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The problem of fast subatomic particles in a sluggish medium.
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machines in biology
How to perform mechanical/electrical work without temperature drop?
Why are they so big?

Principles of bioenergetics

•
•

Coupling of electron and proton transport
Energy
in of
molecular
systems
is moved
redox
Separation
time scales
and dynamic
tuning: as
Is it
thermodynamics only?
energy in a sequence of electron hops achieved by
tunneling.
Contradicting demands:

• Tunneling requires small distances (< 14 A)
• Distance between the energy input and a catalytic site is
mesoscopic - large number of electron hops.

many uses for the screwdriver
The number of uses for a screwdriver is
indefinite
- Stuart Kauﬀman
The phase space of a biological system
changes persistently in a way that cannot
be prescribed.
The universe is vastly non-repeating, or non-ergodic, above the level
of atoms
Complex molecules are frozen accidents and most complex structures
will never exist
How far down does the picture of insuﬃcient sampling apply?

biology is fundamentally non-ergodic
What are the observable consequences?
Does it matter for biological function?
Does non-ergodicity bring eﬃciency to coupled proton
and electron transport?

non-ergodicity: Bacterial photosynthesis
3-5 ps

- 1.48 eV
full (equilibrium) relaxation

LeBard & DVM, PCCP’2010
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Methylation
of 3HFintramolecular
at position 3 changesproton
dramatically
the
excited-state
transfer
fluorescence properties: 3-methoxyflavone demonstrates normal
Stokes-shifted fluorescence maximized at B360 nm in cyclohexane.
It is thus clear that ESIPT takes place from the 3-hydroxyl proton to
the carbonyl oxygen atom, giving rise to the proton-transfer
tautomer emission. In a dry, extensively purified nonpolar
solvent, such as cyclohexane, the time-resolved measurement
renders an ultrafast time of ESIPT for 3HF (tpt o 240 fs),100,132
and ESIPT is essentially barrierless and perhaps triggered by the
low-frequency skeletal motions associated with the hydrogen
bond.133 The eﬀect of perturbations by intermolecular interactions or substituents in the 3HF structure on the ESIPT rate
is clearly observed in the studies in cryogenic Spolski matrices,
where basic reaction is ultrafast and activationless.47,134
Introducing an electron-donor substituent (dialkylamino
group) into the para position of the phenyl ring dramatically
changes the properties of 3HF. The N,N-dialkylamino group is
very strongly electron donating and, when conjugated with
aromatic systems, it possesses an intramolecular charge transfer
character. The presence of an electron donating group results in a
large dipole moment inducing the diﬀerence between the normal Fig. 6 Relaxation processes for case (A) ESICT/ESIPT system using 3HFN as an
(N*) and the tautomer (T*) forms in the excited-state. As a result, example. For notation see Scheme 3. CT!eq and PCT!eq denote the polarization
Demchenko et al, Chem. Soc. Rev. 42 (2013) 1379
the proton transfer rate is significantly aﬀected by the solvent equilibrium of CT* and PCT*, respectively. Due to the complex coupling between
CT* and PCT*, the drawing of the 3D potential energy surface is only for the
polarization. Strong solvent-dependent variation of the position
ground-state N species. This is to show the origin of dual emission. Also note that
and intensity of the normal emission band is a clear indication of F–C* may indicate a state being populated after ultrafast intramolecular vibrathe ESICT state.87,135 Significant redistribution of the electron tional redistribution (IVR) and internal conversion (IC).
density from the electron donor to the 4-carbonyl acceptor was
also shown by QM calculations,136 and this was supported by
direct measurement of dipole moments by electro-optical absorption measurements.137 A variety of substitutions that change the
length of a p-electronic system or modulate the excited-state
charge distribution have been synthesized since then. Here we

proton-coupled electron transfer: Photosystem II

l Reviews

Re

pKa(Tyr) = 10
Structure of the reaction
center of Photosystem II illustrating terminal chlorophyll P680, pheophytinD1, quinone acceptor QA, YZ
Weinberg et al, Chem. Rev. 112 (2012) 4016.
the oxygen evolving
complex
pKa(Tyr+)
= -2 (OEC), and the sequence of electron transfer events induced by light absorption and sensitization
rgetic role proposed for His(190) as EPT acceptor base is also shown.10 Reproduced in part with permission from ref 18. Copyrigh
Association for the Advancement of Science.

PCET helps with the reaction free energy!

