Downloaded by UNIV OF ARIZONA at 15:27:42:760 on June 24, 2019
from https://pubs.acs.org/doi/10.1021/acs.jpca.9b01302.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@ Cite This: J. Phys. Chem. A 2019, 123, 4158-4167

pubs.acs.org/JPCA

Photoelectron Spectroscopy of Biacetyl and Its Cluster Anions
Published as part of The Journal of Physical Chemistry virtual special issue “Hanna Reisler Festschrift”.
Yerbolat Dauletyarov, Adam A. Wallace, Christopher C. Blackstone, and Andrei Sanov*

Department of Chemistry and Biochemistry, The University of Arizona, Tucson, Arizona 85721, United States

© Supporting Information

ABSTRACT: Photoelectron spectroscopy of the biacetyl
(dimethylglyoxal) anion reveals the properties of the ground
singlet and lowest triplet electronic states of the neutral
biacetyl (BA) molecule. Due to the broad and congested
nature of the singlet transition, which peaks at a vertical
detachment energy VDE = 1.12(S) eV, only an upper bound
of the adiabatic electron affinity of BA could be determined:
EA(BA) < 0.7 eV. A narrower and more structured triplet
band peaking at VDE = 3.17(2) eV reveals the adiabatic
electron binding energy of the triplet to be 3.05(2) eV. These
results are in good agreement with ab initio (coupled-cluster)
calculations. The lowest-energy structures of the anion,
singlet, and triplet states of biacetyl are characterized by

\&

different orientations of the methyl groups within the molecular frame. In the ground singlet state of neutral BA, the methyl
torsion is offset by ~60° compared to that of the anion, while in the triplet the methyl orientation is similar to that of the anion.
Photoelectron spectra of the cluster anions reveal that the intermolecular interactions in the homogeneously solvated (BA),~
clusters are significantly stronger than the interactions of BA™ with N,O or even of BA™ with H,O. To account for these
observations, 7—7 bonded structures of the dimer and trimer anions of biacetyl are proposed based on density-functional theory
calculations. The analysis of the proposed structures indicates that the negative charge in the (BA),” cluster anions, at least in
the dimer and the trimer, is significantly delocalized between all BA moieties present and there is a significant degree of covalent

bonding within the cluster.

1. INTRODUCTION

Biacetyl (BA) is the common name of dimethylglyoxal.
Together with singly substituted methylglyoxal (MG) and
unsubstituted glyoxal, BA is a member of the family of small
dicarbonyls with important roles in atmospheric chemistry (see
Scheme 1)."7 It is a volatile organic compound, relatively
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abundant in the atmosphere. Its oxidation in the presence of
nitric oxide leads to the formation of ozone and other
important processes.4

In this report, we investigate the structure and spectroscopy,
along with electron attachment and cluster formation proper-
ties of biacetyl. This work builds on our previous studies of
glyoxal® and methylglyoxal.® Surprisingly little is known about
this relatively simple yet important molecule, especially
concerning its photochemistry, oligomerization (cluster
formation), and interactions with electrons and ions. The
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adiabatic electron affinity of BA was determined previously to
be 0.69(1) eV using an indirect temperature dependent
equilibrium ion/molecule reaction method.” The electron
binding and other properties of BA oligomers, however, have
remained largely unknown. The most recent study of BA
oligomers was the 1938 work by Molds and Riley®
investigating the polymerization of MG and BA. They reported
that MG undergoes polymerization with mass loss, and the rate
of the process increases with the addition of water, while BA
was not found to polymerize under the same conditions.
The present study of BA cluster anions represents the first
spectroscopic investigation of biacetyl oligomerization in
anionic environments. We report the photoelectron spectra
of BA and its clusters measured by means of anion
photoelectron imaging. Transitions from the anion to the
lowest singlet and triplet states of neutral BA are identified, and
their properties are discussed in relation to the distinct
geometric structures of the BA™ anion, the ground-state BA
singlet, and the lowest triplet. In addition, we discuss the
energetics and structural properties of small clusters of biacetyl,
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focusing in particular on the homogeneous (BA),” cluster
anions. We show that the interactions between the monomer
moieties in these clusters are stronger than anionic hydrogen
bonding between the BA™ anion and a water molecule,
indicating charge delocalization and significant covalent
character of the interactions between the monomer groups.

2. EXPERIMENTAL METHODS

The experiments were carried out using a negative-ion
photoelectron’ imaging'®™"? spectrometer described else-
where.'” In short, 99% pure biacetyl (Alfa Aesar, Thermo
Fisher Scientific) was placed in a sample holder connected to
the gas delivery lines and the pulsed nozzle located inside the
ion source chamber. By passing the N,O carrier gas at an
absolute backing pressure of approximately 2.7 atm over the
liquid sample, the BA vapor (vapor pressure 0.075 atm at room
temperature) was delivered to the source chamber. The
resulting ~3% mixture of BA vapor in N,O was expanded into
the high-vacuum chamber (1077 Torr base, 107°
operational pressure) through a pulsed supersonic nozzle
(General Valve Series 9, Parker, Inc.) operating at a 50 Hz
repetition rate matching that of the laser. The supersonic
expansion was bombarded with ~200 eV electrons from an
electron cannon leading to the formation of anions via slow
secondary electron attachment. The electron “cannon” is a
simplified device constructed from a conventional custom-built
electron gun'’® by stripping it off the horizontal and vertical
electron deflectors and the Einzel lens and placing a grounded
metal plate with a 3.5 mm diameter aperture in front of the
electron-emission assembly consisting of a floated thorium-
coated iridium ribbon filament and an anode plate.

The anions and cluster anions were extracted into a Wiley—
McLaren'* linear time-of-flight mass-spectrometer using a
repeller plate pulsed from the ground potential to approx-
imately —900 V at the approximate time of the arrival of the
ions carried by the supersonic expansion.'® The anions were
then further accelerated to approximately 2.5 keV of kinetic
energy and separated according to their mass-to-charge ratios
within a 2-m long flight tube before entering the detection
region of the instrument, housing a velocity-map'® imaging
assembly.

