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The combined CNDO/S and transition density matrix methods reproduced 
well the UV-VIS spectra of the intramolecular charge-transfer complexes of 
double- and triple-layered [2.2]paracyclophanequinones in which benzene 
and p-benzoquinone represent the donor and acceptor layers: DA, DDA and 
DAD. Calculations pointed to the already known experimental bathochromic 
shifts of the longest wavelength absorption band for the DA ~ DDA-* DAD 
transformations. The electronic transitions corresponding to this band are for 
DA and DDA the CT transitions of the ~- ~ ~r* type; however, for DAD the 
band represents the n ~ 7r* transition localized on the acceptor ring. 

Key words: CNDO/S method for intramolecular CT complexes - -  Transition 
density matrix method--Electronic spectra of the [2.2]paracyclo- 
phanequinones 

I. Introduction 

The intramolecular charge-transfer (CT) complexes in which both the 7r-donor, 
D, and ~'-acceptor, A, constitute the layers of the rigid cyclophane skeleton were 
already the subject of investigations of transannular interactions [1-7]. Of par- 
ticular interest in this group of compounds are the structures in which benzene 
(B) [1, 3] or hydroquinone (H) [2] is D, and p-benzoquinone (Q) is A. Our 
interest is focused in this paper on the double-layered [2.2]paracyclo- 
phanequinone (PCPQ) DA, 1, and the corresponding triple-layered [2.2]para- 
cyclophanequinones DDA, 2 and DAD, 3, see Fig. 1, representing different 
sequence of stacked benzene D and p-benzoquinone A, rings. These compounds 
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Fig. 1. The paracyclophanequinones under consideration: 1, the double-layered [2.2]paracyclo- 
phanequinone; 2 and 3, the isomeric triple-layered [2.2]paracyclophanequinones. These three struc- 
tures represent, respectively, the DA, DDA and DAD intramolecular complexes. Models I, II and 
III appearing in the text and Figs. 2, 3, and 4 correspond to the above structures but do not contain 
bridges between the rings 

have never been treated theoretically; only Vogler [5-7], in order to explain the 
transannular interactions, performed quantum chemical calculations in the ~-- 
electron approximation on "intramolecular quinhydrones", using the UV-VIS 
spectra as an experimental reference. 

In the electronic spectra of the PCPQ structures 1, 2 and 3 a characteristic broad 
absorption band can be observed in the long wavelength region, see Fig. 2. It 
results, seemingly, from the intramolecular electron transfer; Annex (e): 1, 340 nm 
(597) [1]; 2, 395 nm (2330); 3, 435 nm (320) [3]. It is interesting, however, to 
learn whether the charge transfer is the only reason for such a substantial 
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Fig. 2. Top: The experimental UV-VIS spectra of [2.2]paracyclophanequinones 1, 2 and 3 according 
to Cram and Day [1] and Misumi et al. [3]. Bottom: Spectra calculated by CNDO/S-CIS. Dots 
show the positions of transitions characterised by f <  0.001 
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bathochromic shift in this series of structures. In solving this problem it is crucial 
to choose a proper calculational method. This system cannot be limited to the 
~r-electron approximation; therefore, we applied the all-valence-electron (AVE) 
approach. To the description of the electronic transitions we used the transition 
density matrix (TDM) method [8] which was previously used by us in the 
investigation of the electronic structure of cyclophanes and heterophanes [9-11]. 

It is of additional interest that the class of intramolecular CT complexes investi- 
gated in this paper might represent compounds, the properties of which would 
allow them to serve as molecular information carders based on modification of 
the electronic structure [12]. 

2. Theoretical treatment 

Our theoretical approach was based on: (1) MO theory in the supermolecule 
approximation; (2) consideration of the o--~r interaction and tr-~r polarization; 
(3) calculation of the transition energies and oscillator strengths by CNDO/S 
method with the interaction of single excited configurations, CIS (4) transition 
density matrix method in AVE approximation applied to the analysis of the 
excited states. 

