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ABSTRACT: Charge transfer mechanisms lay at the heart of chemistry and biochemistry. Proton coupled electron transfers 
(PCET) are central in biological processes such as photosynthesis and in the respiratory chain, where they mediate long range 
charge transfers. These mechanisms are normally difficult to harness experimentally due to the intrinsic complexity of the associat-
ed biological systems. Metal-peptide cations experience both electron and proton transfers upon photo-excitation, proving an ame-
nable model system to study PCET. We report on a time-resolved experiment designed to follow this dual charge transfer kinetics 
in [HG3W+Ag]+ (H= histidine, G= glycine, W= tryptophan) on timescales ranging from femtoseconds to milliseconds. While elec-
tron transfer completes in less than 4 ps, it triggers a proton transfer lasting over hundreds of microseconds. Molecular dynamics 
simulations show that conformational dynamics play an important role in slowing down this reaction. This combined experimental 
and computational approach provides a view of PCET as a single phenomenon despite its very wide time-domain span. 

INTRODUCTION.  

Proton-coupled electron transfer (PCET) reactions are ubiq-
uitous in biology and involve both concerted and sequential 
mechanisms.1–3 They enable energy conversion and storage in 
photosynthesis4 and in the respiratory chain5,6, mediate charge 
transfers7,  are involved in DNA repair7, and provide low 
energy paths in enzymatic reactions (particularly around me-
tallic centers8,9). Theoretical2 and experimental  approaches8,10–

15 have been proposed to address the steady state energetics 
and kinetics of PCET in different environmental conditions. 
However, kinetics remain difficult to access directly. Various 
time-resolved approaches have been applied to investigate in 
solution the dynamics of such systems 7,14,16–21, ranging from 
stopped-flow experiments9 to pump-probe experiments with 
ultrafast Raman spectroscopy20,21. However, those studies are 
limited to time spans within a few orders of magnitude. Gas-
phase time-resolved photo-excitation dynamics and relaxation 
in biomolecules have been proposed but are also restricted to 
either ultrafast22–27 or slow28 processes. 

We selected [HG3W+Ag]+  (H= histidine, G= glycine, W= 
tryptophan) as a model system to study the full sequence of a 
photo-induced PCET reaction in the gas phase. Metallic cen-
ters are commonly involved in PCET processes, as well as in 

 

Figure 1. Schematic representation of PCET dynamics in 
[HG3W+Ag]+ metal-peptide complexes. Irradiation at 266 nm 
initiates an electron transfer from tryptophan to Ag+, leading to 
the loss of Ag. The electron transfer is followed by a proton trans-
fer from tryptophan to histidine with formation of a distonic ion. 
The peptide structures are schemes and do not correspond to 
calculated structures.  
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catalytic cycles in general. This is due to their ability to 
change oxidation state via metal to ligand charge transfers 
(MLCT) with somewhat low energy demand. Their role in 
photosynthesis is central and introduces a family of excited-
state PCET reactions. Here, we study the complete dynamics 
of the sequential PCET in [HG3W+Ag]+ by pump-probe ex-
periments, transition state calculations and molecular dynam-
ics (MD) simulations. A radical peptide cation29–33 is generated 
by photo-excitation.  Steady state studies32,34 suggest that in 
the formed radical peptide [HG3W]•+, the charge and radical 
are initially localized on the tryptophan, and that a proton is 
sequentially transferred from the tryptophan to the histidine 
(Fig.1). The experimental study covers 8 orders of magnitude 
in time and shows that the 4-picosecond electron transfer 
induces a proton transfer hundreds of microseconds later. 
Molecular dynamics simulations reveal that conformational 
changes of the peptide play a key role in the proton transfer. 

RESULTS.  

