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Abstract

Ž . XThe lowest valence transition energies of the first two homologues of the oligo cyclohexylidene series, viz. 1,1 -bi-
Ž . X X Y Ž .cyclohexylidene 1 and 1,1 :4 ,1 -tercyclohexylidene 2 , were computed using multi-reference perturbation theory at the

Ž . Ž .second MR-MP2 and third order MR-MP3 . The results were compared to the previously reported results using a
Ž . Ž .non-selected multi-reference single-double CI Direct-CI and a selected multi-reference single-double CI MRDCI

approach, in order to obtain insight in the applicability of the MRDCI approach for the prediction of absorption spectra of
X Ž .large organic molecules. Calculations of the lowest valence excited states of 1,1 -bicyclohexylidene 1 showed that

MR-MP3 gives energies comparable to those of Direct-CI; for the transition energies, MR-MP2 and MR-MP3 performed
X X Y Ž .equally well. The calculations on the excited states of 1,1 :4 ,1 -tercyclohexylidene 2 revealed that the MR-MP2

methodology is not reliable for the prediction of its transition energies, if the multi-reference character of the excited states
increases. Although remarkable differences in the absolute transition energies were found, the assignments of the lowest

X Ž . X X Y Ž .valence transitions of 1,1 -bicyclohexylidene 1 and 1,1 :4 ,1 -tercyclohexylidene 2 were similar at all levels of theory.
q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The UV absorption spectrum of the simplest rep-
Ž .resentative in the oligo cyclohexylidene series, viz.

X Ž .1,1-bicyclohexylidene 1, Scheme 1 was studied in
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w xdetail 1–4 . In contrast to its analogue tetrameth-
ylethene, which possesses only one band at 7.0 eV

U w xthat corresponds to the p™p transition 5 for 1
Žin the vapor phase electron energy loss spec-

. Ž .troscopy as well as in solution n-pentane , two
w xbands were observed at 5.95 eV and 6.82 eV 1 , and

w xat 6.01 eV and 6.85 eV 2 , respectively. In the
solid-state polarized UV spectrum of a single crystal,
the two bands were also discernible at 5.95 eV and

w x6.32 eV 3 . This suggests that both bands of 1 were
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X Ž . X X YScheme 1. ns1: 1,1 -bicyclohexylidene 1 and ns2: 1,1 :4 ,1 -
Ž .tercyclohexylidene 2 .

valence transitions, since the intensity of Rydberg
states would be diminished in solid-state and solu-
tion UV spectra. Similar results were obtained for a
solid solution of 1 in stretched polyethylene films
w x4 . Although the band at 5.95 eV was assigned to a
p™p

U transition, the assignment of the second
band was less straightforward. It is suggested that it

Ž . U w xcorresponds to a p CH ™p excitation 1 .2

To obtain an unambiguous assignment for the
valence transitions of 1, configuration selected

Ž . w xmulti-reference single-double CI MRDCI 6–9
w xcalculations were performed 10,11 . To exclude un-

desired mixing in of Rydberg states, the 6-31G basis
set was chosen.

The first excited state had to be assigned to a
U Ž .p™p excitation calc.: 9.47 eV , while the second

U Žtransition corresponded to a p™s transition calc.:
.10.65 eV . In line with experimental information

w x3,4 , both transitions were calculated to be polarized
parallel to the carbon–carbon double bond. The in-
clusion of polarization functions, using a 6-31GU

basis set, did not alter the results. Hence, the 6-31G
basis set gave a qualitative correct description of the

w xlowest lying valence excited states of 1 11 .
However, the MRDCI program version currently

in GAMESS-UK possesses three drawbacks, espe-
cially upon extension of this methodology for the
calculation of the excited state energies and proper-
ties of larger molecules. Firstly, the number of elec-
trons that can be correlated is restricted to thirty,
which can cause a serious error in the transition
energies. Secondly, only limited CI expansions are
possible for larger molecules in a reasonable amount
of time and disk space, severely restricting the
amount of correlation allowed for. Lastly, all trun-
cated CI approaches are not size-consistent. This can
influence the transition energies of the excited states

of large molecules and this error will increase con-
comitant with the increasing size of the system.