Within the imaging assembly, the anion beam was
intersected at 90° with a pulsed (7 ns) linearly polarized
laser beam from a 50 Hz Spectra Physics LAB-130-50 Nd:YAG
laser. The experiments described here used 532 and 355 nm
radiation obtained as the second and third harmonics of the
laser’s 1064 nm fundamental output. The electrons photo-
detached from the anions were electrostatically projected by a
series of velocity-map electrodes in the direction orthogonal to
both the ion and laser beams and detected by a 40 mm
diameter position-sensitive dual-microchannel-plate detector
coupled to a P43 phosphor screen (Burle, Inc.). Photoelectron
impact positions on the detector were recorded by a
thermoelectrically cooled CCD camera (CoolSNAP Myo,
Photometrics, Inc.). Raw images were typically collected for
~10° experimental cycles and reconstructed using the inverse
Abel transformation'” implemented in the BASEX program.'”
The resulting radial distributions were converted to photo-
electron spectra using an energy scale calibrated based on the
well-known electron affinity of atomic oxygen.'*"”
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3. EXPERIMENTAL RESULTS AND ANALYSIS

3.1. The Anion of Biacetyl. A sample 355 nm photo-
electron image and the corresponding photoelectron spectrum
of biacetyl anion (BA~) are presented in Figure 1. For
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Figure 1. Left: a composite photoelectron image of BA™ obtained at
355 nm. The direction of the laser polarization is vertical in the image
plane. The left half of the composite image represents the
corresponding half of the raw experimental image, while the right
half represents the corresponding Abel inversion. The corresponding
photoelectron spectrum is shown to the right of the image (bold blue
curve). It is compared to the previously reported (ref 6) photo-
electron spectrum of methylglyoxal obtained at 306 nm (gray curve).

comparison, the previously published® spectrum of methyl-
glyoxal anion (MG™) obtained at 306 nm is reproduced in the
figure (gray line). These and all other spectra in this work are
plotted versus electron binding energy (eBE), defined as eBE =
hv — eKE, with hv being the photon energy and eKE being the
electron kinetic energy. The BA™ and MG~ spectra have
similar profiles, although all bands in the MG™ spectrum are
shifted somewhat to higher binding energies compared to the
BA™ bands. Two bands, labeled A and B, are observed in both
the BA™ and MG~ spectra. For MG, an additional band
labeled C is present. A similar band is expected to appear in
BA™ spectra at shorter (compared to 355 nm) wavelengths.

The bands observed in the MG™ spectrum were previously
assigned to the corresponding transitions and low-lying
electronic states of neutral MG.® Similarly, in the BA~
spectrum, band A is assigned to the transition from the
ground state of the anion to the singlet ground state of neutral
BA, while band B is assigned to the transition from the anion
to the lowest triplet state of BA. Bands A in the BA™ and MG~
spectra are broad and congested, indicative of significant
geometry differences between the anion and the respective
neutral equilibria, while bands B are more structured and
narrow in both cases. The position of band A’s maximum
corresponds to the anion’s vertical detachment energy (VDE),
while its poorly defined onset corresponds to the adiabatic
electron affinity of the neutral molecule.

From the BA™ spectrum in Figure 1, the VDE of BA7,
corresponding to detachment to the singlet state of the neutral,
is determined to be 1.12(5) eV, while the EA of BA is
estimated to be <0.7 eV. The weak signals appearing slightly
above the baseline at eBE ~ 0.3 eV in both the BA™ and MG~
spectra in Figure 1 are artifacts attributed to the imaging
detector’s edge effects and were disregarded in the analysis.
The above determination of the upper bound of electron
affinity is consistent with the previous determination of this
property, 0.69(1) eV, using the temperature-dependent
equilibrium ion—molecule reaction method.”

The BA™ spectrum in Figure 1 also reveals the properties of
the lowest triplet state of BA. Based on the analysis of band B,
the VDE of BA™ corresponding to detachment to the triplet is
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Table 1. Vertical and Adiabatic Energies (in eV) of the
Singlet (X 'A,) and Triplet (a *A,) Electronic States of
Biacetyl Relative to the BA™ Anion (X ?A,) Equilibrium

singlet (X 'A,) triplet (a °A,)

vertical adiabatic vertical adiabatic
method” (VDE) (EA) (VDE) (EA)
M06-2X" 1.379 0.802 3.410 3.268
ccsp? 1.092 0.545 3.369 3.248
EOM-IP- 1.037 3.114
CCSD¢
experiment 1.12(5) <0.7 3.17(2) 3.05(5)

“All calculations used the aug-cc-pVDZ basis set. “The relative state
energies were obtained by subtracting the anion energy from the
corresponding (vertical or adiabatic, as appropriate) neutral state
energy. “The single-point EOM-IP calculations employed the doublet
(*A,) anion reference and were carried out for the CCSD/aug-cc-
pVDZ optimized geometry of the anion. The vertical singlet-state
excitation energy was calculated by considering the lowest-energy
alpha-spin electron-removal transition of A, symmetry (*A, — 1Ag),
while the triplet-state energy was calculated using the corresponding
beta-spin transition of A, symmetry (A, — 3A,).

3.17(2) eV, while the corresponding EA (adiabatic binding
energy), determined based on band B’s onset, is 3.05(5) eV.
These experimentally determined VDE and EA values are
included in Table 1.

3.2. Cluster Anions of Biacetyl. Figure 2(a) shows 532
nm photoelectron spectra of BA”, its heterogeneously solvated
clusters BA™-N,O and BA™-H,0, and the (BA),” dimer anion.
As expected, based on the 355 nm spectrum in Figure 1, the
532 nm BA™ spectrum consists of a single broad band (defined
as band A in Figure 1). The BA™N,O and BA™H,O spectra
are both similar to the unsolvated BA™ spectrum but shifted to
larger eBEs by 0.14(1) eV and 0.44(1) eV, respectively, as
determined below. These shifts are consistent with the
solvation stabilization energies expected for the addition of
one N,O or one H,0O molecule to the anion.

