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Abstract: The 30 lowest electronic states of furan have been investigated with theoretical calculations (up to
approximately 8.3 eV), and the experimental spectrum scrutinized in the relevant energy region. Electron
correlation effects have been examined by performing calculations in a hierarchy of coupled cluster models,
and basis set effects have been investigated by carrying out calculations using extensive basis sets. The difference
between vertical and adiabatic excitation energies have been calculated. Oscillator strengths, excited-state
dipole moments, and second moments of the electronic charge distributions have been used to characterize the
calculated electronic transitions and final states. Several reassignments of features in the experimental spectrum

have been suggested.

Introduction

vertical excitation energies. One of the major sources of errors
in the excitation energies is from incompleteness in the one-

The electronic spectrum of furan has been investigated in gectron basis set. Most standard basis sets are optimized for

several experimental'?2 and theoretical papetd:*” It is

ground-state calculations. As excited states are often consider-

noteworthy that recent theoretical ab initio studies advocate quite 5y more diffuse than ground states, extended basis sets are
different assignments of several features in the experimental herefore required. A proper treatment of electron correlation

spectrum. The experimental ultraviolet (UV) spectifri?

is also important for accurate excitation energies, as calculations

exhibit a few broad and diffuse bands overlapped by a number neglecting electron correlation are often wrong By3leV. The
of Rydberg transitions. Additional information on the electronic yertical excitation energies themselves are not experimental
spectum have been obtained from multiphoton ionization ghservables, and calculations of the® and other vibronic

(MPI)1011 and electron impact (E3Y spectroscopies. The

transitions are therefore more appropriate for comparison with

proposed experimental assignments are in some cases contradigsyperiment. However, investigation of excited-state potential

tory, and, in total, the interpretation is far from straightforward.

surfaces is far less well-established in ab initio quantum

Accurate calculation of electronic excitation energies has chemistry than similar studies are for the ground states, and
remained one of the most challenging tasks of ab initio quantum only very recently have efficient techniques been developed for
chemistry. The differential nature of the excitation energy such studie$8 20
makes it compulsary to have a balanced treatment of the two  Different strategies exist for calculation of vertical excitation
states involved in the excitation process to obtain accurate energies given an appropriate choice of one-electron basis set.
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In a broad sense, they can be divided into two classes: (1)
methods where the total energies of the two states are calculated
explicitly and independently and (2) methods focusing directly
on the calculation of energy differences. The first class of
methods is exemplified by multireference configuration interac-
tion (MRCI)!32 and multireference perturbation theory ap-
proaches (CASPT2,MRMP¥;17222%he second by the response
theory approach as applied for a Hartréeck (HF) or coupled
cluster (CC) reference state. In strategy 1, both states and their
total energies are calculated and the excitation energy is obtained
by subtraction of these energies. In strategy 2, a ground-state
calculation is followed by the solution of a response eigenvalue
equation giving the vertical excitation energies directly. The
excited-state total energy may, in turn, be obtained by addition
of the ground-state total energy and the excitation energy. While
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the two strategies are obviously equivalent for exact wave Initial benchmark calculations against full configuration
functions, they suggest different approximations for approximate interaction (FCI) for vertical excitation energies have given very
calculations. Another essential difference between the two promising result§-32 The error in the excitation energies for
strategies is that in the state-specific approach a priori physicalthe lowest excited states of a test suite of small molecules was
insight is needed to identify the excited state, whereas in the reduced with about a factor of 3 at each level in the hierarchy,
response function approach, response eigenvalue equations argiving a mean (maximum) error of about 0.03 (0.1) eV at the
simply solved for the number of roots representing the desired CC3 level?83132 The same behavior, as in the benchmark
number of excited states. It therefore becomes exceedingly calculations, has been found in calculations on several organic
more difficult to apply the state-specific approach for higher molecules, including ethylene and benzéh®. These initial
excited states, while no such difficulty exists in the response results suggest that the hierarchy of coupled cluster models CCS,
function approach. In the response function approach, it is cc2, ccSD, and CC3 (or CCSDR(3)) may be as usefull for
straightforward to determine excitations to several Rydberg excited-state studies as self-consistent field (SCF), second-order
states or to states where coupling occur between the Rydbergygiier—Plesset perturbation theory (MP2), CC&and CCSD
and valence states. with a perturbative triples correction (CCSD(¥)have been

For few-electron systems, multireference configuration in- for calculation of ground-state properti&s® The accuracy
teraction (MRCI) calculation has for a long time been an option gescribed above for the excitation energies has been obtained
for obtaining highly accurate excitation energies. However, the oy for excitation energies that are single-electron replacement
factona_ll growth Wlth the size of the system and the Iac_k of size yominated. States such as the so-called eluBgestate of
extensivity of this approach has made such calculations non-pep;ene where there are significant contributions from double
tractable for larger systems. In rr_1u|t|reference perturbqtlon excitations are described less accurat®f. The double-
theory methods, a multiconfigurational self-consistent field o, iation contribution in an excitation process can be monitored

;:altchulatllontls "t"t'at"¥ Ca”;\?d (t)utthtogbtaln a f'lrSt aprIJr(t)_X|m_at|t())nth by the percentage of single excitation in the solution vectors. If
ct) te € ?C ronic Sn? ZS]; ] gx ! f iynalllmlca cgge ?dlop in r? - this falls below 90 or so, less accurate results can be expected
states are accounted for by a (typically second order) pertu than described above.

