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Abstract

39 The infrared and near infrared spectra of acetylacetone, acetylacetone-dg and hex-
41 afluoroacetylacetone are characterized from experiment and computations at different
43 levels. In the fundamental region, the intramolecular hydrogen bonded OH-stretching
45 transition is clearly observed as a very broad band with substantial structure and lo-
47 cated at significantly lower frequency compared to common OH-stretching frequencies.

49 There is no clear evidence for OH-stretching overtone transitions in the near infrared

*To whom correspondence should be addressed

t Australian Synchrotron, 800, Blackburn Road, Clayton, Victoria 3168, Australia

Department of Chemistry, University of Otago, P.O. Box 56, Dunedin, New Zealand

54 YDepartment of Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Dan-
55 mark

56 §Department of Pharmaceutical Science, University of Maryland, Baltimore

57 IDepartment of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel Switzerland

58 +Department of Chemistry, Brown University, Providence (RI), USA

1
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

region, which is dominated by the CH-stretching overtones of the methine and methyl
CH bonds. From molecular dynamics (MD) simulations, with a potential energy sur-
face previously validated for tunneling splittings, the infrared spectra are determined
and used in assigning the experimentally measured ones. It is found that the simulated
spectrum in the region associated with the proton transfer mode is exquisitely sensitive
to the height of the barrier for proton transfer. Comparison of the experimental and the
MD simulated spectra establishes that the barrier height is around 2.5 kcal/mol, which
favourably compares with 3.2 kcal/mol obtained from high-level electronic structure

calculations.
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Introduction

Acetylacetone (AcAc) and hexafluoroacetylacetone (HFAA) are S-dicarbonyls which exist in
two isomeric forms: the keto and enol tautomers shown in Figure 1a. The greater proportion
of the enol form can be attributed to the resonance stabilization of the conjugated double
bonds and to the stabilization provided by the intramolecular O-H-: - - O hydrogen bond. In-
creasing 7 electron delocalization may transform the H bond from an asymmetric O-H--- O
pattern with a double well potential, to a symmetric O---H---O single well structure. If
the 7 delocalization is complete, a symmetric Csy, structure is formed in which the C=C and
C-C bonds, along with the C-O and C=0O bonds, become equivalent and the H atom is
shared equally between the two O atoms. A diagram of the interconversion process is shown

in Figure 1b.

The thermodynamics of the keto-enol equilibrium of gas phase AcAc has been studied with
temperature dependent nuclear magnetic resonance (NMR) spectroscopy.' The enol form is
predominant with AH®(enol — keto) = 4.66 + 0.18 keal/mol and AS° = 8.3 cal/mol K.
The hydroxyl proton resonance full width at half maximum is approximately 16.7 Hz at 373
K, which is significantly broader than the ~ 2 Hz line widths typical of the other proton
resonances. The extra width of the hydroxyl proton resonance is indicative of its delocaliza-
tion. The keto isomer was estimated to be about 4.1 to 4.3 kcal/mol higher in energy than

2 and ultraviolet® spectra. The gas phase abundance of

the enol isomer from photoelectron
the enol form of AcAc has been reported at various temperatures: 98% at 298 K from a 'H

NMR study,* 95% at 333 K and ~ 60% at 503 K from infrared (IR) studies.*

AcAc is structurally related to its much more thoroughly characterized cousin malonalde-
hyde (MA, R=H in Figure 1) through substitution of the symmetrical H-atoms by methyl
groups. Given that the methyl torsion can couple to the O—O stretch and hence to the proton

transfer (PT) motion along the H-bond, it constitutes a more challenging problem than PT

3
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Figure 1: a) Keto-enol tautomerization in S-dicarbonyls. b) Interconversion of the enol form
of a f-dicarbonyl. The transition state shown in the center has Cs, symmetry.

in MA. For MA, a number of IR spectra®® and the ground state tunneling splitting®!? have
been measured with high accuracy experimentally. A combined IR and Raman spectroscopy
study of MA in supersonic jets and rare gas matrices recorded a tunneling splitting of 69

1

cm~! with the OH-bend vibrationally excited.!! Calculations at different levels of theory

have been carried out to assign these spectra and to reproduce the splitting. In general,

12-17

this requires fully dimensional dynamics simulations performed on high level potential

energy surfaces (PESs).'®

Contrary to MA, less information about activation barriers, structures and possible tunnel-
ing splittings in AcAc is available. Even the question whether its ground state assumes an
asymmetric (Cy) or a symmetric (Cy,) structure is still debated. 2! Neutron crystallography
predicts that the ground state of AcAc has C, symmetry.'® Results from electron diffrac-
tion experiments are contradictory, suggesting either a C,202! or a Cy, structure.?® The
most recent study performed with ultrafast electron diffraction concluded that the lowest
energy form of AcAc has C; symmetry.?? In general, electronic structure calculations find an
asymmetric minimum energy structure with Cy symmetry for AcAc on the PESs excluding

25230 while correcting for zero point vibrational energy lead to a slight

zero-point corrections,
preference of the Cy, minimum energy structure at the MP2/D95++** (for energies) and

scaled HF /D95-++** (for vibrations) level of theory®® which can, however, not be compared

4
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t28

in quality to more recent*® and present high-level calculations.

