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Abstract: Electron energy-loss spectroscopy (EELS) is used to determine the energies of low-lying singlet and triplet
states of the title compound. The EELS measurements give a splitting of 0.45 eV between the tworlowest

singlet states, as confirmed by optical absorption measurements, but do not give a discernable splitting between the
corresponding triplet states. The experimental results are interpreted with the aid of ab initio electronic structure
calculations using the CIS and CASPT2 methods. The calculations are consistent with the experiments, giving a
much larger splitting between the— x* singlet as compared to the — z* triplet states. They also reveal that

the splitting between the two lowest— x* triplet states is dominated by through-bond (TB) interactions, whereas

that between the corresponding singlet states includes also a significant contribution from thedijpalk coupling
mechanism.

1. Introduction

The nonconjugated diene 1,4:5,8-bismethano-1,4,4a,5,8,8a-
hexahydronaphthalenel)( has played a pivotal role in the /
evolution of our understanding of through-bond coupling
molecules. At the geometry of the ground state of the neutral 1
molecule ther cation andr* anion states ofl are split by 0.87

and 0.80 eV, respectivel? Theoretical studiés? have shown that these splittings are about an order of magnitude greater

than would exist were only direct through-space interactions
lUniversity of Pittsburgh. operative between the ethylenic groups. In fact, the splittings
University of New South Wales. i _
® Abstract published if\dvance ACS Abstract&ebruary 1, 1996. ar.e.malr}lyhdl';e tol. th:jOUth lbo'.”d CO(;JpangLQU?ht ‘."‘EO‘r‘]t by
(1) Hoffmann, RAcc Chem Res1971, 4, 1. Hoffmann, R.; Imamura, ~ MIXINg of the localized ethylenia ands* orbitals with theo
A.; Hehre, W. J.J. Am Chem Soc 196§ 90, 1499. and o* orbitals of the bridge. Although the cation and anion
(2) Paddon-Row, M. N.; Patney, J. K.; Brown, R. S.; Houk, K.IN. states ofl have been extensively studied both experimeritélly

An23)cgggjisslc_ ﬁgﬁ}aﬁoé 5D5-7ghrrow P. D.: Paddon-Row, M. N.: Patney and theoretically;” no work has been done on the electronically

J. K.J. Am Chem Soc 1982 104, 6849. excited states of this molecule.
§4g Joréign, K. D, Paddon-RowéMghmhemth. 199% 35, ?%95. o In the present study, electron energy-loss spectroscopy is used
5) Paddon-Row, M. N.; Wong, S. emPhys Lett 1 167, 432. i _Ivi i i R
(6) Jordan, K. D.: Paddon-Row, M. N. Phys Chem 1992 96, 1188, to characterize the low Iylng singlet and triplet §tateslqh
(7) Kim, K_; Jordan, K. D.; Paddon-Row, M. N.. Phys Chem 1994 the gas phase and to determine whether core-excited anion states
98, 10089. significantly enhance the cross section for formation of the
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— mr* excited states. In addition, the optical absorption spectrum

ve@t al.

the Hartree-Fock wave function for the ground electronic state. The

of 1 in acetonitrile is measured for wavelengths between 185 CIS method allows for orbital relaxation and accounts for near

and 400 nm. To aid in the interpretation of the experimental
spectrum the excitation energies bare calculated by means
of the single excitation CI (CI1S),complete-active-space self-

consistent-field (CASSCF), and complete-active-space multi-
reference second-order perturbation (CASPT2) theoretical meth-

ods?

2. Methodology

(1) Experimental Methods. The electron energy-loss spectrometer
(EELS) used in this study has been described elsewhéfand only

a brief description is given here. The EELS system consists of a single-

stage trochoidal analyZétto select the energy of the incident electrons,

which are passed through a static cell where scattering with the target
gas takes place, a dual-stage trochoidal analyzer to analyze the residu
energy of the scattered electrons, and a dual microchannel plate detecto

Most of the spectra are obtained in the fixed residual endfgy (node
of operation of the spectrometer, whelfgs = Einc — Eioss The

spectrometer was tuned so that the overall resolution was about 80

meV.

