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Generalized van Vleck perturbation theory (GVVPT2) for molecular electronic structures is applied to examine
the azabenzene series: benzene, pyridine, pyrazine, symmetric triazine and symmetric tetrazine. The spectra
of azabenzenes are complex with large numbers of excited states at low energies comptisirigand 7z

— * excited states and also doubly excited states of the-n;rf,z* type. The calculations are complicated

due to strong correlation effects in the nitrogen lone-pair orbitals anet #lectrons. This study is the first

to use GVVPT2 on conjugated systems. Comparison is made with experimental data and complete active
space second-order perturbation theory, equation of motion coupled cluster and similarity transformed equation
of motion coupled cluster theory data. Using polarized valence double split basis sets for benzene and pyrazine
(cc-pVDZ) and pyridine (ANO-S) and polarized triple split basis sets (ANO-L) for triazine and tetrazine, the

n — x* and & — x* states are computed with an average error of 0.28 eV in comparison with available
experimental data.

1. Introduction Initial examination of the azabenzene spectra shows similari-

) ) ties with the benzene spectrum; i.e., they show three bands
Generalized van Vleck perturbation theb(BVVPT2) has  |5cated at approximately 5.0, 6.5 and 7.5 eV, respectively.

been demonstrated to be a computationally efficient multiref- |oqyction of one or more nitrogen atoms in the benzene ring
erence perturbative method for the electronic structures of small 55 two major effects on the UV spectrum: (1) splitting of the
molecul_es with results agreeing well with computationally more degeneracy of the  state: (2) the introduction of new low-
expensive methods® (e.g., MRCISD, CCSD(T)), but, to date, energy excited states associated with the-or* excitations.
there have been no GVVPT2 investigations of conjugated The presence of nitrogen lowers the symmetry of the molecules,
systems. This study examines an important class of suchgq hat transitions which are symmetry forbidden in benzene
molecules by studying the azabenzenes series: benzene, pyrigay hecome allowed in the azabenzenes. In general, it seems
dine, pyrazine, symmetric triazine and symmetric tetrazine. pe difficult to experimentally measure the energy separation
Benzene is the fundamental building block of aromatic corresponding to the splittings, and usually only one excitation
systems and, as such, is of intrinsic interest. The azabenzeness extracted from the measurements.
are parent molecular systems for several compounds, such as pgqr pyrazine, six to eight excited states have been observed
the biologically active nicotinic acid and the nucleotides gyperimentally in the singlet and triplet manifolds. Assignments
cytosine, uracil, and thymine, and have been the subject of ot these states have been suggeététand questionef It is
extegswe spectroscopic studies beginning with those of Innesjneresting to note that the s-tetrazine molecule shows a host of
etal’ More recently, UV and electron energy loss spectra have inole allowed transitions that have very diverse characteristics.

been reported by Palmer, Walker and co-workers and there haverne four nitrogen lone pair orbitals in s-tetrazine lead to a variety
been some recent studies of Rydberg st&te2.In addition, a of low-lying n — x* transitions and transitions to Rydberg

comprghensive collection of vacuum UV absorption spectra and giates. Due to the rather low-lyingf orbitals and the presence
theoretical data has also been reported by Bolovinos €t al. ot 5 quartet of nitrogen lone pair orbitals, the s-tetrazine
Where possible, the experimental excitation energies with which 51ecule has a number of low-lying excited states that either
we compare are the p_eak inteljsity values (r_eferred to as maxXpave significant n,r— 7*,77* doubly excited character or are
energies), many of which are given by Bolovinos et&iyho essentially pure doubly excited states. The theoretical description
have also obtained severat0 (adiabatic) transition energies. the singlet part of the electronic spectrum of s-tetrazine is a

A large number of 80 energies for azines have also been chajlenge that requires a balanced treatment of the-ryri, 7*
compiled by Innes et & The most successful prior multiref- double excitations.

erence calculations on the azabenzenes are a series of complete
active space perturbation theory (CASPT2) studies by Roos andtr
co-workerst#15

