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ABSTRACT

Using a synchrotron-based Fourier-transform spectrometer, the high-resolution absorption spectra of the C;-symmetric 2,3-dihydrofuran
(23DHF) and Cjy-symmetric 2,5-dihydrofuran (25DHF) have been measured from 5.5 eV to 9.4 eV with an absolute absorption
cross section scale. Oscillator strengths and vertical excitation energies of the lowest 18 states have been computed using the aver-
age of the second- and third-order algebraic diagrammatic construction polarization propagator method and the equation-of-motion
coupled-cluster method at the level of singles and doubles model. These show that the bright valence transitions of m7*-character
are embedded into Rydberg transitions, whose oscillator strengths are at least one order of magnitude lower. To account for inten-
sity borrowing, the first broad valence transition between 5.5 eV and 6.8 eV was simulated using a nuclear ensemble, and the agree-
ment between experiment and theory is excellent. Whereas 23DHF only exhibits one broad valence transition followed by d/f Ryd-
berg series converging to the ionization energy, the absorption spectrum of 25DHF has four bands, attributed to a valence nmo
— ¥ -transition, nmo — 3px,/3dy, transitions, a second valence nw — 7*-transition followed by d/f Rydberg series converging to the ion-
ization energy, respectively. All Rydberg series converging to the ionization energy have been characterized in terms of their quantum
defects.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015835
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I. INTRODUCTION

2,3-Dihydrofuran (23DHF) and 2,5-dihydrofuran (25DHF)
both possess the same chromophoric units: a C=C double bond
and an oxygen atom. They differ only in the location of the dou-
ble bond: in 23DHF, the double bond is a direct neighbor of the
oxygen atom, whereas in 25DHF, CH, units separate the double
bond from the oxygen atom (see Fig. 1 for the molecular structures).
Their symmetries differ vastly: while 25DHF is Cy,-symmetric, in
23DHF, one CHy-unit is distorted out of plane, resulting in C;-
symmetry. From a symmetry point of view, 25DHF is more similar
to furan,’ albeit 23DHF is more similar to the completely saturated
counterpart tetrahydrofuran (C,-symmetric).”

In both cases, their absorption spectra should be dominated by
a bright valence m — 7™ transition embedded in Rydberg manifolds.
The difference in symmetry between 23DHF and 25DHF, how-
ever, should strongly impact the allowed transitions and coupling
between excited-states. Previously, only the relative absorbance
between 5.1 eV and 6.5 eV of 23DHF and 25DHF has been mea-
sured in a study focusing on the ring-opening dynamics,” attributing
the observed broad band in this region to 77" and n3s-Rydberg
transitions. Excitation into this broad band leads to an ultrafast
deactivation to the ground state via a conical intersection and
ring-opening.” Indeed, the linewidth of an electronic transition is
an indicator of the underlying excited-state dynamics, as ultrafast
dynamics in the temporal domain translates to broad bands in the
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FIG. 1. VUV absorption spectra of
23DHF (top) and 25DHF (bottom). The
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frequency domain, assuming that the molecules are not vibrationally
or Doppler-broadened.

In the following, we present the absorption spectra all the way
past the ionization energy (IE) including their absolute absorption
cross sections and attribute the observed bands using high-level
ab initio quantum calculations.

Il. EXPERIMENT

The photoabsorption spectra of 23DHF and 25DHF were
measured using the Fourier Transform Spectrometer (FTS)," one
of the permanent endstations of the VUV beamline DESIRS’
at the SOLEIL synchrotron radiation source. Detailed descrip-
tions of the beamline and experimental setup have been given
elsewhere.”’

In brief, highly coherent radiation spanning the whole VUV
range, and for this study the ~5.5 eV-10 eV range, is provided by
a 14-period undulator, whose 7% bandwidth spectrum can be easily
tuned. The beam is subsequently reflected by the beamline’s mir-
rors toward the sample chamber of the FT spectroscopy experimen-
tal branch, before feeding the FTS. Two different absorption cell
setups were used: (a) a windowless cell employing long entrance and
exit capillaries, allowing for a renewed column of gas that is avoid-
ing accumulation of photodissociation products. The whole relative
absorption spectra of both substances were measured and assem-
bled from the individual, overlapping spectral windows (undula-
tor settings) using this cell. (b) A MgF,-windowed cell of known

column density to determine the absolute photoabsorption cross
section over several limited energy ranges, serving as a calibration
for the absorption spectrum obtained from the windowless cell. Both
cells were filled with either 23DHF or 25DHF vapor obtained from
a liquid, room-temperature sample situated outside the vacuum
chamber. 23DHF and 25DHF were purchased from Sigma-Aldrich.
Before use, the liquid sample was subjected to several freeze—pump-
thaw cycles. The absorption spectra were linearized following the
Beer-Lambert law, using empty cell spectra as backgrounds. The
absolute cross section scale was set using the spectral windows
recorded with the windowed cell setup. We estimate an experimen-
tal uncertainty of the absolute absorption cross sections of +10%."
The FTS spectral resolution was set to 8.6 cm™', very far from its
ultimate bandwidth of <0.1 cm™!, since there was no need for a
better spectral resolution as the narrowest structures observed in
the spectra were already several times larger than the instrumental
linewidth.

A molecular beam setup is also available on the FTS sample
environment chamber®” at the same location as the cells mentioned
above. Unfortunately, the sample density was too low in the beam
for any absorbance to be observed.

lll. COMPUTATIONAL DETAILS

All calculations employed the Qchem 4.4 package.” Ground
state structures were optimized using Density Functional Theory
(DFT)’ with the cam-b3lyp functional '’ employing an aug-cc-pVTZ
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basis set (see Tables 1-5 of the supplementary material). Vibrational
frequencies of the optimized ground state structures were calculated
using cam-b3lyp/aug-cc-pVTZ.

