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ABSTRACT

The absolute photoabsorption cross sections of norbornadiene (NBD) and quadricyclane (QC), two isomers with chemical formula C;Hs
that are attracting much interest for solar energy storage applications, have been measured from threshold up to 10.8 eV using the Fourier
transform spectrometer at the SOLEIL synchrotron radiation facility. The absorption spectrum of NBD exhibits some sharp structure associ-
ated with transitions into Rydberg states, superimposed on several broad bands attributable to valence excitations. Sharp structure, although
less pronounced, also appears in the absorption spectrum of QC. Assignments have been proposed for some of the absorption bands using
calculated vertical transition energies and oscillator strengths for the electronically excited states of NBD and QC. Natural transition orbitals
indicate that some of the electronically excited states in NBD have a mixed Rydberg/valence character, whereas the first ten excited sin-
glet states in QC are all predominantly Rydberg in the vertical region. In NBD, a comparison between the vibrational structure observed
in the experimental 1'B;-1'A; (3sa; < 5b;) band and that predicted by Franck-Condon and Herzberg-Teller modeling has necessitated a
revision of the band origin and of the vibrational assignments proposed previously. Similar comparisons have encouraged a revision of the
adiabatic first ionization energy of NBD. Simulations of the vibrational structure due to excitation from the 5b orbital in QC into 3p and
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3d Rydberg states have allowed tentative assignments to be proposed for the complex structure observed in the absorption bands between

~5.4and 7.0 eV.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0187707

I. INTRODUCTION

The valence shell electronic structure of norbornadiene (NBD)
has been studied extensively, while that of quadricyclane (QC) has
received much less attention. NBD and QC are isomers, with chem-
ical formula C;Hg (both with C,, equilibrium geometries as shown
in Fig. 1), and much of the extensive current interest in these two
isomers stems from the potential use of NBD/QC systems (and
their derivatives) for energy storage' ~ and photoswitches. These
two isomers also provide interesting comparators in the context of
molecular structure and bonding. The more stable bicyclic isomer,
NBD, contains two C=C double bonds and many of the early spec-
troscopic and theoretical studies of this molecule focused on the
symmetries and energetic ordering of the highest occupied and the
two lowest unoccupied mt-orbitals in the ground state molecule and
the relative contributions from m* < 1 vs Rydberg « 7 excitations
to its ultraviolet (UV) absorption. The less stable and more highly
strained multi-cyclic isomer, QC, in contrast, contains only C-C and
C-H single bonds and, as in the case of other closed shell alkanes
(e.g., methane, ethane, cycloalkanes),3 "its UV absorption spectrum
is dominated by excitations to Rydberg states.

The interaction between the two formally unconjugated
ethylenic chromophores in NBD has been discussed®” in terms of
through-space (and to a much lesser extent) through-bond interac-
tions. These interactions split the degenerate - (and n*-) orbitals
associated with the isolated ethylenic units into symmetric and anti-
symmetric combinations. Upon ring closure (i.e., QC formation),
these mand n* orbitals transform into new pairs of 0 and 6 orbitals.

Given the axis system shown in Fig. 1, with the crowning CH,
group in both isomers lying in the xz plane and the z-axis bisecting
the HCH angle, the outer valence molecular orbital sequences for
ground (1'A;) state NBD and QC are as follows:

NBD: .. .2az 4b2 7a1 (T(l) 5b1(1‘[2) 5b2(1‘[3*) 332(1'[4*),

QC: .. .731 4b1 2a2(01) 5b2(0’2) 5b1(0’3*) 8a1(04*).

The highest occupied and lowest unoccupied valence orbitals
are shown in Fig. S1 in the supplementary material but, as noted

FIG. 1. A schematic showing the geometric structures of norbornadiene (left) and
quadricyclane (right), and the Cartesian coordinate system used in the text and in
the calculations. The numbering of the carbon atoms is marked but, for simplicity,
the hydrogen atoms are not shown.

above and in more detail later, excitations to these antibonding
valence orbitals in QC will be high energy transitions in the vertical
region.

The UV absorption spectrum of NBD, first recorded in
the work of Wilcox et al,'” was further studied by Robin
and Kuebler'"'” using conventional, laboratory-based, continuum
sources. The latter spectrum, encompassing the energy range ~5.4
to 7.4 eV, revealed extended vibrational progressions superimposed
upon several broad bands. A subsequent investigation, involv-
ing single photon absorption and polarization-dependent (2 + 1)
resonance-enhanced multiphoton ionization (REMPI) experiments
of both static and jet-cooled NBD enabled the vibrational structure
to be studied in much greater detail.”'* Moreover, the polarization-
dependent REMPI studies offered new insights into the symmetries
of these various transitions and enabled investigation of addi-
tional, one-photon forbidden transitions. The results from these
studies allowed assignments to be proposed for many of the vibra-
tional progressions. More recently, synchrotron radiation has been
employed to record the absolute photoabsorption cross section of
NBD up to an energy of ~10.8 eV."” Much of the observed struc-
ture was assigned using calculated adiabatic and vertical excitation
energies and accompanying Franck-Condon and Herzberg-Teller
calculations.

The valence shell excited states of NBD have also been inves-
tigated using electron impact spectroscopy.'®'” By measuring the
spectra as a function of electron scattering angle and incident energy,
the optically allowed or forbidden character of the various electronic
transitions could be determined while also distinguishing between
the valence and Rydberg nature of the excited state. The elec-
tron momentum distributions'’ provided additional information
concerning shake-up states.

Photoelectron spectroscopy employing Hel,”’ > Hell,>’ and
synchrotron”* radiation has enabled the valence shell ionic states
of NBD to be studied and the adiabatic and vertical ionization
energies (IEs) to be determined. The authors of the work of Kibel
et al”’' have attempted to distinguish between ionization from n
and o orbitals by measuring the photoelectron angular distributions.
These ionic states have been interpreted using various theoretical
approaches.'””>”""”” The IE of NBD has also been measured using
mass spectrometry.”®

In contrast to the wealth of spectroscopic information avail-
able on the electronically excited states of NBD, similar information
for QC is sparse, with the only absorption study being that recently
reported in the work of Palmer et al.”’ The valence shell ionic states
of QC have been studied using Hel,”’ Hell,”> and synchrotron®
radiation, and a value for the IE has been determined with mass
spectrometry.”® The authors of the work of Martin et al’’ also
established that the symmetry of the highest occupied molecular
orbital (HOMO) in QC was different from that in NBD by mea-
suring the Hel excited photoelectron spectra of bare QC and of
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3-methylidene-quadricyclane and by comparing the bands observed
in these spectra in the 8-11 eV energy range with those in the same
energy range in NBD.

A reinvestigation and more detailed interpretation of the
valence electronic structure of NBD and QC are particularly timely
in view of recent ultrafast time-resolved, pump-probe studies of
the photoinduced isomerization in the QC/NBD system using a
laboratory-based laser’’ or a free electron laser’” as the probe photon
source. In both experiments, the broadband UV excitation (pump)
photon had an energy of ~6 eV. Hence, the new absorption spec-
tra of QC and NBD, reported here, together with the assignments
proposed for the observed features, should help identify the excited
states populated in the pump process and those implicated in the
subsequent photophysics.

In the present work, high-resolution, absolute photoabsorp-
tion cross sections of room temperature samples of NBD and
QC have been measured using the Fourier transform spectrometer
(FTS)""" at the SOLEIL synchrotron radiation facility. Assignments
for many of the better resolved features have been proposed using
calculated vertical transition energies and oscillator strengths. Quan-
tum defect assessments, and information regarding the Rydberg or
valence nature of the excited state obtained from previous electron
impact experiments, have also helped guide these assignments. Nat-
ural transition orbital (NTO) plots” " indicate that many of the
electronically excited states in NBD have mixed Rydberg/valence
character. This mixing leads to irregularities in both the transi-
tion energies and the relative intensities of the absorption bands
ascribed to Rydberg states. Excited state vibrational structure has
been simulated in calculations including excitations allowed within
the Franck-Condon (FC) approximation and also those appearing
through Herzberg-Teller (electronic and vibrational) coupling.*’
Hot-band excitations have also been examined and shown to make
discernible contributions to the room temperature spectrum of
NBD. The present work results in considerable refinements to
the previously proposed vibrational analysis of the first structured
absorption band of NBD, a revision of the adiabatic IE of NBD,
and tentative assignments for the bands attributed to transitions
involving some of the lower energy Rydberg states in QC.

Il. EXPERIMENTAL APPARATUS AND PROCEDURE

The absolute photoabsorption cross sections of QC and NBD
were measured using the FTS, attached to the DESIRS beamline, at
the SOLEIL synchrotron radiation facility. The characteristics of the
beamline and spectrometer (a modified version of a Fresnel bimir-
ror interferometer) have been reported previously,”’ so only a brief
summary is given here.

The highly coherent beam of synchrotron radiation emitted by
the undulator is spatially divided at the interface of two roof-shaped
reflecting mirrors. One of these reflectors is fixed and the other can
be translated, thereby allowing the optical path difference to be var-
ied. The interferogram generated by the recombination of these two
beams is detected with a photodiode.

Prior to entering the FTS, the photon beam passes through
the sample (either QC or NBD) vapor. Two different sample con-
figurations were used: (1) a 100 mm long windowless absorption
cell with 150 mm long entrance and exit capillaries and (2) a win-
dowed cell. In both configurations, the cell could be filled with

ARTICLE pubs.aip.org/aipl/jcp

vapor obtained from the liquid QC or NBD samples situated out-
side the vacuum chamber and held at room temperature. Before
use, the liquid sample was subjected to several freeze—pump-thaw
cycles. The windowless, flowing sample, cell was used to record the
high-resolution, room temperature spectra. However, the determi-
nation of the column gas density required for the absolute cross
section measurement is not straightforward with this arrangement.
Thus, an absolute photoabsorption spectrum was recorded using the
windowed cell, and this spectrum was then used to calibrate the
spectrum recorded in the windowless cell with the same undulator
settings. Details of the calibration procedure have been presented in
the work of Jacovella et al.*' The experimental uncertainty in the
absolute photoabsorption cross sections determined in the flowing,
windowless cell is estimated to be ~10%.

