1580 to1780 cm-1) with an optical 

parametric amplifier-difference frequency generation home-built setup. The NOPA output was 

compressed to ∼16 fs with a prism pair and a pulse shaper (Dazzler, Fastlite). The Dazzler was 

used to tune the excitation pulse central frequency and bandwidth. The visible pulse was focused 

on the sample to a spot size of ∼250 μm in diameter. The cross-correlation between the visible and 

mid-IR pulses showed a ∼100-120 fs instrument response time. The mid-IR pulse was split by a 

50:50 beam splitter to produce a probe and a reference beam. Both IR beams were focused on the 

sample to a spot size of ∼200 μm in diameter. After passing through the sample, the mid-IR beams 

were dispersed with a spectrometer (Triax 180, Horiba) onto a dual-array 64-pixel HgCdTe 

detector (Infrared Systems Development). The delay between the visible and IR pulses was 

controlled by a motorized translation stage. 

2DEV has been performed with the same experimental setup, using the Dazzler to generate 

a pair of visible pulses with relative delay time scanned between 0 and 100 fs with 2.5 fs time 

steps. Fourier transform has been applied to reconstruct the excitation axis. The visible pulses had 

central wavelength of 14900 cm-1 and a combined energy of ∼80 nJ. Because of the pump-probe 

geometry, a 3 × 1 × 1 phase cycling scheme has been applied to reconstruct the rephasing and non-

rephasing signals. All transient IR and 2DEV measurements have been performed at cryogenic 

temperature (95 K) using an optical cryostat (OptistatDN2, Oxford Instruments). The optical 

density of the sample at 715 nm was 0.8 with an optical path length of 250 μm. To avoid the photo-

bleaching sample spot was changed between each set of measurement. 
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Data and materials availability: All data are available in the main text or the supplementary 

materials.  

Code Availability: All custom Matlab codes used for experimental data analysis will 

available on GitHub.  The code used in the quantum dynamics simulations will also be 

released on GitHub. 
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Calculations of electronic couplings 

Energy transfer (EET) couplings were calculated employing the Fragment Excitation 

Difference (FED) method (32) as implemented in Q-Chem 5.3.2 (33). Electron transfer (ET) 

couplings between initial (i) and final (f) excited states (Vif) were calculated using the generalized 

Mulliken-Hush (GMH) method (34). Dipole moments and energy differences were obtained from 

TDDFT/TDA calculations. 

The electronic structure and photophysical properties of the compound were studied using 

density functional theory (DFT) and time-Dependent Density Functional Theory with the Tamm-

Dancoff approximation (TDDFT/TDA). Calculated absorption spectra of D1D2A demonstrate 

qualitative agreement between calculations and experiments (Figure S1). Computed TDDFT/TDA 

analysis of the locally excited (D1
*D2A and D1D2

*A) and charge-transfer (D1D2
+A- and D1

+D2
+A-

) excited states of the D1D2A system in implicit n-pentane solvent are shown in Figure 1D. 

Energetics of excited states (Figure 1D) show energy level ordering required for quantum 

ratcheting dynamical simulation. 
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Fig. S1. Theoretical and experimental absorption spectra of D1D2A in diethylether. The theoretical 

spectrum was obtained from a TDDFT/TDA analysis at the MN15/def2-SVP level of theory. 

 

Table S1 shows the eletronic couplings (V) calculated using the Fragment Excitation 

Difference (FED) Method for EET and Generalized Mulliken Hush (GMH) method for ET. A 

strong EET electronic coupling between D1*D2A and D1D2*A enables initial energy transfer, 

followed by electron transfer between D1D2*A and D1D2
+A-. Later, the D1D2

+A- forms. 
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Table S1. Calculated electronic couplings. Eletronic couplings (V) calculated at the Franck-

Condon geometry using the Fragment Excitation Difference (FED) Method for EET and 

Generalized Mulliken Hush (GMH) method for ET. 

