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Electron-transfer reactions are ubiquitous in chemistry, however, there are still gaps in the fundamental 

understanding of electron transfer at the molecular level, particularly the degree to which the nuclear 

dynamics that accompany the process straddle the quantum-classical boundary. Here, we use single-molecule 

transistors to study the mechanism of electron transfer at a range of temperatures. We observe a simultaneous 

breakdown of quantum coherent Landauer and semi-classical Marcus theory. We propose a theoretical model 

based on a quantum master equation, and demonstrate that it quantitatively describes rates of electron 

transfer in single molecules. We show that nuclear tunnelling enhances the rates of low-energy electron 

transfer, and demonstrate that the rates are sensitive to both the outer and inner-sphere environmental 

interactions. We find that the nuclear dynamics accompanying electron transfer must be treated quantum 

mechanically as the quantitative validity of Marcus theory is expected to occur at temperatures exceeding 298 

K. 

A quantitative understanding of electron-transfer reactions is of fundamental importance in areas such as 

photochemistry, electrochemistry and catalysis. Furthermore these reactions are essential to many biological 

processes1,2 and quantum technologies,3,4 and are at the core of challenges relating to energy conversion.5,6 Off-

resonant molecular charge transport, in which the molecular energy levels are far from the Fermi level of the 
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electrodes, is well described by non-interacting scattering approaches. These approaches are epitomised by 

Landauer theory, in which the molecule is reduced to a scattering centre with an energy dependent transmission 

spectrum.7 However, when one of the molecular energy levels of a weakly coupled molecule falls into the bias 

window between the Fermi levels of the electrodes, sequential electron transfers take place: an electron 

tunnelling from the source electrode localises on the molecule for a short time before tunnelling into the drain. As 

both the electron occupancy and the equilibrium geometry of the molecule and its local environment change 

upon an electron transfer, the electron-electron and electron-vibration interactions can no longer be ignored. 

Semi-classical Marcus theory accounts for these interactions, and describes the transport as a series of oxidation 

and reduction processes with rates determined by nuclear reorganisation accompanying electron transfer.8 Yet, it 

does not account for the quantum mechanical nature of the electron propagation and the nuclear dynamics that 

underlies the structural reorganisation. In this Article, we develop a fully quantum mechanical treatment of these 

interactions. This approach, combined with DFT calculations and experimental transport studies of the sequential 

tunnelling regime of single-molecule junctions, is used to understand the mechanism of electron transfer on a 

single-molecule scale.  

Results and discussion 

The device architecture we use as a platform to study electron transfer is shown schematically in Figure 1a, and is 

described in detail in the SI. Briefly, we fabricate graphene nanogaps that comprise pairs of source and drain 

electrodes spaced by 1–2 nm using feedback-controlled electroburning.9-12 Zinc porphyrin molecules, 

functionalised with anchor groups designed to bind to the graphene electrodes via π-π stacking (Figure 1b), are 

deposited from solution. A gate electrode is used to adjust the energy of the molecular levels relative to the Fermi 

levels of the source and drain electrodes. The gate electrode is crucial as it allows us to investigate resonant 

transport, and therefore electron transfer, in our molecular junctions. Figure 1c shows a low-temperature (3.5 K) 

conductance map for such a device (device A) measured as a function of bias and gate voltage. Within most of the 

map the current is Coulomb blocked, indicating that π-π stacking leads to weak molecule-electrode coupling. In 

addition, we observe a high conductance region in which sequential electron transfers take place. We further 

observe lines of increased conductance running parallel to the edges of the high-current region. Previous studies 

have assigned such conductance lines to vibrational excitations of the molecule during the charging process. At 
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low bias resonant transfer occurs between the vibrational ground states of both charge states. As the bias voltage 

is increased, electron transfer onto the molecule can be accompanied by a vibrational excitation.13-15 This 

interpretation is substantiated by the fact that the average spacing between the lines measured for device A 

corresponds to 4.9 ± 0.3 meV, which is in close agreement with the only strongly-coupled low-lying vibrational 

mode of the molecule predicted by DFT calculations (6.0 meV, see SI). Furthermore, the same mode is 

independently found in another device (see SI). In order to account for the observed behaviour, we describe the 

charge transport through the junction as a sequence of reduction and oxidation reactions occurring at the source 

and drain electrodes. The rates of these reactions depend on the interaction between the electronic and 

vibrational degrees of freedom of the molecule and its environment as illustrated in Figure 1d.  