The center energy of the photon intensity distribution emit-
ted by the undulator is tunable and can be selected by adjusting
the magnetic field in the undulator. Interferograms were recorded
for several overlapping spectral windows (undulator settings), and
the composite photoabsorption spectrum was assembled from these
individual spectra. All the spectra shown in this article were recorded
with the windowless, flowing sample, cell. For NBD, spectra were
obtained at resolutions of 0.27 and 2.13 meV (FWHM), while for
QC, a resolution of 2.13 meV (FWHM) was used.

The photon energy scale, which is intrinsically linear, obtained
from the Fourier transform of the interferogram, was calibrated
using the absorption line due to the Kr 4p°(*P3/2)5s < 4p°® 'Sy tran-
sition at 10.0324 eV.*> A small peak due to this transition appears in
the spectrum and originates from the gas filter (containing krypton)
used to attenuate the high harmonics produced in the undulator.

The NBD sample (97% purity) was purchased from Sigma
Aldrich and used as supplied. The QC sample was synthesized by
adding Michler’s ketone to NBD, and irradiating the mixture at
365 nm for 48 h. The final product was checked by 'H NMR spec-
troscopy and resulted in ~95% photoconversion of NBD to QC,
without significant contamination from other products. Further
information concerning the synthesis process and an NMR spec-
trum of the product can be found in the supplementary material
(Fig. S2).

Although the residual NBD in the present QC sample was only
a few percent, some weak peaks due to this contribution are evident
in the “raw” spectrum of QC, plotted in Fig. S3(a). Here, we focus
particular attention on the energy region between 5.5 and 6.2 eV
[Fig. S3(b)]. In NBD, this energy range exhibits vibrational progres-
sions associated with the 1'B;-1'A, (3sa; < 5by) transition. The
corresponding peaks are discernible in our raw spectrum of QC.
These peaks were removed by subtracting an optimal small percent-
age of the NBD spectrum, recorded at the same resolution, such
that the structure due to NBD in the raw QC spectrum was no
longer discernible in the “pure” QC spectrum plotted in Figs. S3(b)
and S4.

The intensity of the broad band radiation emitted by the undu-
lator was sufficient to cause a small amount of photodissociation in
the sample vapor (QC or NBD) in the windowless cell, as evidenced
by the observation of some very small but sharp peaks attributable
to acetylene (formed as a photoproduct) in the spectra at energies
above ~8 eV.

We considered the possible contribution of structure associ-
ated with acetylene photoproducts in the raw QC spectrum in some
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detail. The absolute photoabsorption spectrum of acetylene is well
established,”” " and the absorption band producing the small peak
in our pure spectrum of QC at 8.15 eV [Fig. S3(b)] has a cross section
of almost 500 Mb. Figure S5(a) shows the pure spectrum of QC
co-plotted with a room temperature spectrum of acetylene,* also
recorded on the FTS at the SOLEIL facility under optical conditions
similar to those used in the present experiment. Thus, the pure QC
spectrum and the acetylene spectrum may be compared directly. It
is evident that the structure in the low energy region of the acety-
lene spectrum has no counterpart in the pure QC spectrum [Figs.
S5(a) and S5(b)]. Moreover, the cross section of acetylene (<0.1 Mb)
in this energy range is more than three orders of magnitude smaller
than that of the band at 8.15 eV, which itself produces only a small
peak in the present data.

In summary, the pure spectrum of QC is considered to be
free of structure associated with acetylene photoproducts at energies
below 8.15 eV. Above this energy, the observed sharp (but weak)
absorption features are likely to originate from acetylene.

I1l. COMPUTATIONAL DETAILS
A. Methods

The theoretical prediction of vibrationally resolved electronic
absorption spectra requires calculation of the electronic excita-
tion energies and transition intensities, and of the accompanying
vibrational structure.

Calculations were undertaken with the algebraic diagrammatic
construction (2nd order) [ADC(2)] and the Moller-Plesset pertur-
bation theory (2nd order) (MP2) methods. These related methods
afford a consistent description of the ground and excited elec-
tronic states and a balanced description of valence and Rydberg
excited states in a single-reference manner. The ADC(2), MP2,
and CC2 calculations were performed using the ricc2’ program
in the TURBOMOLE 7.5 package,” using the resolution-of-the-
identity (RI) technique, to obtain vertical transition energies and
oscillator strengths. All ion calculations were performed using unre-
stricted Hartree-Fock as a reference. All optimizations/frequency
(wavenumber) calculations used the aug-cc-pVQZ basis,”® which
was found to agree well with the larger d-aug-cc-pV5Z basis and
basis set extrapolated values. Benchmark calculations were per-
formed with MS-CASPT2 and LR-CCSD, both of which gave similar
results to those reported here, as illustrated in Tables SIV and SV
in the supplementary material. All optimized geometries gave pre-
dominantly single-configurational ground states, generating good
Hartree-Fock references for the response theory calculations. The
present calculations were performed without explicit symmetry,
except for the 1'B, valence state of NBD, which has a Cy, 1st-order
saddle-point geometry very close to the NBD ground state mini-
mum. We conjecture that this saddle point has a sufficiently long
lifetime to support a few vibrational oscillations in the photoexcited
molecule, giving some lifetime broadened vibrational structure (as
reported by Robin and Kuebler'”). The imaginary frequency of this
saddle point breaks either the CsC; or the C¢C; bond and leads
to formation of a toluene-like intermediate with significant pla-
narization of the six-membered ring, significantly separated from
the ground state NBD minimum. In order to run Franck-Condon
calculations on this state, the mode was forced to be real and positive
(i.e., the saddle point was assumed to be a minimum in all modes).

ARTICLE pubs.aip.org/aipl/jcp

The excitation characters of the various vertical transitions
were determined using natural transition orbitals (NTOs)™ ** cal-
culated using the TheoDORE package.”” NTOs represent separable
particle and hole orbital pairs, with their relative weights showing
the contribution each particle/hole pair makes to any given transi-
tion. Typically, therefore, transitions with mixed character will be
carried by several NTO pairs, whereas pure transitions tend toward
one pair with unit weight.

Vibrational calculations were performed using the FCClasses
3.0 package,”’ using an adiabatic Hessian sum-over-states method
to allow resolution of individual vibronic transitions.”’ For the
QC and NBD ground states and each excited state considered, a
minimum was optimized, and subsequent frequency calculations
were performed, thereby creating vibrational harmonic oscillator
wavefunctions (for further details, see the supplementary material).
The overlap of the vibrational wavefunctions of the initial and
final states was calculated and squared to give the Franck-Condon
factor (FCF). Anharmonicity was not considered as it was not par-
ticularly apparent in the experimental spectra. Time-independent
calculations were checked against the time-dependent method to
ensure that the effects of the truncation of the sum-over-states
were minimal. Transition dipole moment gradients were calculated
by numerically differentiating the transition dipole moment at the
ground state minimum and subsequently used in the calculation
of Herzberg-Teller contributions to the 1'Bi-1'A; (3sa; < 5by)
transition in NBD. Theoretical “stick” spectra, generated from the
calculated vibrational transition intensities and excitation energies,
were convoluted with a Gaussian function to facilitate comparison
between simulated band profiles and the corresponding experi-
mental spectra. The width of the Gaussian function was chosen to
optimize the comparison.

Calculations of the ground (12B,) state of the NBD cation using
the MP2/aug-cc-pVQZ method returned normal mode wavenum-
bers that (in some cases) were significantly lower than the experi-
mental values, thus leading to a discrepancy in the Franck-Condon
envelope. Using the related CC2/aug-cc-pVQZ method instead gave
vibrational envelopes for the ground state ion in much better agree-
ment with the experimental data. Tables SVI and SVII list the
normal mode wavenumbers for the ground ionic states of NBD
and QC, respectively, calculated using the MP2 and CC2 meth-
ods. For both molecules, the calculated wavenumber for vy shows
a strong method dependence. For all other modes of QC, the cal-
culated wavenumbers are reassuringly self-consistent (Table SVII),
while, for NBD, the two methods return very similar wavenumbers
for all other modes apart from vi; and v,3 (Table SVI).

B. Vertical excitation energies and normal mode
vibrational wavenumbers

Discussion of the electronic absorption spectra for NBD and
QC, reported in Sec. IV, is guided by comparison with the results
of the present calculations, so it is appropriate to detail these first.
Calculated vertical energies and oscillator strengths for transitions
from the ground state to the first 20 singlet excited states of NBD,
and the first 15 singlet excited states of QC, are listed in Tables I
and II, respectively. For each excited state, the principal particle/hole
orbital pairs for the corresponding vertical transition are also given.
As these data show, the excited states of QC in the vertical region all
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TABLE I. Vertical transition energies (in eV) and oscillator strengths for the electronically excited states of norbornadiene calculated using the ADC(2) method with the aug-cc-

pVQZ basis.

