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Application of Linear Dichroism to the Analysis of
Electronic Absorption Spectra of Biphenyl, Fluorene,
9,9’-Spirobifluorene, and [6.6]Vespirene. Interpretation
of the Circular Dichroism Spectrum of [6.6]Vespirene
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Abstract: The electronic absorption spectra of biphenyl and three of its derivatives, fluorene, 9.9”-spirobifluorene, and [6.6]-
vespirene, are separated into bands of different polarizations by the technique of linear dichroism in stretched polyethylene
films. A semiempirical analysis of the polarization resolved spectra leads to a reassignment of part of the observed transitions.
The circular dichroism of [6.6]vespirene is interpreted in terms of a dipole-dipole interaction mechanism based on the present

polarization data.

The chiral derivatives of 9,9’-spirobifluorene synthesized
by Prelog and Haas are interesting model compounds for the
study of optical activity.22 Comprehensive circular dichroic
studies of some vespirenes (see Figures 13 and 14) and other
related chiral compounds have been carried out in order to
elucidate the mechanism of optical rotation in this type of
molecules and to determine their absolute configurations from
chiroptical properties.?2:® Both the PPP-CI method?® and the
exciton model?? led to results which could not account for the
longest-wavelength band observed in the vespirene CD spec-
trum, and spiroconjugation was invoked as an additional im-
portant mechanism of interaction in the distorted spirobiflu-
orene system. Since the exciton-type interaction implies a well
defined relationship between the direction of polarization of
a certain transition and the sign of its Cotton effect,? an ex-
perimental determination of these polarization directions
could, eventually, help to elucidate the question of how im-
portant are the contributions of other interaction mechanisms
to the optical activity of chiral spirobifluorene compounds.

The present work deals with the application of linear di-
chroism (LD) of molecules oriented in stretched polyethylene
films to this problem. Our treatment comprises four com-
pounds, representing successive stages in the evolution of the
basic biphenyl chromophoric system. It is noteworthy that

much previous work, mostly theoretical, has already been
published about biphenyl and fluorene. However, our experi-
mental results show that part of the absorption bands observed
in the spectra of these compounds were not given correct as-
signments. Employing the LD data as a basis for a semiem-
pirical spectral analysis, a thorough understanding of the
properties of chromophoric systems is achieved.

Results and Discussion

1. Biphenyl. Molecular Orientation in the Stretched Film.
The linear dichroic spectrum of biphenyl and its calculated
dichroic ratio,? dg = OD|/OD _, as a function of wavelength
are shown in Figure 1. The separation of this spectrum into
bands of different polarizations relative to molecular coordi-
nates necessitates the previous knowledge of the orientation
of biphenyl molecules in the film.

Elongated, rod-like molecules exhibit a uniaxial orientation,
being uniformly distributed in respect to the rotation about
their longitudinal molecular axes. These axes have preferred
orientation parallel to the stretching direction of the film.* A
molecular distribution of this type may be described by a single
orientational parameter, f, which is related both to the dichroic
ratio, do, and to the polarization direction of the electronic
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Figure 1. LD spectrum of biphenyl: lower part, (—) the curve of optical
density obtained with light polarized in the direction of stretching; (- - -)
the curve obtained with light polarized perpendicular to the direction of
stretching: upper part, the plot of the dichroic ratio, do vs. A.
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Figure 2. [sotropic spectrum and resolved spectrum of biphenyl: (- - -) the
UV isotropic spectrum in the stretched film:® (—) the component polarized
parallel to the axis of orientation (longitudinal); (- - -) the component
polarized perpendicular to the axis of orientation (transversal).

transition, expressed by eq 142

1-f

fcos2a+—3—

1 .. 1—-f
- 204 —2
2fsma 3

_ODby _
oD,

do (1)

where d is the dichroic ratio, f'is the orientational parameter,
and « is the angle between the transition moment vector and
the longitudinal axis of orientation.

