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Lowest triplet (n, π∗) state of 2-cyclohexen-1-one: Characterization
by cavity ringdown spectroscopy and quantum-chemical calculations

Michael O. McAnally,a),b) Katherine L. Zabronsky,a),c) Daniel J. Stupca,d)

Kaitlyn Phillipson,e) Nathan R. Pillsbury,f) and Stephen Druckerg)

Department of Chemistry, University of Wisconsin-Eau Claire, Eau Claire, Wisconsin 54702-4004, USA

(Received 21 July 2013; accepted 12 November 2013; published online 6 December 2013)

The cavity ringdown (CRD) absorption spectrum of 2-cyclohexen-1-one (2CHO) was recorded over
the range 401.5–410.5 nm in a room-temperature gas cell. The very weak band system (ε ≤ 0.1
M−1 cm−1) in this spectral region is due to the T1(n, π*) ← S0 electronic transition. The 00

0 origin
band was assigned to the feature observed at 24 558.8 ± 0.3 cm−1. We have assigned 46 vibronic
transitions in a region extending from −200 to +350 cm−1 relative to the origin band. For the major-
ity of these transitions, we have made corresponding assignments in the spectrum of the deuterated
derivative 2CHO-2,6,6-d3. From the assignments, we determined fundamental frequencies for sev-
eral vibrational modes in the T1(n, π∗) excited state of 2CHO, including the lowest ring-twisting
(99.6 cm−1) and ring-bending (262.2 cm−1) modes. These values compare to fundamentals of
122.2 cm−1 and 251.9 cm−1, respectively, determined previously for the isoconfigurational
S1(n, π∗) excited state of 2CHO and 99 cm−1 and 248 cm−1, respectively, for the S0 ground state.
With the aid of quantum-mechanical calculations, we have also ascertained descriptions for these
two modes, thereby resolving ambiguities appearing in the previous literature. The ring-twisting
mode (ν39) contains a significant contribution from O=C–C=C torsion, whereas the ring-bending
mode (ν38 in the ground state) involves mainly the motion of C-5 with respect to the plane contain-
ing the other heavy atoms. The CRD spectroscopic data for the T1(n, π∗) state have allowed us to
benchmark several computational methods for treating excited states, including time-dependent den-
sity functional theory and an equation-of-motion coupled cluster method. In turn, the computational
results provide an explanation for observed differences in the T1(n, π∗) vs. S1(n, π∗) ring frequencies.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4834655]

INTRODUCTION

Conjugated enone molecules undergo a variety of light-
initiated reactions, including photocycloaddition and several
types of photochemical rearrangement.1 Such reactions are
typically mediated by enone excited states having triplet
spin multiplicity. Computational investigations2–10 have fo-
cused on the participation of cyclic enones, especially 2-
cyclohexen-1-one (2CHO, Fig. 1),3, 6, 7, 9 and its substituted
derivatives4, 8 in these processes.

To support computational work of this kind, it is desir-
able to have experimental benchmark data on the triplet enone
species. Motivated by this goal, we have recorded the vi-
bronically resolved cavity ringdown (CRD) absorption spec-
trum of 2CHO in the region of its T1(n, π∗) ← S0 transi-
tion, from 400.5 nm to 410.5 nm. As an aid in interpreting
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the spectral patterns, we have also recorded the CRD spec-
trum of the deuterated derivative 2-cyclohexen-1-one-2,6,6-
d3 (2CHO-d3, Fig. 1). In this paper, we present a vibronic
analysis of the spectra and report fundamental frequencies for
the lowest-energy vibrational modes in the T1(n, π∗) state of
2CHO and 2CHO-d3.

We chose the CRD technique to investigate the T1(n, π∗)
← S0 band system of 2CHO because the very high sensi-
tivity of CRD detection is well matched to the demands of
recording spin-forbidden singlet-triplet transitions.11, 12 An al-
ternative for measuring such transitions is phosphorescence
excitation, which we used previously to study the T1(n, π∗)
← S0 band system of 2-cyclopenten-1-one (2CPO).13 How-
ever for 2CHO, the phosphorescence quantum yield for T1

excitation is nearly zero, as is the fluorescence quantum yield
for S1 excitation. Computational studies of enone excited
states attribute the low quantum yield to very rapid nonradia-
tive processes that populate high vibrational levels of the S0

ground state.2, 6 This photophysical behavior is characteristic
of skeletally flexible enones, including the prototype acrolein
molecule (CH2=CH–CH=O), as well as monocyclic enones
with six or greater ring atoms.6, 14

For CRD studies of 2CHO, we used a 75-cm static
cell at room temperature. This arrangement provides a suffi-
ciently long absorption path to detect the very weak T1(n, π∗)
← S0 bands in 2CHO and 2CHO-d3 with reason-
able signal-to-noise ratio, on the order of 100–200. The
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FIG. 1. 2-cyclohexen-1-one (2CHO) and its trideuterated derivative 2-
cyclohexen-1-one-2,6,6-d3 (2CHO-d3).

pathlength requirement precludes investigation under jet-
cooled conditions with a simple pinhole source. Therefore,
in the present work we needed to contend with spectral con-
gestion due to vibronic hot bands (v′′ > 0) at room tempera-
ture. However, the hot bands also provided a benefit: we have
used combination differences involving observed hot bands,
along with known ground-state vibrational intervals for both
2CHO15–17 and 2CHO-d3,17 to aid in the assignment of the
T1(n, π∗) ← S0 origin bands as well as other vibronic origins
of the type X1

0. The latter provide fundamental frequencies for
several T1 vibrational modes.

The ground electronic state (S0) of 2CHO has been char-
acterized previously via microwave spectroscopy18 as well as
computational studies17, 19, 20 using density functional theory
(DFT). These investigations show that the 2CHO molecule
has a half-chair equilibrium geometry in its ground state, with
all heavy atoms except C-5 nearly coplanar. The C-5 atom
lies approximately 0.4 Å above the plane of the other atoms,
according to DFT calculations.19 Previous Raman15 and far-
infrared16 investigations analyzed the vibrational band struc-
ture of the lowest frequency modes, ν39 and ν38, in the S0

state of 2CHO. These studies focused on determining the bar-
rier to inversion of C-5 through the molecular plane, although
the Raman and far-infrared investigations led the respective
authors to different conclusions about whether the inversion
descriptor applies to ν39 or ν38.

In collaboration with Laane et al.,20 we reported CRD
spectra of 2CHO and 2CHO-d3 near 385 nm, in the region
of the S1(n, π∗) ← S0 band system. We presented a vibronic
analysis of these spectra, providing fundamental frequencies
for the four lowest-energy vibrations in the S1 state. We also
assumed ν39 corresponds to inversion and fit one-dimensional
inversion potentials for S0 and S1, based on ν ′′

39 and ν ′
39 pro-

gressions observed in the spectra.
In the present paper, we compare the S1 fundamental fre-

quencies determined previously20 with the corresponding T1

frequencies we report now. These comparisons again raise
questions about the appropriate mode descriptions for ν39

and ν38. To address these questions, we have conducted a
computational study of the S1 and T1 states. We report here
the computed equilibrium geometries and fundamental vibra-
tional frequencies of CHO in the two excited states. As we
will discuss, this computational investigation clarifies the ν38

and ν39 mode descriptions and allows us to rationalize ob-
served differences between ν39 fundamental frequencies in
the two excited states.