Scheme 5. (At pH = 7)

ith proton transfer to neighboring base Asp61; (ii)
TyrO•---+H−His190 with electron transfer from
III

chains of aromatic residues: evolutionary push

21% oxygen in the atmosphere, 0.5 B years ago

~30% of known protein structures involve Tyr/Trp chains
Hole hopping along chains of Trp and Tyr save to deactivate
high-potential reactive intermediates
Oxidation of these residues involve proton transfer
(sequential of concerted)
Gray & Winkler, Chem Sci’2021

long-distance electron transfer: Marcus theory
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proton-coupled electron transfer: Concerted vs sequential
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Zwickl et al, J.Phys. Chem. A 112 (2008) 10570

Migliore et al, Chem. Rev. 114 (2014) 3381−3465

(II)
Figure 22. (a) Diabatic PESs for the initial and ﬁnal ET states and vibrational wave functions φ(I)
D (blue) and φA (red; notice that II = F in the
Crossingnotation
two-dimensional
parabolas:
a transition-state
theoryis electronically nonadiabatic (see also section 12), so the vibronic coupling is
of this review) for
the phenoxyl−phenol
system. The reaction
(II)
|φ
⟩.
(b)
Adiabatic
ground-state PES and pertinent proton vibrational functions for the benzyl−
the product of the electronic coupling and ⟨φ(I)
D
A
toluene
system.
The
reaction
is
electronically
adiabatic,
and
thus
the
vibronicallows
couplinga islower
half thebarrier
splitting between the energies of the symmetric
Proton Coupled Electron Transfer (PCET): moving on the diagonal
(cyan) and antisymmetric (magenta) vibrational states of the proton. The excited proton vibrational state is shifted up by 0.8 kcal/mol for a better
visualization. Panels a and b reprinted from ref 197. Copyright 2006 American Chemical Society. (c) Two-dimensional diabatic electron−proton free
energy surfaces for a PCET reaction connecting the vibronic states μ and ν as functions of two collective solvent coordinates: one strictly related to
the occurrence of ET (ze) and the other one associated with PT (zp). The equilibrium coordinates in the initial and ﬁnal states are marked, and the
reaction free energy ΔGμν° and reorganization energy λμν are indicated. Panel c reprinted from ref 221. Copyright 2006 American Chemical Society.
(d) Free energy proﬁle along the reaction coordinate represented by the dashed line in the nuclear coordinate plane of panel c. Qualitative proton
PESs and pertinent ground-state proton vibrational functions are shown in correspondence to the reactant minimum, transition state, and product
minimum. Panel d reprinted from ref 215. Copyright 2008 American Chemical Society.

The electron−proton PFESs shown in Figure 22c,d, which
are obtained from the prescription by Hammes-Schiﬀer and coworkers,214,221 are functions of two solvent (or, more generally,

associated with the diﬀerent possible states of the reactive
solvent mode Q:
∂

⎡ ℏ2

⎤
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Soudakov and Hammes-Schiﬀer, JCP 111 (1999) 4672.
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Figure 3. Energy−coordinate curves, vibrational levels, and vibrational
wave functions illustrating electron transfer as the sum of vibronic
transitions from initial level v = 0 to ﬁnal levels v′.

coincident along the normal coordinate (Q) for the coupled
quantum mode. It is the quantum analogue of the intersection
between energy curves in a classical barrier crossing. Its origin is
the probabilistic uncertainty in spatial coordinates for
interacting particles at the quantum level.
For a harmonic oscillator with no change in frequency
between the initial and ﬁnal states, the vibrational overlap
integral is given by eq 21a. S is the electron-vibrational coupling

|

{z

}

coupling (25)
proton overlap

In EPT, electrons and protons transfer in a single, concerted
step. Because of the high frequency E−H (O−H, N−H) modes
involved in the proton transfer act, the PT part of EPT must be
treated quantum mechanically with discrete vibrational levels
Nocharacterized
free lunch
the thermodynamic
(transition-state theory)
by in
energy
levels, frequencies, andpicture
equilibrium
displacements. As discussed in section 2, there have been
several contributors to EPT theory, but the work of HammesSchiﬀer and her group has been the most comprehensive. She
has treated the problem in general, but of most value in treating
many chemical and biological EPT reactions is the “adiabatic”
(strong electronic coupling) limit for proton transfer combined
with the “non-adiabatic” (weak electronic coupling) limit for
electron transfer. For the results of more general treatments,
including strong electronic coupling, see section 2.4.
In the Hammes-Schiﬀer treatment, strong electronic
coupling across the D−H---A hydrogen bond leads to extensive
mixing of the initial diabatic ν(D−H) and ﬁnal ν(A−H)
vibrational states and their energy−coordinate curves. A new

proton-coupled electron transfer: Typical configuration
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Can electrostatic pull play a role?
Does it help to eﬀectively reduce the charge-transfer dipole?

