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The simultaneous, concerted transfer of electrons and protons—
electron-proton transfer (EPT)—is an important mechanism utilized
in chemistry and biology to avoid high energy intermediates. There
are many examples of thermally activated EPT in ground-state
reactions and in excited states following photoexcitation and ther-
mal relaxation. Here we report application of ultrafast excitation
with absorption and Raman monitoring to detect a photochemi-
cally driven EPT process (photo-EPT). In this process, both electrons
and protons are transferred during the absorption of a photon.
Photo-EPT is induced by intramolecular charge-transfer (ICT) exci-
tation of hydrogen-bonded-base adducts with either a coumarin
dye or 4-nitro-4′-biphenylphenol. Femtosecond transient absorp-
tion spectral measurements following ICT excitation reveal the
appearance of two spectroscopically distinct states having differ-
ent dynamical signatures. One of these states corresponds to a
conventional ICT excited state in which the transferring Hþ is initi-
ally associated with the proton donor. Proton transfer to the base
(B) then occurs on the picosecond time scale. The other state is
an ICT-EPT photoproduct. Upon excitation it forms initially in the
nuclear configuration of the ground state by application of the
Franck–Condon principle. However, due to the change in electronic
configuration induced by the transition, excitation is accompanied
by proton transfer with the protonated base formed with a highly
elongated þH─B bond. Coherent Raman spectroscopy confirms the
presence of a vibrational mode corresponding to the protonated
base in the optically prepared state.

electron transfer ∣ proton-coupled electron transfer

Proton-coupled electron transfer (PCET), in which electrons
and protons are both transferred, is at the heart of many

energy conversion processes in chemistry and biology (1–6).
PCET reactions can occur by sequential two-step transfers (e.g.,
electron transfer followed by proton transfer, ET-PT, or proton
transfer followed by electron transfer, PT-ET) or by concerted
electron-proton transfer (EPT) (1, 2). EPT pathways are impor-
tant in avoiding high-energy intermediates, playing an integral
role in photosynthesis and respiration, for example.

Photo-driven EPT (photo-EPT), with electron and proton
transfers occurring simultaneously during the optical excitation
process, would appear to be ruled out on fundamental grounds,
because electronic excitation occurs rapidly on the time scale for
nuclear motions, including proton transfer. Using a combination
of femtosecond pump-probe and coherent Raman techniques,
we have observed simultaneous electron-proton transfer induced
by intramolecular charge transfer (ICT) excitation in two differ-
ent hydrogen-bonded adducts formed between an organic dye
(A─O─H) and an external base (:B). One is formed between
a para-nitrophenyl-phenol and an amine base, and the other
between a coumarin derivative and an imidazole base (Fig. 1).

The shift in electron density away from the hydroxyl group
to the intramolecular acceptor during ICT excitation greatly
enhances the acidity of the hydrogen-bonded proton and
leads to proton transfer in the excited state (7–9). Initially, the
proton in the optically prepared ICT excited state is located

at the equilibrium coordinate of the A─O─H ground state,
ð−·A─O·

─Hþ⋯:BÞ�. In a conventional proton transfer event,
Hþ motion occurs after excited state equilibration in coupled
vibrational and solvent modes. The stepwise process is analogous
to ET-PTwith excitation (ET) followed by proton transfer and has
been studied by several groups using ultrafast methods (9–12).
Conversely, the same configuration produced by vertical excita-
tion could also be viewed as an ICT-EPT photoproduct. In this
product, the proton has transferred to the nitrogen in concert
with the change in electronic configuration induced by the optical
excitation. A protonated base is formed with a highly elongated
þH─N bond†—i.e., ð−·A─O·⋯þH─BÞ� (Fig. 2). A predicted
spectroscopic signature of such an “ICT-EPT” transition would
be possible appearance of a second optically accessible excited
state and the instantaneous appearance of an Hþ

─N vibrational
mode.

