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Abstract: The title methods were used to detect and assign seven electronic transitions below 35 000 cm -1 in a series of bridged 
[14]annulenes (I-1 V) with gradually decreasing deviation from planarity. Four of the transitions can be correlated with those 
of anthracene and the series provides a partial concrete realization of Piatt and Moffitt's theoretical model for deriving elec
tronic states of polycyclic hydrocarbons from those of an annulene by introduction of transannular cross-links. The other three 
transitions involve states which cannot be simply related to x-electron states of [14] annulene. Comparison with results for di-
cyclohepta[crf,gA]pentalene (V) indicates that they originate in strong hyperconjugative interactions between the 'V-orbitals" 
of the perimeter and 'V-orbitals" of the saturated bridge present in I-IV. The existence of such hyperconjugative interactions 
is also reflected in the observed absolute signs of the intense bands in MCD spectra. 

The effect of distortions from planarity on the properties 
of conjugated x-electron systems has long been a subject of 
considerable interest to the organic chemist. In this context, 
much attention has focussed on ultraviolet-visible spectros
copy, which provides a fairly sensitive probe for the investi
gation of such distortions. It was recognized quite early from 
studies of polyenes that twisting along "essential double bonds" 
causes a red shift of xir* transitions present in the planar parent 
system, while twisting along "essential single bonds" has the 
opposite effect, and this is readily understood in terms of simple 
MO theories. 

Twisting along "aromatic" bonds which form part of a 
conjugated ring structure has been studied less. The uv ab

sorption bands of [«]paracyclophanes move to longer wave
lengths as n is decreased, in agreement with 7r-electron cal
culations.2 For ring systems of other sizes, similar series of 
compounds with gradually increasing deviations from planarity 
have not been available. The excitation energies of a bridged 
[10] annulene, for which a completely planar model is not at 
hand, could be accounted for when ring bending, calculated 
to have a lowering effect on the excitation energies, as well as 
transannular interaction, calculated to have the opposite effect, 
were both considered.3 

Recent synthetic advances4 in the field of bridged [14]-
annulenes with anthracene perimeter put at our disposal a 
series of compounds I-I V well suited for an investigation of the 
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Figure 1. Butano-bridged [14]annulene I. Absorption (full line), emission (dotted line, not corrected for instrumental response), and degree P of polarization 
of excitation (empty circles) and emission (full circles) at 77 K in 3-methylpentane glass. 
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Figure 2. Propano-bridged [14]annulene II. See caption to Figure 1. 
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Figure 3. Ethano-bridged [ 14]annulene III. See caption to Figure 1. The dashed line represents the first absorption band at room temperature, arrows 
point to hot bands. 
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Figure 4. Cyclopropano-bridged [14]annulene IV. See caption to Figure 1. 
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effect of nonplanarity on spectroscopic properties. Comparison 
can also be made with the fully conjugated hydrocarbon V, 
whose electronic spectrum has been analyzed in detail else
where.5 In the present paper, we report a detailed investigation 
of electronically excited states of I-IV. An NMR study of these 
molecules6 and an investigation of their photoelectron spectra7 

and ESR spectra of their radical ions8 have been reported 
separately. 

Experimental Section 

Materials. Preparation of pure samples of I-V has been described 
elsewhere.4 3-Methylpentane (3-MP, Phillips Petroleum Co.) was 
refluxed with sodium, distilled, and passed over an AbOs-AgNOs 
column. Other solvents were spectral grade quality. 

Absorption spectra in rigid glass (3-MP, 77 K) were taken in 2-mm 
Suprasil and 30-mm Pyrex cells immersed in a quartz Dewar with 
Suprasil windows, filled with filtered liquid nitrogen, using a Cary 17 
spectrophotometer. 

Linear dichroism was measured in stretched sheets of a copolymer 
of ethylene and vinyl acetate, transparent up to 40 000 cm-1, which 
had been soaked in a saturated solution of the hydrocarbon in chlo
roform or ethyl acetate, air-dried, and rinsed with methanol to remove 
crystals from the surface. The sheet was immersed in liquid nitrogen 
inside a quartz Dewar with Suprasil windows. The optical path con
tained a rotatable Glan prism with polarization plane at ±45° from 
the vertical, ensuring approximately the same light flux for the mea
surement of the parallel (E \\) and perpendicular (E ̂ ) dichroic curve. 
The measurements were taken on a Cary 17 spectrophotometer in
terfaced to a PDP-11/20 computer. A more detailed description of 
the low-temperature equipment has appeared elsewhere.9 

Polarized fluorescence and fluorescence excitation spectra were 
recorded in 3-MP rigid glass at 77 K using an instrument described 
previously.10 

Magnetic circular dichroism was measured in cyclohexane at room 
temperature as described in ref 11. 

Results 

The spectra of ordinary low-temperature absorption and 
fluorescence of hydrocarbons I-IV are shown in Figures 1-4. 
The degree of polarization in emission as well as excitation 
spectra (P) is also displayed. Excitation spectra followed 
faithfully the details of the absorption spectra in each case. The 
low-temperature absorption curve5 of V is shown in Figure 5. 

Measured curves of linear dichroic absorption E\\ and E± 
showed that in each case the very strong absorption peak near 
33 000 c m - 1 is polarized along the long axis of the molecule, 
while the weaker peak or shoulder on its low-energy side is 
polarized along one of the two short axes. From consideration 
of molecular shape, we identify the long axis with the z axis in 
formulas I-V, leaving the y and x (out of plane of paper) axes 
as the "short" ones. As an example, Figure 6 presents the ex
perimental curves E\\ and £ J., corrected for baseline, for the 
ethano annulene III. 

The experimental curves were combined to obtain the "re
duced absorption curves" corresponding to pure long and short 
axis polarizations, using the usual stepwise reduction proce
dure.12 Since all short-axis polarized peaks disappear from the 
linear combination A2 = E\\ - d\°E± simultaneously when 
a suitable value ofd\° is found by trial and error, they are ei
ther all polarized along only one of the two short axes, pre
sumably the one labeled y in formulas I-IV (by analogy to the 
planar hydrocarbon V, in which we do not expect other than 
7rir* transitions to occur below 35 000 cm - 1 ) , or the orientation 
distribution is such that the two axes are equivalent, or both. 
We shall see later that the equivalence of the two axes indeed 
obtains in the case of hydrocarbons I—III. The reduced curve 
for short-axis polarized absorption is obtained as Ay = n0(Ex 

- d±°E\i). Here we use the label Ay although, in principle, 
some of the peaks may actually be polarized along x in mole
cules I, II, and III.12b The normalization factor «o was obtained 
from the formula12*/J0 = (2 + d \i°) / (2d ±° + l ) .Thereduc-
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Figure 5. Absorption5 of dicyclohepta[crf,g/i]pentalene V in 3-methyl-
pentane glass at 77 K. 
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Figure 6. Ethano-bridged [14]annulene III. Dichroic absorption curves 
in a stretched copolymer at 77 K (see text). Full line: parallel spectrum 
£||, dashed line: perpendicular spectrum E j_ . 

tion factors d \° and d\\°, which reflect the molecular orien
tation distribution in the stretched polymer, were d±° = 0.77, 
d\\° = 0.87 for I; ^ x

0 = 0.10,d\\° = 0.80 for II; d±° =0.30, 
df0 =0.50 for III; and d±° = 0.43, df = 0.95 for IV. These 
values are to be compared with those obtained5 for V under the 
same experimental conditions: dx° = 0.35, d\\° = 0.80. 

The resulting reduced polarized spectra for hydrocarbons 
I-IV are shown in Figures 7-10, which also show the magnetic 

circular dichroic (MCD) spectra of these hydrocarbons. The 
region of the very weak first absorption band is missing in the 
case of I (Figure 7) owing to its limited solubility in the poly
mer sheet. For the purpose of comparison of spectral shapes 
in the discussion which follows, we also reproduce the corre
sponding published5 spectra for the fully conjugated analogue 
V (Figure 11). 

The measurements on II were repeated in stretched poly
ethylene and polypropylene sheets. The same reduced polarized 
spectra resulted. 

Discussion 

A. Absorption and Emission Spectra. Although the ab
sorption spectra of the bridged [14]annulenes I-IV each ex
hibit distinct characteristics of their own, their overall simi
larity is unmistakable (Figures 1-4). Many individual elec
tronic transitions could be identified and traced throughout 
the series I-IV on the basis of the low-temperature absorption 
curves alone. The additional spectral information available 
makes such a task much easier and increases our confidence 
in the correctness of the assignment. We shall, therefore, return 
to the problem of band assignment after a brief discussion of 
the auxiliary spectroscopic methods. 