To compute the excitation energies accurately, a balanced
eatment of electron correlation is essential. Configuration state
functions (CSFs) mixing the electrons among the orbitals
- - describe the dominant correlation effects. In addition, the lone
:Sgir\;gfgg/”g'f”,%;;‘r:hg;ﬁ;ga": mhoffmann@chem.und.edu. pairs of the nitrogen that may strongly interact with the
+St, Petersburg State Institute of Technology (Technical University). €lectrons also need to be considered on an equal footing. To

8 Russian Scientific Center “Applied Chemistry”. obtain quantitatively correct results, dynamic correlation effects
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must be considered. However, as the complex near-degeneracy
effects have been included already at the MCSCF level,
treatment of the remaining correlation effects is normally faced
with fewer complications and perturbation expansions can be
expected to converge fast.
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In the present study, we report results for the vertical o
G

excitation energies of the azabenzene series: benzene, pyridines |~~~

G

pyrazine, s-triazine and s-tetrazine using the GVVPT2 approach. -
Computational details are described in the next section. A -
discussion of the results for each molecule separately then =
follows, and a final section, which also includes discussion of '
features common to all molecules, concludes the paper.

2. Computational Methods

The GVVPT2 variant of multireference perturbation theory Q
(MRPT) was used to describe the electronic structures of the
ground and excited electronic states of the molecules in this
study. GVVPT2 is a second-order, subspace-selective MRPT
that can describe multiple states in a well-balanced manner.
Since a complete description of the derivation and formalism
of the GVVPT2 method has been given previousiythis work Figure 1. Graphical depiction of blocks of Hamiltonian relevant to
we only review salient features. All calculations were performed the GVVPT2 method. See text for details.

using the GVVPT2 method as implemented in & local quantum averaged MCSCF calculations), no iterative process is required

chemlstr)_/ program package (UNDOO). . . . to obtain results of useful accuracy. In comparison with the
In multireference based methods, the entire space in which a.

L . o . intermediate Hamiltonian (IH) method of Malrieu and co-
many electron wavefunction is expanded is partitioned into a 19 :
b Y - . .~ workers!® GVVPT2 and related methods do not require
model space” containing the quasidegenerate reference function . e
construction of th&@—Shblock of the wave operator. In principle,

and perhaps other highly interacting functions and an “external the operatorsU and V' are unitary; however, for low-order

space” connected with the model ones through electron excita- bation theori df I bati h lized
tions: L = Ly ® Lo. Straightforward application of the most perturbation theories and for small perturbations, such as realize
| Q in practice with reasonable model spaces, theperator is

erX|bIe_ multlrefer%nce pertU(batmn th_eory_, the so-called perturt_)- linearized, so that the actual effective Hamiltonian matrix that
then-diagonalize” or effective Hamiltonian based methods, is is used is given by

faced with intruder state problems, where some of the external

space states have energies that are close to those of high lying off 1 N

model space states. To circumvent the intruder-state problem, Hpp = Hpp + 5(HpXqp + XpoHgr) 2
Kirtman'” suggested that generalized van Vleck perturbation

theories, in which “extended model spaces” are considered, be Hgf,f;= HsoXop 3
explored. These extended model spaces would include both the

initial model space spanned by determinants that are expected HEE = Hgs 4)

to have large overlaps with the primary states of interest (i.e.,

the primary subspac®) and some or all of the intruder states In contrast to most other second-order MRPTs, including
(i.e., the secondary subspa®;, Ly = Lp @ Ls States in the CASPT2, GVVPT2 does not assume that $eP block of the
secondary subspace, in contrast to the primary states, are no€ffective Hamiltonian is negligible. The coefficients of the first-
perturbatively corrected but are taken into account in the final order correction to the wavefunctiorXy, can be viewed
diagonalization of the effective Hamiltonian in the total model formally as arising fromgp-pair dependent denominator shifts
space; hence, the secondary subspace forms a "buffer zonethat rigorously eliminate singularities and are appropriate for
between the states to be perturbatively corrected and the externapoth the nondegenerate and degenerate limiting cases, although
space Q). Figure 1 is a graphical depiction of the partitioning conceptually as well as computationally it is better to consider

of the Hamiltonian. the two effects separately:

