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Spectroscopy of the breaking bond: the diradical
intermediate of the ring opening in oxazole
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Bond breaking is a challenging problem in both experimental and theoretical chemistry, due to the transient
nature and multi-configurational electronic structure of dissociating molecules. We use anion photodetachment
to probe the diradical interactions in the ring-opening reaction of oxazole and obtain a self-consistent picture
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of the breaking bond. Starting from the closed-shell cyclic molecule, the reaction is launched on the anion
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potential regions are sampled. One corresponds to a completely dissociated bond, while the other – to

potential, as an attached electron cleaves a carbon–oxygen bond. In the photodetachment, two neutral
the bond fragments separated by approximately 3 Å. At this chemically relevant distance, signatures of
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lingering through-space interactions between the radical centers are observed.

1. Introduction
The making and breaking of covalent bonds is the essence of
chemistry. It is also (arguably) the most challenging problem
within the discipline. The diﬃculty stems from the complexity
of the electronic structure—even for well-behaved closed-shell
molecules—in the transient regime of emerging or breaking bonds.
Many spectroscopic and theoretical methods exist for the
characterization of closed-shell molecules and their fragments
(Fig. 1a, reaction stages 1 and 3, respectively). In this work, we
focus on the intermediate regime of a bond stretched far from
its equilibrium (Fig. 1a-2). In this case, the electronic structure
assumes a diradical character,1 dominated by the lingering
interaction of the separating radicals. This interaction gives rise
to several close-lying electronic states with inherently multiconfigurational wavefunctions, resulting from the diﬀerent ways
of combining the spin and orbital contributions of the individual
electrons. We employ photoelectron imaging spectroscopy
to characterize the inter-radical couplings associated with a
nearly-broken bond.
Although time-resolved spectroscopy2 is usually the technique of
choice to probe the transient states of dissociating molecules, we
take a diﬀerent approach. Rather than rushing to keep up with the
fast speed of fragment separation, we exert control on the extent of
bond dissociation. Specifically, in the pursuit of a breaking bond,
we employ a reaction in which the fragment radicals do not
separate completely, but remain at a chemically relevant distance,
constrained by a larger molecular framework.
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Fig. 1 Left to right: three stages of a bond-breaking reaction. (1) The intact
bond near the equilibrium. (2) The nearly broken bond, with the radical
fragments interacting through a narrow gap. (3) The completely broken bond,
with the fragments so far apart that no direct interaction is possible. These
stages are illustrated in a cartoon form for three diﬀerent scenarios, (a)–(c). (a)
Schematic potentials corresponding to a closed-shell molecule dissociating
into free radical fragments. The regions highlighted in different colors
correspond to the respective reaction stages 1–3. (b) The concept of
a bond-breaking spectrometer, in which the fragments mounted on a
hypothetical microscopic platform do not separate completely but remain
at a controlled distance. The three states of the ‘‘spectrometer’’ shown
correspond to respective stages 1–3 of the bond-breaking reaction.
(c) Realization of the controlled bond-breaking concept from (b) using the
oxazole molecule. The three molecular geometries shown correspond to
stages 1–3 of the ring opening reaction along the C2–O bond.