We employed several different excited-state computa-
tional techniques in this work, including time-dependent den-

sity functional theory (TDDFT), unrestricted density func-
tional theory (UDFT), and equation-of-motion electronic ex-
citation coupled-cluster singles doubles (EOM-EE-CCSD).
We used experimental vibrational frequency data from the
T1(n, π∗) ← S0 and S1(n, π∗) ← S0

20 CRD spectra to bench-
mark these computational methods. In turn, the computational
results have provided insights about the multiconfigurational
quality of the T1(n, π∗) and S1(n, π∗) excited states.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experiment

The light source for the CRD spectroscopy system is a
pulsed dye laser (Sirah Cobra) operated using Exalite 404 or
Exalite 411 dye (Exciton) and pumped by the third harmonic
of a Nd:YAG laser (Continuum Surelite II) running at 10 Hz.
The dye-laser output (2–5 mJ/pulse) is sent through a Keple-
rian telescope to reduce its beam diameter to approximately
2 mm. The laser beam is then directed into the sample cell, a
stainless-steel tube of length 0.75 m, which is vacuum-sealed
on the ends by adjustable high-reflectivity mirrors (Layertec,
quoted R > 0.9998).

The ringdown decay transient is detected by a photomul-
tiplier module (Hamamatsu H6780) located just outside the
exit mirror. The photomultiplier output is sent through a 100-
� terminator to a fast A/D card (Measurement Computing
PCI-DAS4020) installed in a PC. The card samples the input
CRD signal at a rate of 20 Ms/s. The digitized transient is fit
to a monoexponential decay function (including baseline off-
set) using a LabVIEW program. At a given laser wavelength,
the fitted decay rate constants (k) from 10 to 20 successive
laser pulses are averaged and stored. To produce a CRD spec-
trum, the decay constant of the evacuated sample cell, kempty,
is subtracted from the average k value at a given wavelength
with the sample present, and the resulting �ksample is con-
verted to fractional photon loss per pass (f), via the expression
f = (�ksample)L/c,11 where L is the cell length, and c is the
speed of light.

For the present experiment, the cell was evacuated to a
pressure of < 1 mTorr using a diffusion pump. Then, follow-
ing several freeze-pump-thaw cycles, the vapor in equilibrium
with a sample of liquid 2CHO was introduced into the cell at
room temperature until the vapor reached its maximum pres-
sure of 1.6 Torr.

The sample of 2CHO-d3 was prepared as described
previously.20 Analysis of the liquid product by NMR and of
its vapor by FTIR indicated that it contained approximately
85% of the desired 2CHO-2,6,6 trideuterated product, with
the remainder 2CHO-6,6-d2. After recording CRD spectra of
the nondeuterated sample, and before commencing the CRD
studies of 2CHO-d3, the cell was passivated by rinsing many
times with the deuterated sample vapor.

Computational methods

To investigate the T1(n, π∗) and S1(n, π∗) states of
2CHO, we employed computational methods based on ab ini-
tio theory or DFT and developed explicitly for treating excited
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states. For the T1(n, π∗) state, we also used UDFT, which is
a ground-state method but is appropriate for the T1(n, π∗)
state of 2CHO because this state has the lowest energy of
its its spin multiplicity at a geometry corresponding to the
Franck-Condon active region of the spectrum.21 Each calcu-
lation involved geometry optimization followed by a normal-
modes analysis and determination of harmonic vibrational
frequencies.

The ab initio (wavefunction-based) technique we used
was EOM-EE-CCSD, which applies an EOM approach to
calculate electronic excited-state (EE) properties and incor-
porates high-level coupled-cluster singles doubles excitations
(CCSD) to treat dynamic electron correlation.22 EOM-EE-
CCSD calculations were done using the CCMAN module of
the Q-Chem 4.0.0.1 package23 and employed the cc-pVDZ or
6-31G* basis set. We used the WebMO program24 as a graph-
ical interface for submission of certain jobs to Q-Chem.

DFT methods included TDDFT for both the S1(n, π∗)
and T1(n, π∗) states and UDFT for the T1(n, π∗) state. For the
TDDFT calculations, we used the Becke three-parameter Lee-
Yang-Parr (B3LYP) hybrid functional25–27 with the cc-pVTZ
or 6-311+G∗∗ basis set in Q-Chem 4.0.0.1. For the UDFT
calculations, we used either the B3LYP or the Perdew-Burke-
Ernzerhof (PBE0) hybrid functional28 with the TZ2P basis set
in the ADF2013 software package.29

We chose TDDFT in particular to compute the barrier
to ring inversion for the T1(n, π∗) and S1(n, π∗) states.
We ran these calculations to complement a previous DFT
investigation20 of the S0 ground state. Here, we define the
inversion barrier as the energy difference between the equi-
librium geometry of 2CHO, which has C1 symmetry, and the
structure optimized under the constraint of Cs symmetry, in
which all the heavy atoms are coplanar.

RESULTS

Assignment of origin bands

Fig. 2 shows CRD spectra of 2CHO and 2CHO-d3. We
have assigned the T1(n, π∗) ← S0 origin band (00

0) to the fea-
ture at 24 558.8 cm−1 in the 2CHO spectrum and 24 552.0
cm−1 in the 2CHO-d3 spectrum. These assignments are based
on the following considerations:

(1) In the spectra of 2CHO and 2CHO-d3, the assigned
T1(n, π∗) ← S0 origin bands mark the onset of a group
of relatively intense resolved bands occurring toward
higher wavenumber, atop a gradually increasing base-
line. Vibronic origins of the ring vibrations, such as 391

0
and 381

0, are expected to occur among the resolved bands
in this higher wavenumber region, up to +300 cm−1 with
respect to the assigned origin position. The steepening
baseline can be ascribed to the accumulation of closely
spaced and unresolved sequence bands of the types X1

1,
X2

1, X2
2, etc., attached to the 00

0 band and other vibronic
origins. To lower wavenumber of the assigned 00

0 band
in each spectrum is a series of low-intensity peaks on
a gradually flattening baseline. The resolved features in
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FIG. 2. Cavity ringdown spectra of 2CHO (lower, black) and 2CHO-d3 (up-
per, green) vapor recorded at room temperature. The sample pressure in each
case was 1.6 Torr. Each spectrum is a composite of individual scans recorded
over several successive wavelength regions. At each wavelength in the spec-
trum, the cavity ringdown rate constant from 10 to 20 laser pulses was av-
eraged and then converted to fractional photon loss per pass (left vertical
axis). The molar absorptivity (right vertical axis) was determined from the
fractional photon loss via Beer’s law.

this region are identified as hot bands involving little or
no vibrational excitation in the upper state.