The (BA),” dimer anion spectrum, on the other hand,
consists of two transitions: a broad band, similar to the bands
observed in the BA™, BA™N, 0O, and BA™-H,O spectra, plus an
intense, relatively sharp peak in the vicinity of the photon
energy spectral cutoff (low-eKE electrons). The broad (BA),”
band shows a significant shift relative to the BA™ spectrum.
The magnitude of this shift is larger than that induced by the
addition of H,O to BA~, suggesting that the interaction
between the two BA moieties in (BA),™ is stronger than the
anionic hydrogen bonding between BA™ and H,O. Since
(unlike H,O) BA has no dipole moment, the magnitude of the
(BA),” band shift can hardly be attributed to mere
electrostatic forces within a BA™-BA ion—molecule complex.
Therefore, the interaction between the two BA moieties in
(BA),” is likely to have some covalent character.

To quantify the observed band shifts, we fit the broad bands
in each of the BA™-N,0O, BA™-H,0, and (BA),” spectra to the
unsolvated BA™ spectrum, treating the band shift as an
adjustable parameter. Figure 2(b) shows the three cluster
spectra from (a), each shifted back in energy to overlap with
the unsolvated BA™ band (the relative intensities were also
scaled as necessary). This procedure yielded the following
determinations of the observed band shifts in the BA™N,0,
BA™-H,0, and (BA),” spectra relative to BA™: 0.14(1) eV,
0.44(1) eV, and 0.59(1) eV, respectively. These values
(without the error bars) are included in Figure 2(b).
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To investigate the character of the interactions between BA
moieties in cluster environments, we collected additional data
of the BA dimer, trimer, and tetramer anions. The motivation
for considering not only the dimer but also the larger clusters is
rooted in the properties of other strongly bound dimer anions.
Often, if a particular compound forms a covalently bound
dimer anion, this anion becomes the “core” of the larger
homogeneously solvated clusters. That is, if two molecular
moieties X exhibit a strong (covalent) interaction upon the
attachment of an electron, this interaction will result in a
significant photoelectron band shift for X,” compared to X™. If
the shift is larger than expected for electrostatic ion—molecule
interactions, the dimer anion structure is more appropriately
described as X7V/2X7? or X,7, with the charge shared
between the two X moieties, rather than X™-X. The addition of
more X moieties to the dimer anion core leads to additional
stabilization of the X, clusters, but the sequential band shifts
observed for n = 3 and larger clusters will be significantly
smaller than for n = 2 relative to n = 1. This is because the
third and other additional X moieties play the role of (neutral)
solvent molecules, stabilizing the cluster by means of
electrostatic solvation interactions with the anionic cluster
core. These ion-neutral interactions are weaker than the
covalent interaction bonding the first two X moieties together
within the X,” core anion, and the larger X~ clusters are
therefore more appropriately described as X,™-X,_,. Well-
known examples of such behavior are found in the previous
studies of the CO,, OCS, CS,, and oxygen cluster anions.”’ "¢

Figure 3(a) displays the BA™, (BA),”, (BA);™, and (BA),~
photoelectron spectra obtained at 355 nm (the BA™ spectrum
is reproduced from Figure 1). The respective band maxima are
at 1.12(5) eV, 1.71(5) eV, 2.16(5) eV, and 2.46(5) eV. The
corresponding spectral shifts relative to the monomer anion are
0.59(1) eV for the dimer, 1.04(1) eV for the trimer, and
1.34(1) eV for the tetramer. The corresponding sequential

(a) BA~N,O
BA- BA~-H,0 (BA),~

532 nm
o e e e e e e B L e S R
0.0 0.5 1.0 1.5 2.0 2.5

eBE / eV

(BA),

(b)
Band shifts / eV
BA™-N,0 0.14
BA~H,0 0.44
(BA),  0.59
0.0 0.5 1.0 1.5 2.0 2.5

Relative (shifted) energy / eV

Figure 2. (a) Photoelectron spectra of BA™ and its solvated clusters
BA™-N,O and BA™-H,0, as well as the (BA),~ dimer anion, obtained
at 532 nm. (b) The same spectra as in (a) shifted back in energy for
the best overlap with the BA™ spectrum. The shifts are indicated in
the figure. Their estimated uncertainty is +0.01 eV.
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Figure 3. (a) Photoelectron spectra of (BA),”, n = 1—4 obtained at
355 nm. (b) The same spectra as in (a) shifted back in energy for the
best overlap with the BA™ spectrum. The band shifts are indicated in
the figure. Their estimated uncertainty is +0.01 eV.

shifts (relative to the preceding member of the series rather
than BA™) are 0.59(1) eV from the monomer to the dimer,
0.45(1) eV from the dimer to the trimer, and 0.30(1) eV from
the trimer to the tetramer. The shift values were determined
using the same procedure as above: by fitting the entire (BA),~
(n > 1) bands, shifted back in binding energy, to the BA™ band
and treating the magnitude of the shift as an adjustable
parameter. This procedure results in band shift errors that are
smaller than those for the absolute band positions. The
overlapped (shifted) spectra from Figure 3(a) are shown in
Figure 3(b), and all shift values are summarized in Table 2.
None of the (BA), ™ spectra in Figure 3(a) include the sharp
intense bands at eBE ~ 2.3 eV, similar to the one observed in
the 532 nm (BA),” spectrum in Figure 2(a). Instead, each of
the 355 nm cluster anion spectra shows similarly shaped but
much weaker bands appearing at eBE ~ 3.5 €V, i.e. also at the
photon-energy spectral cutoff, just like the sharp band in the
532 nm (BA),” spectrum. Hence, these slow-electron bands
cannot be due to direct photodetachment to any specific state
of the neutral species, as such transition would appear at the
same eBE, independent of the wavelength. These slow-electron
bands are likely signatures of autodetachment from excited
states of the cluster anions. That their intensity varies with
wavelength is consistent with this interpretation. It is plausible
that the excited (BA),” state involved is in (near-) resonance
with 532 nm photons, resulting in the intense autodetachment
signal in the (BA),” spectrum in Figure 2(a). The 355 nm
photons may be accessing the higher-energy wing of this
transition, resulting in much weaker autodetachment signa-
tures in the (BA),”, n > 2, spectra in Figure 3(a). Finally, the
observation of the autodetachment peaks for (BA),”, n > 2,
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Table 2. Vertical Detachment Energies, Band Shifts, and
Cluster Solvation Energies (All in eV), Calculated Using the
MO06-2X/aug-cc-pVDZ Method for the (BA),” Cluster
Anions

