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Abstract: Hydrogen-release by photoexcitation, excited-state-
hydrogen-transfer (ESHT), is one of the important photo-
chemical processes that occur in aromatic acids and is
responsible for photoprotection of biomolecules. The mecha-
nism is described by conversion of the initial state to a charge-
separated state along the O(N)-H bond elongation, leading to
dissociation. Thus ESHT is not a simple H-atom transfer in
which a proton and a Is electron move together. Here we show
that the electron-transfer and the proton-motion are decoupled
in gas-phase ESHT. We monitor electron and proton transfer
independently by picosecond time-resolved near-infrared and
infrared spectroscopy for isolated phenol-(ammonia)s,
a benchmark molecular cluster. Electron transfer from
phenol to ammonia occurred in less than 3 picoseconds,
while the overall H-atom transfer took 15 picoseconds. The
observed electron-proton decoupling will allow for a deeper
understanding and control of of photochemistry in biomole-
cules.

Hydrogen- and proton-transfer reactions have important
roles in chemistry and photochemistry.l"! In particular excited-
state hydrogen transfer (ESHT) in aromatic acids, proposed
at the end of 20th century, has become an important new
principle in photochemistry and related fields. For example,
a significant number of photoinduced proton-transfer reac-
tions from X—H bonds have been re-defined as ESHT,
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including those of phenol (PhOH),? indole,”” tryptophan,™
aromatic amino acid cations,” and many others.”! Photo-
protection mechanisms of biomolecules, such as isolated
nuclei acids of DNA, are also discussed in terms of ESHT! as
well as electron-driven proton processes!®! and conical inter-
sections related to ring puckering,””’ which make the excited-
state lifetime shorter. ESHT is thought to be a specific case of
proton-coupled electron transfer.!*d

The mechanism of ESHT has been described as a con-
version from an aromatic nt* excited state into a Rydberg-
like ;wo* state. This conversion occurs through the crossing of
the potential surfaces of the two states, and is referred to as
a conical intersection owing to its shape.'”! The mn* state is
a strongly allowed state of the aromatic ring, and is the state
initially prepared upon photoexcitation. The mm* potential
energy surface crosses the repulsive surface of mo* when the
O—H or N—H bond is elongated. At the crossing point, the
two potential energy surfaces are connected by a conical
intersection which induces nonradiative transition from sws*
to mo*. For monomers, the mo* potential surface contains an
additional crossing with that of S, and thus the photoexcited
molecule is efficiently quenched by internal conversion into
So as shown in Figure 1A' Thus the short lifetime of
aromatic chromophores including nucleic acid bases are
interpreted as a result of ESHT," although the observation
of mo* is experimentally very difficult. For clusters, such as
PhOH-(NH;),, the internal conversion into S, is mostly
neglected because solvent stabilization of mo* makes the H
atom motion faster.'" Then the X—H bond can be simply
elongated without dropping down to S, resulting in H atom
transfer to the solvent moiety, for example, PhOH-(NH;),—
PhO* +'NH,(NH,;),_; (see Figure 1B). Originally, photoex-
cited PhOH had been believed to release a proton, that is, it
undergoes excited-state proton transfer. However gas-phase
laser spectroscopy coupled with mass spectrometry enabled
us to detect the reaction product directly, and provided
evidence that the photoexcited PhOH-(NH;), generates
a ‘NH,(NH,),_, radical instead of NH,*(NH;),_; cation.”*4¢!
This means that most of the photon energy is used to cleave
the O—H bond homolytically and evaporation of solvent
molecules is well suppressed.'!! Experimentally, H atom
transfer in clusters provides a clear signature of ESHT,
because the stable reaction product, for example ‘NH,-
(NH;),_;, has a surplus electron in a 3s Rydberg orbital,
which 1) gives it a low ionization energy, 2) allows for 3p-3s
Rydberg transitions in the near infrared (NIR) region, and
3) exhibits characteristic vibrational transitions.”*l These
characteristics provided the first evidence for ESHT™! and
the NIR and IR spectroscopy of the products provided clear
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Figure 1. A) Schematic potential curves responsible for the ESHT
reaction of phenol (PhOH) monomer and B) for PhOH-(NH,)s.
C) Reaction scheme of the excited-state hydrogen transfer (ESHT)
reaction of phenol—(NH;)s.

confirmation.”**!l In such cases, in both monomers and
clusters, the key to this photochemistry is the contribution
of the mo* state.

