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ABSTRACT: Acetylacetone (AcAc) has proven to be a fruitful but highly
challenging model system for the experimental and computational interrogation
of strong intramolecular hydrogen bonds. Key questions remain, however,
regarding the identity of the minimum-energy structure of AcAc and the
dynamics of intramolecular proton transfer. Here, we investigate the OH/OD
stretch and bend regions of the enol tautomer of AcAc and its deuterated
isotopologue with transient absorption and 2D IR spectroscopy. The OH bend
region reveals a single dominant diagonal transition near 1625 cm−1 with
intense cross peaks to lower-frequency modes, demonstrating highly mixed
fingerprint transitions that contain OH bend character. The anharmonic
coupling of the OH bend results in a highly elongated OH bend excited-state
absorption transition that indicates a large manifold of OH bend overtone/
combination bands in the OH stretch region that leads to strong bend−stretch
Fermi resonance interactions. The OH and OD stretch regions consist of broad
ground-state bleach signals, but there is no clear evidence of ω21 excited-state absorptions due to rapid population relaxation arising
from strong intramolecular coupling to bending, fingerprint, and low-frequency H-bond modes. Orientational relaxation dynamics
persist for timescales longer than the vibrational lifetimes, with polarization anisotropy components decaying within approximately 2
and 10 periods of the O−O oscillation for the OH and OD stretch, respectively. The significant isotopic dependence of the
orientational dynamics is discussed in the context of intramolecular mode coupling, diffusional processes, and contributions from
proton/deuteron transfer dynamics.

■ INTRODUCTION
Hydrogen bonding (H-bond) interactions are crucial compo-
nents in determining structures and properties of chemical and
biological systems1−5 and are key mediators in charge
transport reactions.6−11 Owing to the high sensitivity of
vibrational transitions to H-bond interactions, infrared
spectroscopies provide valuable and direct insight into the
properties and dynamics of H-bonds. Proton stretching
transitions within strong H-bond systems, however, often
manifest as broad and complex absorption features with
ultrafast vibrational relaxation dynamics that are challenging to
interrogate experimentally and accurately model theoretically.
Recent advances in experimental ultrafast infrared spectro-
scopic and high-level computational methods have led to a
renewed interest in unraveling the vibrational spectral
signatures, energy relaxation pathways, and anharmonic
mode coupling within strongly H-bonded systems.
Early seminal work by the groups of Nibbering, Hamm, and

Elsaesser investigated the intramolecular H-bond in phthalic
acid monomethyl ester (PMME) through the interrogation of
the OH and OD stretch regions of the light and deuterated
isotopologues using single-color ultrafast IR transient absorp-
tion (TA) techniques.12−14 The most important feature
observed in these spectra were strong oscillatory modulations

assigned to the coherent excitation of low-frequency H-bond
soft modes, the first observation of such modulations in
ultrafast IR spectra. A series of studies followed, focusing on
the intermolecular H-bonds formed between the homo- and
heterodimers of acetic acid and nitrogen-containing spe-
cies.15−22 Two-color TA17,23 and, later, two-dimensional
infrared (2D IR) spectroscopies21 revealed strong anharmonic
coupling between the H-bonded OH/NH stretches and lower-
frequency fingerprint vibrations, particularly the OH/NH
bending modes. Like PMME, oscillatory modulations were
observed in both diagonal and cross peaks at frequencies
corresponding to intermolecular H-bond soft-mode motions
that drive the strength of the H-bond interactions. In each
model system, Fermi resonance interactions between the
proton/deuteron stretches and overtones/combination bands
of their associated bending transitions give rise to highly
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substructured lineshapes and help promote rapid population
relaxation dynamics (typically <200 fs for OH/NH stretches
and 300−400 fs for OD/ND stretches). Theoretical modeling
by Van Hoozen and Petersen predicted the OH stretch
substructure to derive from Fermi resonance interactions,
while the overall spectral breadth results from low-frequency
H-bond soft-mode motions, which concomitantly influence the
strength of the Fermi resonances.19,20,24 More recent studies
have focused on very strong ionic intermolecular H-bond
systems such as the aqueous proton25−28 and hydrogen
bifluoride anion29 [F-H-F]−, which both display vibrational
signatures attributable to a highly delocalized shared proton
strongly confined within steep, low-barrier proton stretch
potentials.
While much progress has been made in the vibrational

spectroscopic characterization of strongly H-bonded systems,
the ultrafast relaxation processes of shared proton stretches
that arise from the complicated interplay between Fermi
resonance interactions and coupling to low-frequency soft
modes has made direct interrogation and tracking of proton
transfer processes and dynamics incredibly challenging
experimentally. An intriguing proton transfer model system
that has received much attention is acetylacetone (AcAc), a
simple symmetric diketone where the enol form is energetically
favored in the gas phase and low-polarity solvents due to the
strong cyclic intramolecular OH−O H-bond (Figure 1a). The
minimum-energy structure of AcAc, however, remains some-
what controversial. X-ray30,31 and electron diffraction32

experiments support an asymmetric H-bond motif correspond-
ing to an AcAc structure with overall Cs symmetry. Microwave
spectroscopy of AcAc and its 13C isotopologues, on the other
hand, indicated a symmetric H-bond motif with an overall C2v
geometry.33 Ab initio calculations34−40 consistently predict the
Cs structure to be lowest in energy, with the C2v arrangement
as the proton transfer transition state. Inclusion of zero-point
energies, however, make the two structures nearly isoenergetic.
The highest-level calculations to date by Meuwly (CCSD(T)/
cc-pVTZ) predict the Cs structure to be lower in energy by
about 3.2 kcal/mol (1100 cm−1) and are thus the best current
estimates of the classical proton transfer barrier.38 Inclusion of
MP2 zero-point energies still favors the Cs structure but by less
than 1 kcal/mol (350 cm−1).
Quite recently, Meuwly39 and Bowman40 have independ-