 

Figure	1.	a) Schematic representation of our device architecture: nanometre-separated graphene source and drain electrodes are used to contact the redox-active molecule, and a local gate electrode separated from the molecule by a thin layer of HfO2 (10 nm thick) is used to shift the molecular energy-levels. b) The molecule M used in this study comprises of a redox-active porphyrin core (blue), with solubilising aryl side-groups on two of the porphyrin meso-positions (grey), and π-stacking anchor groups on the other two meso-positions (red); here THS is trihexylsilyl. c) Charge stability diagram showing the differential conductance (Gb) as a function of bias voltage (Vb) and gate voltage (Vg) at 3.5 K; the actual gate voltage experienced by the molecule is only a fraction of the applied gate voltage because of the drop across the HfO2 layer. The top panel shows the differential conductance of the top triangle as an average along the lines indicated by the arrows running parallel to the edge of the triangle. d) Schematic representation of current flowing through our single-molecule transistor. The energy-dependent reduction and oxidation rate constants are shown in red and blue, respectively, with electron-transfer rates shown as coloured areas. The Fermi-Dirac distributions fS and fD, are shown as the grey areas for source and drain, respectively. At negative bias voltage, electrons tunnel sequentially from the source via the molecule into the drain. For convenience, the bias voltage is drawn as applied symmetrically across the source and drain electrodes. 
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The general expression (quantum master equation, QME) for the net current is given by16-18 

= | | −  + + +  ,     ( ) 

where e is the elementary charge. The electron-transfer rates for each electrode (S/D) are given by equations 2 

and 3:  

= (2 − ) ( ) ( ) ,      ( ) 

= (1 + ) 1 − ( ) ( ) ,      ( ) 

where ( ) is the Fermi-Dirac distribution, and /  are the (energy-dependent) rate constants for the 

corresponding electron-transfer reactions. The current-voltage trace of device A, measured on resonance (Figure 

2a) reveals an asymmetry between the current at positive and negative bias voltages. This is a direct result of 

electron-electron interactions in the presence of asymmetric molecule-electrode couplings and spin degeneracy. 

If tunnelling occurs into an unoccupied orbital (LUMO) (e.g. the N/N+1 transition, where N is the number of 

electrons on the molecule in the neutral state) two possible pathways exist for reduction – an electron of either 

spin can tunnel from the electrode onto the molecule. Only one possible path exists for the oxidation reaction as 

the unpaired electron (in what is now the SOMO) tunnels out of the molecule and into the electrode.  Conversely, 

if tunnelling occurs into a singly occupied orbital (e.g. the N–1/N transition) the opposite is the case: only 

electrons of the opposite spin to that on the molecule can reduce the molecule, but electrons of either spin can 

oxidise the neutral molecule. The number of possible transitions is accounted for by setting  to 0 for the N/N+1 

transition or 1 for the N–1/N transition. The current asymmetry with respect to the sign of the bias voltage cannot 

be observed in non-interacting (Landauer) systems, i.e. off-resonance or in the case of strong coupling between 

the molecule and the electrodes (where the energy uncertainty associated with the lifetime of the electronic 

states is greater than the energy required to change the charge state of the molecule).  

The energy-dependent rate constants ( / ) are determined by the molecule-electrode interactions, as well as 

by structural reorganisation of the molecule upon electron transfer. Previous studies have estimated these 

functions based on the Franck-Condon factors of a single vibrational mode with limited success.13,15,19 These 
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studies ignored the fact that the time-energy uncertainty relationship results in lifetime broadening of the 

electronic states. Moreover, recent experimental studies have shown a significant contribution from the dielectric 

substrate to the reorganisation energy of single molecules.20 We account for both lifetime broadening and the 

influence of the environment in our expression for the rate constants17  

( ) = 1 Re Γ / ( ) ⁄ ( )   ,     ( ) 

where Γ /  is the electronic coupling to the source/drain electrode, = 2(Γ + Γ )  is the lifetime of the 

electronic state, and  the energy level of the molecule. The sign  is either 1 for reduction or –1 for oxidation. 

The phononic correlation function, ( ), which can be thought of as a time-dependent Frank Condon factor that describes the nuclear dynamics accompanying electron transfer,21 is given by: 
( ) = exp ( ) coth 2 × (cos − 1) − sin   ,     ( ) 

where ( ) = ∑ ( − ) is the spectral density for phonons and vibrations with frequencies  and 

electron-phonon coupling strengths ;  is the thermal energy. We began by fitting the differential 

conductance of device A on resonance to equation 1, Figure 2a (bottom panel), with Γ , Γ ,  and  as the 

fitting parameters. We found that the low-bias electron transfer is dominated only by a single molecular 

vibrational mode with energy ℏ = 4.2 meV and Huang-Rhys parameter =  ℏ  = 0.4. However, a 