Initial state Final state V/eV Type 

D1*D2A D1D2*A 1.08E-02 EET 

D1D2*A D1D2
+A- 3.98E-05 ET 

D1D2
+A- D1

+D2A- 1.74E-02 ET 

D1
+D2A- D1*D2A 1.01E-04 ET 

 

 

Quantum dynamical simulations using Lindblad master equation 

Phenomenological quantum dynamical simulations were preformed to show how the four key 

excited electronic states evolve in time, and to indicate the physical origins of electron transfer 

based ratcheting.  In this simplified quantum model of the excited state dynamics, the system 

Hamiltonian (Hs) includes one explicit vibrational mode (coupled to the D1* state), and five 

electronic states (D1*D2A, D1D2*A, D1D2
+A–, D1

+D2A–, and the ground state D1D2A).  

 

𝐻𝐻𝑆𝑆 = �(ℎ𝐼𝐼+𝜀𝜀𝐼𝐼)|𝐼𝐼⟩
𝐼𝐼

⟨𝐼𝐼| + �𝑉𝑉𝐼𝐼𝐼𝐼|𝐼𝐼⟩
𝐼𝐼≠𝐽𝐽

⟨𝐽𝐽|, 

The five electronic states are indexed with the subscript I, and VIJ is the state-to-state 

electronic coupling, and eI is the energy of electronic state I. The nuclear motion is harmonic, and 

is written using the mass weight coordinate Q: 
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ℎ𝐼𝐼 =
𝑃𝑃2

2
+

1
2
𝜔𝜔2(𝑄𝑄 − 𝑄𝑄𝐼𝐼)2. 

 

Here P is the momentum, QI is the coordinate shift of the electronic state I, and w is the 

vibrational frequency. The Huang-Rhys factor is related to the reorganization energy 𝜆𝜆 = 𝑆𝑆ℏ𝜔𝜔.  

In the simulation, we further assume that there are N vibrational levels on D1*D2A, and only 

one vibrational level is considered on all other electronic states. The energy of the Nth vibrational 

level on D1*D2A is in resonance with the D1D2*A vibrational level. A schematic representation of 

this system Hamiltonian is shown in Figure S2 below. The relative energies (eI) of the electronic 

states are parameterized based on quantum chemical computations (see Fig. S2). We assume that 

the vibrational frequency is w = 300 cm–1, and N = 7 (i.e., there are seven vibronic levels). The 

Huang-Rhys factor S between the two exciton states D1*D2A and D1D2*A is set to 3.17 and for all 

other pair states S=1, for simplicity. 

 

 



 31 

Fig. S2. Schematics representation of the potential energy profiles for the coupled electron and 

exciton transfer in the D1D2A ratchet. The electronic couplings and energetics indicated are used 

in the quantum dynamical simulations. The coupling values are chosen in this illustrative 

dynamical simulation to represent the qualitative features of the population evolution found 

experimentally. 

 

We model the dissipative dynamics using the Lindblad approach (35, 36). The time evolution 

of the system density matrix is given by 

𝑑𝑑
𝑑𝑑𝑑𝑑
𝜌𝜌(𝑡𝑡) =

1
𝑖𝑖ℏ

[𝐻𝐻𝑠𝑠,𝜌𝜌(𝑡𝑡)] + ��𝐿𝐿𝑚𝑚𝑚𝑚𝜌𝜌(𝑡𝑡)𝐿𝐿𝑚𝑚𝑚𝑚
† − 1

2�𝐿𝐿𝑚𝑚𝑚𝑚
† 𝐿𝐿𝑚𝑚𝑚𝑚𝜌𝜌(𝑡𝑡) + 𝜌𝜌(𝑡𝑡)𝐿𝐿𝑚𝑚𝑚𝑚

† 𝐿𝐿𝑚𝑚𝑚𝑚�� .
𝑚𝑚𝑚𝑚

 