Conversely, high-resolution rotational spectra of AcAc and its singly substituted *C-isotopologues

©CoO~NOUTA,WNPE

10 in the frequency ranges 2-26.5 GHz (~0.1-1 em™!) and 60-80 GHz (~2-3 cm ) lead to a
12 structure with Ch, symmetry2* possibly due to zero point vibration of the proton in systems
14 with strong hydrogen bonds.?"33 The double well potential in AcAc due to PT from one

3435 Depending on whether or

16 oxygen to another is responsible for the tunneling splitting.
18 not the proton is constrained in the well will have a marked effect on the spectroscopy with
20 respect to tunneling effects, thus isotopic substitution can be enlightening. To date only
22 the microwave spectrum of the normal protonated isotopomer has been investigated,?! and

24 it would be informative to observe the microwave spectrum of a deuterated isotopomer of

26 AcAc, where the tunneling splitting will be reduced due to the heavier isotope.

30 Several IR spectroscopic studies of AcAc are available in the vapor phase.*%673% The OH-
32 stretching transition is very broad, however is typically assigned in the region from 2750
34 cm ! to 2800 cm 1.3 The only near infrared (NIR) investigation of AcAc was performed
in the liquid phase in 1929 as part of a study regarding carbonyl overtones.®® Other than
a tentative assignment of a carbonyl overtone at 1.91 pm, no further transitions for AcAc

were assigned.

Various experimental studies of hexafluoroacetylacetone (HFAA) have been performed in-

46 40,41

47 cluding electron diffraction, 36,37

and IR spectroscopy and microwave spectroscopy.*? The
49 microwave data shows that HFAA exists in a ‘rigid’ enolic Cy form, and it lacks doubling
51 of rotational lines, indicating high effective barriers to the internal motions,*? while the re-
53 lated molecule trifluoacetylacetone exhibits intermediate internal dynamics between AcAc

55 and HFAA.* From gas phase electron diffraction studies it was concluded that HFAA exists

57 as an enol tautomer with a planar symmetric ring and an O-H- - - O angle close to 180°. %4

3
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The O---O distance was determined to be 2.551 A% or 2.606 A.%' The symmetric ring
conclusion has been refuted,*® because such a structure having a nearly linear O-H---O
angle should have only one minimum for its potential energy well and a smaller O--- O dis-
tance of 2.3 A is more likely (see, e.g., Ref.15). Alternatively, the symmetric structure based
on the electron diffraction data has been interpreted as a superposition of two asymmetric
structures.*s High level electronic structure calculations on HFAA are demanding due to
the extra computational cost associated with the six fluorine atoms and investigations have
been limited. 264446 The theoretical calculations yield structures analogous to AcAc, with an

asymmetric Cs enol form as the most stable conformation.

The present work reports the vapor phase IR and NIR spectra of AcAc, AcAc-dg, and HFAA.
To assist in the interpretation of the experimental spectra, ab initio, anharmonic local mode

47-49

oscillator calculations and atomistic simulations are used.

Methods

Experiment

Liquid AcAc (Aldrich, >99%), AcAc-dg (fully deuterated AcAc, Cambridge Isotope Labo-
ratories, 98% D) and HFAA (Merck-Schuchardt, 98%) were degassed with several freeze-

pump-thaw cycles and dried with molecular sieves.

The IR spectra of gaseous AcAc, AcAc-dg and HFAA were recorded at 1 cm™! resolution on
a Perkin Elmer Spectrum BX FTIR spectrometer. Samples were contained in a 10 cm path
length cell equipped with KBr windows. Both, the AcAc and AcAc-dg spectra were taken
at 7 Torr vapour pressure and HFAA 10 Torr. The AcAc, AcAc-dg and HFAA spectra were

measured at 291 K, 294 K and 295 K, respectively.
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The conventional NIR spectra of AcAc and AcAc-dg were recorded with a Varian Cary 500
spectrophotometer which incorporated a 4.8 m path length White cell (Infrared Analysis,
Inc.) fitted with Infrasil quartz windows. The spectrum of each sample was measured at
6 Torr vapor pressure and at 293 K. The spectrum of HFAA was recorded under the same
conditions except at a pressure of 20 Torr. Background scans with an evacuated cell were
subtracted from the sample spectra. A 0.2 OD neutral density filter was used as an attenu-

ator in the reference beam path of the Cary 500.