(2) Theoretical Methods. With the molecular orientation used in
this study, the bondingr(;) and antibondingst-) combinations of the
ethylenicsr orbitals of1 are of @ and kb symmetry, respectively, and
the bonding £*) and antibondingst*) combinations of the ethylenic
* orbitals are of h and a symmetry, respectively. The(a) —

7% (by) andz-(by) — 7* (&) transitions are of Bsymmetry, and the
7+ (ag) — 7* (&) andz-(by) — a4 (by) transitions are of Asymmetry.
The two configurations of each symmetry mix, making single-
configurational methods unsuitable for describing the- 7* excited
states.

In both the triplet and singlet manifolds, the— 7* states “separate”
into two lower energy “local” states (one each afdhd A symmetry)
and two higher lying “charge-transfer” states (again, one each,of B
and A symmetry). In terms of localized orbitals, the charge-transfer
states are dominated by thés}z, and s w4k configurations, and
the local states are dominated by therix2 and 72wz configura-
tions, where “L” and “R” designate orbitals localized on one or the
other ethylenic groups. The splittings between the lacat 7* states
of B; and A symmetry provide a measure of the electronic couplings
in the triplet and singlet manifolds. In the case of the triplet states,

degeneracy effects, such as the mixing betweenrthes* configura-
tions of the same symmetry. However, it does not describe dynamical
correlation effects, and thus may not correctly order valence and
Rydberg states. The CIS calculations were carried out using the
Gaussian 92 prograf.

The more computationally demanding CASPT2 method allows also
for dynamical correlation effects, and has been found to provide an
accurate description of — n* excited states of ethylene and other,
more complex, molecul€s. In this method, CASSCF calculations are
carried out for each state of interest and the resulting CASSCF wave
functions and orbitals are used to carry out multi-reference MP2
calculations. The CASSCF and CASPT2 calculations were performed
using the MOLCAS3 progrart.

The ANO’ basis set used for the CASPT2 calculations was formed

y adding diffuse primitive s, p, and d functions to the contracted
3s3pld/3s2p/2s) ANO Gaussian basis'&eflhe (3s3pld/3s2p/2s)

rdesignation indicates that the (3s3p1d) and (3s2p) ANO basis sets were

employed on the ethylenic and non-ethylenic C atoms, respectively,
and that the (2s) ANO basis set was used on the H atoms. The diffuse
functions were located at the center of charge of the ground state radical
cation of1, and their exponents were optimized for the 3s, 3p, and 3d
Rydberg orbitals obtained from HartreEock calculations on the
cation. The CIS calculations were performed using the 6-31G basis
set!® augmented with d polarization functions and diffuse sp§"
functiong® on the ethylenic carbon atoms, and with the same Rydberg
orbitals as used in the ANO’ basis set. CIS and CASPT2 calculations
were also carried out using the 3-21G basis?sefhe 3-21G basis set
does not have the flexibility needed for obtaining accurate excitation
energies, and is included only to determine whether such a modest-
sized basis set is able to describe the splittings between thex*
singlet and triplet states. Unless noted otherwise, the discussion will
focus on the results obtained with the basis sets that include the diffuse
functions.

The active spaces for the CASPT2 calculations with the ANO’ basis
set included the@and b 7 and the b and a #* valence orbitals, as
well as subsets of the 3s, 3p, and 3d Rydberg orbitals. Specifically,
the active space used for the excited states paml A symmetry
included the 3p and 3d Rydberg orbitals qfdnd a symmetry, and
that used for the Aand B, Rydberg states included the 3s, 3p, and 3d
Rydberg orbitals of aand b symmetry. In order to minimize the effect
of intruder states, extra virtual orbitals (one eachcdilid @ symmetry

both through-space and through-bond interactions contribute to the in the calculations of the Band A states, and one each of and b

splitting, with the latter expected to be dominant. In the singlet
manifold, the dipole-dipole (Forster) coupling mechanishis also
operative. As a result, the splitting between the two lowest singlet

symmetry in the calculations of theiAnd B states) were included in
the active spaces. Together these two active spaces permit a description,
in both the singlet and triplet manifolds, of the twa &1d two A =«

— 7* states is expected to be larger than that between the corresponding— 7* valence states as well as the six, Aix By, three B, and three

triplet states.

A, Rydberg states derived from the— 3s,t — 3p, andzr — 3d

For norbornadiene it has been found that the second and higher lyingexcitations. In addition, as a result of the inclusion of the extra virtual

7z — a* singlet transitions are overlapped with Rydberg stété$This
is also likely to be the case fdr making it necessary to employ in the
theoretical calculations basis sets sufficiently flexible to describe both
the valence and low-lying Rydberg statés.