Results and Discussion
We report here results on two systems in which ICT to an internal
electron acceptor is accompanied by proton transfer to an
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Fig. 1. Chemical structures of the two hydrogen-bonded adducts studied
in this work: (1) 4-hydroxy-4′-nitro-biphenyl (para-nitrophenyl-phenol) and
t-butylamine (TBA) in 1,2 dicholoro-ethane (DCE). Hydrogen bonding is
confirmed for a range of bases in a variety of solvents using UV-visible
and direct infrared absorption. (2) 7-hydroxy-4-(trifluoromethyl)-coumarin
and 1-methylimidazole in toluene. Evidence of hydrogen-bonding in the
ground state is observed by shifts in the coumarin absorption spectrum.
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external base. Structures are shown in Fig. 1. In both cases, the
hydroxyl group on the chromophore forms an intermolecular hy-
drogen bond with a nitrogen-containing base in solution—
i.e., A─O─H⋯:B.

We present results first on the hydrogen-bonded adduct
formed between para-nitrophenyl-phenol and t-butylamine (1)
in 1,2-dichloroethane (DCE). Spectroscopic measurements
(IR, UV visible) demonstrate hydrogen-bond formation in the
ground state—i.e., A─O─H⋯:B. Femtosecond transient absorp-
tion experiments performed at different excitation wavelengths
on the hydrogen-bonded adduct reveal two optically accessible
states that produce different photoproducts. In one, the H-
bonded proton is still associated with the oxygen atom. In the
other, it is bound to the base but, by application of the
Franck–Condon principle, through an elongated Hþ

─N bond.
Coherent Raman spectra of the optically prepared state obtained
at the moment of excitation show the appearance of a νðHþ

─NÞ
mode at higher frequency, consistent with transfer of the proton
to the base during the ICT excitation process. A similar feature
is observed in ultrafast Raman spectra of the hydrogen-bonded
adduct formed between hydroxy-coumarin and 1-methyl-imida-
zole (2) in toluene.

Para-nitrophenyl-phenol. ICT absorption in para-nitrophenyl-
phenol promotes an electron from a nonbonding orbital on the
oxygen to the nitro group, producing a 1ðnπ�Þ charge transfer
excited state (Fig. 1).

Analysis of ground-state absorption spectra for a series of
organic bases shows that the ICTabsorption band at 335 nm sys-
tematically shifts to lower energy as the O─H bond is weakened
through hydrogen bonding, ultimately leading to deprotonation.
Hydrogen-bond formation with bases ranging from t-butylamine
(pKa ¼ 10.7) to pyridine (pKa ¼ 5.25) in DCE result in incre-
mental shifts in the ICT absorption band with increasing base
strength from λmax ¼ 335 nm (no base) to a limiting value of
354 nm for t-butylamine. For t-butylamine, KA ¼ 104� 10 M−1

at 23� 2 °C with adduct formation >90% complete with 0.3 mM
para-nitrophenyl phenol and 90 mM base. The latter were the
experimental conditions used in the transient experiments.

Complete deprotonation of the phenol occurs upon addition
of tetra-n-butylammonium hydroxide, which further red shifts

the ICT absorption to λmax ¼ 466 nm. The intermediate proton
transfer state, A─O−⋯Hþ

─:B, cannot be accessed experimen-
tally; however, DFT calculations suggest that its ICT absorption
lies at 410 nm between the absorptions for the hydrogen-bonded
(354 nm) and deprotonated forms of the phenol (466 nm). The
position of the ICT absorption provides a spectroscopic
indicator of the location of the proton in the ground state, ran-
ging from 335 nm (A─O─H) to 354 nm (A─O─H⋯:B) to
410 nm (A─O−⋯þH─B) to 466 nm (A─O−). Examination
of the ground-state absorption spectrum (Section I.B, SI
Appendix) shows no evidence of significant concentrations of
either deprotonated anion (A─O−) or proton transfer adduct
(A─O−⋯þH─B). These observations are consistent with both
states lying energetically above the hydrogen-bonded adduct.