bational correction. Such calculations rely on physical insight . ) ) ,
prior to the actual calculation as active spaces needs to be chosen | © stimate the basis set error for polyatomic molecules, it
for each state. Improving the accuracy by using higher-order IS important to carry out calculat|on_s using h_|erarch|_es pf ba_S|s
perturbation theory seems bound to fail, as even single reference>®ts that converge toward the basis set limit (e.g., in line with
perturbation theory fails to convergence and behave erratic for the correlation consistent basis sets of Dunnitigl.arge one-
many-electron systen?$25 Expanding the reference spaces is €lectron basis sets must be used in this context, and integral-
neither plausible for obtaining increased accuracy because ofdirect techniques along the lines suggested by Afffilare often
practical limitations in the size of active spaces that can be required to make such calculations feasible. Recently, the
treated. integral-direct concept was introduced into coupled cluster
For molecules that have a ground state that is well-describedtheory by Koch et a#?4% The integral direct algorithm has later
by a single reference state a tractable alternative to the statedeen extended to calculation of excitation energies, ground- and
specific approaches is to use response methods for couplecXcited-state properties, and transition propefies.*3
cluster reference states. We have defined a hierarchy of coupled By carrying out sequences of calculations using twin-adoption
cluster models, CCS,CC2,CCSD,CC3, that gives excitation of a hierarchy of coupled cluster models and hierarchies of basis
energies and molecular properties of increasing accuracy withset, it is possible to estimate the accuracy of calculated excitation
increasing complexity in the calculatioffs?8 CCSand CCSD  energies. Calculation of oscillator strengths and excited-state
denote the coupled cluster singiesind the coupled cluster  properties are important for the characterization of the excited
singles and doubles approximatighrespectively. In CC2,  states, and they also give information that is useful for a
approximations are introduced to the doubles equations of
CCSD2 In CC3 the triples equations of the coupled cluster ) (3%) KOC;44H'7; Chrzistiansen, O.; Jargensen, P.; Olsegheém. Phys.
smgles_, dOUbles.and triples mOdels. are approximététl For et(téZ)ggﬁristiénsse_nS, O Koch, H.; Jargensen, P.; Olsegh&m. Phys.
excitation energies we have also introduced CCSDR(3) as a et 1996 256, 185-194.
cheap noniterative alternative to C€%.These models in (33) Christiansen, O.; Koch, H.; Halkier, A.; Jgrgensen, P.; Helgaker,
combination with the aforementioned response theory approachT-: Sanchez de Meras, A. Chem. Phys1996 105, 6921-6939.
gives “black box" methods for calculation of electronic excita- Chgr‘rt)_ Eﬁgg?‘(gg‘ggg Eg;ﬁ‘fgf&%_w” Pople, J. A.; Head-Gordon, M.
tion energies. Thus, there is in these models no adaption to (35) Taylor, P. R. InLecture notes in Quantum Chemistry, European
the particular system under study. After the one-electron basissummer School in quantum chemistRoos, B. O., Ed.; Springer-Verlag:
set has been chosen, the complete set of excitation energies ige”'”' 1992; pp 325412. Taylor, P. R. IrLecture notes in Quantum

. . hemistry, European summer School in quantum chemioys, B. O.,
defined for each of the coupled cluster models and it only gq: Sprir{ger_\,e%ag; Berlin, 1994, a msey

remains to decide how many states to actually investigate. (36) Helgaker, T.; Gauss, J.; Jergensen, P.; OlsénChem. Phys1997,
106, 6430-6440.
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gualitative assignment of the excited states, for example, in termsbasis set extended with one tighter and two more diffuse sets
of valence and Rydberg states. of (spd) molecule centered basis functions. We denote this basis
Concerning the investigation of excited-state surfaces and D+10. We describe in more detail the convergence of the
calculation of adiabatic and zero-point vibrational energy excitation energies, with respect to tNeelectron (subsection
corrections, it has recently been demonstrated by Stanton and) and the one-electron expansion (subsection C) for some of
Gauss that this can be done both efficiently and accurately usingthe lowest states 3\, symmetry. Details about these calcula-
coupled cluster techniqué32® Furthermore, studies of this kind  tions and the calculations of the other symmetry classes can be
on symtetraziné* and benzerfé have demonstrated that it is  found in ref 43.
important to take into account the difference between vertical Geometry optimizations have been performed for a number
and adiabatic excitation energies, as well as the differences inof excited states at the CC2 level. Test calculations indicated
zero-point vibrational energies, when discussing an accuracythat the CC2 level is appropriate at least for the Rydberg states.

in excitation energies of a few tenths of an electronvolt. For example, for the lowest Rydberg statel8f symmetry,
the CCS model gave a difference between the vertical and the
Calculational Considerations adiabatic excitation energy of 0.249 eV while the correponding

) ) ) . numbers for CC2 and CCSD were, respectively, 0.154 and 0.178
The electronic conﬂgyraﬂon of th'e.ground state of furan is v |y all of the geometry optimization calculations, we have

1by?2by*125%3b;°2a,° writing out explicitly only the occupan-  sed the doublé-basis of ref 49 with polarization functiotfs
cies of thesr electrons. A low-lying valence excited state of 5 all atoms and diffuse functions for the heavy at§tnaVe
1522 syzmmletryl eéasts with the principal configuration  genote this basis as DZPR. For the valence states, we also report
1b,*2by*18,'30,'22,°.  We denote this statéB,. The two results obtained without the diffuse functions in this basis, and
valence configurations with nominat electron occupations e denote this basis DZP. All calculations were done using
1by?2b*125'3b;°2a," and 1,?20;'1a,°3b,'28,° give rise to two frozen core orbitals. The same basis was also used for the HF

other valence states & symmetry. We denote the lower of  c5icylations on the furan ground state and the two ionized
these'A;~ and the highetA;™. Other valence states, including systems.

the one that originates from thé2— 2a, electronic excitation,
exist but are found to be somewhat higher in energy. Fhe
electron approximation also predicts correctly that the lowest

gtate of the furan cation ha&, symmetry and the second lowest o0 1ations of excitation energies, transition properties, and

B; symmetry. The experimental ionization potentials are, ground- and excited-state properti88%43 The geometry

respec’uvelyz 8.883 and 10.308 eV. Accordingly, a number of optimizations at the coupled cluster level have been performed