ently reported full-dimensional potential energy surfaces of
AcAc employing machine-learning algorithms using MP2/aug-
cc-pVTZ calculations as reference data. Using their respective
surfaces, Meuwly predicted the vibrational spectrum and
proton residence times using classical molecular dynamics,
while Bowman predicted the ground-state vibrational wave-
function and tunneling splittings using diffusion Monte Carlo
simulations. Meuwly’s classical simulations predicted that the
majority of proton transfer events occur within 700 fs and that
the transfer process is driven by the O−O proton donor−
acceptor soft-mode motion. The calculated ground-state
wavefunction by Bowman indicated a highly delocalized shared
proton more consistent with the C2v transition-state arrange-
ment. The computed tunneling splittings were highly depend-
ent on barrier height, ranging from 75−160 cm−1 for the light
isotopologue (corresponding to a tunneling period ∼200−400
fs) and 20−60 cm−1 (∼500−1500 fs tunneling period) for
deuterated AcAc, respectively.
Here, we report the ultrafast vibrational dynamics of AcAc

and its doubly deuterated isotopologue (substitution of the

shared and methine protons, d2-AcAc) using TA and 2D IR
spectroscopies. Strong anharmonic interactions between the
OH/OD stretch, bends, other fingerprint modes, and low-
frequency H-bond soft modes result in rapid intramolecular
population relaxation components of all vibrational modes
investigated. 2D IR spectra reveal significant mixing of the OH
bend throughout the fingerprint region that results in strong
Fermi resonance coupling with the OH stretch. The OH and
OD stretch regions display broad bleach signals but no ω21

excited-state absorption signals. Curiously, the OH and OD
stretch spectra do not display strong modulations at the
expected O−O H-bond stretch frequency as has been observed
in all other previously studied H-bond model systems. TA
polarization anisotropy measurements reveal a surprisingly
slow ∼1.4 ps decay component for the OD stretch, while the
OH stretch anisotropy decays within ∼200 fs. We discuss the
isotopic dependence of the anisotropic signals in terms of
differences in proton/deuteron intramolecular transfer dynam-
ics within the vibrational excited molecules. The data provide
important new experimental benchmarks for recent high-level
calculations and possible dynamical metrics and signatures of
intramolecular proton transfer events.

Figure 1. (a) Computed minimum-energy Cs (left) and transition-
state C2v (middle) structures of the enol form of AcAc. The keto form
is shown on the right. (b) FTIR spectrum of neat AcAc and (c) the
computed harmonic vibrational spectrum (MP2/aug-cc-pVTZ). (d)
FTIR spectrum of neat d2-AcAc and (e) the computed harmonic
vibrational spectrum. The computed vibrational spectra were scaled
by 0.957 and 0.969 for AcAc and d2-AcAc, respectively. The OH and
OD stretch regions are magnified for better visualization. The
calculated unscaled anharmonic OH and OD stretch frequencies are
indicated by the black lines in traces (c) and (e), respectively. The
transitions denoted by the asterisks in (b) and (d) arise from the
symmetric and antisymmetric carbonyl stretches of the keto tautomer.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c00793
J. Phys. Chem. B 2022, 126, 3551−3562

3552

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00793?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c00793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ EXPERIMENTAL METHODS

A schematic of the ultrafast IR spectrometer is presented in
Supporting Information Figure S1. The output of a
regenerative amplifier (Coherent Astrella, 800 nm, 30 fs, 1
kHz, 3.4 mJ/pulse) pumped a commercial optical parametric
amplifier (Light Conversion, TOPAS Prime) to generate
tunable near-IR signal (1.3−1.45 μm) and idler (1.8−2.1 μm)
beams. The signal and idler beams were combined in a 1 mm
thick AgGaS2 crystal (Eksma Optics; AGS-802H) in a home-
built difference frequency generation41 setup, resulting in IR
pulses tunable between 3−7 μm. IR pulse bandwidths were
between 200−300 cm−1, with pulse widths of about 80 fs as
measured with interferometric autocorrelation.
The IR pulse was first sent through a 1 mm wedged CaF2

window to generate a probe pulse from the reflection off the
front face of the window (∼1% reflection) and a reference
pulse from the reflection off the wedged back face. The probe
pulse was directed to a translation stage (Aerotech; ANT95L-
050-MP-PL2-TAS) to control the pump-probe delay time τ2.
The reference pulse was directly routed to the MCT detector.
A pump pulse pair was generated from the remaining
transmitted beam in a Mach-Zehnder interferometer using
two KBr beamsplitters (Spectral Systems; 945-0506H). The
bright arm of the interferometer was sent to the sample, while
the dark arm was actively monitored with an energy meter
(Coherent; LabMax-TOP) for phase-correcting42 of the 2D IR
spectra. The fixed arm of the interferometer was mechanically
chopped (Newport; model 3502) at half the repetition rate.
The time delay τ1 between the pulse pair was controlled with a
second translation stage. The polarization of the pump pulses
were controlled using a CdSe tunable zero-order half-wave
plate (Alphalas; PO-TWP-L2−25-FIR) and ZnSe polarizer
(Edmund Optics; model 62−772). The pump and probe
pulses were directed and focused (∼100 μm spot size) into the
sample in the pump-probe geometry, generating a signal field
that was self-heterodyned by the probe pulse. The probe and
reference lines were dispersed by a monochromator onto a 128
× 128 pixel MCT focal-plane array detector (PhaseTech),
generating the ω3 detection axis.
For each ω3 probe frequency at a given pump-probe delay