Biphenyl in solution has its benzene rings tilted around the
central C-C bond with a twist angle, v (Figure 3), between 20
and 40°, the intermediate value of 30° corresponding to a
shallow minimum of the torsional potential.®7 Twisted bi-
phenyl is obviously an elongated, rod-like molecule for which
eq | is applicable, its longitudinal axis being the unique mo-
lecular direction of orientation in the polyethylene film. Ac-
cording to symmetry selection rules, in twisted biphenyl
(symmetry point group.D>), only transitions polarized parallel
or perpendicular to the long axis of the molecule are permitted.
Since in the former transitions, the angle « equals 0°, their dg
value is the highest, whereas in the latter transitions « equals
90° and their dg value is the lowest. The values of dg between
these extremes are indicative of overlapping transitions, po-
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Figure 3. Biphenyl: molecular geometry and preferred orientation; sche-
matic representation of exciton interactions in twisted biphenyl. The po-
larizations of resulting transitions are relative to the molecular axis of
orientation.

Strong 1}

larized in orthogonal directions. The upper curve in Figure 1
(dgvs. N\) shows that dg reaches 2 maximal and constant value
of dy = 2.9 in the spectral range of 275-290 nm. Thus, at these
wavelengths a pure transition may be assumed whose direction
is parallel to that of the long axis of biphenyl. (« in eq 1 equals
0°.) Substitution of dg = 2.9 and « = O into eq | resultsin f =
0.38. Using this value of the orientational parameter, we have
calculated the corresponding angles o for each of the dg values
obtained from the linear dichroic spectrum, also by means of
eq 1. Bands representing pure transitions polarized parallel and
perpendicular to the long axis of biphenyl result in & = 0° and
90°, respectively. Other values of « are due to bands of over-
lapped orthogonal transitions, their relative intensities being
given by cos? & and sin? a, respectively. The resolution of the
UV spectrum into its long and short-axis polarized components
is done by multiplying the OD values of the isotropic spectrum
(in stretched film) by cos? o and sin? «, respectively.?

Analysis of the Resolved Spectrum of Biphenyl. The ab-
sorption spectrum of biphenyl resolved into orthogonal po-
larizations, obtained from the LD spectrum using the above
described resolution method, is shown in Figure 2.

Four distinct band systems, A, B, C, and H (notations used
by Suzuki)® are observed in this spectrum: H-band, Apyax ~269
nm, short-axis polarized, (no. 1);® Aax 252 nm, long-axis po-
larized, (no. 2); B-band, Anax 208 nm, short-axis polarized, (no.
4); C-band, Apax 202 nm, long-axis polarized, (no. S). The
H-band system (hidden band) consists of two overlapping
components, the stronger one with maximum at 248 nm, and
the weaker one appearing as an inflection at ca. 269 nm.

We have compared in the scheme in Figure 4 the experi-
mental polarization and energies of the biphenyl transitions
determined by our method with those previously reported,
which all but for one, of Edwards and Simpson, are based on
calculations only. The transitions in this scheme are denoted
by «, p, 8, and 8 (Clar)!© and correspond to the 'Ly, 'L,, !By,
and !B, benzenoid transitions in Platt’s notation.!2 The results
of Edwards and Simpson,!3 based on polarized emission
measurements, agree with ours on the polarizations and
locations of bands A, B, and C, but not on the location of the
strong H-band component and on the polarization of its weak
component. However, in view of the new results on emission
from two close lying excited states we think that the latter as-
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signments should be reinterpreted.!* Platt’s semiempirical
correlation of benzenoid transitions!? as well as Warshel’s
QCFF/PI method!! lead to generally correct descriptions of
biphenyl spectrum. However, in both treatments, the weak long
wavelength component of the H band is not accounted for.!!
The other theoretical treatments lead to predictions which are
incompatible, or only partly in agreement with the present
experimental data. Finally, we have to mention that the hidden
bands revealed in the spectra of solidified melts of biphenyl
(Dale®) and in the solution spectra of sterically hindered bi-
phenyls (Mislow, Hyden, Schaefer and Everitt, Hall, Turner®)
seem to be only the weak low energy components of the re-
spective H bands, while the strong ones, still underlying the A
bands at a higher energy, could not be detected.