Until now, the supermolecule approximation was applied to the layered com- 
pounds mainly in the framework of 7r-electron methods [5-7, 10, 11, 13, 14]. The 
reason for this was the large size of the molecules considered. However, these 
methods do not allow one to consider in a direct way the tr-~r interaction [14] 
between the or orbitals of the ethane bridges and the ~r orbitals of aromatic rings, 
and also the or-~r polarization between the same orbitals in rings. Our previous 
treatment [9] was exceptional that we went beyond the ~--electron approximation 
and successfully applied the CNDO/S method of Del Bene and Jaffe [16] to 
some cyclophanes and heterophanes. In the present paper we extend the use of 
the CNDO/S method to the PCPQ structures in spite of some opinions of its 
inapplicability to the explanation of some spectral properties of phanes. To the 
latter belong those which originate either from the transannular interactions [17] 
or from the intramolecular charge transfer [6]. The former case has been demon- 
strated incorrect by our previous calculations [9], the latter by the results presented 
here. The difficulty in explaining the influence of the intramolecular CT on the 
electronic spectra of PCPQs arose from incorrect parametrization for the oxygen 
atom used in the original CNDO/S method. The change in parametrization 
proposed by one of the authors [18] was based on research concerning quinone 
[19] to which also Jaffe et al. [20] referred. The change consisted only of 
acceptance for the one-centered resonance integral the value of -27 eV instead 
-45 eV used in the original parametrization. Beside this change it appeared also 
necessary to consider the long expansion in the CIS method, namely 100 configur- 
ations for 1 and 130 for 2 and 3. In the calculations, the diagonalization procedure 
by the Householder-QR-inverse-iteration [21a] method was applied; the latter 
was modified by one of the authors [21b]. 
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The investigation of the electronic transitions can be performed with the use of 
orbital-configurational analysis. Applying the CNDO/S method, the self- 
consistent MO (occupied li) and virtuallp)) of the ground state ]qb) can be found, 
representing the linear combination of atomic orbitals I/~) (LCAO). Then, the 
CIS method gives the following approximation of the excited state 

i=1 p = n + l  

where dpi are the CI coefficients and the determinantal functions ]~iop)  are 
obtained from I~) as a result of the exchange of MO[i) to IP)- However, searching 
for the LCAO and CI coefficients of the greatest values in the great number of 
data is very tedious for such large structures as the PCPQs under consideration. 
On the other hand such a presentation of the set of numbers would be poorly 
readable. 

In order to calculate the electronic states of the molecule according to the 
approximation, Eq. (1), one can take advantage of the quantum chemistry 
approach based on the formalism of the transition density matrix [8a]. In this 
case the basic equation can be presented as the eigenvalue problem of certain 
superoperator, for which each eigenvector plays a role of the transition density 
matrix D of any chosen excited state and the eigenvalue of this superoperator 
gives the energy of excitation A [8b]. The transition matrix D takes then the form 

D= ~ ~ (dp,]p)(il+dp,*li)(pl), (2) 
i=1 p = n + l  

where dei can be treated as the CI coefficients of the excited state described by 
Eq. (1). With the use of the superoperator, one can calculate the matrix D 
simultaneously with the energies of excitations A. Because of the form of the 
transition density matrix D presented in Eq. 2, we calculated that matrix in two 
steps, first finding the form of MO[i) and IP) by the CNDO/S method and then 
finding the dpi coefficients by the CIS method. 

The case of PCPQ proves particularly well the universal character of the TDM 
method [8] as a simple theoretical tool enabling the correct and possibly complete 
interpretation of spectral properties of molecules. Besides being useful in the 
assignment of the type of electronic transition (e.g. n ~ ~-*, or-~ 7r*, zr ~ 7r* etc.) 
[9] or the size of transannular interaction [10], this method can also be helpful 
in estimating the size of the charge transferred in the CT states. The localization 
number LA [22], which is the basic magnitude of the TDM method, describes 
the participation of the molecular fragment A in the excitation 