Only one feature will be pointed out here, namely the ob-
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Figure 7. Butano-bridged [14]annulene I. Reduced absorption spectra 
(stretched copolymer of vinyl acetate and ethylene, 77 K): long-axis po
larized (full line) and short-axis polarized (dashed line). Both spectra on 
the same scale of absorbance (arbitrary units). Magnetic circular di-
chroism (cyclohexane, room temperature) dash-dot line. Molar ellipticity 
per unit field strength in units ofdeg 1. m_ 1 mol -1 G - 1 . 
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Figure 8. Propano-bridged [14]annulene II. See caption to Figure 7. Note 
different scales for absorbance below and above 23 200 cm - 1 . 
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Figure 9. Ethano-bridged [14]annulene III. See caption to Figure 7. Note 
different scales for absorbance below and above 31 000 cm - 1 . 
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Figure 10. Cyclopropano-bridged [14]annulene IV. See caption to Figure 
7. Note different scales for absorbance below and above 23 800 cm - 1 . 
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Figure 11. Dicyclohepta[cd,g/i]pentalene5 V. See caption to Figure 7. Note 
different scales for absorbance below and above 30 000 cm -1. PPP-SECI-I 
calculations from ref 5 are shown on top: long-axis polarized (black), 
short-axis polarized (white), and symmetry-forbidden (dot) transitions 
of small (thin line), medium (medium line), and high (thick line) intensity. 
Transitions shown in lower (upper) strip are calculated to appear as neg
ative (positive) peaks in MCD spectrum. 

servation of distinct hot bands in room-temperature absorption 
and emission of hydrocarbons II, III, and IV, unusual in so
lution spectra of molecules of this size. The long-wavelength 
part of absorption as well as emission are highly structured in 
spectra taken at 77 K (Figures 1-4), and their 0-0 bands 
coincide. In spectra taken at room temperature, the fine 
structure is less well developed, and hot bands clearly appear, 
with expected intensity (only a broad tail is observed for I). The 
room temperature absorption curve of III is displayed in Figure 
3 and hot bands are indicated by arrows. Their distinct ap
pearance is undoubtedly due to the availability of a single vi
bration of very low frequency (200-300 cm - 1 ) , which is also 
observed in the fine structure of emission, and to the Franck-
Condon allowed shape of the absorption bands. It appears 
likely that this low-frequency vibration corresponds to a totally 
symmetrical "out-of-plane" deformation of the ring of carbon 
atoms in the annulenes. 

B. Orientation in Stretched Copolymer Sheet. For the pur
poses of linear dichroic spectroscopy, the molecular orientation 
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distribution in a uniaxially stretched polymer can be charac
terized12 by two orientation factors, K\ = (cos2 j8)av and K2 
= (sin2 /3-cos2 7)av Here, /8 and 7 are two of the Euler angles 
used to describe molecular orientation; /3 measures the devia
tion of the long axis of the molecule from the stretching di
rection while 7 measures the rotation of the molecule along its 
own long axis. If 7 equals 0 or 180° for a planar molecule, its 
short in-plane axis lies in the plane containing the long axis and 
the stretching direction. Alternatively, K2 can be expressed in 
terms of the angle /3' between the "longer" of the short axes, 
y, and the stretching direction: K2 = (cos2 /3')av 

The orientation factors can be obtained from the reduction 
factors d\\° and d±°.12 Their values for hydrocarbons I-V are 
collected in Table I. The degree of alignment of the long axis, 
given by K\, is seen to increase dramatically as one goes from 
the strongly bent13 butano derivative I to the less bent14 pro-
pano derivative II and on to III which, according to models, 
has an almost planar conjugated perimeter. When the bridge 
is also pushed into the plane of the perimeter (V), ATj remains 
almost unchanged. When the bridge is made bulkier (IV), the 
orientation becomes worse. All of these trends appear quali
tatively quite reasonable, using the simple rule "solutes prefer 
to expose their smallest cross-section in the stretching direc
tion". 

The physical interpretation of the values of K2 is more 
complicated. If the distribution of angles 7 is uniform, i.e., all 
angles of rotation of the molecule along its long axis are equally 
probable, it can be shown12 that K\ and K2 are related by K2 
= (1 — Ki)/2. This situation will clearly obtain for molecules 
with cylindrical symmetry, such as acetylene, and is assumed 
by some authors to prevail universally. Stretched sheet results 
available to date indicate that approximately uniform 7-dis-
tribution is obtained with molecules such as anthracene, te-
tracene, and others with approximately rod-like shape, but not 
with pyrene, perylene, fluoranthene, azulene, and other mol
ecules with a more or less sheet-like shape.9,10'12 In the latter, 
preferred orientation in a stretched polymer is such that the 
edge rather than the flat side of the sheet is exposed when 
viewing along the stretching direction (of course, for those 
molecules whose long axis happens to be perfectly aligned with 
the stretching direction, the edge is exposed for any value of 

7). 
Comparison of the values of K2 with (1 — K\)/2 in Table 

I shows that I, II, and III have no clearly preferred rotation 
angle along their long axis. This is again understandable on the 
basis of molecular shapes. The presumably completely planar 
hydrocarbon V prefers to orient similarly as other sheet-shaped 
molecules, exposing its edge rather than its flat side when 
viewed along the stretching direction. Surprisingly, IV behaves 
in the same way, although its bridge is higher and bulkier than 
that of III, at least if one makes the very plausible assumption 
that the observed short-axis polarized absorption is polarized 
along the y axis rather than the x axis in formula IV. Appar
ently, details of the shape of the bridge play an unsuspected 
role. 

In summary, most of the observed regularities in the ori
entation characteristics can be rationalized by simple-minded 
consideration of molecular models, but details of the orienta
tion behavior of nonplanar molecules are presently not pre
dictable. 

C. Polarized Emission. The observed degree of polarization 
in emission and excitation shows an interesting trend (Figures 
1-4). For III and IV, and to a slightly lesser degree, II, the plots 
shown are textbook examples in that the polarization degree 
ranges from very near its theoretical upper limit (+V2) to very 
near its theoretical lower limit (—'/3), pinpointing transitions 
polarized parallel and perpendicular to the polarization of the 
transition to the lowest excited state, respectively, in excellent 
agreement with the stretched sheet spectra (Figures 8-10). On 
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Table I. Orientation Factors12 of Bridged [14]Annulenes in 
Stretched Sheet 

K1 

K2 

( 1 - -KJ/2 

I 

0.39 
0.30 
0.30 

II 

0.42 
0.29 
0.29 

III 

0.63 
0.20 
0.19 

IV 

0.54 
0.32 
0.23 

V 

0.59 
0.29 
0.21 

the other hand, the curve for 1, which was obtained under 
identical experimental conditions, is noticeably flatter and the 
theoretical limits are not reached. Fortunately, tentative 
conclusions about polarization directions can still be reached, 
and they again agree with the stretched sheet spectra (Figure 
7). 

The difference can be only partly ascribed to a higher degree 
of band overlap in I. We suspect that it is related to the fact that 
among I-IV, only I has a strongly Franck-Condon forbidden 
first transition (in absorption as well as emission). This indi
cates a larger difference of geometry for this molecule between 
the ground and lowest excited singlet states. Sizable interac
tions with the neighboring molecules in the rigid glass may well 
result if the molecule bends more or becomes flatter, and these 
may lead to an overall rotation of the molecule before it fluo
resces, and thus to depolarization of the emitted light. Probably 
more important, a lowering of molecular symmetry upon ex
citation is a likely possibility. For I, but not II, III, and IV, 
molecular models indicate a relatively facile twisting motion 
which removes the eclipsing interactions on the -CH2-CH2-
portion of the butano bridge. This relief is apparently not op
erative in the ground state, which has been found13 to have C2v 
symmetry, presumably since it would involve further disruption 
of the already nonplanar aromatic annulene ring. However, 
it should occur more easily in x-7r* excited singlet states, in 
which 7r-bonding is weakened. 

D. Magnetic Circular Dichroism. In the present paper, we 
use MCD spectra mostly in a very crude fashion, namely to 
help to identify and characterize individual electronic transi
tions. This is based on the well-known experimental fact that 
MCD bands generally follow the shape of absorption bands, 
except that they can be negative as well as positive, and that 
the relative intensities in MCD need not be the same as in 
absorption. This correspondence between MCD and absorption 
spectra can be justified theoretically in the absence of vibronic 
interactions,15 and its absence indicates the existence of such 
interactions (e.g., in azulene9). 

A complete exploitation of the information contained in the 
MCD curves is best based on calculations, at least approxi
mate, and is outside the scope of this paper. Nevertheless, we 
will take advantage of the fact that a Pariser-Parr-Pople 
(PPP) type 7r-electron calculation similar to those used suc
cessfully to account for absolute signs in the MCD spectra of 
other hydrocarbons,9-10,16 including V,5 gives vanishing MCD 
intensities for any electroneutral even alternant hydrocarbon 
such as the hypothetical planar [14] annulene with anthracene 
perimeter (VI). This is perhaps most easily seen from the fact 
that, in the sense of alternant symmetry, such a hydrocarbon 
is paired with itself in the PPP model, while a general theorem 
demands17 that MCD spectra of any two species paired by 
alternant symmetry be equal in magnitude and opposite in sign. 
The observed signs in the MCD spectra of the bridged annu-
lenes I-IV will then provide information about the nature of 
perturbations introduced by the bridge. 