Quantitative calculations of the vertical excitation energies of
excited-states with Rydberg character would require a basis set with
diffuse functions, and of course, the number of added functions
should be larger for n > 3 than for n = 3 Rydberg states. The present
aim is to quantitatively reproduce s-, p-, and d-Rydberg states with
n = 3, for which an aug-cc-pVDZ basis set proved sufficient. Neg-
ligible changes in vertical excitation energies (see Tables 8 and 9
of the supplementary material) are observed when adding Rydberg
functions to the basis set. The latter were placed on the molecu-
lar center of gravity according to Kaufman et al.'' Increasing the
basis set from aug-cc-pVDZ to aug-cc-pVTZ increased the verti-
cal excitation energies of Rydberg and valence states by ~0.2 eV and
0.06 eV, respectively, but also considerably increased the calculation
time especially for higher-lying states. As the order of excited states
remained the same, the aug-cc-pVDZ basis set was deemed sufficient
to allow assignment of the VUV absorption spectrum. The error
associated with the excitation energies of 3f-Rydberg states is higher
than those of 3s-, 3p-, and 3f-Rydberg states, as no f-type orbitals
are included in the aug-cc-pVDZ basis set. The same basis was used
to describe Rydberg states with n > 3. The purpose here is not to
be quantitative but to serve as a guideline to explore which Rydberg
series are symmetry-forbidden or allowed. The corresponding verti-
cal excitation energies should be considered as qualitative (i.e., larger
errors in excitation energies as compared to 3s-, 3p-, and 3d-Rydberg
states).

Based on these optimized electronic ground state struc-
tures, the vertical excitation energies and oscillator strengths
were calculated using Time-Dependent Density Functional Theory
(TDDFT)"” with the b3lyp,'” cam-b3lyp,"” pbe,"* and pbe0" func-
tionals, using the Algebraic Diagrammatic Construction polariza-
tion propagator through second order [ADC(2)], Algebraic Dia-
grammatic Construction polarization propagator through third
order [ADC(3)],'*" and Equation-Of-Motion Coupled-Cluster
method at the levels of Singles and Doubles model (EOM-CCSD)*
with an aug-cc-pVDZ"’ basis set. The mean errors associated with
ADC(2) (0.64 eV) and ADC(3) (0.2 eV), based on vertical excita-
tion energies of H,O, Ne, HF, and N>,”” have recently been revised
to 0.16 eV and 0.21 eV, respectively, based on several hundred ver-
tical excitation energies of small- and medium-sized molecules.”*
Reference 24 also suggested that the mean error of Rydberg and
valence states could be reduced to 0.08 eV by taking the mean
of the ADC(2) and ADC(3) values for states of the same excited-
state character, called ADC(2.5). Following the latter suggestion,
ADC(2.5) values are given below [ADC(2) and ADC(3) results can
be found in Tables 10-12 of the supplementary material]. Even
though the benchmark study using ADC(2.5) demonstrated that this
approach significantly reduces the mean error,” its application is
not yet widely spread. We therefore compare the ADC(2.5) results
to vertical excitation energies calculated at the EOM-CCSD level,
whose mean errors of the vertical excitation energies calculated at
the EOM-CCSD level are usually conservatively estimated at 0.3 eV."
The nature of the vertical excitation transitions was characterized in
terms of Natural Transition Orbitals (NTOs).”

Although vertical excitation energies and oscillator strength
help greatly in assigning the measured bands, it ignores coupling

ARTICLE scitation.org/journalljcp

between excited states and the geometry distribution of the room-
temperature vapor sample. To get such information qualitatively, we
followed a recently used strategy where the first absorption band was
simulated by considering an ensemble of nuclear geometries, assum-
ing that the spectral band shape is determined by the ground-state
nuclear geometry distribution (e.g., Refs. 26-29). This was achieved
for the two molecules. 500 initial conditions were generated from
a harmonic oscillator Wigner distribution at 293 K with Newton-
X" and the vertical excitation energies at each geometry calcu-
lated with cam-b3lyp using Qchem 4.4.° The cam-b3lyp functional
best represents the ordering and energy difference in comparison
with ADC(2.5) and EOM-CCSD calculations. The resulting vertical
excitation energies were convoluted with a Gaussian with a full-
width at half-maximum of 0.04 eV in order to obtain a smooth
curve.

IV. RESULTS
A. Experiment

The vacuum ultraviolet absorption spectra of 23DHF and
25DHF (top and bottom of Fig. 1, respectively) are quite differ-
ent. Whereas 23DHF exhibits one broad band centered around
6 eV followed by less intense features, 25DHF shows four main
and quite structured bands centered at 6.2 eV, 7.0 eV, 7.7 eV, and
8.5 eV, respectively. These features will be discussed separately.
Assignments and positions of individual peaks can be found in the
supplementary material.

B. Calculations
1. Ground state structures

Two structures have been proposed for the ground state of
23DHF: a Cs structure and a puckered C; -structure, where one CH;-
group is distorted out of the plane of the ring. IR spectra’ " and
microwave spectra’® have shown that two C;-symmetric minima
are separated by a barrier of 93.4 cm™', which corresponds to a Cs-
structure® (see P ig. 2 for a schematic representation). This barrier is
only slightly larger than the zero-point vibrational energy of the ring

Energy
o
7/

Ring-puckering

FIG. 2. Schematic representation of the double-well ground state along the ring-
puckering coordinate of 23DHF. The C4- and Cs-symmetric structures of 23DHF
are represented schematically, with the out-of-plane deformation exaggerated for
a better representation.
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puckering motion vy; of 75 cm™!, showing that the ground vibra-
tional level is very close to this barrier. A floppy structure is there-
fore expected. The corresponding vibrational wave function is likely
complex. It necessarily involves out of plane deformations. Hence,
to mimic the absorption spectrum quantitatively, vertical excitation
energies must be evaluated for the stationary points of C; and Cs
symmetry along the corresponding deformation coordinate. Their
weight, based on the barrier height, is provided by the Boltzmann
population of the C; and Cs species at 293 K (61.3% and 38.7%,
respectively).