The above interpretation of ESHT is far from the picture
imagined from the words “hydrogen atom transfer”, in which
the proton dressed with a 1s electron moves as a H atom. In
contrast, the o* orbital is a Rydberg-like diffuse one, mostly
centered on the solvent moiety and thus the 0* occupation has
charge-transfer character.'” When ESHT is completed, the
o* electron becomes the pure 3s-Rydberg electron of the
radical product. The corresponding proton moves from the
-OH group to the solvent moiety independently from the
electron transfer (see Figure 1C). Therefore, the electron
motion and proton transfer are essentially decoupled in
ESHT.'"" The electron—proton decoupling is the fundamental
issue in the mechanism of ESHT, however, to date, it has not
been revealed experimentally.

To detect the electron—proton decoupling in ESHT, we
designed a time-resolved spectroscopic approach for PhOH-
(NH,),, clusters, which are a benchmark system for the study
of ESHT.! When ESHT takes place in PhOH-(NHj),, there
are two important features 1) a new N—H bond is generated
to form ‘NH, and 2) the electron moves to occupy the 3s-
Rydberg orbital of the solvent moiety through the Rydberg-
like o* orbital. Feature (1) can be observed by IR spectros-
copy in the 3 um region, by the characteristic N—H stretching
vibration of ‘NH,(NH;),_,. Thus the appearance of the signal
arising from NH stretching vibrations corresponds to the
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completed transfer of the proton and the electron from
phenol to the ammonia moiety. Feature (2) can be monitored
by the NIR absorption through the Rydberg—Rydberg
transitions originating from the electron in the Rydberg-like
o* and/or 3s-Rydberg orbitals. The Rydberg—Rydberg tran-
sitions are more than one order of magnitude stronger than
the valence ones in general®™*"! and so are easily distin-
guished from valence transitions. For example, the oscillator
strength of the 3p-3s and 3p—o* transitions are calculated at
approximately 0.4 and 0.2 which is more than 200 times
stronger than the valence transitions (see Supporting Infor-
mation). Therefore the appearance of the NIR absorption
signal corresponds to the movement of the electron to the
Rydberg orbital located on the solvent moiety, that is, to
completed electron transfer. Both are essentially independent
events, and therefore the comparison of the time evolution of
the NIR and IR transitions provides a means to determine
whether electron and proton transfers are decoupled or not.

Each measurement requires two UV lasers and either one
NIR or one IR laser (see Figure S1(A) in the Supporting
Information).”! The first UV laser excites the cluster and
triggers ESHT. Then, 200 ns after the excitation, the second
UV laser ionizes the final reaction product NH,(NHj;), ,
which allows the determination of the population of photo-
excited clusters. The IR/NIR laser is introduced at a delay of
At ps relative to the first UV laser and scanned over either the
vibrational region or the 3p—3s Rydberg transition. When the
IR/NIR laser is resonant with the transition of the transient
species, the cluster is dissociated by predissociation. Thus the
effect of the IR/NIR transition can be detected by the
corresponding decrease in the size of the ion signal NH,"-
(NH,),_; produced by the second UV laser pulse. To obtain
time-resolved spectra, we used picosecond tunable lasers for
the excitation UV and IR/NIR lasers (3 ps, 12 cm™" resolu-
tion), while the third harmonic of a nanosecond YAG laser
was used for the UV ionization pulse. PhOH-(NHj;), was
generated by a supersonic jet expansion of a gaseous mixture
of PhOH vapor, NH, gas, and He carrier gas.”! The detail of
the experimental setup is described in the Supporting
Information.

S-S, electronic transitions of PhOH-(NHj;), have been
reported.? For clusters with 1 < 4, the spectra correspond to
well-resolved structures, consistent with a slow ESHT reac-
tion (24 ps for n=3).”1 The spectral features are clearly
different in the case of PhOH-(NH;); and only a broad
absorption can be seen.” This strongly suggests a fast ESHT
reaction. For this reason this work focuses on the time-
resolved measurements for the n =35 cluster.

PhOH-(NHj;)s has a bicyclic hydrogen-bonded structure
in the ground state S, (Figure 2 A).”! When the OH bond in
PhOH is cleaved by ESHT, the H atom is transferred to the
ammonia molecule which is directly H-bonded to the OH
group. Thus ESHT must selectively generate the reaction
product ‘NH,(NH;), with a structure of C;, + 1 symmetry (see
Figure 2 A).”!! Such a geometrical restriction was also found
in the ESHT of n=3. After ESHT is complete, the reaction
product undergoes isomerization to generate a more stable
structure with 7, symmetry. This final product can be
measured in the NIR region using nanosecond laser excita-
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number and differing time
dependence from the signal at
6000 cm ™' the only reasonable
assignment for this signal is the
Rydberg transition of the C;,+ 1
product.