In the CIS metho¥l the excited states are described as linear
combinations of configurations that are singly excited with respect to

(8) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, Ml J.
Phys Chem 1992 96, 135.

(9) Anderson, K.; Malmgvist, P.-A.; Roos, B. O.; Sadlej, A. J.; Wolinski,
K. J. Chem Phys 199Q 94, 5483. Anderson, K.; Malmqvist, P.-A.; Roos,
B. O.J. Chem Phys 1992 96, 1218.

(10) Allan, M. J. Electron SpectrosRelat Phenom 1989 48, 219.

(11) Falcetta, M. F.; Jordan, K. 0. Am Chem Soc 1991 113 7455.

(12) Stamatovic, A.; Schulz, G. Rev. Sci Instrum 197Q 41, 423.

(13) Forster, ThDiscuss Faraday Soc1959 27, 7.

(14) Roos, B. O.; Merchan, M.; McDiarmid, R.; Xing, 3. Am Chem
Soc 1994 116, 5927.

(15) Roos, B. O.; Serrano-Andres, L.; Merchan, Rure Appl Chem
1993 65, 1693. Serrano-Andres, L.; Merchan, M.; Nebot-Gil, I.; Roos, B.
O.; Fulscher, M. PJ. Am Chem Soc 1993 115 6184. Serrano-Andres,
L.; Merchan, M.; Nebot-Gil, |.; Lindh, R.; Roos, B. Q. Chem Phys
1993 98, 3151. Serrano-Andres, L.; Roos, B. O.; Merchan, Theor.
Chim Acta1994 87, 387. Rubio, M.; Merchan, M.; Orti, E.; Roos, B. O.
Chem Phys 1994 179, 395.

orbitals to avoid problems associated with intruder states, the active
spaces also describe a subset of the possibteo* states. For each
of the two active spaces, CASPT2 calculations were also performed
for the ground electronic state, and the resulting ground state energies
were subtracted from the excited state energies in order to obtain
excitation energies.

Convergence problems were encountered when performing CASSCF

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. Baussian 92/DFTGaussian, Inc.: Pittsburgh,
PA, 1992.

(17) Anderson, K.; Blomberg, M. R. A.; Fulscher, M. P.; Karlstrom,
G.; Kello, V.; Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olsen, J.; Roos, B.
0.; Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, PM®Icas
Version 3 University of Lund: Lund, Sweden.

(18) Almlof, J.; Taylor, P. RJ. Chem Phys 1987, 86, 4070.

(19) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem Phys 1972 56,
2257. Hariharan, P. C.; Pople, J. Aheor Chim Acta1973 28, 213.

(20) Clark, T.; Chandrasekar, J.; Spitznagel, G. W.; Schleyer, B. V.
Comp Chem 1983 4, 294.

(21) Binkley, J. S.; Hehre, W. J.; Pople, J. A Am Chem Soc 198Q
102 939.
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Figure 2. Optical absorption spectrum df in acetonitrile solution.

The Ees = 20.0 eV spectrum displays a pronounced peak at
Energy Loss (eV) 6.65 eV, with a shoulder near 6.2 eV. The peak at 6.65 eV is
i i — 11 —
Figure 1. Electron energy-loss spectra dfobtained with residual aLmOSt c_grtalnly due to the d'pOIG'allowed@l 1 B_l) T
energy values 0.10, 0.85/1.00, 10.0, and 20.0 eV. The 0.85/1.00 ev 7" transition, w_hereas the shoulder near 6.2 eV is likely due to
results are obtained by averaging fhe,= 0.85 and 1.00 eV spectra.  the dipole-forbidden (3, — 1'A;) r — z* transition. The
The Ees = 0.10 and 0.85/1.0 spectra have been offset for clarity. appearance of a dipole-forbidden transition in Eyg = 20.0
eV spectrum could be due to vibronic coupling with nearby
calculations on the higher-lying excited states. To circumvent this dipole-allowed states. The low-energy shoulder (near 6.2 eV
difficulty, a state-averaging procedure was adopted. For each sym-in the E.s = 20 eV spectrum) shifts downward about 0.2 eV
metry, six states were included in the state-averaged CASSCF waveand increases slightly in intensity in thgs= 10 eV spectrum,
fUnCtiOn, with each state being giVen equal Welght It was eXpected Cons|stent W|th there belng more than one state near 6.0 eV.
that this would give rise in both the singlet and triplet manifolds to the Again, the most likely candidate is one of the — 3s orz_
fourz — m* and 18 Rydberg states derived from - 3s,7 — 3p, and — 3p singlet Rydberg states. The structure infg= 0.85/
m — 3d excitations. However, in the triplet manifold, the two higher o .
1.0 eV spectrum closely resembles a superposition of that in

energyzr — m* states were “missed” by this procedure, and in their o
place 7 — o* states were obtained. An alternative strategy was € Eres= 0.1 and 10.0 eV spectra. In other words, both the

therefore adopted to obtain energies for the higher lying 7* triplet singlet and triplet states are excited at residual energies near 1
states, namely, CASPT2 calculations were also carried out using an€V.