AcAc and AcAc-dg were recorded with a photoacoustic spectrometer at pressures of 7 Torr
and 8 Torr, respectively. Our photoacoustic spectrometer and the spectral calibration process
has been described previously.3*%! Briefly, a Coherent Innova Sabre argon ion laser running
at all lines was used to pump a Coherent 890 titanium:sapphire laser. The wavelength is
tuned with a three-plate birefringent filter which yields a laser line width of approximately 1
ecm~!. The photoacoustic cell contained a Knowles EK3133 microphone for detection of the
photoacoustic signal. The corrosive nature of HFAA necessitated a low sample pressure in
the photoacoustic cell to prevent damage to the microphone. The photoacoustic spectra of
HFAA were recorded with a sample pressure of approximately 0.5 Torr. The photoacoustic
signal of HFAA was enhanced by the addition of a buffer gas of 227 Torr argon to the pho-

toacoustic cell.???3 All photoacoustic spectra were measured at 293 K.

Computational Methods

Anharmonic local mode calculations: The Cy and Cy, structures of AcAc were optimized with
the MP2/6-311++G(d,p) and CCSD(T)/cc-pVTZ methods using Gaussian09 and MOL-
PRO, respectively.?*% For the OH-stretching vibrations of AcAc and HFAA an anharmonic
oscillator local mode model was used.*"*® As usual, the OH-stretching oscillator is modelled

7
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as a Morse oscillator.*® The 1-dimensional PES and dipole moment surface for the OH-
stretching coordinate were calculated at the CCSD(T)/cc-pVTZ level. The details of this

model are given elsewhere.

Intermolecular Interactions and Morphing: A detailed account of the Molecular Mechanics
with Proton Transfer (MMPT) method has been given previously. 156758 Briefly, MMPT uses
parametrized three-dimensional potential energy surfaces (PESs) fitted to ab initio calcula-
tions at the MP2/6-311++G(d,p) level to describe the interactions within a general DH-A
motif where D is the donor, H is the hydrogen and A is the acceptor atom. Together with
a standard force field - here, CHARMM?® is used - specific rules control how bonded inter-
actions on the donor and acceptor side are switched on and off depending on the position
of the transferring H-atom (DH-A or D-HA). To adapt the overall shape of the PES to
topologically similar, but energetically different hydrogen bonding patterns - depending on
the chemical environment of D and A - the PES can be “morphed”.5%¢! Morphing can be a

simple coordinate scaling or a more general coordinate transformation.

Table 1: The geometries of optimized (OPT) and transition state (TS) structures, together
with the PT barrier AFE for AcAc and MA calculated at the MP2/aug-cc-pV'TZ level, which
are used in the PES morphing. See text for details.

AcAc MA
OPT TS |OPT TS
R(A) 2.53 236 | 256 2.36
r(4) 101 1.20| 1.00 1.20
0(°) 179 108 [19.4 10.6
p 017 05 | 015 0.5
d (A) 0.31  022] 033 0.22
AE (kcal/mol) 2.18 2.74

For proton transfer in AcAc, the MMPT potential V(R, p,d) depends on R, p = (rcosf —
Tmin) /(R — 2rmin) and d = rsin# where R is the O;-O, distance, r is the O;-H distance,

and @ is the angle between R and 7 (see Fig. 2). The parameter rypy, = 0.8 A is in principle
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arbitrary but should be sufficiently small to cover the shortest possible D-H separations to
ensure p > 0. The MMPT potential for AcAc is generated via PES morphing from that of
MA, ' since the PT motifs in the two molecules experience chemically similar environments.
Morphing is achieved by modifying MMPT parameters and thus reshaping the interaction
potentials, with reference data such as equilibrium structure and energy barrier provided
by electronic structure calculations (Table 1). Different morphing schemes are tested and
discussed in detail in the supplementary material. In the present work VAA(R, p,d) and

VMA(R, p,d) are related through the following transformations:

VACAC(Ra o, d) = )‘VMA(R - R07 P d) (1)

with morphing parameters \ = AA]”;EABZ/ZC = 3;811;22};22} = 0.796 and Ry = R} — Ry = 2.56
A—253 A= 0.03 A determined from comparing the PT barrier (AE) and the equilibrium
donor-acceptor distance (Ryy) of AcAc and MA computed at the same level of theory
(MP2/aug-cc-pVTZ). With such a morphing scheme information concerning the PT bar-
rier height, and partly the PT barrier width as reflected in the O—O distance, are included.
The entire set of parameters for V(R, p,d) and comparison with those of MA are listed in
the SI (Tables S2 and S3). Other force field parameters for all bonded and non-bonded
interactions in AcAc are identical to those for MA, while the substituted methyl and triflu-

oromethyl groups are treated with existing CHARMM force field parameters. 5’

Infrared spectra and assignments from MD simulations: IR and power spectra are computed
from suitable time correlation functions from MD simulations. More specifically, the total
dipole moment M (t) was recorded along the MD trajectories and correlated over 2'* time

origins to give the dipole-dipole correlation function C(t)

C(t) = (N (1) - 1 (0)) (2)

9
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Figure 2: Equilibrium structure (left) and PT transition state structure (right) of AcAc,
computed by MM force field. Atom types and internal coordinates (R,r and 6) for the
MMPT potential are also labeled. See text for more details.