In the GVVPT2 approach, a wave operat&,= UV, is H
sought in which thé>—Q part of the wave operatot] = exp- = ap (5)
(X), which describes the interaction between primary states and P Eg’) — Eéoﬂ)

the external states, is obtained perturbatively. Operator
describes interactions between the perturbed primary states angyhere Eg’) is a MollerPlesset-like zero-order energy of
the unperturbed secondary states, and its matrix representatio
is obtained by solving the eigenvalue problem for the effective
Hamiltonian,

"brimary statep and E is a shifted zero-order energy of
external space CSE,

ECP =
He™ = VE (1)

}(E(O) +EO) - = [ED-ED)?+4 Z Hy,” (6)
OperatordJ andV both depend on the primary space, and thus 2 P 2 a P e ap
in principle must be searched for iteratively. Two of the autiors
have shown that if a good initial approximation to the final where Eg’) is the MgllerPlesset-like zero-order energy of

primary subspace can be constructed (e.g., on the basis of stateexternal CSFq and the summation is over all CSFs with the
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same electron configurationmg) asg. Then, the actual first-  TABLE 1: Vertical Excitation Energies (in eV) for Benzene

order correction to the wavefunction is related to this intermedi- sym CASPT2 GVVPT2 expt
ate quantity by 1B, 5.02 5.02 4.90
o o 3By, 4.18 4.16 3.89

Xop € B )X " B, 5.69 6.02 5.69

It is useful to note that, although complicated, this formula  *Reference 282 References 30 and 31.

results in energies that are continuous functions with respect to

nuclear coordinates and do not involve any arbitrary, system ANO-L basis?” All 6 Cartesian components of the d-functions
dependent parameters. were used in all calculations.

The GVVPT2 method does not impose any restrictions on
the CSFs that span the model space; hence, the model spac
can be complete or incomplete. A general procedure for dividing 3.1, BenzeneThe UV spectrum of benzene is dominated by
the set of molecular orbitals into groups and assigning allowed excitations to the B, B, and B, states, all associated with
occupancies to the groups (i.e., the so-called “macroconfigu- — 7* excitations. Excitations to the two lower energy states
ration approact?®) can produce significant computational are symmetry forbidden, while the excitation to thg &ate is
efficiencies in the context of multireference perturbation theory, symmetry allowed and a strong band is observed.
and the current second and third ofeféigeneralized van Vleck State averaging over two states in each symmetry and
perturbation theory (GVVPT2 and GVVPT3) programs utilize multiplicity was considered at the CASSCF level, and, in
this approach. The macroconfiguration based approach allowsGvvPT2, the primary space is composed of these two low-
the efficient use of incomplete model spaces and thus extendslying states. Since our programs can only take advantage of
the range of the molecular systems that can be investigated.Abelian point groups, calculations on the molecule usedie
For the present studies, the model spaces were completesubgroup of the fulDg, Symmetry.
nonetheless, the use of multiple macroconfigurations to define  Comparison of the computed vertical excitation energies and
a CASSCF space produces significant savings in the correlatedhand maxima should be made with care. Roos and co-workers
treatment because of the efficient prescreening of Hamiltonian have earlier studied the vibronic spectra of the lowest singlet
matrix elements. states of benzene and found that the band maximum for the

Calculations were performed at geometries available in the 1B,, state appeared at 0.12 eV higher energy than the most
literature from previous high level calculations or from experi- intense vibrational band, suggesting that 0.1 eV should be added
mental data. The geometry for benzene was taken from the NISTto the experimental valué&2® The excitation energies for
Computational Chemistry Comparison and Benchmark Data- benzene calculated with the GVVPT2 method are compared with
basé? (Rc-c = 1.399 A,Rc_y = 1.093 A). For pyridine and  experimental dat#3! and CASPT2 results (using the same
s-triazine, we have taken MP2(frozen core)/6-311G** optimized active space but a triplg-basis set) and are given in Table 1.
geometries from the NIST Computational Chemistry Compari- It should be noted that the GVVPT2 values, although unshifted,

g. Results and Discussions

son and Benchmark Databa&gpyridine, Rci-n = 1.343 A, are in good agreement with experimental values.
Rez-c3= 1.398 A\Rcs-ca = 1.396 A, Rco-1 = 1.088 A Res 1 3.2. Pyridine. The computed and the experimental excitation
= 1.086 A, Rcsn = 1.086 A, ONCC = 123.9, OHCN = energies and oscillator strengths for pyridine are reported in