active space containing only the valene@nds* orbitals with only The optical absorption spectrum measured in acetonitrile
two roots included in the state averaging. solution is shown in Figure 2. This spectrum displays a peak

To estimate the magnitude of the electronic couplings in the absenceat 6.45 eV, with a weak shoulder near 6 eV. The spectrometer
of through-bond interactions, calculations were also carried out on the ysed for these measurements is limited to wavelengths greater
excited states of a model _ethylene _dlmer, Wlth the two ethylene {n31 about 185 nm (6.7 eV), causing the cutoff in the measured
oleculs sebaraled S encd a4 T Scie spaces e or  SPECITUM. AS i the gas-phase specirum, the main peak i
molecule. attributed to the dipole-allowed¥A; — 11B;) = — &* transition

and the shoulder near 6 eV to the dipole-forbiddebAgl—
11A,) & — m* transition, the appearance of which could be due
either to perturbations induced by the solvent or to vibronic

(1) Experimental Results. The electron energy-loss spectra  €0upling. Both the absorption spectrum in acetonitrile and the
were obtained with residual energies of 0.10, 0.85, 1.00, 10.0, €lectron energy-loss spectra display a very weak diffuse feature
and 20.0 eV. The spectrum obtained with the residual energy N€ar 5.2 V. This is believed to be due to an impurity.
of 0.10 eV should be dominated by the structure due to the The excitation function for the lower pair of triplet states,
triplet states, and those obtained with residual energies of 10.00btained for a fixed energy loss of 3.9 eV, is reported in Figure
and 20.0 eV should be dominated by the structure due to dipole-3. The peaks near 5.1 and at 6.45 eV in this excitation function
allowed singlet states. Dipole-forbidden singlet states are are expected to arise from core-excited anion states which, upon
expected to appear most prominently in tig = 0.85 and 1.0 electron detachment, decay into thi@1and £A; states. The
spectra. Figure 1 reports thiges = 0.10, 0.85/1.0, 10.0, 20.0  lower energy core-excited anion state is expected to have the
eV, energy-loss spectra. The spectrum denoted 0.85/1.0 is theelectronic Configuratiomin_nﬁz(sz), and the higher lying
average of théses = 0.85 and 1.0 eV spectra. core-excited anion state is probably thA1 state (involving

The Ejes = 0.10 eV spectrum displays peaks near 3.9, 5.9, the 7,7’ x%and x5z _a%a* configurations, among others).
and 6.7 eV. In addition, there is a weak shoulder near 6.5 eV. The appearance of both of these core-excited states in the 3.9-
Based on the theoretical results, discussed below, we attribute€V energy-loss spectrum provides support for the interpretation
the first peak to both the3A, and £B; = — 7* states, and the ~ that the 3.9-eV peak in thEres = 0.10 eV spectrum is due to
structure between 6.5 and 7.0 eV to the upper pair of triplet ~ both the B, and BA, = — 7* states. Itis also likely that the
— n* states as well as to several Rydberg states. The core-excited anion state near 6.45 eV is partly responsible for
pronounced peak near 5.9 eV is likely due to a core-excited the pronounced structure seen near 6.0 eV inghe= 0.10
anion state (see discussion at the end of this section). ThereeV spectrum.
may also be some contribution from the triptet — 3s as well (2) CASPT2 Calculations. The excitation energies for the
as the 1A, state at this energy. o — o* states calculated with the CASSCF, CASPT2, and CIS

3. Results
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Figure 3. Excitation function of the two lowest energy— z* triplet
states ofl obtained for a fixed energy loss of 3.9 eV.