Finally, let us mention that MCD spectra of other bridged 
annulenes have been published18 and that it was noted that they 
are quite sensitive to details of the structure of the bridge and 
to substitution. This is understandable in view of the above 
remarks. The similarity of the MCD spectra of hydrocarbons 
I-IV (Figures 7-10) reflects the homogeneity of this series of 
[14]annulenes. On the other hand, the signs of many of the 
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Table II. Spectroscopy of Bridged [ 14] Annulenes0 

I 

II 

III 

IV 

E 

f 
pol 

B 
E 
f 
pol 

B 
E 

f 
pol 

B 
E 
f 
pol 
B 

1 

19.84 
0.003 

Z 

-0 .1 
19.57 
0.004 

Z 

-0 .4 
17.99 

0.020 
Z 

-0 .6 
16.43 
0.013 

Z 

-0 .3 

A 

22.80 
-0.0002 

Z 

- 0 
22.57 

-0.0001 
Z 

- 0 
21.29 

-0.0004 
Z 

- 0 . 1 
19.76 

-0.0003 
Z 

-0.02 

Transition 
2 

25.5 
0.04 

1 

25 
0.06 

i 

24.8 

0.02 
I 

B 

29.5(?) 
- 0 

1 

+ 1 
29(?) 
- 0 

l 

+1.5 
27 

C 

28 
0.11 

Z 

27.5 
0.09 

Z 

26.2 

0.08 
1 

+3 
24.5 
0.03 

1 
+2.4 

23 
0.008 

1 
-0 .3 

Z 

- 0 
25.2 
0.03 

Z 

- 0 

3 

31.5 
0.21 

1 

+ 3 
31.1 
0.15 

1 

+3.5 
29.5 

0.15 
1 

+3 
'27.5 
0.13 

1 
+5 

4 

33.0 
1.2 
Z 

- 3 
33.0 

1.6 
Z 

- 3 
32.2 

1.1 
Z 

- 4 
31.0 

1.3 
Z 

- 7 
a Excitation energy of the 0—0 band in units of 103 cm - 1 (E), 

oscillator strength/= 4.319 X 1O-9 fe dv (using polarized spectra 
to estimate areas of overlapping bands), polarization (along z axis or 
perpendicular to it), and B term in units lO"30e D

2/cm"1, obtained 
from B = —(33.53f0)"' f[6] M df, where vQ is the wavenumber of 
the band center. 

MCD bands of the related fully conjugated 16 7r-electron hy
drocarbon V are distinctly different (Figure 11). 

E. Identification of Electronic Transitions. Combining the 
results of all spectroscopic methods (Figures 1-4 and 7-10), 
we believe that seven distinct electronic transitions can be as
signed in the region below 35 000 cm -1 (Table II). Most of the 
these can be found in all four hydrocarbons I-IV. We shall 
label them in two separate groups for reasons which will be
come clear later: 1 through 4 in the order of increasing energy, 
and A through C, again in the order of increasing energy (the 
order of B and C is reversed in IV). A survey of assignments 
in all four compounds is given in Figure 12 and in Table II. 

Transition 1. This is the only transition for which the energy 
of the 0-0 component can be measured quite accurately. It 
decreases regularly from I to IV. The intensity changes dra
matically along the series. At 77 K, the decadic molar extinc
tion coefficients of the most intense peaks (tmax) are 415, 560, 
5500, and 3000 for I, II, III, and IV, respectively. The reduced 
spectra and polarized emission spectra show that transition 1 
is purely long-axis polarized. It has a positive MCD peak. An 
unusually large number of totally symmetrical vibrations 
representing a variety of frequencies are active in its fine 
structure to about the same degree. This provides the band with 
characteristic very dense, yet distinct, vibrational structure. 
The band of transition 1 is Franck-Condon allowed and quite 
narrow in III and IV (half-width ca. 1000 cm - 1) . In II and 
particularly I, the band has Franck-Condon forbidden shape 
and is about twice as wide. The case of I has already been 
discussed above. Clearly, III and IV do not change shape much 
upon excitation, while II and particularly I do. The totally 
symmetrical vibrations observed in absorption are 120, 260, 
360, 570, 840, 1100, and 1450 cm-1 in I; 270, 590, 860, 1130, 
and 1500 cm"1 in II; 240,460,630,820,1030, and 1540 cm"1 

in III; and 220, 430, 630, 810, 1020, and 1360 cm"1 in IV. 
Combination bands mostly involve one quantum of the highest 
of the frequencies. In each case, emission is a reasonable mirror 
image of absorption. The ground-state frequencies identified 
in emission are 130, 290, 350, 590, 880, 1120, and 1390 cm -1 

in I; 240, 510, 690,900, 1150, and 1420 cm"1 in II; 220,430, 
610, 850, and 1080 cm"1 in III; and 190 and 450 cm"1 in IV. 
Estimated error limits on these values are ±30 cm -1 . The very 
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Figure 12. Correlation of observed transitions 1-4 and A-C in hydrocar
bons I-V and VII. Full lines: long-axis polarized; dashed lines: short-axis 
polarized, dotted lines: symmetry-forbidden transitions. Thick lines: intense 
transitions; thin lines: weak transitions. MCD signs are indicated on top. 

low frequency vibration observed in I but not the other hy
drocarbons (120 cm - 1) can be tentatively identified with the 
torsional vibration discussed above. A higher resolution study 
will be necessary to permit definitive conclusions. 

Transition 2. The energy of this medium intensity transition 
is about 24 500 cm - 1 , and is remarkably constant throughout 
the series. The transition is negative in MCD. It is clearly 
short-axis polarized in reduced spectra, and is represented by 
a dip in the plot of the degree of polarization of fluorescence 
excitation (overlapping with a positive contribution from 
transition C in the case of IV). 

Transition 3. The energy of this transition decreases very 
similarly as that of transition 1 upon going from I (ca. 31 500 
cm -1) to IV (ca. 28 000 cm - 1) . This is the second strongest 
transition in the spectrum (tmax — 20 000), but since it is lo
cated quite close to the even much stronger transition 4, it 
appears only as an indistinct shoulder in the ordinary absorp
tion spectra of I and II. It is, however, very distinct both in 
MCD spectra, where it appears as a strong negative peak, and 
in polarized spectra, which show that it is short-axis polarized. 
It is also clearly seen as a dip in the plots of the polarization 
degree P. 

Transition 4. This is the most intense transition in the 
spectrum: €max is 158 000 (I), 180 000 (II), 210 000 (III), and 
130 000 (IV). Its energy remains reasonably constant 
throughout the series (ca. 32 000 cm -1), but not quite as much 
as that of transition 2. It is long-axis polarized and has a pos
itive MCD peak. 

Transition A. This is a striking but weaker replica of the first 
transition. There is no doubt that it is an intrinsic transition 
of the bridged annulenes and is not due to an impurity, since 
it clearly appears in the excitation spectra. It shifts to lower 
energies on going from I to IV just like transition 1 does and 
the separation of the first peaks of the two transitions is almost 
constant (3150 ± 200 cm - 1) . In each of the four compounds, 
the same vibrational spacings are found in the first two tran
sitions. The intensity of transition A is only a small fraction of 
that of transition 1 and is hard to estimate because of overlap 
with the tail of transition 1. It grows on going from I to III and 
then decreases somewhat on going to IV (€max I, 120; II, 140; 
III, 340; IV, 230), just like the intensity of transition 1 does, 
but the changes are not nearly as dramatic. The transition is 
long-axis polarized and positive in the MCD spectrum, and in 
this it again resembles transition 1. 

Since transition A has such low intensity, and since the re
gion of its true origin could be obscured by the tail of transition 
1, we cannot be sure that the observed polarization is intrinsic. 
The observed origin on which vibrations already familiar from 
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transition 1 are built could be a false one, involving one vi
bration of a nontotally symmetric vibration and the observed 
intensity could be all borrowed from transition 1. 

Transitions B and C. In addition to the transitions already 
discussed, the region 20 000-30 000 cm - 1 contains at least two 
additional bands, one short-axis polarized and one long-axis 
polarized. On going through the series of compounds, they 
move independently of each other and also of the previously 
discussed transitions, and are therefore assigned as separate 
electronic transitions, B and C, respectively, rather than as 
vibronic intensity due to one or another of the transitions al
ready discussed. The presence of two additional transitions is 
most obvious in the spectra of III and IV, while only one of 
them (C) can be clearly observed in the spectra of I and II. 

The short-axis polarized transition B can be most clearly 
identified in the spectra of IV. In absorption, it appears as a 
distinct shoulder at 22 500 c m - 1 (€max — 1000), and the cor
responding negative dip in the curve of the degree of polar
ization (Figure 4). In the polarized spectrum it appears as a 
distinct peak near 23 000 cm - 1 , and its presence is equally 
obvious in the MCD spectrum, where it is positive and about 
as strong as the peak of transition I (Figure 10). 

One might argue that our assignment of transitions B and 
2 in IV, which are both short-axis polarized, should be reversed. 
We prefer the assignment indicated, since it fits better with the 
approximately constant energies and intensities of transition 
2 in the remaining compounds, and since this way the MCD 
peak of transition 2 in IV is negative, just as it is in all the 
others. 

In the ethano compound III, the region between transitions 
A and 2 contains no shoulder or peak analogous to that as
signed as B in IV. However, the polarized spectrum (Figure 
9) shows a weak short-axis polarized peak near 27 000 cm - 1 , 
corresponding to a slight but reproducible dip in the plot of the 
polarization degree P (Figure 3), and we assign this tentatively 
as transition B. 

In hydrocarbons I and II, similar dips in the plot of P occur 
near 29 000 cm - 1 (Figures 1, 2). The polarized curves are not 
sufficiently reliable in this region to provide much support 
(Figures 7, 8). Since we feel that the transition is certainly 
present in IV, and most likely in III, we guess but cannot be 
sure that it probably also occurs in I and II, and associate it 
very tentatively with the dips observed. 