This journal is © the Owner Societies 2014

Paper

This concept is illustrated in Fig. 1b, which represents three
stages of a bond-breaking reaction with the fragments attached
to a hypothetical microscopic platform: (1) the intact covalent
bond; (2) the nearly broken bond, with the radicals a few
Angstroms apart; and (3) the completely broken bond, with
the fragments so far apart that no direct through-space interaction is possible. It is the intermediate state (2) that corresponds to the transient regime of a bond being broken (or, in
reverse, formed).
This concept can be realized in a variety of ring-opening
reactions, where the crucial parts of the neutral potential landscape
may be accessed via the photodetachment of the corresponding
stable anions. This approach is similar to probing neutral transition states via negative-ion photodetachment,3,4 but with one
important distinction: it is not a transition state that is of interest
here, but the region of the reactive potential, where the diradical
interactions are still significant.
We apply this idea to the ring opening in oxazole. The cyclic
structure of the closed-shell molecule is shown in Fig. 1c-1.
Previous studies using electron parametric resonance have shown
that electron attachment cleaves the C2–O bond, forming an
anion radical, in which the charge resides predominantly on the
oxygen.5,6 This reaction is indicated by pathway 1 - 2 in Fig. 2.
Upon the photodetachment of 2, neutral diradical 2a is formed.
Due to the vertical nature of the photodetachment, the initial
geometry of 2a is the same as that of the ring-open anion. That
geometry is shown in Fig. 1c-2. As the two radical centers in the
vertically accessed neutral structure interact through a small
(B3 Å) gap, the diradical can be viewed as the intermediate state
(2) of the radical-interaction spectrometer conceptualized in
Fig. 1b. Chemical intuition further suggests that structure 2 in
Fig. 2 may undergo a cis–trans internal rotation about the C4–N
bond to form anion 3. Its photodetachment results in trans-diradical
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3a, whose relaxed geometry is shown schematically in Fig. 1c-3.
With the two original bond fragments (C2 and O) far apart, the
trans-diradical corresponds to state (3) of the Fig. 1b concept.
The anion chemistry described in Fig. 2 sets the stage for
probing the diradical intermediates in the ring-opening reaction of neutral oxazole. The description of these intermediates
must take into account the resonance of the delocalized diradical
(2a, 3a) and carbene (2b, 3b) structures (Fig. 2). (Although
carbenes—at least of the triplet kind7—are viewed as diradicals
themselves, for clarity in this work we refer to species with two
delocalized radical centers as simply diradicals, while those
with two nonbonding electrons on the same carbon as carbenes.)
The carbene-diradical resonance can be conceptualized as interaction of the radical centers through the intact molecular framework, indicated in Fig. 1b by the springs connecting the radical
mounting posts.
Summarizing the key ideas, the relaxed cyclic structure of
oxazole represents the initial state of the radical-interaction
spectrometer described in Fig. 1b. In the experiment, oneelectron reduction launches the molecule on the anion potential,
which is initially repulsive with respect to the C2–O stretch. The
ensuing ring-opening reaction yields the cis-anion structure (2 in
Fig. 2), separated by only a small barrier from the trans-potential
minimum (3 in Fig. 2). As the trans-anion is nearly isoenergetic
with its cis counterpart and the isomerization barrier is smaller
than the zero-point vibrational energy, the cis and trans forms
of the anion exist simultaneously, with the wavefunction
delocalized over the two potential minima. The photodetachment
of the anion is therefore expected to probe simultaneously two
regions of the neutral ring-opening landscape, corresponding to
structures 2 and 3 in Fig. 1c, which represent, respectively, the
nearly- and completely-dissociated states of the radical-interaction
spectrometer in Fig. 1b.

Fig. 2 Electron attachment and photodetachment pathways of oxazole. 1: closed-shell oxazole. 2 and 3: the cis and trans forms of the
ring-open oxazole anion. 2a and 3a: the cis and trans ring-open neutral diradical structures. 2b and 3b: the cis and trans ring-open neutral
carbene structures.
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2. Experimental and theoretical
methods
The experiments were carried out using the negative-ion spectrometer described in detail elsewhere.8,9 The anions were generated
via slow secondary electron attachment following the bombardment
of the neutral precursor molecules with high-energy (1 keV) electrons. The precursor gas mixture consisted of room-temperature
vapor of 1,3-oxazole seeded in argon carrier gas. The gas
mixture was introduced into the high-vacuum chamber
through a pulsed supersonic nozzle and the resulting anions
were separated and characterized in the time-of-flight massspectrometer. Photodetachment at 532 and 355 nm was performed using the second and third harmonics, respectively, of a
Nd:YAG laser. The 306 nm radiation was obtained by frequency
doubling the fundamental output of a Nd:YAG pumped dye laser.
The presented images correspond to multiple experimental runs,
combined to span B106 experimental cycles at each wavelength.
The results were analyzed using the inverse Abel transformation10
as implemented in the BASEX software package.11
Electronic-structure calculations involving geometry optimizations were carried out at the coupled-cluster (CCSD) level of theory
using the Gaussian 09 suites of programs.12 The low-lying electronic
states of the ring-open oxazole were explored using the
equation-of-motion (EOM) family of methods combined with
the coupled-cluster theory.13–16 The EOM calculations relied on
the spin–flip (SF)13 and ionization potential (IP)16 methodologies
and included the diagonal triples (dT) corrections for energy.17
All EOM-XX-CCSD(dT) calculations (XX = SF or IP) were carried
out using the Q-Chem 4.0 software package.18