(2) In the 2CHO spectrum, the assigned T1(n, π∗) ← S0

origin band is located 1523 cm−1 below that of the
S1(n, π∗) ← S0 transition.20 This S1 − T1 energy
gap is comparable to those of other small α, β-
unsaturated carbonyl compounds having the same chro-
mophore, including acrolein (with a singlet-triplet gap
of 1615 cm−130, 31) and 2CPO (gap of 1256 cm−113, 32).

(3) For the assigned T1(n, π∗) ← S0 origin bands, the
isotope shift associated with 2, 6, 6-d3 substitution of
2CHO is −6.8 cm−1. This shift is in the same direction
and nearly the same magnitude as the shift of −6.0 cm−1

observed20 for the S1(n, π∗) ← S0 transition of 2CHO.
(4) In the wavenumber region below each assigned origin,

the CRD spectra of 2CHO and 2CHO-d3 contain weak
but well resolved features assignable to the 390

1 and 390
2

transitions (see Tables I and II and Fig. 3). These as-
signments are based on combination differences with
the presumed 00

0 band in each spectrum, compared with
ground-state ν39 spacings obtained from near-infrared16

and Raman15 spectra of 2CHO. In the T1(n, π∗) ← S0

spectrum of each isotopomer, the 390
1 and 390

2 band po-
sitions, relative to the assigned origin, agree with the
corresponding band positions in the S1(n, π∗) ← S0

spectrum20 to within 1 cm−1.

Vibronic analysis

In the spectrum of undeuterated 2CHO (Fig. 4), the pat-
tern of peaks starting at the 00

0 band and continuing up to
about +20 cm−1 with respect to the origin is repeated nearly
identically, beginning with a prominent peak at +99.6 cm−1.
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TABLE I. Vibronic band positions (cm−1), relative to the 00
0 band,a in the

T1(n, π∗) ← S0 spectrum of 2-cyclohexen-1-one.

Obs. Inferred
wavenumberb wavenumberc Assignment

−304.2 ( − 304.1)d 370
1

−235.1 − 235.0 341
1390

1 −136.4 − 98.6

−219.7 − 219.7 341
1381

1390
1 −121.1 − 98.6

−204.6 − 204.6 370
1391

0 −304.2 + 99.6

−197.4 390
2

−157.0 − 156.2 341
0370

1390
2 41.2 − 197.4

−136.4 341
1

−132.2 − 132.0 371
0380

1390
1 −33.4 − 98.6

−121.1 − 122.3 341
1381

1 −136.4 + 14.1

−99.9 − 99.8 341
0380

1390
2 97.6 − 197.4

−98.6 (−99)d 390
1

−89.1 − 88.7 371
1 215.5 − 304.2

−57.8 − 57.4 341
0370

1390
1 41.2 − 98.6

−44.4 − 44.1 341
0370

1381
1390

1 54.5 − 98.6

−37.2 − 36.8 341
1391

0 −136.4 + 99.6

−33.4 − 32.6 371
0380

1 215.5 − (262.2 − 14.1)e

−22.1 − 21.5 341
1381

1391
0 −121.1 + 99.6

−1.1 − 1.0 341
0380

1390
1 97.6 − 98.6

0.0 00
0

14.1 381
1

41.2 41.2 341
0370

1 345.4 − 304.2

54.5 55.3 341
0370

1381
1 41.2 + 14.1

61.9 61.6 341
1392

0 −136.4 + 198.0

65.6 66.2 371
0380

1391
1 −33.4 + 99.6

77.5 76.9 341
1381

1392
0 −121.1 + 198.0

97.6 97.3 341
0380

1 345.4 − (262.2 − 14.1)

99.6 391
0

113.4 113.7 381
1391

0 14.1 + 99.6

116.7 116.9 371
0390

1 215.5 − 98.7

126.3 125.8 341
1381

0 −136.4 + 262.2

140.6 140.8 341
0370

1391
0 41.2 + 99.6

153.2 154.1 341
0370

1381
1391

0 54.5 + 99.6

165.2 164.6 371
0380

1392
0 −33.4 + 198.0

196.8 197.2 341
0380

1391
0 97.6 + 99.6

198.0 392
0

211.4 212.1 381
1392

0 14.1 + 198.0

215.5 371
0

225.7 225.9 341
1381

0391
0 126.3 + 99.6

230.2 229.6 371
0381

1 215.5 + 14.1

239.3 239.2 341
0370

1392
0 41.2 + 198.0

246.7 246.8 341
0390

1 345.4 − 98.6

252.9 252.5 341
0370

1381
1392

0 54.5 + 198.0

262.2 381
0

314.9 315.1 371
0391

0 215.5 + 99.6

324.8 324.3 341
1381

0392
0 126.8 + 198.0

345.4 341
0

a24 558.8 cm−1.
bListed wavenumber values correspond to band maxima. Uncertainty in a band maxi-
mum is ± 0.3 cm−1.
cInferred from combinations (last column) involving other assignments herein.
dInferred from ground-state fundamental in the near-infrared spectrum of 2CHO
vapor.16

eThe ground-state ν38 fundamental is known from previous Raman15 and far-infrared16

work, but the precise value cited here, 262.2 − 14.1 = 248.1 cm−1, is the combination
difference between the 381

0 and 381
1 bands observed in the present CRD spectrum.

TABLE II. Vibronic band positions (cm−1), relative to the 00
0 band,a in the

T1(n, π∗) ← S0 spectrum of 2-cyclohexen-1-one-2,6,6-d3.

Obs. Inferred
wavenumberb wavenumberc Assignment

−187.0 390
2

−115.0 340
1361

0

−93.7 390
1

−89.3 − 90.1 371
1 212.5 − (347.0 − 44.4)d

−72.3 − 72.9 361
0380

1390
2 114.1 − 187.0

−49.4 − 49.3 361
0370

1390
1 44.4 − 93.7

−20.4 − 20.5 340
1361

0391
0 −115.0 + 94.5

0.0 00
0

0.8 0.8 391
1 94.5 − 93.7

11.9 11.7 381
1 244.6 − (347.0 − 114.1)d

20.1 20.4 361
0380

1390
1 114.1 − 93.7

44.4 361
0370

1

72.7 73.1 340
1361

0392
0 −115.0 + 188.1

94.5 391
0

106.2 106.4 381
1391

0 11.9 + 94.5

114.1 361
0380

1

139.5 138.9 361
0370

1391
0 44.4 + 94.5

188.1 392
0

208.4 208.6 361
0380

1391
0 114.1 + 94.5

212.5 371
0

232.7 232.5 361
0370

1392
0 44.4 + 188.1

244.6 381
0

253.3 253.3 361
0390

1 347.0 − 93.7

301.9 302.2 361
0380

1392
0 114.1 + 188.1

335.9 341
0

347.0 361
0

a24 552.0 cm−1.
bListed wavenumber values correspond to band maxima. Uncertainty in a band maxi-
mum is ± 0.3 cm−1.
cInferred from combinations (last column) involving other assignments herein.
dGround-state fundamentals for ν37 and ν38 were determined in a previous Raman in-
vestigation of the deuterated species;17 however, that work was conducted with a liquid
rather than vapor sample. For the present study of 2CHO-d3 in the vapor phase, we infer
ground-state fundamentals of 302.6 cm−1 and 232.9 cm−1 for ν37 and ν38, respectively,
from combination differences involving other assigned bands in the CRD spectrum.