Electronic state

Vertical transition Oscillator

Excitation 1

Excitation 2

Symmetry Adiabatic energy (eV) strength Hole Particle Contribution (%) Hole Particle Contribution (%)
1'A, S 5.334 0.0000  5b;  5byV 91.4

1'B S, 5.896 0.0189  5b;  8a; 3s 90.1

11B2 S3 6.162 0.0255 731 5b2 A\ 77.9 5b1 332 \% 12.8
21A1 Sy 6.361 0.0243 5b; 6b; 3px« 75.1 7a; 8a; 3s 17.4
2'A, Ss 6.423 0.0000 5b, 6b, 3py 90.8

21B1 Se 6.510 0.0012 5b; 9a; 3p, 90.7

21B2 Sy 6.802 0.0886 5b; 4a; SdXy 80.5 7a; 5b, V 10.8
31A1 Sg 6.826 0.0202 7a1 8a; 3s 75.3 5b, 6b; 3px 15.8
31B1 So 6.947 0.0173 5b;  10a; 3dyz 85.3 7a; 6b; 3px 6.6
41A1 S]o 6.983 0.0006 5b1 7b1 3dxz 82.5 731 9a1 3pz 9.5
31A2 S 7.136 0.0000 5b; 7b, 3dyz 90.9

31B2 Siz 7.214 0.0149 7a1 6b, 3py 81.5 5b, 33, V 9.7
41B1 Si3 7.217 0.0327 5b; 1la; 3de 60.3 7a1 6b1 3px 31.2
41A2 Sia 7.274 0.0000 7a; 3a, V 88.4

51A1 Si5 7.362 0.0017 7a; 9a; 3p, 81.9 5by 7b; 3dy, 9.3
51B1 Sis 7.429 0.0098 7a; 6b1 3px 52.5 5b; 12a; 3dx27y2 38.3
41B2 S17 7.562 0.0878 5b; 4a, SdXy 74.5 7a; 7b, 3dyZ 16.2
61B1 Sis 7.650 0.0153 2a; 5b, V 85.6

61A1 Si9 7.766 0.0320 7a;  10a; 3dyz 83.3 5b, 10b, 4fyxz 8.3
71B1 Szo 7.767 0.0645 73.1 7b1 3dxz 64.8 5b1 1431 4fy2z 26.8

TABLE II. Vertical transition energies (in eV) and oscillator strengths for the electronically excited states of quadricyclane calculated using the ADC(2) method with the aug-cc-

pVQZ basis.

Electronic state

Vertical transition  Oscillator

Excitation 1

Excitation 2

Symmetry Adiabatic energy (eV) strength  Hole  Particle  Contribution (%) Hole Particle Contribution (%)
1'B, Si 5.477 0.0002  5b, 8a; 3s 91.1

1'A, S, 5.814 0.0000  5b,  6b; 3py 91.2

2'A S 5.925 0.0007  5b,  6by 3py 90.7

2'B, S4 6.019 0.0017  5b,  9a; 3p, 91.0

3'B, Ss 6.480 0.0001  5b,  10a; 3d, 90.9

3'A Ss 6.534 00133  5b,  7b, 3dy, 90.7

1'B, S7 6.565 0.0147  5by  4a; 3dy 90.7

2'A, Ss 6.660 0.0000  5b,  7b; 3dy 91.0

4'B, So 6.832 00114  5b, 1la;3d.; 91.1

3'A, S0 6.863 0.0000  2a, 8a; 3s 88.4

4'A, Si 7.102 0.0000  5b,  8b; 4px 90.6

2'By Si2 7.142 0.0001  4b; 8a; 3s 59.4 2a,  6bs 3py 319
5'B, S13 7.214 0.0003  2a,  6b; 3px 90.2

5'A; S 7.402 0.0000  2a,  9a; 3p, 89.6

3'By Sis 7.407 0.0005  2a,  6b 3py 57.9 4b;  8a; 3s 323
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have dominant Rydberg character; the first predominantly valence
state lies much higher in energy. In contrast, the m and n* orbitals
in NBD ensure that several predominantly valence excited states
(labeled V in Table T) are interspersed between, and mixed with,
the Rydberg states of NBD at energies within the range investi-
gated in the present work. Note, the various Rydberg state poten-
tials typically support two local minima—one QC-like, the other
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NBD-like—corresponding to the respective minima of the QC and
NBD cations.”””

Normal mode vibrational wavenumbers for the ground states,
the excited electronic states formed by 3s « HOMO electron
promotion, and the ground state cations, of both NBD and
QC, at the respective minimum energy geometries, are given in
Tables 11T and IV. Also included in Table III are the normal mode

TABLE IIl. Calculated vibrational wavenumbers (cm~") of NBD in the neutral ground 1'A; state, the 3sa; 1'B4 Rydberg
state, the 1'B; valence state, and the ground 12B, state of the cation.

3sa; 11B1 lle valence lzBl ionic
Symmetry Mode Ground state 1'A;* Rydberg state” state” state”
Ay Vi 3265.5 3212.5 3259.8 3254.2
V2 3168.3 3161.1 3173.5 3212.8
V3 3089.4 3071.9 3115.5 3089.5
V4 1608.2 1547.2 1447.8 1519.3
Vs 1491.4 1474.6 1400.5 1480.4
Ve 1256.4 1279.6 1124.6 1278.9
v7 1124.0 1117.4 1089.0 1124.0
Vg 960.4 1004.9 963.9 1005.2
Vo 903.6 917.1 738.8 914.9
V1o 784.7 829.8 602.9 839.1
Vi1 747.2 772.0 496.2 772.8
vi2 427.5 394.9 245.3 383.0
A, Vi3 3239.4 3208.2 3239.7 3236.2
Vig 1297.0 1287.4 1258.4 1285.6
Vis 1267.6 1240.7 1187.0 1244.1
Vi 1138.1 1130.7 1034.9 1141.6
V17 938.0 970.4 954.2 965.1
Vi 914.1 881.7 692.7 896.2
Vi9 721.7 703.1 516.0 707.2
V20 453.9 370.4 286.9 376.6
B1 Va1 3263.7 3211.9 3258.3 3252.6
V22 3166.1 3160.8 3238.2 3166.9
V23 1568.9 1421.6 1768.0 1509.7
V24 12299 1168.9 1248.1 1174.4
Va5 1077.2 1079.1 1056.3 1086.8
Va6 1032.9 1001.8 978.1 1005.9
V27 929.6 862.5 954.1 865.8
Va8 677.6 717.6 566.8 720.3
Va9 505.9 449.5 454.9 449.7
B, V30 3240.1 3205.9 3238.2 3237.7
V31 3165.8 3174.8 3172.7 3211.5
V3 1341.4 1360.3 1307.2 1360.2
V33 1272.4 1281.4 1127.1 1284.9
V34 1166.5 1207.7 963.1 1206.4
V35 975.2 1017.4 888.9 1039.9
Vi 930.7 950.6 866.8 984.4
V37 899.3 912.0 671.7 916.1
V3g 819.4 802.0 443.1 849.1
) 550.7 372.3 -325.8" 5774

*MP2 calculations.
bADC(Z) calculations.
€CC2 calculations.

dThis negative value indicates that the 1'B, state is a transition state in the near vertical region.
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TABLE IV. Calculated vibrational wavenumbers (cm~") of QC in the neutral ground 1'A state, the 3sa; 1'B, Rydberg state,

and the ground 12B, state of the cation.

Symmetry Mode Ground state 1'A;° 3sa; 1'B, Rydberg state” 12B, ionic state”
A Vi 3262.6 3201.0 3277.0
) 3230.8 3181.7 3249.8
V3 3081.1 3094.7 3118.6
1 1493.3 1492.2 1494.4
Vs 1372.5 1451.4 1386.9
Ve 1282.2 1367.4 1348.7
A 1104.5 1171.6 1079.3
Vg 1017.7 1055.1 1061.2
Vo 964.7 1022.9 939.0
V1o 924.9 935.6 881.7
Vi1 819.2 772.8 752.6
V12 732.3 729.1 668.8
A, Vi3 3242.4 3198.2 3259.5
Vi 1209.2 1251.1 1253.5
V15 1193.2 1177.5 1187.3
Vi 1047.2 1048.4 1076.9
V17 1016.2 990.5 1004.7
vig 852.6 812.4 825.2
V19 710.9 625.3 632.3
V2o 532.7 382.4 389.9
B Va1 3252.3 3199.9 3267.5
V22 3141.0 3175.2 3189.6
V23 1267.8 1563.0 1330.6
Vaq 1064.9 1101.4 1076.9
Va5 1011.9 1047.4 1003.5
Va6 931.2 979.9 983.4
Va7 857.7 927.3 846.2
Vas 794.5 728.7 702.0
Va9 391.1 4149 412.2
B, V3 3254.6 3198.4 3267.8
V31 3227.8 3190.4 3247.7
V32 1387.8 1386.1 1413.0
V33 1281.9 1272.5 1286.2
Vi34 1245.0 1262.6 1265.9
V35 1056.6 1006.9 1067.4
V36 975.9 950.8 960.4
V37 921.6 809.9 905.2
Vig 710.3 767.6 768.2
V39 664.0 502.6 641.4

#MP2 calculations.
bADC(Z) calculations.

vibrational wavenumbers for the 1'B; valence state in NBD. Note,
in both molecules, the calculated normal mode wavenumbers for the
3s, 3p, and 3d Rydberg states are very similar (reflecting the similar
topographies of the respective potential energy surfaces), so only the
values for the respective 3s states are listed in Tables 11l and I'V. The
vibrational modes are numbered using the Herzberg convention.™
The normal mode wavenumbers for the ground (1'A;) state neutral
molecules and the associated nuclear displacements accord well with
those reported previously for NBD**** and QC.*

Comparisons between the simulated vibronic bands and the
experimental spectra involved the following sequence of actions. The
FC predicted intensity distribution was placed on a total energy scale
by summing the theoretical adiabatic excitation energy (the separa-
tion between the minima of the ground and excited state potentials)
with the vibrational energy contribution. In all cases, the simula-
tions employed the calculated harmonic wavenumbers (Tables III
and V), except those of the absorption band due to the transition
into the 3sa; 1'B; Rydberg state of NBD (Fig. 6 and Fig. S13) where
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a scaling factor of 0.94 was used. The resulting vibronic simula-
tions matched the experiment well, apart from a (generally small)
energy offset. Comparisons shown in this work are post-application
of an appropriate energy shift to the simulated data, the magnitude
of which is reported in the relevant figure caption. This energy off-
set is a consequence of the different methods used to calculate the
ground and excited state electronic energies. Although comparison
of absolute electronic energies between methods is not meaningful,
the vibrational energy spacings and overlaps can be compared pro-
vided that the potential energy surfaces returned by the two methods
are similar.

