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cyclophanes were measured in the visible region. The charge-transfer character of the visible absorption was
confirmed from the polarization data as well as from correlation with the results of P.P.P. type calculation based on
crystal structural data. The calculations furthermore allowed separation of the coatributions from inter- and
intramolecular donor-acceptor interactions to the overall charge-transfer absorption.

Charge transfer (CT) or electron donor-acceptor (EDA)
mtzm:nonphysanunpommmkmmmyﬂddsof
chemistry and biology as discussed in various reviews.*¢

Aspunofmmvemmonmeconfmuoml
requirements for EDA interaction, we synthesized®’ a
number of cyclophanes containing within one molecule a
g-electron donor- and & w-electron acceptor system in-
wconnectedbytwopolymethybne chains. In earlier
publications'” we presented preliminary reports about
thednmmcmﬂnenoeofthelensthofthemethylene
clnmaonthemutmobcnhrCTubaorpnon and emis-
sion® of some of these EDA cyclophanes in solution.

Smcetbensem’alothumupshavempomd“"me
syntheses and spectroscopic behaviour of EDA cyclo-
phanes. The latter studies have been focussed mainly on
[2.2]-(EDA)-cyclopham {see Ref. 11) for which the
large distortion'* of the aromatic systems and the occur-
rence of extensive through-bond interaction’® complicate
the interpretation of the spectroscopic data.

Recent investigations’* have stressed the importance
of through-bond interaction between an electron donor
and an electron acceptor separated by two saturated
C-atoms in the description of the electronic spectra of
such compounds. The occurrence of through-bond in-
teraction in [22[{EDA)cyclophanes meaps, that the
overall degree of donor-acceptor interaction will not
only depend upon the relative spatial positions of D and
A but also on the topology of their interconnection.

The present paper deals with the spectroscopic
pemuofthetwocyclophmudep:cwdml’ig.lfor
which the synthesis, systematic nomenclature as well as
a shorthand notation ([6.6]D,Ax and [8.41D,Ax) have
been discussed eartier, ™ whetmthmcrymlmmnﬂ
data have become available recently."

Crystal structures. Since a detailed account of the
‘crystal structure determinations will be given eclse-
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Fig. 1. Structure and shorthand notation of the EDA-cyck-
phanes studied.
where'’ only some pertinent data are compiled in Table

Within the limits of error the D and A systems are
phmrbothm[ﬂ%andml&ﬁwé Fiuthermore

o
H

molecules are 8
with the molecular planes of D.and A
boththemutmobcuhrandthemtumolecnlnconm

In the qmnmm mechanical calculations (vide infra)
the internal coordinates of the D and A moieties for
[8.4]D,Ay were therefore assumed to be ideatical to
those determined for [6.6]D,An, which are given in
Table 2.
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Table 1. Crystal stroctural data for EDA cyclophanes™

cyclophane
[G.G}Dps\n

[e.:a-]npa1l

morphology
monoclinie; 1’21/5: 8
t‘our molecules b
per unit cell
c
B

orthorhombic; Pbea

eight molecules
per unit cell

9.288
20.976
14.866

100.30°

1%.9
17.56
24,15

gcell constants

2
£
3

e PO O

XA

Table 2. Internal coordinates determined by X-ray analysis for the D and A systems in [6.6]D,Ay

L__.x = DD — N Ay
,OCHy C h
Coordinates (%) Coordinates (%) Coordinates ()
Atom b 4 Y Atom X b Atom x k4
4 0.6725 -1.1784 1 =2.8773 1.2217 11 1.3901 1.2812
2 1.4088 0.0000 2 -2.8682 -1.2405 12 1.402% ~1.2189
3 0.6902 1.1844 3 -1.3896 -1.2316 13 2.8820 ~1.2032
& -0.6907 1,18N &5 .1,3962 1,2152 4 2.8795 4.2242
5 ~1.4087 0.0000 5  =0.7050 2.403%7 15 -3.5267 ~0.0211
6 -0.7026 -1,1837 6 -~0.7068 0.0000 16 3.5300 0.0148
7 1.4326 -2,3436 7 -0.6954 -2.4435 7 -3.5110 -2.2812
8 —1.4488 2.3812 8 0.7138 -2.4085 18 -~3.5171 2.2890
9  0.7068 0.0000 19 3.5017 2.2813
10  0.6875 2.4138 20 3.5271 ~2.281%
(e8] Intra {a6] Inter
Y Xo»-0.3313 A Xpa-07491 A
l ~ Yys 0.2014 Yo= OB758 .
X Zy =~3.8774 Zys B34
e Wy =-15,4226° iy =-533395"
[8.4) Intra-I (8.4] nter-1
3 Xge 2471 A Xos -09347 A
- . Yoe-0.0004 Yo+ 04581
2,5-35704 Z,= 34852
Ocry  Wye-8.4483 wy r53.0824"
[8.4) Intro-T® (8.4] Irter-1
Xge 26728 A Xo 2—1.2327
Y, = ~0.238 Y, ==03002
2, s~ 38017 Zo= 3.4309
wy = 125891 wy 404 0828°