An analogous set of repeated peaks occurs in the 2CHO-d3

spectrum (Fig. 4), beginning with the feature at +94.5 cm−1.
These observations suggest that the peak at the start of the
repetition in each case is a vibronic origin, specifically the
391

0 transition involving the lowest-frequency mode. Further
support for the 00

0 and 391
0 assignments comes from the ob-

servation of bands at +198.0 cm−1 and 188.1 cm−1 in the
2CHO and 2CHO-d3 spectra, respectively (Fig. 5). These
bands can be assigned to the 392

0 transition in each spec-
trum, implying anharmonic shifts of −1.2 cm−1 (2CHO) and
−0.9 cm−1 (2CHO-d3) for the v′

39 = 2 − 1 gap compared to
v′

39 = 1 − 0. Shifts of this magnitude are similar to those as-
certained for the S0 and S1(n, π∗) states from the S1(n, π∗)
← S0 spectrum.20

Given the prominent role of ν39 in contributing to the
spectral patterns, a detailed description of this mode is de-
sirable and has motivated portions of the computational
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FIG. 3. Expanded view of the low-wavenumber region of the cavity ring-
down spectra of 2CHO and 2CHO-d3 shown in Fig. 1. Assignments pertain
to the T1(n, π∗) ← S0 absorption band system. The lowered signal-to-noise
ratio in the 2CHO-d3 spectrum is attributable to fractionation resulting from
6,6-d2 isotopic contamination.

investigation discussed later. In brief, we have determined
that ν39 corresponds to a ring twisting motion roughly analo-
gous to the C=C–C=O torsion mode in acrolein, the lowest-
frequency vibration in that molecule. From assignments in the
present T1(n, π∗) ← S0 spectrum of 2CHO, we may compare
the ν39 fundamental frequency in the T1(n, π∗) state (99.6
cm−1 /94.5 cm−1 for the parent/deuterated species) with that
in the S0 and S1(n, π∗) states. The T1(n, π∗) and S0 values

FIG. 4. Expanded view of the central region of the cavity ringdown spec-
tra of 2CHO and 2CHO-d3 shown in Fig. 1. Assignments pertain to the
T1(n, π∗) ← S0 absorption band system.

FIG. 5. Expanded view of the high-wavenumber region of the cavity ring-
down spectra of 2CHO and 2CHO-d3 shown in Fig. 1. Assignments in black
pertain to the T1(n, π∗) ← S0 absorption band system; assignments in red are
hot bands associated with the S1(n, π∗) ← S0 system.

are nearly the same, given the ground-state fundamental of
98.6 cm−1 /93.7 cm−1, inferred here from 390

1 assignments.
The present analysis also indicates that the ν39 fundamental
for T1(n, π∗) is significantly lower than that in the S1(n, π∗)
state, 122.1 cm−1 /114.4 cm−1.20

Presuming the T1(n, π∗) state is structurally more simi-
lar to S1(n, π∗) than to S0, the comparisons above raise doubt
about the band assigned to 391

0 in the T1(n, π∗) ← S0 spec-
trum. An alternative is to assign this band as 00

0, with the band
currently identified as the origin reassigned to 390

1. However,
several factors argue against this interpretation and support
the original assignments shown in Tables I and II. First, the
00

0 band under the original assignment has about the same in-
tensity as the 391

0 band, whereas the former would likely be
less intense if it were subject to a reduced Boltzmann factor
associated with the 390

1 hot band. Second, we observe satel-
lites, with wavenumber shifts close to +99.6 cm−1 (2CHO)
or 94.5 (2CHO-d3), attached to many assigned vibronic bands
in the two spectra. The satellites may be assigned as combi-
nation bands involving the 391

0 transition (see Tables I and
II). Third, we observe no progression with intervals close
to 120 cm−1 (2CHO) or 115 cm−1 (2CHO-d3) in the spec-
tra, whereas such progressions would be expected if the ν ′

39
potentials were very similar in the T1(n, π∗) and S1(n, π∗)
states.

Moreover, the intensity patterns we observe in the
T1(n, π∗) ← S0 spectra are consistent with a ν ′

39 potential that
is not significantly different from that of the ground state: the
features we assign to 392

0 are much weaker than the 391
0 bands

(see Figs. 4 and 5), and no further members of a ν ′
39 progres-

sion are detected in the present CRD spectra; this is in con-
trast to the long progression (extending to v′

39 = 6) observed
in the S1(n, π∗) ← S0 spectrum of 2CHO.20 Thus, the Franck-
Condon factors for v′

39 > 1 appear to be much larger for
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S1(n, π∗) compared to T1(n, π∗) excitation, consistent with
differing ν ′

39 fundamental frequencies.
We have characterized other ring vibrations besides ν39 in

the T1(n, π∗) state of 2CHO. The wavenumber region above
+200 cm−1 in the T1(n, π∗) ← S0 spectrum, shown in Fig. 5,
is expected to contain the 381

0 and 371
0 bands, given ν38 and ν37

fundamentals of 251.9 cm−1 and 303.3 cm−1, respectively,20

for the S1(n, π∗) state of the undeuterated species. Our com-
putational results indicate that ν38 is a ring-bending mode;
a detailed description is presented in a later section. Prior
spectroscopic investigations,16, 17 as well as our present com-
putational results, reflect agreement that ν37 corresponds to
a ring vibration with a substantial contribution from C=C
twisting.

The region of the T1(n, π∗) ← S0 spectrum containing
the ν ′

37 and ν ′
38 fundamentals shows moderate vibronic con-

gestion, due partly to hot bands associated with the S1(n, π∗)
← S0 system. These bands correspond to spin-allowed tran-
sitions, but their intensities in this region are dramatically at-
tenuated, to levels on par with those of T1(n, π∗) ← S0 bands,
because of Boltzmann factors corresponding to ground-state
vibrational excitation of over 1000 cm−1. It is straightfor-
ward to differentiate these bands from the T1(n, π∗) ← S0

vibronic structure because the singlet-triplet bands have much
narrower and sharper rotational contours33 than do the singlet-
singlet vibronic features. Examples of both kinds of bands are
pointed out in Fig. 5 for 2CHO and 2CHO-d3.