Being unable to correlate all of our experimental results on
biphenyl transitions with any of the previous assignments,
which also differ from each other, we have attempted to ra-
tionalize them using a semiempirical simple qualitative version
of the “composite molecule” method. We have used the same
procedure also for the rationalization of the polarized spectra
of the other compounds, derived from biphenyl. According to
this method the electronic states of biphenyl, which is regarded
as a composite molecule, arise from the interaction between
the electronic states of two perturbed phenyl units. The Cou-
lomb interaction between the transition densities localized on
each of the molecular fragments is approximated by a di-
pole-dipole interaction term. The advantage of this treatment
lies in the fact that the theoretical spectrum of a molecule can
be directly obtained from the experimental polarized resolved
spectra of molecular fragments composing this molecule, and
thus can be directly compared with the experimental polarized
resolved spectrum of the same composite molecule obtained
from LD measurements. The first step in this method involves,
in the case of biphenyl, assignment of the transition moment
vectors to the substituted benzene fragments and constructing
of an exciton scheme as done previously by Edwards and
Simpson.!3 The second step involves correlation of the spectral
bands in the experimental resolved spectrum with transitions
derived theoretically from the exciton scheme. Charge transfer
contributions are not accounted for by this approach which
does not lead to any change in the predicted directions of po-
larization, and does not affect the orders of magnitude of the
predicted intensities. Thus when aiming at a simple qualitative
rationalization of experimental observations, with a particular
emphasis on polarization it is sufficient to consider only the
exciton-type interactions. However, in a quantitative theo-
retical treatment charge transfer contributions must not be
neglected.

Since there are differences between the previous'? results
and ours, we shall discuss them in the following. In the mole-
cule of biphenyl each benzene moiety is monosubstituted by
a phenyl group.

According to Sklar and Platt,!” a substituent induces tran-
sition moments perpendicular to its direction for the o band
(B, symmetry) and parallel for the p-band (B, symmetry).'8
In general, the weak a-band is much more affected than the
more intense p-band. The effect of a substituent on the intensity
of the very strong, allowed 3-band (E,, symmetry) is minimal.
On the other hand, the substitution removes the degeneracy,
resulting in two orthogonally polarized transitions of different
energies.

The H system of biphenyl (Figure 2) is attributed to the
exciton pair originating in the a-benzenoid transition (Figure
3). The lower energy member (band no. 1) is weak (forbidden
in planar biphenyl), while the higher-energy member (band
no. 3) is allowed and thus moderately intense. Both transitions
(no. 1 and 3) are polarized perpendicularly to the longitudinal
axis of the molecule (Figures 2 and 3). Our measurements
confirm the previous assignment®!2.13 of band A (no. 2) to the
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Figure 4. The location of biphenyl's transitions in the 180-300-nm region
as given by various authors: (—) intense transitions: (- - -) the weak
member of H band. The polarizations are relative to the longitudinal axis
of biphenyl.

low-energy p-exciton member, involving the in-phase excitation
of the p states of the two phenyl fragments. The higher-energy
member, representing the out-of-phase excitation, is forbidden
(Figure 3). The interaction patterns for 3’ and 3 benzenoid
transitions are similar to those of the p and a-bands, respec-
tively (Figure 3). Band C of biphenyl (no. S) corresponds to
the allowed member of the 8’ exciton pair, while band B (no.
4) probably contains both members of the §-exciton pair
(Figure 2). According to Edwards and Simpson,’? band B
represents only the weak low-energy member of the 8 exciton
pair. However, its high intensity, which is similar to that of the
strong C-band (Figure 2), and particularly the polarization
of the corresponding band in fluorene (see the analysis of flu-
orene spectrum) strongly support the present assignment.