To test the influence of the configuration selection
procedure and the effect of neglect of electron corre-
lation on the valence transition energies of 1, non-

Ž .selected multi-reference single–double CI Direct-CI
w x w x12 calculations were performed 10 . It was shown
that, upon correlating all valence electrons and with
the inclusion of all generated single and double
excitations in the CI expansion, the transition ener-
gies were decreased from 9.47 to 8.29 eV for the
1A ™1B transition and from 10.65 to 9.55 eV forg u

the 1A ™2B transition, respectively. At both lev-g u

els of theory, the CI vectors were similar, indicating
that a qualitative assignment of the lowest valence
transitions can be made using the above-mentioned
MRDCI approach.

To set up a framework for future calculations in
which the excited states of large organic molecules,
viz. in particular functionalized higher homologues
of 1, will be the subject of study, a comparison of
the applicability of several methods is necessary. For
large systems Direct-CI calculations are not feasible,
and alternatives such as the MRDCI or MR-MP
approaches may be used. In this study, we compared
the MR-MP2 and MR-MP3 methods with previously
reported MRDCI and Direct-CI results, as well as
available experimental data. The objective was to
gain insight into which method gives results that are
accurate enough to explain the experimental results
and are still computationally feasible for our in-
tended future work, taking into account the recent

w xdevelopments of direct MRDCI methods 13–15 .
We therefore chose to verify our previously reported

X Ž .MRDCI results for 1,1-bicyclohexylidene 1 and
X X Y Ž . w x1,1 :4 ,1 -tercyclohexylidene 2 10 with MR-MP

calculations.
It should be emphasized that Direct-CI calcula-

tions on the next higher homologue of 1, viz.
X X Y Ž .1,1 :4 ,1 -tercyclohexylidene 2 , cannot be done in a

reasonable amount of CPU time. The MRDCI calcu-
lations on 2 can be validated using the multi-refer-

Ž .ence MP2 MR-MP2 and multi-reference MP3
Ž . w xMR-MP3 methods 16–18 . A special variant of
the MR-MP2 method is the frequently used CASPT2

w xapproach 19–21 . The advantage of the MR-MP
w xmethodology is that it is size-consistent 22,23 .

Moreover, the MR-MP method allows us to choose
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the same reference configurations as in the MRDCI
and Direct-CI calculations for a consistent compari-
son of the results.

In this paper, we first give a short description of
the methods used, and then the results of the calcula-
tions on the excited state energies of 1 and 2 are
presented.

2. Theory

In the MRDCI calculations, all single and double
excitations are generated from a set of reference
functions. For every configuration, the effect on the
total energy is predicted and if it is larger than a
preset threshold, the configuration is included in the

w xCI expansion 6–9 . In the Direct-CI procedure, no
configuration selection takes place, so all generated
single and double excitations are included in the CI

w xexpansion 12 .
Ž .Our multi-reference MR MP2rMP3 program is

based on the early work of Wolinsky and Pulay
w x17,18 and implemented in our Direct-CI program
w x12 . It employs all single and double excitations
generated from an internally contracted reference
wave function. Since it does not employ the density
matrix techniques developed by Roos and co-workers
w x20,21 , it may be less efficient for a CASSCF
reference function in CASPT2. It does, however,
allow arbitrarily chosen reference wave functions
and enables MR-MP3 calculations in a straightfor-
ward fashion.

The Hamiltonian is partitioned in the usual way
into:

HsH qV . 1Ž .0

The Fock operator employed to construct the
zeroth-order Hamiltonian H is:0

ˆ ˆFs f E , 2Ž .Ý r s r s
rs

with

1
ˆ² < < : < <f sh q C E C rs ij y ri js ,Ž . Ž .Ýr s r s 0 i j 0 2ij

3Ž .

ˆwhere E are the unitary group generators. Thex y

zeroth-order Hamiltonian is defined as:

1

ˆ ˆH sP FP q P FPÝ0 0 0 Ž i , j.S Ž i , j.S
i , js0

2

ˆq P FP , 4Ž .Ý Ž i , j.D Ž i , j.D
i , js0

where P is the projection operator onto the ground0

state, P is the projector onto the singly excitedŽ i, j.S
states with i electrons excited out of the doubly
occupied orbitals and j electrons excited into the
virtual orbitals, and P is similar to P butŽ i, j.D Ž i, j.S
projects onto the doubly excited states. This choice
for the zeroth-order Hamiltonian ensures the size

w xextensivity of our results 22,23 .
The MR-MP CI vectors are back transformed to

the configuration state basis and renormalized to
unity. This ensures that the characterization of the
states calculated using the MR-MP approach is con-
sistent with the CI calculations.