A 266 nm laser pump pulse irradiates the metal-peptide 
complex [HG3W+Ag]+ and excites specifically a π-π* transi-
tion of tryptophan, leading to the observation of intense frag-
ments without silver (Fig.S1). This is interpreted as a crossing 
between the initially excited π-π* state on tryptophan (or a 
secondary electronically excited state accessed from the π-π* 
state) and a dissociative charge transfer (electron transfer - 
ET) state. In this ET state, silver is neutral and the positive 
charge is on the now radical peptide. The metastable complex 
dissociates to launch the radical peptide cation [HG3W]•+. 
Previous studies indicate that the transferred electron origi-
nates from tryptophan32. Thus, the resulting radical peptide 
cation has initially both charge and radical co-localized on 
tryptophan (W•+). However, a proton transfer (PT) from tryp-
tophan to histidine is expected when comparing the proton 
affinity (PA) reported for neutral histidine (231.5 kcal/mol35) 
and for the indolyl radical (227.6 kcal/mol36) – radical trypto-
phan’s side chain. This PT is evidenced by the observation of 
the optical signature of neutral radical tryptophan34 in the 
steady state optical spectrum of [HG3W]•+. It leads to the dis-
tonic ion with charge (His+) and radical (W•) on separate sites. 
This multistep dynamics was monitored by irradiating the 
system with a visible probe pulse, at varying delays, which 
induces extra photo-fragmentation of either the metal complex 
or of the pump-associated fragments. Details of ET and PT 
analyses are given in the following sections. 

Electron transfer from peptide to metal 

The electron transfer from the peptide to the metal was fol-
lowed by analyzing the ratio of silver-containing (S) to silver-
free (SF) ions. The probe pulse alone does not induce photo-
fragmentation (Fig.S1) and therefore, for negative delays, the 
effect of the pump pulse only is observed.  At t=0, the S/SF 
ratio significantly increases. This rapid increase in silver con-
taining fragments (which is experimentally time limited by the 
pump-probe temporal convolution of our measurement, 
around 400 fs) is due to fragmentation induced by the probe 
pulse prior to ET towards silver. It confirms that the positive 
charge is initially localized on the silver atom in the metal-
peptide complex. For positive delays, the S/SF ratio decreases 
showing that the positive charge is transferred towards the 
peptide at longer times. At very long delays the low S/SF ratio 

(Figure 2) goes back to S/SF level induced by the pump only. 
This demonstrates the transfer of an electron from the peptide  

 

Figure 2 – Evolution as a function of the pump-probe delay of the 
ratio between silver-containing vs. silver-free fragment ions. 
Experimental data (blue circles) is fitted (red line) with a mono-
exponential decay response convoluted to a Gaussian pulse shape 
corresponding to the cross-correlation of the pump and probe 
pulses (FWHM 470 fs). The fit provides a time constant of 3.5 ps 
for the decay. 

to the silver atom, which is completed in 3.5 ps and leads to 
the formation of a radical tryptophan cation (W•+). 

Optical spectroscopy of W
•+
 vs. W

•
 

The optical properties of the two structures (W•+ and W•) 
adopted by the radical cation [HG3W]•+ were assessed by 
steady state ion spectroscopy. [G3W]•+ is used as a model for 
W•+ where both the radical and ionized sites are localized on 
tryptophan. [HG3W]•+ and [G3W]•+ were generated by collision 
induced dissociation (CID) of a complex between the neutral 
peptide and a liganded copper (Cu-terpyridine) 29–31. Cations 
were then mass selected and isolated in the ion trap and their 
photo-fragmentation yield (FY) spectra measured (Fig. 3). The 
timescale of the radical peptides preparation is such (~200 ms) 
that they have relaxed to their most stable structure before 
their optical properties are probed. [HG3W]•+ is then assumed 
in the +HG3W