Our calculated ground state structures agree with the pre-
vailing assessments in the literature: both cam-b3lyp/aug-cc-pVDZ
and MP2/aug-cc-pVDZ ground state geometry optimizations show
that C;-symmetric 23DHF is energetically lower than Cs-symmetric
23DHF. Moreover, Cs-symmetric 23DHF has one imaginary ring-
puckering frequency, identifying it as a transition state.

25DHF, on the other hand, is Cyy-symmetric, in agreement
with IR spectra measurements.””""* Our calculated ground state
structures optimized at the cam-b3lyp/aug-cc-pVDZ and MP2/aug-
cc-pVDZ level of theory are C,,-symmetric with no imaginary
frequencies.

2. Excited states of 23DHF

In the following, we will start with discussing first the vertical
excitations of C;-symmetric 2DHF calculated at the ADC(2.5)/aug-
cc-pVDZ and EOM-CCSD/aug-cc-pVDZ level of theory (see
Table I, left and center).

ARTICLE scitation.org/journalljcp

The Highest Occupied Molecular Orbitals (HOMOs) and Low-
est Unoccupied Molecular Orbitals (LUMOs) of the ground state
Hartree—Fock electronic configuration of 23DHF (C,) can be char-
acterized as follows:

HOMO: (18a (0))*(19a (m))? and
LUMOs: (20a (35))° (21a (3p,))° (22a (3py)° (23a (3py))°
(24a (3dy,))"(25a (3d,%))°(26a (7*))° (272 (3d*—y*)))’

In agreement with this electronic configuration, the first four
vertical excitations correspond to electronic transitions from a 7-
orbital electron toward the 3s and 3p Rydberg orbitals, with the
transition into the 3py having the most oscillator strength. The next
transition has 7 — 7 character, and its oscillator strength is at least
a factor of 2 higher than all other vertical excitations. Following the
7 — 7" transition, there are excitations of a 7-electron to the 3d,
4f, and even 5g Rydberg orbitals, as well as some transitions start-
ing from the HOMO-1 o-orbital into the 3s Rydberg orbital. Until
state 13A, ADC(2.5) and EOM-CCSD calculations are in excellent
agreement, predicting the same ordering of excited states. The ener-
gies calculated at the EOM-CCSD level lie, in general, about 0.15 eV
higher. After state 14A, the order of the states differs between the
ADC(2.5) and EOM-CCSD calculations, but the manifold of states
is now very dense and the relative energy difference between states of
the same character remains within 0.2 eV. The order and character
of the excited states remain unchanged when comparing C;- to Cs-
symmetric 23DHF, and the vertical excitation energies change only
around 0.05 eV, which is negligible. This shows that the C; -structure

TABLE I. Symmetries, vertical excitation energies E, oscillator strengths f, and character assignments of the first 18 excited states of 23DHF at C4 (Cg) calculated at the
ADC(2.5)/aug-cc-pVDZ, EOM-CCSD/aug-cc-pVDZ, and cam-b3lyp/aug-cc-pVDZ level of theory. The oscillator strengths of ADC(2.5) correspond to the oscillator strengths
calculated at the ADC(3)/aug-cc-pVDZ level of theory. ADC(2.5) vertical excited states correspond to the mean of ADC(2) and ADC(3) vertical excited states of the same
transition character, calculated with the aug-cc-pVDZ basis set. See the supplementary material for the numerical values of the ADC(2) and ADC(3) calculations.

ADC(2.5)/aug-cc-pVDZ

EOM-CCSD/aug-cc-pVDZ

cam-b3lyp/aug-cc-pVDZ

Sym. E (eV) £(107?) Assignment E (eV) £(107%) Assignment E (eV) £(1073) Assignment
2A (1A") 5.31(5.25) 17(17) m—3s 5.45(5.40) 14 (13) m—3s 5.31(5.25) 14 (14) - 3s
3A (2A") 597(5.94)  9(7) 7 3p, 6.13 (6.10) 6(5) 7 3p, 5.95(5.92)  6(5) 7 3p,
4A (2A") 6.03(6.01) 51 (44) > 3py 6.19(6.17)  28(21) 7 3py 6.03 (6.00) 35 (28) > 3py
5A(3A")  6.10(6.07)  3(1) 7T — 3pyx 6.26 (6.22) 1(1) 7 — 3pyx 6.10 (6.07)  2(1) T — 3pyx
6A (3A") 6.39 (6.41) 123 (141) Tt 6.59 (6.61) 118 (141) 7t 6.53 (6.58) 89 (166) 7t
7A (4A")  657(6.51)  10(0) m—3d,” 6.71(6.64) 18 (0) m - 3d,” 6.61(7.18)  70(58)  m—3ds "
Tt
8A (5A”)  6.75(7.08)  5(26) 7 — 3dy 6.91 (6.87) 5(4) 7 — 3dy 6.72 (6.68) 9 (4) 7 — 3dy
9A (6A")  7.28(7.29) 30(26) = 3d,y 722(7.21) 29 (24) 7= 3dyy 7.07 (6.52)  35(1) 7 — 3d,?
10A (4A")  7.16(7.36) 33 (41) 71— 3dyy 744 (721)  33(42)  mw—3d’,®  7.28(7.47) 41(28) 7= 3dyy
11A (5A7)  7.41(6.71) 26 (5) m—3d’ 7.63(7.59)  26(26) 7= 3dyy 7.51(7.07) 27 (25) 7= 3dyy
12A (7A”)  8.05(8.01)  4(5) m— 460 —y7)  8.20 (8.16) 2(3) T 4ed ) 8.02(7.98)  3(4)  m—Afed
13A (8A”) 820 (8.4) 3(2) m-daf’os’) 835(832) 3(2) m-df s’ 817(8.14)  3(2) m—4ftosh
14A (9A")  8.44 (8.40) 1(0) m—4s 8.60 (8.56) 1(0) m— 4s 8.36(8.32) 1(0) > 4s
15A (10A”)  8.68 (9.06) 1(4) 7 — 4f;° 8.84(9.03)  0(6) m— 4p, 8.63(8.61)  1(0) 7 — 4f,°
16A (6A")  8.72(891)  7(9) o 3s 8.87(9.17)  7(1) 7 — 4f,> 8.67 (8.67)  6(6) 7 — 4f,”
17A (7A") 8.77 (...) 1(..) 7 — 4f,” 901(...) 3(.)) m—5g " 8.78(8.75)  0(0) m— 4fy,”
18A (8A") 890(...) 4(.) -5yt 9.05(9.07)  11(15) o~ 3s 8.81(8.78)  3(1) 7 — 4p,
19A (9A") 893(...)  30(..) m-5ggyr’yl) 9.07(9.03) 7 (6) m— 4p, 8.89(8.92) 6(14) o —3s
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is close to the Cs-structure, as the dihedral CH-O-CH,-CH, angle
is only 21°.