LA = ~ (ttlD2ltt), (3) 
~ e A  

where D represents the TDM. When each atom provides to the valence shell the 
atomic orbitals I/z) of different type (e.g. n, o-, ~r, rr* etc.), then all valence orbitals 
of the atoms belonging to the fragment A are included in the summation. If the 
molecule can be divided into several fragments, A + B +  -- .  +Z, the sum of 
localization numbers (Eq. (3)) corresponding to these fragments equals, ex 
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definitio, 100%. Total localization of the excitation on the specific molecular 
fragment, e.g. A, consists of the local excitation on the fragment (partial localiz- 
ation number 1A), the transfer of charge from this fragment to all remaining 
fragments (charge-transfer localization numbers IAoB,- �9 and the reverse 
transfers (lB-,A,. --, /Z-,A, respectively) 

LA =/A + 1/2*(/A-,B+/B-,A+ " " " +/A-,Z+ lz-,a). (4) 

In this approach a very characteristic dependency exists between the transfer of 
charge which accompanies the appearance of the CT states characterized by the 
In-~, IB-~A etc. numbers, and the observed charge transfer. The latter corresponds 
to change of electron density AqA on the molecular fragment A during the 
excitation 

AqA = ~. (/B-~A-- /A-,B)- (5) 
B~A 

The increase of the electron density on the fragment A takes place exclusively 
at the expense of the states of charge transfer from the remaining molecular 
fragments to the fragment A. The states corresponding to the electron transfer 
from A to the remaining molecular fragments only diminish AqA. Because the 
latter represents a difference of two values, only in the presence of a very strong 
donor or acceptor would one of the components disappear from Eq. (5) (that is 
/B-~A for D, and IA-,B for A). Then AqA becomes equivalent to the weight of the 
CT states, i.e. to IA-~B or IB-,g. 

The choice of the localization number LA given by Eq. (3) as a measure of 
localization is based on a different type of considerations. Namely, Luzanov et 
al. [22a] applied to the description of localization of excitation the modulus of 
the operator of the change of density matrix at the excitation, IApl, which is 
equivalent to the D 2 matrix if the assumed form of excited state wave function 
is the same as in the CIS method, Eq. (1). Therefore, the L g numbers automatically 
express the changes of both charges and bond orders at the excitation. Because 
of that, the traditional and commonly used approach to the evaluation of the 
localization of transition which is based on one of these magnitudes only (e.g. 
changes of charges) does not seem to be justified [22d]. This is the reason why 
we give a preference to the localization numbers originating from investigation 
of the TDM over other indices [23]. 

The crystal structures of the PCPQ 1, 2 and 3 compounds are not available; 
therefore, an indirect approach was applied in which the crystallographic data 
of [2.2]paracyclophane (PCP) [24] were used for the B ring and those of [2.2]- 
(2,5)benzoquinophane (BQP) [25] - for the Q ring. In the latter compound the 
Q rings are boat-shaped (like the B rings in PCP) but they retain the bond lengths 
typical of p-benzoquinone [26]. In the calculations concerning the structure 1 
those mean distances were applied which were found in PCP and BQP between 
the atoms located in the opposing rings. As a result of this, the mean inter-ring 
distance for 1 equals 3.2/~. In compounds 2 and 3, the inner ring was considered 
as twist-shaped and the geometry was assumed also with the use of X-ray data 
of the multilayered cyclophanes [27]: 
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3. Results 

The results of  calculations are present in Table 1 and Fig. 2. The C2 point group 
was considered for the symmetry of excited states. The type of  transition was 
defined in accordance with the analysis of  TDM. 

The calculations show for all PCPQs considered that the longest wavelength 
transition represents the 7r ~ 7r* low-intensity transition to the 11A excited state. 
The corresponding wavelength is smaller for 1 than for 2 and 3. The values for 
the latter two compounds are similar. This agrees with the fact, reflected also by 
the UV-VIS spectra, that the long wavelength absorption begins at the same 
wavelengths for 2 and 3 and is bathochromatically shifted with regard to 1, see 
Fig. 2. The character of  the transition is ambiguous. Depending on the type of 
PCPQ, it represents a different extent of  transfer of the charge, AqQ to the Q ring 
(+0.55e for 1, +0.81e for 2 and +0.30e for 3). The transition is pure CT only in 
the case of  2; for the remaining compounds it has a mixed character because of 
the participation of the local excitation of  the Q ring, which for 3 amounts to 
60%. This transition has, however, a very low intensity (especially for 2) and 
because of  that it can not be connected with the observed long wavelength 
absorption band in any of the PCPQs. 