• form, deprotonated at indoleNH as confirmed 
by comparison with TD-DFT spectra (Fig. S10). Figure 3 
displays the spectra of both radicals recorded simultaneously, 
under identical instrumental conditions. As a consequence 
spectra can be directly compared not only in terms of band 
positions but more importantly in terms of relative fragmenta-
tion yields (FY). Figure 3 shows that the W•+ species display a 
7-fold more intense FY than the W• species, with a band 
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strongly red-shifted from 480 to 550 nm. For both species the 
band is broad (FWHM ~ 100nm) and the FY of the W•+ spe-
cies is always higher than that of the W• species, even at its 
maximum at 480 nm. As a consequence, in [HG3W]•+, a PT 
phenomenon from the tryptophan to the histidine is expected 
to induce a significant decrease in FY at 580 nm as a function 
of time. 

 

Figure 3 – Steady state optical action spectra (FY) in the visible 
range for isolated gas-phase radical peptides [G3W]•+ (blue trian-
gles) and [HG3W]•+ (red circles). Dashed lines are a guide for the 
eyes. 

Proton transfer from W
•+
 to H: transition from W

•+
 to 

W
•
 

The PT dynamics after the initial electron transfer and silver 
loss was followed using the same pump-probe technique as for 
the ET, but on much longer time scales. Fragments of the 
radical peptide cation (silver-free ions) were monitored as a 
function of delay. The pump-probe scan with the femtosecond 
laser shows that the FY remains high and constant up to 500 
ps (Fig.S3). The pump-probe delay range was therefore in-
creased up to 30 ms using two nanosecond laser sources and 
electronic temporal synchronization. Figure 4 displays the 
radical peptide FY values measured with the nanosecond setup 
for delays up to 1 ms. FY was probed at different wavelengths. 
When the probe is set at 580 nm, FY exhibits a decay. Accord-
ing to the FY difference observed in Figure 3 at 580 nm, this 
decay in FY amplitude is in agreement with a PT occurring 
from radical tryptophan to histidine. Comparatively, FY dis-
plays no decay when the probe is set at 470 nm. This is con-
sistent with the transition from HG3W

•+ to +HG3W
• as the two 

species display almost identical FY at that wavelength (Fig.3). 
The decay at 580 nm could be fitted with an exponential decay 

with a time constant of 250 µs. The proton transfer timescale 
of a few hundreds of microseconds is confirmed by measure-
ments at other probe wavelengths (Fig.S4) and is surprisingly 
similar on the deuterated species (Fig.S8). 

Atomistic simulations and computations 

Molecular dynamics simulations were performed from three 
different initial structures of the radical peptide: an extended 
structure, and the two compact conformations obtained from 
DFT-optimized structures of the [Ag+HG3W]+ complex33 (Fig. 
S7). In each case, the formation dynamics of the “PT reactive” 
H-bond between the indoleNH of tryptophan and the imidaz-
oleN of histidine is followed. Starting from the extended struc-
ture, the probability to form this H-bond (peak at 1.9 Å) is 
very high (0.87) and occurs on the nanosecond timescale (Fig. 
5A and S6). However, starting from the compact confor-
mation, this probability decreases to 0.53 and 0.18 (Fig. 5B/C) 
depending on the starting structure. In order to corroborate this 
result, MD simulations starting from the compact structure in 
Fig. S7D were extended to an overall time of 8 µs, in the case 
of the most stable compact conformation, with no increase of 
those probabilities (Fig. 5D).  

 

Figure 4 – Evolution of [HG3W]•+ radical peptide fragmentation 
yield as a function of the pump-probe delay at two different probe 
wavelengths. The amplitude decay observed in experimental data 
at 580 nm (blue circles) for positive delays is fitted with a mono-
exponential decay function (red line) that provides a time constant 
of ~250 µs. 

The free energy barrier for a direct proton transfer from 
tryptophan to histidine along the reactive H-bond is 53.4 
kJ/mol (obtained after transition state optimization, see Meth-
ods). For this indoleNH to imidazoleN PT pathway,a kinetic 
isotope effect (KIE) ~3.6 at 298 K, and 2.6 at 400 K, was 
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calculated using the zero-point energies (ZPE) at the 
B3LYP/6-31G* level of theory (see Methods). 