3. Experimental results and analysis
Photoelectron images of the oxazole anion were obtained at 532,
355 and 306 nm. The corresponding photoelectron spectra,
plotted versus electron binding energy (eBE), are shown in
Fig. 3a, along with the unprocessed 355 nm photoelectron image
as an example of raw data.
The spectra are broad and congested, but their appearance
is not representative of the instrumental resolution. In similar
experiments on cyclic anions, such as oxazolide19 and furanide,20
spectral resolution of several meV has been demonstrated using
the same instrument, laser, and, in the case of oxazolide, the same
neutral precursor. The broad and congested bands in Fig. 3a are
hallmarks of the floppy structure of the ring-open anion, with a
wavefunction delocalized over a large volume of the configuration
space encompassing two isomers. The spectra also reflect a large
equilibrium geometry change expected upon detachment to
the lowest singlet surface, which correlates adiabatically with
the ring-closed (cyclic) structure of oxazole.
Despite the congestion, several overlapping bands are apparent
at every wavelength. The presence of distinct transitions is particularly clear in the 355 nm image included in Fig. 3a. For example, the
outskirts of the image reveal at least two transitions with diﬀering
angular properties with respect to the laser polarization direction.
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Fig. 3 Experimental results and assignment. (a) The 355 nm photoelectron
image and the complete 306, 355 and 532 nm photoelectron spectra of ringopen oxazole anion. (b) The 355 nm angle-resolved spectra, I1(e) and I2(e),
obtained by integrating the results for near-perpendicular (y1 = 751–901)
and near-parallel (y2 = 101–251) photodetachment, respectively. The
corresponding angular sectors are indicated in the image in (a). (c) The partial
355 nm spectra corresponding to the predominantly perpendicular (>)
and nearly-isotropic (J) transitions. All experimental spectra are arbitrarily
normalized. (d) A stick spectrum based on the calculated vertical transition
energies summarized in Table 2. The color scheme indicated in the legend is
the same as that for the transition/state labels used throughout the paper and
the band-label arrows in parts (a) and (c) of this figure.

Marked ‘J’ is an approximately isotropic band, while ‘>’ is a
predominantly perpendicular feature seen just inside the J band.
Using the photoelectron angular distributions (PAD), it is
possible to deconvolute the bands with diﬀerent properties.
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Since the quantitative PADs are not meaningful in this case, due to
the significant band overlap, we adopt the following approximate
approach. Whereas the spectra in Fig. 3a were obtained by integrating the photoelectron signals over the entire angular range, Fig. 3b
displays two angle-resolved spectra obtained by integrating the
355 nm image only within the respective angular sectors indicated
on top of the image in Fig. 3a. For the first spectrum, the y1 =
751–901 sector was analyzed, while for the second, y2 = 101–251,
where y is the angle with respect to the laser polarization direction.
For simplicity, in the following we collapse the above angular ranges
to their respective median values, i.e. y1 = 82.51 and y2 = 17.51.
If I(e, y) is the overall energy and the angle dependent
photoelectron signal, then the two angle-resolved spectra in
Fig. 3b are defined as:
I1(e)RI(e, y1), y1 = 82.51,

(1)

I2(e)RI(e, y2), y2 = 17.51.

(2)

Based on the examination of the image in Fig. 3a, the overall
photoelectron signal consists of two types of transitions, the
predominantly perpendicular (>) and nearly isotropic (J)
ones. We shall accept this hypothesis and express the overall
result as a sum of the partial components representing the two
types of transitions:
I(e, y) = I>(e, y) + IJ(e, y).

(3)

The angular dependence of each of the partial spectra is
described as usual:
Ii(e, y) = Ii(e)[1 + biP2(cosy)], i = > or J,

(4)

where bi are the corresponding anisotropy parameter values,
Ii(e) are the energy-dependent intensities of the two types of
transitions (i.e., the desired partial spectra), and P2(cosy) =
(3cos2y1)/2 is the second-order Legendre polynomial. Although
the anisotropy values are, in general, energy dependent, we shall
assume them to be constant over the energy range of this analysis
and based on the examination of the image ascribe the following
estimated values to the > and J transitions: b> = 0.5 and
bJ = 0. The choice of these values, while qualitatively justified, is
admittedly somewhat arbitrary at the quantitative level. However,
all conclusions of this work are robust with respect to the b> and
bJ choice. While adjusting these values (within reason) aﬀects
the details of the final spectra, the overall band patterns remain
unchanged. Substituting eqn (4) with these bi values into eqn (3)
(once for i = > and once for i = J), we obtain:
I(e, y) = I>(e)[2.5  1.5cos2y]/2 + IJ(e).