BA™ (BA),~ (BA);~ (BA),”
Sovation energy (DFT)” 0 0.952 1.670 .
VDE
DFT® 13799 1947 2.512 -
(CCSD+DFT)* 1.092 1.661 2.226 -
Experiment’ L12(5)  1.71(5)  2.16(5) 2.46(5S)
AVDE (DFT)
Relative to BA™®  n/a 0.569 1.134 -
Sequential” n/a 0.569 0.565 -
Band shift (experiment)’
Relative to BA™®  n/a 0.59(1) 1.04(1) 1.34(1)
Sequential” n/a 0.59(1)  0.45(1) 0.30(1)

“Solvation energies for the (BA),” cluster anions (up to n = 3 only)
were calculated as E,(n) = E[BA™] + (n—1)E[BA] — E[(BA), ].
The energies of all species were calculated for the corresponding
optimized ground-state structures: the C,, (an) and C,, (nu)
geometries of BA™ and BA, respectively (as defined in Figure 4),
and the C, (an-nu) geometry of the dimer anion (shown in Figure S).
Dashes indicate that the corresponding property was not calculated
for the given species; n/a indicates that the property is not applicable
to this species. “The vertical detachment energy (VDE) for each ion is
calculated as the difference between the neutral and anion ener§ies,
both determined at the optimized geometry of the anion. “For
comparison, the VDE values for BA™ calculated at the CCSD and
EOM-IP-CCSD levels of theory are 1.092 and 1.037 eV, as
summarized in Table 1. These results are in much better agreement
with the experiment, compared to the DFT value. “The VDE (CCSD
+DFT) values were determined by adding the VDE = 1.092 eV of
BA~ determined using the CCSD method (see footnote e) to the
corresponding (BA),” band shifts (relative to BA™), determined using
the M06-2X DFT method, also included in this table. "From the data
in Figure 3(a). AVDE (DFT) for a particular (BA),” cluster is
determined as the difference between this cluster’s VDE and that of
BA™: AVDE(n) = VDE(n) — VDE(1). #Same as above but relative to
the preceding member of the series: AVDE(n) = VDE(n) — VDE(n—
1). ‘From the fits in Figure 3(b).

but not for the unsolvated BA™ anion, strongly suggests that
the excited anionic state responsible for the autodetachment
involves electronic excitation that is intermolecular in
character. This excitation does not occur in an isolated BA™
anion, because it requires electron delocalization between at
least two BA moieties. This observation supports the
hypothesis that the intermolecular interactions within the
(BA),”, n > 2, cluster anions are partially covalent in character.

4. DISCUSSION

To assist in interpretation of the results, we performed
theoretical calculations for the various anion, neutral, and
cluster anion species studied in this work. All calculations were
performed using the QChem 5.1 software package.”’

First, the geometric structures and relative energies of BA™
and the corresponding neutral molecule in the lowest singlet
and triplet states were determined using the coupled cluster
method with single and double excitations (CCSD). Second,
the BA™ vertical detachment energies corresponding to
transitions to the singlet and triplet states of the neutral were
calculated using both the CCSD and the equation-of-motion
ionization-potential CCSD (EOM-IP-CCSD) methodolo-
gies.28 Third, the structures, solvation energies, and electron
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detachment energetics of the (BA),” and (BA);™ cluster
anions were investigated using density functional theory
(DFT), specifically the Minnesota 06 functional (M06-2X).””
This functional was chosen for its known performance on a
delocalized system involving noncovalent interactions (e.g.,
clusters).”” All calculations employed Dunning’s augmented
correlation-consistent basis set of double-{ quality (aug-cc-
pVDZ).

4.1. Biacetyl Anion, Singlet, and Triplet: Geometric
Structures. The equilibrium geometries of biacetyl in its
anion, ground-state neutral singlet, and lowest triplet states are
shown in Figure 4. The geometric parameters defining these

Triplet
3.248 eV

Singlet
0.545 eV

Figure 4. Bottom to top in order of increasing energy: BA anion (X
’A,), singlet (X 1Ag), and triplet (a 3A,) structures optimized at the
CCSD/aug-cc-pVDZ level of theory. The energies shown are
adiabatic electronic energies relative to the anion equilibrium. Each
of the three structures belongs to the C,, symmetry point group, and
all geometric parameters are given in Table 3. The torsional
orientations of the methyl groups in the neutral singlet and anion
structures define the respective “neutral” (nu) and “anion” (an)
structural motifs. The nu and an designations refer to the geometric
structures, not the charges (for example, the neutral triplet state
adopts the an structural motif).

structures, optimized at the CCSD level of theory, are
summarized in Table 3. All three structures belong to the
C,, symmetry point group, with all heavy atoms located in the
same plane.