Comparisons between the vibrational simulations and the
experimental spectra revealed additional transitions beyond the sim-
ple cold (0 K) Franck-Condon picture. In the case of the 3s 1'B,
state of NBD, Herzberg-Teller effects were considered up to first
order. Additionally, the wavenumbers of several normal modes i of
NBD are sufficiently low (see Table III) that hot-band excitations
(i.e., excitations from levels with v; > 0) are readily identifiable in the
room temperature spectrum.

Finally in this section, we note that the 3py 1'A, state in QC
couples strongly with the 5b,(02)5b1(03) valence state upon open-
ing of the angle between the two four-member rings (i.e., distorting
toward the NBD geometry). This can be expected to preclude the
observation of any associated vibrational structure (due to lifetime
broadening) and to provide a route for nonadiabatic coupling back
to the ground state on short timescales.”” Excitation to the 3py
1'A; state in QC is actually symmetry-forbidden at the ground state
equilibrium geometry. Thus, it is shown as having zero oscillator
strength in Table II. However, zero-point motion around this min-
imum energy geometry enables some “brightening” of the state and
excitation to the 3px 1'A, state in QC therefore contributes a broad
featureless background absorption due to its ultrafast decay. Our
analysis is primarily concerned with sharp features in the excita-
tion spectrum of QC, to which the rapid dynamics in the valence
state does not contribute. Henceforth, the 1A, state in QC will be
described as the 3px Rydberg state, but it is important not to lose
sight of its dynamical importance as a “doorway” for nonadiabatic
coupling back to the ground state and interchange between the NBD
and QC isomers.*”

Table V provides a summary of the geometric structures of
NBD and QC in three key coordinates: R, (the perpendicular dis-
tance between the centers of the C;-C4 and C,-Cs bonds in Fig. 1),
Ri4 [the C;-C4 (and C,-C3) bond lengths], and 8 (the angle between
the planes formed by the C,C4CsC¢ and the C;C3CsCg atoms). In
addition, classical bond orders are provided. These are evaluated
using the following formula:

bond order = (”bonding - ”antibonding)/4)

where Mponding aNd #antibonding are the number of bonding and anti-
bonding electrons, respectively. In using this formula, we make the
simplifying assumption that the valence orbitals only contribute to
the bonding between the pairs of carbon atoms and note that the
bonding is spread over two equivalent bonds. This leads to a fac-
tor of 4 in the denominator, rather than the traditional 2 used when
considering the order of a bond between two atoms.

The C;C4CsC¢ and C,C3CsCg planes are well separated in
the NBD ground state equilibrium geometry, as evidenced by the
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TABLE V. Minimum energy geometry parameters for NBD and QC in their ground
states, in selected excited states, and in the respective ground state cations. In all
geometries, the C1C4 bond has a fully occupied sigma orbital. Formation of the 1'B,
Sj state of NBD involves promoting an electron from an orbital with both C,C3 and
C4C4 bonding character to an orbital with nonbonding character (with respect to these
two bonds).

R (A) Ry (A)
Molecule State [bond order]* [bond order]* 0(9)
NBD 1'A; So 2.46 [0] 1.34 [2] 114.7
NBD 1'B; S, 2.22[0.25] 1.37 [1.75] 100.7
NBD 1'B, S3 2.46 [0] 1.40 [1.75] 121.0
NBD 1°B; ion 2.24 [0.25] 1.38 [1.75] 101.3
QC 1'A; S 1.51 [1] 1.54 [1] 62.3
QC 2'A1 Ss 1.66 [0.75] 1.47 [1.25] 70.9
QC 1°B, ion 1.67 [0.75] 1.47 [1.25] 71.1

#Bond order for the individual bonds is shown in brackets.

large Ry, and 6 values (2.46 A and 114.7°, respectively). Ry is short
(1.34 A), reflecting the double bond in the respective C=C moieties.
This contrasts with the ground state of QC, which has formal single
bonds between the C; and C; (and C; and C4) atoms; the Rj; and Ry4
values therefore mirror typical C-C single bond values (~1.5 A) and
0 is much smaller (~62.3°) than in NBD. We note that the present
values of Ry» and Ry in the 1'A; state of QC are very similar to the
results obtained in the work of Palmer et al.”* using the MP4(SDQ)
approach.

In both molecules, the equilibrium geometry of the 3s Ryd-
berg state closely mirrors that of the ground state cation. In both
cases, these geometries are displaced from those of the correspond-
ing ground state neutral species with the deformation toward the
other isomer. These changes can be qualitatively rationalized in
terms of a simple bonding/antibonding orbital (bond order) picture.
The ground state of NBD has a fully occupied HOMO (m;), which
serves as a bonding orbital between C; and C4 (and C, and C3) and
an antibonding orbital between C; and C, (and C3 and C4). Remov-
ing an electron from this orbital (whether forming the 3s Rydberg
state or the ground state cation) leads to a simultaneous lengthen-
ing of the C;C4 (and C,C3) bonds and a reduction of the C;C; (and
C3C4) separations. The fully occupied HOMO (03) in the ground
state of QC, in contrast, is a single bonding orbital between C; and
C; (and Cs and Cy4) and an antibonding orbital between C; and Cy4
(and C; and C3). Removing an electron from this orbital lengthens
the C,C; (and C;3C4) distances and reduces the C;C4 (and C,C3)
separations.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Norbornadiene
1. Overview of electronic structure

The low energy end of the low-resolution (2.13 meV FWHM),
absolute photoabsorption cross section of NBD is plotted in Fig. 2,
together with the theoretically predicted electronically excited states
using the transition energies and oscillator strengths given in Table I.
Figure S6(a) shows the experimental spectrum over an extended
energy range. The overall appearance of the spectrum is similar to
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FIG. 2. The absolute photoabsorption cross section of NBD (right-hand scale).
The theoretically predicted electronic transitions are plotted as vertical sticks using
the calculated vertical excitation energies and oscillator strengths (left-hand scale)
given in Table |. The adiabatic IE of NBD at 8.328 eV (deduced in the present work
based on previous measurements,’* see text for details) is marked.

those reported previously,'' '* and the absolute values of the cross
section are in good agreement with those presented in the work of
Palmer et al."” In general, the present theoretical predictions are
consistent with the earlier results presented in the work of Roos
etal."

The interpretation of the spectrum will be guided by our
calculated transition energies and oscillator strengths, simulations
of excited state vibrational structure using calculated vibrational
wavenumbers, NTO plots enabling the Rydberg and/or valence
character of the excited orbital to be visualized, and evidence from
previous electron impact experiments. In addition, for absorption
bands associated with Rydberg states, quantum defects will be
assessed.” Assignments based upon quantum defect analyses work
well for isolated Rydberg states. However, if a Rydberg state is
perturbed through interaction with one or more adjacent states
(Rydberg or valence), then the transition energy may be shifted from
the value predicted using the assumed quantum defect and the oscil-
lator strength may be perturbed. Under such circumstances, the
excited state may no longer be described adequately in terms of a
predominantly one-electron excited configuration but rather pos-
sesses mixed Rydberg/Rydberg or Rydberg/valence character. The
NTO plots [Fig. S7(a)] generated in the present work for NBD
demonstrate that Rydberg/valence mixing is significant.

The results from earlier electron impact experiments in which
the scattering conditions were varied, thereby allowing an assess-
ment of the optically allowed or forbidden nature of the transition,
and the Rydberg or valence character of the final orbital, have
also been used. In regard to valence transitions of NBD, Doer-
ing and McDiarmid identified two dipole-forbidden transitions at
~5.25 and ~7.50 eV, and two dipole allowed transitions at ~5.95 and
~6.65 V.7

Since the geometry of a Rydberg state molecule is generally sim-
ilar to that of the ionic state onto which the series converges, the FC
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factors connecting the ground and Rydberg states are expected to
be similar to those connecting the ground and corresponding ionic
state. This is particularly useful for Rydberg states belonging to series
converging onto the 1B, state of the NBD cation as the photo-
electron band exhibits extensive vibrational structure.”* Moreover,
as the 1B, state photoelectron band is the only band containing
vibrational structure, it is a reasonable starting assumption that any
Rydberg absorption band exhibiting vibrational structure is likely to
correspond to a member of a series converging onto the 1°B; state
ionization limit.

Figure 3(a) compares the experimental 1°B, state photoelec-
tron band recorded using a room temperature sample of NBD** with
our hot (300 K) and cold (0 K) vibrational simulations of the corre-
sponding structure. The simulations have been obtained from the
theoretical stick spectra [only the 300 K stick spectrum is shown
in Fig. 3(b)] after convoluting with a Gaussian function of 20 meV
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FIG. 3. (a) A comparison between the experimental 12B state photoelectron band
of NBD?* and our hot (300 K) and cold (0 K) vibrational simulations. The sim-
ulations have been obtained from the theoretical stick spectra after convoluting
with a Gaussian function of 20 meV (FWHM) to facilitate comparison with the
experimental spectrum. (b) The 300 K stick spectrum, employing the calculated
adiabatic ionization energy and ground and excited state vibrational wavenumbers
(Table [11). All calculated spectra in this figure have been shifted to higher energy by
0.299 eV so that the 12,2 transition aligns with the experimental peak at 8.716 eV.
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(FWHM) to facilitate the comparison with the experimental spec-
trum. The simulated spectra, employing the calculated adiabatic
ionization energy and ionic ground state vibrational wavenumbers
(Table III), have been shifted in energy so that the 120% transition
aligns with the experimental peak at 8.716 eV. The threshold region
of the photoelectron band is shown in greater detail in Fig. S8, and
the hot-band excitations contributing to the peaks associated with
the low vibrational levels of the cation are labeled. As reported pre-
viously, the spectrum is dominated by progressions in the lowest
wavenumber totally symmetric (a;) normal mode vi, (the “wing-
flapping” or “butterfly”-like C-C-C bending motion)—alone or in
combination with other modes. The hot (300 K) and cold (0 K)
vibrational simulations show that, contrary to a recent analysis,*
the peak in the experimental spectrum at 8.328 eV incorporates the
adiabatic transition and the peak at 8.279 eV arises solely through
hot-band transitions.