Time separation

Sluggish medium relaxation provides driving force for PT

HOMO

HOMO

Non-PT HQ– E = 0.076 eV

PT HQ– E = 0
C

H

O

N

Fig. 2 Calculated structures. Calculated structures of PT and Non-PT HBQ− and HQ−, with their relative energies and HOMOs listed along
transferred; Non-PT non-proton-transferred

a

b
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Fig. 3 Potential energy surfaces. Potential energy surfaces of
(a) and
proton-transferred, Non-PT non-proton-transferred, TS transition state
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Electron-proton cross reorganization energy

the Non-PT HQ−, which further undergoes iEIPT to yield the PT
HQ−. Again, we present the displacement vectors of the
experimentally observed vibrational progressions for both NonPT and PT neutrals. Calculated frequencies of the Non-PT
(1265 cm−1) and PT (1191 cm−1) neutrals agree well with the
experimental values (~0.15 eV).
In biomedia, an environment full of water, the potential energy
surfaces of the anionic species in Fig. 3 will be signiﬁcantly
lowered compared to their neutral counterparts due to stronger
hydrogen bonding with the negative charge. Therefore, solvation
stabilizes these anionic species, which often results in blue shifts
in the photoelectron spectra (see e.g. ref. 3), making these anionic
species more likely to be present in vivo.
To sum, due to the coexistence of the Non-PT and PT anionic
isomers and the fact that neutral molecules naturally exist in the
Non-PT form, it can be concluded that the stepwise mechanism
Can be either positive or negative
of iEIPT is: Non-PT neutral ! Non-PT anion ! PT anion.
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=

2µH · µE
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Discussion
DVM
Experimental and theoretical evidences have been provided
in the&
current study to reveal the iEIPT capability of HBQ and HQ. This
work also aims to provide evidences for the correlation between
iEIPT and ESIPT. Here the iEIPT potential of six other molecules
is screened at the ωB97XD/6–31 + G(d,p) level of theory, they
4
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EIPT: electron-induced proton transfer
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(b) along the O−H coordinate using the relaxed s

Nat. Comm. 10 (2019) 1170

being 2-(2′-pyrydyl) phenol, o-hydroxypheny
o-hydroxyphenyl-(1,3,5)triazine, 2-(2′-hydroxyphen
dazole, 1-hydroxy-9H-ﬂuoren-9-one and 3-hydroxy
which are also ESIPT molecules24,36,40–42. Figure 4
PT and Non-PT anionic isomers and their relativ
these six molecules. For 2-(2′-pyrydyl) phenol a
xyphenyl-(1, 3) diazine, the PT isomers have lowe
the Non-PT ones, indicating that EIPT is favored
For o-hydroxyphenyl-(1,3,5) triazine, 2-(2′-hydroxy
zimidazole, 1-hydroxy-9H-ﬂuoren-9-one and 3-hy
the PT isomers have slightly higher energy than the
Evidenced by HQ and HBQ, the relative higher or lo
PT and Non-PT isomers does not necessarily elimi
isomer’s existence, and they should by and large
receiving the excess electron.
Next we discuss the obvious question: apart fr
basic criteria, why do ESIPT and EIPT occur to the s
molecules? In Fig. 5, we brief the mechanism of ES
purple arrows, the mechanism of iEIPT along the b
and the molecule of interest is simpliﬁed as an ano
Newton,
JPCB’
to denote the
body of2021
a π-conjugate system, with a
the proton receptor and an –OH group to deno
donor. Robb and his coworkers40, as well as So
Domcke43 separately performed detailed computatio
the ESIPT mechanism. They all pointed out that

1
✏s

◆

NATURE COMMUNICATIONS | (2019)10:1170 | https://doi.org/10.1038/s41467-019-09154-5 | www.nature.com/naturecommunications

EIPT: rate constant
relaxation time of dielectric screening

t⇤ =

ke↵ =

⌧E ln (1

!H
1 + ! H t⇤

proton tunneling rate

EH (0)/

EH )

cross reorganization energy

EH

is the main energetic parameter of EIPT

Journal of the American Chemical Society

Cross reorganization energy describes the change in electrostatic
energy of the proton upon electron transfer
pubs.acs.org/JACS

Article

mechanism. When ETPT was operative, the KIE was ≈1 and
rate constants were pH-independent. CEPT for the Ru(III)-W
dyads was characterized by distinct KIE ≈ 3.5 (at neutral pH)
and rate constants that increased weakly with pH, ca. 3-fold per
59This
meV
[pKweaker
pK10-fold
a (PTthan
2 ) the
a (PTincrease
1 )] '
pH unit.19
is much
expected for a stepwise reaction via the W− anion or for a
CEPT reaction with OH− or base forms of the buﬀer. The
theoretical origin of this pH dependence remains unclear.
Scheme 1.
Chemical
Structures
' 0.86
eV of Tryptophan and Its
EH
Three Analogues Discussed in This Paper at pH = 7