3. Computational details

For all calculations, the 6-31G basis set was used.
All CI and MR-MP calculations were performed at

w xthe RHFr6-31G geometry 10 and molecular or-
Ž .bitals MOs . The MRDCI calculations were per-

w xformed with the GAMESS-UK 24 package, using
the MRDCI approach of Buenker and Peyerimhoff
w x w x8 and Buenker 9 . The highest 10 occupied MOs
and lowest 88 virtual MOs were correlated in the
MRDCI calculations, further denoted as ‘MRD
space’. The Direct-CI calculations were performed

w xwith the ATMOL 25 program package. In these
calculations, only the 1s orbitals of the carbon atoms
were frozen, resulting in 34 occupied and 102 virtual
MOs. The MR-MP calculations were performed with

w xthe ATMOL 25 program package. Two sets of
calculations were performed. A first set of calcula-
tions was performed in which the same orbitals were

Žcorrelated as in the MRDCI calculations MRD
.space , and an additional set of MR-MP calculations

was performed in which the same orbitals were
correlated as in the Direct-CI calculations.
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Table 1
The chosen reference functions in the MR-MP calculations

X X X Y2 2Ž . Ž .State sym. 1,1 -bicyclohexylidene 1 c 1,1 :4 ,1 -tercyclohexylidene 2 c

A HF 0.93 HF 0.93g
Ž . Ž . Ž .d HOMO b ™LUMO a 0.01 –u g
Ž . Ž . Ž . Ž . Ž . Ž .B s HOMO b ™LUMO a 0.95 s HOMO a ™LUMO b 0.83u u g g u

Ž . Ž . Ž .s HOMO-1 b ™LUMOq1 a 0.09u g
Ž . Ž . Ž .A s HOMO a ™LUMOq6 a 0.10u g u
Ž . Ž . Ž .s HOMO-1 b ™LUMOq8 b 0.63u g

Only the configurations with c2 G0.01 in the MRDCI wavefunction of the lowest state of each symmetry are listed. For the A state of 2,u
Ž .the contributions of the reference functions for the 4A state are listed. Single excitations from the Hartree-Fock HF determinant areu

Ž . Ž .denoted by s and double excitations by d .

Both the Direct-CI and the MRDCI results were
corrected for size-consistency errors by the Davidson

w xmethod 26,27 . Note that the MRDCI results were
w xnot obtained by energy extrapolation 28 . In the

Direct-CI and MR-MP calculations, the same refer-
ence configuration state functions were chosen. The
reference set consisted of singly and doubly excited
configurations in the space of the five highest occu-
pied and nine lowest unoccupied MOs. The most
important reference configurations are shown in
Table 1.

Whereas in the MRDCI calculations on 1, 56 740
Ž .configuration state functions CSFs of A and 69 783g

CSFs of B symmetry were selected, in the Direct-CIu

calculations, 6 015 806 CSFs of A and 18 135 443g

CSFs of B symmetry were considered. These num-u

bers of CSFs resulted in 1 741 540 of A andg

1 930 392 contracted states of B symmetry, whichu

were treated in the MR-MP calculations.
In the MRDCI calculations on 2, ca. 55 000 CSFs

were selected, and in the MR-MP calculations

8 349 394 contracted states of A symmetry,g

7 766 858 contracted states of B symmetry andu

8 434 604 contracted states of A symmetry wereu

considered. In Direct-CI calculations, using the same
reference configurations, 108 001 918 CSFs of A ,g

67 949 272 CSFs of B and 69 107 646 CSFs of Au u

symmetry had to be included in the CI expansion,
indicating that these calculations are currently com-
putationally not attractive.

To indicate the duration of these kind of calcula-
tions, typical timings for the largest calculations on 1
and 2 are summarized in Table 2.

4. Results

4.1. The Õalence excited state energies of 1,1X-bi-
( )cyclohexylidene 1

w xIn our previous MRDCI study 10 , it was shown
that only the 1B and 2B excited states are ofu u

Table 2
Ž . X Ž . X X Y Ž .Timings in hours for the largest calculations on 1,1 -bicyclohexylidene 1 and 1,1 :4 ,1 -tercyclohexylidene 2 performed on the CRAY

C90 supercomputer
X X X YŽ . Ž .Method 1,1 -bicyclohexylidene 1 1B state 1,1 :4 ,1 -tercyclohexylidene 2 1A stateu g

MRDCI 0.6 0.7
aDirect-CI 7.8 –

MR-MP2 0.5 2.6
MR-MP3 2.2 12.8

a Not currently feasible.
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interest, since they correspond to the experimentally
observed transitions. The excitation energies which
were obtained using the MRDCI, Direct-CI, MR-
MP2 and MR-MP3 methodologies are summarized
in Table 3.