Table 1

a

I1(e) = I>(e)[2.5  1.5cos2y1]/2 + IJ(e)

(6)

I2(e) = I>(e)[2.5  1.5cos2y2]/2 + IJ(e).

(7)

As expected, eqn (6) and (7) reveal that the angle-resolved
spectra I1(e) and I2(e) (Fig. 3b) are linear combinations of the
partial spectra I>(e) and IJ(e), representing the predominantly
perpendicular and mostly isotropic bands. Conversely, rearranging
this system of two linear equations allows us to express the partial
spectra I>(e) and IJ(e) as linear combinations of the observed
angle-resolved spectra I1(e) and I2(e). Specifically, with the y1 = 82.51
and y2 = 17.51 parameter values (per eqn (1) and (2)), we obtain:
I>(e) p I1(e)  I2(e) and IJ(e) p I2(e) – 0.46 I1(e), where we have
omitted the unimportant proportionality factors. The resulting
arbitrarily normalized plots of I>(e) and IJ(e) are displayed
in Fig. 3c.
In the partial spectrum highlighting the predominantly
perpendicular transitions, two nearly overlapping bands are
observed. Their maxima are marked with the blue and red vertical
arrows. The nearly isotropic partial spectrum consists of two very
broad bands. The corresponding band maxima are marked in
Fig. 3c with the green vertical arrows. Finally, an additional
higher-energy transition is responsible for the central spot in
the 355 nm image, but best seen in the 306 nm spectrum (Fig. 3a).
This transition is marked with a purple arrow.
The five color-labeled transitions and their properties are
summarized in Table 1. The outermost, approximately isotropic (J)
ring in the image in Fig. 3a corresponds to the ‘‘green-1’’ band. This
band is responsible for the broad low-eBE shoulders in the 306,
355 and 532 nm spectra in Fig. 3a, while the > transitions
contribute most of the intensity in the eBE = 2.0–2.5 eV range.
The > band is suppressed relative to the J shoulder at 532 nm due
to the proximity to the energetic cutoff (low eKE).21

4. Discussion
4.1.

Anion and neutral structures of ring-open oxazole

The widths of the two green bands in the J spectrum in Fig. 3c
are suggestive of a large equilibrium geometry change upon
the photodetachment. The > band, on the other hand, consists
mainly of two fairly narrow transitions, indicating a small
geometry change.
The ring-opening potential for the ground electronic state of
oxazole is represented schematically by the green curve in Fig. 4.

Experimentally observed properties of the oxazole anion photodetachment transitions and the corresponding neutral state assignments

Transition labela
Blue
Red
Green-1
Green-2
Purple

(5)

Recalling that the angle-resolved spectra in Fig. 3b are
defined by eqn (1) and (2), we now find from eqn (5):

VDE/eV
2.216
2.40
1.85
2.6
3.6







Character (> or J)
0.009
0.02
0.15
0.1
0.1

>
>
J
J

Band width

00

Narrow
Narrow
Broad
Broad
Broad

Transition labels correspond to the colors of the identifying vertical arrows in Fig. 3.
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Detachment orbital
3a
3a00
16a 0
16a 0
15a 0
b

Neutral state assignment
a3A00 b
A1A00 b
X1A 0 (cis)
X1A 0 (trans)
b3A 0 b

Overlapping cis and trans contributions.
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Fig. 4 The electronic structure of cyclic and ring-open oxazole and its anion. (a) The ground-state cyclic structure of neutral oxazole. (b) and (c) The cis
and trans minimum-energy structures of the ring-open radical anion. The green, black, blue, and red curves are qualitative representations of the ringopening potential for the ground electronic state of oxazole (X1A 0 ), the anion (2A 0 ), and the a3A00 and A1A00 neutral states, respectively. The top-left inset
shows the 15a 0 , 3a00 and 16a 0 MOs for the cis (left) and trans (right) anion geometries. The neutral state energies determined from the EOM-XX-CCSD(dT)/
aug-cc-pVTZ, XX = IP, SF calculations at the cis and trans anion geometries, are given in electron-volts, relative to the cis-anion, whereas the cis–trans
anion adiabatic energy difference (0.057 eV) is derived from the respective CCSD/aug-cc-pVTZ geometry optimizations. The SF calculations used the
MS = 1 a3A00 reference shown in the shaded (grey) inset.