In contrast, the identification of the stronger long-axis po
larized transition C presents no difficulties. It is always located 
between transitions 2 and 3 and, unlike the latter, must have 
a very weak MCD counterpart, since it usually cannot be dis
cerned in the MCD spectrum at all. Only in the case of I is it 
clearly seen as a negative MCD peak. In the plots of the degree 
of polarization P, transition C is reflected as a clear region of 
positive values, in the middle of which there is the above-dis
cussed dip due to transition B, or, in the case of IV, to transition 
2. We have considered and rejected the possibility that band 
C is of vibronic origin and only represents intensity borrowed 
by the short-axis polarized transition 2 from the long-axis 
polarized intense transition 4. The argument against this is the 
variable separation of peaks assigned as 2 and C. This sepa
ration decreases regularly as one goes from I to IV. In IV, the 
origin of C already lies at a lower energy than the origin of 2, 
although the peak of C still is at higher energies than that of 
2. This is seen in the polarized spectra in Figure 10, and, more 
clearly, in the plot of the polarization degree P shown in Figure 
4, which is positive on both sides of the dip associated with 
transition 2. Since a false origin cannot be at lower energies 
than the true one, we conclude that the long-axis polarized 
intensity is not part of the vibronic structure of transition 2, 
but corresponds to a separate electronic transition. 

Transitions of Higher Energies. The absorption and MCD 
spectra shown indicate the presence of several additional 

Figure 13. Molecular orbitals of [14]annulene VI, their ground state oc
cupancy, and states resulting from first-order configuration interaction 
among singly excited singlet configurations. Number and polarization of 
transitions expected from each group of excitations is shown by arrows 
(dots labeled by f indicate symmetry-forbidden transitions). 

transitions above 35 000 cm - 1 . Since they are poorly resolved, 
and since polarization data are missing, we feel that it is not 
profitable to attempt to discuss them in any detail at this time. 

F. Spectral Interpretations. X-ray crystallography13'14 

showed that I and II have C2i- symmetry and a quite regular 
periphery of "aromatic" C-C bonds. Molecular models suggest 
that the same will be true of III and IV, and that V is planar 
(D2h symmetry). The best simple model on which a discussion 
of the states of the bridged annulenes I-IV can be based ap
pears to be the hypothetical planar [l4]annuleneof Dih sym
metry shown in formula VI. 

Low-lying electronic states of such a species should be of 
ir-ir* character. Using the designation of axes shown in for
mula VI, their possible symmetries are Ag, B3g, Biu, and B2U-
Transitions from the Ag ground state to Ag and B3g states are 
dipole forbidden, those to B]u states are z-polarized, those to 
B2u states are ^-polarized. On going to the nonplanar Cjv 
molecules I-IV, only one axis of twofold symmetry remains. 
This is x in formulas I-IV; conventional labeling for it would 
be z, but in stretched sheet work, we keep the label z consis
tently for the long axis of the molecule. With our labeling 
convention, Ag, B3g, B ] u , and B2U states of VI become A ) ( A2, 
Bi, and B2 states of I-IV. Transitions from the A] ground state 
to Ai states are jc-polarized, transitions to A2 states are dipole 
forbidden, those to Bi states are z-polarized, and those to B2 
states are>'-polarized. 

a. Hypothetical Planar [14]Annulene (VI). We shall assume 
that the states of I-IV which are of other than IT IT* parentage 
when derived from the hypothetical planar [I4]annulene VI 
need not be considered since we are limiting ourselves to the 
region of low energies (up to 35 000 cm - 1 ) . 

The 7r-electron orbitals of a regular [ 14]annulene of fl^ 
symmetry are totally determined by symmetry. Those of a 
planar [14]annulene of /)2h symmetry, VI, are almost identical 
with the above. Their energies and symmetries, as well as 
ground state occupancy by the 14 7r-electrons, are shown in 
Figure 13. They were obtained using the standard PPP TT-
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Table III. Calculated Spectrum of [ 14| Annulene VI" 
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formula; 
sym: see labeling of axes in formula VI. "All singly excited configurations. c Selected singly and doubly excited configurations (1 33 in all). 
The SCI- energy was taken for ground state energy; see text. 

electron model.19 Low-lying excited states can be obtained by 
single or double electron promotions as shown on the right-
hand side of Figure 13. The exact values of energies of the 
various configurations depend on the values of parameters used 
in the model, but the general picture does not. In Figure 13, 
only approximate values of energy are given. The four lowest 
excited configurations lie at about 3 eV and involve promotion 
of an electron from one of the two almost degenerate highest 
occupied orbitals into one of the lowest two empty orbitals. In 
the Z)2/, symmetry group, two of the configurations are of B ) u 

symmetry and two of B2U symmetry. The next group of eight 
singly excited configurations is considerably higher in energy 
(ca. 6 eV) and they are all of Ag and B ĝ symmetries, as is a 
group of 10 doubly excited configurations which have similar 
energies (5-7 eV). The next higher group of configurations of 
the "allowed" B|U and B2u symmetries is found only at energies 
near 7 eV. 

Now, when configuration interaction (CI) is introduced in 
order to estimate final state energies, "plus" and "minus" states 
will result. Here, we use a well-known terminology due to 
Pariser.20 The lowest four configurations give rise to three plus 
states and one minus state, whose calculated order is inde
pendent of details of the procedure: B|u~ (Lb) at lowest energy, 
then the two B211

+ states (La below Ba), then B , u
+ (Bb). Cal

culated mixing with higher energy Biu and B2u configurations 
is very small. A large number of Ag and B}g states is also pre
dicted, near or above the highest of the four states just dis
cussed. 

We have performed numerous 7r-electron calculations of the 
PPP type with different approximations for electron repulsion 
and resonance integrals and different assumed geometries for 
the perimeter, but the results were the same, except for the 
order of the almost degenerate B2U

+ (Ba) and Bi u
+ (Bb) states, 

which depends on the shape of the ring. In particular, we have 
employed large-scale CI with up to 140 configurations selected 
from all 1225 doubly excited configurations by automatic in
spection of the matrix elements of the Hamiltonian using a 
method described in detail elsewhere.21 The results can be 
summarized as follows: The PPP model predicts unequivocally 
that the lowest two electronic transitions are into a Bi11

- (Lb) 
state (forbidden by the plus-minus selection rule20 within the 
simple PPP model) and into a B 2 u

+ (L11) state (about 5000 
c m - 1 higher in energy, j'-polarizcd, and much stronger). Also, 
almost certainly, the third transition is into a B 2 u

+ (Ba) state 
and is v-polarized and reasonably intense. This is followed 
closely by a very strong z-polarized transition into a Bi11

+ (Bb) 
state surrounded by close to a dozen forbidden transitions into 
Ag and B3g states, whose order is quite uncertain. In Oar ' s 
nomenclature, Lb = «, La = p, Bb = ft, B11 = (3'. Two examples 
of numerical results are shown in Table III. One uses all singly 
excited configurations and the Mataga Nishimoto approxi
mation22 for electron repulsion integrals, the other uses 28 
singly and 104 doubly excited configurations selected by the 
SRCI-I procedure21 from all 1225 doubly excited configura-

PPP SECI-I Colculotion 

® © (D ® 
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Figure 14. Calculated energies, intensities (thick line, intense; thin line, 
weak), and polarizations (full line, long-axis; dashed line, short-axis; dotted 
line, symmetry-forbidden) of electronic singlet-singlet transitions. Center 
line: planar [14|annulene Vl. Above: resonance integrals for transannular 
bonds added ('/m and '/5 the magnitude of these along the perimeter). 
Below: resonance integrals reduced according to twist angles observed in 
the butano-'2 and propano-1 •' bridged annulenes I and II. 

tions and semiempirical parameters appropriate23 for extensive 
CL The use of these parameters23 requires a compensation for 
the absence of highly excited configurations in the calculation 
in that the SCF energy rather than the Cl energy is to be taken 
for the energy of the ground state and this was done in Table 
111 (but not in Figure 14 where only trends are displayed, see 
below). 

b. Bridged Annulenes. The actual compounds I-IV differ 
from hypothetical VI in several important respects. First, the 
14-membercd ring is distorted from planarity. From x-ray 
data13 ,14 and molecular models, the nonplanarity decreases 
regularly as one goes from I to V. It is already quite small in 
III and IV. Second, various bonds in the 14-mcmbcred ring arc 
twisted, so that the 7r-bonds between neighbors are weakened 
in various places along the periphery. The twisting is most se
vere in I, less so in II, even less in III and IV, whose models are 
quite similar, and is absent in V. The twist angles obtained from 
x-ray data13 '14 are shown in formulas I and II. Third, the 
twisting in I-IV also introduces "homoaromatic" transannular 
interactions between bottom lobes of atomic orbitals located 
on opposite sides of the bridge, leading to two quasi cyclopro-
pano subunits in each molecule (dotted lines in formulas I-IV). 
Models indicate that the importance of this transannular 
overlap decreases along the series on going from I to IV. 
Fourth, in addition to imposing constraints on the geometry 
of the peripheral ring, the bridge may also exert inductive and 
hypcrconjugativc effects. One would suspect the latter to be 
particularly important in IV, where the occupied Walsh orbital 
of cyclopropane can efficiently interact with the annulene ring 
system, as shown by photoelectron spectroscopy.7 Of course, 
in V, the bridge becomes an integral part of the total 16 ir-
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electron system which is effectively conjugated throughout. 
Similar but probably weaker interactions could be present in 
the other bridged annulenes [-III. 