time τ2, the TA signal was recorded for pump pulse i as
−log[(Si/Ri)/(Ri + 1/Si + 1)], where S is the signal monitored by
the probe and R is the reference pulse. Reported TA spectra
(Figures 3 and 5) were collected at magic angle polarization
with the following τ2 step sizes: −500 to −200 fs in steps of 50
fs, −200 to 500 fs in steps of 20 fs, 550 fs to 1 ps in steps of 50
fs, and 1.2 to 8 ps in steps of 200 fs. 2D spectra were generated
by monitoring the TA signal at each ω3 pixel as a function of
τ1, the Fourier transform of which yielded the ω1 excitation
axis. All reported 2D IR spectra (Figures 2, 4, and 5) were
collected at magic angle polarization. In the 6 μm region, a τ1
step size of 4 fs was used, while a step size of 2 fs was used
when pumping near 3 μm. In all experiments, τ1 was scanned
to 1200 fs for a resolution along ω1 of 27 cm−1 (the free
induction decays at each pixel in all regions investigated
dephased rapidly within τ1 < 400 fs). The resolution per pixel
along ω3 is about 2 cm−1 at 6 μm and 5 cm−1 at 3 μm. The τ1
free-induction decay at each ω3 pixel was first apodized with a
Hanning window and zero-padded to twice the number of
points collected for a line spacing of about 14 cm−1 along ω1.
The time domain data was phase-corrected using the pump
spectrum collected in the dark arm of a Mach-Zehnder

interferometer using the Mertz method43 before final Fourier
transformation was performed to the frequency domain. The
data were interpolated to a 1 cm−1 spacing over ω1 and ω3. All
2D IR spectra are normalized to 1 with red features
corresponding to ground-state bleach signals and blue features
corresponding to excited-state/induced absorption signals.
For polarization anisotropy measurements, ZZZZ and ZZYY

TA spectra were collected separately, making sure that pump
powers and late-time TA signals were the same in both
polarization schemes. Step sizes along τ2 were as follows for
AcAc: −500 to −250 fs in steps of 50 fs, −200 to 500 fs in
steps of 20 fs, 550 fs to 1 ps in steps of 50 fs, and 1.2 to 12 ps in
steps of 200 fs. Step sizes along τ2 were as follows for d2-AcAc:
−500 to −250 fs in steps of 50 fs, −200 to 500 fs in steps of 20
fs, 550 fs to 1.5 ps in steps of 50 fs, and 1.6 to 8 ps in steps of
100 fs. Anisotropy was calculated as (Ipar − Iperp)/(Ipar + 2Iperp).
Acetylacetone was purchased from Sigma-Aldrich and used

without further purification. d2-AcAc was synthesized following
literature protocols,44 which are briefly described in the
Supporting Information. The IR spectra of both neat liquids
were collected on a Bruker Alpha FTIR spectrometer in ATR
mode. The TA and 2D IR spectra measured in the fingerprint
region were collected from 0.7 M samples in d12-cyclohexane.
Samples were sandwiched between two 1 mm CaF2 windows
using a 50 μm Teflon spacer in a home-built sample cell. Due
to strong background d12-cyclohexane absorption near 2800
cm−1, OD and OH stretch data were collected from 0.7 M
samples in CCl4 using a 300 μm Teflon spacer. Spectra
measured for the neat liquids in the fingerprint region were
collected by sandwiching samples between the CaF2 windows
without a spacer.
Ab initio calculations were performed with Gaussian09.45

The optimized minimum-energy (Cs) and transition-state
(C2v) structures were computed at the MP2/aug-cc-pVTZ
level of theory and basis set with tight convergence criteria.
Harmonic frequency calculations were scaled by 0.957 for
AcAc and 0.969 for d2-AcAc to bring the OH bend (AcAc) and
OD bend (d2-AcAc) in line with the experimentally observed
transitions at 1625 and 1525 cm−1, respectively. Energy scans
of the OH bond length discussed in the main text were
performed at the B3LYP/6−311++G(d,p) level of theory and
basis set. Anharmonic VPT2 calculations were performed at
the MP2/6−311++G(d,p) level and basis set. Tables S1−S3
summarizing the anharmonic predictions are provided in the
Supporting Information.

■ RESULTS AND DISCUSSION
Overview of Infrared and Computational Spectra.

FTIR spectra for neat AcAc and d2-AcAc are shown in Figure
1b,d, with corresponding harmonic vibrational predictions for
the minimum-energy Cs structure presented in Figure 1c,e,
respectively. The weak, broad, and double-humped feature
spanning <2200 to >3000 cm−1 in AcAc is attributed to the
strongly H-bonded proton stretch. The double-hump (∼2400
and ∼2800 cm−1) structure is similar in appearance to OH
stretch transitions in previously studied model systems and are
attributed to bend−stretch Fermi resonance interactions.19,24

The sizeable breadth indicates a large distribution of possible
OH stretch frequencies that arise from low-frequency motions
that vary the H-bond strength.46 The very weak intensity
suggests that the OH stretch oscillator strength is highly
diluted over many background doorway states participating in
the Fermi resonance interactions47 in addition to the large
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variation in the stretch frequency.24,48 Upon deuteration, the
OD stretch redshifts to ∼2000 cm−1 and, while narrower
compared to the OH stretch, is still quite broad and weak. The
OD stretch likewise displays a double-humped substructure.
These observations indicate that Fermi resonances and
sensitivity to low-frequency motions persist in the heavy
isotopologue.
The most intense transition for AcAc appears at 1625 cm−1.