spectral density consisting of only this single mode cannot fully reproduce the experimental data. Only if we 

include a structureless super-Ohmic background22 accounting for the coupling to the substrate, do we find a good 

agreement with the empirical data, as shown in Figure 2a (top panel). The complete fit therefore comprises two 

additional parameters to describe the environment: the corresponding reorganisation energy, , and the 

average phonon frequency 〈 〉.  From the fit we obtain = 26 meV and ℏ〈 〉 = 25 meV. The spectral density 

therefore contains both an inner sphere contribution, corresponding to structural reorganisation of the molecule, 

and an outer sphere contribution from the surrounding dielectric environment. Molecule-electrode coupling 

leads to a lifetime broadening of the conductance peaks: ℎ/τ = 0.31 meV. Omitting lifetime broadening leads to a 

~30% overestimation of the zero-bias conductance (see SI). The validity of our approach is further substantiated 

by the fact that using the parameters obtained from fitting a single differential conductance trace on resonance, 
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we can calculate the entire current map as function of bias and gate voltage which shows excellent agreement 

with the experimental data, as shown in Figure 2b. Moreover, we can successfully fit the resonant current-voltage 

traces between 5 K and 70 K with the above spectral density (Figure 3a) using the same phononic parameters: , 

,  and 〈 〉. Importantly, we find that at elevated temperature (above 20 K), the details of the spectral 

density are lost in the IV-characteristics due to thermal broadening. 

 
Figure	2.	a) Current (Ib) and differential conductance (Gb) as a function of bias voltage (Vb) of device A (circles) at 5 K, corresponding fit to our model (red line), and corresponding curves without environmental coupling (dark red line) or without vibrational coupling (black line). b) Experimental current (left top) and differential conductance (left bottom) maps as a function of bias and gate voltage of device A, and reconstructed maps (right) from the parameters used to fit the IV trace in a).  
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Since in the IV curves in Figure 3a show that above 20 K we no longer observe the presence of individual 

vibrational modes, we proceed to examine the suitability of semi-classical Marcus Theory (MT) for describing 

electron transfer in our devices. MT can be recovered as the high temperature limit ( ≫ ℏ〈 〉, ℎ/ ) of our 

QME model (see SI) with rate constants in equation 4 simplifying to the familiar form:23-25  

( ) = Γ / 14 exp − ( ± ( − ))4  ,     ( ) 

where  = +  is the total reorganisation energy. We compare the performance of MT with our QME model 

for 3 devices, B–D (fabricated with a 300 nm SiO2 gate dielectic, see SI), measured at 77 K. Since devices B–D were 

measured within a larger bias voltage range it is now necessary to incorporate all of the molecular vibrational 

modes in the QME analysis of the electron transport. Therefore, in what follows, the overall spectral density in 

equation 5 comprises all molecular vibrational modes as well as a broad background which phenomenologically 

accounts for the dielectric substrate: 

( ) = ( −  ) +  ( ) ,     ( ) 

 The frequencies and coupling strengths of the molecular modes were calculated using DFT and correspond to an 

inner-sphere reorganisation energy of = ℏ ∑  of 67 meV (see SI for details) whereas the background is 

again modelled as a structureless super-Ohmic spectral density. These outer and inner-sphere contributions are 

plotted in Figure 3b. Figure 3c shows the comparison between the QME and MT reduction rates calculated for the 

instructive values of . It demonstrates that at 77 K, and indeed even at room temperature, the QME rate 

constants extend over a broader energy range than their Marcus counterparts as they take into account 

molecular vibrations from low-energy bending motion (a few meV) to sp2 C-C bond stretches (~200 meV). Unlike 

the Marcus rates, they are also not symmetric around = . 
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Figure	3	a) IV traces of device A at various temperatures (circles) and the global fit (solid lines) where all parameters except the molecule-electrode couplings are shared. b) Spectral density used for the QME model consisting of a background and individual molecular modes calculated by DFT. Background parameters:  = 25 meV,  = 25 meV. c) Calculated reduction rate constant at the drain electrode as a function of chemical potential for 3 different temperatures for the QME model and Marcus theory. Parameters (QME:  = 25 meV,  = 25 meV,  = 67 meV; Marcus: 	= 92 meV) were chosen to emphasise the difference between the two models at low . 	
We find that our experimental charge transport data are not adequately described by MT, as shown in Figure 4 

for devices B–D .26 In particular the data show the conductance at low-bias voltages is severely underestimated 

since MT treats the nuclear dynamics classically. At low bias voltages, the barrier for electron tunnelling cannot be 
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overcome solely due to thermal fluctuations of the environment, resulting in very low electron transfer rates. 