The acidity in the ICT excited state is enhanced by approxi-
mately 9 pKa units, resulting in a large driving force for proton
transfer after photoexcitation. We have used a combination of
femtosecond transient absorption and coherent Raman spectro-
scopies to probe the structure of the optically prepared state and
the dynamics that take place following photon absorption. Details
regarding observations and analysis can be found in Sections I.C
and III of the SI Appendix.

Femtosecond transient absorption spectra of the hydrogen-
bonded adduct show evidence for three excited state absorption
bands between 400 and 700 nm. The spectra obtained one pico-
second following excitation of the free para-nitrophenyl-phenol
and the hydrogen-bonded adduct (1) are shown in Fig. 3.

Excitation of free phenol at 355 nm in DCE results in an
absorption band with 1λmax ¼ 440 nm (labeled Sa in Fig. 3). It
is assigned to an excited state absorption from the singlet 1nπ�
ICT state—i.e., 1ð−·A─O·

─HþÞ�. The singlet undergoes rapid
(τ ∼ 3 ps) intersystem crossing to the corresponding 3nπ� state,
1ð−·A─O·

─HþÞ� → 3ð−·A─O·
─HþÞ�, giving rise to the red

absorption band at 3λmax ¼ 630 nm, denoted Ta. The triplet
character of the red absorption was verified by transient EPR
measurements at 77 K in a toluene glass (SI Appendix) and the
intersystem crossing time observed here is comparable to that
observed for nπ� states in nitrobenzenes (13). The Ta band
reaches its maximum amplitude within a few ps and then decays,
without a change in spectral position on a time scale of 2–3 μs.

The singlet and triplet bands are also observed in the transient
absorption spectra of the hydrogen-bonded adduct (A─O─

H⋯:B), Fig. 3. These absorptions depend upon excitation wave-
length and exhibit complex temporal evolution including changes
in both the amplitude and position of the bands. Our analysis
of the transient spectra, which is discussed in detail in the
SI Appendix, correlates observations of the spectral evolution
from fs to μs, at two different excitation wavelengths, 355 nm
and 388 nm.

The singlet and triplet absorptions observed following 388 nm
excitation of the adduct (Sc and Tc) are both shifted to higher
energy relative to the free phenol, with λmax at 395 nm and
570 nm, respectively. While the singlet absorption decays with
τ ∼ 4.5 ps, the triplet absorption shows no appreciable evolution
during the first 300 ps after excitation.

With 355 nm excitation, the singlet band is shifted to higher
energy relative to the unassociated phenol with λmax at 410 nm
(Fig. 3). The triplet band appears at λmax ¼ 620 nm at early
pump-probe delays, similar to the phenol itself (Section I.C.1,
SI Appendix).

Careful examination of the singlet absorption reveals that the
red and blue edges decay with different kinetics, consistent with
two unresolved absorptions with different decay characteristics
(Section 1.C.2, SI Appendix). The decay on the lower-energy side
is kinetically correlated with the growth of the triplet absorption
at 630 nm (τ ∼ 1.5 ps), a clear indication that it arises from the
singlet ICT state, 1ð−·A─O·

─Hþ⋯:BÞ�. The higher-energy side
decays more slowly with τ ∼ 4.5 ps. This is identical to the lifetime

Fig. 2. Illustration of the ICT and ICT-EPT energy-coordinate surfaces.
Red and blue arrows illustrate excitation wavelengths used in this work.
Excitation of the ICT state (blue arrow) results in delayed proton transfer.
Proton transfer occurs concomitantly with excitation to the ICT-EPT state
(red arrow).
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of Sc, suggesting that it and the unresolved higher-energy contri-
bution in the 355 nm spectrum arise from the same transition.
Taking this contribution to have the same position and spectral
width as Sc enables a deconvolution of the two unresolved
absorptions and suggests that the lower-energy absorption (Sb)
has its λmax at 420 nm. These two bands (Sb and Sc) are depicted
by the dashed lines beneath the singlet absorption band in the
355 nm spectrum.