A proper interpretation of the spectra of the bridged annu
lenes would require either a prohibitively expensive ab initio 
calculation or, at least, a still quite expensive calculation by 
one of the all-valence electron semiempirical methods. Among 
standard methods, CNDO/S or INDO/S appear most at
tractive. However, we do not think the return would be worth 
the expense, both because neglect of overlap does not seem 
appropriate for a twisted 7r-electron system (cf. arguments 
outlined by Baird24) and because a large number of doubly 
excited configurations are present at relatively low energies 
already in the ^-calculation (Figure 13). These would not be 
included in the standard CNDO/S procedure, and their in
clusion would probably require complete reoptimization of 
parameters if a reasonable agreement with experiment were 
desired. 

Instead, we have opted for the inexpensive use of simple 
concepts based on simulation of the various effects of the bridge 
within the PPP 7r-clectron framework, and leave all-valence 
electron calculations on I IV outside the scope of this paper. 
An added advantage of this simple approach is its ability to 
dissect the overall spectral changes into contributions from 
individual "effects" in a manner so often found useful by the 
organic chemist. Such a separation into effects is valuable in 
providing simple concepts transferable to other molecules. A 
similar attitude has been taken by Heilbronner et al.7 in ana
lyzing the photoelcctron spectra of compounds I-V. In the 
simple model, distortions from planarity and bond twisting are 
simulated by changing the values of appropriate resonance 
integrals (decreased overlap of 2p AO's). Transannular in
teraction is simulated by adding new nonzero resonance inte
grals between appropriate pairs of atoms and inductive effect 
of the bridge by changing the one-center parameters for the 
carbon atoms which carry the bridge. Hyperconjugation is 
more difficult to mimic reliably in a simple manner; here, 
comparison with the fully conjugated planar hydrocarbon V 
will provide some feeling for what the effects might be. Any 
one of these effects, or any combination of several of these, can 
thus be studied easily, whereas in experiments or in sophisti
cated calculations, they are all present simultaneously to 
varying degrees so that their relative importance and even di
rection would be hard to deduce unequivocally. 

Transitions 1-4. We start by noting that, in spite of minor 
differences between compounds I to IV, the energies, polar
izations, and intensities of these four transitions generally fit 
well the requirements for the four symmetry-allowed transi
tions expected for VI (Figure 12, Tables II, HI). Therefore, 
in the C2,. group, we assign the excited state of transition I as 
Bj, those of transitions 2 and 3 as Bi, and that of transition 4 
as Bi, and postulate that they correlate with the Bi11

- (Lb), 
B2U

+ (La), B2U
+ (Ba), and B , u

+ (Bb) states of VI, respectively. 
This implies that the short-axis polarized transitions 2 and 3 
are polarized alongy in formulas I-IV. 

In order to explain the decrease in the energies of these 
transitions on going from I to IV (Figure 12), we have per
formed numerous simple 7r-clcctron calculations of the type 
just discussed, and conclude that the observed trend results 
from two opposing major contributions (Figure 14). The first 
of these is bond twisting. The pattern of 7r-bond weakening due 
to the twisting is established from x-ray studies13-14 and is 
shown in formulas I and II. Its effect is to decrease the exci
tation energy on going from Vl to I, just the opposite of what 
is observed. The direction of this effect may be surprising at 
first sight, but is easily understood if one permits the twisting 
to proceed to its limit, namely 90°, for the four bonds which 
twist the most. The perimeter is then broken up into two bu
tadiene units and two ally! radicals and thus should have very 
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Figure 15. Center: frontier molecular orbitals of [14]annulene (VI). Right 
and left: their conversion to orbitals of anthracene (VII) by introduction 
of transannular interaction. Assignment of one-electron excitations to 
singlet singlet transitions in VI and VIl is shown. White lines: long-axis 
polarized transitions; black lines: short-axis polarized. 

low-lying excited states (two nonbonding orbitals occupied by 
a total of two electrons in the ground state, a "biradicaloid" 
species25). 

The opposing effect, which prevails and establishes the ob
served experimental trend, is homoaromatic transannular in
teraction. It acts to increase the calculated excitation energy 
of transitions 1 -4 on going from VI to I. Carrying it again to 
its logical extreme by permitting the transannular interactions 
to be just as strong as those between bonded neighbors will 
convert the 7r-system of VI into that of anthracene (VII). This 
shows that transition 1 correlates with the Lb (a) transition of 
anthracene which seems to have so far eluded definitive ex
perimental observation,26 while transitions 2, 3, and 4 correlate 
with its well-known transitions L3 (p), B11 (/?'), and Bb (0). as 
shown in Figure 12. This correlation easily explains the di
rection of the observed trends in excitation energies in the series 
I-IV. 

Figure 1 5, based on standard PPP calculations, shows the 
origin of the correlation in simple MO terms. In the center are 
displayed the four frontier orbitals of VI (2, b2g; 1, b | g ; — 1, b3U; 
—2, au) and the four single electron promotions which yield the 
four configurations which enter the excited states of transitions 
1 - 4 : 1 - * —2 and 2 —* — 1 mix in equal proportions to give the 
excited states of transitions I (out-of-phase combination, minus 
state) and 4 (in-phase combination, plus state), 1 -*• — 1 and 
2 —*• —2 mix in roughly equal proportions to give those of 
transitions 2 (in-phase combination, 2 -*• — 2 somewhat more 
important, plus state) and 3 (out-of-phase combination, 1 —*• 
— 1 somewhat more important, plus state). Bonding orbitals 
are numbered 1, 2 , . . . in the order of decreasing energy, and 
antibonding ones — 1, — 2 , . . . in the order of increasing energy. 
Introduction of resonance integrals across the ring affects the 
energies of these four orbitals to varying degrees and trans
forms them into those of VII, as shown on the right and left. 
This converts the four singly excited configurations into the 
four well known to be involved in anthracene Lb, La, Bb, and 
Ba excited states. Orbitals I and —1 have very small expansion 
coefficients at the carbons where the transannular interaction 
takes place, and as a result, remain almost unaffected on going 
to VII. Configuration 1 —- — 1. now mixed only very little with 
2 -*• —2, becomes the La (p) plus state of anthracene, while 2 
—- —2, mixed with very little 1 • — 1, becomes its Ba (#') plus 
state. Since orbitals 1 and —1 remain almost unchanged on 
going from VI to VII, the energy of configuration 1 -*•—1 also 
remains almost constant. On the other hand, the separation 
of orbitals 2 and —2, and thus also the energy of configuration 
2 —*• —2, increases dramatically. Already a transannular res-
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onance integral equal to only one-tenth of those on the pe
rimeter causes the 1 —* — 1 configuration to prevail heavily in 
the excited state of transition 1 and the 2 -* —2 configuration 
to dominate the excited state of transition 2 (twisting the pe
rimeter to the experimental geometry of I has the same effects). 
This is in qualitative accord with the widely different rates at 
which transitions 2 (almost constant) and 3 (rapidly changing) 
increase in energy upon going from I to IV (Figure 12). The 
increase in calculated energy of transition 2 (Figure 14) is due 
to a gradually decreasing degree of configuration mixing of 
configuration 1 —• — 1 with 2 —• —2, rather than to a change 
in the energy of configuration 1 -* — 1. 

Configurations 1 —• —2 and 2 —* — 1 remain mixed equally 
on going from VI to VII. The same argument as above suggests 
that the energies of these configurations should increase faster 
than that of 1 -* — 1 but less than that of 2 -* - 2 . Again, this 
agrees with the relative rates at which transitions 1 and 4 move 
in Figure 12 compared with transitions 2 and 3. 

Thus, the series I-IV provides an interesting experimental 
demonstration of the perimeter model for the gradual con
struction of a polycyclic hydrocarbon by introduction of 
cross-links into an annulene. This concept has been established 
in theory since the classical work of Piatt and Moffitt and 
serves as a basis for classification of electronic states of hy
drocarbons.27 

The existence of the "missing" Lb (a) band of anthracene 
can be inferred from its presence in anthracene derivatives with 
strongly perturbing substituents.26 It is interesting that its 
existence has now also been documented by weakening the 
transannular bonds, i.e., going from VII to I. This shifts it to 
lower energies so that it is no longer covered up by the intense 
La band. 