Rydberg series can be expected to converge toward these Value%sing numerical gradients. The HF optimization and frequency
In this study, we analyze the electronic spectrum of furan up cajculations were performed using analytical derivatives as

to around 8.3 eV reporting calculations of about 30 states. Thesejncjuded in the Dalton program.

states include, in addition to the valence stdt&s 'A;~, and

'Ar", the I, —nl forn=3,4 andl =0, 1, 2 Rydberg states,  jjystrate the convergence of the excitation energies for the
as well as a number ofe} — 5l and 2, — 3| Rydberg states. o pled cluster hierarchy, we have displayed in Figure 1 the
Computational Details. We have used the experimental excitation energies for the lowest states&f symmetry using
geometry in all of the calculations of vertical excitation the ANO basis. We see good convergence for the excitation
energied® For the molecule-centered basis functions, we have energies in the hierarchy of coupled cluster models. The CCS
used the same center as Serrano-Andres ¥t dlhis center results are in some cases quite erratic, often resulting in a wrong
was obtained as the average between the centers of the charggrdering of the states. CC2 is a significant improvement giving
centroids of theA; and?B, furan cations. We have used the  results that is within a few tenths of an electronvolt of the CCSD
ANO basis of ref 16 in the calculations where we have results. Triples corrections lower the excitation energies, and
investigated the convergence with respedtitelectron models.  the CCSDR(3) and CC3 results are quite close. For the Rydberg

The basis set study was performed at the CCSD level, usingstates, the effect of triples is of the order 0-@108 eV. For
the ANO basis set and the cc-pVDZ and cc-pVTZ basis®$ets  the valence states, the effect of triples is 0-025 eV. The

augmented with both molecule-centered diffuse functions and |argest effect of triples excitations is for th&,~ state. This
diffuse functions centered at the atoms. The diffuse atom state has also a slightly larger contribution from doubly

centered basis functions were (sp/s) and (spd/sp) for the cc-replacement electronic configurations, but the single excitation
pVDZ and cc-pVTZ, respectively, with exponents taken from \yeight is still 91%. The other considered states have a single

ref 47. A series of molecule-centered prlmltlve basis functions excitation We|ght of 9496%. For an estimate of the accuracy
was constructed according to Kaufmann éfand convergence  of the excitation energies, we turn to our FCI benchmark
within this series tested for the considered Rydberg states. Weca|culations®:32 Since the coupled cluster response theory
have chosen to use a (7s7p7d) set giving the7land H7 :
basis sets, comprising, respectively, 177 and 330 basis functions. gggg gggmfg’% TL #J&Tﬁ: ghés%gégrt?:&ZBRZC‘;Z/f%&Chem coc
To demonstrate the convergence with respect to the molecule-;q7 101 2556 266, The exponents used are 0.7(+,p). 0.654(C.c), and
centered basis functions, we also give the results for & D 1.211(0,d).

(51) Dunning, T. H.; Hay, P. J. INMethods of electronic structure theory

The calculations were performed using a local version of the
Dalton progran®? including the integral-direct coupled cluster
program that recently has been extended to allow integral-direct

N-Electron Convergence on Excitation Energies. To

(44) Stanton, J. F., Gauss,J.Chem. Phys1996 104, 9859-9869. Schaefer, H. F., lll, Ed.; Plenum Press: New York, London, 1977; Vol. 2.

(45) Christiansen, O.; Stanton, J. F.; Gauss, Lhem. Phys1998 In The exponents used are the following: oxygen, 0.032(s), 0.028(p), 0.015-
press. (d); carbon, 0.023(s), 0.021(p), 0.015(d).

(46) Mata, F.; Martin, M. C.; Sgrensen, G. {0.Mol. Struct.1978 48, (52) An Electronic Structure PrograniRelease 1.0; Helgaker, T.; Jensen,
157-163. H. J. Aa,; Jargensen, P.; Olsen, J.; Ruud, Kgrén, H.; Andersen, T;

(47) Kendall, R. A.; Dunning, T. H.; Harrison, R.J.Chem. Physl992 Bak, K. L.; Bakken, V.; Christiansen, O.; Dahle, P.; Dalskov, E. K;
96, 6769-6806. Enevoldsen, T.; Fernandez, B.; Heiberg, H.; Hettema, H.; Jonsson, D.;

(48) Kaufmann, K.; Baumeister, W.; Jungen, 8,Phys. B: At. Mol. Kirpekar, S.; Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P. Packer,

Opt. Phys.1989 22, 2223-2240. M. J.; Saue, T.; Taylor, P. R.; Vahtras, O.; 1997.
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Figure 1. Excitation energies for the lowest states'af symmetry Figure 2. CCSD excitation energies for the lowest states'Af

of furan in different coupled cluster models using the ANO basis set. symmetry of furan in different basis sets.

results scales correct with the size of systems (meaning thatTable 1. One-Electron Properties for the Lowest Stated/af
results of similar accuracy can be expected for few-electron and Symmetry Calculated at the CCSDHI Level
many-electron systems) and is a “black box” approach (there &0 520 20 20

is no adaption of the models to the particular system under

) . A 11A 27 24.3 134. 133.3 |
study), we can gain a good estimate of the reliability of the . ! 0.273 34.9 3 vatence
present results by comparing with these benchmark data. In *« 0.367 256 1367 1346  valence
the benchmark calculation, there is for single excitation ~0.037 8.3 1934 1510 al—3dy