Harmonic calculations predict a closely spaced pair of
transitions both with highly mixed character consisting of
OH bending, carbonyl stretching, and CC stretching
motions. The weaker fingerprint transitions spanning 1300−
1500 cm−1 in AcAc are predicted to derive from various CH
bending motions with significant OH bending contributions.
The spectrum of d2-AcAc shows two distinct transitions at
1525 and 1625 cm−1, predicted to originate from OD bend/
CC stretch and carbonyl/CC stretch normal modes,
respectively. Numerous modes with OD bending character are
predicted to occur in the 800−1000 cm−1 range. Calculated
normal mode displacement vectors are presented in Figure S2
(AcAc) and Figure S3 (d2-AcAc).
The pair of transitions near 1725 cm−1 result from the

symmetric and antisymmetric carbonyl stretches of the keto
tautomer. In the neat liquid, AcAc is about 81% enol form. For
the solvents used in the nonlinear experiments, CCl4 and
cyclohexane, the enol form is 94 and 97%, respectively.49,50

Keto-enol tautomerization occurs on much longer timescales
than those investigated here.51,52 Spectral and dynamic
contributions due to the keto form and tautomerization,
therefore, are not anticipated.
Fingerprint Region. 2D IR Spectra. The isotropic 2D IR

spectrum of AcAc in the 1300−1800 cm−1 region at 150 fs
waiting time is presented in Figure 2a. A single dominant ω10
ground-state bleach (GSB) and ω21 excited-state absorption
(ESA) pair is observed along the diagonal near (ω1, ω3) =

1625 cm−1, and there is no evidence of two distinguishable
transitions from the 2D lineshape as anticipated from the
harmonic calculations (Figure 1c). It seems, therefore, that the
two predicted transitions are either nearly degenerate or one
mode is much more intense than the other. Although this
transition(s) is expected to have highly mixed character and
significant contribution from the carbonyl stretch, for
simplicity, we will hereafter refer to the 1625 cm−1 transition
in AcAc as the OH bend. The GSB and ESA lineshapes show
no inhomogeneous broadening, indicating rapid spectral
diffusion dynamics. A very intense uphill cross peak band is
observed at (ω1, ω3) = (<1300−1550 cm−1, 1625 cm−1).
Downhill cross peaks are also observed but are obscured by the
highly elongated OH bend diagonal ESA transition. Spectra
collected to 1350 cm−1 along the probe axis for neat liquid
samples are presented in the lower panels of Figure 2 to show
the weaker fingerprint modes and downhill cross peaks in more
detail. The appearance of the very strong cross peak band at
the earliest waiting time demonstrates that significant
anharmonic coupling exists between the OH bend and the
other fingerprint modes spanning <1300−1550 cm−1. The
anharmonic VPT2 calculations corroborate these observations,
predicting off-diagonal anharmonicities in the range of −1 to
−16 cm−1 between nearly all modes within the 1300−1700
cm−1 region (Table S2).
A prominent feature in the AcAc 2D IR spectrum is the

highly elongated OH bend ESA transition, which extends
below 1500 cm−1 along the probe axis. Such an extended ESA
transition indicates excitation by the probe pulse from v = 1 in
the OH bend to a large range of overtone/combination bands
in the vicinity of the OH stretch. Given the highly coupled
nature of the OH bend throughout the fingerprint region, a
broad manifold of OH bend background states are anticipated
in the OH stretch region, which will lead to strong stretch−
bend Fermi resonance interactions. Indeed, the VPT2

Figure 2. Isotropic 2D IR spectra collected at 150 fs waiting time for (a) AcAc and (b) d2-AcAc with pump and probe pulses centered at 1550
cm−1. The spectrum of AcAc displays a very intense cross peak band between the OH bend and other fingerprint modes in this region
demonstrating strong anharmonic coupling of the OH bend throughout this spectral region. The highly extended ω21 transition indicates a broad
manifold of OH bend-derived overtone/combination bands in the OH stretch region. The spectrum of d2-AcAc shows coupling between the
carbonyl stretch and OD bend transitions and weaker coupling to other modes in this region. The lower panels in (a) and (b) were collected from
neat liquid samples to better show the weaker fingerprint modes and downhill cross peaks.
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calculations predict large cubic coupling constants (20−100
cm−1) between the OH stretch and the various combination
bands/overtones involving fingerprint modes that fall within
the 2400−3000 cm−1 range (Table S3). It is also possible that
the OH stretch manifold is being directly accessed by the
probe pulse following excitation of the OH bend by the pump.
That is, the extended tail of the ESA could correspond to direct
bend-to-stretch excitation. Although such an excitation is
nominally forbidden at the harmonic level, it would not be
surprising given the very strong anharmonic coupling present
in AcAc. A similar interpretation was given to explain the
extended ESA transition observed in the bend region in neat
H2O.

53

The 2D IR spectrum of d2-AcAc in the same region is shown
in Figure 2b. As expected from the FTIR spectrum and
harmonic calculations, two main fingerprint transitions are
observed in the d2-AcAc 2D IR spectrum near 1525 and 1625
cm−1. The clear splitting confirms that the single observed
1625 cm−1 transition in AcAc contains highly mixed OH bend
and carbonyl character. For d2-AcAc, we will refer to the 1525
cm−1 transition as the OD bend and the 1625 cm−1 transition
as the carbonyl stretch. Relatively strong cross peaks between
the OD bend and carbonyl stretch are present, with the VPT2
calculations predicting an off-diagonal anharmonicity constant
of −12 cm−1 between these two modes. Cross peaks between
the OD bend and carbonyl stretch to the other fingerprint
modes appear much weaker to those observed in AcAc. The
VPT2 calculations predict generally weaker (−1 to −5 cm−1),
but still significant, anharmonic constants in this region
compared to AcAc, consistent with the expectation that the
fingerprint modes between 1300−1500 cm−1 in d2-AcAc
largely derive from more localized CH bending vibrations.