Table 1. Calculated Excitation EnergieSE, X?[) y°[] and (220
Expectation Values, and Oscillator Strengths of the> 7* Excited
States ofl

AE (eV) 320 20 @0 osc
state  CASSCF PT2 CfS w? (au) (au) (au) strength
1A, 0.68 52.3 57.9 550
1'A, 863 584 6.35 0.62 63.0 640 58.0 0.00
1'B, 9.05 660 6.85 062 615 67.7 56.2 042
3B; 11.20 7.30 e 0.60 56.5 65.6 543 e
5'A, 1142 772 e 0.61 543 61.2 551 0.00
13A, 417 3.83 351 063 548 59.2 557 0.00
1°B, 427 393 359 0.64 546 59.8 555 0.00
3¥B; 11.38 6.79 8.21 055 547 59.5 555 0.00
3PA, 1150 6.87 824 056 54.6 59.6 555 0.00

2 w gives the weight of the reference wave function in the CASPT2
calculations? The ¥?[] ¥?() and[Z2(expectation values were calculated
with the CASSCF wave function§The oscillator strengths (in au)
were calculated using the CIS methddll CIS excitation energies
have been reduced by 0.6 e¥The CIS calculations could not be
converged for this statéResults of calculations with two states
averaged in the CASSCF wave function; the other CASSCF and
CASPT2 results were obtained from calculations with six states
averaged in the CASSCF wave function.

ve@t al.

Table 2. Weights of the Dominant Configurations in the CASSCF
Wave Functions for the Ground State amd— * Excited States of
1a

state principal configurations weights (%)
1A, (7ran)?(rrhy)? 98
1A, (nal)z(nbz)l(n*bl)l 70
(7Tby)?(7ran) (r*az)t 19
1'B; (ﬂal)z(ﬂbz)l(ﬂ*ag)l 36
(7rbp)?(7ran) (7w b 1)t 51
3'B; (ﬂal)z(ﬂbz)l(ﬂ*ag)l 50
(7rbp)?(7rag) (7w b 1)t 41
51A; (J'[bg)z(ﬂa1)l(7[*az)1 76
(7ran)?(srhp) (b 1)t 21
13A, (ﬂal)z(ﬂbz) l(ﬂ*b 1)1 56
(7rbp)?(7rag) (*a)* 39
1°B; (ﬂal)z(ﬂbz)l(ﬂ*ag)l 48
(7whp)?(7ra) (7w b 1)t a7
3°B; (7ra)?(rhy) (r*ag)t 49
(7wbp)?(7ra) (7w b 1)t 51
3°A; (sran)?(shr) (7 b 1)t 39
(7wbp)?(7rag) (*a)* 61

@ These results for the triplet states were obtained from the calcula-
tions with two roots state averaged.

the CASPT2 calculations give vertical excitation energies of
3.94 €A,) and 4.07 eV {B,) for the lower two triplet states.
Based on these results, we attributed the peak near 4 eV in the
Eres= 0.10 eV energy-loss spectrum to ti&1and £B; states.

The upper twor — 7* triplet states, along with a subset of the

m — 3p Rydberg states, are probably responsible for the 6.7-
eV peak seen in thE.s= 0.10 eV energy-loss spectrum. The
CASPT?2 calculations, based on the CASSCF wave function with
six roots averaged, located the lowast> ¢* triplet states at
8.63 €A,) and 8.69 eV {By).

From Table 2 it is seen that the CASSCF wave functions for
the lowest!A, 7 — z* state has much more weight from the
- — % than from thez+ — s* configuration, whereas for
the lowest!B; # — z* state and for the two low-lyingr — 7*
triplet states the two possible valenge— z* configurations
enter with roughly equal weight. This implies that there is
appreciable charge-transfer character in thi, ktate, but that
the other threer — s* states in question have relatively little

methods are reported in Table 1. This table also reports the charge-transfer character. As a result a two-level model is more

weights of the reference wave functions in the CASPT2 wave
functions and theX?[] [¥2[] and [Z°0 expectation values,
calculated at the CIS level. The latter provide information about

appropriate for describing triplet than singlet excitation transfer
in the 7* manifold of 1.
The theoretical results for the singlet and triplet Rydberg states

the valence and Rydberg character of the excited states. Theare summarized in Tables 3 and 4, respectively. The states are

weights of the dominant configurations in the CASSCF wave
functions for ther — x* states are given in Table 2.