To suppress noise, a Blackman filter was used.®? Then C(w), the Fourier-Transform of C(#),

was weighted with the Boltzmann factors to give the IR spectrum A(w)

A(w) = w{l — exp[-fw/(ksT)]}C(w) (3)

where kg is the Boltzmann constant and T is the temperature.

MD trajectories also offer the possibility to determine power spectra corresponding to se-
lected internal coordinates ¢q. Such power spectra can be employed to assign spectroscopic
features to motion along these coordinates and to analyze possible couplings between differ-
ent internal coordinates. For this, the time series ¢(¢) is used to construct the correlation
function (g(t) - ¢(0)). The Fourier transform (see above) of this correlation function yields

the power spectrum.
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Results and Discussion

Molecular Geometries and Energies

The fully optimized geometry of the C; and the Cy, structures of AcAc at the MP2 and
CCSD(T)/ce-pVTZ level are compared with parameters from an electron diffraction (ED)
experiment? in Table S4 (supporting information). Due to the weak scattering of the hydro-
gen atom, the O-H and H--- O distances and the O-H--- O angle were held at the BSLYP
calculated values in the ED data.?? The computed geometries are in good mutual agreement
and agree well with experimentally determined structures which show some variation: the
O--- O distances are 2.592 A22 and 2.547 A respectively,® which compares favourably with
our CCSD(T)/cc-pVTZ value of 2.55 A. The C structure is significantly more stable than
the Cy, structure by approximately 2.2 kcal/mol and 3.2 kcal/mol at the MP2/aug-cc-pVTZ
and the CCSD(T)/ce-pVTZ levels, respectively. The energy differences can be considered as
the classical barrier to PT. The relative structural degeneracy of the C; and Cy, structures
is 2:1, statistically favoring the C; structure (Figure 1b) by —RT In2 which is approximately
0.4 kcal/mol at 298 K. Hence, at the MP2 level of theory the C; is more stable by ~ 2.6
kcal/mol compared to the Cy, structure. Harmonic frequency calculations at this level of
theory yield a zero-point vibrational energy (ZPVE) of 77.7 kcal /mol and 75.3 kcal/mol for
the Cy and Cy, structures, respectively, which is a difference of 2.4 kcal/mol. At the MP2
level of theory it is therefore difficult to unambiguously assign the minimum energy structure
to either Cy and Cy, symmetry, whereas the electronic energy difference of the CCSD(T)
calculations favor the C structure, even with inclusion of the MP2 ZPVE difference to the

CCSD(T) energies.

Methyl Groups: An evident structural difference between the Cy and (s, structures is the
orientation of the methyl group with the parent carbon labelled “12” in Figure 2. Hence,

the torsion of this methyl group is coupled to the PT coordinate. In the transition state —
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labelled TS2%® the methyl groups eclipse one another (see Figure S1).

The MP2/aug-cc-pVTZ calculated energy difference between the TS2 and Cy structure,
i.e., the barrier to the methyl rotation, is 0.13 kcal/mol, in quite good agreement with the
0.27 kcal/mol obtained at the CCSD(T)/cc-pVTZ//MP2(FC)/cc-pVTZ level”® and with
microwave data at 0.163 kcal/mol.?* Interestingly, the torsional barrier of the CHs group
of acetone is considerably higher (0.76 kcal/mol).%" Thus, the ring structure in AcAc must
play a role in lowering the barrier to rotation of that methyl group. The C; and TS2 enol
forms of AcAc were calculated to have their OH—stretching vibrations separated by x 500
ecm~!, which indicates that methyl torsion could lead to a broad OH-stretching band. In
the force field treatment (vide infra) coupling between the CHj rotation and the H-transfer
coordinate is not explicit. Nevertheless, the two degrees of freedom are coupled through

stretching, bending and torsional terms in the overall force field.

The barrier for methyl rotation of the C8 methyl group (Figure 2) in AcAc is calculated to be
1.45 kcal/mol at the MP2(FC)/6-311G(d,p) level.?” Methyl barrier heights of 0.45 kcal/mol
and 1.17 kcal/mol were predicted based on inelastic neutron scattering measurements on
solid AcAc% and in the range of 0.44-1.59 kcal/mol in more recent experiments on the enol
tautomer.'® The potential barriers of the enol tautomer were also sensitive to deuteration
of the nonmethyl protons.'® This is further indication of the coupling between the methyl
rotation and PT. In contrast, the methyl potential of the keto tautomer was insensitive to

these factors.