Its minimum (a) corresponds to the relaxed cyclic structure with
an intact C2–O bond. In the experiment, one-electron reduction
launches the molecule on the anion potential, represented
schematically by the black curve. That potential is initially repulsive
with respect to the C2–O stretch. The minimum (b) corresponds to
anion 2 in Fig. 2. To the right of this planar structure, the reaction
coordinate in Fig. 4 switches to the C5QC4–NQC2 torsion angle,
ranging from 01 for the cis structure to 1801 for the trans. After
overcoming a small barrier, the system reaches the trans-anion
minimum (c) corresponding to anion 3 in Fig. 2.
The cis and trans geometries of the ring-open radical anion
(species 2 and 3 in Fig. 2) and the corresponding neutral (2a-2b
and 3a-3b) were optimized at the CCSD level of theory with the
aug-cc-pVTZ basis set. The optimized cis and trans anion structures
are shown in Fig. 5. Also shown are the corresponding equilibrium
geometries of the lowest neutral triplet state. All structures in Fig. 5
are planar and both the cis and trans anion geometries are quite
similar to the corresponding triplet (a3A00 ) structures. As perhaps
the most relevant property, the C2–O distance in the cis-anion is
predicted to be 3.06 Å, compared to 2.83 Å in the corresponding
triplet structure. Both of these values represent chemically relevant
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separations, corresponding to a nearly, but not completely broken
bond, whereas the through-space interactions still impact the
energetics and the electronic structure.
As per the CCSD/aug-cc-pVTZ calculations, the trans anion
is 0.057 eV more stable than the cis, not accounting for the zeropoint vibrational energy (ZPE). For comparison, the corresponding
energy diﬀerence derived from B3LYP/aug-cc-pVDZ calculations is
0.082 eV, while the ZPE estimated for the cis anion is 0.326 eV.
Furthermore, relaxed potential energy scans for the cis–trans
isomerization indicate a barrier of only 0.092 eV (on the cis side).
As the ZPE exceeds the barrier height, the cis and trans forms of
the anion must co-exist, with the ground-state vibrational wavefunction delocalized over the two potential minima.
Hence, the topology of the anion potential energy surface is
very diﬀerent from the closed-shell singlet state. In contrast to
the anion (and the triplet), the global minimum of the singlet
corresponds to the cyclic oxazole molecule. (An additional
shallow minimum was found for the singlet at a higher energy,
corresponding to a non-planar ring-open geometry similar to
the transition-state structure for the cis–trans isomerization in
the anion, shown in Fig. 4. That singlet structure is also very
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Fig. 5 The cis and trans geometries of the ring-open oxazole radical anion and the corresponding lowest-triplet neutral, optimized at the CCSD level of
theory with the aug-cc-pVTZ basis set. The nominal electron configurations are indicated, with the populations corresponding to the 15a 0 , 3a00 and 16a 0
MOs, as in Fig. 4. All structures are planar, with the key geometric parameters indicated in the figure. The cis structures of the triplet and the anion feature
the C2–O gaps of 2.83 Å and 3.06 Å, respectively.

different from the relaxed cis and trans anion geometries and
expected to undergo a ring-closing rearrangement to oxazole.
Therefore, this local minimum will not be discussed further.)
Based on these results, we expect broad Franck–Condon
envelopes for the 2A 0 - X1A 0 photodetachment transitions in
both the cis and trans anions. Analogous arguments based on the
similarity of the triplet and anion equilibrium structures (Fig. 5)
suggest narrower 2A 0 - a3A00 bands. Hence, we tentatively assign
the two broad bands in the J spectrum in Fig. 3c (green-1 and
green-2, per Table 1) to the respective cis and trans anion
detachment to the X1A 0 state, while the narrow blue and/or red
bands in the > spectrum are likely due to the a3A00 state.
The absolute energies of the relaxed anion and triplet neutral
structures obtained in the CCSD/aug-cc-pVTZ calculations were
used to determine the adiabatic binding energy (electron aﬃnity)
of the triplet ring-open oxazole: 1.820 eV (cis) and 1.882 eV (trans).
These results are in agreement with the approximate origin of the
blue band in the > spectrum in Fig. 3c.
4.2.

