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New light on proton transfer:
Spectral and kinetic signature
of a transient Eigen complex

Niklas Silzner!*

Despite the long-lasting research on proton transfer as a funda-
mental chemical reaction, not all details regarding its precise mech-
anism have been revealed. Particularly, a complete spectroscopic
and kinetic characterization of all intermediates remains chal-
lenging. In the September issue of Cell Reports Physical Science,
Lee et al. identify a transient Eigen complex and determine the mo-

lecularity of each elementary step.

Proton transfer (PT) as the center of
Brensted acid-base theory is one of
the most elementary yet also ubiqui-
tous reactions in chemistry and many
of its related fields." Examples—to
name only a few—range from acid-
base catalysis in synthesis, over tech-
nical applications like the development
of proton membranes for fuel cells, to
the rich field of biochemical systems.
Importantly, proton transfer can also
take place in an electronically excited
state, referred to as excited-state pro-
ton transfer (ESPT), with the ESPT of
anthocyanin pigments that prevent
plants from photodamage as an inter-
esting example from nature. Thus, PT
is really omnipresent in chemistry and
of general importance.

To study the kinetics of proton-transfer
reactions, so-called photoacids have
established as particularly powerful
tools during the last decades. These
photoacids are molecules that exhibit
an acidity increase upon electronic
excitation?; i.e., they are more acidic
in an electronically excited state, usu-
ally the lowest-lying (singlet) state,
S1, compared to the (singlet) ground
state, Sg. Therefore, irradiation with
light can trigger an ESPT from the pho-
toacid to its surroundings, allowing
monitoring of the kinetics of the ESPT

using time-resolved

e.g., if a pulsed laser is used as a light

spectroscopy,
source.

Many previous studies have investi-
gated the kinetics of the ESPT in
water, particularly using the famous
photoacid HPTS  (8-hydroxypyrene-
1,3,6-trisulfonate) as a probe.3 Reach-
ing back to the pioneering work by
Eigen and Weller in the 1950s,*”
the proton-transfer mechanism shown
in Equation 1 has become generally
accepted.

AH(aq_) + B(aq.)
=[AH B )
:‘[A’--‘HB”](aq_)
= [A’W(HZO)anB*] (s0)
:A’aq_) + BH*aq_)

(Equation 1)

The following species are included
(from top to bottom): reactants: acid
(AH) and base (B);
reactive encounter complex ([AH:--B],
CPX), contact/hydrogen-bonded ion
pair ([A™- --HB*], CIP/HBIP), solvent-sepa-
rated ion pair ([A"---(H20),---HB"],
SSIP; involving n water molecules); prod-

intermediates:

ucts: corresponding base (A7) and acid
(BH*). The index (aq.) indicates the
respective solvation shells.
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According to this mechanism, which is
nowadays referred to as the Eigen-
Weller model, the following sequential
steps are involved (assuming both AH
and B are neutral):

(1) Encounter of the Bronsted
(photo)acid AH and base B under
formation of a reactive encounter
complex (CPX);

(2) (Fast) proton transfer within the
CPX yielding a contact ion pair
(CIP) or hydrogen-bonded ion
pair (HBIP), bound by Coulomb
interactions between the corre-
sponding acid BH™ carrying the
proton and the corresponding
base A7;

Stepwise separation of the HBIP

&

by diffusive intrusion of solvent
molecules, generating various sol-
vent-separated ion pairs (SSIPs) as
additional intermediates;

(4) Subsequent separation into the
fully separated (or free) ion pair
(FSIP, FIP).

Existing studies have primarily focused
on the ultrafast, initial PT (step 2),
extensively probed by a multitude of
time-resolved spectroscopy techniques
(e.g., transient UV/Vis, IR, X-ray absorp-
tion; Raman scattering; fluorescence
emission). On the one hand, precise
analysis of the full mechanism is difficult
in protic solvents (including water and
alcohols) due to short lifetimes of the in-
termediates caused by the extensive
hydrogen-bond (HB) network that en-
ables high proton conductivity. On the
other hand, the focus on the initial PT
had been also retained by the develop-
ment of super-photoacids, i.e., excep-
tionally strong photoacids with nega-
tive excited-state pKa values,® which
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started a race toward increasingly fast
ESPT in the literature.