Similar to methylglyoxal,® the apparent distinction between
the geometries of biacetyl anion, singlet, and triplet is internal
orientation of the methyl groups. Specifically, the anion and
the triplet structures are qualitatively similar to each other,
with the H3 and H4 hydrogens (see Figure 4) lying in the
heavy-atom plane and pointing toward the opposing carbonyl
group, while in the singlet state, the methyl groups are
internally rotated by about 60°, bringing the H1 and H6
hydrogens, pointing toward the adjacent carbonyls, into the
heavy-atom plane. We will use the torsional orientations of the
methyl groups in the singlet and anion structures to define the
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Table 3. Geometric Parameters for the Three C,;, Symmetry
Structures Shown in Figure 4: the BA™ Anion (X *A,
Electronic State), the BA Ground State Singlet (X 1Ag), and
the Lowest Triplet (a A,)"

parameter anion singlet triplet
C2-C3 1.446 1.550 1.489
Cl1-C2 1.530 1.514 1.519
C2-01 1.282 1.222 1.249
Cl-H1 1.107 1.099 1.103
C1-H3 1.101 1.103 1.102
01-C2-C3 123.9 119.1 120.8
01-C2—-C1 118.4 124.1 121.6
C2—-Cl1-H1 109.4 109.2 109.5
C2—-C1-H3 111.4 109.7 108.2
C3—-C2—-C1-H1 121.5 180.0 120.5
C3—-C2—-C1-H3 0.0 58.5 0.0

“All structures were optimized at the CCSD theory level using the
aug-cc-pVDZ basis set. The numbering of the atoms is defined in
Figure 4. The bond lengths are in Angstroms, and the angles are in
degrees. Bold emphasis: neutral (singlet and triplet) parameters with
the most significant deviations from the anion geometry (at least 0.0S
A or 4°).

respective “neutral” (nu) and “anion” (an) structural motifs.
The nu and an designations refer to molecular geometries, not
necessarily the charges. For example, the triplet neutral state of
BA adopts the an structural motif. Including the symmetry, we
will describe the anion (*A,), singlet ('A,), and triplet (*A,)
structures shown in Figure 4 as C,, (an), Cy, (nu), and Cy,
(an), respectively.

We have verified that the C,, (nu) geometry is the true
potential minimum of the ground-state singlet BA, while the
C,;, (an) structural motif corresponds to the potential minima
of the anion and the triplet. Specifically, DFT (MO06-2X)
calculations showed that the structures in Figure 4 have no
imaginary vibrational frequencies. To the contrary, the C,,
(an) geometry (reoptimized subject to the symmetry
constraint) has two imaginary frequencies on the singlet
potential energy surface and lies 0.086 eV higher than the
corresponding C,, (nu) structure. Thus, while the methyl
groups in BA may exhibit nearly free internal rotation, the
corresponding torsional potential features three (for three
hydrogens) equivalent shallow minima separated by 120°, each
corresponding to the Cy, (nu) structure. The opposite is true
for the anion and the triplet. Similar DFT calculations revealed
no imaginary frequencies for the C,, (an) anion and triplet
structures, while the corresponding C,;, (nu) geometries each
indicated two imaginary frequencies and were found to be
0.028 eV (anion) and 0.034 eV (triplet) higher than the
respective C,, (an) structures.

The differences between the anion and neutral equilibrium
structures explain the broad nature of the singlet band (band
A) in the BA™ spectra in Figures 1—3. Even though the internal
methyl rotation is visually the most striking difference between
the anion and neutral equilibrium geometries, the band
breadth cannot be predominantly attributed to this degree of
freedom. We caution that the singlet band in the unsubstituted
glyoxal spectrurn,5 which can be viewed in comparison with
the methylglyoxal spectrum in ref 6, is nearly as broad in the
absence of the methyl groups, as bands A in both the MG™ and
BA™ spectra presented here in Figure 1. Considering the
geometric parameters in Table 3, we note that in addition to
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Figure S. (BA),” structures optimized at the M06-2X level of theory with the aug-cc-pVDZ basis set. The C, (an-nu) structure consists of one BA
moiety adopting the “anion” (an) structural motif and one BA moiety adopting the “neutral” (nu) motif (the motifs are defined in Figure 4). In the
C, (an-nu) structure shown, the an-moiety is in the front of the top view and at the top of the side view. The total Mulliken charges of the an and
nu BA moieties in this structure are —0.52 and —0.48, respectively. The D, (an-an) and D, (nu-nu) structures consist of two equivalent an-BA and
two equivalent nu-BA moieties, respectively, each moiety in each case carrying a Mulliken charge of —0.5. The separations between the monomer
groups indicated in the figure (side views) are defined as the distance between the centers of the respective C2—C3 bonds (see Figure 4 for atom
numbers). Complete dimer anion structures are included in the Supporting Information. The energy of each structure shown is the negative of the
cluster solvation energy, defined relative to the adiabatic BA + BA™ dissociation limit (see footnote a in Table 2).

the methyl rotation, there are other significant, if less obvious,
differences between the anion and neutral singlet structures,
particularly in regard to the central C—C bond and the C=0
bonds. Plus, there are significant differences in the angles
between the in-plane heavy-atom bonds in the molecule. The
geometric parameters that exhibit the most significant changes
between the anion and the neutral states are bolded in Table 3,
and it is the excitation of all of these bolded degrees of freedom
together that gives the width of the singlet band. To the
contrary, the geometric differences between the anion and the
neutral triplet structures are less significant, consistent with the
triplet band (band B) in Figure 1 being considerably narrower
and less congested than the singlet band.

4.2, Biacetyl: Energetics of the Anion, Singlet, and
Triplet States. The calculated vertical and adiabatic energies
of the singlet and triplet states of BA relative to the anion
equilibrium are summarized in Table 1, where they are
compared to the experimental results. The vertical excitation
energies of the singlet and the triplet, relative to the anion,
correspond to the experimental VDEs, while the adiabatic
values correspond to the respective EAs. The energies of the
three states were first minimized using DFT (M06-2X) and
then reoptimized at the CCSD level of theory. The
corresponding structures are shown in Figure 4 and discussed
in Section 4.1. The resulting equilibrium energies were used to
determine the adiabatic energy gaps. For vertical excitations,
the differences between the single-point energies at the
equilibrium geometry of the anion were considered.

The VDEs of BA™ corresponding to transitions to both
singlet and triplet neutral states were also determined by the
EOM-IP-CCSD method using the CCSD-optimized anion
geometry. The X *A, — X 'A, photodetachment was modeled
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as the lowest-energy A, symmetry transition removing an
alpha-spin electron from the anion reference, while the X %A,
— a *A, detachment energy was calculated using the
corresponding beta-spin transition of A, symmetry.