115.8, DHC3C4 = 121.2; s-triazine,Rc—n = 1.339 A,Rc Table 2. Two optically allowed transitions have been observed
= 1.087 A). The geometry of the pyrazine molecule has been in the energy range of 3:%.8 eV with band maxima located
taken from the work of Weber and Reim&r¢Rc_n = 1.332 at 4.592 (1B;) and 4.99 eV8 (!B,). These values differ by at
A Rc ¢ =1.396 ARy =1.082 A,ONCC= 122.7, OHXX most 0.15 eV from the values published by Walker éttdihe
= 120.7). For the s-tetrazine molecule we have taken CASPT2- first state is of n— z* type, while the second corresponds to
optimized geometry from the work of Stfaet al?* (Rc-n = the 1B,, state of benzene. The-@ transition energy for the
1.338 A,Ry-n = 1.324 ARc-1 = 1.073 A[OINCN = 126.5). 1B, state is 4.31 eV:13 CASPT2 places the vertical excitation
For benzene, an active space consisting oftsotbitals was energies of the'B; and 1B, states at 4.91 and 4.94 eV,
used, whereas for the azabenzenes the active space userkspectively. We performed CASSCF and GVVPT2 calculations
consisted of sixz-orbitals and nitrogen atom lone pairs. The for four, two and three states for the,A\; and each of Band
number of electrons in the active space was thus @), where B, symmetries, respectively. In general, more CASSCF func-
n is the number of nitrogen atoms in the molecule. Conse- tions are included in the primary space than the number that is
quently, the resulting model space can be expected to provideof interest: the high-lying functions serve to stabilize the
qualitatively correct descriptions of most, if not all, low-lying calculation and are not necessarily reasonable representations
excited states. Separate state-averaged CASSCF calculations fasf the high-lying states; we report energies for states that are
each irreducible representation and multiplicity, with equal well-supported by the model space. The calculation of high-
weighting of states, were used in all studies to generate thelying states, while possible in the GVVPT2 framework, would
molecular orbitals and describe the nondynamic correlation; require a different model space. Our computed values for the
subsequent GVVPT2 calculations were performed for each !B; and'B; states, calculated using the ANO-S basis, are 4.98
symmetry and multiplicity with primary spaces comprised of and 4.85 eV, respectivelgf Table 2). STEOM-CC calculation
the MCSCF functions. For benzene and pyrazine, for which places théB, state at 4.82 eV Walker et al. recorded electron
previous calculations showed relatively close agreement with energy loss spectra and detected three optically forbidden
experiment, the cc-pVDZ basis 3ewas used; pyridine, for  transitions in the same energy region (4.1, 4.84, 5.43 eV), but
which we were concerned with some Rydberg transitions, was they do not give an assignmeit.
described with the ANO-S basi§;and triazine and tetrazine, An earlier CASPT2 study by Fscher et al®> with the ANO-L
which previous calculations showed as having larger discrep- basis and a larger active spacer{&n) suggested that the
ancies between theory and experiment, were described with thetransition to thelA, state might give rise to the scattering
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TABLE 2: Vertical Excitation Energies (in eV) for Pyridine

state sym CASPT2 STEOM-CC GVVPT2 expt max (6-0)
a—a
1B, (*Bay) 4.94 4.82 4.85 4.99
1A; (B 6.35 6.62 5.79 6.38
A1, 1B, (*Ey) 6.84,7.49 7.29 7.65,7.14 722
1A, 1B, (E) 7.78,7.84 8.75,9.13 -89¢
n—ama
1B, 4.91 4.98 4.59(4.31°¢)
1A, 5.21 5.49 5.48

aReference 15° Reference 33% Reference 13¢ Reference 32¢ Reference 9t Reference 11.