Dynamics. The TA spectrum of AcAc in the fingerprint
region is shown in Figure 3a. Population relaxation of the OH
bend, measured from the decay of the ESA transition, shows an
initial rapid decay component of ∼100 fs followed by a slow
∼4 ps decay component (Figure 3b). To aid in the
interpretation of these components, the TA spectrum of the
neat liquid was also collected (Figure S4). The OH bend ESA
decay for the neat liquid sample displays a similarly rapid time
constant that plateaus to a large offset signal that does not
appreciably decay over 8 ps. We therefore interpret the fast 100
fs component observed in the solution sample to intra-
molecular relaxation of the OH bend via strong anharmonic
couplings. The slower component then likely arises from
intermolecular relaxation to the solvent. The intermolecular
relaxation pathway in the neat liquid is absent since
neighboring “solvent” molecules have also been excited and
are vibrationally hot. The ESA decay profile also displays a
damped recurrence near 400 fs. This damped oscillation likely
derives from the non-rephasing cross-peak interstate coherence
pathway that falls along the diagonal and oscillates at the
difference frequency between the coupled transitions as a
function of waiting time.54−56 The GSB TA signal decays over
even longer timescales, indicating a long-lived “hot ground
state” due to low-frequency modes remaining vibrationally hot
for an extended period.
The TA spectrum for d2-AcAc is given in Figure 3c. The

population relaxation dynamics of the OD bend and carbonyl
stretch transitions in d2-AcAc (Figure 3d) show qualitatively
similar behavior to the OH bend dynamics: rapid intra-
molecular relaxation components (<200 fs) followed by slower
intermolecular components (1−3 ps). The intramolecular
relaxation dynamics of the OD bend and carbonyl stretch are

Figure 3. Isotropic TA spectra collected for (a) AcAc and (c) d2-AcAc with pump and probe pulses centered at 1550 cm−1. Relaxation dynamics
are shown in (b) and (d) for AcAc and d2-AcAc, respectively. Data were generated by integrating over the ω3 frequencies indicated by the magenta
boxes in the TA spectra. The three main transitions each show a rapid (<200 fs) initial population decay component arising from intramolecular
relaxation followed by slower ps components due to intermolecular relaxation to the solvent. The decay of OD bend ESA transition in (d) is offset
by 0.1 (dashed line) for better comparison.
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just as rapid as the OH bend, indicating that efficient
intramolecular relaxation pathways are still present in the
heavy isotopologue despite weaker experimental cross peaks
and smaller predicted anharmonic constants.

For comparison, previous 2D IR measurements57 of the
symmetric and antisymmetric carbonyl stretches in the keto
form of 2-aceytlcyclopentanone in CCl4 revealed much slower
population relaxation dynamics than those measured here for

Figure 4. Isotropic 2D IR spectra collected at 150 fs waiting time for neat (a) AcAc and (c) d2-AcAc with pump and probe pulses centered at 1800
cm−1. The cross peak between the OH bend in AcAc and higher excitation frequencies are assigned to the lower-frequency tail of the OH stretch
Fermi resonance doublet. In d2-AcAc, the cross peak between the carbonyl stretch and OD bend to higher excitation frequencies are assigned to
coupling with the OD stretch. Dynamics of the cross-peak bleaches are shown in (b) and (d) for AcAc and d2-AcAc, respectively, for integration
over the boxed regions in (a) and (c). The pair of strong transitions along the diagonal near 1725 cm−1 derive from the carbonyl stretches of the
keto tautomer in the neat liquids.

Figure 5. Isotropic 2D IR (150 fs waiting time) and TA spectra for (a, b) AcAc and (d, e) d2-AcAc with pulses centered at 2750 cm−1 and 2000
cm−1, respectively. The 2D IR spectra reveal broad, homogenous bleaches and no clear ω21 ESA transitions. Dynamics measured from the TA
spectra (c, f) decay within the time resolution of the experiment to large offset signals, indicating rapid population relaxation to a long-lived hot
ground state. Integrated traces in (c) and (f) correspond to the boxed regions in (b) and (e), respectively.
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the enol form of AcAc. The decay of the keto carbonyl
stretches displayed biexponential behavior with components of
∼1 and ∼12 ps. The carbonyl modes in the keto form,
therefore, are much more localized compared to the OH/OD
bend and carbonyl stretch in enolic AcAc. These differences in
dynamics between enol and keto structures demonstrates that
intramolecular anharmonic couplings are greatly increased in
the presence of the strong intramolecular H-bond.
Direct OH/OD Stretch−Bend Coupling. The 2D IR

spectrum of d2-AcAc in Figure 2b shows cross peaks extending
from the OD bend and carbonyl stretch to higher frequencies
where the OD stretch is expected. To explore this region
further, 2D IR spectra were collected on neat liquid samples
with the pump and probe pulses centered at 1800 cm−1. These
spectra are presented in Figure 3a,c for AcAc and d2-AcAc,
respectively. For d2-AcAc, the pump pulse has sufficient
bandwidth to excite the OD stretch, carbonyl stretch, and OD
bend modes. Strong downhill cross peaks are observed from
the OD stretch to both the carbonyl and OD bend transitions.
The carbonyl stretch cross-peak dynamics (Figure 3d) shows a
very rapid initial decay component, once again suggesting
strong anharmonic couplings leading to fast initial intra-
molecular relaxation. Interestingly, a similar extended cross
peak is observed in AcAc between the OH bend and pump
frequencies of >1800 cm−1 (Figure 3a). We assign this cross
peak to coupling between the OH bend and the tail of the
lower-frequency OH stretch hump (Figure 1b) that manifests
from the bend−stretch Fermi resonance interactions in AcAc.
The slower decay dynamics of the AcAc cross peak (Figure 3b)
suggests that the character of the lower-frequency OH stretch
tail derives mainly from background doorway states rather than
the OH stretch itself (Figure 4).
OH/OD Stretching Region. 2D IR Spectra. Isotropic 2D