The shift of the singlet absorption from 440 nm in free para-
nitrophenyl-phenol (Sa) to 420 nm when hydrogen bonded to the
amine (Sb) indicates that the excited state absorption in the ICT
state is also sensitive to the location of the proton, shifting to
the blue as the O─H bond weakens. With this observation the
appearance of the feature at λmax ≈ 395 nm is consistent with a
1nπ� ICT state that has a considerable degree of proton transfer
character—i.e., 1ð−·A─O·⋯þH─BÞ�. The proton in this config-
uration is located at the same nuclear configuration as in the
ground state, by application of the Frank–Condon approxima-
tion, but is transferred to the base.

This systematic blue shift with O─H bond weakening is also
observed in the triplet absorption. Peaking at 630 nm in the free
phenol, 3ð−·A─O·

─HþÞ�, this band is observed to shift to higher
energy as the interaction with the proton is weakened, first
through hydrogen bonding 3ð−·A─O·

─Hþ⋯:BÞ�, 620 nm, then
proton transfer to the base 3ð−·A─O·⋯þH─BÞ�, 570 nm, and
ultimately with deprotonation to the anion 3ð−·A─O·Þ�, 530 nm
(Section I.C.2, SI Appendix). The transition energies of the
ground and excited state absorptions for the different protona-
tion states of the nitrophenyl-phenol chromophore are summar-
ized schematically in Fig. 3.

Based on our band assignments, the transient spectra at early
times suggest that there are two spectroscopically accessible
states corresponding to the configurations 1ð−·A─O·

─Hþ⋯:BÞ�
and 1ð−·A─O·⋯þH─BÞ�. They are illustrated in the energy-
coordinate diagram shown in Fig. 2. While both states appear
to be populated by 355 nm excitation (as evidenced by the pre-
sence of both Sb and Sc), 388 nm excitation seems to produce only
the latter. The absence of the 1ð−·A─O·

─Hþ⋯:BÞ� absorption
feature following 388 nm excitation suggests that, at the
ground-state geometry, 1ð−·A─O·⋯þH─BÞ� is lowest in energy,
as depicted in the figure. It is interesting to note that similar

ultrafast proton transfer has been observed in related measure-
ments on the green fluorescent protein (GFP). In GFP ultrafast
proton transfer was attributed to excitation to a second state
underlying the electronic absorption band, but the nature of
the transition was unclear (10).

In the para-nitrophenyl-phenol adduct, the two initial singlet
states have distinctly different dynamical signatures. Photoexcita-
tion to 1ð−·A─O·

─Hþ⋯:BÞ� results in delayed proton transfer
following intersystem crossing to the triplet, 3ð−·A─O·

─

Hþ⋯:BÞ�. Excitation to the lower-energy surface at 388 nm gives
rise to prompt appearance of protonated base—i.e., ð−·A─

O·⋯þH─BÞ� in both the singlet and triplet spectra.
The presence of ð−·A─O·⋯þH─BÞ� at the earliest observable

pump-probe delay times (200 fs) is consistent with a photoin-
duced electron-proton transfer (photo-EPT) process. However,
given the time scale of the experiment, we cannot rule out the
presence of an ultrafast but delayed proton transfer process that
occurs during the 200 fs excitation pulse solely from the transient
absorption data. The key question is whether direct photoexcita-
tion to the ICT-EPT state occurs from the ground-state config-
uration.

Coherent Raman measurements provide a direct probe of
excited state vibrational modes at the Franck–Condon geometry.
Similar to spontaneous resonance Raman spectroscopy, the
amplitudes of the vibrational resonances reflect geometric distor-
tions between the ground and excited states (i.e., Franck–Condon
factors). However, application of a broadband field initiates
nuclear motion on both the ground and excited state surfaces.

Details involved in the acquisition and analysis of the Raman
signals are provided in the SI Appendix. A typical coherent
Raman spectrum obtained from the para-nitrophenyl-phenol
adduct is shown in Fig. 4. In this representation, the spectra
contain positive and negative going signals, which are described
for a general system by Eq. S8 in the SI Appendix. For the systems
discussed here, the signals with positive signs correspond to
nuclear coherences in the ground electronic state, while the
negative going signals are associated with nuclear coherences in
the excited electronic state.