TABLE 3: Vertical Singlet Excitation Energies (in eV) for Pyrazine

state sym CASPT2(10,8) EOM-CCSD(T¥ SAC-CI SD-R° GVVPT2 expte max (0-0)
n—ama
1Bgy, 3.58 3.95 4.25 4.05 4.20 (3.83)
1By 5.17 5.57 6.04 5.55 (5.46)
Big 6.13 6.62 6.08 6.10
1A, 4.37 4.81 5.24 4.35
T—a
1B,, 4.77 4.64 4.84 4.92 4.81 (4.69)

aReference 15° Reference 34¢ Reference 35¢ Reference 12¢ Reference 13.

features at 5.43 eV. Our result for th&, state at 5.49 eV is in TABLE 4: Vertical Triplet Excitation Energies (in eV) for
accordance with this assignment. The main peak of the secondPyrazine

band corresponds to an Atate and appears in the UV spectrum SAC-CI exptd max
at 6.38 eV23 Our calculated excitation energy for this state is  state sym CASPT2(108) SD-R GVVPT2  (0-0)
5.79 eV. The major peak in the strongest optical band, the third , —

excitedr — 7* state, is observed at 7.22 &\and is a composite 3Bay 3.24 3.82 3.36 3.42

of excitations with!A; andB, character. GVVPT2 excitation Ay 4.42 5.34 4.29 4.2
energies tor — 7* states of A and B symmetries in this region - ®Bag 4.84 5.39 4.87 4.59
are 7.65 and 7.14_e\/_, respectively. STEOM-CC calculations B, 415 4.05 4.32 4.00
predict thelEy, excitation energy at 7.29 e¥.These results 3By, 4.32 412 4.32 4501
are also in agreement with the EOM-CCSD(T) results of Del 3By 5.04 5.14 5.36 5.2 0.2

Bene et aP* Broad absorption is seen in the range ef®BeV 13
The calculated high enerdyA; and!B; (Ezg) excitations, 8.75
and 9.13 eV, respectively, fall into this region. It is therefore
likely that the corresponding bands are hidden under the the most recent work being that of Walker and Pali&keber
Rydberg transitions. and Reimers have computed energies for all six states aking

3.3. Pyrazine.The introduction of a second nitrogen atom initio and density functional method%The three lowest n~
into the pyridine ring results in additional -+ z* states and 7* states are observed at 3.4B§,), 4.20 €A,), and 4.59 eV
lowering of the first n— z* band in the experimental spectrum.  (°Byg), respectively*? The three lowestt — n* states were
The experimental 90 energy for this'Bs, state is reported as  observed at 4.00°B1,), 4.5 €Bzy) and 5.7 eV By, respec-
3.83 eV13 We performed CASSCF and GVVPT2 calculations tively.12 Our GVVPT2 results are presented in Table 4 along
for two states of each symmetry. Results of the present GVVPT2 with earlier CASPT2, SAC-CI SD-R and experimental d&f&:3>
calculations for five singlet states are compared with other For the three n—~ z* states Bz, Au°B2g), GVVPT2 results
theoretical calculations and available experimental valoés ( perform better on average than SAC-CI SD-R and CASP$2.
Table 3). For the low-lying singlet valence-rr 7* excited Errors with respect to the experimental data are 0.06, 0.09 and
states!Bs,'Bog and!B,g, GVVPT2 calculated them at 4.05, 5.55, 0.28 eV, respectively. CASPT2 errors for these states are 0.18,
6.08 eV, respectively. The GVVPT2 excitation energies are in 0.22 and 0.15 eV, respectively. For the three triptet> 7*
good agreement with the experimental values (the errors areexcited states’By,, 3B,, and®By,), GVVPT2 overestimates the
0.15, 0.09, 0.02 eV, respectively}2 Excitation energy values 3B, state compared to CASPT2 and SAC-Cl SB°R: For
computed at EOM-CCSD(¥and SAC-CI SD-Relevels agree  the3B,, state, the GVVPT2 results coincide with CASPT2 and
well with the GVVPT2 results. We predict that one state of are better than those of SAC-CI SD-R. For tP#y, state,
1A, symmetry falls between th&B3, and 1B, states, with a GVVPT2 results are in better agreement with the experimental
computed energy of 4.35 eV. This agrees with the earlier data than CASPT2 and SAC-CI SDRz23.35
CASPT2 prediction for this state at 4.37 éYEOM-CCSD(T) 3.4. s-Triazine.The present calculations have been carried
calculations places this state at 4.81¥\he lowestr — 7* out in Cy, symmetry instead of the fulDz, symmetry of the
excitation is observed at 4.81 eV, and our computed value is molecule. When selecting MOs for the63n active space for
4.92 eV for this state. CASPT2, obtained using a triplevel s-triazine, a diffuse 4bh which is a Rydberg type orbital, was
basis set and different active spaces for-nz* and & — 7* omitted and the 5hr-orbital was taken instead. CASSCF and
excitations, obtains 4.77 eV. EOM-CCSD(T) and SAC-CI SD-R GVVPT2 calculations for four states of each symmetry were
calculated this energy to be at 4.64 and 4.84 eV, respeci¢&ly.  performed.