In accord with previous studies, ® the present calcula-
tions predict that the first excited singlet state of neutral NBD is a
valence state (sometimes termed the V) state), arising via the opti-
cally forbidden 1'A-1'A, (5by « 5by) transition and with a vertical
excitation energy of 5.33 eV (Table I). This conclusion is consistent
with evidence from electron impact investigations,'*'" indicating
that a peak observed at ~5.25 eV should be ascribed to a singlet
< singlet, optically forbidden transition, and with the optical activ-
ity study reported in the work of Lightner et al.”® The authors of
the work of Palmer et al."> considered the effect of Herzberg-Teller
coupling in the 1'A, state and suggested that such contribu-
tions might be observable close to threshold in the absorption
spectrum.

It has long been accepted that excitations into two states (one
valence and the other Rydberg) occur in the energy range ~5.6 to
6.3 eV, " with the structured progression (with an average peak
separation of ~45 meV, which is again attributable to FC activity in
the vi; mode) associated with transitions to the 3sa; 1'B; Rydberg
state and the underlying continuum with excitation into the 1'B,
valence state, sometimes termed the V state (Fig. 2). This coexis-
tence was first established by Robin and Kuebler'” and later con-
firmed by the authors of the work of Xing ef al.'* In the experiment
performed by Robin and Kuebler,'” the absorption spectrum of NBD
was measured while pressurizing the cell with helium, thereby pref-
erentially minimizing the contribution from the Rydberg state. A
threshold energy of ~5.73 eV was obtained for excitation into the
1!B, valence state. The authors of the work of Xing et al."” recorded
the single photon absorption spectrum of NBD (which contains
contributions from both Rydberg and valence transitions) and the
2 + 1 REMPI spectrum (which reports on transitions to the longer-
lived Rydberg state). A simulation of the Rydberg structure was
then subtracted from the one-photon absorption spectrum, leaving
a broad, quasi-structureless band with an onset of 5.74 eV that was
attributed to the valence state.

The 1'B, valence state involves major contributions from two
one-electron excitations, 5b, < 7a; and 3a, < 5b; [Fig. S7(a)],
and the present calculations predict a vertical transition energy of
6.16 eV (Table I). The electron impact studies'® associated a peak
occurring at 5.95 eV with this optically allowed n* « 7 transi-
tion. A comparison between the simulated vibrational structure
associated with the transition into the 1'B, state [employing the
calculated 1'B; state vibrational wavenumbers (Table 111)] and the

11-18,57,5
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spectrum recorded by Robin and Kuebler'” is shown in Fig. S9(a).
The poorly resolved structure in the simulated spectrum, after con-
voluting the calculated stick spectrum (not shown) with a 40 meV
FWHM Gaussian function and shifting in energy so that the fea-
tures peaking at 5.73 eV align, is in good qualitative accord with the
experimental data. The diffuseness of this absorption band is a clear
indicator of the short-lived nature of this 1' B, valence state. A non-
lifetime broadened simulation of this same band (similarly shifted
in energy), calculated with a resolution (~2 meV FWHM) matching
that employed in the present experimental study, shows much richer
structure [as shown in Fig. S9(b)]. The vibrational excitations associ-
ated with the major peaks in the spectrum plotted in Fig. S9(b) have
been labeled.

The vibrational progressions appearing between 5.5 and 6.3 eV
have been observed previously in single photon'' " and 2 + 1
REMPI'™'* studies and associated with transitions to a single Ryd-
berg state (the 3sa; 1'B; state). The authors of the work of Xing
et al."”’ provided tentative assignments for much of the vibrational
structure. These progressions are discussed in detail in Sec. IV A 2,
where we show that establishing the band origin, and its energy,
results in a considerable revision to earlier assignments. As a con-
sequence of these revisions, and the anticipated envelope of the
absorption band due to transitions into the 1'B, valence state, all
the sharp structure appearing in the experimental spectrum between
~5.5 and 6.0 eV is assigned to vibrational progressions associated
with transitions into the 3sa; 1'B; Rydberg state, either from the
zero-point (i.e. v'/ = 0) vibrational level or from thermally populated
excited vibrational levels. No evidence is found for resolved peaks
associated with transitions into the 1'B, valence state.

The present calculations predict vertical transition energies of
6.36 and 6.51 eV for the 2'A;-1'A; (3pyb1 < 5b;) and 2'B,-1'A,
(3p,a1 < 5bi) Rydberg excitations, respectively, with the former
transition having the higher oscillator strength (Table I). The vibra-
tional structure associated with the 12B; state photoelectron band
spans a width of ~0.8 eV.? This is a similar width to that of the
absorption band observed between 5.5 and 6.3 eV (Fig. 2). Also rele-
vant to the interpretation of these absorption bands are the findings
from the REMPI studies,'* which suggested that the symmetry of
the excited state associated with the sharp structure observed in the
range 5.636-5.975 eV was B; or B,, while the structure between
6.048 and 6.794 eV was associated with one or more states of A;
symmetry.

To investigate whether the experimental evidence might be
affected by the data being recorded using different techniques (one-
photon absorption in the present work; two-photon absorption
presented in the work of Roos et al.'*), one- and two-photon excita-
tion cross sections were calculated for excitation to some of the lower
energy excited states of NBD, under various photon polarization
conditions. When calculating two-photon excitation cross sections,
the photon energy was set to half the transition energy (i.e., the pro-
cess was treated as a one-color, two-photon excitation). The results
from these calculations (Table SI) show that the two-photon excita-
tion cross section for the 3py 2' A; Rydberg state is much higher than
that for the 3sa; 1'B; Rydberg state. Thus, the two overlapping tran-
sitions have significantly different relative transition probabilities
under one- vs two-photon excitation. Note, however, that REMPI
detection probabilities depend on more than just the initial mul-
tiphoton transition strengths. The ionization probability is also a
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sensitive function of the stability of the resonance enhancing state;
shorter-lived excited states typically have a much lower ionization
(and thus detection) efficiency.””

From here on, we focus on the one-photon absorption data.
The peaks in the range ~5.5-6.4 eV (Fig. 2), generally associated
with the 1'B;-1'A; (3sa; « 5b;) transition, become noticeably
broader and the vibrational envelope more complex as the excita-
tion energy increases. This trend is consistent with an excited state
lifetime that decreases with increasing energy, as a result of pre-
dissociation and/or anharmonic coupling to the increasing density
of background vibrational levels, as suggested in the work of Xing
et al.® In that study, the observed reduction in lifetime of the higher
vibrational levels in the Rydberg state was attributed to a rapid deple-
tion through coupling between the 3sa; 1'B; Rydberg and 1'B,
valence states.

The present calculations give an oscillator strength for the
21A;-1'A; (3px < 5by) transition that is ~30% greater than that for
the 1'B;-1'A; (3sa; < 5by) transition (Table I). The measured spec-
trum displays several short, somewhat irregular, vibrational progres-
sions with ~45 meV peak spacings in the energy range between
~6.0 and 6.5 eV. These short progressions are not included in the
extended progressions discussed in detail in Sec. IV A 2, since it is
reasonable to propose that they could be attributable to transitions
to the 3py 2'A; state—in accord with the present theoretical pre-
dictions and the REMPI polarization results. Bearing in mind the
likely vibrational envelopes of the overlapping transitions into the
3sa; 1'B; and 3px 2'A; states (i.e., wherein the bands associated
with absorption to the lowest vi2' levels are weak), it remains uncer-
tain whether some of the absorption contributing to the broader
peaks at energies above ~6 eV should be attributed to the 3px 2'A;
state rather than to the 3sa; 1!B; state. Excitations into the 3p. 2'B,;
state (with a predicted transition energy of 6.51 eV) might also con-
tribute to the spectrum at the high energy end of this region, but
the calculated oscillator strength for this transition (0.001) is low
(Table I).

The (7a; )_1 1A, state photoelectron band in NBD is structure-
less and has a vertical ionization energy of ~9.55 eV.”* Assuming a
quantum defect for the 3sa; « 7a; transition the same as that for
the 3sa; « 5b; transition (i.e. § = 0.81) results in a predicted 3sa;
< 7a; vertical excitation energy of 6.67 eV. The present electronic
structure calculations predict that 3sa; < 7a; excitation contributes
to both the 2'A; state (at 6.36 eV) and the 3'A; state (at 6.83 eV).
The main particle-hole pairs [Fig. S7(a)] contributing to these two
states are predicted to be the same, with the 3px « 5b; excitation
dominating in the case of the transition to the 2'A; state and the
3sa; « 7a; transition dominating for the 3'A; state. The 2'A;-1'A;
transition may well contribute to the rise in cross section observed
around 6.3 eV.