 

Figure 5 – IndoleNH-imidazoleN distance distribution in HG3W
•+ 

over 50 independent runs of 10 ns each, starting from: an extend-
ed structure (A)  and two compact structures (B and C) obtained 
from the [HG3W+Ag]+ complex. (D) Same but over 8 independ-
ent runs of 1 µs each, starting from structures in C. Insets show 

superpositions of structures from MD trajectories. 

DISCUSSION 

It was shown experimentally that electron transfer occurs 
within 3.5 ps after photon excitation, while proton transfer 
takes over a few hundred microseconds, i.e. is about 8 orders 
of magnitude slower. 

The overall dynamics after the initial photo-excitation at 
266 nm, schematically presented in Figure 1, is inferred to be 
as follows. The initial electron transfer results from a crossing 
between the excited π-π* state and the dissociative charge-
transfer state as observed for protonated systems37,38. Previous 
work reported shorter lifetimes of 100-400 fs39,40 for similar 
protonated tryptophan π-π* states. The 3.5 ps time scale 
measured for this ET is nevertheless consistent with excited 
state lifetimes observed in silver-DNA basis complexes 41 (>5 
ps vs. 85 fs for protonated complexes) where it was associated 
to hindered out-of-plane vibrations resulting in less efficient 
internal conversion from π-π* to ground state. When back-
conversion to the ground state is hindered, lifetime is in-
creased and transition to other states (in particular charge 
transfer states) is favored. This is consistent with the observa-
tion of Ag loss as main photo-fragmentation pathway, result-
ing in the charged peptide where both the charge and radical 
character are localized on the tryptophan residue. 

At that point, after photon absorption, ET and dissociation of 
neutral Ag from the radical peptide, a rough upper estimate 
indicates that peptide temperature is  ~400 K (this value ac-
counts for the absorption of a photon at 266 nm , the loss of 
the HG3W-Ag+ binding energy33 and the ionization energy 
difference between Ag and HG3W) . Starting from this “hot” 
W•+ structure, PT involves a 53.4 kJ/mol free energy barrier 
once an adequate “reactive” conformation has been reached. 
According to transition state theory (TST), and taking into 
account the accuracy of the method (±10 kJ/mol for energetics 
of gas-phase reactions42), such a barrier height is associated 

with time constants in the range of a few microseconds, sug-
gesting that it is not the rate limiting step. Additionally, the 
experimentally measured PT timescale is identical (a few 
hundred microseconds) for both deuterated and non-deuterated 
species (Fig.S8), which yields a primary kinetic isotope effect 
(KIE) ~ 1. The possibility of PT involving a non-substituted 
hydrogen was ruled out by two observations. First, the steady 
state spectrum of the peptide radical after 200 ms indicates 
that the transferred proton leaves from indoleNH (Fig. 3 and 
S10). Second, NMR 1H spectra confirm that the indoleNH on 
tryptophan is rapidly substituted with deuterium together with 
all labile hydrogens (Fig. S9). Thus, since the expected KIE 
associated to the PT activation barrier in the system at 400 K 
is calculated at 2.6, i.e. well above the observed KIE ~1, PT 
cannot be the rate limiting step. 