The six lowest triplet states of pyrazine have been determined Excitation energies computed using GVVPT2, and the
by a variety of experimental and theoretical techniques, with ANO-L basis, are compared with experimental and earlier

aReference 23° Reference 35¢ Reference 129 Reference 13.
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TABLE 5: Vertical Excitation Energies (in eV) for
s-Triazine

EOM- expt
state  sym CASPT CCSD(TY GVVPT2 maxt
a—a
1A 5.33 5.36 5.70 5.70
AL 6.77 6.90 7.28 6.86
g 8.16 7.72  7.40A,)7.35¢B,) 7.76
n—om
A" 3.81 4.49 4.21
A" 4.00 4.54 4.19 4.59
=g 4.21 456  4.32(\,) 4.57(B;) 3.97

aReference 15° Reference 34¢ Reference 13.

theoretical investigations in Table 5. Three— z* absorption
lines were observed in the UV spectrum of s-triazine, with the
first of them, the'A,' peak, located at 5.7 e\2.We computed
this line to be at 5.70 eV, which is in obviously fortuitously
perfect agreement with the experimental observation. Earlier
theoretical results using EOM-CCSD(T) and CASPT2 under-
estimate this state by 0.37 and 0.34 eV, respectit®&lyThe
second absorption maximum, arising due to a transition from
the ground to théA ' state, is located at 6.86 eV; this transition
is optically forbidden. We computed this energy difference to
be 7.28 eV (i.e., 0.42 eV overestimate). The earlier CASPT2
study by Fischer et al. used a larger &2rbital active space
and reported 6.77 eV for this peak. This suggests that this high-
lying state requires a larger active space. EOM-CCSD and
EOM-CCSD(T) calculations places this state at 7.30 and 6.90
eV respectively* The first IE' state is observed at 7.76 eV,
and GVVPT2 calculates this state at 7.38 eV (i.e., error of 0.39
eV). Similar errors of 0.40 and 0.31 eV were reported with the
CASPT2 and EOM-CCSD calculations. EOM-CCSD(T) cal-

culates this state to be at 7.72, in excellent agreement with the

experimeng* The errors for all methods are still well within
0.5 eV, which is a useful accuracy for predictions involving
high-lying states. Better agreement with EOM-CCSD and
excellent agreement by EOM-CCSD(T) suggest that higher
order dynamic correlation including triples is important for this
state.

Experimentally, two n— s* transitions have been observed
and assigned: 3.97'F’") and 4.59 eV ¥A;").1® We have
computed the excitation energies ‘&' and!A," at 4.45 eV
(arithmetic average ofA, and 1B; is used) and 4.19 eV,
respectively. A similar error of around 0.5 eV (actually, 0.6
eV) was reported fotA," state with the CASPT2 study. EOM-
CCSD and EOM-CCSD(T) calculate this state at 4.95 and
4.54 eV, respectively* Innes et aP. quote an estimate of 4.09
eV for the 1A, state G-O transition. The presence of the
first 1A{" in the same region is suggested by Innes et al. and
is in agreement with our theoretical results. This unobserved
state is placed at 4.49 eV by EOM-CCSD(T) calculations.
CASPT2 calculates this state at 3.81'8% while the present
GVVPT2 calculated the excitation energy for this state is 4.21
ev.

3.5. s-Tetrazine.As with the s-triazine study, the present
calculations used the ANO-L basis. When selecting MOs for
the active space for s-tetrazine, the protocol of Szt al?*
was used, in which the diffuse Zjyr-orbital was omitted and
instead a 3k, r-orbital was taken. We performed CASSCF and
GVVPT2 calculations for three states of,/B14, Bsg, B2y and
Bau symmetries, for two states of,Band A, symmetries and
for four states of B, symmetry.