The CASPT2 calculations predict the lowest enetgy *
singlet state to be of Asymmetry with an excitation energy of
5.84 eV. The second and third — z* singlet states are
predicted to be of Bsymmetry and to lie at 6.60 and 7.30 eV,
respectively. The second singlét, 7 — z* state is predicted
to lie at 7.72 eV. The¥?[) ¥°[) andZ?[expectation values for
all four of these singlet states are relatively small, indicating

numbered (e.g.,'By, 2'B;, etc.) in accordance with the energy
orderings predicted by the CASPT2 calculations. For the low-
lying Rydberg states, the energies of the singlet and triplet
components are quite close, generally within 0.1 eV, as predicted
in the CASPT2 calculations. The- — 3s Rydberg states are
predicted to lie near 5.7 eV, followed by the — 3p Rydberg
states between 6.0 and 6.3 eV, and:the— 3d Rydberg states
between 6.6 and 6.8 eV. From these results it is apparent that
even the two lowest — x* singlet states are overlapped by a

that they are predominantly valence in character. These resultdarge number of Rydberg states. Although the spectra do not

are consistent with the interpretation that the 6.6-eV peak in
the optical absorption anfles = 20 eV energy-loss spectra is
due to the (3A; — 1!'B;) & — x* transition, and that the 6-0
6.2-eV feature seen in these spectra is due to the (1 1'A))

7z — r* transition.

display sharp structure typical of Rydberg states, it is likely
that the peark near 5.9 eV in tli®.s = 0.1 eV spectrum and
the shoulder near 6.2 eV in the 10 and 20 eV residual energy
spectra derives in part fromm — 3s and, perhaps also,— 3p
transitions. Similarly, one or more of the tripket — 3d states

The CASPT2 calculations, based on the CASSCF wave could contribute to the peark near 6.8 eV in the;= 0.1 eV

functions with only the twar — z* states of either Bor A,

spectrum.

symmetry state-averaged, give excitation energies of 3.83 and Thex — 3s states are predicted to lie near 7.0 eV, followed

3.93 eV for the lowes®A, and 3B, states, respectively. The
second set ofA, and®B; & — a* states are predicted to lie

by thexr; — 3p states near 7.3 eV, and spread by less than 0.1
eV, and by five closely spaced; — 3d states starting at 7.7

about 2.9 eV higher in energy. In the absence of state averagingeV. The CASPT2 calculations prediction that the, 7 —
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Table 3. Calculated Excitation Energie®?[] [y°(] and (220
Expectation Values, and Oscillator Strengths of the Singlet Rydberg
States ofl
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Table 4. Calculated Excitation Energies amfl) y?[] and (220
Expectation Values of the Triplet Rydberg Stateslof

AE (V)

AE (V) D0 [0 @20
=Y 0 O 0 . 0s¢ state CASSCF PT2 CfS (au) (au) (au) "

state CASSCF PT2 CfS(au) (au) (au) w° strength 1A, 503 579 550 068
1A, 52.3 57.9 55.0 0.68 1°B, 6.00 572 564 756 90.0 85.8 0.67
1B, 6.02 5.75 5.72 773 88.0 86.5 0.67 0.025 (b, — 3s)

(b2 — 3s) 13A; 6.15 6.02 578 758 1214 80.1 0.66
2'A; 6.20 6.06 5.89 76.2 120.6 81.0 0.66 0.019 (b2— 3p)

(b2— 3p) 2B, 6.46 6.24 6.24 756 724 1228 0.67
2'B, 6.48 6.25 6.33 77.1 69.5 124.7 0.67 0.023 (b2 — 3p)

(b2— 3p) 25A, 6.49 6.34 6.23 1243 651 76.4 0.66
2'A, 6.65 6.27 6.22 129.8 65.5 78.1 0.66 (b2— 3p)

(b2— 3p) 3B, 6.75 6.55 6.53 102.9 1025 925 0.66
3B, 6.78 6.58 6.58 104.0 108.1 90.1 0.67 0.033 (b, — 3d)

(b — 3d) 2%B; 6.82 6.70 6.52 115.7 96.7 72.3 0.66
2'B; 6.96 6.67 6.53 122.7 102.9 74.4 0.66 0.030 (b, — 3d)

(b — 3d) 25A1 6.82 6.67 6.54 73.1 101.8 124.7 0.66
3A; 6.85 6.70 6.64 73.7 103.6 125.6 0.67 0.002 (b, — 3d)

(b — 3d) 43B, 6.94 6.77 6.80 1154 60.0 130.8 0.66
4B, 6.95 6.77 6.82 113.3 60.2 133.3 0.65 0.001 (b, — 3d)