Molecular dynamics simulations show that the rate of for-
mation of a PT-reactive structure (H-bond between indoleNH 
on tryptophan and imidazoleN on histidine) strongly depends 
on the initial peptide structure (Fig. 5). In particular, while this 
rate is in the nanosecond range when starting from an extend-
ed conformation (Fig. 5A and S6), it is considerably longer 
when starting from compact peptide conformations as in the 
initial metal complex (Fig. 5 B to D). In this complex, peptide 
conformation is stabilized but constrained by the presence of 
Ag+. In the metal-containing complex, the Trp side chain is 
oriented away from His, and indoleNH forms favorable H-
bonds with backbone carbonyls on glycine residues (Fig. 
S7A/D). After ET and neutral Ag loss, side chain reorientation 
is hindered because several O- and N-atoms are already en-
gaged in H-bonds “locking” the peptide conformation (Fig. 
S7B, C, E, F). The network of pre-existing H-bonds involving 
the backbone hinders the formation of the PT-reactive H-bond 
which is considerably slowed-down: on a timescale of 8µs, no 
formation of a PT-reactive structure was observed (Fig. 5D). 
This, together with the observed KIE ~1, suggests that the 
structural rearrangement is a slow process and is rate-
limiting.43,44 

CONCLUSION 

In conclusion, we observed a direct proton transfer from 
radical tryptophan cation to histidine, with a timescale of a 
few hundred microseconds. While the measured PT timescale 
is longer than what can be observed in highly coupled organic 
systems such as pairs of DNA bases45 or porphyrins12,46,47, it is 
in good agreement with proton translocation rates in solution 
and in particular inside protein48. Here, gas phase experiments 
allowed to observe the proton transfer triggered by a 3.5 ps 
electron transfer as a sequential photo-induced PCET phe-
nomenon, despite its very wide time-domain span. The con-
formational dynamics plays a crucial role in the overall proton 
transfer dynamics, as shown by atomistic simulations; this 
conclusion can probably be generalized to more complex 
biological systems. 

METHODS 

Chemistry, sample preparation 

Silver nitrate from Sigma was used in water solution with 
concentration 25mM. CopperII-terpyridine was synthesized in 
the lab49 and solubilized in water. Solid peptides HG3W and 
G3W, both N-acetylated and C-amidated, were bought from 
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Genecust, desalted and with purity >70%. 10µM solutions of 
peptide with small excess of metal (Ag or CuTerpyridine) 
were prepared in water:methanol (1:1), and electrosprayed as 
is in the mass spectrometer. Deuteration of the peptide was 
performed by solubilizing the crystals in D2O and performing 
ESI in D2O/methanol-1D. 

Mass spectrometry 

A commercial dual linear ion trap (LTQ-VELOS, Thermo-
Scientific) was used to generate, mass select and trap ions in a 
first, high pressure (5 mTorr) ion trap, for a controlled dura-
tion. During ion trapping, ions can be activated and fragment-
ed by collisions (CID) or photons. Fragment ions are transmit-
ted to a second ion trap, with low pressure, where they are 
mass analyzed. A fused silica window (3 mm thick, 1 inch 
diameter) is positioned at the back end of the instrument and 
allows for the introduction of laser beams in the UV-Visible 
range along the ion trap axis. 1-2 mm diameter circular open-
ings in trapping-electrodes enable on axis laser interaction 
beam with ions in the first ion trap. In order to optimize laser 
transmission through the second ion trap, the central hole of 
the electrode closest to the fused silica window was enlarged 
to 5 mm in diameter. Electrospray ionization (ESI) conditions 
are typically spray voltage 5 kV, sample flow 3 µL/min. Ion 
accumulation times are <10 ms and signal levels after ion 
selection is above 103-104. 1000 individual mass spectra are 
accumulated at each scanned value (laser wavelength or 
pump-probe delay). 

Light sources  

Femtosecond pump-probe experiments (Fig.6): pump and 
probe pulses are generated from a Ti:Sa amplified chain (Leg-
end, Coherent – 800 nm , 3 mJ, 45 fs pulse duration, 1 kHz). 
Pump at 266 nm is obtained by frequency-tripling the laser 
fundamental, its pulse duration was estimated to 170 fs by a 
self diffraction FROG (Frequency Resolved Optical Gating). 
Probe at 550 nm is generated by a non-collinear optical para-
metric amplifier (TopasWhite, Light Conversion) pumped by 
1 mJ of the 800 nm laser output. 