Figure 1. Mechanisms for PCET in tryptophan (W) with an implied
external oxidant
and base. The
transferred proton is marked in orange.
Nilsen-Moe,
JACS’2022,
https://doi.org/10.1021/jacs.2c00371
The radical is schematically shown to reside on the indole nitrogen;
however, electron spin resonance shows that the unpaired spin density
is delocalized.15 Black horizontal arrows represent ET, green vertical
arrows represent PT, and pink diagonal arrows represent CEPT.

mechanism is the kinetic isotope eﬀect (KIE), where the
transferring proton is substituted for a deuteron. KIEs can be
used to gauge the eﬀect of proton transfer on the observed rate
constants. One should note that there are many factors that
may inﬂuence the KIE; as such, it is not suﬃcient evidence to

In a study of bimolecular PCET,22 rate constants were
determined for two W analogues, WEE and NAW (Scheme 1),
using ﬂash-quench-generated [Ru(dmb)3]3+ (dmb = 4,4′dimethyl, 2,2′-bipyridine) as the external oxidant and transient
spectroscopy to determine reaction kinetics. Analogues of W
have protected carboxylic and/or amine groups, as was the case

(✏1 /2)

EH

dynamics of dielectric screening
microscopic cross reorganization energy is ~ 2 higher

0.2 ps

U (t) =

EH

(t)
⌧Ec = ⌧D

dielectric estimate

3✏1
2✏s + ✏1

an order of magnitude slower

relaxation of the electric field in proteins is 4 orders
of magnitude slower
Heyden & DVM, JPCB’20

Feynman’s equilibrium

161101-2 electron
D. R. Martin
and D. V. Matyushov
nonergodic
transfer:
13 microseconds MD

J. Chem. Phys. 142, 16110

distribution

observation time

Relaxation time

tin and
D. V. Matyushov
161101-3
D. R. Martin and D. V. Matyushov
FIG. 1. Structure of the membrane-bound bc 1 complex from Rhodobacter
sphaeroides (PDB:2QJP) (a) and the magnified view of the Q0 active site (b).
(a) coloring shows the protein (purple), 6 hemes (c1, b L , and b H , yellow),
the Fe2S2 cluster of the ISP (green), and two quinols (cyan). The 1-palmitoyl,
2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane is shown with the
carbons colored gray, hydrogens white, oxygens red, nitrogens blue, and
phosphorus atoms gold. (b) The QH cofactor (light blue) and the iron-sulfur
center of the ISP (green). Also shown is histidine-152 of ISP protonated by
QH2 in the initial configuration.7

J. Chem. Phys. 142, 161101 (2015)
J. Chem. Phy

FIG. 2. Free energy surfaces of electron transfer (Eq. (1)). The soli
show Fi (X ) based on = 3.99 eV from Anton simulations, S t =
from separate MD runs of 200 ns long, and F0 = 0.15 eV from exp
The dashed lines are the result of the standard model2 assumin
= 1.46 eV. The points show distributions calculated from 200 ns t
(green) and from 13 µs (blue).

inequality was reported in previous simulations6 and
found in this study, thus indicating ergodicity br
the reaction free energy (vertical distance between the minima
Ergodicity can be broken either continuously, wh
in Fig. 2).
reaction rate limits the phase space within each phase
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reorganization of electron transfer in ionic liquids
Reorganization energy of optical charge separation in RTILs
equal to that in cyclohexane

lifetime = 200 ps

JPCL 13 (2022) 3297−3303

There is no “free lunch”, but one can get “there” if fast enough
Electrons can “push” protons by taking advantage of slow relaxation
of Coulomb screening
Cross reorganization energy mainly determines the energetic cost
of PCET.
Activation barriers depend on relaxation times (effect of dynamics) in the non-ergodic
biological world

G† (⌧j ),

G(⌧j )

Dynamics (relaxation times) becomes another nob to turn to tune biological function

We are all familiar with the systems like software (or government legislation) …
can grow rapidly in size over a number of years. Enzyme evolution is a great
deal slower - but it has been going for million of years…
“From Enzyme Models to Model Enzymes”, Kirby & Hollfelder

Principles of bioenergetics
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The problem of fast
subatomic
particles in systems
a sluggish medium:
Energy
in molecular
is moved as redox
they are big to make it sluggish and dynamically disperse (many relaxation times)

energy in a sequence of electron hops achieved by
tunneling.
Contradicting demands:

• Tunneling requires small distances (< 14 A)
• Distance between the energy input and a catalytic site is
mesoscopic - large number of electron hops.