A comparison of the transition energies calculated
at the MRDCI and those at the MR-MP3 level of
theory using the MRD space reveals that for the 1Bu

state, the transition energy decreases by ca. 0.8 eV
upon going to the MR-MP3 level of theory, while for
the 2B state, the transition energy decreases by onlyu

Ž .ca. 0.4 eV Table 3 . Since the same number of
electrons is correlated, this difference is mainly due
to the fact that the MR-MP3 methodology employs
no configuration selection. Upon correlating all va-
lence electrons, the MR-MP3 excitation energy to-
wards the 1B state further decreased by ca. 0.6 eV,u

whereas for the 2B state the excitation energyu

decreased by ca. 1.1 eV. In going from the MRDCI
to the MR-MP calculations, the transition energies

Žfor both excitations decreased by ca. 1.5 eV Table
.3 . These results indicate that for a proper descrip-

tion of the 2B state, the lower lying MOs should beu

correlated. The configuration selection procedure
produced only a small error. However, for the 1Bu

state, electron correlation of the lower lying MOs
was less important. This leads to the conclusion that
for a proper description of the valence transitions, in
which s MOs are involved, the restricted number of
electrons correlated can cause a large error in the
transition energies.

The excitation energies, uncorrected for size-con-
sistency errors, calculated at the Direct-CI level of
theory are ca. 0.7 eV higher than the size-consistent
MR-MP3 values. By applying the Davidson correc-
tion, the Direct-CI results are still approximately 0.4

eV higher than the excitation energies calculated at
Ž .the MR-MP3 level of theory Table 3 . However, an

inspection of the size-consistency corrected as well
as the uncorrected Direct-CI results reveals that the
size-consistency errors are practically constant, and

Ž .small 0.3 eV compared to the deviation of the
calculated transition energies with the experimental
values.

Whereas the transition energies calculated at the
MR-MP2 level of theory are considerably lower than
those at the other levels of theory, the excitation
energies obtained at the MR-MP3 level are close to
the Direct-CI results. This is in agreement with
Werner’s study, which shows that the MR-MP3
methodology is effective in approximating the Di-

w xrect-CI results 29 .
The assignment of the excitations is not influ-

enced by the shifts in transition energies. The 1Bu

state corresponds to the HOMO™LUMO excitation
Ž U .p™p according to the CI vectors at all levels of
theory in which this configuration has the largest

Ž 2contribution in the CI vector c s 0.92;MRDCI
2 2 .c s0.78; c s0.66 . The CI vector ofMR-SDCI MR-MP

the 2B state is at all three levels of theory domi-u
Ž U .nated by the HOMO™LUMOq1 p™s exci-

Ž 2 2 2tation c s0.87; c s0.77; c sMRDCI MR-SDCI MR-MP
.0.64 .

The total energy of the ground state decreases
more than the total energies of both excited states
upon going from the MR-MP2 to the MR-MP3 level
of theory, leading to a concomitant increase of the

Ž .excitation energies Table 3 . Nonetheless, the differ-
ence between the first and second B excited statesu
Ž .exp. 0.87 eV is in the same range for all methods,

Ž . Ž . Ž .viz. 1.18 MRDCI , 1.26 Direct-CI , 1.05 MR-MP2
Ž .and 1.09 eV MR-MP3 . This indicates that, al-

Table 3
Ž . X Ž .aThe excitation energies towards the 1B and 2B states in eV of 1,1 -bicyclohexylidene 1u u

b c d dŽ . w xState symmetry MRDCI Oscillator strength f Direct-CI MR-MP2 MR-MP3 Exp. 1
dŽ . � 4 Ž . Ž .1B MRD Space 9.47 0.9401 8.29 8.56 7.14 8.53 8.01 8.65 5.95u
dŽ . � 4 Ž . Ž .2B MRD Space 10.65 0.1459 9.55 9.89 8.19 10.58 9.10 10.21 6.82u

aGround state total energies: MRDCI: -466.01168043 a.u.; Direct-CI: -466.94920140 a.u.; MR-MP2: -466.96005147 a.u.; MR-MP3:
-467.04625575 a.u.
b Ž .Oscillator strengths f were calculated using the MRDCI wavefunctions.
cSize-consistency uncorrected Direct-CI results are between braces.
d The excitation energies calculated using the MRD Space are between parentheses.
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though the absolute transition energies differ, the
lowest valence excited states of 1 are described in an
equivalent manner relative to each other at all levels
of theory using the 6-31G basis set.