The second long wavelength transition is the n -> ~r* transition to the l i b  excited 
state. It has a low, although different intensity, which increases in the order of 
1 < 2 <3 .  The wavelength at which the transition takes place decreases in the 
order of  3 > 1 > 2. This allows one to assign the regarded transition in 3 (486.4 nm, 
f =  0.049) to the broad long wavelength band having the maximum at 435 nm, 
e -- 320. This assignment is even more justified because the next transitions are 
quite distant as far as its energy value is concerned. All n-~ ~* transitions are 
totally localized on the Q ring and take place in the framework of the carbonyl 
groups, i.e. very much in the same way as in p-benzoquinone and its methyl 
derivatives [18]. 

With regard to the transitions of the CT character, marked by their relatively 
high intensity, it can be said that they represent transitions to the 31A, 21A and 
41A excited states, for 1, 2 and 3, respectively. The ~A->21A transition for 2 is 
distinguished by the high intensity ( f =  0.159, while only 0.016 for 1 and 0.060 
for 3) which in connection with calculated wavelength of 380.0 nm agrees well 
with the observed values, 395 nm (e = 2330). In this case the size of  the charge 
transfer into the Q ring is the greatest, AqQ= +0.91e; the contribution of the 
transfer from the inner B rings is -0.67e, from the outer B ring -0.24e. Also in 
the case of  l ,  the ~A-> 31A transition at 348.2 nm is assigned to the maximum 
observed at 340 nm (e -- 597) belonging to the long wavelength absorption band. 
The charge transferred is smaller now, AqQ----+0.58e. The CT transition to the 
4~A state for 3, situated higher in energy than the n ~ 7r* transition, corresponds 
almost to the same wavelength 338.6 nm as the analogous transition in 1. The 
additional charge appearing as a result of this transition on the Q ring, AqQ = 
+0.76e, is uniformly transferred from both B rings. Such a location of  the CT 
transition in 3 is suggested by the observed increase of absorption in the region 
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ca. 350nm. This is another indication that the long wavelength absorption 
appearing in 3 cannot be related to the CT transition. 

The calculations also reproduce well other spectroscopic features common for 
all considered PCPQs, like the greatest intensity of absorption appearing in the 
250-300 nm region. The calculations show that this absorption corresponds to 
the ~r ~ ~r* transition, excited locally only on the Q ring which originates from 
the short wavelength, intense, ~r-> ~'* transition in p-benzoquinone [17]. 

Also the ~r ~ ~* transitions appear localized on the B rings. Their low intensity 
remain in accordance with the assignment. They are shifted bathochromically 
with regard to the corresponding a band in benzene what suggests the appearance 
of transannular interactions in PCPQs. This fact is reflected by a small shoulder 
on the absorption curves in the region of ca. 300 nm. 

4. Discussion 

As one can see, the ~---> ~-* transitions of CT character can be ascribed to the 
long wavelength band in the UV-VIS spectra of 1 and 2. In contrast, in 3 for 
the long wavelength band accounts the n--> 7r* transition. The CT transition 
appears quite behind the n -> 7r* transition. The correctness of these assignments 
is demonstrated by the low intensity of the long wavelength absorption band in 
3. Nevertheless, we gave particular attention to the behaviour of the CT transitions 
in the investigated PCPQs by applying three model structures I, II and III, which 
correspond to the real PCPQs 1, 2 and 3, respectively. In model I representing 
two stacked planar Q and B rings, the rings were approached along the mutual 
C2 axis (z) from a distance of 4 to 3 ~.  Model II consists of model I (in which 
the inter-ring distance of 3.2 ~ was kept constant) to which from the side of the 
B ring another _B ring was approached at a distance ranging from 4 to 3 A. In 
model III the second B ring was approached from the side of the Q ring. All 
these models represent the same symmetry (C2v) in the range of distances 
considered. The results of calculations are shown in Figs. 3-5 and Table 2. 