IR spectra of the AcAc OH stretch and d2-AcAc OD stretch at
150 fs waiting time are presented in Figure 5. 2D IR spectra at
later waiting times are given in Figure S5 but are not
appreciably different compared to the early-time spectra. Both
spectra display broad GSB transitions that are homogeneously
broadened within the time resolution of the experiment,
indicating fast structural fluctuations that rapidly reshape the
proton stretch potential and enable the sampling of all possible
H-bond configurations within the excitation bandwidth. In the
OH stretch spectrum (Figure 5a), bleaching signals from the
CH stretching modes near ω3 = 2900 cm−1 are also present. A
very weak ESA feature is observed at lower probe frequencies
near ω3 = 2500 cm−1. The TA spectrum (Figure 5b) shows a
strong ESA transition in this probe region at early times, which
could arise from a short-lived ω21 transition of the OH stretch.
The position of the ESA within the pulse-overlap region and
the strong nonresonant window response, however, does not
allow us to make a definitive assignment. The small constant
ESA offset signal at longer waiting times is indicative of a slight
overall redshift of the OH stretch manifold arising from
coupling and relaxation to lower-frequency intramolecular
modes. This interpretation is consistent with the most intense
ESA signal in the 2D spectrum initially occurring at higher
excitation frequencies (i.e., from more weakly H-bonded OH
stretches). The observed spectral shift is analogous to the “hot
ground state” spectrum observed in neat H2O and other
aqueous systems58−60 but with the key difference that
relaxation into low-frequency intermolecular motions in
those systems leads to a weakening of H-bonding that results
in a blueshift of the water OH stretch. Similar H-bond

weakening and spectral blueshifting was observed in the
previously studied model H-bond systems.13,15−17,22 We note
that the early studies on PMME used pulses with much
narrower (150 cm−1) bandwidth, which did not allow for
direct impulsive excitation of the O−O stretch but instead
excited a lower-frequency out-of-plane proton bending motion
that acted to break the H-bond interaction.12−14 The unique
redshift observed here for AcAc suggests a strengthening of the
intramolecular H-bond upon excitation of the OH stretch and
subsequent coupling/relaxation into low-frequency modes like
the O−O stretch.
The OD stretch 2D IR and TA spectra are shown in Figure

5d,e, respectively. The TA shows a redshifted ESA transition at
very early waiting times near 1850 cm−1, although it could
again arise from nonresonant window response within the
pulse overlap region. Unlike the OH stretch, however, there
are no persistent long-time ESA signatures resulting from a
spectral shift of the OD stretch band upon intramolecular
relaxation. The lack of a spectral shift ESA component suggests
that the OD stretch frequency in the heavy isotopologue is less
sensitive to excitation of the low-frequency H-bond soft
modes.

Dynamics. The early-time ESA signal for the OH stretch
decays within the time resolution (<100 fs) of the experiment,
while the GSB decays within about 100 fs (Figure 5c). The
GSB of the OD stretch also decays within the resolution of the
experiment (Figure 5e). The extremely fast decays of the GSB
and ESA transitions again point to very strong anharmonic
couplings leading to rapid intramolecular population relaxation
of the OH/OD stretches. The persistent GSB signals arise
from relaxation into low-frequency modes (the hot ground
state) instead of direct relaxation back to the overall vibrational
ground state. We do not observe complete decay of GSB OH/
OD stretch signals in our experiments. Decay of OH stretch
GSB transitions in other model H-bond systems has been
measured in the tens of ps range.12,17,18,22

A curious observation is the lack of oscillations in the TA
spectra corresponding to coherent excitation of low-frequency
H-bond modes such as the O−O stretch. Such modulations
have been prominent features in all previously studied light
and deuterated H-bond model systems12,13,15−18,21,22,61 and
interpreted in several ways. If an adiabatic separation of the
high-frequency stretch mode and low-frequency soft modes is
assumed, the pump pulse can excite from v = 0 to v = 1 in the
stretch and from v = 0 in the soft mode to a superposition of
soft modes within the excited stretch manifold analogous to
vibronic excitation.62−66 The superposition of soft modes,
which must lie within the bandwidth of the pump pulse,
generates a wavepacket on the excited-state stretch surface that
gives rise to observed coherent oscillatory signals in ω21 ESA
signals. For modulations in GSB signals, the oscillations can
arise due to impulsive Raman-like excitation of the soft modes
on the ground-state surface of the stretch and/or the coherent
wavepacket on the excited OH/OD stretch surface that can
survive relaxation to the hot ground state surface. Given the
nature of the strong H-bond in AcAc, we still anticipate
significant coupling between the OH/OD stretch and the O−
O soft mode. The lack of such oscillations suggests that the
coupled O−O excitation in AcAc undergoes rapid decoherence
in comparison to previously studied H-bond model systems.
We note that very weak oscillations do appear to be present in
the OD stretch GSB signal for d2-AcAc samples in d12-
cyclohexane solvent (Figure S6). These weak and highly
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damped oscillations do occur at the expected period (∼140 fs;
∼200 cm−1) of the O−O stretch.38,39

OH Stretch Potential. The absence of distinct ω21 ESA
transitions, unfortunately, does not allow for a detailed
characterization of the OH stretch potential. If the early-time
ESA signals do, at least partially, arise from ω21 transitions, the
diagonal anharmonicity (2xii = ω21 − ω10) would be quite large
for both the OH (≈ −300 cm−1) and OD (≈ −200 cm−1)
stretches. We note that ω21 ESA signals were not clearly
observed in the light isotopologues of PMME13 or azaindole−
acetic acid heterodimer21 but did appear in d-PMME and
acetic acid homodimers displaying similarly large anharmonic-
ities.14,22 A recent TA study on the intramolecular H-bond
models 10-hydroxybenzoquinoline and 2-(2′-hydroxyphenyl)-
benzothiazole using a broadband IR probe source also
measured very weak early-time ESA signals assigned to ω21
transitions with anharmonicity ≈ −250 cm−1.61 Large
anharmonicity would be in stark contrast to the “super-
harmonic” shared proton stretches recently characterized in
the aqueous proton and HF2