Fig. 2. Relative oricatations of the doaor moiety towards the acceptor in crystals of [6.6]D,Ay and [8.4]D,Ax; a8
defined by the dispiacessent (xp, Yo Zn) and rotation in the xy plane (e of the local donor coordinates (see Table 2)
relative to the acceptor coordinates *(the x-coordinates of the donor are the negative of those given in Table 2).
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are given by the following transformations:

-03548 -08250 -O. l
[6.6]D,An|Y |= (—08193 +0.5642 +0.0455
—0.1459 00321 +0.9989

01794 +04870 +0.8548
[8.4ID,AN|Y | = +0.8242 -05178) {b
+02890 +0.036% \c
Polarized absorption spectra. Rectangular thin plate

like crystals of both cyclophanes were investigated by
mmmv(leel!xpermm)mthem

Beumeofﬂ:elowayshldemtyandtherehuvdy
weak visible absorption these crystals proved particu-

The visible ablotpuon passes through a' minimum
wbcnthehdnupohnudpapendlwhrtotheelow
direction (i.c. along the b-axis in both cases), the
pohnmnonnuosbem;43md8for[6.6]]),AN

optical
density

optical
density
ol
o}
wavenurmber
(03 aon™)
Fig. 4. Polarized absorptioa spectrem of [8.4]D,Ay. The solid and dotted curves were obtained with the incident
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From an approximate measurement of the crystal
thickness and with the known crystal densities the molar
absorption coefficient of the CT-transition in the direc-
tion of maximum absorption was estimated as 175 and
255Lmol'.cm™ (+50%) for [6.6]D,An and [8.4]D,Ax
respectively. Thus the crystal spectra of both cyclo-
phanes show a remarkable similarity both in intensity
and in position of the CT tramsition notwithstanding the
;;y different donor-acceptor orientations involved (see

2).

An interpretation of these results is hampered by the
fact that, in the crystals, both intramolecular and inter-
molecular interactions may contribute to the absorptions
observed. In order to estimate the relative importance of
these effects, quantum mechanical calculations of the
all-beta P.P.P. type were carried out for the various
donor-acceptor orientations present in the crystal struc-
ture

Calculations. It has been shown by Ohta ef al.'® as well
as by other groups'”'® that the electronic absorption
spectra of -7 EDA complexes can be reproduced
satisfactory by S.C.F.-MO-CI calculations of the P.P.P.
type in which the complex is treated as a single con-
jugated system. In the present calculations the method of
Ohta ef aL" was adopted with slight simplifications.

Coafiguration interaction was limited to the lowest
twenty five singly excited conﬁ;unuons and furthermore
a different approach was used in calculating the overlap
integrals S,, which are required to estimate the
monnneemwgnlxp..whenatomspmdvbelongto
different chromophores in the cyclophanes, In this case
we used Cusachs-Corrington'® AO's, which are easier to
handle than the Clementi-Roothaan S.C.F.~AQ’s used by
Obta et al., while their spatial distributions are known to
be nearly equivalent at the distances involved in #—=
complexation.

The present approach was found to yield results
equivalent to those obtained by Ohta ef al. when applied
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toanumbaofeomlemfotwlmhboﬁexpamenul
and calculated CT spectra have been reported.'®

The parameters used in the calculations of the cyclo-
phanes are compiled in Table 3. These parameters were
optimized to reproduce the absorption spectra of the
separate donor and acceptor chromophores as measured
for dilute dichloromethane solutions of 1,4 - dimethoxy -
2,5 - dimethylbenzene and N,N’ - di - n - butyl - 1,8:4,5 -
naphthalene tetracarboxylic diimide respectively (see
Table 4).