Careful consideration of the ground state of model I would allow a better 
understanding of the excited states in all three models. Focussing attention on 
model I only, is reasonable because of the way in which the two remaining models 
were formed from it. In Fig. 3 (left) the changes of the MOs energy are shown 
in dependence on the inter-ring Q-B distance. The analysis of the LCAO 
coefficients shows that the n orbitals are totally localized on the Q ring, indepen- 
dently of the distance. The ~ and ~r* orbitals show different localization on the 
particular rings, as described by the characteristics of the seven frontier MOs, 
Fig. 3 (center). For the starting inter-ring distance of 4 A the localization is 
unambiguously defined, and a given set of energy levels results from the overlap- 
ping of energy levels in the isolated molecules of p-benzoquinone [18, 20] and 
benzene [16, 18]. For example, the HOMO of 9b~ symmetry and 9b2 orbital have 
similar orbital energies and arc totally localized on the B ring. The LUMO of 
10b2 symmetry is totally localized on the Q ring. During the mutual approach of 
Q and B rings, the sequence of the energy levels does not change, while the 
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Calculations of the electronic spectra of [2.2] paracyclophanequinones 457 

greatest differences in the orbital energies appear only for the orbitals antisym- 
metrical with regard to the common symmetry plane (O-y~). That plane goes 
through the oxygen atoms in the Q ring and carbon atoms located in the para 
positions of the B ring. The changes of orbital energy result from the appearance 
and then from an increase of the transannular interactions through-space, as a 
result of the increasing overlap of the ~--electron clouds of the Q and B rings. 
As a consequence of that, the unambiguous localization of these orbitals on each 
of the rings is missing; e.g. the localization of 9bl HOMO, for the distance of 
3/~, equals 55% on the B ring and 45% on the Q ring, almost as in the benzene 
dimer [10] or in PCP [9-11]. For the analogous 861 orbital the above ratios are 
reversed. This is the reason why the mentioned orbitals are denoted as a (B/Q) 
and a (Q/B), respectively; see Fig. 3 (right). As one would expect, the prevailing 
participation of the single excitations from the relevant orbitals in the wave 
function of the excited state would point to the appearance in this state of the 
transannular interactions. 

Contrary to the antisymmetric orbitals, the symmetric orbitals show high degree 
of localization on one of the rings, independently of the inter-ring distance. For 
instance the 10b2 LUMO, denoted as s*(Q) in Fig. 3, is localized on the Q ring. 
Total localization of the symmetric orbitals on one of the rings means that the 
total electron density accumulates on that ring. This is the reason why in these 
orbitals no electronic interactions appear between the Q and the B rings. There- 
fore, one might expect that the excited states in which the transfer of electron 
takes place from the B to the Q ring and the states in which the excitation is 
localized either on the Q or the B ring, will result from the electronic transitions 
between the symmetric orbitals. 
According to the Mulliken theory [28], one of the reasons for the stabilization 
of the ground state in the CT complexes is the small charge transfer from D to 
A. For all models such a stabilization really occurs. It is described by the value 
of the charge transferred in the ground state, see Table 2. The participation of 
the ionic (D+A -) structure increases along with the decrease of the inter-ring 
distance. It appears that model III is the most stable CT complex in the ground 
state. It is worth mentioning that HOMO in all models is not a pure HOMO of 
benzene which is required by the MuUiken theory. In addition, this represents 
an antisymmetric orbital, therefore is different from those in "intramolecular 
quinhydrones" [6], where HOMO is not only symmetrical but represents the 
pure HOMO of hyroquinone [ 18]. This difference has as its origin the transannular 
interactions and is responsible for the different scheme of electronic transitions 
in the B-Q complex as compared to the H-Q complex. 

The results of calculations of the energy of transitions as a function of the 
inter-ring distances are given in Fig. 4. In all models each excited state is described 
by the symmetry of transition. The way in which all transitions were numbered 
originates from model I and was used for the remaining models. This facilitates 
the comparison of the results of calculations for the particular models although, 
as a result of this approach, the real sequence of transitions is not always preserved. 
For the reasons similar to those explained for a ground state, the analysis of the 
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low-lying excited states was carried out using the example of model I, with the 
discussion extended to models I1 and III. 