− where strong ω21 ESA
transitions were observed at higher frequencies compared to
the ω10 GSB transitions.25,26,29 This behavior was attributed to
steep, quartic-like proton stretch potentials of a strongly
confined proton. In both cases, the zero-point energy lies
above a shallow barrier resulting in a highly delocalized proton
wavefunction between donor and acceptor.
Figure 6a,b shows the results of a 1D energy scan of the OH

distance for the minimum-energy Cs structure and the C2v
transition state, respectively, with all other coordinates frozen.
Indeed, the energy scan for the Cs structure yields a highly
asymmetric shelf potential. Numerically solving the 1D
Schro dinger equation using this potential yields the energy

levels shown in Figure 6a, which predict OH and OD ω10
transition frequencies of 2532 and 1883 cm−1, respectively.
These values are lower by about 200 cm−1 compared with the
unscaled VPT2 anharmonic predictions of 2743 and 2116
cm−1 for the OH and OD stretches, respectively (Figure 1c,e).
The 1D surface predicts diagonal anharmonicities of −564 and
−233 cm−1 for the OH and OD stretches, which are in
reasonable agreement with the VPT2 predictions of −612 and
−332 cm−1, respectively. It is very possible given the large
predicted anharmonicities that the spectral bandwidth of the
pulses are not sufficient to capture the ω21 ESA transitions.
The energy scan for the C2v structure, however, results in a
symmetric double-well potential with a shallow barrier that is
qualitatively similar to the ones predicted for the aqueous
proton and HF2

− ion and the resulting energy levels display
superharmonic behavior.
It is important to distinguish 1D OH stretch potentials from

the multidimensional Cs−C2v−Cs double-well proton transfer
PES that has been the focus of most computational studies.
The proton transfer surface predicts significant structural
changes during the proton transfer process, including the
shortening of the O−O distance from ∼2.5 Å in the Cs
structure to ∼2.3 Å in the C2v structure, equalization of the
two CO bond lengths at the transition state, and rotation of
the distal methyl group. Methyl group internal rotation is
expected to be a low-barrier process33,36,39 and minimally
influences the 1D OH energy scans (Figure S7). Coarse 1D
OH scans at various fixed O−O and CO bond lengths
performed by Mavri and Grdadolnik 20 years ago34 resulted in
asymmetric potentials whenever the two CO bond lengths
were held at the inequivalent Cs values, including the short 2.3
Å O−O transition-state distance. We verified these results at a
higher level of theory and finer proton step size (Figure S7),
which do predict slightly asymmetric potentials as well as
superharmonic behavior. While the difference in the two CO
bond lengths appears to be an important parameter
determining the degree of asymmetry in the OH stretch
potential, the O−O distance (confinement of the proton) is
the main driver of anharmonic vs superharmonic behavior. 1D
OH potentials are undoubtedly oversimplistic as the broad
homogeneous transitions indicate a rapidly evolving distribu-
tion of structural parameters and H-bond strengths. Never-
theless, the 1D scans (slices through the proton transfer
potential) offer important insight into how the key structural
parameters involved in the proton transfer process influence
the OH stretch potential. Importantly, the complete set of data
and the general agreement of observed transitions and cross-
peak patterns with the normal mode calculations for the Cs
structure strongly support an asymmetric OH stretch potential
typical of a highly anharmonic oscillator.

Orientational Dynamics. Polarization Anisotropy. TA
polarization anisotropy experiments were conducted to
measure the orientational dynamics of the OH and OD
stretches. The anisotropy decays of the OH and OD stretches
are presented in Figure 7a,b, respectively. Despite rapid
population relaxation of both stretching modes within the
time resolution of the experiment, the orientational relaxation
dynamics occur on time scales longer than the vibrational
lifetimes. The measurements were made using the GSB signals,
which have long-lived hot ground state components. The hot
ground state signatures of the OH/OD stretches in vibration-
ally hot AcAc molecules, therefore, appear to retain orienta-

Figure 6. One-dimensional rigid energy scans of the O−H bond
length for (a) the minimum-energy Cs structure and (b) the
transition-state C2v structure. The ω10 and ω21 transition energies
predicted from the highly asymmetric Cs potential are more consistent
with the observed spectra.
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tional memory even with the presence of strong intramolecular
anharmonic couplings and Fermi resonance mode mixing.67,68

The OH stretch anisotropy decay fits best to a single
exponential decay with a ∼220 fs time constant, while the OD
stretch anisotropy decay displays biexponential behavior with a
fast ∼120 fs major component (0.65 pre-exponential
amplitude) and a ∼1.4 ps minor component (0.35 amplitude).
The ZZZZ and ZZYY TA spectra for both isotopologues,
presented in Figure S8, also clearly show a long-lived
anisotropic component in the OD stretch that is not present
in the OH stretch. The fast decay components are consistent
with other strongly H-bonded systems like neat water53,58,69

and aqueous molecular ions70,71 and interpreted in terms of
rapid scrambling of the initially excited OH/OD stretch dipole
due to strong anharmonic coupling with the OH/OD bends
and other low-frequency modes. The strong Fermi resonance
interactions also means that the OH/OD stretches cannot be
considered as simple local modes but instead as a highly
complicated set of transitions with significant bend/low-
frequency mode character.
The slower 1.4 ps decay component in d2-AcAc could result

from diffusional dynamics. Diffusional dynamics for small
molecules like AcAc, including wobbling motions and
complete reorientation, typically occur in the 1−10s ps
range;72−75 the reorientation of PMME was measured to be
about 20 ps.13 Alternatively, the longer timescale could result
from intermolecular relaxation processes. In aqueous hydrox-
ide, the observed 1−5 ps anisotropic decays of the hydroxide
hot ground state signals were attributed to intermolecular
relaxation from initially excited hydrated hydroxide complexes
to initially unexcited complexes.67 This seems unlikely for d2-
AcAc due to much weaker solute−solvent and solvent−solvent
interactions compared to the strong H-bond network in
concentrated aqueous hydroxide solutions. Importantly, such
stark isotopic differences in intermolecular and diffusional
dynamics are not anticipated. Although diffusional dynamics
and/or intermolecular relaxation processes could certainly
contribute to the 1.4 ps anisotropy decay component in d2-
AcAc, they do not explain the lack of a long-time component
in the light isotopologue.
The persistence of a long-lived anisotropic component in d2-