In contrast, no extensive HB networks
exist in aprotic solvents, which, by defi-
nition, lack HB donation, leading to
longer lifetimes of the intermediates in
line with slower proton diffusion. More-
over, further differences in the ESPT
mechanism arise in the special case
of cationic photoacids (AH"). Since
the corresponding bases A of these
photoacids are charge-neutral, no
HBIP, but a so-called Eigen complex
(EC), is formed upon the PT (cf. step 2
in Equation 1) that is predominantly
bound by charge-dipole rather than
charge-charge interactions. While the
separation of the HBIP occurs via diffu-
sion under the influence of the
Coulomb interaction that facilitates re-
protonation (i.e., geminate recombina-
tion), the separation of the EC mostly
resembles a simple Brownian motion.
Consequently, for cationic photoacids
in aprotic solvents, the Eigen-Weller
model can be thought of as being
terminated at step 3 (Equation 1),
missing additional intermediates. This
termination step, which could not be
studied in protic solvents before, be-
comes accessible in aprotic solvents,
but had not been addressed until
recently.

The article by Lee et al. in the previous
issue of Cell Reports Physical Science re-
ports on the kinetic details of the different
mechanistic steps during the ESPT of the
super-photoacid N-methyl-7-hydroxyqui-
nolinium (NM7HQ+) in binary mixtures
of acetonitrile with dimethyl sulfoxide
(DMSQO) as a cosolvent, with a special
focus on the molecularity of the dissocia-
tion of the involved Eigen complex.” They
could show that an efficient ESPT under
these conditions involves pre-coordina-
tion of one solvent molecule (acting as
the base) to the photoacid already prior
to excitation since the formation of this
encounter complex is a kinetic bottle-
neck. After ESPT within the encounter
complex, the separation of the Eigen
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complex requires a second solvent
molecule, yielding the free excited corre-
sponding base and a Zundel-type com-
plex comprising the proton and two
DMSOs. Thereby, this article exactly fills
the above-mentioned gap regarding in-
formation on the termination step in the
Eigen-Weller model, with some impor-
tant implications as described in the
following.

A main consequence concerns the direct
comparison with similar work in other
aprotic solvents. For example, neutral
HPTS-based  super-photoacids  have
been recently investigated with great
care regarding the ESPT to a phosphine
oxide in acetonitrile as well as the ESPT
to solvent in acetone-water mixtures.®’
In contrast to the photoacid NM7HQ+
studied by Lee et al., these hydroxypyr-
ene photoacids are neutral and thus no
EC, but instead an HBIP, is formed during
initial PT. However, no significant contri-
butions from geminate recombination
(vide supra) had been observed, nor
had a distinction between an SSIP and
F(S)IP been a’ctempteol.8 Despite the dif-
ference in the intermediate (EC wvs.
HBIP), both photoacids should be com-
parable. In particular, for the related
solvent acetone, similar observations
compared to those by Lee et al. have
been made, i.e., evidence for formation
of a photoacid-water complex prior
to excitation in the ground state and
indications  for the involvement of
additional water molecules in the CPX
dissociation (one additional molecule)
and HBIP separation (less than one addi-
tional molecule).” Thus, a similar Zundel-
like hydronium ion as in DMSO appears
to be involved in acetone, but neither a
discrete assignment of the molecularity
nor the direct separation had been
addressed.

More generally, the work by Lee atal.” has
firsta conceptual consequence: itdemon-
strates the incompleteness of the conven-
tional Eigen-Weller model that neglects
information regarding the molecularity
of the individual reaction steps. Secondly,
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it showcases a similarity between ESPT in
protic and aprotic solvents: in both envi-
ronments cooperativity between the sol-
vent molecules is key to proton stabiliza-
tion. This cooperativity leads to the
direct involvement of a second solvent
molecule for aprotic solvents (due to
restricted hydrogen bonding), while it is
the collective effect of many molecules
for protic solvents that ultimately allows
for proton hopping as described by the
famous Grotthuss mechanism. For the
latter, the cooperativity also manifests in
the involvement of solvent wires for pro-
ton transport (as e.g., studied by the
same authors).'° Thirdly, since the assign-
ment of the structure of the protonated
solvent cluster (here, the Zundel-type
ion) is based on quantum-chemical calcu-
lations, this work presents a successful
example of a combined experimental-
theoretical study on photoacids. Lastly,
this work has the potential to become
relevant in practice since DMSO is an
organic solvent that has recently become
more popular in synthesis, calling for new
insights for understanding the mecha-
nisms of other reactions.

In summary, Lee et al. report an inter-
esting observation of an Eigen complex
between the photoacid NM7HQ+ and
DMSO in acetonitrile solution. While
such transient species are typically rare
due to short lifetimes, the authors suc-
ceed with a characterization using time-
resolved spectroscopy and determine
the molecularity of each step in the ESPT
mechanism based on kinetic analysis.
Due to the impact of these results for the
understanding of proton transfer in
aprotic solvents, we look forward to new,
insightful results in the future, also from
theoretical studies.
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