Two n ~ ~'* transitions take place into the 11B1 and 21A2 excited states. In model 
I, for the 4/~ distance, these are the lowest energy states. Their transition energies 
are similar and very much like those found in the single molecule of p- 
benzoquinone [18]. Along with decreasing of the inter-ring distance their energy 
slightly increases; however, for the distance below 3.3 A they are no longer the 
states of lowest energy. This means that they behave in the same way as in the 
PCPQ 1. The same happens both for models II and III (independently of the 
distance) and for the PCPQs 2 and 3, see Table 1. The n ~ 7r* transitions occur 
only inside of the Q ring, not being influenced by the inter-ring distance because 
they consist almost exclusively of single n(Q) -~ s*(Q) excitations. As a result of 
this, they are totally localized on the Q ring, which also happens for models II 
and III. 

The 7r~ 7r* transition to the 11A1 excited state, to which particular attention is 
given in this paper, is marked by the reasonable large intensity and the decisive 
CT character, contrary to other transitions of the same type. The reason for it is, 
that the transition takes place only between the pair of symmetric orbitals s(B) 
and s*(Q) (LUMO); therefore, according to Mulliken theory [28] the transition 
occurs between that pair of orbitals which fulfils the requirement of the greatest 
value of the overlap integrals for both orbitais involved. This is shown, in turn, 
by the fact that in each model, independently of the inter-ring distance, both the 
CT numbers /B-~O (Fig. 5) and the size of the transferred charge Aqo (Table 2) 
take the largest values for the considered state. The behavior of this state will be 
considered for each model separately. 

In model I, the intense CT transition slightly decreases first its energy along with 
the mutual approaching of the Q and the B rings. Then, after reaching a distance 
of 3.5/~, the energy of the transition greatly increases. For 3.2 A the transition 
energy (344.7 nm) is close to the experimental value in 1 (340 nm denoted on 
Fig. 4 by a dot) and Aqo = + 0.91e. The inter-ring distance estimated on the base 
of the adjustment of energy of the CT transition is correct and is typical for this 
type of structure (phanes). The value of it was, therefore, assumed by us as a 
constant distance between the Q and B rings in models II and IlL In model II, 
the energy of the discussed CT transition drastically decreases, which agrees with 
the observed substantial bathochromic shift of the long wavelength absorption 
band accompanying the transformation of 1 into 2. For 3.2/~, the transition 
occurs at 403.8 nm, as compared to the experimental value of 395 nm in 2. The 
transfer of charge into the Q ring (AqQ = +0.92e) occurs mainly from the inner 
B ring (AqB = --0.64e) and from the outer B ring (AqB = --0.28e). Such a behavior 
of the CT transition results from the extension of the donor system and is similar 
to that expected for the real 2 structure. The CT transition in model III behaves 
quite differently from that in model II. It does not change its energy in the 
investigated range of the inter-ring distances, and assumes the energy close to 
the energy of CT transition in model I. Model III for the distance of 3.2 ,~ 
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represents the BQB system having a center of symmetry. The regarded transition 
takes place now at 336.9 nm, and the charge of ~qQ = +0.94e is equally transferred 
from both B rings (twice AqB =-0 .47e) .  The calculated wavelength does not 
agree at all will the experimental value of the maximum of  the long wavelength 
band absorption at 435 nm in 3, which denies that the band has an exclusive CT 
character. As is shown in Fig. 4, the closest transitions with regard to the experi- 
mental maximum are two n ~ ~'* transitions discussed earlier: 460.6 nm for the 
llBa excited state and 452.1 nm for 21A2 state. Moving to a real structure, i.e. 
from III to 3, changes relative location of  the CT transition and of  n -  rr* 
transitions. The latter are split as a result of the substituent effect. This supposition 
is made because the same split is characteristic for the n - ~'* transitions of the 
tetramethyl derivative of p-benzoquinine as compared to p-benzoquinine [18]. 
However, the changes are small, in particular when compared to the n -  ~r* 
transition which has a non-zero intensity (11B state). The long wavelength 
absorption band in 3 was ascribed by us to that transition. 