In order to simulate the first absorption band using an ensem-
ble of nuclear geometries, we need a computationally cheap method
that still properly represents the order and relative energy gaps
between the first five excited states. In Table 13 of the supplementary
material, the vertical excitation energies and characters of differ-
ent TDDFT functionals are compared to the ADC(2.5)-results for
23DHEF. Besides cam-b3lyp, all other tested functionals predict the
7 — n*-transition to lie above several 3d-Rydberg states, and the
relative energy gap of the # — 3s and 7 — 7™ is with 1.37 eV-
2.44 eV higher than for ADC(2.5) (1.08 eV). Cam-b3lyp predicts
an energy of 1.22 eV, which is much closer to the one predicted by
ADC(2.5), and the m — 7™ -transition follows directly after transi-
tions into the 3p Rydberg manifold. It should be noted that the 7A
transition also has 7 — 7* character besides 77 — 3dy> _yz -character,
indicating that those two states might be strongly coupled. The
7 — 7" transition is then followed by transitions into the d-Rydberg
manifold. Even though this is different from the ADC(2.5) cal-
culations, the cam-b3lyp functional still represents best the order

ARTICLE scitation.org/journalljcp

and energy gap for 23DHF and was therefore chosen to simu-

late the first absorption band of 23DHF, incorporating the first six

states.
It should be noted that calculations are in agreement with the

previous §-CR-EOMCCSD(T)/aug-cc-pVDZ calculations by Schalk

et al,’” which predict the 3s and 3py,y transitions to be lower in
energy than the 7 — n”"-character transitions. They predict two

transitions with 77" -character, with one having negligible oscilla-
tor strength, similar to our cam-b3lyp/aug-cc-pVDZ calculations.
They, however, assume a Cs geometry for the 2DHF ground state,
which can influence the mixing between different states and their

relative oscillator strengths—as seen in our cam-b3lyp/aug-cc-pVTZ
calculations for states 6A and 7A when changing the geometry from
C; to Cs.

3. Excited states of 25DHF

The HOMOs and LUMOs of 25DHF can be characterized as
follows:

TABLE Il. Symmetries, vertical excitation energies E, oscillator strengths f, and character assignments of the first 18 excited states of 25DHF calculated at the ADC(2.5)/aug-
cc-pVDZ, EOM-CCSD/aug-cc-pVDZ, and cam-b3lyp/aug-cc-pVDZ level of theory. The oscillator strengths of ADC(2.5) correspond to the oscillator strengths calculated at the
ADC(3)/aug-cc-pVDZ level of theory. ADC(2.5) vertical excited states correspond to the mean of ADC(2) and ADC(3) vertical excited states of same transition character,
calculated with the aug-cc-pVDZ basis set. See the supplementary material for the numerical values of the ADC(2) and ADC(3) calculations.

ADC(2.5)/aug-cc-pVDZ

EOM-CCSD/aug-cc-pVDZ

cam-b3lyp/aug-cc-pVDZ

N Sym. E f Assignment  Sym. E f Assignment Sym. E f Assignment
state (eV) (107%) (eV) (107%) (eV) (107%)
1 1B, 597 0.6 nno — 3s 1B, 6.16 0.6 nmo — 3s 1B, 594 0.4 nmo — 3s
2 1B, 655 184 nmo — * 1B; 6.82 100 nmo - 7 1B; 636 114 nmo - 7
3 1A, 6.64 0 nno — 3py 1A, 6.85 0 nno — 3py 1A, 6.60 0 nmo — 3py
4 2B, 6.73 26 nmo — 3px 2B, 6.88 16 70% nmo — 3px 2B, 6.63 23 nno — 3px
20% nm — 3s
5 2A; 6.78 16 nno — 3p, 2A;  6.98 6 nno — 3p, 2A; 6.76 10 nno — 3p,
6 3B, 7.18 18 nmo — 3dy, 3B, 7.34 32 7o — 3dyy 3B, 7.13 19 7o — 3dyy
7 24, 740 0 nmo—3d’ 0 2A, 759 0 nno - 3dy” 24, 731 0 nno - 3dy”
8 4B, 7.54 0 nm — 3s 4B, 7.60 11 70% n3s 4B, 7.43 17 nm — 3s
15% nmo — 3px
9 2B;  7.54 46 nmo — 3dyz 2By 7.75 37 nmo — 3dy, 2B; 7.45 26 nmno — 3dyz
10 5B, 7.64 29 nno —3d,> 5B, 7.82 0.9 nno — 3d,” 5B, 7.62 1 nno — 3d,?
11 3A; 8.15 27 nm — 3p, 3A; 820 36 70% n7m3dy, 3A; 8.04 32 nm — 3p,
15% nno — 3p,
12 3A, 8.17 0 nm — 3py 3A, 8.25 0 nm — 3py 3A, 8.08 0 nm — 3py
13 3B; 8.19 137 nmw -’ 3B; 8.29 227 nm— " 3B; 8.08 320 nm -t
14 4A, 8.55 0 o->n* 4A; 8.75 13 o—3s 4A; 8.18 4 nm — 3px
15 5A; 864 0 nmo —>3dy  4A; 875 0 53%nmo - 4f 3% 4A; 830 0 o7t