4.2. The Õalence excited state energies of 1,1X:4X ,1Y-
( )tercyclohexylidene 2

According to symmetry, only the B and Au u

excited states of 2 have a non-zero oscillator strength.
w xIn the earlier MRDCI study 10 , it was concluded

that the lowest valence transitions of 2 are of Bu

symmetry. Therefore, these states were studied using
Ž .the MR-MP methodology Table 4 .

The transition energies for the 1B and 2B ex-u u

cited states decrease by ca. 0.7 eV in going from the
MRDCI level to the MR-MP3 level of theory using

Ž .the MRD space Table 4 . The excitation energy of
the 1A ™3B transition is nearly equal at bothg u

levels of theory. These results, together with the
results obtained for 1, confirm that for the descrip-
tion of the valence excitations in which s MOs are
involved, the low lying s MOs should be correlated.

The 1B and 2B states were both assigned at theu u
w x UMRDCI level of theory 10 to p™p transitions,

viz. the HOMO™LUMO and the HOMO-1™

LUMOq1 transitions, respectively. The 3B stateu
U Žwas assigned to a p™s transition HOMO™

.LUMOq2 and the 4B state to a HOMO™u

LUMOq9 excitation. At the MR-MP level of the-
Žory, the assignments of the two lowest 1B ; HOMOu

w 2 2 x™LUMO c s0.83; c s0.45 and 2B ;MRDCI MR-MP u
w 2 2HOMO-1™LUMOq1 c s0.75; c sMRDCI MR-MP

x.0.37 transitions are similar. However, the higher

excited B states have more multi-reference charac-u

ter at the MR-MP level of theory. In the MRDCI
calculations for the 3B state, c2 for the HOMO™u

LUMOq2 excitation equals 0.66, while at the MR-
MP level the c2 for this configuration is only 0.28.
In the CI vector of the 4B excited state, the mainu

configuration is the HOMO™LUMOq9 excitation
with c2 s0.82 and c2 s0.31. The increaseMRDCI MR-MP

of multi-reference character, i.e., the decrease of c2

in the excited state CI vectors at the MR-MP level, is
a consequence of the increase in the number of states
considered in the MR-MP calculations. Since the CI
vectors at the MRDCI and MR-MP level are similar,
the trend in the oscillator strengths calculated at the
MRDCI level has to be correct. Therefore, since the
transition to the 4A excited state is the only one ofu

the A states which has a non-zero oscillator strength,u

this transition energy was also recalculated using the
ŽMR-MP methodologies. The assignment HOMO-1

2 2 .™LUMOq8 c s0.63 and c s0.38 ofMRDCI MR-MP

the 4A state is at the MR-MP level in line with theu

previous assignment at the MRDCI level of the
w xtheory 10 .

ŽThe UV spectrum of 2 in solution solvent n-pen-
.tane consists of two broad absorption bands, cen-

w xtered at 6.02 and 6.78 eV 30 . The calculated transi-
Žtion energies at the MR-MP level are 6.77 eV MR-

. Ž .MP2 and 7.83 eV MR-MP3 , for the 1B state andu
Ž . Ž .7.05 eV MR-MP2 and 8.52 eV MR-MP3 for the

2B state, respectively. These transition energies areu
Žconsiderably lower than the MRDCI 9.23 eV and

. Ž .10.08 eV results Table 4 . The MR-MP2 excitation
energies for the first and second excited states are
close to the experimental values. However, at the