AcAc could arise from differences in the strength of
intramolecular anharmonic coupling between the two iso-
topologues. Population relaxation dynamics, however, are not

appreciably different for AcAc and d2-AcAc. This is in contrast
to the other previously studied model systems, where OD
stretches decay on slower timescales (∼300−400 fs) compared
to OH stretches (<200 fs) and interpreted in terms of weaker
Fermi resonance interactions in the heavy isotopologue
species.13,22 While the VPT2 calculation for d2-AcAc predicts
fewer OD bend overtone/combination band background states
near the OD stretch compared to AcAc, about a dozen modes
with significant cubic coupling constants >30 cm−1 are still
predicted. Finally, the anisotropy dynamics for both species
display rapid initial intramolecular decay components, with the
OD stretch actually having a faster initial decay. Possible
alternative interpretations of the isotope-dependent anisotropy
dynamics, therefore, appear warranted.

Proton and Deuteron Transfer Dynamics. The anisotropy
decay components measured for the OH and OD stretches
occur within the predicted39,40 or inferred76−78 range of
timescales for intramolecular proton transfer in AcAc and
related systems. Transfer of the proton/deuteron and
subsequent structural rearrangement should contribute to the
loss of orientational memory. The long-lived 2 ps anisotropy
decay component of the aqueous proton bending mode, for
example, was interpreted in terms of irreversible proton
transfer following H-bond rearrangement around the aqueous
proton species.68

For AcAc, given that the proton transfer barrier is predicted
to be quite low (<350 cm−1) when including zero-point
energies,38 we hypothesize that fast intramolecular vibrational
relaxation of the OH stretch to the O−O stretch and other H-
bond soft modes rapidly reshapes the proton transfer potential
and places the vibrationally hot system near or above the
proton transfer barrier. Such a scenario would result in faster
tunneling dynamics and further delocalization of the proton
wavefunction40 on the hot ground state surface. Consequently,
orientational memory is lost within two O−O stretch
oscillation periods. The ∼200 fs timescale measured for
AcAc is in good agreement with the tunneling splitting
predicted by Bowman in the low-barrier limit.40 We cannot,
however, unambiguously disentangle the contributions from
intramolecular coupling/mixing and proton transfer dynamics
to the OH stretch anisotropy decay. Both processes are likely
contributing to the orientational dynamics.
For d2-AcAc, the OD stretch orientational memory is lost

over about 10 O−O oscillation periods. The energy of the

Figure 7. Polarization anisotropy dynamics for (a) the AcAc OH stretch and (b) the d2-AcAc OD stretch. The OH stretch anisotropy decay fits
best to a single exponential decay with a 220 fs time constant. The OD stretch anisotropy decay fits best to a biexponential decay with time
constants of 120 fs and 1.4 ps. The fast components in each species are interpreted in terms of fast initial scrambling of the excited dipole due to
strong intramolecular mode coupling. The slow component in d2-AcAc is interpreted in terms of differences in proton/deuteron transfer dynamics
of the two isotopologues on the hot ground state surface (see main text).
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vibrationally hot deuterated species, therefore, appears to lie
sufficiently below the deuteron transfer barrier. Activated O−
O motions are required to sample structures near the transition
state that leads to deuteron transfer. The measured ∼1.4 ps
timescale for d2-AcAc is in reasonable agreement with the
classical proton residence times predicted by Meuwly39 and the
tunneling splittings predicted by Bowman for deuterated
AcAc.40 Given that the orientational dynamics were measured
on the OH/OD stretches on the hot ground state surface, the
measured anisotropy decay times place lower limits on the
average proton and deuteron transfer times in the vibrational
ground state.

■ CONCLUSIONS
TA and 2D IR spectroscopy of acetylacetone and its
deuterated isotopologue are consistent with a highly
asymmetric shared proton potential deriving from predom-
inately Cs-like structural motifs in solution. The 2D IR spectra
demonstrate highly mixed OH bend character throughout the
fingerprint region, resulting in a wide range of overtones and
combination bands that fall within the OH stretch region and
yield strong bend−stretch Fermi resonance interactions. The
spectra of d2-AcAc display similarly strong coupling between
the OD stretch, OD bend, and carbonyl stretch. Although both
isotopologues display equally rapid population relaxation
dynamics, there are surprising isotopic differences in the
orientational dynamics. We propose that the orientational
dynamics of the OH and OD stretches report on differences in
intramolecular proton vs deuteron transfer dynamics within the
vibrationally excited molecules. The measured anisotropy
decay timescales of ∼200 fs and ∼1.4 ps provide lower
estimates of the proton and deuteron transfer times in the
ground vibrational state and are consistent with recent high-
level full-dimensional calculations. Regardless of the exact
mechanism(s) for the anisotropy decay dynamics, the sizeable
isotope dependence demonstrates important differences in the
dynamics of the shared proton vs deuteron in acetylacetone.
These significant isotopic differences are further consistent
with an, on average, asymmetric structure with zero-point
energies falling below the transfer barrier in the ground
vibrational state. The comprehensive experimental IR spectra
and ultrafast vibrational dynamics of the shared intramolecular
proton/deuteron presented for acetylacetone provide critical
new benchmarks for rapidly progressing computational
approaches for modeling strong intramolecular H-bond
interactions and proton transfer dynamics.
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