16 4A; 8.65 11 o —3s 5A; 8.85 0.2

17 5A; 8.65 0.1 n7o — 3dy, 5A; 9.05 0

18 4B; 9.05 15 nm — 3dy, 4B; 9.11 0

39% n — 4fy 3%

32% n7 — 3dyy

71% n7o — 3dx, 5A; 847 3
15% nm — 3p,

47% nmo — 3dxy 5A; 8.52 0

80% nm — 3dxy
20% nmo — 4fy” 3"
30% n7m — 3dyy
60% nmo — 4fyx” 3y
80% nmo — 3dy,
20% nm — 3p,

n7z - 3dy, 6A, 860 0
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(921(0))* (2bz(n7))* (3bz(n70))* and
(1021(35))°  (7bi(3py))°  (11a1(3px))’  (4b2(3p,))°
(8b1(3d”—y*))" (12a1(7*))° (1321 (3dxr))° (5b2(3d.))".

HOMO:s:
LUMO:s:

In contrast to 23DHF, both HOMO and HOMO-1 of 25DHE
possess mixed n and m-character (see Fig. 4 of the supplementary
material), though the HOMO has significant contribution from o
molecular orbitals on the CH,-groups. Therefore, the HOMO is
further referred to as nmo and the HOMO-1 as nm. The LUMOs,
on the other hand, consist of a 7n* embedded in a Rydberg
manifold.

From a symmetry point of view, electronic transitions for the
Cay-symmetric 25DHF are classified into four irreducible represen-
tations: Ay, Ay, By, and B;. A, is symmetry-forbidden, correspond-
ing to b, — b, transition from the HOMO/HOMO-1 to the LUMOs:
transitions into 3py and 3d(’-,’) are therefore dark.

A list of the first 18 vertical excitation energies, oscillator
strengths, and their assignments calculated at the ADC(2.5), EOM-
CCSD, and cam-b3lyp level of theory with an aug-cc-pVDZ basis set
is given in Table II. Again, we will start the discussion considering
only ADC(2.5) and EOM-CCSD results. Contrary to 23DHF, only
the nmo — 3s transition lies below the nno — 7*-transition, with a
gap of about 0.58 eV and 0.66 eV for ADC(2.5) and EOM-CCSD,
respectively. The oscillator strength of the nro — 7™ -transition is
nearly one order of magnitude larger than the surrounding transi-
tions into the Rydberg manifold: we therefore expect this transition
to dominate the first absorption band. This bright transition is fol-
lowed by transitions from nzo into the 3p and 3d Rydberg mani-
fold, before electron promotion from the lower-lying n molecular
orbital starts to occur. After nm — 3s and nm — 3p,,y, follows the
bright nm — 7*-transition, whose oscillator strength is on the same
order of magnitude as the first nmo — 7 -transition, albeit roughly
1.5 eV higher in energy. We therefore expect 25DHF to show
two valence transitions into 7*-orbital, contrary to 23DHF. After
this second valence transition, the manifold becomes dense, and
the character assignments for EOM-CCSD and ADC(2.5) diverge.
It is likely that this manifold of states is even denser, but only
the first five excited states for each irreducible symmetry repre-
sentation could be calculated as higher excited states failed to

ARTICLE scitation.org/journalljcp

Just as observed in the excited-state calculations of 23DHF,
EOM-CCSD energies are about 0.2 eV higher than those predicted
by ADC(2.5), and states possess mixed character more often for
EOM-CCSD. Overall, the agreement between both methods, espe-
cially up to state 14, is excellent. However, just as for 23DHF,
in order to simulate the absorption spectrum of the first absorp-
tion band using a nuclear ensemble, we need a method which is
computationally cheap yet describes the same order and energy
gaps as the higher-level ADC(2.5) and EOM-CCSD methods. Com-
paring the vertical excitation energies and characters for differ-
ent TDDFT functionals with ADC(2.5)-results (see Table 14 of the
supplementary material), the cam-b3lyp emerges again to be the
most similar. Although only the pbe functional fails in describing the
same order of states as ADC(2.5) and EOM-CCSD, the gap between
the nmo — 3s and no — 7" transitions with 0.2 eV and 0.14 eV
for b3lyp and pbe0 is quite low. Cam-b3lyp predicts an energy gap
of 0.42 eV, closer to the energy gap predicted by ADC(2.5) and
EOM-CCSD—therefore, this functional was chosen to simulate the
absorption spectrum of the first band, incorporating the first three
states.

Our calculations agree well with those of Schalk et al.,’ though
their predicted vertical excitation energies are, in general, about 0.2-
0.4 eV lower.