Table 4
Ž . X X Y Ž .aThe excitation energies for the B and 4A states in eV of 1,1 :4 ,1 -tercyclohexylidene 2u u

b c c dŽ . w xExcited state symmetry MRDCI Oscillator strength f MR-MP2 MR-MP3 Exp. 30
cŽ . Ž . Ž .1B MRD Space 9.23 1.8993 6.77 8.44 7.83 8.60 6.02u
cŽ . Ž . Ž .2B MRD Space 10.08 0.1956 7.05 9.22 8.52 9.39 6.78u
cŽ . Ž . Ž .3B MRD Space 10.87 0.1340 8.74 10.65 9.69 10.67u
cŽ . Ž . Ž .4B MRD Space 11.56 0.1895 9.00 10.81 9.77 10.70u
cŽ . Ž . Ž .4A MRD Space 12.18 0.1832 9.73 11.86 10.42 11.42u

aGround state total energies: MRDCI: y697.73959400 a.u.; MR-MP2: y699.26482217 a.u.; MR-MP3: y699.38604538 a.u.
b Ž .Oscillator strengths f were calculated using the MRDCI wavefunctions.
c The excitation energies calculated using the MRD Space are between parentheses.
d Ž .Solution UV spectral data solvent: n-pentane .
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MR-MP3 level of theory, all excitation energies are
again higher in energy than the corresponding MR-
MP2 values.

The MR-MP2 ground state energy decreases by
0.12 a.u. upon going to the MR-MP3 level of theory
Ž .Table 4 , while the total energies of the 1B andu

2B states decrease by 0.08 and 0.07 a.u., respec-u

tively. This leads to an increase of the transition
energies to the lowest excited B states. The trendsu

found for 1, viz. the MR-MP2 excitation energies,
are lower than the MR-MP3 excitation energies, and

Žconsequently, closer to the experimental values Ta-
.ble 3 , are also observed for 2.

The energy difference between the first and sec-
ond transition is experimentally 0.76 eV. The total
state energy difference between the 1B and 2Bu u

Ž .excited states at the MRDCI 0.85 eV and MR-MP3
Ž .0.69 eV levels are in line with the experimental
value. However, the difference in state energy of the
1B and 2B excited states at the MR-MP2 level ofu u

Ž .theory is much lower 0.28 eV than the experimen-
tal value of 0.76 eV. In contrast to 1, where all
methodologies gave comparable results, a consider-
able difference is found in the case of 2 using the
MR-MP2 approach. The observation that the relative
positioning of the excited state energies is qualita-
tively wrong at the MR-MP2 level of theory for 2
can be rationalized by the fact that the excited states
of 2 possess more multi-reference character than the
excited states of 1, and consequently H is worse0

and the perturbation is larger for 2. In general,
perturbation theory at the second order then overesti-
mates the correlation energy, resulting in transition
energies, which are too low. Perturbation theory at
the third order compensates for this effect, so the
transition energies are increased upon going to third

w xorder perturbation theory 31 .
We have shown that for large molecules, where

concomitantly the multi-reference character of the
excited states is increased, MR-MP2 theory gave a
qualitatively wrong description of the excited state
energies. Despite the deviation of the absolute transi-
tion energies with the experimental ones, the relative
energy of the second excitation energy with respect
to the first excited state, calculated using the MRDCI
and MR-MP3 methods are in accordance with avail-
able experimental results. Moreover, as the calcu-
lated direction of polarization of the first two lowest

valence transitions of 1 are in line with the experi-
mental data, the assignment of these two absorptions
is correct. Therefore, the MRDCI and MR-MP3
methods correctly describe the lowest valence transi-

Ž .tions of the oligo cyclohexylidenes 1 and 2, using
the 6-31G basis set.

5. Conclusions

The lowest valence excited states of 1,1X-bi-
Ž . X X Ycyclohexylidene 1 and 1,1 :4 ,1 -tercyclohexylidene

Ž .2 were calculated at the MR-MP2 and MR-MP3
level of theory. The results of these calculations for 1
and 2 were compared to earlier MRDCI and in the
case of 1 also to Direct-CI calculations. For 1, all
methods predicted the UV absorption spectrum
equivalently, i.e., the differences in excited state
energies were in the same range, and in line with the
experimental data, although the absolute transition
energies were too high. Although the MR-MP2
method came closest to the experimental values for
1, the difference between the first and second excited
state energies for 2 was significantly lower than the
experimental value. The relative excitation energies
calculated with the MRDCI and MR-MP3 method
were in line with the experimental data. It can there-
fore be concluded that the MR-MP2 method erro-
neously describes the lowest valence transitions at

Ž .least in the oligo cyclohexylidene series. The appli-
cation of the MRDCI method for the calculation of
the excited states of 1 and 2 is justified despite the
lack of electron correlation by freezing too many
orbitals. This is especially promising, taking into
consideration the newly developed MRDCI codes
w x13–15 , which will be more effective and which can
be used for handling even larger molecules.
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