The exclusion (and assignment) of these interfering sin-
glet bands left several peaks in the 200–300 cm−1 region of
the 2CHO spectrum that could be assigned to the 381

0 and
371

0 bands of the T1(n, π∗) ← S0 system. To narrow the
choices further, we only considered peaks having counterparts
at lower wavenumber that could be assigned to the 381

1 and
371

1 sequences. This process led us to assign the intense peak
at +262.1 cm−1 to 381

0 and a weaker feature at +215.5 cm−1

to 371
0.
Table I lists these assignments along with the hot

bands identified as the 381
1 and 371

1 sequence transitions.
Combination differences between these observed sequence
bands and the assigned 381

0 and 371
0 bands correctly predict

the ground-state fundamental frequencies (248 cm−115 and
304.1 cm−1,16 respectively) for the two modes. As seen in
Table I, both the 381

0 vibronic origin and the 381
1 sequence

also occur in combination with other vibronic origins and hot
bands. Moreover, for nearly every band involving ν ′

38 or ν ′
37 in

the 2CHO spectrum, we have made a corresponding observa-
tion in the T1(n, π∗) ← S0 spectrum of 2CHO-d3 (see Table
II). Isotope shifts for 381

0 and 371
0 are similar in magnitude to

those seen in the S1(n, π∗) ← S0 spectra.20

According to our assignment of the 2CHO spectrum, the
ν37 fundamental in the T1(n, π∗) state (215.5 cm−1) differs
significantly from its S1(n, π∗) value (303.3 cm−1).20 As dis-
cussed above, the same appears to be true for ν39, a ring-
twisting mode similar to ν37. Both of these vibrations involve
torsional motion within the conjugated O=C–C=C moiety
or immediately adjacent carbon atoms. Differences in the
T1(n, π∗) vs. S1(n, π∗) frequencies for these modes suggest
that the chromophore delocalization is qualitatively different
in the T1(n, π∗) state compared to the S1(n, π∗) state. Later,

we present a more detailed discussion of these observations
in the context of our computed results.

Unlike the ν37 and ν39 ring-twisting vibrations, the ν38

mode corresponds to bending of the ring and less directly
involves the atoms of the chromophore. And in contrast to
our findings for the ring-twisting modes, the ν38 fundamen-
tal in the T1(n, π∗) state (262.2 cm−1) is close to that of the
S1(n, π∗) state (251.9 cm−1).20 We also note a potential alter-
native assignment for the 381

0 transition, the peak at +253.3
cm−1 in the T1(n, π∗) ← S0 spectrum, that would make the
T1(n, π∗) and S1(n, π∗) values even closer. This point is
worthy of the following commentary because the ν38 funda-
mental frequency is related to size of the inversion barrier
of the C-5 atom, a quantity subject to much previous15, 16, 20

discussion.
Fig. 5 shows the peaks at +253.3 cm−1 and +262.2

cm−1, under consideration for the 381
0 assignment. Both fea-

tures have the required v′′
38 = 1 hot band attached, the peaks

located at +5.0 cm−1 and +14.1 cm−1, respectively (see Fig.
4). However, we prefer the +262.2-cm−1 assignment for 381

0
because this feature has a counterpart in the spectrum of
2CHO-d3, at +244.6 cm−1, and the latter has an attached 381

1
sequence and 381

1391
0 combination band observed at +11.9

cm−1 and +106.2 cm−1, respectively. Under the +262.2-
cm−1 assignment for 381

0, the deuterium shift is 244.6 − 262.2
= −17.6 cm−1, consistent with shifts of −15.2 cm−120 and
−15.0 cm−115 established for ν38 in the S0 and S1 states, re-
spectively. Under the 253.3-cm−1 assignment for ν38 in the
T1 state of 2CHO, a deuterium shift of 244.6 − 253.3 = −9.3
cm−1 would be in relatively poor agreement with the ν38 shift
in the S0 and S1 states.

The deuterium shift should be about the same in all three
states, because all three ν38 fundamentals are within just 15
cm−1, or 6%, of each other. Thus, we regard the band at
+253.3 cm−1 in the 2CHO spectrum as a less plausible can-
didate for the 381

0 transition than the one at +262.2 cm−1 as
indicated in Table I.

With this conclusion, the prominent features at +253.3
cm−1 and +5.0 cm−1 remain unassigned. Because the assign-
ments discussed above have already accounted for the lowest-
frequency modes, it is unlikely that the +253.3-cm−1 band is
a fundamental in the T1(n, π∗) state. Instead, it is plausible
that this band has an assignment of the type X1

0Y
0
1 , where X

is a mode having a frequency greater than 400 cm−1 in the
T1(n, π∗) state. The X1

0 fundamental band would be uniden-
tifiable because of S1(n, π∗) ← S0 hot-band congestion that
becomes severe in the region above about +400 cm−1 relative
to the T1(n, π∗) ← S0 origin. Within this scenario, a possi-
ble assignment for the +253.3-cm−1 band is 331

0370
1, where

ν33 is the out-of-plane carbonyl wag (ground-state frequency
of 585 cm−117), and ν37 is the C=C twist vibration (ground-
state frequency of 304 cm−116). Under this assignment, the
ν33 frequency in the T1(n, π∗) state would be 253 + 304
= 557 cm−1. Although it is not possible, with the present
data, to verify specific choices for X and Y modes, it is still
likely that the feature at +5.0 cm−1 involves the X1

0Y
0
1 transi-

tion (+253.3 cm−1) in combination with 380
1. This is based

on the known ν33 ground-state frequency of 248 cm−1,15

along our observation of other relatively intense combination
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bands in the T1(n, π∗) ← S0 spectrum involving the 380
1

transition.
The final component of the vibronic analysis involves an

isolated band at +345.4 cm−1 in the T1(n, π∗) ← S0 spec-
trum of 2CHO (Fig. 5), which we assign to the 341

0 transition.
The ν34 vibrational mode in 2CHO corresponds to wagging of
the C=O group within the plane established by the C-6, C-1,
and C-2 atoms. In the ground state of 2CHO, this mode has
a fundamental frequency of 485 cm−1,17 and this drops sig-
nificantly, to 343.9 cm−1,17 upon excitation to the S1(n, π∗)
state.34

Because the carbonyl moiety involved in the ν34 vibration
is part of the chromophore for S1(n, π∗) ← S0 or T1(n, π∗)
← S0 excitation, the large change in fundamental frequency is
to be expected, along with a potentially long Franck-Condon
progression involving this mode. In the T1(n, π∗) ← S0 spec-
trum, observation of other members of the progression, be-
yond 341

0, would secure the initial assignment; however, all
the T1(n, π∗) ← S0 vibronic bands above about +400 cm−1

are obscured by broad and relatively intense S1(n, π∗)
← S0 hot bands. These bands grow more intense closer to the
S1(n, π∗) ← S0 origin. Therefore, the 342

0 transition within
the T1(n, π∗) ← S0 system, predicted near +690 cm−1, or
about −830 cm−1 with respect to the singlet origin, remains
unobserved.