FEquilibrium structures from the Reactive Force Field: The minimum and transition state
(TS) structures calculated from the MMPT force field compare favorably with those from
ab initio calculations at the MP2/aug-cc-pVTZ level (see Table 2). Differences in bond

lengths and angles are within 0.02 A and 3°, respectively. The energy difference between
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the minimum (Cs) and TS (Cy,) structure is 2.35 kcal/mol, which is in good agreement
with the MP2/aug-cc-pVTZ ab initio value of 2.17 kcal/mol. Also listed in Table 2 are the
conformationally averaged geometries from 5 ns MD simulations in the gas phase. In such
an ensemble averaged structure the proton is equally shared by the two oxygen atoms which
corresponds to Cy, symmetry. This is not in conflict with a Cs minimum structure and

ultrafast methods may be successful in detecting asymmetric structures.

Table 2: Comparison of selected bond lengths and angles of AcAc minimum and transition
state obtained from ab initio MP2/aug-cc-pVTZ (QM) and force field (MMPT) optimiza-
tions. Also, the ensemble average from 5 ns MD simulations of gas phase AcAc is given.

Min TS

MMPT QM MMPT Qm  MD Aver.

O,H; (&) 1.009 1.006 1.199 1.202 1.306
O.H; (A)  1.590  1.601 1.199  1.202 1.304
0,05 (A) 2536 2528 2350 2362 2518
H,0,0, (°) 15.86  17.93 11.27  10.76  15.03

Experimental Spectra

AcAc: The IR spectra of vapor phase AcAc and AcAc-dg are shown in Figure 3a. In both

spectra the absorbance is low above 1700 ¢cm™!

, 8o the absorbance scale in this region has
been magnified in the figure to emphasize the structure relating mainly to the OH(OD)— and
CH(CD)-stretching transitions. Hydrogen bonding can lead to very broad OH-stretching
fundamental (von)® and overtone bands.57%% The intensity of the von band of AcAc ap-
pears weak, however significant intensity is spread over a wide wavenumber region. The
intramolecular H-bond is strong in AcAc and vog is broad and lower in wavenumber than
the vy transitions. In the literature, voy is typically assigned in the range of 2750 cm ™! to

2800 cm~1.3538 However, we observe several transitions in the 2000-3300 cm™! region.
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The IR spectrum of AcAc-dg was closely examined for the small impurity of OH present
in the compound, however no correspondence between the AcAc and AcAc-dg spectra in
the vog region was found. This is in contrast to findings for other examples with hydrogen
impurities.®® The vop transition of AcAc-dg is more defined and narrower compared to the

vop band in AcAc.

The conventional NIR spectra of vapor phase AcAc and AcAc-dg are presented in Figure

! region of both

4a. Relatively strong combination bands are present in the 4000-4600 cm™
isotopomers. The far wings of the more intense vcy transitions contribute to the sloping
baseline at low wavenumber in the AcAc spectrum. The Avcyg = 2 region is observed near
6000 cm!. The small CH impurities present in the AcAc-dg sample are apparent in the
spectrum. The Avcy = 2 and 3 regions of AcAc and AcAc-dg are shown in Figures S2 and

S3 in the supplementary information, respectively.

The photoacoustic spectra of AcAc and AcAc-dg are shown in Figures 5a and 5b, respec-
tively. The slightly overlapping scans shown in each figure correspond to the various optics
used in the Ti:sapphire laser. The intensity axis of each trace presented in the figures has
been expanded to show the transitions clearly. For example, the AcAc brcy transition is

approximately an order of magnitude less intense than 4vcy.

HFAA: The IR spectrum of HFAA is shown in Figure 3b. Like the spectrum of AcAc,
the vop transition of HFAA is extremely broad and clearly contains many transitions. The

I to

values for vog in HFAA has been given in the literature in the range from 2965 c¢cm™
3000 cm!.%6:37 However, just as for AcAc it is not possible to assign only one transition to
the OH-stretching transition. The methine vcy transition is located at 3134 cm ™!, which is

approximately 40 cm~! higher than that in AcAc.

14
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The conventional NIR spectrum of vapor phase HFAA is shown in Figure 4b. Its NIR spec-
trum is simpler than AcAc because the methyl CH transitions are absent. In the 4000-5000
cm ! region, there is a quartet of peaks at 4049, 4233, 4405 and 4584 cm~!. The peaks are

1

approximately evenly separated by 180 cm™, and the intensity of the four peaks progres-

sively drops with increasing wavenumber. In the 7000-8000 cm~!

region, a similar pattern
of peaks is observed, however the spacing between them is not as regular. The pattern could

be due to Fermi resonance, which is common in CH-stretching spectra of compounds such

as CFsH and CF;CCH.™

The photoacoustic spectra of HFAA are shown in Figure 5c. In this wavenumber region,
transitions from the OH— and methine CH-stretching oscillator, would be expected to con-
tribute to the observed spectrum. The spectra are very simple, because transitions from the
methyl CH oscillators are absent, and show no sign of an OH-stretching transition. There
is no evidence for a Fermi resonance in the higher wavenumber region as it was in the 4000-

I and

9000 cm ™! region. The methine 4vcy and Srey transitions are dominant at 11841 em™
14527 cm ™!, respectively. The weak CH-stretching/bending combination band, 4vcy + dven

is observed at 12898 cm 1.