Moving to higher energies, the experimental spectrum in the
energy range 6.5-7.3 eV displays at least two vibrational progres-
sions, each with peak spacings of ~45 meV. A prominent series of
fairly broad peaks, which probably belong to a single progression
(P7), is observed between 6.536 and 7.184 eV (Fig. S10). Another
(weaker) progression (P8) is discerned between 6.515 and 6.874 eV
and a third (P9) between 6.459 and 6.639 eV. The 2'B,, 3'A; and
3!B; states are calculated to have vertical excitation energies of 6.80,
6.83, and 6.95 eV, respectively, and all have a significant oscilla-
tor strength. The 2'B,-1'A; transition is predicted to dominate
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this region of the spectrum and to be carried, principally, by two
one-electron promotions. The NTO plots for this state [Fig. S7(a)]
show that the main contribution is associated with the 3dxy < 5b;
excitation, with a smaller contribution from the 5b, « 7a; valence
excitation. The NTO plots for the 3'B; state [Fig. S7(a)] also identify
an excitation from the 5b; orbital, namely the Sde « 5b; promotion,

as the dominant contributor. Transitions to both the 2'B, and 3'B;
states should thus be expected to result in absorption bands with
vibrational structure resembling that in the 12B; state photoelec-
tron band; transitions to the 2'B, and 3!B, states may well support
the progressions observed between 6.5 and 7.3 eV. Such an inter-
pretation appears consistent with that reached in electron impact
experiments,'” where a peak appearing at 6.65 eV, due to an optically
allowed transition, was attributed to excitation into the 2'B, valence
state. In contrast, the dominant excitation associated with the 3'A;
state (3sa; < 7a;) may be expected to contribute a featureless band.

The calculated vertical excitation energies for the 3!'B, and
4'B, states are very similar: 7.214 eV for 3!B, and 7.217 eV for
4'B,. Each of the particle-hole pairs associated with the 3'B; state
(Table I) would be predicted to result in a structureless absorption
band. For the 4! B; state, the 3d,: < 5b; promotion dominates, which
would be expected to support a vibrationally structured absorption
band. Thus, it seems plausible that transitions into the 4'B; state
contribute to the structure observed between ~7.2 and 7.4 eV.

In summary, transitions from the 5b; orbital into 3d Rydberg
orbitals are likely to be responsible for the vibrational structure
observed between ~6.4 and 7.4 eV, with the 5b, « 7aj, 3sa; < 7aj,
3py < 7a1, 3ay < 5by, and 3px « 7a; excitations all potentially
contributing to the underlying absorption continuum.

The present calculations give a vertical excitation energy of
7.27 eV for the (forbidden) 4'A,-1'A; (3a; < 7a;) transition, which
is broadly consistent with the value of 7.50 eV identified for such a
dipole-forbidden transition by Doering and McDiarmid."”

In the energy range 7.60-8.60 eV, the experimental spectrum
exhibits as least three vibrational progressions, each with a spacing of
~45 meV (Fig. $10). The first (P10), with relatively broad peaks, lies
between 7.652 and 7.976 eV, the second (P11), with sharper peaks,
between 8.044 and 8.325 eV, and the third (P12), also with sharp
peaks, between 8.158 and 8.446 eV. The 6'Bi-1'A, (5by <« 2ap)
valence transition is predicted at 7.65 eV, but this absorption would
not be expected to display vibrational structure. On the other hand,
transitions into the 4'B, state (with a predicted vertical excitation
energy of 7.56 eV) and into the 6'A; and 7' B states (both predicted
at7.77 eV) might be expected to produce absorption bands with such
vibrational spacings, since the NTO calculations show that excita-
tions from the 5b; orbital contribute to each. The broad intense peak
around 7.9 eV probably arises from transitions to one or more of
the 5'A;, 6' A}, and 7'B; states, each of which is predicted to have
a substantial oscillator strength and to be dominated by electron
promotions that should give rise to structureless absorptions.

2. Vibrational progressions associated
with the 1'B;-1'A; (3sa; < 5b;) transition

Our high-resolution (0.27 meV FWHM) photoabsorption
spectrum of NBD, covering the energy range 5.5-6.3 eV, is plot-
ted in Fig. 4. Six progressions, all associated with the 1'B;-1'A,
(3sa; < 5bp) transition, are labeled (P1-P6) and color coded. These
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FIG. 4. The absolute photoabsorption cross section of NBD in the energy range
encompassing vibrational structure due to the 1'B—1'A; (3sa; « 5by) transition.
The six identified progressions (P1-P6) are shown in greater detail in Figs. S11
and S$12, and the full transition assignments (with the n values specified) and exci-
tation energies are given in Table SlI. The estimated positions for the origins of
progressions P1, P2, and P3 are marked with dashed lines.

progressions are shown in greater detail, together with the vibra-
tional assignments, in Figs. S11 and S12 and the excitation energies
are listed in Table SII. The predicted vibrational structure associ-
ated with the 1'B;-1"A, transition, in the form of a stick spectrum,
is plotted in Fig. 5, where only the stronger vibrational excita-
tions are labeled. The simulation includes Herzberg-Teller coupling.
The very good agreement between the simulated (Fig. S13) and
observed structure allows the bands in the experimental spectrum
to be assigned.

As discussed in previous studies,’'” the progressions associ-
ated with the 1'B;-1'A, (3sa; < 5b;) transition involve excitation
of vi2, the wing-flapping mode, either alone or in combination with
other modes. The first step in unraveling the vibrational assignments
comes from comparing (Fig. 6) the present experimental spectrum
and a simulation for the 1'B;-1'A, transition at 0 K (i.e., with all
ground state molecules in their v/ = 0 level). The origin (0,°) band
is extremely weak (Fig. 6); its calculated FCF (Table SIII) is almost
500 times smaller than that of the strongest (n = 7) member of the
12" progression. Unsurprisingly, therefore, when the simulated and
experimental spectra are aligned (using the 120° band as the ref-
erence), the theoretically predicted origin band is too weak to be
discerned in the room temperature absorption spectrum. The peak
observed at 5.6029 eV actually corresponds to the 129! member of
progression P1. Thus, our experimentally determined energy for the
(unobserved) origin band is 5.5567 eV, assuming that the energetic
spacing between the 00" and 12¢' transitions is the same as that
between the 120! and 124 transitions.

A comparison between the energies for the vibrational structure
appearing in the present spectrum recorded on the FTS and those
for the corresponding structure reported in the work of Xing et al.'’
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FIG. 5. Simulation of the vibrational structure associated with the 1'B4—1'A4
transition in NBD in the form of a stick spectrum. Only the stronger vibrational
excitations have been labeled, and only transitions stronger than the 04° transition
have been plotted. The calculated excitation energies have been shifted to higher
energy by 0.1349 eV so that the energy for the 12" excitation coincides with the
experimental value of 5.6029 eV. The spectrum employs the calculated vibrational
wavenumbers (Table [Il). For display purposes, the intensity of the stick represent-
ing the 0p° (origin) excitation has been multiplied by a factor of 50 and plotted in
red.
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FIG. 6. Comparison between the experimental (black trace) and simulated vibra-
tional structure, obtained from the calculated stick spectrum by convoluting with a
4 meV FWHM Gaussian function, associated with the transition to the 3sas 1'B;
Rydberg state of NBD. The main simulation (blue) is for a 0 K sample (i.e., all
molecules initially in the v/ = 0 level), while the localized red trace shows the
origin band re-plotted on a x50 expanded vertical scale. The vibrational wavenum-
bers employed in the simulation are the calculated values (Table |Il), multiplied by
a scaling factor of 0.94, and the simulated spectrum has been shifted to higher
energy by 0.126 eV so that the peak due principally to the 12,° excitation aligns
with the experimental peak at 5.8323 eV.
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shows that the energy scale in the previously reported spectrum is
offset by 8.9 meV toward higher energy. Since the energy scale in
the present FTS measurements is calibrated using atomic absorption
lines whose transition energies are well established, we are confident
that the energy scale reported here is the correct one. We also note
that the structure in the present spectrum appears to overlap very
satisfactorily with that reported in the work of Palmer et al.'

Similar comparisons between the experimental spectrum and
the vibrational simulations have enabled estimation of the origins
for the P2 and P3 transitions, and the estimated origins for the P1,
P2, and P3 progressions are marked in Fig. 4 using dashed lines.

Our vibrational simulations indicate that progressions P2
(green) and P3 (blue) involve excitation of the vi, mode in combina-
tion with the excitation of a single quantum of the vyo (another wing-
flapping mode) or the v4 (C=C stretch) mode, respectively, both of
which have a; symmetry. The experimental spectrum yields sepa-
rations of 100.0 meV (806.6 cm™!) and 187.6 meV (1513.1 cm™')
for one quantum in the vio and v4 modes, respectively, in the 3sa;
1'B; Rydberg state. In comparison, our calculated (harmonic) ener-
gies for the vip and v4 modes are 102.9 and 191.8 meV (829.8 and
1547.2 cm™"), respectively (Table I1T).

It now becomes evident, in accord with our vibrational simula-
tion, that progression P4 (cyan) corresponds to excitation of vy, in
combination with a single quantum in both the v4 and the vip modes.
Note, in contrast to the earlier study,'’ these intervals obtained in
the present analysis all match well with predicted totally symmet-
ric excited state vibrational modes. FC activity in these modes can
be understood by reference to the calculated changes in equilib-
rium geometry upon excitation from the ground state to the 3sa;
1'B; Rydberg state (see Table V). Both vi; and vyo involve wing-
flapping motions and are thus sensitive to Rj2, which decreases
upon excitation to the Rydberg state. The observed FC activity
in the symmetric C=C stretch mode, v4, is similarly understand-
able given the predicted increase in Ri4 upon excitation to the
Rydberg state.