Although such higher-energy bands are inaccessible in
this work, we do observe numerous well-defined peaks at
lower wavenumber that show predictable combination differ-
ences with the feature assigned as 341

0. Two prominent exam-
ples are the bands at 41.2 cm−1 and at 97.6 cm−1; as shown in
Table I and Fig. 4, these are assigned as combinations of 341

0
with 370

1 and 380
1, respectively. Also, we observe the 341

1 tran-
sition as a weak but sharp and isolated band at −136.4 cm−1,
shown in Fig. 3. This is close35 to a predicted value of 345.4
− 485 = −140 cm−1, which is based on the ν38 ground-state
fundamental of 485 cm−117 obtained from the vapor-phase
near-infrared and Raman spectra. The assigned 341

1 band also
has a relatively intense satellite observed at −136.4 + 99.2
= −37.2 cm−1, which can be assigned as 341

1391
0, and another

at −136.4 + 198.3 = +61.9 cm−1, assigned as 341
1392

0. These
bands are shown in Figs. 3 and 4, respectively.

To summarize this discussion of ν34, the in-plane car-
bonyl wagging vibration of 2CHO, we assign the peak at
+345.4 cm−1 in the T1(n, π∗) ← S0 spectrum to the 341

0 tran-
sition. We base this assignment on the anticipated sizeable
drop in ν34 fundamental frequency compared to the S0 ground
state, along with the extensive Franck-Condon activity evi-
denced by the numerous assigned combination hot bands that
involve 341

0.
Importantly, we also observe an analogous, relatively in-

tense peak at +347.0 cm−1 in the T1(n, π∗) ← S0 spectrum
of 2CHO-d3 (see Fig. 5). Associated with this transition is
the same pattern of combination hot bands as observed for
the +345.4-cm−1 peak in the 2CHO-d0 spectrum. However,
it is unlikely that the 2CHO-d3 peak at +347.0 cm−1 has the
same 341

0 (in-plane carbonyl wag) assignment as in the spec-
trum of parent molecule, because the deuterium shift would
be positive in that case, which is physically unrealistic. A
plausible assignment for the +347.0-cm−1 transition is 361

0,

the fundamental band for a ring-bending vibration that has a
frequency of 394 cm−1 in the ground state of 2CHO-d3.17 The
ν36 vibration is similar to the ν38 ring-inversion mode, but
calculation of the atomic force vectors for ν36

36 shows that
it also has a significant contribution from in-plane carbonyl
wagging, nearly as much as in ν34. This helps to rational-
ize our assignment of the hot band observed at −115.0 cm−1

(see Fig. 3) to the 340
1361

0 combination band. This transition
is expected to have a relatively large Franck-Condon factor
because of the significant carbonyl wagging content of ν36.
Under a 340

1361
0 assignment, the 361

0 − 340
1361

0 combination
difference of +347.0 − (− 115.0) = 462 cm−1 correctly pre-
dicts the ν34 ground-state frequency, which has a value of 464
cm−1 as measured in the infrared spectrum of the 2CHO-d3

liquid.17

Though the assigned 361
0 band is the dominant feature in

its region of the 2CHO-d3 T1(n, π∗) ← S0 spectrum, we also
observe the 341

0 transition (in-plane carbonyl wag fundamen-
tal). It is assigned as the weaker but isolated peak at +335.9
cm−1. Its isotope shift with respect to the 341

0 transition of the
parent molecule is within a few cm−1 of that observed for the
S1(n, π∗) state.

Computational results

Table III lists computed T1(n, π∗) and S1(n, π∗) har-
monic frequencies for the modes we assigned in the present
T1(n, π∗) ← S0 CRD spectrum. Calculated frequencies for
all 39 vibrational modes in the T1(n, π∗) and S1(n, π∗) states,
along with equilibrium geometries, are available in the sup-
plementary material.37 Table IV lists computed inversion bar-
riers for the two excited states.

DISCUSSION

Mode descriptions for low-frequency ring vibrations

A primary finding of this work is that the lowest vibra-
tional mode, ν39, has nearly the same fundamental frequency
in the T1(n, π∗) excited state of 2CHO as in the S0 state. By
contrast, the ν39 frequency increases by more than 20% upon
excitation from the S0 state to S1(n, π∗).

In previous literature on 2CHO,15–17, 19, 20 ν39 has most
often16, 17, 19, 20 been understood as a ring-inversion motion
that interconverts the two equivalent half-chair conformations
of the molecule. Viewed schematically, such motion is gov-
erned by a double-well potential with a barrier at a Cs geom-
etry in which all heavy atoms are coplanar. At low levels of
vibrational excitation, the ring-inversion mode in 2CHO is es-
sentially the motion of C-5 toward and away from the plane
containing the other heavy atoms.20 The barrier exists at a Cs

geometry because of angle strain in a planar six-membered
ring, along with torsional strain engendered by the eclipsed
methylene hydrogens.

Under the prevailing assumption that ν39 corresponds to
ring inversion, the increase in its fundamental frequency from
99 cm−1 in the S0 state16, 17 to 122 cm−1 in S1(n, π∗)20 sug-
gests that the inner walls of the double-well potential become
steeper upon excitation, indicative of a higher barrier in the
S1(n, π∗) state than the ground state. This could be attributed
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TABLE III. Computed vibrational fundamentals (cm−1) for low-frequency modes in the ground and (n, π∗) excited states of 2-cyclohexen-1-one. Spectro-
scopically determined values are shown in bold.

ν39 ν38 ν37 ν34

State Computational method ring twist inversion C=C twist C=O waga

S1(n, π∗) TDB3LYP/6-311+G∗∗ 120.75 255.78 315.96 367.66
TDB3LYP/cc-pVTZ 124.95 254.91 326.20 368.05
EOM-EE-CCSD/6-31G* 121.39 259.41 285.83 346.78
EOM-EE-CCSD/cc-pVDZ 120.62 261.80 289.88 344.54
Experimentb 122.1 251.9 303.3 343.9

T1(n, π∗) TDB3LYP/6-311+G∗∗ 117.62 257.94 299.85 357.49
TDB3LYP/cc-pVTZ 119.60 255.87 306.88 358.95
UPBE0/TZ2P 104.91 254.07 316.35 409.61
UB3LYP/TZ2P 107.32 253.64 316.02 411.87
EOM-EE-CCSD/6-31G* 92.15 272.97 227.34 339.97
EOM-EE-CCSD/cc-pVDZ 101.36 272.06 223.16 340.21
Experimentc 99.6 262.2 215.5 345.4

S0 Experiment 99d 248e 304d 485f

aThis mode involves the motion of the carbonyl group within the plane established by C–6, C–1, and C–2.
bReference 20.
cThis work.
dReference 16.
eReference 15.
fReference 17.

to hyperconjugation, which would extend the effects of the
excitation to atoms beyond the nominal O=C–C=C chro-
mophore; details of this argument are presented in the section
on Computed inversion barriers. However, this line of rea-
soning raises the question of why the ν39 fundamental does
not increase upon T1(n, π∗) ← S0 excitation, considering that
both S1 and T1 excitations involve the same nominal change
in electron configuration and only differ by a spin flip.

This question motivated the computational investigations
reported herein. Our objectives were to: (1) use the present
spectroscopic results on the T1(n, π∗) state to assess the accu-
racy of harmonic frequency calculations from several differ-
ent methods; and (2) examine the details of the most reliable
calculations, considering equilibrium geometries, force con-
stants, and reduced masses, to understand the origin of differ-
ences between T1(n, π∗) vs. S1(n, π∗) ring frequencies (par-
ticularly ν39) and to explain how these differences bear on the
inversion potentials.