V. DISCUSSION
A. 23DHF
1. The nn* -transition around 6 eV

The first band from 5.2 eV to 6.5 eV is very broad, spanning
1.2 eV. The broadness of this band indicates a valence state. Com-
paring this with the vertical excitations displayed in Table I, this
band likely corresponds to the 7 — 7" transition and the lower-
lying Rydberg states, likely intensely vibronically coupled (see green
lines in Fig. 3). The simulation of the absorption spectrum from a
nuclear ensemble using cam-b3lyp/aug-cc-pVDZ from 500 initial
geometries, incorporating the first 6 states, is shown in red. This
simulation reproduces well the overall shape of the first absorp-
tion band, confirming that this band results from a superposi-
tion of the 7 — 3p, and m — 7" transitions, which are likely

FIG. 3. Experimental absorption spec-
trum of 23DHF (black) and simulation
of the absorption spectrum with cam-
b3lyp/aug-cc-pVDZ. The individual tran-
sitions of this simulation, binned into
3000 bins, are displayed in red. The posi-
tions and assignments of vertical exci-
tation energies at the ADC(2.5)/aug-cc-
pVDZ level (C4 geometry) are plotted
as green lines, scaled by their relative
oscillator strengths.
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2. Rydberg states above 6.50 eV

The transition energy of an unperturbed Rydberg state can be
calculated via
R

E§ =1IE - m, (1)

where IE is the ionization energy (8.38 eV for 23DHF”), R is the
Rydberg constant for C4HsO (13.6055864 V), n is the principal
quantum number, and ¢ is the quantum defect associated with a par-
ticular Rydberg series. For ns, np, nd, and nf series, § typically has
values in the ranges of (0.8-1.0), (0.4-0.7), (0.2 to 0.2), and (-0.2
to 0.2), respectively."”” Using the Rydberg formula, we assign the
peaks between 6.6 eV and 7.2 eV to n = 3 Rydberg series with quan-
tum defects ranging from 0.18 to —0.2 eV, identifying them as either
d- or f-Rydberg states (see Fig. 4). This coincides well with the ver-
tical excitation energies estimated with various methods in Table I.
The band between 7.15 eV and 7.35 eV probably corresponds to the
n = 4 p-Rydberg series, and the peaks at higher energy ton >4 s-, p-,
d-, and f-Rydberg transitions.

The vibrational envelope of these Rydberg states differs both
for states with the same quantum defect as well as for states with
the same principal quantum number. This is apparently surpris-
ing, since the atomic-like picture of a Rydberg electron suggests
that it is essentially unperturbed by the ionic core and there-
fore unaffected by the vibrational excitation of the ionic core,
which drives the vibrational progression. The atomic-like picture
is strictly valid when both the principal quantum number (say,
n > 3) and the angular momentum (small quantum defect) are
large.

Let us see which vibrational progressions are likely at play
here. As stated earlier, the neutral ground state displays a double-
well structure along the ring-puckering coordinate, with two C,-
minima separated by a low Cs-structure barrier. For the cation,

Photon energy/cm™1
54000 56000 58000 60000 62000 64000

66000 68000
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the situation is likely similar. In fact, the cam-b3lyp/aug-cc-pVTZ
optimized ground state structure of the 23DHF cation still is C;-
symmetric (Cs-symmetric structure has one imaginary frequency),
but the out-of-plane dihedral angle CH-O-CH,-CH, is reduced
from 21° for the neutral to 0.3° for the cation (see Fig. 1 of the
supplementary material). Other bond lengths and angles remain
unchanged, showing that the largest geometry change is the ring-
puckering motion leading to planarity, corresponding to v»;. The
vibrational structure on top of each peak with n = 3 is therefore
assigned to a ring puckering motion progression v,; (see Table 6 of
the supplementary material), agreeing with the measured spacing of
140 cm ™' -110 cm ™.

Since n = 3 Rydberg electrons in polyatomic molecules can-
not be considered as strictly atomic-like and free of perturba-
tions by the ionic core, the vibrational envelope is expected to
differ for Rydberg states of different angular momenta (quantum
defect). Rydberg states with n > 3 are more atomic-like, but their
fine structure (levels of different angular momenta) is more com-
pact, leading to overlapping bands and obscuring of the vibrational
envelope.

It should be noted that the difference between the cation
and neutral geometry also means a weak Franck-Condon-overlap,
explaining the low absorption cross section of these Rydberg series.
Absorption by CO impurities is also observed at 8.02 eV, 8.20 eV,
and 8.40 eV (attributed in gray in Fig. 4). The carbon mono-
oxide molecule is formed upon photolysis of 23DHF and remains
long enough in the interaction region to absorb a second pho-
ton. The sharp peaks visible in Fig. 1 (top) above the ionization
potential of 23DHF correspond to the strong X — A transitions
of CO."”*" From the absorption spectrum, the relative CO col-
umn density has been estimated to be less than 0.5% for both the
23DHF and 25DHF samples, well below our estimated precision.
No further correction has been applied to the determined cross
section.

4 1
2007 5-0.182 !
4 1
17.5 4 6=0.047 H FIG. 4. Experimental absorption spec-
] H tra of 23DHF from 6.5 eV to 8.5 eV
a H with assignments of Rydberg states.
S= 15.07 ! The vertical dashed line corresponds to
= : the ionization energy (IE) of 23DHF.*
5 1257 ! Assignments of transitions into the d/f-
2 ° ! Rydberg manifolds are displayed above
T0 0] " X->ACO the absorption spectrum, whereas tran-
2 a 1l sitions into the p-Rydberg manifold
£ e 1 c are assigned below the experimental
© 7.5 \4 ! absorption spectrum as green areas.
1 M ! Assignments in gray correspond to
50 ! absorption of the impurity CO.
b 1
] IIE
2_5_- 6=04-07 :
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B. 25DHF

With four bands, the spectroscopy of 25DHF is significantly
more difficult to disentangle than that of 23DHF. A guideline is
provided by the present calculations, showing that the geometry of
this molecule remains essentially unchanged upon removal of an
electron (see Fig. 2 of the supplementary material). Hence, tran-
sitions from the ground state to atomic-like Rydberg series are
expected to form narrow and intense bands. In contrast, the equi-
librium geometries of the ground and valence excited states likely
differ markedly and broad bands are expected for the corresponding
transitions.