2. Fluorene. Molecular Orientation in the Stretched Film.
Fluorene is, according to the x-ray single crystal determina-
tion,'® a planar molecule. Its two phenyl rings are bent in re-
spect to each other, forming an angle of 12° between the lon-
gitudinal molecular axis and the directions passing along the
phenyl rings (Figure 6). The fluorene molecule belongs to C,
symmetry point group and its m—=* transitions are polarized
in the molecular plane along either its C,-symmetry axis or
perpendicular to it.

The linear dichroic spectrum of fluorene in the stretched film
and its dichroic ratios as a function of the wavelength are
shown in Figure 5. In the long wavelength part of this spec-
trum, between 240 and 310 nm, the dichroic ratio has an al-
most constant value with a maximum of dg = 2.7 which is the
highest value in the entire spectrum. This behavior indicates
that the transitions in this spectral region are polarized along
the direction of long axis of the molecule, which is preferen-
tially oriented parallel to the direction of the film stretching.
(This direction coincides with the direction perpendicular to
the C; axis.) Substitution of @ = 0° and dy™2* = 2.7 intoeq 1
leads to /' = 0.36. This value is similar to the respective one of
biphenyl (f = 0.38), indicating a similar distribution pattern
of these two compounds in the stretched film. It follows that,
although fluorene is a planar molecule, its orientation is de-
termined, like that of biphenyl, only by the alignment of its
longitudinal molecular axes in the direction of film stretch-
ing.?% Using a similar procedure as described above for bi-
phenyl, we have separated the spectrum of fluorene into or-
thogonal long and short axis polarizations (Figure 7).

Analysis of the Resolved Spectrum of Fluorene. We divide
the spectrum fluorene into four band system A, B, C, H as
described above for the spectrum of biphenyl. The A, B, and
C bands in the two compounds are similar in shape, wave-
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Figure 5. LD spectrum of fluorene; lower part, (—) the curve of optical
density obtained with light polarized in the direction of stretching; (- - -)
the curve obtained with light polarized perpendicular to the direction of
stretching: upper part, the plot of the dichroic ratio, dg vs. . Note that the
scales of OD are different for the long and short-)X spectral regions.
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Figure 6. Fluorene: molecular geometry and preferred orientation; sche-
matic representation of exciton interactions for the planar fluorene mol-
ccule. The polarizations of resulting transitions are relative to the molecular
axis of orientation.
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length, and polarization. However, the long wavelength com-
ponent of the H-band in fluorene is intense, well separated from
the A band and long axis polarized, contrary to that of bi-
phenyl. The short wavelength H band component is short axis
polarized, hidden under the A band as in biphenyl, but much
weaker in intensity. The long axis polarizations of both H and
A bands in the spectral region 240-310 nm observed by us are
in accord with previous experimental results obtained from the
polarized absorption and emission measurements.2!:22 On the
other hand, MO calculations predicted, in analogy with bi-
phenyl, a transversal polarization for the H transition ap-
pearing in this spectral region,22.23

The striking differences between the H bands of biphenyl
and fluorene indicate that different substitution patterns of the
benzene fragments have a marked influence on the a-transition
moments. It is thus impossible to draw a direct analogy be-
tween fluorene and biphenyl, without proper consideration of
the substituent effect. On the other hand, it will be shown that

I.50[— : \‘._.: 0.70

4 075
o

0 !
180 220 240 280 320

A (nm)
Figure 7. Isotropic spectrum and resolved spectrum of fluorene: (- - -) the
UV isotropic spectrum in the stretched film;8 (—) the component polarized

parallel to the axis of orientation (longitudinal): (- - -) the component
polarized perpendicular to the axis of orientation (transversal).