Table III shows that, among the computational methods
considered here, the EOM-EE-CCSD technique affords the
best overall agreement between calculated ring harmonic fre-
quencies (ν39, ν38, and ν37) and spectroscopically observed

TABLE IV. Computed and experimental quantitiesa (cm−1) pertaining to
ring inversion in 2-cyclohexen-1-one.

Computed Computed Exp.
State Method inv. barrier ν38 freq. ν38 freq.

S1(n, π∗) TDB3LYP/6-311+G∗∗ 2254 256 252b

T1(n, π∗) TDB3LYP/6-311+G∗∗ 2232 258 262
S0 B3LYP/6-311+G∗∗ 2090b 241c 248d

aThis work except where noted.
bReference 20.
cReference 17.
dReference 15.

fundamentals for the T1(n, π∗) state. Later we discuss possible
reasons for the superior performance of the EOM-EE-CCSD
in this application.

One aspect of the EOM-EE-CCSD calculations, depicted
in Fig. 6, provides unanticipated information about ν39 and
helps to explain how its observed fundamental frequency
could differ in the T1(n, π∗) vs. S1(n, π∗) states. The figure
shows sets of atomic force vectors for ν39 and ν38, obtained
from the EOM-EE-CCSD normal-modes analysis of the
T1(n, π∗) state. The vectors indicate that ν39 does not involve
ring inversion, as originally supposed, but instead is a twisting
motion in which C-4 and C-6 move out of phase. The distance
of C-5 to the plane containing the other heavy atoms does not
change appreciably in ν39. By contrast, the ν38 vibration does
involve movement of the C-5 atom toward and away from the
plane of heavy atoms, as seen in Fig. 6. The atomic force vec-
tors for ν38 show unambiguously that this mode, rather than
ν39, corresponds to ring inversion at large amplitude.38

To investigate the generality of these findings, we have
also calculated the normal modes for the S1(n, π∗) state
using EOM-EE-CCSD. The resulting harmonic frequencies,
listed in Table III, agree very well with spectroscopically de-
termined fundamentals, indicating that the accuracy of the
S1(n, π∗) calculation is on par with that of the T1(n, π∗) state.
We find that the atomic force vectors calculated for ν39 and
ν38 of S1 are nearly identical to their counterparts in T1.

Considering our identification of ν38 as ring inversion,
and given the closeness of ν38 fundamentals determined from
the T1(n, π∗) ← S0 and S1(n, π∗) ← S0 CRD spectra (see
Table III), we conclude that the inversion potentials for the
T1 and S1 states are similar. This corrects our initial impres-
sion, based on observed ν39 fundamentals, that the T1(n, π∗)
inversion potential is very similar to that of the ground state
and that the T1(n, π∗) barrier is significantly lower than that
of S1(n, π∗).
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FIG. 6. Atomic force vectors for the two lowest normal modes of 2CHO in
its T1(n, π∗) state. The equilibrium geometry and normal modes were calcu-
lated by the EOM-EE-CCSD/cc-pVDZ method.

By the same token, in recognizing ν39 as a ring-twisting
motion that more directly involves the chromophore than does
inversion, we can rationalize the relatively large percentage
difference between the ν39 fundamentals in T1 vs. S1. The ν39

mode involves O=C–C=C torsion, and therefore subtle dif-
ferences in T1 vs. S1 electron density at the C(1)–C(2) bond
could affect the shape of the ν39 potential. The EOM-EE-
CCSD normal-modes analysis bears this out; the calculated
ν39 force constant is 0.019 mdyn/Å for T1 and 0.024 mdyn/Å
for S1.

Moreover, the atomic force vectors in Fig. 6 imply that
the ν39 reduced mass depends sensitively on the equilib-
rium geometry at the carbonyl moiety, and in particular on
the O=C–C=C dihedral angle. According to the EOM-EE-
CCSD/cc-pVDZ calculation of the T1 state, the dihedral angle
(170.4◦) deviates considerably from coplanarity, compared to
an essentially planar value (177.1◦) in S1; the calculated re-
duced masses for ν39 are 3.16 amu and 2.74 amu, respectively.

(By contrast, the ν38 reduced mass is not significantly affected
by the carbonyl geometry, as this mode mainly involves mo-
tion of C-5 rather than the oxygen atom.) Thus for ν39, the
calculated magnitudes of both reduced mass and force con-
stant in the T1(n, π∗) state make its harmonic frequency lower
than in the S1(n, π∗) state, which is consistent with spectro-
scopic observation. In these ways, the fundamental frequency
of ν39 could be very sensitive to the spin flip from S1(n, π∗) to
T1(n, π∗).

Computed inversion barriers

Table IV shows the results of DFT-based calculations
of the barriers to ring inversion in the S0, S1(n, π∗), and
T1(n, π∗) states. We are using DFT results for comparing
the inversion barriers because a DFT-calculated barrier for
S0 is available from previous work,20 and the ν38 harmonic
frequency calculated by DFT17 is in very good agreement
with the fundamental frequency obtained from the Raman
spectrum.15 We expect TDDFT to provide accurate inversion
barriers for the excited states because of similarly favorable
comparisons between calculated ν38 frequencies and those
observed spectroscopically in this and previous20 work.

As seen in Table IV, the calculated barriers for the two
(n, π∗) excited states are nearly the same and slightly greater
than that of the ground state. This finding can be rational-
ized by considering hyperconjugation occurring in an (n, π∗)
excited state of 2CHO. The interaction involves overlap of
the half-filled nonbonding oxygen orbital with a C–H σ or-
bital at the C-6 atom. The hyperconjugation lowers the energy
of the filled σ orbital but requires an equatorially disposed
C–H bond for optimal orbital overlap; therefore, it preferen-
tially stabilizes the half-chair equilibrium conformation over
the Cs structure, in effect raising the barrier to inversion. The
hyperconjugation cannot confer its stabilizing effect in the
ground state because the nonbonding oxygen orbital is filled.
These arguments predict a greater inversion barrier in the
(n, π∗) excited states state than in the ground state, consis-
tent with the observed increase in ν38 fundamental frequen-
cies upon n → π∗ excitation.

These frequency increases are relatively small, just a few
percent, and are commensurate with an effect as subtle as
hyperconjugation. This interpretation of the spectroscopic re-
sults corrects an earlier analysis20 of the S1(n, π∗) ← S0 vi-
bronic data, in which an inversion barrier was erroneously
fit to observed energy levels for ν ′

39 rather than the inversion
mode, ν ′

38. That analysis resulted in a S1(n, π∗) barrier much
higher than that of the ground state (on the order of 1000 cm−1

too high), which reflects the large percentage increase in the
ν39 fundamental frequency upon S1(n, π∗) ← S0 excitation.