1. Band 1

The first absorption band of 25DHF (black line in Fig. 5),
spanning from 5.50 V to 6.75 eV, consists of a broad band with a
clear vibrational progression visible on the lower-energy side. The
broadness of this feature indicates a valence transition and cor-
responds likely to the vibronically coupled nmo — n* and nno
— 3s-transitions and possibly 3p transitions. We simulated the spec-
trum from 500 individual geometries with cam-b3lyp/aug-cc-pVDZ
including the first 3 states (red in Fig. 5, shifted by 0.26 eV). The
shape of the simulated spectrum is in excellent agreement with
the experimental spectrum and even reproduces the two peaks at
6.23 eV and 6.41 eV. Vibrational progressions cannot be predicted
by nuclear ensemble methods,” and any peak agreement here is only
coincidental.

The vibrational progression has a spacing of 330 cm™". This
spacing does not correspond to any frequency of 25DHF (see Table 7
of the supplementary material). The closest frequency would be an
A; ring torsion at 394 cm”. Such a transition is, however, symme-
try forbidden. Three different assignment possibilities are consid-
ered here: (a) Through vibronic coupling, A;-modes become acces-
sible and the observed vibrational progression corresponds to the
Vis, the As-symmetric ring torsion. (b) The progression could be
a difference band. A candidate is the difference band of two B,
vibrations, v2s (CH, rock at 1011.2 em™') and va6 (yCC-H wag
at 661.2 cm™'), resulting in a symmetry of this difference band of
A;. This difference frequency is therefore symmetry-allowed. How-
ever, such combination bands are usually associated with stronger
individual mode progressions (of both v,5 and vz), making this

Photon energy/cm™1
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hypothesis unlikely. (c) The third possibility is that this is not a single
vibrational progression, but the superposition of two progressions,
as indicated in Fig. 5, with a spacing of 663 cm™" and 658 cm™,
respectively. This spacing aligns well with v (yCC-H wag of B,-
symmetry at 661.2 cm™'), and the difference between those two
vibrational progressions could correspond to one quantum of vi4
(A, ring torsion at 394 cmfl). The product of the A, and B, irre-
ducible representations is By and is therefore symmetry-allowed.
Unfortunately, since the absorption spectrum could not be recorded
below 5.56 eV, the origin of the vibrational progression cannot be
determined.

2. Band 2

Band 2 spans around 0.6 eV, and starts with one intense, sharp
peak at 6.79 eV, followed by several structured peaks (see Fig. 6).
The sharpness of this peak indicates that this is likely a transition
with Rydberg character. However, as this peak is still broad com-
pared with the Rydberg series observed in 23DHF, this is not an
atomic-like Rydberg transition, but the electron remains perturbed
by the core. We shall referto such a state as having Rydberg charac-
ter. According to our calculations, both the neutral and the cation
are Cyy-symmetric and hardly differ in their geometry (see Fig. 2 of
the supplementary material)—in agreement with the He(1) photo-
electron spectrum, which displays a sharp and narrow peak at the
ionization potential."””** Therefore, for atomic-like Rydberg states,
only three peaks corresponding to the origin bands of the three
bright electronic states in this energy range (nmo — px, nmo — 3p,,
and nmo — 3dy,) are expected. Instead, the spectrum is structured
and fits surprisingly well with vibrational excitation of three Ryd-
berg states (see Fig. 6). Even though the geometry of the Rydberg
state should be similar to the neutral/cationic Cyy-structure, if these
Rydberg states relax ultrafast to lower-lying electronic states, this not
only would broaden these bands but could also lead to more struc-
tures.”” In the following, we tentatively assign the observed bands
using the measured vibrations of the neutral ground state. A more
complete assignment would require, e.g., simulating the VUV spec-
trum using a model Hamiltonian,"” which is beyond the scope of this
paper.

Both ADC(2) and EOM-CCSD calculations predict that the
next two higher-lying symmetry-allowed nwo — px and nmo

58000 60000
1 1 1 1 1 1

FIG. 5. Experimental absorption spec-
trum of 25DHF (black) and simula-
tion of the absorption spectrum with
cam-b3lyp/aug-cc-pVDZ (red), shifted by
0.26 eV. The individual transitions of
the simulation binned into 3000 bins
are displayed in red. The positions and
assignments of vertical excitation ener-
gies at the ADC(2.5)/aug-cc-pVDZ level
are plotted as green lines, scaled by their
relative oscillator strengths.
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trum of 25DHF (black) from 6.7 eV to
7.7 eV. The vibrational progressions of
the nmo — 3px, nma — 3p, and nno
— 3dy, are based on the frequencies
reported by Klots and Collier,”> where
only frequencies with a relative inten-
sity of >0.07 have been considered. The
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positions and assignments of vertical
excitation energies at the ADC(2.5)/aug-
cc-pVDZ level are plotted as green
lines, scaled by their relative oscillator
strengths.
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— 3p, transitions are apart by only 0.05 eV and 0.1 eV, respec-
tively. Attributing the peak at 6.79 eV to the nmo — 3px tran-
sition (which has more oscillator strength), the difference to the
peak/shoulder at 6.80 eV is too small to correspond to a vibra-
tional excitation (122 cm™, lowest ring-puckering transition v,; at
163 cm™'; see Table 7 of the supplementary material). We there-
fore attribute this peak to the nmo — 3p, transition. The fol-
lowing peaks up to 7.05 eV then correspond to vibrational exci-
tation in the nmo — 3px and nmo — 3p,-states. To guide the
eye as to the assignments of the other broad peaks to vibra-
tional transitions, the comb lines in Fig. 6 show the attribution of
the 0°-transition superimposed with the frequencies reported by
Klots et al,”” where the transparency reflects the relative transi-
tion strength of these frequencies. The peak at 7.08 eV corresponds
to the next symmetry-allowed nmo — 3dy, transition. ADC(2.5)
and EOM-CCSD predict this transition to be 0.1 eV and 0.28 eV

Photon energy/cm™1
60000 61000 62000 63000 64000

65000

7.4

higher, which is still within the uncertainties of ADC(2.5)** and
EOM-CCSD.”