The effect of nonplanarity and the inductive effect of the 
bridge are calculated to play a subordinate but not totally 
negligible role. Some aspects of the inductive effect are worth 
noting, since we shall need to refer to them in the discussion 
of hyperconjugation and MCD spectra. To the first order, the 
effect of electron donation from the bridge raises orbital 
energies by amounts proportional to the squares of the ex
pansion coefficients of the orbitals at the points of attachment. 
Inspection of the form of the orbitals (Figure 15) shows that 
orbitals 2 (b2g) and —2 (au) are raised in energy by equal 
amounts, while the energy of orbitals 1 (big) and —1 (b3U) 
remains almost unchanged. Thus, the energies of configura
tions 1 —• — 1 and 2 -> — 2 remain essentially unchanged, and 
so does their balance in the excited states of transitions 2 and 
3. We have already noted above that transannular interaction 
(as well as large twisting) causes the 1 - * — 1 configuration to 
predominate in excited state 2 and the 2 -» —2 configuration 
to predominate in excited state 3. It is seen now that consid
eration of the inductive effect will not change this situation. 
On the other hand, the previously degenerate configurations 
1 -* - 2 (big -* au) and 2 -* -1 (b2g -»• b3u) are affected dif
ferently, so that their mixing in states 1 and 4 is unbalanced 
and the plus-minus pairing symmetry is broken. The energy 
of the b2g —* b3u configuration is lowered, that of the big —*• au 

configuration is increased. The former will then predominate 
in the excited state of the lower energy transition 1, the latter 
in that of the higher energy transition 4. The exact balance of 
the two opposing contributions provided by the two configu
rations to the transition moment of transition 1 will be de
stroyed, since the vector provided by configuration 2 —»• — 1 will 
be longer than the opposing vector provided by 1 —• —2. The 
transition acquires a weakly allowed character, in agreement 
with experimental observations. In the case of transition 4, 
whose excited state is represented by the in-phase combination 
of 2 —* — 1 and 1 —*• — 2, the two vector contributions are add
ing up rather than subtracting and little change will be noted. 

At this point, one wonders how serious is the so far neglected 

hyperconjugative effect of the bridge. At the same time, one 
wonders about the origin of transitions A, B, and C. 

Transitions A-C. So far, we have been provided with no clue 
as to the relation of these transitions to those of [ 14] annulene 
VI. As already emphasized, even quite large CI calculations 
on VI fail to bring any additional calculated states substantially 
below that of transition 4, i.e., below ca. 30 000 cm - 1 . It has 
been shown28 that minus states are particularly likely to be 
shifted to lower energies as the full CI limit is approached, but 
even then, comparison with other quite extensive CI calcula
tions on T systems of this size23 leaves little if any hope that 
transitions A-C could be assigned to such minus states cal
culated to be at higher energies in Table III, since the dis
crepancy in the calculated and observed order of energies is 
excessive. 

Inclusion of bond-twisting, transannular interactions (Figure 
14), nonplanarity, and inductive effects in the 7r-electron cal
culation do not improve the situation. Transitions 1-4 remain 
the lowest and there is no evidence for states which could be 
correlated with transitions A-C. We conclude that these 
transitions are not simply related to Tr-electron states of 
[ 14]annulene VI. Their energies also appear to be too low for 
assignment to Rydberg states. 

This leaves us with (!-electrons and the hyperconjugative 
effect of the bridge. There is, to our best knowledge, no safely 
established precedent for excited states significantly involving 
cr-electrons at such low energies in any hydrocarbon with 
"ordinary" structure (no radical centers, etc.). Although u -* 
7r* and 7T -* a* transitions are generally believed to be present 
in the spectra of 7r-electron chromophores, they are thought 
to occur at high energies and to be covered by stronger 7r-x* 
bands, and have never been assigned in spectra of chromo
phores containing two or more conjugated double bonds. Of 
course, since the hydrocarbons I-IV are non-planar, they 
represent a particularly favorable case for observation of 
low-energy states involving heavy o-ir mixing. Indeed, strictly 
speaking, they have no c and 7r orbitals, unlike the planar 
species V, VI, and VII. 

We believe that a clue to the assignment of the origin of 
transitions A-C is provided by comparison with the spectra of 
the planar 16 7r-electron hydrocarbon V, in which the bridge 
is fully conjugated with the perimeter. These have been pub
lished5 and are reproduced in Figures 5 and 11, since com
parison of spectral detail appears crucial. From striking 
similarities of band shapes, energies, intensities, and polar
izations, it is tempting to draw parallels between the transitions 
in I-IV and those in V, and to attach labels 1-4 and A-C to 
transitions of V as shown in Figure 5 and 11. The similarities 
are compelling and assignment straightforward in all cases 
except transition B, which cannot be identified in V in the 
spectral region in which it occurs in III and IV, and perhaps 
also in I and II. However, there is an additional weak band at 
low energies in V, assigned tentatively as B in Figures 5 and 
11. The MCD spectra of I-IV on the one hand, and V on the 
other, are not similar, except for transitions 3 and 4, but this 
is perhaps not surprising considering the sensitivity of MCD 
spectra to minor perturbations, already mentioned above. 

The symmetries of the excited states of transitions 1-4 in 
the annulenes I-IV agree with the known5 symmetries of the 
corresponding excited states in V. The situation is less clear-cut 
for transitions A-C. In V, transition assigned as B is symme
try-forbidden5 (Ag or B3g excited state), transitions A and C 
appear long-axis polarized (Bi11), but the very weak transition 
A could actually be symmetry-forbidden and borrow its in
tensity through vibronic interactions. The calculated sym
metries for the states of V are all compatible with the experi
mental results: A, Ag; B, B3g; C, Bi11. The calculated but un
observed states of V are a B3g state between states 2 and C and 
an A„ state between states 3 and 4. If we assume that the 
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computed symmetries of states A-C in V are correct, and if 
our correlation with the states of I—IV is valid, the symmetries 
of these states in the bridged annulenes I-IV should be: A, Ai; 
B, A2; C, B|. Thus their purely electronic polarizations should 
be: A, along x; B, forbidden; C, along z. Experimentally, in 
1-IV, transitions A and C appear with z-polarizcd intensity, 
and B is short-axis polarized (y, or less likely, x). As already 
mentioned above, the very weak intensity of transition A could 
be of vibronic origin if the purely electronic intensity is zero 
by symmetry or close to zero by accident, and this might even 
be true of the somewhat stronger transition B. 

Thus, it is only for the strong transition C that experiment 
unequivocally agrees with expectations based on the correlation 
of the bridged 114]annulenes l-IV with the 16 7r-electron hy
drocarbon V. For transition A, we must postulate an unob
served very weak 0-0 component with x-polarization and as
sign the very weak observed intensity to vibronic mixing. This 
is somewhat arbitrary but perhaps acceptable considering that 
III and IV are almost planar, so that any A-polarized intensity 
should be quite weak, while in the less planar I and 11 transition 
A is badly overlapped by transition I. For transition B, wc must 
postulate an unobserved symmetry-forbidden 0 0 component 
and assign the weak observed intensity to vibronic mixing. 
Again, this is arbitrary but quite plausible. 

In summary, wc feel that a correlation of states of I-IV with 
those of V is reasonably well established, although admittedly 
less than compelling. Unresolved questions remain for two of 
the seven transitions. 

Now, it is significant that in the case of V there are no ex
perimentally observed bands which would not be accounted 
for by 7r-elcctron calculations. Actually, as noted above, below 
the intense band at 35 000 c m - 1 two more transitions are 
predicted than are observed, but both are calculated to be 
symmetry-forbidden and could easily be covered up by other 
transitions. Apparently, the interaction of the perimeter with 
the two IT centers on the bridge has brought down in energy 
more than a sufficient number of excited states to account for 
all states observed. The manner in which this occurs is shown 
in Figure 16, based on standard PPP calculations,19 in which 
the 7r-elcctron orbital energies of VI are shown on the left and 
those of ethylene in the center. Their mutual interactions are 
limited by symmetry and energy separations. As shown in 
Figure 16, very strong interactions occur only between the 
bonding -K orbital of ethylene and the orbital 3 of VI (both of 
b3U symmetry), and between the antibonding IT* orbital of 
ethylene and the orbital —3 of VI (both of b2g symmetry). In 
both cases, mixing is almost one to one. The resulting 7r-elec-
tron energy levels of V are shown on the right. Our results agree 
completely with those computed by Batich, Heilbronner, and 
Vogcl,7 and with their assignment of peaks in the photoelectron 
spectrum of V. They also agree with the computations and 
assignments of Bischof and Gleiter29 except for the order of 
the highest two occupied orbitals which these authors assign 
reversed (biu above big). Since these are almost degenerate 
(Figure 16), their exact ordering matters little for our argu
ments. Like these two groups of authors,7,29 we are not in 
agreement with the results calculated by Mullen and Reel.-'0 

It is seen that the lowest two empty orbitals (— I, b?u and —2, 
au) do not change much. Their calculated order in V is in 
agreement with an ESR study of the radical anion.30 On the 
other hand, orbital —3 (big) is considerably lower in energy 
in V, and looks much like the T* (big) orbital of ethylene with 
an in-phase admixture of one of the perimeter orbitals (b2g, —3 
in VI). Changes arc even more dramatic among occupied or
bitals of VI. The highest among these (1, big) has a nodal plans 
through both atoms of the ethylene bridge and therefore is not 
affected on going to V, but the next one (2, b2g) interacts with 
the TT* (b2g) orbital of ethylene and becomes much more 
bonding, so that it is only no. 3 in V, while no. 2 (b3„) is an or-
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Figure 16. Molecular orbitals of [14]annulene (Vl), ethylene, and their 
interaction yielding the orbitals of dicyclohcpta[cJ.£/ilpentalene (V) (PPP 
approximation). Assignment of one-electron excitations to observed 
transitions in V is shown. Rmpty circles indicate transitions which are 
predicted but have not been observed. A constant correction of +1.6 eV 
needs to be added to the computed orbital energies to bring them into 
correspondence with experimental results for V7 using Koopmans' theo
rem. 

bital consisting mostly of the bonding it (b-t,,) component of 
the ethylene bridge combined out-of-phase with one of the 
perimeter orbitals of VI (b.,u, 3 in VI). As a result of these 
changes, one can expect qualitatively that the energies of the 
low-lying configurations already present in VI, and therefore 
the energies of the states which they represent, will be affected. 