_ , r N _ —-0.063 2157  313.8 1934 al—4dy
dominated states (single excitation weight larger than 90%) a —0.188 137.1 219.5 167.1  b2— 3p,
reduction in error by about a factor of 3 at each level in the 0.147 422 146.4 146.2 valence
CCS, CC2, CCSD, CC3 hierarchy. According to this behavior —0.096 660.1 765.9 341.8  al— 50y

a reasonable estimate of the error in the CC3 results is half the
difference between CC3 and CCSD. This gives an error less
than 0.1 eV for all states except the two valeh&gstates, where
we estimate that a slightly larger error (6:0.2 eV) might be
possible. This type of error seems reasonable and conservativ
in comparison to the mean (maximum) error of about 0.03 (0.1)
eV of CC3 in the benchmark calculations. We also point to
that on the basis of a similar series of calculations for benzene,
the 0-0 excitation energy for the valenckB,, state was
predicted within 0.1 eV. This state was found to contain similar
weight of doubles excitations as th&,~ state considered here.
One-Electron Basis Set Convergence on Excitation Ener-
gies. The convergence of CCSD excitation energies with
extension of the basis set is displayed in Figure 2 for the lowest
2:2:22 giﬁltﬁgrg;gggfg 'g?aetebsazlrsé ?%t:gzcé?ﬁfrremi\ﬁznce are identified from the _e_xcitation vector. The virtual ort_JitaIs _
valence state is relatively unaffected by the basis set extension:have less physical S|gn|f|cance, especially when the baS.IS. set_ IS
the T+7 result being lowered by 0.63.06 eV compared to enlarged. Secqnd, the. oscillator strength for the transition is
calculated. Third, excited-state molecular properties as the

the results in the other basis sets. TWa™ state is quite dinol tand th q s of the electronic ch
sensitive to the basis. The ANO basis gives an excitation energy Ipo’e moment and the second moments ofthe electronic charge
distribution are calculated. The latter can be used to measure

about 0.22 eV higher than thetT basis, while the B-7 basis the diff t th ited stat 4 is therefore i rant
result is only 0.07 eV higher than thetT result. The ANO € diffuseness of tne exciled state and 1S therelore importan

for the classification into valence and Rydberg states. To
illustrate the use of excited-state molecular properties in the
assignment of electron transitions, we give in Table 1 the
molecular dipole moments and second moments of the electronic
charge for the lowest states#f; symmetry in the CCSD/B7
calculation. We see clearly that some states are selectively
compact: these are the valence states. Others are considerably
more diffuse, typically with a directional dependency. Together
with an analysis of the orbitals from which the primary electron

triple-¢ quality has been found for other molecules (e.g.,
benzene§34! Experience from test calculations on smaller
systems indicates that going from triple- to quadrupkpaality
%asis sets gives only changes of a few hundreth of an
electronvolt. Overall, we therefore expect the Mbasis to give
results within a few hundreth of an electronvolt of the basis set
saturated result.

Qualitative Assignment of the Excited States.Qualitative
information about electronic transitions and the excited states
can be obtained in a number of different ways from the ab initio
calculation®?® The qualitative assignments in this paper are
based on three such pieces of information. First, the occupied
molecular orbitals involved in the primary electronic promotion

basis set is incapable of describing the= 4 Rydberg states.
These are described by theHd basis set and are insensitive to
the further addition of tight and diffuse molecule-centered basis
functions, as seen by thet10 basis set results. The (7s7p7d)
molecule-centered basis set is stable within 0.02 eV against
inclusion of further molecule-centered basis functions in the
sequence of Kaufmann et &lfor the electronic states below
8.4 eV. The effect of going from the-B7 to the much larger
T+7 basis set is an increase of 0£3.04 eV for all Rydberg
states. Similar increase in the excitation energies for all Rydberg ™ (53) Head-Gordon, M.; Grana, A. M.; Maurice, D.; White, C.JAPhys.
states going from valence basis sets of douplguality to Chem.1995 99, 1426114270 and references therein.
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Table 2. Excitation Energies (eV) for the Lowest Valence States ~ as an order of magnitude estimate of the difference between

of Furan vertical and adiabatic excitation energies. Furthermore, the zero-
B, A At point vibrational contributions have not been included for the

CCSIANO (vert) 6.32 8.09 8.95 valence states. It appears to be unnecessary to pursue these
CC2/ANO (vert.) 6.40 6.82 8.38 aspects further to reliably assign the spectra, as will be discussed
CCSD/ANO (vert.) 6.49 6.86 8.56 in more detail in the next section. We have therefore avoided
CCSDR(3)/ANO (vert.) 6.38 6.69 8.40 the rather costly calculations that would be required to signifi-
CC3/ANO (vert.) 6.35 6.61 8.35 cantly improve on the present CC2 results.
CCSD/T+7 (vert.) 6.45 6.82 8.34
CC3-CCSD/ANG(vert) —013  -025  -0.21 The Electronic Spectrum of Furan
estimated (vert.) 6.32 6.57 8.13

Several studies have been reported on the experimental

oscillator strength 0.144 0.000 0.350 electronic spectrum of furatt!2 but a reliable assignment has
CASPT2/ANO (vert.) 6.04 6.16 7.74 not been performed for many of the observed electronic
mggﬂ\s‘e’%‘) g_‘gg g:(l)g ;‘gg transitions. Considering the complexity of the furan spectrum
due to a large number of overlapping transitions, it is obvious
V-A CC2/DZPR ng)b 0.27 0.41 that experimental assignments are difficult. We demonstrate
x:ﬁ ggg;g%g %2)2 g'ig g'g‘; 8'32 how some of the ambiguities in the experimental assignment
S ' ’ ' can be resolved on the basis of the coupled cluster electronic
exptl max. 6.04 7.80 spectrum. We consider only assignments of electronic transi-
%Ztl range approx. 151736'4 17?;5_8'5 tions and not the accompanying vibrational structure. A number

of previous calculations of vertical excitation energies have been
anZnggsD lesqgibltlrt]ig%Esgngiﬁgg{ggetg‘gedggﬁggﬁ \?:rtt\;‘éz?’;r%% reported®-17 but will not be discussed in any detail here. For
adiabatic excitati%n energy. Constrained symmetry.© Difference a mprg detalled. comparison betWQen our calculated vertical
between vertical and adiabatic excitation energy. Constrainagto ~ €Xcitation energies and those previously calculated, we refer
symmetry. the reader to ref 43.