Apart from the tentative 2vop regions shown in Figure S4, higher overtone OH—stretching
transitions were not observed in the photoacoustic spectra of AcAc and HFAA. It is appar-
ent that the detection of the OH-stretching transition is not straightforward because the
linewidth of the OH-stretching transitions is very broad, and the first overtone transition

has a weak intensity.*?

The Methyl CH-Stretching Regions: The methyl band profile of the CH-stretching overtone
regions can be used as a guide to estimate the methyl torsional barrier height. If the barrier

to methyl torsion is large, then the methyl group position is effectively fixed on the time

15
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scale of the CH vibrations and two transitions are observed in its CH-stretching overtone
spectrum corresponding to the in-plane and out-of-plane CH. If, on the other hand, the
methyl torsional barrier is very low, there is effectively free rotation of the methyl group and

a more complex spectrum is observed. 76

The methyl CH-stretching region of AcAc-dg is much simpler than that of AcAc (see Fig. 4a
and Supporting Information), as expected since in the AcAc-dg sample, a methyl group is
most likely to have only one proton as an impurity. Thus facile CH coupling in the methyl
group is removed and the spectra are simpler, revealing an in-plane and out-of-plane CH—
stretching transition. The relative intensity of the out-of-plane to in-plane CH-stretching
transitions is approximately 2:1, which to first order reflects the statistical weight of the

oscillators.

The Cy structure of AcAc has two nonequivalent methyl groups. Thus the CH-stretching
overtone spectra of the methyl groups will overlap and complicate their interpretation. In
our spectra we are likely observing the transitions of the in- and out-of-plane CH bonds of
the higher torsional barrier methyl group (parent carbon 8 in Figure 2). The lower barrier

methyl group will have less structure in its spectrum and be less distinct. ™

The Aveg = 4 and 5 methyl CH-stretching regions of AcAc, labelled as 4vep, and Svens,,
respectively, are shown in Figure 5a. In both overtone regions, the methyl band profile is es-
sentially a two-peak structure representing the in- and out-of-plane CH oscillators, and based
on this observation, we would expect that the methyl torsional barrier height is greater than
0.7 kcal/mol.™ Our finding is in fair agreement with previously determined barrier heights

of ~ 0.4-1.6 keal/mol in solid AcAc.!%5

The Methine CH-Stretching regions: The observed methine CH-stretching overtone transi-
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Table 3: Observed methine CH-stretching overtone wavenumbers and local mode parameters
(em™!) of acetylacetone and hexafluoroacetylacetone.

Av v(AcAc)  » (HFAA)
6056 6150
8913 9047

11640 11841

14527

©CoO~NOUTA,WNPE

14 & 3205.7+4.7 3243.0+3.5
15 Or  59.0+12 564407

19 tions of AcAc and HFAA and the local mode parameters obtained from the observed Av = 2
21 to b transitions are presented in Table 3. The methine CH-stretching local mode frequency
23 of HFAA is 40 cm™! higher than that of AcAc, and its anharmonicity is slightly smaller. The
25 small standard deviations in the local mode parameters indicate that the Morse oscillator is

27 a good approximation for the methine CH oscillator.

33 Computational Vibrational Spectroscopy and the Barrier to H-Transfer

Direct contact with the experimental spectra analyzed above can be made from IR spectra
38 determined from atomistic simulations. This is a powerful approach which has been success-

39 . .
20 fully followed in previous work. " 52

44 IR spectra from Molecular Dynamics Simulations at Finite Temperature: The computed IR
46 spectrum for AcAc from the 5 ns MD simulation in the gas phase is reported and compared
48 with the experimental spectrum in Figure 6a. The simulated spectrum reproduces most
50 experimentally observed features. Certain band positions could be improved by explicitly
52 adjusting the corresponding force constants of the force field. However, this is not the pri-
54 mary aim in the present work. Improved intensities could be obtained with a more accurate
56 dipole moment surface (DMS) instead of point charges. For protonated water dimer a full

58 (15-)dimensional DMS®? has been used in previous work together with MMPT/MD simula-
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tions, which leads to improved IR intensities.®” No such DMS is currently available for AcAc.