Introduction of the ethylene bridge into the alternant hy
drocarbon VI to give the nonalternant V obviously destroys 
pairing symmetry and plus minus classification of states. On 
going from VI, the energy of configurations 1 — - I (b,g -* 
b3U) and 1 -* - 2 (b | g -*• au) does not change much, but that 
of configurations 2 — - 1 (b2g - * b3u) and 2 — - 2 (b2g -*• a„) 
increases considerably. As a result, in V configuration I -* —2 
(big -* au) dominates the excited state of transition 1, which 
now has quite respectable intensity, while configuration 2 -* 
— 1 (b2g - * b}u) prevails in the excited state of transition 4, 
which is shifted to higher energies. Also the approximate 
balance of configurations 1 -* — 1 (b|g -*• biu) and 2 - * —2 
(b2g -*• au) in excited states of transitions 2 and 3 no longer 
exists. The former prevails in the excited state of transition 2, 
the latter in that of transition 3, which is also shifted to higher 
energies. 

More important, new transitions should appear on going 
from VI to V, since V has an additional high-lying occupied 
orbital (2, b_iu) and an additional relatively low-lying empty 
orbital ( — 3, b2g). Indeed, according to the calculations, tran
sitions A, B, and C in V all involve excitations from the new 
high-lying orbital (2, b.3U): A, into orbital —2 (b3u); B, into — 1 
(au); C, into —3 (b2g). Since the new high-lying orbital 2 (b\u) 
has large amplitude on the atoms of the central ethylene bridge, 
whereas orbitals — I (au) and —2 (b^u) do not, transitions A and 
B involve partial charge transfer from the ethylene bridge to 
the periphery. Transitions from orbital 1 (big) to —3 (big) and 
from 3 (b2g) to —3 (b^g) are also predicted to appear at rela
tively low energies, but as already mentioned, are symmetry-
forbidden and presumably not observed. 

We propose that in compounds I-IV the orbitals of the 
saturated bridge act similarly, albeit more weakly, as the 
ethylene orbitals in Figure 16, and in this way bring about the 
low-energy excitations A, B, and C. Of course, it appears 
certain that for compounds 1 and II, in which the two bridging 
carbon atoms are not directly bonded to each other, V is less 
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suitable as a model than it is for III and IV, and the hypo
thetical double heptafulvene which would result formally from 
a scission of the central ethylene unit in V would be more 
suitable. 

It is unorthodox to attribute the existence of three low-lying 
states to hyperconjugative effects of a saturated substituent 
and we shall therefore seek other evidence in favor of strong 
hyperconjugation with the bridge in molecules I-IV. 

Some support comes from the fact that photoelectron 
spectra of molecules I-V have already been interpreted7 by 
reference to these hyperconjugative effects, with due consid
eration of transannular interaction, which also helps to stabilize 
the b2g frontier orbital relative to big (Figure 15), and the in
ductive effect and effect of twisting. Compared with our re
sults, there seems to be much more difference in the photo-
electron spectra of IV on the one hand and I-III on the other 
than there is within the group I-III. 

ESR spectra8 of the radical anions of I-IV, which can be 
interpreted to give information about the lowest free molecular 
orbital in I-IV, cannot be expected to reveal the presence of 
hyperconjugative effects of the bridge. As seen in Figure 16, 
even in the limiting case of V itself, the effect of the central 
bridge barely splits the almost degenerate antibonding frontier 
orbitals, placing b3U a little above au. On the other hand, 
transannular interaction pushes au above b3U (Figure 15) and 
should easily overwhelm the anticipated feeble hyperconju
gative effect of the bridge. Indeed, experimentally, b3U is below 
au in I-IV,8 and au is below b3U only in the fully conjugated V.30 

Consideration of the inductive effect, which destabilizes the 
b2g frontier orbital with respect to big and au with respect to 
b3U, also accounts for the experimental result.8 

It would be somewhat more helpful to obtain the ESR 
spectra of the radical cations of I-IV. The inductive effect 
would favor bag as the highest occupied molecular orbital, 
hyperconjugation favors big. Unfortunately, the effect of 
transannular interaction, whose presence is quite firmly es
tablished both from PES work7 and the present study (Figures 
12, 14), also is to favor b|g, and the two effects would be hard 
to separate. The ESR spectrum would then mainly serve as a 
support for the PES assignment. 

One type of observation in which the otherwise ubiquitous 
interfering effects of transannular interaction are conspi
cuously absent is a study of deviations from perfect pairing 
symmetry. This symmetry is not disturbed by twisting and 
transannular interaction, since they still leave the system al
ternant, but is destroyed by the inductive and hyperconjugative 
effects, as already discussed. Of course, even in VI, the pairing 
symmetry is only approximate since the PPP model itself is 
only approximate, but it is well known what order of magnitude 
to expect as a result of the imperfection of the PPP model (cf. 
the extremely small but nonzero intensity of transitions into 
minus excited states in alternant hydrocarbons). 

The best known consequence of a loss of perfect pairing 
symmetry is increased intensity of transitions into minus ex
cited states, in our case transition 1, and we have already 
pointed out that the observed intensity can be attributed to 
either an inductive or a hyperconjugative effect of the bridge. 
It is interesting to note that the two perturbations work at 
cross-purposes. Hyperconjugation makes the energy of the 1 
—* —2 (big—" au) configuration lower than that of the 2 -* —1 
(b2g —*• b3U) configuration, so that the excited state of transition 
1 is of prevailing 1 —» —2 nature and nonzero intensity results 
since the vector contributed by the 1 —• —2 component of the 
excited state is longer than the opposing vector contributed by 
the 2 —* — 1 component. The inductive effect works in just the 
opposite direction, making the 1 —• —2 energy higher than 2 
—»• — 1, The stronger of the two effects will prevail and impose 
either predominant 1 -* — 2 or predominant 2 —*- — 1 character 
on the excited state of transition 1. It is not likely that the two 

mechanisms would exactly cancel each other's effects, although 
one can see some signs of partial cancellation in the very small 
oscillator strengths of transition 1 in I and II compared with 
higher intensities in III and IV (Table II): perhaps the hy
perconjugative effect prevails strongly in III and IV and only 
weakly in I and II. However, since observed intensities only 
depend on the length of the transition moment vector and not 
on its sense (along the positive or negative direction at the z 
axis, given a particular choice of orbital phases), they are 
clearly unsuitable for unravelling the mechanism by which a 
nonzero value arose, i.e., whether 1 —• —2 or 2 —» — 1 is the 
prevailing configuration in the excited state of transition 1. 

Another manifestation of a loss of perfect pairing symmetry 
is the increased intensity in MCD spectra. The PPP model 
predicts zero B terms for all transitions for a system with 
perfect pairing17 and the observed nonzero values can then be 
taken as a measure of deviation from such a system, ascribable 
either to the imperfection of the PPP model, or to a loss of 
perfect pairing symmetry within the model, say due to induc
tive or hyperconjugative substitution. For a variety of ir-elec-
tron systems without perfect pairing, signs of B terms predicted 
by the simple PPP model are in very good agreement with ex-
periment5'9'10'16 (cf. Figure 11), and it seems reasonable to 
attempt an interpretation of the signs observed in compounds 
I-IV on the basis of the PPP model, considering them as 
slightly perturbed [14]annulene VI. 

MCD spectroscopy is well suited for answering the type of 
question posed here; i.e., does transition 1 acquire nonzero 
intensity because the 1 -+ —2 configuration dominates over 
2 -* — 1 in its excited state or because the 2 —• — 1 configura
tion dominates over 1 —» —2? This is because the signs of B 
terms depend not only on lengths of transition moment vectors, 
but also on their sense. A general difficulty is that the B term 
of a transition G -* F contains contributions from magnetic 
mixing of all other states I into both G and F. As is discussed 
in detail in ref 16a, it is often possible to neglect all but one of 
these contributions, since strong mixing of I into F requires a 
small energy difference between them (mixing of I with G is 
rarely important since the energy difference is usually too 
large), large intensities for transitions G -*• F and G -* I, and 
mutually perpendicular polarization for these two transitions. 
The situation is clearly not favorable for an analysis of the B 
term of transition 1 in I-IV, since interactions of its excited 
state with those of transitions 2, 3, and B can all be important. 
However, the B terms of transitions 3 and 4 are not only 
stronger than others, but also approximately equal in magni
tude and of opposite signs, the transitions are intense, very close 
in energy, and polarized perpendicular to each other, so that 
there is little doubt that the observed signs of their B terms are 
dominated by their mutual mixing by the magnetic field. In
deed, in a [ 14] annulene of D \ ̂ h symmetry, the two transitions 
would be degenerate and subject to a first-order Zeeman effect. 
We shall now use the signs of the B terms to determine whether 
the configuration 1 —• — 2 or 2 -* — 1 prevails in the excited 
state of transition 4. The other one will then prevail in that of 
transition 1 and the above posed question will be answered. 