Calculations for the six donor-acceptor orientations
present in the cyclophanes (see Fig. 2) were then per-
formed. The results of these calculations for the first
four electronic transitions are compiled in Table §
together with the observed polarized absorption data.

The character of the transitions was investigated by
calculating'® the quantities (DD)a, etc. as defined by
(2)(5). The CI wavefunction of the mth excited state
being expressed by (1).

¥a= 2 buaoy (0
(D) = % bi.DND) @
(AA)a = % blmAik) )
(DAY = 2 DA, )
(AD) = X buAD; L)

ln(l)bu.decmtuthecoeﬂiclentofmesmdyexcned

@y, which corresponds to excitation from
the MO level ¢; to ¢;. Dy and A, give the weight of ¢ in
donor and acceptor as obtained from (6) and (7), where
nq and n, enumerate the atoms in D and A respectively,

Table 3. Semi empirical parameters used in the quantum mechanical calculations

Atom H(X) K(CX) Hy,(eV) T44(eV) - C(eV) 8.E C.C.E.
c 0.0 1.0 10.50 11.13 ) 14.50 1.625 0.880
C(GCRB) 0.0 1.0 9.70 10.30 14,50 1.625 0.880
O-ether 2.0 0.8 34.00 21.40 45.00 2.450 1.220
N-imide 1.5 0.8 29.00 17 .44 44,00 2.125 1.060
O-imide 1.0 1.6 18.90 14.40 29.00 2.275 1.220
C-imide 0.0 1.0 11.20 10.50 14,50 1.625 0.880

H(X) Hickel Coulomb integral (B unica)

K(HX) EHiickel bond integral (B units)

Hﬁ_ One center core integral

Yii One center repulsion integral
C Penetration integral

8.E. Slater-exponent

C.C.E. Cusachs-Corrington-exponent
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Table 4. Calculated and observed (dilute CH,Cl, sofution) clectroic transitions for 1.4-dimethoxy-2.5-dimethyl-

benzene (D, and for N N'-di-n-butyl-1 8:4,5-naphthalenctetracarboxylic diimide (Ay).

Calculated Observed

Chromophore

AE (eV) A (nom) f AE (eV) ) (om) f
Donor (Dp) 4.35 285 0.063 4.28 290 0.08

5.42 229 0.240 5.51 225 0.29
Acceptor (A.N) 3.48 356 0.800 3.44 360 0.65

3.59 345 0.158

5.19 239 0.656 5.21 238 0.63

while ¢, gives the AO-coefficient of the atom u in ¢

Od

D= glci )
Bdng

A= Y cl. Y]

nmagel

For all “complex” conformations the two longest
wavelength transitions are calculated to be mainly CT
(D-A) in character (see Table 5).

The calculated position of the first CT band coincides
very well with the visible absorption maximum measured
for the crystals. The extremely long wavelength cal-
culated for [8.4)-inter-II forms an exception. It should be
realized, however, that the geometrical parameters used
for 11 are imprecise. Furthermore, the low population of
II in the crystals probably means that the overall ab-
sorption measured for the crystals of [8.4]D Ay is
mainly governed by molecules adopting conformation 1.

The second CT transition is calculated to be situated
rather close to the first strong acceptor transition which
probably overshadows it in the experimental spectra.
The third transition has mainly the character of a local
excitation in Ay (LE(A*)) and can be identified from its
position and high intensity as related to the first tran-
sition of the isolated Ay chromophore (see Table 4).

It seems important to note that in all cases a certain
mixing between this strong local Ay transition and the
CT transitions is found, as evident from the characters
given in Table 5. This mixing seems to account largely
for the in-plane components of the CT transitions. The
same arguments can qualitatively be applied to the fourth
transition, which is also mainly LE(A*) in character.

From the calculations it appears that for [6.6]D,Ay the
intermolecular interaction contributes predominantly to
the visible absorption of the crystals. The calculated total
oscillator strength (inter + intramolecular) along the c-
axis (f.=0.0145) is higher than that observed experi-
mentally (f.=0.004) while the calculated polarization
ratio f./f, = 5.6 agrees very well with the experimental
ratio ({1 = 4.3).