(b — 3d) 437, 7.06 6.92 6.79 1233 60.1 1225 0.66
3A, 7.16 6.81 6.84 1229 61.1 123.4 0.62 (b, — 3d)

(b, — 3d) 3FEA; 7.43 700 7.15 957 612 98.2 0.66
4A, 745 7.01 721 97.1 61.2 96.8 0.66 0.006 (aa — 3s)

(a — 3s) 43A 7.68 731 751 787 73.0 126.6 0.66
51A; 768 7.33 757 780 72.6 128.3 0.66 0.009 (aa — 3p)

(a— 3p) 43B, 7.74 746 7.47 1342 776 811 0.66
5B, 795 7.37 758 76.2 130.7 80.0 0.65 0.001 (2w — 3p)

(aa —3p) 5B, 7.96 736 750 75.8 130.3 80.0 0.65
4B, 7.86 7.38 753 132.3 73.4 80.8 0.66 0.011 (aa — 3p)

(aa—3p) 53A; 8.01 765 756 76.7 149.1 80.0 0.65
41A, 8.18 7.47 7.69 118.8 104.6 72.7 0.65 (aa — 3d)

(&g —3d) 6°B, 8.06 776 7.70 73.1 111.7 125.0 0.66
6'A; 8.09 7.70 7.70 77.2 150.7 82.2 0.65 0.040 (2w — 3d)

(&g —3d) 6°A; 7.89 777 7.76 1184 60.2 126.9 0.67
A, 790 7.77e 119.4 60.3 127.3 0.67 (aw — 3d)

(&g —3d) 53A, 8.01 7.77 756 1229 1004 73.7 0.66
6'B; 8.06 7.77 7.76 73.3 112.2 125.9 0.66 0.008 (ay — 3d)

(& — 3d) 5B, 8.00 786 7.74 1233 60.0 119.3 0.66
51B; 8.16 7.82e 123.4 60.7 121.0 0.66 (ay — 3d)

(aa—3d)

aThe ¥?[] y?[] and [Z2Oexpectation values were calculated using
the CASSCF wave function8Weights of the CASSCF reference
functions in the first-order wave functionsThe oscillator strengths
(in au) were calculated using the CIS meth®dll CIS excitation
energies have been reduced by 0.6 €Vhe CIS calculations could
not be converged for this state.

3d state lies 0.3 eV below its triplet counterpart is probably the

aThe B[] ¥2[] and [Z2Oexpectation values were calculated using
the CASSCF wave function8 Weights of the CASSCF reference
functions in the first-order wave functionBAll CIS excitation energies
were reduced by 0.6 eV.

Table 5. (T1,T2)? and (S,$)P Splittings (eV) inl and the
Ethylene Dimer Model Calculated with the CASPT2 and CIS
Methods

L 7, CASPT2/ CIs/ CASPT2/  CIS/
result of valence/Rydberg mixing. As expected, the splittings ANO'  6-31+G*+spd  3-21G 3-21G
between the Rydberg states resulting from excitations ftom (ToTy) 1 013 0.089 014 0.089
andx_ orbitals correspond approximately with the experimen- * *'®  Siior 6y 10 7x10°  6x 104 4x 104
tally measure#idifference between the first and second ioniza- (s,s;) 1 0.76 0.49 0.88 0.603
tion potentials AIP = 0.87 eV). dimer 0.038 0.263 0.133 0.224

(3) CIS Calculations. Due to the neglect of dynamical

a Splitting between the two lowest — z* triplet states.? Splitting

correlation effects, the excitation energies calculated with the petween the two lowest — =* singlet states.

CIS method tend to be higher than those calculated with the
CASPT2 method. In order to facilitate comparison between — z* state 0.07 eV lower in energy. The mixing between these
the CASPT2 and the CIS results, the CIS excitation energiestwo configurations is reltively weak as evidenced by the fact
have been reduced by 0.6 eV. With this correction, the that the oscillator strength calculated for the valence state is
excitation energies of the Rydberg states as calculated with thenearly 120 times larger than that for the Rydberg state.
CIS procedure agree on average to within 0.2 eV of the CASPT2  (4) Splittings between the Lowestr — #* States. Table 5
values. With the 0.6-eV reduction, the CIS calculations predict summarizes the splittings between the two lowest z* triplet
the lowestA, and3B; # — x* states to be 040.5 eV below states (designated &nd T,) and between the two lowest singlet
the results from the CASPT2 calculations, and place the lowestr — n* states (designated;&nd $) of 1 and of the dimer
1A, and!B; & — 7* states 0.25-0.5 eV higher in energy than  model. Results were obtained with both the CASPT2 and CIS
predicted in the CASPT2 calculations. methods, and using both the 3-21G and ANO’ or 6-&F+spd