Nanosecond pump-probe experiments (Fig.S5): 266 nm 
quadrupled output of an Nd:YAG (Brilliant B, Quantel – 7 ns 
pulsewidth, 20 Hz) was used as pump. Energy was lowered to 
6 mJ/pulse by delaying the Q-switch with regards to the flash 

(~400 µs). Output from an optical parametric oscillator (OPO) 
in the visible range (PantherEx pumped with Surelite II, Con-
tinuum – 7 ns pulsewidth, 10 Hz) was used as probe. 

Steady state optical spectroscopy experiments: the nanosec-
ond visible OPO output was tuned at selected wavelength 
between 430 and 630 nm. 

Optical spectroscopy protocol 

Solutions of [CuTerpyridine,HG3W]2+ (m/z 553) and [Cu-
Terpyridine,G3W]2+ (m/z 416) were alternatively elec-
trosprayed, and doubly charged ions of interest were mass 
selected and dissociated by CID. The radical peptides thus 
formed were mass selected and trapped for 180 ms. In order to 
allow a single OPO pulse in the ion trap during this activation 
time, a microcontroller (Arduino Uno Rev3) was used to trig-
ger the opening of a shutter on the optical path. At the end of 
the activation time, a mass spectrum is recorded. 

The equivalent of the absorption cross section of a given 
“parent” ion for gas phase action spectroscopy is the fragmen-
tation yield (FY) which is given by Equation (1). 

�� � � log � 	
	
�� �. ����   Equation (1) 

where P and F are the intensities on the mass spectrum for 
respectively the parent ion and the ensemble of photo-
fragment ions, and λ and Pw are respectively the wavelength 
and average power of the incoming visible laser beam. 

Pump-probe experiment protocol 

Solutions containing silver nitrate and HG3W peptide were 
electrosprayed and singly charged [HG3W+Ag]+ ions (m/z 
660) were mass selected in the linear ion trap and trapped 
thereafter in order to let them interact with laser beams and 
perform pump-probe experiments. Pump and probe beams are 
recombined and sent collinearly into the mass spectrometer 
through the fused silica window. Each mass spectrum is rec-
orded after interaction of ions with a single pair of pump and 
probe pulses. 

Ultrafast (fs) pump-probe experiments: Prior to recombina-
tion with a dichroïc mirror (Semrock FF310_Di01), a micro-
controlled delay line (PI M-505 4DG) set on the probe beam 
path enables to control the optical path with a 1 µm repeatabil-
ity, corresponding to 6 fs. The combination of an optical

 

Figure 6 – Schematic representation of the optical set-up used for femtosecond pump-probe experiments. 
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chopper (NewFocus 3501, to reduce effective repetition rate) 
with a mechanical shutter (Thorlabs SH05, for pulse picking) 
allows for the injection of a single pump and a single probe 
pulses in the trap during the activation time. The logic for the 
synchronization is implemented with a micro-controller (Ar-
duino Uno Rev3). This ensures a single pair of pulses is inter-
acting with parent ions before a mass spectrum is recorded. 
Electron transfer is monitored via the evolution of silver-
containing to silver-free ion intensity ratio as a function of 
pump-probe delays. 

Nanosecond pump-probe experiments: both lasers are trig-
gered externally from a single pulse/delay generator operated 
at 10Hz (Stanford Research Systems – DG645). Both beams 
are directed to a fast photodiode (Thorlabs DET10A, 1 ns rise 
time), and their respective time width and relative arrival times 
are characterized from the photodiode profile. Pump-probe 
delay is electronically adjusted with the delay generator on a 
nanosecond to millisecond range. A microcontroller (Arduino 
Uno Rev3) was used to trigger the opening of mechanical 
shutters (Thorlabs SH05). The two laser beams are recom-
bined with a dichroic mirror (Thorlabs DMLP435). Again, a 
single pair of pump and probe pulses interacts with ions before 
a mass spectrum is recorded. Modification of radical peptide’s 
structure is monitored with the evolution of its FY along with 
pump-probe delays. 