Here Lmn is a set of operators describing the dissipative dynamics. In the simulations, we 

consider electronic pure dephasing and vibrational relaxation. For pure dephasing,  

𝐿𝐿𝑚𝑚𝑚𝑚 = 𝛿𝛿𝑚𝑚𝑚𝑚�𝛾𝛾𝑚𝑚|𝑚𝑚⟩⟨𝑚𝑚|, 

where |𝑚𝑚⟩ is the electronic state and 𝛾𝛾𝑚𝑚 is the dephasing rate. Since the pure dephasing 

operators are diagonal, the populations ρmm(t) remain unchanged as the system evolves. This 

implies that energy is conserved during the evolution, as the bath cannot drain energy from the 

system. However, the coherences described by the off-diagonal density matrix elements, ρmn(t), 

decay exponentially with a rate given by 𝜏𝜏𝑚𝑚𝑚𝑚 = (𝛾𝛾𝑚𝑚 + 𝛾𝛾𝑛𝑛). For the vibrational relaxation, the 

Lindblad operator is off-diagonal, 

𝐿𝐿𝑚𝑚𝑚𝑚 = (1 − 𝛿𝛿𝑚𝑚𝑚𝑚)�𝛾𝛾𝑚𝑚𝑚𝑚|𝑚𝑚⟩⟨𝑛𝑛|. 

|𝑚𝑚⟩ refers to the vibrational state and 𝛾𝛾𝑚𝑚𝑚𝑚 is the vibrational transition rate. The downward 

and upward transition rates are related by 𝛾𝛾𝑚𝑚𝑚𝑚 = 𝑒𝑒ℏ𝜔𝜔 𝑘𝑘𝐵𝐵𝑇𝑇⁄ 𝛾𝛾𝑛𝑛𝑛𝑛, ensuring that the populations of the 

equilibrium states obey detailed balance. We further assume that vibrational relaxation occurs only 
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between nearest neighbor vibronic levels, 𝑛𝑛 = 𝑚𝑚 ± 1. Since the experiment was carried out at 

95K, we choose a relatively slow dephasing rate. The exciton pure dephasing rate is 1/100 fs–1, 

and the dephasing rate for electron transfer is 1/50 fs–1. The downward vibrational relaxation rate 

is 1 ps–1, a typical value for porphyrin like systems (37, 38). 

 

 

Fig. S3. Quantum dynamical simulations for electron transfer ratcheted coherent exciton transfer. 

The time evolving populations of the two exciton states (D1*D2A and D1D2*A) and the charge 

separated state (D1D2
+A–) are computed (left and right panels, respectively) using two different 

D2*A/D2
+A– ET coupling strengths (VET). 

 

Excitation frequency dependent transient IR experiments 

The transient IR experiments were carried out with two different excitation spectrum, 

14500 and 15000 cm-1 (Figure S4). Both show a very similar transient spectral appearance and 
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evolution with increase in pump-probe delay. However, a stark difference in relative amplitude of 

ground state bleach and photo-induced absorption bands. The excitation of higher-frequency D1* 

vibronic bands increases the relative amplitude of PIA compared to GSB suggesting that D1* 

vibronic excitation facilitates non-radiative electron-transfer route, which is agreement with our 

excitation-frequency dependent fluorescence study (Figure 1E) as well as 2DEV study (Figure 

3A). Furthermore, the rise and decay of PIA bands become slower with higher excitation while, 

the decay of GSB bands remain unaffected. This is again in agreement with our 2DEV results 

discussed in the main text (Figure 3B). 

 

 

Fig. S4. Excitation frequency dependent transient IR. (A) The evolution transient IR spectra with 

increase in pump-probe delays with the excitation spectrum centered at 14500 cm-1 (left) and 

15000 cm-1 (right). (B) The transients at three different detection frequencies: 1710, 1628 and 1596 
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cm-1. The red and yellow colors in each graph represent the transient IR experiments obtained with 

excitation spectrum centered at 14500 and 15000 cm-1, respectively. 
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