The spectrum of the nitrophenyl-phenol adduct shows the
νðO─HÞ ground-state band at 2;850 cm−1 and a band at
2;970 cm−1 that is assigned to an excited state vibrational coher-

Fig. 3. Transient absorption spectra at early pump-probe delay times of 4-hydroxy-4′-nitro-biphenyl (nitrophenyl-phenol) (Upper, right) and the hydrogen-
bonded adduct with t-butylamine (TBA) (Lower, right) in 1,2 dicholoro-ethane (DCE). All spectra were observed 1.0 ps after photoexcitation. The free phenol
spectrumwas obtained after photoexcitation at 355 nm. Two spectra for the hydrogen-bonded adduct are shown, collected at 355 nm and the other at 388 nm.
The diagram at the left illustrates the band assignments made by correlation of a wide array of experimental observations (see SI Appendix). The dashed gray
and blue arrows indicate transitions that are not observed experimentally.
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ence based on the sign of the signal. ICT excitation of the
para-nitrophenyl-phenol weakens the O─H bond and shifts its
vibrational frequency to lower energy, suggesting that the
O─Hmode is not the origin of the excited state resonance. Based
on the shift to higher energy, the new band is assigned to the
νðN─HþÞ mode in the ICT adduct. The 2;970 cm−1 frequency
is consistent with νðN─HþÞ stretching vibrations observed in
protonated amines (14), which range from 3,100 to 3,300 cm−1.

From a Frank–Condon perspective, excitation to the ICT-EPT
state is a vertical process along the coupled nuclear coordinates
including the proton transfer coordinate. The formation of the
protonated base in the optical excitation process is remarkable
because it implies that there is redistribution of electron density
both in the phenol and at the base. The rearrangement of elec-
tron density in intramolecular examples is expected because both
the proton donor and acceptor are part of the same electronic
framework. The electronic redistribution at the base in the inter-
molecular adduct is noteworthy, pointing to extensive electronic
coupling across the hydrogen bond.

Hydroxy-Coumarin. ICT excitation of 7-hydroxy-4-(tri-fluoro-
methyl)-coumarin (HFC) promotes a largely nonbonding elec-
tron from the hydroxyl group to a π� orbital with considerable
carbonyl character, increasing the acidity of the OH proton
by approximately 14 pKa units (7, 8). Evidence of ground-state
H-bonding between the coumarin and 1-methyl-imidazole
(1-MeIm) base in toluene is observed as a shift in the ICTabsorp-
tion spectrum from 330 nm to 342 nm upon adduct formation.
For 1-methylimidazole, KA ¼ 2;100 M−1 with adduct formation
of 73% at 2 mM base concentration.

We have used the emissive properties of the coumarin to probe
coupled electron-proton transfer following ultrafast excitation.
In the absence of an external base, hydroxy-coumarins emit
weakly with an emission maximum in toluene of 403 nm. The
deprotonated form is strongly emissive with λmax ¼ 506 nm. In-
tense emission is also observed upon the addition of hydrogen-
bonding bases, and the 1∶1 adduct with 1-MeIm (A─O─H⋯:B)
emits at 459 nm (15). The blue-shifted emission in the adduct
relative to the anion can be attributed to H-bond stabilization
of the ground-state anion by complex formation with the pro-
tonated base.

The appearance of the emission at 459 nm is thus an indicator
of proton transfer in the excited state. Femtosecond transient
absorption methods were used to monitor the growth of stimu-
lated emission at 459 nm (Fig. 5A). Based on this result, approxi-
mately 75% of the emission appears on a time scale short relative
to the instrument response time (<1 ps) consistent with rapid
proton transfer.