Electronic structure of ring-open oxazole

In order to relate the observed transitions to the diradical
interactions in the ring-opening of oxazole, we consider the

key molecular orbitals (MO) involved in the reaction. The topleft inset in Fig. 4 displays the 15a 0 , 3a00 , and 16a 0 MOs for both
the cis and trans anion geometries. The ordering of the orbitals
may vary depending on molecular geometry and electron spin
(unrestricted configurations). The nominal electron configuration of the anion ground state is 2A 0 : . . .(15a 0 )2(3a00 )2(16a 0 )1
and it is the antibonding character of 16a 0 with respect to the
C2–O bond that is responsible for the ring-open structure of the
anion. The nominal electron configurations of the low-lying
singlet and triplet neutral states are summarized in Table 2.
In order to accurately describe the closed-shell singlet, triplet,
and open-shell singlet states of the neutral ring-open reactive
intermediate, calculations18 using the EOM-SF and EOM-IP
coupled-cluster methods16 were carried out. In calculating
the state energies, the X1A 0 : . . .(15a 0 )2(3a00 )2(16a 0 )0 and A1A00 :
. . .(15a 0 )2(3a00 )1(16a0 )1 states and the MS = 0 component of the
a3A00 : . . .(15a0 )2(3a00 )1(16a 0 )1 state were accessed with single spin–
flip13 excitations from the MS = 1 a3A00 : . . .(15a0 )2(3a00 )1(16a0 )1 reference (Fig. 4). The MS = 0 component of the a3A00 state was used for
calculating the singlet–triplet energy gaps.22 The reference state
itself, as well as the higher-lying triplet, b3A0 : . . .(15a0 )1(3a00 )2(16a0 )1
(MS = 1 only), were accessed by electron removal from the anion

Table 2 Calculated VDEs (in eV) of the ring-open oxazole radical anion (cis and trans), corresponding to detachment to the four lowest electronic states
of the neutral

Neutral state

Nominal configuration and state character

VDE (cis)

VDE (trans)

Methoda

X1A 0
a3A00
A1A00
b3A 0

. . .(15a 0 )2(3a00 )2(16a 0 )0
. . .(15a 0 )2(3a00 )1(16a 0 )1
. . .(15a 0 )2(3a00 )1(16a 0 )1
. . .(15a 0 )1(3a00 )2(16a 0 )1

2.012
2.122
2.347
3.668

2.461
2.215
2.401
3.670

EOM-IP-CCSD(dT) + EOM-SF-CCSD(dT)
EOM-IP-CCSD(dT)
EOM-IP-CCSD(dT) + EOM-SF-CCSD(dT)
EOM-IP-CCSD(dT)

Closed-shell singlet
Lowest triplet
Open-shell singlet
Excited triplet

a

The single-point EOM calculations were carried out using the aug-cc-pVTZ basis set for the CCSD/aug-cc-pVTZ optimized cis and trans anion
geometries shown in Fig. 5. The IP calculations were carried out by removing a beta-spin electron from the 2A 0 : . . .(15a 0 )2(3a00 )2(16a 0 )1 anion
reference. The SF calculations were performed starting from the a3A00 (MS = 1) reference shown in the inset in Fig. 4. The low-spin (MS = 0)
component of the a3A00 state was used in calculating the singlet-triplet energy gaps. ZPE corrections are not included.
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reference, using the EOM-IP methodology.16 All calculations were
carried out with the aug-cc-pVTZ basis set including the non-iterative
(dT) corrections17 to the CCSD energies. As the use of HF orbitals
indicated significant spin contamination in the wave functions,
unrestricted B3LYP orbitals were used for the calculations, taking
advantage of the relative insensitivity of the coupled-cluster theory to
the choice of orbital bases.
The resulting neutral state energies, for the cis or trans anion
geometries, are represented in Fig. 4, with all numeric values
given relative to the cis-anion equilibrium. Table 2 lists the
corresponding vertical detachment energies (VDEs), determined
relative to the anion at the respective cis or trans geometry. These
results can be directly compared to the experimental findings.
Fig. 3d shows a stick spectrum compiled from the four predicted
vertical detachment transitions for each of the cis and trans anion
geometries (using the VDEs in Table 2). The lines are color-coded
according to the neutral state labels used throughout. The short
sticks in Fig. 3d represent the cis-anion detachment, while the
tall ones – the trans. The relative heights reflect qualitatively the
greater population expected for the slightly more stable trans
anion minimum.
4.3.