by taking this effect into account even a simple qualitative
exciton model leads to predictions which are in complete accord
with the experimental results. For the o benzenoid transition
each substituent on a benzene ring induces, according to Sklar
and Platt,!” a spectroscopic moment perpendicular to the bond
axis of that substituent, of magnitude and relative phase de-
pending on its nature. The two substituents of the benzene rings
in the fluorene molecule are not identical and no experimental
estimate of their relative spectroscopic moments is available.
It is possible, however, to compare the results obtained by as-
suming plausible hypothetical values with the experimental
polarizations of the bands in the resolved spectrum of fluorene.
Assuming that the contributions of the two subsituents are of
similar magnitude and of equal signs—and considering the
bent shape of fluorene molecule—we arrive at an angle of ca.
18° between the resultant a-transition moments of each sub-
stituted phenyl fragment and the longitudinal molecular axis.
Using these two moments in our exciton coupling scheme
(Figure 6) we obtain a low-energy, long-axis polarized intense
transition and a high-energy, short-axis polarized weak tran-
sition. This result is in good agreement with the observed bands
in the resolved fluorene spectrum, while other computed re-
sultants of the transition moments (using different relative
magnitudes or signs) are incompatible with the experimental
values. The former transition appears in the spectrum as the
band no. 1 (H band, |) and the latter as the hidden weak band
no. 2 (H band, ). (See Figure 7.)

The polarizations of the p-transitions in fluorene are ana-
lyzed like the a-transitions. However, in this case the effect of
the substituents is to induce transition moments parallel to the
substitution direction. The strong long axis polarization shown
by the A band indicates that the two transition moments of the
benzene units are nearly parallel with the long axis of the
molecule. Thus the substituent effect of the methylene bridge
is much weaker than that of the directly connected benzene
unit. The lesser influence of a substituent on the more intense
p-transition than on the weak a-transition is a general phe-
nomenon.!718 Moreover, in the case of fluorene the a-transi-
tion remains essentially a local excitation of benzenoid type,
while the p-transition is strongly mixed with a charge resonance
transition.® The interaction of the two dipoles in the exciton
pair (Figure 6), will thus result in an intense band long-axis
polarized (no. 3), the A band, and a weak band (no. 5), short
axis polarized, which is visible as a shoulder on the B band
(Figure 7).

As indicated above, the intense S-transitions are differently
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Figure 8. The orientation of 9,9’-spirobifluorene molecule in the stretched

polyethylene film: (a) hindered orientation; (b) preferred orientation.

influenced by substitution than the o and p-transitions. The
similarity between bands B and C in fluorene and in biphenyl
suggests the methylene bridge in the former compound has
only a small influence on the {3 transitions (Figures 2 and 7).
However, there is a small but significant change in the exciton
coupling scheme for the two compounds caused by their dif-
ferent conformations (see Figures 3 and 6). From these four
expected 3 transitions, only three are visible in the polarized
resolved spectrum (Figure 7). The low energy § transition is
probably the shoulder on the C band (no. 4, 11) while the high
energy (3 transition is represented by band B (no. 6,). Band C
(no. 7, 11) correlates with the low energy 8’ transition, The
high energy 8’ member is probably in the far-UV and thus not
observed in our spectrum.

The correlation between the transitions of fluorene and bi-
phenyl is schematically represented in Figure 16. It would be
interesting to note that the weak transversal § transition of
biphenyl correlates with a longitudinal transition in fluorene
(no. 4), while the strong § transition representing the high-
energy member of the §-exciton pair is expected to be short-
axis polarized in both compounds (Figures 3 and 6). The re-
solved spectra (Figures 2 and 7) show that band B in fluorene
is short-axis polarized as in biphenyl,?* thus confirming our
assignment.?®

3. 9,9'-Spirobifluorene (SBF). Molecular Orientation in the
Stretched Film. 9,9’-Spirobifluorene (SBF) is composed of two
fluorene molecules connected at the carbon atom of their
methylene bridge (Figure 8). The electronic transitions of a
rigid SBF molecule (symmetry point group D,4) are polarized
either along the C, axis pointing in the z direction, or are
double degenerate, being polarized in the x,y directions
(Figures 8, 11). Due to the orthogonal disposition of its fluorene
fragments2® and to the lack of direct conjugation of their =
electronic systems, the m—=* spectrum of SBF is expected to
be, in a first approximation, the simple sum of spectra of two
noninteracting fluorene molecules. Thus transitions which are
long axis polarized in fluorene, should appear in SBF as pairs
of degenerate transitions polarized in the x or y directions,
while those which are short axis polarized in fluorene should
give transitions polarized along the z direction.