The time-evolution of the NIR
signal at 8000 cm™! is shown in
Figure2C. The signal was
observed to rise rapidly and
decay slowly. The time-evolution
+10ps is shown in the inset of
Figure 2 C with an expanded scale
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Figure 2. A) Structure of the PhOH-(NH;); cluster and ‘NH,(NH;), product along the course of the
ESHT reaction. B) Picosecond time-resolved NIR spectra of PhOH-(NH;)s with At=1, 10, and 200 ps
(top three traces). The bottom trace is the NIR spectrum measured by the nanosecond lasers with
At=180 ns. Green bar corresponds to theoretical spectra of the T, isomer and blue bars to those of
the C;,+ 1 isomer. C) Time evolution of the transient NIR absorption of PhOH-(NH;); after the mm*
excitation probed at 8000 cm™'. The exponential fitting of a 15 ps time constant is represented by

a broken line. The rise of the signal is expanded in the inset together with the response function of the

experimental setup (black curve).

tion and is presented in Figure 2B. This strong absorption
centered at around 6000 cm ' comes from the 3p-3s Rydberg
transition.’) Given that any transitions from the photo-
excited mar* state in the unreacted cluster must be more than
two orders of magnitude weaker than this signal, they are not
resolved in these NIR measurements. This means that any
observed NIR signal in this region must arise from a product
of the reaction. Our calculations indicate that an NIR signal
from the first-formed ESHT product with C;,+ 1 symmetry
should also give an NIR signal at a similar/slightly higher
wavenumber (the calculated range is 6700-7700 cm ') with
a comparable but weaker absorption than the final T,
structure.?*¥ Thus time-resolved spectra in this region were
recorded using a picosecond NIR probe laser in an attempt to
resolve a spectral feature from the C;,+1 product which
would likely overlap with the spectrum of the 7, product. In
Figure 2B the red traces (and blue traces which correspond to
ten-times expanded spectra) show the results of this mea-
surement. While the signal arising from the 7, product grows
in over a period of 200 ps, the signal at higher wavenumbers
appears rapidly and decreases in size over the same period,
although both signals are broad and clearly overlap. To
achieve the optimum balance of maximizing signal intensity
and minimizing spectral overlap, the time dependence of the
signal at 8000 cm ™' was recorded and because of its wave-
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together with the response func-
tion of the experimental setup,
which is mainly determined by
the laser pulse duration of 3 ps.
The rise of the signal is the same as
the response function, thus we
cannot determine the exact rise
time. The ultrafast rise of the
signal is consistent with the broad
spectral feature of the UV absorp-
tion transition of PhOH-(NH,);s.
The signal decays after the sharp
rise and becomes almost constant
after approximately 100 ps. From
these results, we concluded that
the observed ultrafast rise at
8000 cm ™' corresponds to the 3p-
3s and/or Rydberg—o* transition
resulting from electron transfer.
The theoretical calculations
also predict the vibrational spectra
for both the C;,+1 and T, products in the NH stretching
region. The details of the calculations are provided in the
Supporting Information. The theoretical spectra for C;, + 1
and T, (bottom of Figure 3 A) are clearly different from one
another. Thus time-resolved IR spectroscopy in this fre-
quency region can reflect the time-evolution of the nascent
ESHT product distinct from the NIR spectroscopy. Figure 3 A
shows the picosecond time-resolved IR spectra of PhOH-
(NH,)5 at the delay times indicated beside the spectra. The
strong free NH stretching bands of NHj; at around 3200 cm™!
and a broad H-bonded NH stretching band of ‘NH, at
approximately 3000 cm™' gradually grow in intensity with
increasing delay time, however no vibrational transition
showing a sharp rise was found. To confirm the time-evolution
of the nascent product, we fixed the IR laser frequency to the
band at 3165 cm ™! (indicated by the letter B in the spectra)
and scanned the delay. The signal at this wavenumber should
be sensitive to the presence of species formed after the proton
transfer step (i.e. the C;,+1 and T, product states). The
observed time-evolution (shown in Figure 3B) did not show
an ultrafast rise, and was fitted by a single exponential
function with a 15 ps lifetime, indicating that the proton
moves on this timescale. We also performed the same
measurement for the two additional bands indicated by
letters A and C, but no fast rise was detected in either band.
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Figure 3. A) Time resolved IR spectra of PhOH-(NH;); after the st
excitation, monitored in the NH stretching vibration region. For details
and explanations of lines A-C see text. The spectrum at At=20 ns was
measured using nanosecond lasers, and was adapted from the
previous data published in Ref. [5]. Theoretical spectra of T, and