The inclusion of Herzberg-Teller coupling, allowing the exci-
tation of an odd number of quanta in non-totally symmetric vibra-
tional modes, explains the appearance of progression P5 (magenta),
which involves the excitation of vi2 in combination with a single
quantum of the v,3(b;) mode (involving stretching of the C;Cs,
Cs5C,, C3Cs and CoCy single bonds). The sticks corresponding
to this progression are labeled in Figs. S11 and S12. Using the
excitation energies of 5.9524 eV for the 2301120 transition and
5.7868 eV for the 12¢° transition leads to an energy of 165.6 meV
(1335.7 cm™!) for one quantum of excitation in the v,3 mode in
the 3sa; 1'B; Rydberg state. The calculated energy for this mode
is 176.3 meV (1421.6 cm™!) (Table I11). Given the 'B; state sym-
metry, activity in this by mode presumably reflects vibronic interac-
tion with a near-resonant, optically allowed electronic state of 'A;
symmetry—plausibly the 2' A; state.

Next, we consider hot-band transitions. Vibrational simula-
tions were calculated for ground state NBD molecules initially
having a single quantum in the vi2(a1), vao(az, ring twist), vag(by,
CH; wag), or v39(b2, ring pinching/twisting) modes. These are the
lowest energy modes in each of the four symmetry species in the
C,y point group and are therefore the modes most likely to be ther-
mally populated. The resulting vibrational hot-band simulations for
these four modes are plotted in Fig. 7. The simulations have been
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shifted so that the transition energy of the band representing the
12" excitation aligns with the experimental value of 5.6029 eV. The
hot-band simulation for the v3y mode indicates that P6 might be
attributed to the 39,'12," progression. Using the excitation energies
of 5.7868 eV for the 12, transition and 5.7632 eV for the 39;'12¢°
transition implies an energy difference of 23.6 meV between v39 in
the 3sa; 1'B; Rydberg state and in the ground (llAl) state neutral.
The calculated energies for the v3o mode in the respective states [46.2
and 68.3 meV (372.3 and 550.7 cm ™), Table I11] differ by 22.1 meV,
adding confidence to this hot-band assignment.

Figure 8 shows the experimental absorption spectrum of NBD
near threshold. The simulated hot-band spectrum for the vi; mode
(Fig. 7) allows all the observed structure to be assigned. Note the
absence of a peak corresponding to the origin. The excellent match
between the experimental and simulated spectra after inclusion of
the hot-band structure—for example, the relative intensities of the
triplet feature at excitation energies of ~5.60 eV and the doublet of
comparably intense features ~5.65 eV —is key to confirming the pro-
posed numbering of the 12" progression and thus the true energy of
the (unobserved) band origin. The present analysis shows that the
feature hitherto attributed to the 1'B;-1'A; origin presented in the
work of Xing et al.'? and, later, Palmer et al.,”” is actually the 12,
transition.

As already mentioned by Robin and Kuebler,'' the relative
intensities of progressions P1-P4 vary as a function of vi2’, with
P1 being the strongest progression for low values of vi2', whereas
P2 and P4 become more prominent for the higher vibrational lev-
els (particularly evident above 6.1 eV). Our simulations indicate
that a progression due to 10*12" excitations becomes significant at
energies above 6.0 eV and will contribute to the apparent broad-
ening of the peaks associated with the higher vibrational levels.
This broadening is readily observed in the experimental spectrum
(Figs. S11 and S12).

B. Quadricyclane

As in the case of NBD, it proves helpful to start by considering
a simulation of the vibrational structure in the 1°B, state photo-
electron band of QG, as these theoretical predictions help guide our
interpretation of the bands in the QC photoabsorption spectrum.
The simulation, shown as a stick spectrum in Fig. 9(a), has been
shifted in energy so that the stick representing the 10p'12¢" excita-
tion aligns with the feature at 7.858 eV in the experimental spectrum.
The simulation employs the calculated vibrational wavenumbers for
the 1°B, ionic state given in Table V. The present simulation is
in very good accord with that reported previously in the work of
Palmer et al.** and displays rich vibrational structure attributable to
excitation of several a; symmetry normal modes. At the low energy
end of the band, the structure arises primarily through excitation
of two modes (vio and vy3), either alone or in combination with
each other. Ascending in energy, these two modes are predicted
to be excited in combination with other modes, principally vi1, vs,
v, and vs. All these modes involve (symmetric) deformation of the
heavy atom skeletal modes, primarily C-C stretch and CCH bending
motions.”®

A comparison between the experimental 1°B, state photoelec-
tron band of QC, measured at a photon energy of 30 eV,* and a
convoluted (20 meV FWHM) version of this vibrational structure is
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FIG. 7. Simulations of hot-band contributions associated with the dominant P1 progression in the 1'B4—1'A; (3sa; < 5by) transition of NBD. Each panel shows the dominant
12," progression for a 0 K sample (in blue) and the hot-band progressions (in red) that would prevail if all the molecules were instead initially in the (a) vi”" = 1, (b) vao” =
1, (c), vao”" =1, or (d) vag”” = 1 levels. The simulations, obtained from the calculated stick spectra by convoluting with a 4 meV FWHM Gaussian function, have been shifted
to higher energy by 0.1349 eV so that the transition energy of the band representing the 12" excitation aligns with the experimental value of 5.6029 eV.

shown in Fig. 9(b). The convoluted simulation has been shifted in
energy as already described for the stick spectrum. The total width
of the measured photoelectron band is almost 2 eV, with a verti-
cal ionization energy of ~8.4 eV, but vestigial vibrational structure
is only evident on the low energy side (spanning the first ~0.5 eV).
The adiabatic ionization energy is 7.671 eV.>* The peaks at the high
energy side of the experimental photoelectron band (first appearing
at ~8.45 eV) are due to NBD contaminant in the QC sample and
can be disregarded. As previously,”* the convoluted FC simulation
reproduces the broad structures on the low energy side of the exper-
imental photoelectron spectrum well, thereby providing confidence
in the use of our current simulations to guide our interpretation of

the QC photoabsorption spectrum. Only the 1°B, state photoelec-
tron band of QC exhibits any vibrational structure.”* Hence, any
features showing similar structure in the pure QC absorption spec-
trum are likely to be associated with Rydberg states formed through
excitation from the 5b, orbital.

The low energy part of the pure QC absolute photoabsorp-
tion spectrum is plotted in Fig. 10, together with the theoretically
predicted excited electronic states using the transition energies and
oscillator strengths given in Table I1. Figure S6(b) shows the experi-
mental spectrum over an extended energy range (up to 10.8 eV). The
present calculations confirm the conclusions reached previously”’
that transitions to Rydberg states dominate the low energy region of
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FIG. 8. (a) The absolute photoabsorption cross section of NBD in the energy region
close to threshold. Peaks due to hot-band transitions are labeled as well as those
associated with progression P1. A peak associated with progression P6 (the hot-
band progression built on vs” = 1) is also labeled. The estimated position of
the origin (0o°) band is marked with a dashed line. (b) A simulation, for a 300 K
sample, of the vibrational structure associated with the 1'Bs—1"A; transition. The
calculated excitation energies have been shifted to higher energy by 0.1349 eV
so that the energy for the 12, excitation coincides with the experimental value of
5.6029 eV.

the absorption spectrum of QC (Table II). As noted in the Introduc-
tion, the saturated nature of the bonding in QC ensures that vertical
excitation to states with dominant oo™ valence character occur at
substantially higher energies.

The present calculations give a vertical excitation energy of

5.48 eV for the lowest energy spin-allowed transition in QC, the
1'B-1'A,; (3sa; « 5by) excitation, and a low oscillator strength.
The experimental spectrum does not exhibit a distinct threshold; the
absorption cross section is seen to increase gradually from the low
energy limit of the current measurements (5.4 eV). Time-resolved
photoelectron spectroscopy studies® returned a term value (with
respect to the vertical ionization limit) of 2.88 eV for the 3sa;
1'B, Rydberg state in QC. This corresponds to a vertical transition
energy of ~5.5 eV, in good agreement with the current theoretical
prediction.
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FIG. 9. (a) A stick spectrum showing the simulated vibrational structure associated
with the first (12B,) photoelectron band of a 300 K sample of QC. Only the stronger
vibrational excitations are labeled and, since all originate from the v/ = 0 level, the
subscript zero has been omitted from each label. The simulation has been shifted
to lower energy by 0.057 eV so that the stick representing the 10,12," excitation
aligns with the feature at 7.858 eV in the experimental spectrum.?* The simulation
employs the calculated vibrational wavenumbers for the 12B, ionic state given in
Table IV. (b) Comparison between the experimental 12B; state photoelectron band
of QC?* (black trace) and the 300 K vibrational simulation obtained by convoluting
the stick spectrum shown in (a) with a 20 meV FWHM Gaussian function (red
trace).

Two energy ranges (5.4-6.2 eV and 6.0-6.9 V) in the pure QC
spectrum are now selected for discussion of the evident, but weak,
vibrational structure. These regions encompass absorption bands
associated with transitions from the 5b, HOMO to, respectively, 3p
and 3d Rydberg states. In both regions, the structure of interest is
superimposed on substantial, energy-dependent, continuous back-
ground absorption. To highlight the vibrational structure of interest,
we subtract most of the underlying continuum, resulting in the sub-
tracted spectra plotted in Figs. 11(a) and 11(b). The subtraction was
accomplished by using a smooth curve to simulate the assumed
continuum background and then adjusting this curve until the sub-
traction of the signal under the curve from the pure QC spectrum
resulted in the vibrational structure lying on a smooth, low-intensity,
continuum. Note, our main interest in these background-subtracted
spectra is the peak structure and the excitation energies, rather
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FIG. 10. The absolute photoabsorption cross section of pure QC (right hand scale).
The theoretically predicted electronic transitions are plotted as vertical sticks using
the calculated vertical excitation energies and oscillator strengths (left hand scale)
given in Table |I. The adiabatic |E of QC at 7.671 eV?* is marked.

than the overall (slightly background dependent) profiles. Also
shown in Figs. 11(a) and 11(b) are the hot (300 K) simulated
vibrational stick spectra after convolution with a 10 meV FWHM
Gaussian function. The simulation plotted in Fig. 11(a) is for the
3p, < 5b, excitation, while that shown in Fig. 11(b) is for the
3dy, < 5b, excitation. Both simulations use the calculated normal
mode wavenumbers (Table IV) and have been chosen for further
discussion as these particular excitations represent 3p < 5b, and
3d <« 5b, transitions with high predicted oscillator strengths
(Table IT). As expected, the vibrational simulations for excitations
to the 3py, 3p;, and 3dy, Rydberg states are all very similar and, as
Figs. 11(a) and 11(b) show, the predicted structure in the convo-
luted simulations show reasonable agreement with that found in the
experimental spectra, especially on the low energy side. The group-
ing of peaks into triplets [particularly in Fig. 11(b)] is noteworthy,
but we also note that the alignment (in energy) between the simu-
lations and the experimental spectra is somewhat arbitrary and that
the electronic structure calculations predict that transitions to more
than one Rydberg state will occur in the energy regions encompassed
in both Figs. 11(a) and 11(b).