The VDE predicted by the CCSD method for the singlet
transition, 1.092 eV, is in excellent agreement with the
experimental result, 1.12(S) eV, while DFT overestimates it by
~0.3 eV. This observation will play a role in the discussion of
cluster energies and structures in Section 4.3. The EOM-IP-
CCSD prediction for the singlet state, 1.037 eV, agrees quite
well with the CCSD value and with the experiment. For the
triplet transition, however, there is a sizable (~0.2 eV)
discrepancy between the CCSD prediction and the exper-
imentally measured VDE. The CCSD result is actually closer
to the corresponding DFT prediction than to the experiment,
while EOM-IP-CCSD yields a much better agreement for the
triplet state: 3.114 eV vs the 3.17(2) experimental value. The
superior performance of the EOM method for the triplet state
is even more noteworthy, if one considers the vertical singlet—
triplet excitation energy (at the anion geometry): AEg; =
2.077 eV (EOM-IP-CCSD), which is in perfect agreement
with the 2.05(5) eV experimental value. In comparison, CCSD
overestimates this gap by more than 0.3 eV. As noted by
Krylov and others, in calculating excitation energies, it is
important to describe the initial and final states in a consistent
manner, i.e. using the same reference.”® While the EOM-IP-
CCSD method does just that, the energy gaps in CCSD
calculations are calculated as the deltas between the results
determined using two different references.

4.3. Structures of Biacetyl Cluster Anions. Coupled-
cluster calculations become prohibitively expensive for larger
systems. We used the M06-2X functional (chosen for its
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performance on delocalized systems with noncovalent
interactions)™ to investigate the properties of biacetyl cluster
anions. We focused on the structures and energetics of (BA),~
and (BA);".

Exploratory geometry optimizations were carried out for the
dimer anion, starting from several initial geometries without
geometric or symmetry constraints. These explorations led us
to identify three plausible (BA),” structures, which were then
optimized under the appropriate symmetry constraints.
Vibrational frequency calculations were used to confirm that
the proposed dimer-anion structures correspond to potential
minima.

The three (BA),” structures are shown in Figure S, while
complete details are given in the Supporting Information. Each
structure is sandwich-like in appearance and is shown in two
projections: “top view” and “side view”. The separation
between the individual BA moieties is ~3 A in each case, as
indicated in the figure and defined in the caption. The energies
are given relative to isolated BA™ + BA (at their respective
equilibria), determined using the same method. The three
structures are all close in energy, and the most apparent
geometric difference between them is the intramolecular
orientations of the methyl groups of the two isomers.

The most stable (BA),™ structure, shown in Figure S (left),
consists of one BA moiety (front BA in top view and top BA in
side view) adopting the an structural motif and the other—the
nu structural motif, as defined in Figure 4. As seen in the side
view in Figure S, due to the intermolecular interactions in the
dimer anion, each of the BA moieties is slightly distorted from
their unsolvated C,;, symmetry geometries. In particular, the
heavy atoms of each of the BA moieties within the dimer no
longer lie in one plane. However, the qualitative an or nu
character of each monomer moiety, as defined by the torsional
orientation of the methyl groups, is preserved in the cluster
environment. The overall structure belongs to the C, symmetry
point group and will be referred to as C, (an-nu). This
structure is chiral: taking its mirror image in the plane between
the two monomer groups results in a C, (nu-an) structure that
cannot be superimposed with the original C, (an-nu). The
other two, less stable structures in Figure S are each of D,
symmetry. In each of them, both BA moieties adopt the same
structural motif: an in one case and nu in the other, with the D,
(an-an) structure being slightly more stable than D, (nu-nu).

It may seem logical that the most stable dimer anion
structure, C, (an-nu), would be described as an ion—molecule
complex, BA™-BA, with the dot indicating a noncovalent
(electrostatic) interaction between the anion “solute” and the
neutral “solvent”. However, as discussed in Section 3.2, such
interaction is inconsistent with the large (larger than in BA™
H,0) band shift in the (BA),” experimental data relative to
BA™. An ion-neutral BAT-BA structure is also not what is
indicated by the calculations.

The C, (an-nu) description of the geometric structure of
(BA),™ does not imply that the an BA moiety is the BA™ anion
solvated by the second, neutral BA (nu). Both in the anion and
in the ground singlet state of unsolvated BA, the nu and an
geometries are very close in energy: AE,, ., = 0.028 eV and
—0.086 eV, respectively (see Section 4.1). Such small energy
gaps will not prevent electron delocalization between the an
and nu BA moieties in the dimer anion. In comparison, the
intermolecular interactions in (BA),” result in a band shift that
is an order-of-magnitude greater than the above AE,, ,, values.
Interactions of such magnitude may change the relative
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stability of the an and nu geometries, and, therefore, no
correlation between the an and nu structural motifs and the
charge of the corresponding BA moiety within a cluster can be
assumed. Supporting this point, the Mulliken charges of the an
and nu moieties in the C, (an-nu) structure are —0.52 and
—0.48, respectively. The delocalized, nearly even charge
distribution between the two monomers suggests covalent
interaction, likely involving 7—7 bonding between the two BA
moieties. Moreover, the C, (an-nu) structure of (BA),™ is only
slightly more stable than the other two dimer anion structures
shown in Figure S, D, (an-an) and D, (nu-nu). For the latter
two structures, symmetry requires that the excess charge is
equally shared between the two monomer groups.

We also used DFT to investigate the trimer anion, (BA);™.
Similar to the experimental motivation, discussed in Section
3.2, the rationale for this part of theoretical work was to
determine the structural characteristics of (BA),” clusters
larger than the dimer. The specific question about the
intermolecular interactions in these clusters is whether they
include a dimer-anion, (BA),”, as a cluster core, with the
additional BA moieties playing the role of neutral solvent. The
neutral solvent molecules would be bound to the cluster core
by means of relatively weak noncovalent interactions. In this
scenario, a significantly smaller band shift from n =2 ton =3
would be expected, compared to the shift observed for the
dimer compared to the monomer. Theory should then also
identify the presence of (nearly) neutral “solvent” moieties
within the calculated cluster structures.