The visible region of the electronic spectrum of s-tetrazine,
responsible for its reddish-purple color, is very unusual, with

J. Phys. Chem. A, Vol. 112, No. 12, 2008681

TABLE 6: Vertical Excitation Energies (in eV) for
Low-Lying Singlet Valence n— #* (S) and n,n — a*,&* (D)
Excited States of s-Tetrazine

expt VUV
sym CASPT2 Ext-STEOM-CC GVVPT2 (EEL)

1By(S)  1.96 2.22 201 2.2%2.35)
UALS)  3.06 3.62 300  343.6)
2A,(D)  4.37 5.06 434
1'B14(S) 4.51 4.73 4.47
1'B(S)  5.05 5.09 4.92
1'Byy(D)  5.16 5.06 5.26
2A,(S) 528 5.23 532 (59
2B,y(S) 548 6.16 5.78
2B,,(S)  5.99 7.06 6.20
2By (S)  6.37 6.53 658  6.346.4)
3By,(S)  6.20 6.70 6.60

aReference 4 Reference 41¢ Reference 99 Reference 3% Ref-
erence 42.

over 500 strong peaks reported, grouped in four intense
vibrational progression®:3” Computed GVVPT2 results for the
singlet n— &* and n,n— x*,1* excited states are compared
with experimental and recerdb initio (CASPT2 and ext-
STEOM-CC) results in Table &2

From emission spectroscopy, it was concluded that the visible
absorption is related to the lowest singlet stif€he 1'B3, state
is the lowest singlet excited state of s-tetrazine, and corresponds
to an n— sr* transition. The maximum of the band is observed
at 2.35 eV in the EEL spectrufi.Rubio and Rod¥ in their
CASPT2 study suggest 1.96 eV for the vertical excitation energy
of this state, and the present GVVPT2 study predicts this state
to be located at 2.01 eV. The extended STEOM-CC study by
Nooijen places this state at 2.2 é¥The second singlet excited
state is the optically forbidden'A, state. Innes has estimated
this state to be located at 3.4 eV above the ground $tatéhile
Nooijen’s extended STEOM-CC reports this state at 3.62 eV,
Rubio and Roos report this state to be located at 3.08°4V.
We have computed this state to be located at 3.09 eV above
the ground state. Two optically forbidden states are predicted
to lie more than 4 eV above the ground state, which could
explain the origin of the second-rr z* band. The 2A, state,
described mainly by a doubly excited configuration, has been
computed in the present GVVPT2 study to be at 4.34 eV. The
forbidden 2B, state has been located at 4.47 eV. The calculated
values are closer to the corresponding CASPT2 values of 4.37
and 4.51 eV, respectively, than to the extended STEOM-CC
values.

The EEL spectrum observed by Palmer ePahows features
at 4.2, 4.6 (shoulder) and 5.2 eV, which are not observed in the
VUV absorption spectra. These energy losses have been ascribed
to triplet states or optically forbidden singlet statg&arlier
CASPT2 calculatiorf§ located six optically forbidden singlet
states in the range—b.5 eV, and the relation of these states
with the present GVVPT2 calculations is shown in Table 6.

CASPT2 calculatior§ predict a 2B,q state located at 5.48
eV. The GVVPT2 calculated value for this state is 5.78 eV,
and extended STEOM-CC calculations place this state at 6.16
eV. Experimentally, the A, state is located at 5.0 eV and
CASPT2 calculates this state at 5.28 eV. Present GVVPT2
calculations locate the'&, state at 5.32 eV. Extended STEOM-
CC calculates this state at 5.23 eV. For six low-lying states,
the GVVPT2 and the CASPT2 excitation energy values differ
by less than 0.05 eV. For states with excitation energy values
above 5.3 eV, the GVVPT2 values are higher and are closer to
the extended STEOM-CC calculated value.
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4. Summary and Conclusions This study extends significantly demonstration of the applicabil-

. . . L . o ity of the method.
Since the ability to predict excitation energies to within 0.5
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