Vertical excitation energies of 5.81, 5.93, and 6.02 eV are pre-
dicted for the 1'A,-1'A; (3px < 5b2), 21A-1'A4 (3py « 5b2), and
21B,-1'A, (3p, « 5by) transitions, respectively. The first of these
is dipole forbidden at C,, geometries but, as noted in Sec. III B,
gains increasing oc* valence character (and thus transition proba-
bility from the ground state) upon distorting toward more NBD-like
geometries.”” This excitation can thus be expected to contribute to
the underlying continuum absorption in the lower energy range.
Of the other two 3p < 5b, promotions, the transition to the 2'B,
state is predicted to have the greater (by more than a factor of two)
oscillator strength (Table IT). The NTO plots [Fig. S7(b)] for the 3py
2'A; and 3p, 2'B; states show that both are dominated by a sin-
gle particle-hole orbital pair. Transitions to these Rydberg states,
particularly to the 3p, 2'B; state, are thus most likely to account for
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FIG. 11. The background-subtracted QC photoabsorption spectrum (red) in the
energy regions predicted to encompass structure associated with transitions to
(a) 3p and (b) 3d Rydberg states. FC predicted (300 K) vibrational stick spectra
for excitation to, respectively, the 3p, and 3dy, orbitals, after convolution with a
10 meV FWHM Gaussian function, are plotted in blue in (a) and (b). The con-
voluted simulations have been shifted in energy to approximately align with the
structure in the experimental data. The simulation for the 3p Rydberg state has
been shifted to higher energy by 0.200 eV, while that for the 3d Rydberg state has
been shifted to lower energy by 0.014 eV.

the structure observed in the absorption spectrum between ~5.5 and
6.2 eV. For completeness, we note that excitations to the 3sa; 1'B,
state should also be expected to contribute to the underlying con-
tinuum absorption in this energy range, but also note that the cal-
culated oscillator strength for the 1'B,-1'A; (3sa; < 5by) transition
is low.

The alignment of the simulated vibrational spectrum shown in
Fig. 11(a) places it 2.33 eV below that of the 1°B, state photoelectron
band [Fig. 9(b)]. This energy difference implies a quantum defect
of 8 = 0.57, which is a typical value for a p-type Rydberg state. The
shift agrees well with the term values of 2.24 and 2.29 eV reported
previously®! for the two 3p states.

Vertical transition energies to five 3d Rydberg states are pre-
dicted between 6.48 and 6.83 eV (Table II). One of these (the
2'A, state) is optically forbidden from the ground state and the
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oscillator strength for the 3'B,-1'A; transition is low. For the
remaining transitions, vertical excitation energies of 6.53 and
6.57 eV have been calculated for the 3'A;-1'A; and 1'B;-1'A; tran-
sitions, respectively (Table IT). These two close-lying transitions are
each predicted to have a high oscillator strength. At slightly higher
energy, the 4'B,-1'A; transition is predicted at 6.83 eV, with a
similar oscillator strength. The NTO plots for the 3'A;, 1'By, and
4'B; states [Fig. S7(b)] show that a single particle-hole orbital pair
dominates each of these states. It therefore appears reasonable to
associate the vibrational structure observed in the absorption spec-
trum between ~6.0 and 6.8 eV with transitions to one or more of
the 3'A;, 1'B;, and 4'B, states, but their relative stabilities with
respect to coupling to the high density of levels associated with the
short-lived 3p Rydberg states (and thus the extent of their lifetime
broadening) remain unknown. Again, we note that direct excita-
tions to the 3p states are also likely to contribute to the underlying
absorption continuum in this energy range.

Relative to the first photoelectron band of QC (Fig. 9), the sim-
ulated vibrational spectrum shown in Fig. 11(b) lies 1.68 eV lower in
energy. This shift equates to a quantum defect of 0.15, typical for a
d Rydberg state. It should be noted, however, that our calculations
predict absorption to four 3d Rydberg states (three with substantial
oscillator strength) in the energy range encompassed in Fig. 11(b),
but only one vibrational simulation has been included in this plot.
Many uncertainties thus remain with regard to any complete inter-
pretation of the QC absorption spectrum in this energy range and at
all higher energies.

Time-resolved photoelectron spectroscopy (TRPES) studies
could provide one route to advancing this understanding. The
first such studies, exciting QC at 208 nm (5.96 eV),”! were inter-
preted (based on the observed electron kinetic energies and the
derived binding energies/quantum defects) in terms of excitation
to the 3s state and one or more 3p Rydberg states—consistent
with the foregoing interpretation. Population in these excited states
was deduced to decay on a sub-picosecond timescale. More recent
TRPES studies (at 200.6 nm, 6.18 V) using an extreme UV probe
wavelength (65.35 nm, equivalent to a photon energy of 18.97 eV)
confirmed initial population of both 3p and 3s Rydberg states. Two
sub-picosecond decay timescales were identified and interpreted
via complementary ab initio molecular dynamics calculations. The
faster process involves nonadiabatic coupling via the valence state to
the ground state potential (via a conical intersection at a distorted
geometry between that of QC and NBD), whereas the slower pro-
cess allows some interconversion between Rydberg states of QC and
NBD prior to coupling to the valence state and thence the ground
state.

Further very recent TRPES studies® at various pump wave-
lengths in the range 224-195 nm (5.53-6.36 V) provide additional
support for the foregoing assignments of the UV absorption spec-
trum of QC, showing the (expected) increasing 3p/3s population
ratio with increasing photon energy and (on the basis of deduced
decay time constants) that any 3d Rydberg states populated within
this photon energy range are very short lived.

60

V. SUMMARY

The FTS at the SOLEIL synchrotron radiation facility has been
used to measure the absolute photoabsorption cross sections of NBD
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and QC from threshold up to 10.8 eV. Atomic absorption lines
provided an accurate photon energy calibration.

The absorption spectrum of NBD exhibits some sharp struc-
ture due to transitions into Rydberg states, superimposed on several
broad bands attributable to valence excitations. Some resolved, but
much weaker, structure also appears in the photoabsorption spec-
trum of QC. Assignments have been proposed for some of the
absorption bands using calculated vertical excitation energies and
oscillator strengths obtained with the ADC(2) method. The char-
acter of the excited state has been investigated using NTOs, and
several of the transitions in NBD have been shown to possess a mixed
Rydberg/valence character.

Simulations of the excited state vibrational structure were gen-
erated from calculated transition intensities and excitation ener-
gies. These calculations include excitations allowed within the FC
approximation and also those appearing through Herzberg-Teller
coupling. Hot-band excitations have also been studied. Simulations
of the vibrational structure associated with ionization into the 12B;
state in NBD and the 1°B, state in QC are consistent with the
measured photoelectron spectra and proved helpful in identifying
absorption bands due to transitions into Rydberg states associated
with series converging onto these limits.

A comparison between the predicted vibrational structure for
the 1'B;-1'A; (3sa; « 5by) transition in NBD and the experimental
absorption spectrum in the energy range ~5.5 to 6.3 eV allowed the
excitation energy of the origin band to be established and the active
vibrational modes to be identified. Six vibrational progressions have
been assigned in the 1'B-1'A; absorption band. Four of these
progressions involve excitation to Franck-Condon active modes
of a; symmetry. Another involves excitation of the v3(b;) mode,
enabled by Herzberg-Teller coupling, while the sixth is assigned
as a hot-band progression involving the vso(b2) mode. The present
vibronic analysis reveals the need for some reassignments relative
to those proposed previously.'”'” At higher photon energies, sev-
eral vibrational progressions were attributed to transitions from the
HOMO into 3p or 3d Rydberg states, using calculated vertical excita-
tion energies. The theoretical predictions also allowed several broad
absorption bands to be assigned to valence excitations.

Transitions into Rydberg states dominate the energy range cov-
ered by the present absorption spectrum of QC. Weak vibrational
structure, attributable to transitions from the 5b, orbital into 3p
or 3d Rydberg states, was observed between ~5.4 and 6.1 eV and
~6.1 to 6.8 eV, respectively. Simulations of the vibrational struc-
ture associated with the 3p, < 5b, and 3dy, < 5b, transitions were
compared with the experimental spectra and some similarities were
evident.

SUPPLEMENTARY MATERIAL

See the supplementary material for plots of the molecular
orbitals and the NTOs of NBD and QC, a description of the synthesis
of QC, figures showing the “raw” and “pure” QC absorption spectra,
expanded plots of the threshold region of the 1°B; state photoelec-
tron band of NBD and the absorption spectrum of NBD (together
with assignments), a discussion of one- vs two-photon excitation in
NBD, a description of the benchmarking of the theoretical methods,
and tables of vibrational wavenumbers.
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