3.Band 3

Band 3 is again broad, spanning from 7.4 eV to 8.0 eV, show-
ing three main broad peaks at 7.55 eV, 7.69 eV, and 7.86 eV (see
Fig. 7). The broadness indicates that this is the second transition
of valence character, and we therefore assign it to the nm — 7*-
transition. The predicted position of this transition by ADC(2.5) and
EOM-CCSD is about 0.4 eV higher, indicating that this transition
is likely intensely coupled to the lower nno — 3dyxy and no — 3d,?
transitions, which would be responsible for the three main broad fea-
tures. Part of the vibrational progression around 8.0 eV and 8.2 eV
corresponds to the X — A transition of CO, an impurity produced
upon VUV photolysis of 25DHF.
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FIG. 7. Experimental absorption spec-
trum of 25DHF (black) from 7.4 eV to
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8.25 eV. Sharp peaks between 8.0 eV
and 8.1 eV are assigned to the X'>*
— A'Il transition of the impurity
C0."" The positions and assignments
of vertical excitation energies at the
ADC(2.5)/aug-cc-pVDZ level are plotted
as green lines, scaled by their relative
oscillator strengths.
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4. Band 4 from each other: in 23DHF, we observe only Rydberg transitions

Above 8.2 eV and up to the ionization energy (IE), the absorp-
tion spectrum consists of several sharp peaks, grouped into clusters
(see Fig. 8). These correspond to Rydberg series. As the geome-
try remains unchanged upon removal of an electron (see Fig. 2 of
the supplementary material), vibrationally excited Rydberg states are
not expected.

Using Eq. (1) with the ionization energy of 25DHF (IE
=9.16 eV ") and starting from n = 4, five Rydberg series with & rang-
ing between —0.18 and 0.098 can be identified. These values are typ-
ical for d- and f-Rydberg states. From symmetry arguments, dx-,”
and dyy are forbidden; therefore, these five Rydberg series consist
of both d- and f-Rydberg series. Concerning p-Rydberg series, the
py transition is symmetry forbidden, and we would therefore expect
two p-Rydberg series with a § between 0.4 and 0.7 (see the green
shaded area in Fig. 8). Several Rydberg-series can be anticipated (see
the supplementary material for the quantum defects associated with
each peak). The vibrational progression starting around 8 eV has a
spacing of around 111 cm™, which could correspond to the ring-
pucker vibration v,7. Peaks assigned in gray correspond to the X — A
transition of CO, an impurity produced upon photolysis of 25DHF.
The low-intensity peaks slightly above the ionization energy cor-
respond to autoionizing Rydberg states converging toward excited
states of the cation.

VI. SUMMARY

The first absorption bands of 23DHF and 25DHF are quite
similar and correspond in both cases to a broad valence transition
from 5.5 eV to 6.7 eV, attributed to the excitation of an electron
from the HOMO to an unoccupied orbital with 7* character, cou-
pled to the lower-lying Rydberg states. Due to the different symme-
try of 23DHF (C,;) and 25DHF (C,y), the next bands differ vastly

with a ring-puckering vibrational progression converging to the ion-
ization energy. In neutral 23DHF, one of the CH,-groups is dis-
torted out of plane, whereas the 23DHF cation is nearly planar.
As the geometry of Rydberg states is cation-like, this difference in
geometry leads to a poor Franck-Condon overlap, explaining the
low absorption cross sections of the Rydberg transitions between
6.8 ¢V and 8.4 eV. The quantum defects of these Rydberg transitions
range from 0.182 to —0.2 and are attributed to d- and f-Rydberg
series.

The geometry of 25DHF, on the other hand, remains
unchanged upon ionization, and the peaks attributed to no — 3py,
n7mo — 3p,, and nwo — 3dy, transitions with vibrational excitation
following the first valence transition have a high absorption cross
section. These peaks are sharp compared to the first valence tran-
sition, but broad compared to the higher-energetic Rydberg series
converging to the ionization energy, showing that these Rydberg
states are still perturbed by the ionic core or by a valence state. More-
over, in 25-DHF, both the HOMO and HOMO-1 have r-character,
and a second valence transition into a 7*-orbital from 7.4 eV to
8.2 eV is observed. Starting from 8.2 eV and converging to the ion-
ization energy, just as in 23DHF, several Rydberg transitions with
quantum defects ranging from 0.098 to —0.18 are assigned to d- and
f-Rydberg series.

The VUV absorption spectra of both isomeric molecules are
contaminated with the X — A signature of carbon mono-oxide (CO),
produced upon VUV photolysis and remaining long enough in the
interaction region to absorb another VUV photon.

The here presented theoretical treatment allows us to unravel
the essential spectroscopic features of 23 and 25DHF. Nevertheless,
our results reveal a complex situation where both valence and Ryd-
berg characters are mixed and likely strongly vibronically coupled,
similar to furan.’”** We hope that this observation will stimulate
future theoretical research that addresses this question specifically.

J. Chem. Phys. 153, 134303 (2020); doi: 10.1063/5.0015835
Published under license by AIP Publishing

153, 134303-10

22:9G:S1 ¥20z Aenigad |


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0015835#suppl
https://doi.org/10.1063/5.0015835#suppl

The Journal

of Chemical Physics

SUPPLEMENTARY MATERIAL

See the supplementary material for the optimized ground state
structures, frequencies, further calculations of vertical excitations
and peak positions, and assignments.
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