Band assignments

The overall pattern agreement of the theoretical spectrum in
Fig. 3d with the experimental spectra in Fig. 3a and c is quite
remarkable. Backed by the analysis of other band properties
(discussed below), it allows for consistent band assignments,
summarized in Table 1.
The transition energies for all neutral states, except X1A 0 , are
predicted to be within B0.1 eV for the respective cis and trans
anion structures. Accordingly, the cis and trans components of
these transitions are not resolved in the experimental spectra due
to the band congestion and overlap. However, for the closed-shell
singlet state, X1A 0 , the theory predicts a significant increase in the
detachment energy for the trans-anion relative to the cis.
It is this state that correlates adiabatically with the globalminimum cyclic structure of neutral oxazole. Its shift to higher
energy from the cis to trans structure reflects the evolution from
the almost broken to completely dissociated C2–O bond. This
trend is represented by the schematic X1A 0 potential curve (green)
in Fig. 4. In the experiment, the two maxima in the J spectrum
(Fig. 3c) reflect this band shift, as indicated by the horizontal
block arrow. The relative intensities of the two green bands reflect
the greater population expected for the trans anion.
The notable energy diﬀerence between the cis and trans structures on the X1A0 surface might seem unexpected at first, because
of the similarity of the respective bonding patterns. The main
diﬀerence between the two structures is the magnitude of the
through-space interaction of the C2 and O bond fragments. This
interaction is more significant in the cis structure, characterized by
a relatively small gap between the two radical centers, compared to
the trans, where the broken bond fragments are not in each other’s
proximity. Therefore, the observed band shift (the block arrow in
Fig. 3c) is a signature of the breaking bond.
The X1A 0 state is accessed by removing an electron from the
in-plane 16a 0 orbital. As this orbital is responsible for the ring
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opening, the (16a 0 )1 detachment, in reverse, causes a significant geometry change from the anion to the neutral. This
change results in broad Franck–Condon profiles of the corresponding transitions, consistent with the properties of the green
bands (Fig. 3c and Table 1). Similar arguments apply to the b3A 0
state, accessed via (15a 0 )1 detachment, and the corresponding
purple band in the 306 nm spectrum (Fig. 3a).
The lowest-triplet (a3A00 ) and open-shell singlet (A1A00 ) states,
on the other hand, are both accessed by removing an electron
from the mostly non-bonding out-of-plane 3a00 MO, leaving the
16a 0 population nominally unchanged. Hence, the topology of
the a3A00 and A1A00 potentials and the corresponding relaxed
structures are expected to be similar to each other and those of
the anion. The schematic potential energy curves of the a3A00
and A1A00 states in Fig. 4 that mimic the qualitative features of
the anion potential illustrate this prediction. These considerations favor relatively narrow a3A00 and A1A00 photodetachment
bands, consistent with the properties of the blue and red
transitions in the > spectrum in Fig. 3c.
Finally, the observed PADs are also in agreement with the
above assignments. Photodetachment from p orbitals usually
yields predominantly perpendicular PADs.23,24 Therefore, the
> character of the blue and red transitions is consistent with
the assignment of these bands to detachment from the 3a00
orbital (the a3A00 and A1A00 neutral states). Photodetachment
from in-plane hybrid orbitals is generally expected to fall
in-between the limiting s and p cases,25,26 known to yield
parallel and predominantly perpendicular PADs, respectively.
That is, the hybrid-orbital PADs gravitate towards small or zero
anisotropy.27,28 The J character of the green and purple bands
is therefore consistent with the detachment from the respective
16a 0 and 15a 0 MOs.
4.4.