Valence States. While some discussion has occurred over
promotion takes place, a qualitative assignments is then madethe years, with respect to the two most intense bands in the
to specific Rydberg transitions. In Table 1, we see how the experimental spectrum, it is now generally accepted that they
second electronic moments increase drastically inNhe 3, are due to transitions to tH®, and'A;" valence states. The
4, 5 series. A closer analysis of the orbitals from which the 1B, — 1A transition has been assigned to the band around a
electron promotion takes place shows some mixing between themaximum of 6.04 eV, while théA;™ — 11A; transition has
la, — 4dyy and D; — 3p, states. This just confirms that the  been assigned to the most intense feature in the spectrum with
gualitative assignment is indeed only qualitative. Naelectron a maximum around 7.80 eV. These bands are very broad and
solutions contain more information than can be contained in an expanding up to 1 eV. There are no resolvedOOransition
independent-particle description. The calculated molecular energy and no assigned vibrational progressions. This makes
properties of the excited states of course have a physicalit difficult to compare the calculated excitation energies with
meaning, independent of the qualitative interpretation. experimental excitation energies. The maxima in the bands is

Vertical, Adiabatic, and 0—0 Transition Energies. In about 0.2-0.3 eV lower than the estimated best vertical
Tables 2-4, we have given the difference between adiabatic excitation energies obtained from the large basis set CCSD
and vertical excitation energies obtained in CC2/DZPR calcula- results corrected for the effect of triples excitations.
tions. These differences are important for all states in view of ~ Many theoretical investigations have ignored the uncertainty
the accuracy of the calculated vertical excitation energies. Forthat exist with respect to obtaining experimental vertical
the Rydberg series converging to th& ionization potential, excitation energies and simply assumed that the frequency
we find, not surprisingly, very similar effects for all states. The related to the peak with maximum intensity can straightfor-
difference between adiabatic and vertical excitation energies iswardly be compared with the theoretically calculated vertical
0.16 £+ 0.03 eV for alln = 3 Rydberg states. The difference excitation energies. This approach can be misleading when
between vertical and adiabatic excitation energies for the subtle issues referring to energy scales of the order of a few
Rydberg states with atB; ionic core is smaller. tenths of an electronvolt is discussed. As an example, consider

The importance of zero-point vibrational effects were inves- the !By, valence state of benzef®?> The difference between
tigated in exploratory calculations on ionization potentials for the vertical excitation energy and the-0 transition energy is
the furan?A, and?B; cations. The results are given in Table 5. calculated to be 0.29 eV. Experimentally, the maximum
We find very small contributions from zero-point vibrations to intensity UV peak is about 0.18 eV higher than the
the ionization potential. Accordingly, we estimate that the zero- transition energy. The difference between the vertical and the
point energy contributions to the-® transition energies to be  maximum peak excitation energies is therefore 0.11 eV in this
vanishing {A,, 0.00 eV) or very smallg;, —0.04 eV) for the case.
corresponding Rydberg states. It is interesting to note that for For the furan states studied here, the effect of geometrical
the Rydberg states the differences between the vertical and therelaxation is several times larger than the 0.15 eV in the benzene
adiabatic excitation energies are of similar size and opposite in 1B,, state, and the uncertainty may therefore also be expected
sign to the effect of increasing the basis set from polarized to be somewhat larger. The abovementioned agreement is thus
double¢ quality to polarized triplez quality. as good as can be expected in view of the uncertainty that exists

For the valence states, larger differences are found betweenwith respect to what the position of the peak intensity really
vertical and adiabatic excitation energies. The geometry represents and the remaining uncertainty on the order of 0.1
optimizations indicate that the excited valence states are not alleV in the calculated vertical excitation energies. The present
of C,, symmetry. The present calculations should only be taken vertical excitation energies, in combination with the calculated
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Table 3. Excitation Energies (eV) for theai — 3| Rydberg States

3s 3px 3py 3p; 3dyy 30k, 3dy, 3dz2 3de-y2
la, — symmetry A, B, B, A, A B, B, A, A,

CCSD/T+7 (vert.) 6.11 6.94 6.64 6.80 7.58 7.72 7.32 7.12 7.39
CC3-CCSD/ANO (vert.) —0.07 —0.08 —0.06 —0.07 —0.05 —0.06 —0.06 —0.07 —0.06
V-A CC2/DZPR —0.15 —0.16 —0.14 -0.17 —0.15 —0.19 —0.15 -0.17 -0.17
estimated 6-0 energy 5.89 6.70 6.44 6.56 7.38 7.47 7.11 6.88 7.16
exptl 0-0° 5.91 6.76 6.47 6.61 7.43 7.53 (7.28)
oscillator strength 0.015 0.035 0.000 0.016 0.001
CASPT2/ANO (vert$ 5.92 6.48 6.46 6.59 7.31 7.13 7.15 7.00 7.22
MRCI (vert.y 5.95 6.66 6.63 6.41 7.75 7.71 6.99 7.15 7.41
MRMP (vert.p 5.84 6.51 6.40 6.53 7.26 7.18 7.10 6.98 7.18

2 Triples contribution estimated from the difference between CC3 and CCSD using the ANOPIRiffisrence between vertical and adiabatic
excitation energy at the CC2/DZPR leveln several cases the peaks have been reassigned, see text. See Table 6 for refedsoikdor
strength calculated at the CCSDHD level. ¢ Reference 16.Reference 13¢ Reference 17.