Complementarity of experimental and computational
findings

The present spectroscopic results on the T1(n, π∗) state,
along with those obtained previously for S1(n, π∗),20 pro-
vide benchmarks for evaluating several excited-state compu-
tational techniques. As noted above and seen in Table III,
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FIG. 7. Schematic orbital energy-level diagram for the T1 state of 2CHO,
including the two configurations with the largest EOM transition amplitudes.
Illustrations adjacent to the energy levels show contours of constant ψ for
the respective molecular orbitals. Each of these is superimposed on the same
ball-and-stick model that reflects estimated bond orders (from the EOM-EE-
CCSD calculation) for the molecule in its T1 excited state.

harmonic frequencies predicted by the EOM-EE-CCSD
method for T1(n, π∗) show better overall agreement with ob-
served fundamentals than do the TDDFT or UDFT calcula-
tions, particularly with respect to the ring-twisting modes ν39

and ν37. The superior performance of EOM-EE-CCSD is not
unexpected, in light of its computational expense in compari-
son to the other two methods.

Nonetheless, the TDDFT calculation of S1(n, π∗) har-
monic frequencies is about as accurate as the EOM-EE-CCSD
calculation. Also the TDDFT description of the ring inversion
motion appears to be correct for both T1(n, π∗) and S1(n, π∗)
states, given the close agreement (10 cm−1, or 4%) between
computed and experimental ν38 frequencies in each case.
These observations suggest that the TDDFT technique can ad-
equately treat the general rearrangement of electron density
following n → π∗ excitation, but that the T1(n, π∗) state of
2CHO possesses some kind of pathology, manifested in the
ring-twisting modes, that is beyond the scope of TDDFT to
address.

One possibility is that configuration interaction causes
the lowest 3(n, π∗) state in 2CHO to be substantially admixed
with a state in the triplet manifold having a different config-
uration. The EOM-EE-CCSD method is capable of treating
such multiconfigurational states, so in principle the EOM-EE-
CCSD technique could (more accurately than TDDFT) pre-
dict vibrational frequencies for modes affected by the config-
uration mixing.

We investigated this premise by examining EOM tran-
sition amplitudes for T1 ← S0 excitation. As indicated in
Fig. 7, the 3(n, π∗) configuration makes the leading contri-
bution to the T1 state, but π → π∗ excitation has significant
transition amplitude as well, so that the character of the T1

eigenstate reflects both 3(n, π∗) and 3(π , π∗) orbital occupan-
cies. The transition amplitudes for the S1 state do not indicate

a similar extent of contamination from configurations other
than 1(n, π∗).

A (π , π∗) contribution to the T1 wavefunction can help
to explain the dramatic lowering of the ν37 fundamental fre-
quency upon T1 ← S0 excitation, observed spectroscopi-
cally and predicted by the EOM-EE-CCSD T1 calculation
(Table III). As shown in Fig. 7, the π → π∗ electron pro-
motion decreases the C(2)=C(3) electron density because the
π∗ antibonding orbital has a node at this location, but also be-
cause the vacated π bonding orbital has a buildup of electron
density at the same place. These changes drop the nominal
C(2)=C(3) bond order from 2 to 1 and could thereby con-
tribute to the significant decrease in ν37 (C=C twist) funda-
mental frequency.

By contrast, the S1(n, π∗) state lacks (π , π∗) contam-
ination, according to the EOM-EE-CCSD calculation. The
n → π∗ promotion reduces the C(2)=C(3) bond order due
to occupancy of π∗, but the effect is not enhanced, as in the
case of T1 ← S0 excitation, by vacancy of the π bonding or-
bital. Prior CRD studies20 show that the ν37 fundamental fre-
quency is essentially unchanged upon S1(n, π∗) ← S0 excita-
tion. Though this is surprising given the n → π∗ promotion,
the contrast between the S1 and T1 frequencies (303 cm−1 and
216 cm−1, respectively) certainly underscores the potential in-
fluence of the (π , π∗) configuration on the T1(n, π∗) state.

CONCLUSIONS

The 2CHO molecule has several characteristics that make
it ideal for testing excited-state computational methods: (1)
2CHO serves as a prototype for understanding and predict-
ing the photochemistry of conjugated enones; (2) it is impor-
tant to determine the level of accuracy of “black-box” meth-
ods such as TDDFT for treating molecules the size of 2CHO,
because more specialized highly correlated methods (such as
CASPT239) are computationally too expensive; (3) the equi-
librium geometry of 2CHO is subject to the interplay among
several structural influences, including torsional and angle
strain, conjugation, and hyperconjugation, that can vary con-
siderably depending on the electronic state; (4) the oxygen
heteroatom gives rise to several excited-state configurations
close in energy, and the multiconfigurational character of the
overall state function depends subtly on spin multiplicity.

In this paper, we have used results from CRD spec-
troscopy to benchmark several computational treatments of
2CHO in its T1 and S1 excited states, each nominally of
(n, π∗) configuration. The spectroscopic results show that the
ring vibrational frequencies in the T1(n, π∗) and S1(n, π∗)
states can be significantly different, and we find that the eco-
nomical TDDFT method is unable to reproduce these dif-
ferences for certain vibrational modes. The EOM-EE-CCSD
technique is successful in this regard, presumably because
it has the ability to treat multiconfigurational states using a
single-reference formalism; this avoids the heavy computa-
tional cost of multireference methods such as CASPT2 or
MRCI.40

Finally, this work has demonstrated how experimen-
tal and computational approaches have worked synergisti-
cally to help characterize 2CHO in its ground and low-lying
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excited states. The present CRD data on the T1(n, π∗) state
helped to benchmark several computational techniques; the
spectroscopic results also pointed out a problem with vibra-
tional mode descriptions in the previous literature by reveal-
ing a significant but unexpected difference in the T1 vs. S1

fundamental frequency for ν39. In turn, our computational in-
vestigation corrected the previous mode descriptions for ν39

and ν38 and identified the EOM-EE-CCSD technique as an
accurate, yet economically feasible method for differentiating
the T1 vibronic properties from those of S1. The EOM cal-
culations have offered tangible insights about the nature of
configuration interaction within the triplet manifold that the
spectroscopic data only hinted at.
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that the oxygen atom would have to move perpendicularly to the molecu-
lar plane during inversion; such motion would give rise to an A-type, rather
than B-type, contour in the infrared spectrum. Because ν39 shows an A-type
contour in the far-infrared spectrum, this mode was assigned as inversion.16

Other research groups (including ours) adhered to this mode description for
ν39 in the course of subsequent investigations.17, 19, 20 However, computa-
tional results reported here contradict the prevailing assumptions about the
inversion mode. Fig. 6 shows that the oxygen atom does not move perpen-
dicularly to the molecular plane during inversion, but instead moves a small
amount within the plane and roughly in the direction of the b inertial axis.
This result implies that the inversion fundamental in the far-infrared spec-

trum should indeed show a B-type contour and thereby supports the original
assignment15 of ν38 as inversion. The excellent agreement between com-
puted and observed ν38 fundamental frequencies for the S0, S1(n, π∗), and
T1(n, π∗) states add confidence that the computational methods are pro-
viding a reliable description for this mode. The same can be said of ν39.
Moreover, the identification of ν39 as a ring-twisting mode, as shown in
Fig. 6, is consistent with the A-type band contour observed for the ν39 fun-
damental in the far-infrared spectrum of 2CHO.16
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