For [B4]D,Ay the calculations predict that the in-
tramolecular interactions (especially those in I) contri-
bute predominantly to the visible absorption of the crys-
tals. The calculated total f, (weighted for I/II=4)
amounts to f,=0.048 which is larger than the experi-
mental value (f,=0.006), while again the calculated
polarization ratio f,/f, =6.5 agrees quite well with the
experimental value f,/f, = 8.

TETRA Vol. 34 No. 21-0

A part of the discrepancy between the observed and
the calculated oscillator strengths is due to the un-
certainty in the experimental result. A major part,
however.canbeascrbedtotheshoﬂcommpofow
theoretical model. There is computational™ and analy-
tic*' evidence to show that the comsideration of both
doubly excited »-configurations and the polarisability of
the o-frame tends to result in a lowering of the transition
probabilities.

Moreover, the method used for the calculation of the
intermoiety B,.. should be reconsidered. If we switch for
a moment to a description of the complex in terms of the
MO's of its components D and A, then the zero order
approximation of the charge transfer excitation reads
DA+AD*A"-D*A™-ADA, and it is readily derived
that in the same approximation the transition probability
is given by

()~ ;Z CuCinBur ®

where ¢, and c;, are the expansion coefficients of the
highest occupied donor and lowest unoccupied acceptor
M.O.’s. It follows from (8) that a systematic lowering of
B, will strongly affect the oscillator strength, which is
proportional to {r)’.

In our calculation we used the assumption of Ohta et
al.' that 8, is proportional with the overlap integral S:

B =€uS,s ®

This assumption, however, maybesenously wrong. Ac-
cording to a recent analysis™ §,, cannot be correctly
described in terms of u and » alone: if the mutusl
orthogonalisation of all atomic orbitals is taken into
account it can be shown that 8,.. depends critically on
the position and the nature of all atoms near the up-
bond. Indeed, if a third atom is close to the centre of the
bond (which is the case with second neighbours in a
molecule) then the 8-value obtained from (9) is too large
by an order of magnitude. In the case of the cyclo-
phanes, where the lines connecting x and v with their
neighbours in D and A are roughly perpendicular to the
ur-bond, a simple model calculation according to™
suggests that the leading terms found from (8) and (9) are
too high by a factor of about 2.

'l‘houghlnaccnmacalcuhnonoffcannotbeper-
formed, there is ample evidence to show that the
simplifications inherent to our model must result in cal-
culated f-values that are considerably larger than the
experimental ones.
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Fig. 5. Long waveleagth absorption spectra of [6.6]D,Ax and [84]D,Ay in dilute (107 M) dichloromethane

Concluding remarks. From 3 comparison of the
experimental data and the quantum mechanical cal-
culations it appears that the remarkable similarity in the
visible absorption of the crystals of both cyclophanes is
mainly due to the simultaneous occurrence of inter- and
intramolecular donor-acceptor interactions in the sofid
state.

This interpretation is supported by the observation
that in dilute solution the visible absorption of these
compounds differs widely in intensity (see Fig. 5). By far
the strongest absorption is found for [8.4]D,An which
seems to agree with the conclusion, that for this
compound intramolecular interaction is dominant.

It should be realized however, that the conformation
ofthe‘entberﬂexibkcydophminsoluﬁonhnot
necessarily identical to that found in the crystals. Further
studies on the implications of conformational mobility of
EDA cyclophanes in solution are in progress and will be
reported separately.

EXPERIMENTAL
Materials. and structure determination of the
compounds have been described o

Spectra. Solution phase absorption spoctra were obtsined with
2 Cary 17D recording spectropbotometer using CH,Cl, (Merck,
UV-grade) as a solvent.

pmmm?mmmmuam
Microspectrophotometer.” The messurements were made on
thin rectsnguiar crystal plates. The thickness of the plates was
determined by focussing s microscope, fitted with calibrated
focus adjustment, onto top and bottom crystal faces and was
found to be 2x10%cm for [6.6]D,Ax and 1.5x1073cm for

(841D,Ax

6.6]D,Ay the clongated and short sides of plates cor-
responded to the directions of the crystaliographic c- and b-axes
respectively and for [8.4]D,Ay to the directions of the a- and
b-axes respectively.
Calculations were performed on the Cyber 73-26 computer of
the academic computing center in Amsterdam (SARA).
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