Table 4. Excitation Energies (eV) for thel — 3s,3p Rydberg CC3 results we estimate it to be about 0.3 eV higher.
States Calculations of the vertical excitation energy thus does not
3s 3p« 3py 3p, support the feature about 5.80 eV to be assigned tdAfe

2b; — symmetry By A A B state. On the contrary, the calculated vertical excitation energies
CCSD/T+7 (vert.) 7.52 8.26 814  8.11 predict this state to be more than half an electronvolt higher in
CC3-CCSD/ANGQ (vert.) —0.06 —0.04 —0.06 —0.04 energy.
V-A CC2/DZPR —0.05 —0.05 Geometrical relaxation in th\;~ state lowers the excitation
AO-vib. (HF IP.) -0.04 -0.04 -0.04 -0.04 ; ) e

i energy by approximately 0-5.6 eV, taking the excitation
estimated 6-0 7.37 8.13 energy from around 6.6 eV (vertical) into tAB, band. The
exptl 0-0° 7.38 8.10 1B, 0—0 transition energy is approximately 6:8.4 eV lower
oscillator strength 0.022 0.016 0.002 than the vertical excitation energy. Therefore, the final0O
CASPT2/ANO (vert) 721 transition energies for these states may indeed become very
MRCIf 7.14 8.15 7.90 8.04 close, even though the vertical excitation energies differ by ca.
MRMP9 7.31 0.2 eV. However, the calculated transition strengths show that

1 e . -
2 Triples contribution estimated from the difference between CC3 the'B, tranf't'on |_s_at least 2 o[ders qf_mag_nltude more intense

and CCSD using the ANO basi&Difference between vertical and ~ than thelA;~ transition. ThetA;~ transition will therefore most

adiabatic excitation energy at the CC2/DZPR ley&ee Table 6 for likely be hidden inside the relatively inten¥8; transition. This

references? Oscillator strength calculated at the CCSB/D level. probably explains why no secure experimental assignment exist
¢ Reference 16\ Reference 139 Reference 17. for this state.
Table 5. Hartree-Fock lonization Potentials (eV) and Zero-Point In electron transmission on solid furan, broad bands with
Energy Corrections (e¥) maximum strengths at 6.40, 6.65, and 8.15 eV were obsérved,
Koopman vert. adia. 0-cont. -@ tr_le 6.65 eV peak being only a small shoulder on the high energy
A, 8831 7 938 7 660 0.004 7663 zlde of the 6.4Q eV p:caark]. In Ilghtlof th.ehobvllouls I|rg|tat|ons
1B, 10.800 9.779 0563 —0.036 9.527 ue to comparison of these results with calculated vacuum
- - excitation energies, we find these transitions to be in fair
HF/DZPR calculation. agreement with the calculated sequence of vertical excitation

relative strength which agrees well with the experimental relative ©N€gies Bz, *Ar”, and*A;™).

strengths, is sufficient to conclude that the broad 6 eV band is  Finally, we note that the CASPT2 calculations of Serrano-
due to'B, and the broad 8 eV band is due ¥+ beyond Andres et al® provide a higher excited valence state'8f
reasonable doubt. This assignment was suggested long ago o§ymmetry at 8.38 eV. In the coupled cluster calculations, we
qualitative grounds$? The first ab initio calculation to get this ~ find the second valence state of this symmetry to be above 9
assignment qualitatively correct was the study by Serrano- €V, using the same basis set and geometry. This state is

Andres et alé therefore outside of the energy range considered here.
There has been some discussion on the assignment of a small 1la, — 3s Rydberg State. Thea, — 3s Rydberg state is the
feature in the spectrum about 5.80 eV whithin the brégg lowest excited singlet state in our calculations. The calculated

band. This feature was found by Roebber éttand later by excitation energy is 6.11 eV in the large basis CCSD calcula-
Palmer et al® in absorption studies on Jet-cooled furan. tions. The triples correction is-0.07 eV. The difference
Previously the 5.80 eV peak has been assigned toahe>13s between the vertical and the adiabatic excitation energy is found
transition; however, Roebber et al. found that it did not behave to be 0.15 eV, and as described above, we estimate the difference
characteristic for a Rydberg state because it is relatively in zero-point energy to be small on this energy scale. Thus,
insensitive to molecular clustering and solution. On the basis we estimate a 90 transition energy of 5.89 eV. Roebber et

of MRCI calculations, Palmer et &.suggested that it should al. assigned a value of 5.91 eV for this transition from
be interpreted as due to the low-lyidd;~ valence state. The  multiphoton ionization (MPI) experiments and rejected the
MRCI calculations predicted the vertical excitation energy for previous assignment of the 5.80 eV peakato— 3s, as this
the'A;~ state to be several tenths of an electronvolt below that appeared to be related to a valence state. Though the energy
of the 1B, state. The vertical excitation energies in all CC differences are small, our calculations support this reassignment.
models predicts théA;~ state to be higher in energy than the Furthermore, there is apparently a tendency of our estimated
1B, state. From the large basis set CCSD calculation and the0—0 energies in Table 3 to be slightly (a few hundreths of an



The Electronic Spectrum of Furan J. Am. Chem. Soc., Vol. 120, No. 14, 328

electronvolt) on the low side of the experimental®@transition, Table 6. Calculated Excitation Energies (eV) and Oscillator
as also observed in this case. Strengths for Furan Rydberg States Compared to Experimental
Results

la, — 3p Rydberg State. The three &, — 3p Rydberg states coSD |
are separated into the symmetry clasBeé3py), B, (3py), and expt . .
A2 (3p). Onep-type Rydberg state is well-established at a (verty strength 0-0 refs diff* caled assignment
transition energy of 6.47 e¥51013 The associated system is A 7.58 0000 7.43 10 015 0.24 ad—3dy
stronger in intensity than the Rydberg transition at 6.76 eV. g'gg 8'8%‘ g'% g 8'12 013 3112: gdxy
Tlhl% Iﬁtt;ar WF?sbgrfzsigne?_ to %¥r$lencz transitioré b)ésc_ooper et 850 0003 834 10 0.16 ’ al— 58;
all® Later, RobiA? questioned this and proposed @&ssign- 1B, 664 0035 647 1,13 017 0.20 ak-3p,