For (BA);~, the configuration (geometry) space is much
vaster than for (BA), . For this reason, exploratory calculations
starting from various initial trimer geometries were not
attempted. Instead, we hypothesized that a plausible (BA);~
structure could be based on the most stable structural motif of
the dimer anion. In the proposed trimer structure, a third BA
moiety adopting the nu structural motif is added to the C, (an-
nu) dimer-anion structure shown in Figure 5, so that the
resulting trimer has a triple-decker appearance, with the an
moiety (expected to carry the largest fraction of the negative
charge) “sandwiched” in between the two nu moieties: nu-an-
nu. Similar to the dimer anion structures, the proposed trimer
structure is well suited to benefit from 7—7 bonding between
the monomers. The resulting overall structure is of C,,
symmetry; it was optimized using the M06-2X method, and
the result is shown in Figure 6. The complete coordinates are
in the Supporting Information.

The distributions of the combined Mulliken charges
between the top (nu), middle (an), and bottom (nu) BA
moieties in this structure are —0.285, —0.43, and —0.285. As
expected, the middle (an) moiety carries the largest charge,
maximizing the overall intermolecular interactions within the
cluster. Since the charge in the trimer is distributed among
three monomer groups, the individual interactions within each
an-nu pair are expected to be weaker than in the C, (an-nu)
dimer-anion. This is reflected in the greater separation between
the BA moieties in the trimer compared to the dimer: 3.41 A
(Figure 6) vs 2.98 A (Figure S, left). The monomer separation
in each case is defined as the distance between the centers of
the respective C2—C3 bonds (see Figure 4 for atom numbers).

Similar to the dimer anion, the (BA);~ structure is bound
primarily by means of 7—n interactions between the BA
moieties. To illustrate the 7—x bonding in the dimer and the
trimer, Figure 7 shows the highest/singly occupied molecular
orbitals (HOMO) of the following: (a) the monomer, (b) the
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Figure 6. A plausible (BA);™ structure optimized at the M06-2X level
of theory with the aug-cc-pVDZ basis set. The structure is of C,;,
symmetry and adopts a nu-an-nu structural motif. The complete
structure with all coordinates is included in the Supporting
Information. The distribution of the Mulliken charges between the
top-middle-bottom BA moieties in this structure is —0.285, —0.43,
—0.285. The distance between the middle and top/bottom monomer
moieties, defined the same way as in Figure S, is 3.41 A. The energy of
this structure (defined as the negative of the solvation energy) is
—1.670 eV, ie, it is 1.670 eV more stable than the 2BA + BA™
dissociation limit (see Table 2).

dimer, and (c) the trimer anions of biacetyl. The orbital plots
are from the M06-2X calculations and correspond to the BA™,
(BA),™, and (BA);™ structures shown in Figures 4 (bottom), S
(left), and 6, respectively (the perspectives were adjusted to
facilitate the comparison of the orbitals).

The BA~ HOMO, shown in Figure 7(2), has a 7 bonding
character along the central C—C bond and a #* antibonding
character along the two carbonyl groups. Since this MO is
singly occupied in the anion, but vacant in the neutral, the
above 7 and 7 properties explain the shortening of the C—C
bond and the elongation of the C=O bonds in the anion
relative to neutral BA. Moreover, these features of the BA™
HOMO are similar to those in glyoxal® and methylglyoxal.®

Figure 7(b) indicates that excess electron in the dimer anion
occupies an intermolecular orbital resulting from a bonding

overlap of the C—C x lobes of the monomer orbitals. Again,
the orbital shown in Figure 7(b) is vacant in the neutral but
(singly) occupied in the dimer anion. Therefore, the
interaction between the two BA moieties in (BA),” can be
described as an order-of-1/2 7—x covalent bond. Similarly, the
trimer-anion HOMO in Figure 7(c) indicates 7—z bonding
between the terminal BA moieties and the central BA in the
nu-an-nu (BA);~ structure. Since this MO is singly occupied
and delocalized between two intermolecular bonds, each of the
nu-an bonds in (BA);~ has a bond order of 1/4.

4.4. Solvation Energetics in Biacetyl Cluster Anions.
We now discuss the energetics of the various (BA),” species
and establish their relationship to the experimentally observed
photoelectron bands and band shifts. Table 2 summarizes
three types of energetic parameters for (BA),” cluster anions:
(1) the experimental VDEs and the corresponding band shifts
(AVDE), defined either relative to BA™ or relative to the
preceding member of the series, ie, sequential; (2) the
calculated VDEs for BA™, (BA),”, and (BA);~ (from these
VDEs, the corresponding AVDE are also calculated); (3) the
“solvation” energies E,(n), defined as the adiabatic difference
between the isolated monomer building blocks and the cluster.
All VDEs discussed in this Section correspond to transitions to
the lowest neutral singlet state (band A in Figure 1). In all
calculations for the dimer and trimer anions, the respective C,
(an-nu) and C,, (nu-an-nu) structures from Figures S and 6
were assumed.

First, we note that the VDEs calculated using the M06-2X
functional, VDE (DFT) in Table 2, do not agree particularly
well with the experimental values for any of the species studied.
However, the shifts (deltas) of the cluster anion VDEs relative
to BA™, AVDE (DFT), are in much better agreement with the
experimental band shifts. This is not surprising, since the M06-
2X functional is designed to perform well for intermolecular
interactions,” reflected in AVDEs.