One advantage of MD simulations is that power spectra of individual vibrational motions
can be used to assign the spectra. Table 4 reports the most relevant bands and assignments.
The strong band at 1624 ecm™! in the IR spectrum of AcAc was previously assigned to either
the CO stretching mode or the OH in-plane bending mode. 36378485 The power spectrum
of the CO stretching vibration (Figure 6b) finds a single peak at 1602 cm™' and clearly
relates the experimentally observed band to the CO stretching band. It is noted that the
lineshape of the CO-stretch vibration is not very well reproduced by the simulations. This
is related to the fact that computing the IR spectrum from the Fourier transform of the
dipole-autocorrelation function alone does not necessarily lead to realistic lineshapes. For
this, additional factors such as the lifetimes of the transitions would need to be taken into
account.® However, for comparing line positions the present approach is suitable.8” The
power spectra can also be employed to identify potentially coupled coordinates. For exam-
ple, a peak at 520 cm™! (the O-O vibration) is found in both OH stretching and OH bending
modes, illustrating that these modes are coupled. Also, the CHj3 torsion is coupled to this
mode and to a number of other motions. However, the CH3 torsional spectrum does not
line up exactly with the O-O vibration probably because the coordinate from which this
spectrum was determined is coupled to other motions of the methyl group, such as a CCH
bending motion. As already stated, no explicit coupling terms between different vibrational
degrees of freedom are taken into account in the CHARMM force field although this would, in
principle, be possible. This has been done because the focus in the present simulations is on

the proton transfer mode which is represented by the dedicated MMPT-part of the force field.

The IR and associated power spectra for AcAc-dg are reported in Figures 7a and b, and
those for HFAA in Figure S5 in the supplementary information. Similar to AcAc many fea-

tures of the spectrum are reasonably well reproduced. However, one band observed around
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Table 4: Comparison of selected IR frequencies, MD simulations and ab initio harmonic
oscillator (HO) vibrational analysis at the MP2/aug-cc-pVTZ level. All frequencies are in
ecm™!, and the assignments are based on the power spectra from MD simulations. The

experimental frequency of OO vibration is taken from Ref.%®

Exp. MD HO Assignment
2000-3300 2000-3200 3013 OH stretching
1171 1180 1004  OH bending
510 520 374 OO vibration
1626 1602 1658 C=0 stretching

1250 cm ! in the AcAc-dg spectrum is not present in the computed spectrum. On the other
hand, the region of primary interest in the present work associated with the D-transfer band

together with the C-D stretches is realistically captured.

A more direct comparison with experiment is afforded by comparing the spectral features
corresponding to the PT mode, see Figure 8. The MMPT force field used so far has a barrier
height of 2.35 kcal/mol, and the OH-spectrum is centered around ~ 2600 cm ™!, see inset of

Figure 6. This compares quite favourably with experiment and is further discussed below.

A sensitivity test for the PT barrier height and its influence on the spectrum in the OH-
stretching region was carried out. For this, the same simulations were repeated with half
(1.17 kecal/mol) and twice (4.70 kcal/mol) the MMPT-barrier height of 2.35 kecal/mol. The
center of the band, as judged from the OH-stretching power spectrum reported in Figure 8,
shifts to 2000 cm ™! and 3750 cm ™! for the low and high barrier, respectively. Hence from
comparing the computed and experimentally observed spectral features in the region of the
proton transfer region, a barrier for PT of ~ 2.5 kcal/mol is inferred. This compares well
with a barrier height of 3.2 kcal/mol from the present CCSD(T)/cc-pVTZ calculations. The
pronounced features in the experimental spectrum (purple) around 3000 cm™" correspond to
the C-H stretching vibrations which are not present in the O-H power spectrum. It is thus
concluded that the H-transferring part of the IR spectrum is sensitive to the barrier height
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which can be qualitatively extracted from such an analysis.

The power spectra of the OH-stretching are very broad and spread from 2000 ecm ™! to 3200
cm !, emphasizing the very anharmonic nature of the OH stretching PT-mode which agrees
with observations in the gas phase IR spectrum.?¥3¢ This is further illustrated by the IR
spectra of the deuterated isotopomers of AcAc computed from MD simulations in gas phase
(see Fig. S5 in the SI). Deuterating the transferring hydrogen shifts this broad band to lower
frequencies. The simulations suggest that replacing the CHg groups by CDj3 leaves the shape
of the OH-stretching band largely unaffected. This is established when comparing the OH-

and OD-stretching regions in Figures 6 and 7.