ment. This was apparently ignored in later comparisons between 732 0001 (7.28) 13  (0.04) 0.21 ai— 3d,
1

theory and experiments, probably because the previous theoreti- 752  0.022 7.38 13 0.14 0.15 b2—3s
cal calculations gave very similar excitation energies for the 790 0.003 771 13 0.19 al— 4py
two !B; (3p,) and 'B; (3p,) states36:17and, thus, did not 8.10  0.002 21— 3p,
support an energy difference of about 0.3 eV. Palmer &t al. 8.17  0.002 &, — 4dy,
demonstrated that the experimentally observed vibrational g'ig 8'883 819 13 0.15 ad— opy
. . &, — 5d,,

structure in the 6.76 eV transition is similar to the one found in

the photoelectron spectrum and also to the one in the 6.47 gy'Bz 894 0015 675 13 018 0.24 ad— 3p,

7.72 0.016 7.53 13 0.19 0.25 azi— 3dx,

_3p Rydberg transition and thus supported f[he Rydbepg 3 794 0001 779 13 0.15 al— 4p,
interpretation. In the coupled cluster calculations Bag3p,) 826 0.004 801 13 0.25 al— 4d,,
state is predicted to be about 0.3 eV lower than Bag3py) 8.36  0.001 8.23 0.13 ak — 5p«
state and significantly stronger in intensity. This matches the 852 0.002 832 13 0.20 al— 50k
experimentally observed pattern perfectly, and the estimated!a, 6.11 591 10 0.20 0.22 a—3s
0—0 energies are within 0.06 eV of the experimental energies. 6.80 6.61 7 019 0.24 a&—3p,
Palmer et al. assigned the lowest and strongest transition (6.47 7.12 0.24  By—3dey
eV) to belB; while the other (6.76 eV) was assigned!). ;s’g 752 10 0.18 023 ziigzz
The energies, the energy ordering and the relative oscillator 793 ' ' T, — 4p,
strengths obtained for all CC models indicate that these 8.03 lap— 4de—y
assignments should be reversed. The assignment to the 8.10 la; — 4d2
experimental numbers quoted in Table 3 have been reversed 8.14 D, —3py
accordingly. 8.26 810 10  0.16 & —5s

In the electron impact study of Flicker et &F.,a peak was alarge basis (F7) CCSD vertical excitation energiesOscillator

; ; ; strength calculated at the CCSDBHD level. ¢ Difference between CCSD
found at 6.61 eV. This has previously been assigned taihe vertical and observed-0 energy 9 Estimated difference between-0

(la, — 3p2)_ trans_ition’ and our predicted value of 6.56 eV energy and calculated CCSD vertical for selected states. Triples

supports this assignment. corrections as calculated from CC3-CCSD using the ANO basis set
la, — 3d Rydberg State. Three of the five &, — 3d results. Geometrical relaxation effects calculated at the CC2/DZPR

excitations & (3dyy), B1 (3dy), Bz (3dxy), A2 (3d2), and A level.

(3d¥2’>’2)) .‘;r]etﬁnel' phot(:n aIIovl\;ed.blr} MPItsgeAfc;ra,Va Eydbberg difference, and the zero-vibrational contribution from the HF

senez Vé' A € O.\INeS mﬁ”? er being t? ) i fe da_s tre]en ionization potential calculations{0.04 eV) lead us to suggest

recoraed. simifar peak 1S apparently not found in the g g energy of 7.37 eV. A relatively strong peak has been

1 1
Fxpe.r;.mental w ?pelctfra.b;dalmer Zt élagsun:jectjhtha;t A'fge Vv observed at 7.38 €¥ and has been assigned to thHg 2> 3s
ransition was opfica’ forbidden and assigne € ras € Rydberg transition. This is in good agreement with the

exc?tation energy to @, (3d) transition. However, such an estimated 7.37 eV 00 energy and a calculated oscillator
assignment leads to unacceptable large errors compared to ougtrength of 0.022

calculated values. A (3dx,) assignment is in better agreement
with our theoretical calculations. The one-photon oscillator
strength for this transition is very small (less tharmr4Qrelative

Higher Rydberg States. For obvious reasons, it becomes
rather difficult to give a detailed treatment of all Rydberg states
g . . . inthe system. However, itis also clear from the Rydberg states
to the other Rydberg ransitions in the. same region. This studied so far that the Rydberg states that converge to the same
perhaps explains why it is not observed in UV_' . ionization potential behave similar in a number of different

A 7.53 eV peak has been observed and assigned to éither \yays. The effect of triple excitations is roughly the same, their
(3dy) or B, (3dy). We find that this transition is most  pepayvior, when extending the valence basis, is also ap-
appropriately assigned 8 (3dy,). proximately the same, and the differences between the vertical

A weak absorption was found in the ultraviolet spectrum at and adiabatic excitation energies appear to be roughly the same.
7.28 e\P13and assigned to a Rydberg state; no higher membersFor this reason, we compare the experimental and calculated
in this Rydberg series have been observed. Palmer et al. assignegksults for the remaining part of the Rydberg series in the
this peak to the'B, (3dy,) state. A'B; assignment leads to a following way: In Table 6, we give the calculated large basis
larger deviation (0.17 eV) from the calculated results than for set CCSD vertical excitation energies together with experimental
all the othern = 3 states (maximum 0.06 eV). However, (-0 energies and also the differences between these two values.
presently we have no alternative to this interpretation. For the states where we have performed CC2/DZPR geometry