Computational methods 

All MD simulations were carried out in the gas phase, for 
both the neutral and protonated peptide, HG3W

• and HG3W
•+ 

respectively, using CHARMM version c40a150. The simula-
tions were started from different initial structures: The first 
series started from an extended structure of the protonated 
peptide, the second and the third series were started from two 
DFT-optimized structures of the [HG3W+Ag]+ complex prior 
to  electron transfer33 (Fig. S7A/D) after removing the silver 
atom. First, the three initial structures were minimized with 
50000 steps of steepest descent (SD) minimization. This was 
followed by individual runs with different random seeds which 
consisted of 30 ps of heating from 0 to 300 K, 250 ps of equi-
libration dynamics, and 10 ns of production simulations in the 
gas phase. The equations of motion were propagated with the 
Verlet algorithm and the time step was ∆t = 1 fs. Bonds in-
volving hydrogens were constrained with SHAKE51. Coordi-
nates were stored every 0.15 ps. For each system, 50 inde-
pendent simulations were run. For 8 runs starting from struc-
ture S7D these simulations were extended to 1 µs each and 
coordinates were stored every 1 ns. 

All electronic structure calculations were carried out with 
GAUSSIAN0952. In addition to the standard force field for the 
peptide53, a consistent set of atomic charges for the positively 
charged residue W•+ is required for the simulations. These 
charges were determined at the HF/6-31G(d) level, the same 
level used to compute and scale charges for the other amino 
acid residues in the standard force field. For consistency, a 
new set of atomic charges for neutral W• and H, as well as 
deprotonated W•- and protonated H+, was also determined. The 
histidine protonation state was neutral with the extra hydrogen 
at Nδ. The atomic charges were calculated based on fits to the 
electrostatic potential (ESP). Charges for W•, W•+, W•-, H and 
H+ were extracted from such calculations and a scaling factor 
between them and the original CHARMM charges were de-

termined. This yields a new set of charges, referred to as 
CHARMM*, summarized in Tables S1 and S2 for for W•, W•+, 
W•-, H and H+ respectively. 

Starting from the reactant and product coordinates (Table 
S3), a transition state with one imaginary frequency was de-
termined from Synchronous Transit-guided Quasi-Newton 
method54,55. Geometries of the initial and the transition states 
were fully optimized and vibrational analyses were carried out 
to confirm the nature of the stationary points (3n − 6 real 
vibrations for reactants and products and one imaginary fre-
quency for the transition states). Free energies were calculated 
using zero-point vibrational energies (ZPE) and thermal con-
tributions to the Gibbs free energy computed in vacuo. Opti-
mized geometries, frequencies and free energies of the reactant 
and the transition state were calculated at the B3LYP/6-31G* 
level.  According  to  transition state  theory  (TST)  the  rate  
of  a  gas  phase  reaction  at  a  given  temperature is 

��� � ���
ℎ ������‡ ���⁄ � 

where ∆G
‡
 = G

‡
 - G

react is the free energy barrier being the 
difference between the free energy of the transition state and 
the reactants. For hydrogen/deuterium kinetic isotope effects, 
the observed values are typically governed by the zero-point 
energy (ZPE) contribution56, and are computed from 

� ! � �"
�#

� �
$%&

‡'$%(
‡

)* � �
$+,-./'$+,-0/

)*  

Here, ∆ZPEGS and ∆ZPETS are the difference in ZPE between 
H- and D-containing species in the ground state and the transi-
tion state, respectively. 

Excited states were calculated at the CAM-
B3LYP57,58/TZVP59 level of theory using time-dependent 
density functional theory (TD)DFT within the unrestricted 
Kohn-Sham formalism after optimization of the doublet 
ground state. 
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