Refering to ref 16a for details and literature sources, we note 
that the positive sign of the B term of the lower transition 3 and 
negative sign of the B term of the higher transition 4 imply that 
the sign of the triple vector product (l/(')(3|^|4)-(G|m|3> X 
(4| m| G > must be positive. Here, i is the imaginary unit, (3| /ij 4) 
is the magnetic dipole transition moment vector for transition 
from excited state 3 to excited state 4, < G\ mj 3) and < 4| m| G) 
are the electric dipole transition vectors for transitions from 
the ground state to excited states 3 and 4, respectively. Using 
the choice of orbital phases indicated in Figure 15 and the PPP 
calculations discussed previously, the excited states of tran
sitions 3 and 4 can be adequately represented by linear com
binations of configurations Ki-(I-* —I) — A^-(2 —• —2) and 
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#3*0 — - 2 ) + AT4-(2 -* - 1 ) , respectively, where a l ly ' s can 
be taken to be positive. As already discussed, K\ and AT2 are 
about the same in VI, but the effects of transannular interac
tion, twisting, and hyperconjugation present in I-IV all make 
AT2 larger than ATi (the inductive effect is not opposed to this 
ordering, but does not promote it, either). Thus, there seems 
to be no doubt that AT2 > K\, and this is also supported by PES 
results7 which show that orbital 2 is more stable than orbital 
1 by several tenths of an eV. In a system with perfect pairing, 
AT3 = AT4, and this holds for I-IV unless the inductive and hy-
perconjugative effects are considered. If the inductive effect 
dominates, the configuration 1 —* —2 prevails in the excited 
state of transition 4 and Ki > AT4; if hyperconjugation domi
nates, the configuration 2 —* — 1 prevails and AT3 < K4. 

The direction of the vector product (£7|m|3) X (4|m|G) in 
molecules I-IV is easily derived from consideration of the 
transition densities derived by inspection of Figure 15. It points 
away from the reader, below the plane of paper. Since the triple 
vector product is positive, it follows that for the given choice 
of orbital phases the vector (1 / /) (3| y\ 4 > also points below the 
plane of paper. Substituting for the wave functions of the ex
cited states, using (s —- t\n\u —- u) = (t\n\v)8w + (s\fi\u)5,r, 
and {.?|/K|0 = (— ? |M| ~ S ) , where s, t, u, and v are labels of 
molecular orbitals (cf. ref 17), we get <3|/x|4> = (AT2 - AT1)(AT4 

- K 3 ) < 2 | M | 1 > . 
Since AT2 - ATi > 0, it follows that the vector [(AT4 - AT3)/ 

/] (2|ji| 1) points below the plane of paper. It is clear that the 
vector would have zero length and provide no contribution to 
the B term in the case of perfect pairing (AT3 = AT4) and that, 
in principle, it could have either direction depending on which 
of AT4 and AT3 is bigger, i.e., depending on the relative impor
tance of the inductive and hyperconjugative effects. Thus, it 
is obvious how a weak perturbation can determine the signs of 
the B terms of an alternant hydrocarbon, in accordance with 
the known'8 sensitivity of the MCD spectra of the annulenes 
to structural details. A similar simple analysis can be per
formed for alternant hydrocarbons in general and has been 
published separately.31 

The direction of the vector (l/»)(2|/u|l) is easy to obtain by 
inspection of the molecular orbitals using methods of ref 16a. 
In units of Bohr magnetons, 

(1//)<2M 1 > = 0.131 I/3J £ RM 
bends 

X (0,2C„I -C112C^t)(R1, - RM) 

where /3MV is the resonance integral between atoms n and v, the 
sum is over all bonds, the terminal atoms of the bonds have 
position vectors R11 and Rv, and c\t is the expansion coefficient 
at Xth atom in /th molecular orbital. Inspection of Figure 15, 
which displays the expansion coefficients of orbitals 2 (b2g) 
and 1 (big) of VI shows that (i/i)<2|ji| 1 > is pointed below the 
plane of paper. It follows that AT4 — AT3 > 0, i.e., the configu
ration 2 - * — 1 prevails in the excited state of transition 4, 1 -* 
—2 prevails in that of transition 1, and this implies that the 
hyperconjugative effect dominates over the inductive effect. 

If the hyperconjugative effect determines the signs of the 
B terms of transitions 3 and 4 in I-IV, those signs should be 
the same in the fully conjugated hydrocarbon V, and this is 
indeed the case (Figures 7 and 11), cf. ref 5. 

We find it satisfying that the hyperconjugative effect, which 
was postulated in I-IV in order to account for photoelectron 
spectra7 and for the observation of transitions A, B, and C 
above, is now seen to be the only one of those we could think 
of which accounts for the quite independent observation of 
absolute signs in MCD spectra. Within the framework of the 
simple model used in our discussion, in which I-IV are viewed 
as perturbed [14]annulene, hyperconjugation with the bridge 
is clearly very important. 

c. Comparison with VIII, a Bridged [14]Annulene with Pyrene 
Perimeter. The electronic absorption spectrum and polarized 
fluorescence of VIII and some of its simple derivatives were 
investigated some time ago by Heilbronner and collaborators.32 

They identified the four transitions which originate in the four 
low-lying symmetry-allowed x -* ir* transitions of the 14-ir-
electron perimeter, corresponding to our transitions 1 -4, and 
established their relative polarizations. Simple calculations 
of the PPP type were in good qualitative agreement with the 
results and were used to derive the absolute polarizations and 
assign the transitions, in the order of increasing energies, as 
Lb (z-polarized, 15 600 cm - 1 ) , La (j-polarized, 21 400 cm - 1 ) , 
Bb (z-polarized, 26 500 cm - 1 ) , Ba (^-polarized, 29 600 cm"1). 
Here, we choose the z and y directions in formula VIII to cut 
through bonds and atoms of the perimeter, respectively, as they 
do in compounds I—VII, although in stretched sheet work on 
VIII, our normal labeling would be the opposite. The calcu
lated estimates of the inductive and hyperconjugative effects 
of the saturated bridge in VIII on the transition energies were 
quite small. Our results are in perfect accord with the previous 
work and indirectly confirm the absolute polarizations deduced 
by Heilbronner et al.32 Perhaps the only noteworthy remark 
concerns the inversion of the order of the Bb and Ba states in 
I-IV on the one hand and VIII on the other. These are expected 
to be degenerate in [14]annulene of Z)i4/, symmetry and are 
calculated to split on going to D2^ symmetry if mutual repul
sion of electrons on nonneighboring AO's is considered:32 when 
the distortion is towards pyrene-shaped perimeter, Bb should 
lie below Ba, as indeed observed by Heilbronner et al.;32 when 
it is towards an anthracene-shaped perimeter, Ba should lie 
below Bb, just as found in the present work. Our calculations 
also reproduce this trend and are in good numerical agreement 
with excitation energies observed in VIII. 

Finally, it should be noted that an unassigned weak transi
tion analogous to our transition A was observed in VIII.32 The 
experimental data do not exclude the presence of additional 
transitions which might correspond to our transitions B and 
C. A possibility was discussed18,33 that a similar additional 
band may also be generally present in the spectra of bridged 
[10] and 14]annulenes, and that it might be related to charge 
transfer from the bridge to the x system in the case of oxido 
and amino bridges. We believe that our results leave no doubt 
about the existence of low-energy transitions involving the 
cr-orbitals of the aliphatic hydrocarbon bridge, and make it 
likely that these correspond to partial charge transfers from 
a high-lying occupied cr-orbital of the bridge into low-energy 
orbitals of the x system. 

Summary 

In conclusion, it has been shown that the series of bridged 
[14]annulenes I-IV can be considered as a concrete illustration 
of the gradual transition from a hypothetical planar [14]-
annulene VI to anthracene VII by introduction of cross-links, 
which has been long familiar in theory in connection with 
Piatt's classification of electronic states of polycyclic hydro
carbons and Moffitt's discussion of the effects of the trans-
annular bonds.27 Moreover, the considerable spectral detail 
revealed by a combination of several spectroscopic techniques 
permitted us to identify additional excited states which cannot 
be simply related to the x states of VI without explicit con
sideration of the hyperconjugative effect of the saturated 
bridge. These states, probably also present in other bridged 
annulenes and previously tentatively detected there by other 
authors,32 apparently represent the first instances in which 
"(T-x mixing" has led to appearance of new states in the low 
energy region (below 35 000 cm - 1 ) . The postulated hyper
conjugative effect of the bridge is also in accord with the ob
served absolute signs of the most intense bands in the MCD 
spectra of I-IV. 
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However, the present study cannot be considered definitive. 
First, certain plausible but unproven assumptions had to be 
made about detailed structure of two of the seven electronic 
bands studied. Investigations of related molecules, high reso
lution work, and possibly two-photon laser spectroscopy are 
called for. Second, high-quality calculations for I-IV are 
presently not available and must await the development of 
cheaper and/or better quantum mechanical procedures. 

As a by-product, we have also obtained interesting infor
mation about the orientation of the nonplanar molecules I-IV 
in a stretched polymer. Finally, we have found some indications 
that the eclipsed central part of the butano bridge in 1 twists 
in the lowest excited state. 
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