The transition to the l~A2 excited state belongs to the same group as other 7r ~ 7r* 
transitions. For model I, in the distance of 4 A, i.e. for the separated Q and B 
molecules, this transition is located much above the n ~ ~r* transitions and is 
localized on the Q ring. Considering its zero oscillator strength, the origin of this 
transition should be expected from the symmetry-forbidden long wavelength 
7r ~ 7r* transition in p-benzoquinone. Decrease of the inter-ring distance causes 
a remarkable decrease in the energy of the transition and its "shift" lifting it 
above the n ~ 7r* transitions. This transition for distances below 3.3 A becomes 
the one of the lowest energy and shows the decrease of the localization of 
excitation on the Q ring at the expense of  the partial CT from the B to the Q 
ring. This tendency appears much stronger in model II and also exists in model 
III, see Fig. 5. The reason for such a behavior of the 11A2 state is the increase 
of  transannular interaction along with the mutual approach of  the rings. In the 
wave function of the regarded state (considered for the example of model I), the 
essential contribution is due to that of the single excitation a ( B / Q ) ~  s*(Q) and 
a (Q/B)  ~ s*(Q) in which the excitations from the HOMO prevail. This explains 
the origin of  the longest wavelength state of  l lA symmetry in PCPQs and also 
its differentiation, depending on the type of  complex. 
Similar discussion may be presented for the 31A2 excited state because of the 
identical symmetry of both states. However, as can be seen in Fig. 5, the ratio of 
the localization numbers IQ and IB_~Q is now reversed. Therefore, this state shows 
a predominating CT character, see also Table 2. Along with the decrease of 
inter-ring distance, this character changes in favor of the local excitation of the 
Q ring. Also here, this is caused by the transannular interactions. 

The second 7r ~ 7r* transition of significant intensity, greater than that of the CT 
transition, represents a transition to the 11B2 excited state (mainly the single 
excitation s(Q) ~ s*(Q)). The latter is almost entirely localized on the Q ring and 
is independent of the model under consideration. This suggests that the transition 
originates from the symmetry-allowed, intense, short wavelength transition in 
p-benzoquinone, with regard to which it is shifted bathochromically. The greatest 
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shift occurs for model III. The corresponding absorption band is observed in the 
UV-VIS spectra of all PCPQs in the 250-300 nm region. In fact, for 3 this band 
shows the greatest shift to the red. 

Finally let us pay attention to the transition to the 21B1 excited state. This transition 
is localized on the B ring(s), see Fig. 5. It originates from the transition correspond- 
ing to the a band in benzene and it is bathochromically shifted with regard to 
the latter. The energy of the transition to the 21B1 state is in all models greater 
than the energy of the transition to the 11B 2 s ta te .  The fact that the real structure 
is considered, is responsible for a decrease of the energy of the 21B1 transition 
in all PCPQs. The 21B1 state moves ahead of the 11B2 state, localized on the Q 
ring. This change arises from transannular interactions and beside that from the 
substituent effect, which is reflected in the shoulder of the absorption curves in 
the region ca. 300 nm. 

5. Conclusions 

The application of the all-valence-electron approach (in form of the CNDO/S 
method), together with the analysis of the excited states by the transition density 
matrix method, allowed us to determine the character of the band of the long 
wavelength absorption in the double-layered and triple-layered [2.2]para- 
cylophanequinones. The presence in these compounds of benzene ring(s) as 
donor and p-benzoquinone ring as acceptor implies a necessity to consider these 
structures as the intramolecular charge-transfer complexes. It also makes 
necessary the application of the stacked, planar rings not connected by ethane 
bridges as the model structures for calculations. The close relation of these models 
to the investigated PCPQs helps one to conclude that in 1 and 2 the regarded 
longest wavelength absorption band originates from the intramolecular charge 
transfer, while in 3 it mainly originates from the n ~ 7r* transitions in p- 
benzoquinone ring. 

The intramolecular DAD complex based on model II! shows its highest stability 
in the ground state and the greatest electron transfer in the CT excited state. 
These are the properties desired for molecular information carriers [12]. 
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