Carbene–diradical interactions

Based on their character with respect to the (broken) C2–O
bond, the 15a 0 , 3a00 , and 16a 0 MOs for the cis ring-open oxazole
geometry (inset in Fig. 4) might be described as s, p, and s*
orbitals, respectively. It is intriguing that the HOMO of the ringopen anion (16a 0 ) is a s*, rather than a p* orbital. In the ringopen structure of oxazole, the p* (4a00 ) orbital lies higher in
energy than the s* (16a 0 ) orbital and remains unoccupied in all
anion and neutral states discussed in this work.
In addition, interesting (anti-) parallels exist between the
spectroscopic properties of ring-open oxazole and canonical
carbenes. Such a comparison is relevant, because two of the
four structures of ring-open oxazole in Fig. 2 can be described
as carbenes (2b and 3b), with C2 as the carbene center.
As summarized above, the ground state of the oxazole anion
can be viewed as a . . .p2s*1 state. The photodetachment from
the sigma-type (16a 0 ) HOMO yields the closed-shell singlet
neutral, whose equilibrium geometry is very diﬀerent from
the anion structure. The singlet photodetachment transition
in oxazole therefore results in a broad photoelectron band. The
triplet neutral is formed in the detachment from the p (3a00 )
orbital, with a relatively small geometry change, yielding a
correspondingly narrow photoelectron band.
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Fig. 6 Interaction between the relevant orbitals on the oxygen (left) and the C2 center (right) in ring-open oxazole. The resulting MOs are indicated in
the middle, superimposed with the plots of the computed 15a 0 , 3a00 , 16a 0 and 4a00 orbitals of ring-open oxazole. The MO populations correspond to the
anion. The schematic diagram indicates that the . . .(s)2(p)1 electron configuration of a canonical carbene anion (right) is replaced by the
. . .(s)2(p)2(s*)1(p*)0 configuration of the ring-open anion of oxazole, where the bonding and anti-bonding (*) character of the MOs are assigned solely
with respect to the C2–O bond.

These observations contrast the typical carbene-anion
photodetachment scenario.7,29–34 The electron configuration
of a canonical carbene anion is . . .s2p1 (not . . .p2s1), corresponding to a 2A00 state in the case of Cs symmetry (rather than
2 0
A for oxazole). The closed-shell singlet state of the corresponding neutral results from the removal of a p electron, with a
small geometry change and a typically narrow singlet band. The
triplet carbene, on the other hand, is formed via s detachment,
resulting in a large geometry change and a broad Franck–
Condon envelope of the transition.
These diﬀerences between ring-open oxazole and carbenes
can be understood in terms of the interaction of the ‘‘diradical’’
and ‘‘carbene’’ structures in Fig. 2 (2a 2 2b and 3a 2 3b).
Fig. 6 illustrates schematically the eﬀect of the interaction
between the relevant orbitals on the oxygen (left) and C2 (right).
For the cis geometry, we expect some through-space interaction
across a B3 Å C2–O gap, in addition to the through-bond
interaction via the intact molecular framework. For the trans
geometry, the direct through-space interaction between O and
C2 is no longer possible, but the through-bond interaction is
expected to be similar to the cis structure.
The electron populations in Fig. 6, center, correspond to the
ring-open anion, specifically the cis structure, but similar
arguments apply to the trans-anion as well. The atomic orbitals
on the left represent the O center, while the non-bonding s
(sp2) and p (p) orbitals on the right represent the carbene (C2).
The MOs expected from the interaction of these orbitals are
indicated in the middle, superimposed with the plots of the
computed 15a 0 , 3a00 , 16a 0 and 4a00 orbitals of ring-open oxazole.
As seen from the diagram, the . . .s2p1 electron configuration
of a canonical carbene anion, where s and p are the non-bonding
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carbene orbitals on the right, is replaced by the . . .s2p2s*1p*0
configuration of the ring-open anion of oxazole, where the bonding and anti-bonding characters of the MOs are assigned solely
with respect to the broken C2–O bond. However, most of the
bonding stabilization or antibonding de-stabilization in these
MOs comes from the through-bond interaction across the intact
molecular skeleton, rather than the spatial gap between the O and
C2 centers. This interaction destabilizes the 4a00 MO (p*), relative
to 16a 0 (s*), resulting in the given configurations of the ringopen anion, the corresponding neutral states, the observed
spectral features, and the contrasting properties of the oxazole
and carbene anion transitions.

5. Summary
All key properties of the observed photodetachment transitions in
the ring-open oxazole anion agree with the theoretical predictions
and the resulting self-consistent picture, summarized in Fig. 4,
lends confidence in the overall description of the electronic
structure of the neutral diradical. Backed by the theoretical
analysis, the experiment has provided snapshots of this reactive
intermediate, predominantly for two crucial geometric structures:
one corresponding to the nearly broken aromatic ring, and the
other corresponding to a completely dissociated C2–O bond.
Together with the closed-shell structure of cyclic oxazole,5,35,36
these structures exemplify the three key states of the general
bond-breaking reaction: intact, nearly broken, and completely
broken covalent bonds. The act of bond breaking itself is clearly
manifest as the cis–trans energy shift of the closed-shell
singlet band.
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