When it comes to the intramolecular electronic structure
and hence the VDE of BA™, the CCSD method is by far
superior to DFT. This prompted us to construct composite
theoretical predictions for the VDEs of (BA),”, n = 1-3. The
composite VDEs are calculated by adding the AVDE (DFT)

(a)

Figure 7. Highest occupied molecular orbitals of (a) BA™ (the an structure shown in Figure 4, bottom), (b) (BA),™ (the an-nu structure shown in
Figure S, left), and (c) (BA);~ (the nu-an-nu structure shown in Figure 6). Different perspectives (viewpoints) have been chosen in this figure,
compared to the above figures. The orbital plots are from the M06-2X/aug-cc-pVDZ calculations and correspond to the isosurface values of (a)
0.10, (b) 0.08, and (c) 0.0S. The MOs shown are singly occupied in the respective anions and responsible for the 7—7 covalent bonding between

the individual BA moieties in the dimer and trimer anions.
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values for the given cluster relative to the monomer anion,
calculated using the M06-2X method (given in Table 2), to the
CCSD value of the VDE of BA™ (1.092 eV from Table 1). In
this approach, both the intra- and intermolecular interactions in
(BA),” are described by methods that perform reasonably well
for the task at hand. The resulting VDE (CCSD+DFT)
predictions are given in Table 2, in comparison with the
experimental results. The agreement is quite good for all
species studied.

We note in particular the very good agreement of AVDE
(DFT) for the dimer relative to the monomer, 0.569 eV, with
the corresponding experimental band shift, 0.59(1) eV (Table
2). This agreement lends confidence to the proposed dimer
and also encourages us to consider the VDE increase for
(BA),™ relative to (BA),”. In Table 2, the dimer to trimer
VDE increase is nearly the same as that for the monomer to
dimer: 0.565 eV vs 0.569 eV. That is, the proposed trimer
anion structure is characterized by an equally strong bonding
of the third BA moiety to the cluster as of the second. This is
because the proposed trimer structure features distributed
charge and bonding; it truly is a trimer anion, rather than an
ion—molecule complex of the (BA),” cluster core and a BA
solvent “molecule”. However, the experimental dimer-to-trimer
band shift is somewhat smaller than the theory prediction:
0.45(1) eV vs 0.565 eV. It is still as large as that for BA™-H,0
relative to BA™ but smaller than expected for the proposed C,;
(nu-an-nu) trimer structure nonetheless. We can only speculate
that the true trimer structure is probably a combination of the
distributed-charge character predicted by DFT and a some-
what weaker bonded ion—molecule complex.

Finally, we turn to “solvation” energies E,,(n), calculated
for the dimer and trimer anion. The term solvation is in
quotation marks, because the so-called solvation interactions in
(BA),” involve a significant degree of covalent character.
E,(n) is defined as the adiabatic energy difference between
the sum of the isolated neutral and anion monomer groups, on
the one hand, and the cluster anion, on the other: E. (n) =
[E(BA™) + (n—1)E(BA)] — E((BA),”). Thus, E,(n) is the
total energy involved in assembling the cluster from its
asymptotic building blocks. It is a combination of intermo-
lecular (e.g, solvation) and intramolecular (internal perturba-
tions of the solute and the solvent) effects. In photoelectron
spectroscopy of cluster anions, the experimental band shifts are
often interpreted as the solvation energy of the cluster.”” This
interpretation assumes that the interactions between the
neutral species in the final state are negligible and that the
intermolecular interactions within the cluster do not
significantly perturb the internal structures of the constituents.
These assumptions do not apply to (BA),”. As a result, in
Table 2 we observe large discrepancies (~0.4 eV for the dimer
and ~0.5—0.6 eV for the trimer) between the calculated
E,,(n) values, on the one hand, and both the AVDE (DFT)
and the experimental band shifts, on the other.

To analyze this effect, we consider the energy diagram in
Figure 8, which illustrates the formation of (BA),” from the
BA™ + BA and the corresponding photodetachment processes.
The diagram is constructed using the M06-2X results, but the
qualitative conclusions would remain unchanged if any
reasonable computational method were used. The asterisks
indicate excited neutral species formed in vertical photo-
detachment of the corresponding anions. It is clear based on
the diagram that the VDE shift underestimates the magnitude
of the interactions involved in the formation of the dimer
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BA* + BA
- 233
(BA),”
—1.95 BA + BA
VDE(1)
L. VDE(2)
BA~+BA
Esolv(z)
0

(BA),

Figure 8. Energy diagram for the formation and photodetachment of
the (BA),” cluster anion. The electronic energy values calculated
using the M06-2X/aug-cc-pVDZ method are given in eV relative to
(BA),". The diagram shows that the VDE increase fromn=1ton =2
in the (BA),” series, AVDE(2) = VDE(2) — VDE(1), cannot be used
as an accurate estimate of E,(2).

anion. This is primarily due to the intermolecular interactions
in the dimer significantly perturbing the structure (and hence
the energy) of the excited (BA),* dimer species, initially
formed in the photodetachment, relative to BA* + BA.

5. CONCLUSIONS

We have reported photoelectron spectra of biacetyl and its
cluster anions. Similar to previously studied methylglyoxal,®
biacetyl is characterized by distinct torsional angles of the
methyl groups relative to the molecule in the neutral singlet
state, on the one hand, and the anion and triplet states, on the
other. In addition, there are other significant geometric
differences between the anion and the neutral singlet state,
while the triplet geometry is overall more similar to that of the
anion. Accordingly, the BA™ photoelectron spectra feature a
broad and congested singlet band and a narrower and less
congested triplet transition. The experimentally determined
electron detachment energies are in agreement with ab initio
predictions, giving confidence to the theoretically determined
anion and neutral structures.

Investigation of biacetyl cluster anions revealed that the
intermolecular interactions in the homogeneously solvated
clusters (BA),™ are stronger than in the heterogeneous clusters
BA™:N,0 and BA™-H,0. To account for these observations,
n—n bonded structures of the dimer and trimer anions are
proposed. Their analysis indicates that the excess charge in the
(BA),” cluster anions (at least the dimer and the trimer) is
significantly delocalized between all BA moieties present, and
there is a significant degree of covalent (7—x) bonding within
the cluster.
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