Quantum mechanically, however, electron transfers at low bias are dominated by nuclear quantum mechanical 

tunnelling (i.e. overlap between the vibrational wavefunctions in the classically forbidden region) and 

consequently electron transfer can occur relatively efficiently. This shortcoming of MT can be partially mitigated 

by expanding the phonon correlation function to higher order,17,27 or by coarse-graining low- (ℏ ≪ ) and 

high-energy (ℏ ≫ ) vibrational modes as is done in the Marcus-Levich-Jortner theory.27,28 As shown in the SI, 

such approaches partially rectify some of the shortcomings of MT, highlighting the non-classical mechanism of 

electron transfer even in these relatively high-temperature conditions. Our experimental data, however, are best 

described by our fully quantum mechanical treatment involving both inner and outer sphere reorganisation, as 

discussed above. The current–voltage traces of devices B–D in Figure 4a are therefore fitted using the QME 

approach and with spectral density given in equation 6, treating Γ , Γ  and  as free fitting parameters (see SI 

section 5 and 8). We obtain outer-sphere reorganisation energies of = 180, 240 and 220 meV for devices B–D, 

respectively. We assign the relatively large variation in outer-sphere reorganisation energy to small variations in 

the distance of the porphyrin from the dielectric surface. In the SI, by modelling the porphyrin as a rectangle with 

uniformly distributed charge, we estimate that the above values of  correspond to the porphyrin molecules 

being roughly 0.71, 0.51 and 0.58 nanometres away from the dielectric substrate, respectively (Figure 4c, see SI 

for details of the calculation).20,29 In addition, in the SI we present data for 9 additional devices, comprising 

porphyrin molecules that differ only by the π-anchoring group. The values of obtained for these devices are in 

the range of 110 – 250 meV. These results emphasise the importance of the broader molecular environment, 

since even in our simple device-architecture, small changes in the molecule-substrate distance lead to large 

changes in reorganisation energy. This in turn results in significant variations in the electron-transfer rates. 

It is becoming clear that the molecular environment is a key factor in controlling charge-transfer reactions in 

Natural processes, such as photosynthesis and oxidative phosphorylation.2 Our results support the findings that 

an enzymatic environment is more than simply a template to pre-organise reagents, but it likely provides an 

optimised outer-sphere reorganisation energy to maximise the efficiency of redox processes. One can envisage 

biomimetic strategies for controlling the molecular environment, and therefore electron-transfer rates, in 

fabricated devices, based on well-developed chemical methods of supramolecular assembly.30 
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Figure	4.	a) IV traces at resonance of 3 devices (B, C, D) of molecule M at 77 K (data from ref 26) and the fit to the Marcus model (orange) and the QME model (green). For clarity, fewer experimental data-points were shown. b) Charge stability diagrams of the same 3 devices as in c, and the reconstructed stability diagrams from the fits in c according the QME model, or the Marcus model. c)  The molecule–dielectric distance calculated for B-D	from fitted values of  (see SI for details). 
Conclusions 

The ability to probe energy-dependent single-electron-transfer rates down to the level of an individual molecule 

has provided us with a platform to fully uncover the role of environmental interactions in electron transfer in 

molecular systems and examine the validity of various electron-transfer theories. We have demonstrated that, as 

a result of strong electron-vibrational interaction, electron transfer can take place over a broad range of electron 

energies determined by an inner and outer sphere structural reorganisation energy, leading to a gradual increase 

in the current as a function of bias voltage. This is a marked difference from non-interacting systems, where the 

current increases in a step-wise fashion. We have further shown that it is necessary to account for the quantum-

mechanical nature of vibrational dynamics throughout the experimentally relevant temperature range. Marcus 

theory fails to adequately describe the low-bias transport behaviour due to the typically large energy range of 

molecular vibrations (up to 400 meV) and the high-temperature assumptions behind thermally activated 

transport.  
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Our fully quantum-mechanical description of electron transfer which, besides the electron-vibrational 

interactions, also accounts for lifetime broadening and spin-degeneracy of the electronic levels yields an excellent 

agreement with the experimental data and should be broadly applicable in fundamental studies of electron 

transfer, especially in the field of molecular electronics.  Our results further demonstrate the importance of 

precisely controlling the molecular environment in designing functional molecular technologies including 

molecular transistors, thermoelectric materials and biomimetic systems for light-to-electricity energy conversion. 

Finally, we have shown that single-molecule junctions can act as a novel tool to unravel the mechanism of 

electron transfer in molecular systems. This opens the door towards investigations of mechanisms of electron 

transport within extended molecular systems as well as photo-induced electron transfer, and thus shedding 

further light on some of the most important phenomena in chemistry. 
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