The two lowest!B; states are close in energy, with the CIS basis sets. The CIS and CASPT2 calculations with the flexible
calculations placing théB; state derived from the; — 3d basis sets give 1T, (13A; < 13B;) splittings on the order of
excitation 0.32 eV below the lowe¥B, & — s* state, but the 6—7 x 103 eV for the ethylene dimer model. These splittings
CASPT?2 calculations reverse the order, placing the valence are about an order of magnitude larger than those obtained with
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the 3-21G basis set, indicating that it is essential to employ The electron energy-loss measurements give a splitting of
flexible basis sets for describing the weak through-space 0.45 eV between the two lowest singlet— =* states ofl.
interaction in the triplet manifold. On the other hand, Idhe However, due to the overlap of valence and Rydberg states,
CIS calculations with both the 3-21G and 6-3&*+spd basis there is an uncertainty at0.1 eV in the splitting. The $5,
sets give a 71, T, splitting of about 0.09 eV, and the CASPT2 splittings calculated with the CASPT2/ANO’ and CIS/6-
calculations with these two basis sets giveT} splittings 31+G*+spd methods are 0.76 and 0.50 eV, respectively, again
between 0.13 and 0.14 eV. The much largefM7 splitting in in fairly good agreement with experiment. From comparison
1than in the ethylene dimer is due to the dominance of through- of the theoretical results fdk with those for a ethylene dimer
bond coupling in the former. The TB coupling, unlike the model, it is established that nearly all of the T splitting and
“direct” TS coupling, is well described by the 3-21G basis set. about 66-80% of the $,S; splitting in 1 is due to the through-
A rather different picture emerges in the singlet manifold. bond mechanism. Most of the remainder of the splitting
Relatively large (up to 0.26 eV):&, (1'A, < 1'B,) splittings between the Sand S states is due to dipotedipole coupling.
are calculated for the ethylene dimer model. The much larger The TB contribution to the $S; splitting of 1 is about 4.5 times
splitting between the singlet states than between the triplet statedarger than that to the JT, splitting. The reason for the greater
of the dimer is due to the dipotedipole coupling mechanism  through-bond coupling in the singlet manifold is not clear at
operative in the singlet manifold. The,S; splitting for the present.
dimer obtained from the CASPT2/ANO’ calculations (0.04 eV)  Inclusion of dynamical correlation effects, absent in the CIS
is appreciably smaller than that obtained from the CASPT2/3- procedure, leads to about a 50% increase in both & &nd
21G calculations or from either set of CIS calculations. This S, S, splittings. However, this does not necessarily mean that
may reflect the importance of dynamic correlation effects in the CIS method would be inadequate for describing the rate of
the m — z* singlet state of ethylene. Fat, the CIS and  decrease in the electronic couplings in the> 7* states along
CASPT2 calculations with the 3-21G basis set givgSH a series of bichromophoric molecules with increasing bridge
splittings of 0.60 and 0.88 eV, respectively. Somewhat smaller lengths. The reason for this is that the net electronic coupling
S1,S; splittings are obtained with the more flexible basis sets, can be described (approximately) as a product of terms, one
with the CIS/6-3%G*+spd and CASPT2/ANO’ values being  describing the coupling of the chromophores to the bridge and
0.49 and 0.76 eV, respectively. We conclude from these resultsthe other describing the propagation of the interaction along
that both the through-bond and dipeldipole coupling mech- the bridge, the latter of which determines the distance depen-
anisms are important for the,S, splitting, with the former  dence of the electronic coupliffglt may be that most of the
making the larger contribution. It also follows that the TB increases in the {JT. and S,S; splittings brought about by
coupling is larger in the singlet than in the triplet manifold. inclusion of dynamical correlation effects are actually due to
(5) Discussion and Conclusions. The present electron  an enhanced coupling of the chromophore to the bridge, rather
energy-loss measurements do not give a measurable splittinghan the propgation of the interaction along the bridge. This
between the two lowest triplet — 5* triplet states ofl. This possibility will be addressed in a future study.
indicates that the splitting between the dnd T, states is less
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