G;,+ 1 isomers of the ESHT product, *NH,(NH;),, are also shown at
the bottom as green and blue traces, respectively. B) Time evolution of
the NH stretching vibration probed at 3165 cm™' (dashed line B in
Figure 3A). A single exponential fitting is presented as a broken curve.
From the fitting, the rise time is 15+2 ps.

No fast time-evolution was observed for the NH stretch-
ing vibrational transition of the C;,+1 product in the IR
spectrum not only at the theoretically predicted frequency but
also in all the observed vibrational bands, in sharp contrast to
the ultrafast rise found in the NIR region. This means that
chemical bond formation is not complete in the nascent
ESHT product even when the NIR absorption owing to the
occupation of the Rydberg orbital is observed. This clearly
demonstrates that the electron transfer is decoupled from the
transfer of the proton in ESHT. Figure 1 B summarizes the
electron decoupled ESHT mechanism. The mo* state is
located very close in energy to S, mm*, and the electron
occupies the o* orbital within 3 ps after the nm* excitation
because of a strong mm*/mwo* interaction. At this stage, the
NIR transition at 8000 cm ™' can be detected. On the other
hand, the proton remains in its original location and therefore
the new NH bond has not been formed: no corresponding IR
transition can be observed. Subsequently, the OH bond
dissociates and the Rydberg-like o* orbital becomes the
3s Rydberg orbital of the nascent C;,+ 1 product. The proton
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takes approximately 15 ps to arrive at the ammonia moiety to
form "NH, leading to the appearance of the characteristic NH
stretching vibrations of ‘NH,(NHj;), radical with a slow rise.

In the ‘NH,(NH,), radical, the isomerization from the
C;,+ 1 to T, products follows. This isomerization rate is faster
than the formation of C;,+ 1 because the time-evolution of
vibrational transitions at B and C in Figure 3 A, which are
predicted to be the vibrational bands of the C;,+1 and 7,
products, are comparable. Therefore the isomerization
dynamics appear not to be detected. Taking into account
the short lifetime of C,, + 1, the NIR absorption at 8000 cm ™
mainly reflects the population of the cluster in the wo* state.
Then the earlier part of the decay should reflect the proton-
transfer dynamics see (Figure 2A) because it is the rate-
determining step. The single exponential fitting with 15 ps
time constant is also shown in Figure 2 C. The observed decay
was well reproduced by the fitting. It confirms that the rate of
proton movement has a 15 ps lifetime. The slight deviation in
the long delay is because the signal also reflects the isomer-
ization from the C;,+ 1 product, although it is much faster
than the proton transfer.

The background signal at long delay times in Figure 2C
can be assigned to the weak contribution of the 7, product.
The IR spectrum of the reaction product from PhOH-(NH;);
was measured using nanosecond lasers, and was assigned to
the T, product based on theoretical calculations.”® It means
that the 7, product is the only species present after a long
delay. The NIR spectrum at Ar=200 ps is very close to the
spectrum measured by the nanosecond lasers, it is reasonable
to assign the background signal to the tail of the very strong
absorption of the T, species.

In conclusion, the electron and proton transfers during
ESHT were monitored separately by picosecond time-
resolved NIR/IR spectroscopy for PhOH-(NH;)s. From the
different time-evolution of NIR and IR transitions, it can be
concluded that the electron and proton transfers are decou-
pled. This is the first experimental evidence that ESHT is not
a hydrogen atom transfer in the gas phase. Such a decoupling
was not found in smaller clusters.”! The essential description
of ESHT, including the contribution of the o* orbital must
also be the same for the smaller clusters. Tentatively, we think
that proton tunneling between niw* and mo* states synchro-
nizes the proton motion and the electron dynamics in smaller
clusters. To present a unified view of the ESHT mechanism,
advanced theoretical approaches are now in progress as well
as measurements on deuterated systems. This fundamental
mechanism of ESHT will provide better understanding of key
photochemical processes, including photoprotection of bio-
molecules, and will aid the design of photo-triggered molec-
ular tools.
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