Previous computational work employed reduced-dimensionality quantum dynamics simula-
tions and found considerably narrower and stronger OH stretching bands.?%# For example,
density matrix evolution simulations at 300 K found the asymmetric OH stretching band
centered at 2500 cm™! and to spread from 2300 cm™" to 2800 cm™'.® Low-temperature (1
K) MD simulations with the MMPT force field lead to a strong OH-stretching band at 2728
cm~! (see Figure S7 in the SI), which should be amenable to matrix isolation spectroscopy
at very low temperature. The OH bending modes are at 1180 cm~!, which corresponds to

the experimentally measured strong band at 1171 em ! by de-convoluted IR spectra.3®

To further help explain the observed low intensity of the OH-stretching overtone transitions,
the wavenumber and intensity of the OH-stretching vibration in AcAc has been calculated
assuming a 1D local mode anharmonic oscillator. The CCSD(T)/cc-pVTZ calculated local
mode parameters as well as the wavenumber and oscillator strength of the OH-stretching
transitions are given in Table S7. The local mode parameters are consistent with a strong
hydrogen bond, although the double well nature of the potential likely adds uncertainty to

these values. The CCSD(T) AO calculation the 2vog region is predicted around 5200 em ™!
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with an intensity about 2 orders of magnitude weaker than the fundamental transition. This
combined with the very broad nature of the OH-stretching transition as seen in the fun-
damental spectrum and in the MD simulation makes it unlikely that we can make clear

observations of this transition.

Conclusions

The IR and NIR spectra of acetylacetone, acetylacetone-dg, and hexafluoroacetylacetone
were investigated from 600 to 14000 cm !, Geometry optimizations of the ground state and
the transition state structures of AcAc at the CCSD(T)/cc-pVTZ level yield an electronic

energy difference of approximately 3 kcal/mol favoring the C; structure.

The fundamental OH-stretching band is observed as a very broad band redshifted relative to
usual OH-stretching transitions. Higher overtone OH-stretching transitions were not found
in either AcAc or HFAA, likely due to a combination of the expected weak and very broad
overtone transitions. A progression of methine CH-stretching transitions were observed in

all molecules, with the CF5 groups of HFAA found to slightly blueshift relative to vcg.

IR and power spectra from atomistic simulations reproduce most experimentally recorded
features and clearly assign the voy proton transfer (PT) mode to the weak and broad band

! region. Furthermore, location of this band

experimentally observed in the 2000-3300 cm™
was found to sensitively depend on the barrier for PT from which a barrier for proton transfer
of ~ 2.5 kcal/mol is inferred. Therefore, combining experiment and atomistic simulations

allowed us to estimate the barrier for proton transfer through comparison of the power spec-

trum and spectroscopic signature in the OH-stretching region in AcAc.
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Figure 3: a) Experimental IR spectra of vapor phase AcAc (top) and AcAc-dg. Both spectra
were recorded at a pressure of 7 Torr and with a 10 cm path length. The AcAc and AcAc-dg
spectra were recorded at 291 K and 294 K, respectively. b) IR spectrum of vapor phase
hexafluoroacetylacetone recorded at a pressure of 10 Torr and 10 cm path length at 295 K.
The ordinates of the high wavenumber region of each spectrum are expanded to reveal more
detail.
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Figure 4: a) Vapor phase NIR spectra of AcAc (top) and AcAc-dg. Both spectra were
49 recorded at a pressure of 6 Torr, 294 K and with a 4.8 m path length. The left ordinate
50 corresponds to the AcAc-dg spectrum. b) Vapor phase hexafluoroacetylacetone recorded at
o1 a pressure of 20 Torr, 293 K and with a 4.8 m path length. The high frequency region is
expanded for more detail.
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Figure 5: Room temperature photoacoustic spectra of a) 7 Torr AcAc vapor, b) 8 Torr
AcAc-dg vapor, and ¢) 0.5 Torr hexafluoroacetylacetone vapor. The high frequency regions
are expanded for more detail.
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22 Figure 6: IR spectra computed from 5 ns NV E MD trajectories at 300 K: a) IR spectrum
23 of AcAc in the gas phase, with the experimental spectrum superimposed; b) power spectra

24 (from top to bottom) for CO stretch, OO stretch, OH stretch, OH bends, and the CHj
torsion, respectively.

50 Figure 7: IR spectra computed from 5 ns NV E MD trajectories at 300 K: a) IR spectrum of
51 AcAc-dg in the gas phase, with the experimental spectrum superimposed; b) power spectra
52 (from top to bottom) for CO stretch, OO stretch, OH stretch, OH bends, and the CHj
54 torsion, respectively.
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Figure 8: Effect of scaling the barrier for PT on the IR-band for AcAc. Comparison of the
experimental spectrum (purple) in the PT-band region with those from simulations with
different barrier heights of the MMPT PES: simulations with the reference PES - barrier
height of 2.35 kcal /mol (orange, black), with half the barrier height (dark and light green) and
with twice the barrier height (magenta and red). The pronounced peaks in the experimental
spectrum around 3000 cm ! correspond to CH stretch vibrations which do not appear in the
computed power spectrum of the transferring hydrogen atom.
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