The coherent Raman spectrum for the coumarin adduct is
shown in Fig. 5B. Like para-nitrophenyl-phenol, the νðO─HÞ

Raman response of the ground state is observed at 2;900 cm−1,
whereas an excited state vibrational resonance is observed near
3;050 cm−1. Based on the shift to higher energy, the new band can
be assigned to νðN─HþÞ in the ICTadduct 1ð−·A─O·⋯þH─BÞ�.
Conclusions
Our spectroscopic results reveal the presence of a concerted
electron-proton transfer process in the optical ICT excitation of
two different hydrogen-bonded dyes. Transient absorption spec-
tra reveal that two spectroscopic states are accessed having
different dynamical signatures. One of the states corresponds to
a conventional excited state proton transfer process in which
proton transfer occurs after vibrational and solvent relaxation.
The other is an ultrafast concerted electron-proton transfer event
with proton transfer coupled to the change in electronic config-
uration. The appearance of the νðN─HþÞ mode in the coherent
Raman spectra shows that the proton transfer state is directly
accessible via optical excitation. Here charge transfer occurs in
concert with proton transfer to the nitrogen atom of the acceptor
base with the newly formed H─N bond highly elongated along
the H─N axis, ð−·A─O·⋯þH─BÞ�, as illustrated in Fig. 2. The
evidence points to concerted transitions in both cases in which
a proton transfer state is formed directly from the ground state
during the ICT excitation.

Experimental Methods
A brief description of the materials and experimental methods
are provided below and more detail can be found in the
SI Appendix.

Materials. 4-hydroxy-4′-nitrobiphenyl (nitrophenyl-phenol) was
purchased from TCI America and used as received. 7-hydroxy-
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Fig. 4. Coherent Raman spectrum of the nitrophenyl-phenol/t-butylamine
hydrogen-bonded adduct. The positive going feature is the Raman response
of the O─H mode in the ground electronic state. The higher frequency
negative going feature is an excited state vibrational resonance assigned
to the þH─N mode.
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Fig. 5. (A) Transient stimulated emission data for the hydroxyl-coumarin 1∶1
adduct with 1-MeIm (2 mM) in toluene following 355 nm excitation. The
open circles display the laser excitation pulse reacting with the solvent
nuclear response in toluene. Gray points represent the stimulated emission
data at 465 nm; only data points outside the instrument response are shown.
(B) Coherent Raman spectrum of the hydroxyl coumarin 1∶1 adduct with
1-MeIm (2 mM) in toluene.
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4-(trifluoromethyl)-1-coumarin (coumarin) (98%), and 1-methy-
limidazole (1-MeId) (99%) were purchased from Sigma-Aldrich
and used as received. All solvents were purchased from Aldrich
and used as received. All experiments on para-nitrophenyl-phe-
nol were performed in dichloro-ethane (DCE). All experiments
on the coumarin dye were performed in toluene.

Femtosecond Transient Absorption. Femtosecond transient absorp-
tion measurements were done using a pump-probe technique
based on a Ti∶Sapphire chirped pulse amplification (CPA) laser
system (Clark-MXR CPA-2001). The pump pulse was produced
by an Optical Parametric Amplifier (OPA) and the probe pulse
was generated by continuum generation in a CaF2 substrate
and detected by a CCD camera. The spectrometer is capable
of measuring transient spectra with approximately 200 fs time
resolution and a sensitivity of better than 1 mOD.

Nanosecond Transient Absorption. The nanosecond transient ab-
sorption spectrometer is based on a Nd:YAG/OPO laser system
used for sample excitation. The transient changes in a white-
light continuum generated by Xe arc lamp were detected by a

monochromator/PMT system and monitored using a digital
oscilloscope.

Coherent Raman Spectrometer. The coherent Raman experiments
apply two narrowband pulses and two broadband pulses with
independently controlled delays; one broadband pulse is used
for signal detection by spectral interferometry. The narrowband
pulses are 500 fs in duration with spectra centered at 400 nm. The
355 nm broadband pulses have durations of 45 fs. The pulses are
focused to 120 um FWHM spot size at the sample and possess
energies of 50–100 nJ. Signals are detected using a back-illumi-
nated CCD array (Princeton Instruments PIXIS 100B) mounted
on a 0.3 m spectrograph.
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