2b; — 3s Rydberg State. The Z; — 3s Rydberg state optimizations, the expected differences based on calculated
obviously cannot be expected to behave identical to the Rydbergtriples corrections and the calculated difference between vertical
states with &A; ionic core. Accordingly, we find a diminshed  and adiabatic excitation energies are also given. This gives a
effect of geometrical relaxation in the excited state: 0.05 eV. theoretical method to check the consistency of the assignments.
The large basis set CCSD result of 7.52 eV and a triples We find that the &, — np,,np, transition forn > 3 follows the
correction of—0.06 eV, the afore-mentioned vertiealdiabatic same pattern as far = 3, in the sense that the CCSD#T
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Table 7. Excitation Energies (eV) and Properties (a.u.) for the 1 This paper illustrates how state-of-the-art electronic structure
— 3p and T, — 4p Rydberg Stateé$ calculations can be used to obtain increased accuracy of
CCSD exptl theoretical predicted electronic excitation spectra and how this

state  (vert) 0-0 strength @O B0 0 0 accuracy can be used to increase the reliability of the experi-
1A 027 24 135 133 mental assignments. For the furan molecule investigated in this

la,—3p, 694 6.75 0012 —2.00 61 141 149 study, we have thus obtained an overall accuracy of the
la,—3p, 6.64 6.47 0036 -0.15 36 180 146 estimated 6-0 electronic transitions of approximately 0.1 eV.

la,—3p, 6.80 6.61 —0.47 38 148 182 Most of the old assignments have in this way been confirmed,
la,—4pc 7.94 7.79 0001 —-2.71 240 200 208 but it has also been necessary to propose several reassignments.
la,—~4p, 790 7.71 0.004 —097 93 340 202 Systematic improvements at theelectron level have been
la,—4p, 7.93 —078 97 202 354 y P

obtained by carrying out sequences of calculations using the
2 Large basis (¥7) CCSD vertical excitation energiesOscillator hierarchy of coupled cluster model CCS, CC2, CCSD, and CC3.
strength and excited-state one-electron properties calculated at therpe performance of these models have been tested with
CCSD/Dt7 level. . . . .
encouraging results in benchmark calculations, where it was
found that the errors in the vertical excitation energies are
reduced by approximately a factor of 3 at each level, provided
the transitions are single replacement dominated. We point out
that we have used a “black box” method to calculate the vertical
c]excitation energies. We therefore expect that excited states with
equal weight of single excitations are described with equal
accuracy and, in particular, that trends for these states are
reproduced to very high accuracy. The convergence behavior

vertical excitation energy is about 0:18.20 eV higher than

the 0-0 energy. Note that we have again reverseddhand

B, assignments of Palmer et al. All other transitions are also

found to be about 0.1250.20 eV higher than the-€0 energy.
The Rydberg series at 7.43, 8.04, and 8.34 eV was assigne

as aR(nd) series by Cooper et &.in MPl. We see that this

series compares well with ad— nd,y (*A;) series, while an

1A, assignment would lead to too large errors, as discussed for ; y . . X
then = 3 case. in the vertical excitation energy calculations of furan is quite

In Table 7 are given excitation energies and properties for similar to the one in the FCI calculations, and this similarity
the Ja, — 3p and 18, — 4p Rydberg states. It is reassuring to has been used to the discuss the expected accuracy in the

see our qualitative expectations confirmed in these calculations.Predictions. Improvements in the description of the one-particle
The n = 4 states have much larger values for the second SPace have been obtained using large correlation consistent basis

electronic moments than the = 3 states, which again is Sets extended to allow for an accurate description of both valence

significantly more diffuse than the electronic ground state (see @nd Rydberg series. The use of such large basis sets has been
Table 1). The second electronic moments also have a clearmade possible for us through the use of integral-direct coupled
directional distortion in agreement with the directional assign- cluster techniques.
ment of the Rydberg state. The oscillator strengths for the Carrying out systematic sequences of calculations where a
allowed transitions are reduced by an order of magnitude goingstill more complete treatment is given both to the one- and
from then = 3 to then = 4 Rydberg states. Furthermore, the N-electron space makes it possible to perform reliable error
n = 4 states are energetically more close lying thanrtke 3 estimates of the vertical excitation energies. For furan, we
series which are split by up to 0.3 eV. The two obserned expect the estimated vertical excitation energies to be accurate
4 states are within 0.08 eV of each other. The high reliability well within one tenth of an electronvolt for the Rydberg and
in the prediction of trends in the calculations, makes it rather 1B, valence states and that a slightly larger error may persist
obvious that the unobservéd, (la, — 4p,) 0—0 transition for the 1A; valence states. To estimate-0 transitions with
should be found a few (13) hundreths of an electronvolt below  similar equal accuracy require that adiabatic corrections to the
the experimentally observed 7.79 €8, (1a; — 4p,) 0-0 vertical excitation energies are determined as well as the
transition. vibrational frequencies for the ground and excited states. These
contributions have been determined for most excitations,
although in some cases the estimates are based on rather
An important goal of quantum chemistry is to be able to carry rudimentary calculations.
out calculations that are accurate enough to explain and predict High accuracy is required for systematic and reliable studies
spectroscopic properties. An essential task is therefore toof electronic spectra. Using state-of-the-art methods, we have
establish the accuracy of a given calculation. In particular itis shown that for furan theoretical calculations can actually support
important to be able to estimate the errors that are introducedoy challenge experimental assignments and provide reliable
as a result of the two fundamental approximations in the solution jhsjght about the nature of the electronic states and transitions.
of the electronic problem: (1) the use of a finite one-electron Though the calculations are presently somewhat expensive, we
basis and (2) the use of approximateelectron models for  pejieve that the methods used in this paper provide valuable

describing the electron correlation in the system. Comparison y4s for reliable assignments of electronic excitation spectra
with experimental 6-0 vibronic transitions requires in addition ¢, qther polyatomic molecules of similar size.

an investigation of the difference between vertical and adiabatice
excitation energies, as well as estimates of zero-point vibrational
contributions. For the assignment of the experimental spectra
it is also useful to be able to determine the oscillator strength
for the transitions. Molecular properties of the excited states
may also be useful in characterizing the excited states. JA9734370

Summary and Concluding Remarks
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