The long wavelength part of SRF isotropic spectrum (Figure
10) is indeed similar to the corresponding part of the isotropic
fluorene spectrum (Figure 7) and the H and A bands of the
former can be easily recognized by their characteristic shapes,
intensities, and positions. The 240-310-nm part of the LD
spectrum of SBF (Figure 9) shows an almost constant value
of its dichroic ratio, dy, as in the corresponding part of fluorene
spectrum (the A and H bands). However, the dg value of SBF
is less than unity (~0.9) indicating the presence of pure tran-
sitions preferentially polarized in directions perpendicular to
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Figure 9. LD spectrum of 9.9’-spirobifluorene: lower part, (—) the curve
of optical density obtained with light polarized in the direction of
stretching: (- - -) the curve obtained with light polarized perpendicular
to the direction of stretching: upper part, the plot of the dichroic ratio, do
vs. A. Note that the scales of OD are different for the long and short-A
spectral regions.
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Figure 10. Isotropic spectrum and resolved spectrum of 9,9’-spirobifluo-
rene; (- -+) the UV isotropic spectrum in the stretched film;® (—) the
component polarized parallel to the axis of orientation: (- - -) the com-
ponent polarized perpendicular to the axis of orientation.

that of film stretching. Since these transitions, which corre-
spond to the A and H bands of fluorene, are polarized in SBF
along the long axes of its fluorene moieties,?” we deduce that
the SBF molecules are oriented in the film with these long axes
perpendicular to the stretching direction. An orientation which
fulfills this condition is depicted in Figure 8b. Both fluorene
fragments are shown to have their planes parallel to the
stretching direction of the film. Such a molecular distribution
resembles the previously discussed planar orientation of
disk-like molecules (like coronene).#28 However, in the case
of SBF, two perpendicular planes are involved simultaneously
in the orientation process. It follows that the orientation may
be conveniently described in terms of the intersection line be-
tween these two planes. This line, denoted by z (Figure 8). is
the unique preferred molecular direction of orientation.?® The
distribution of SBF molecules in the film should be uniform
in respect to rotation about z axis, as no special preferred po-
sition of the molecule may be reached by such rotation.
Equation 1 is therefore applicable also for this system, « de-
fining now the angle between the transition moment and the
z axis. It is very likely that the distribution of SBF in poly-
ethylene is also best described by the "'f”" model (as in fluorene):
a fraction, f, of the molecules is perfectly oriented with their
planes (or the z axes) parallel to the stetching direction and
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Figure 11. The schematic representation of exciton interactions in 9,9’-

spirobifluorene. The polarizations of resulting transitions are relative to
the molecular axis of orientation (z).

a fraction, (1 — f), randomly distributed.

We can determine the parameter of orientation, f, using the
LD spectrum of SBF. As previously stated, the minimum value
of do (0.87) in this spectrum (in the 240-310-nm region)
corresponds to a pure transition polarized perpendicular to the
z axis of orientation. Substitution of this value and o = 90° into
eq | results in f = 0.09. The spectrum of SBF, resolved by the
previously described procedure into z and x,y polarizations,
is shown in Figure 10.

Analysis of the Resolved Spectrum of SBF. Qur analysis of
SBF spectrum commences by considering the interaction be-
tween the two fluorene moieties. Two interaction mechanisms
are operative in this molecule. The first one consists of the
Coulomb interaction of localized transition densities, which
may be approximated by the dipole~dipole term, leading to an
exciton type scheme. The second one is the spiro-conjugation.3®
There is previous evidence from studies of polarization of
fluorescence indicating that the spiro-conjugation plays only
a minor role in the interaction of the two fluorene fragments
in SBF.3! Thus we correlate the spectra of fluorene and SBF
using only the dipole-dipole interaction scheme. We shall also
discuss the possible influence of neglecting spiroconjugation
on our results. Those transitions which are long axis polarized
in fluorene cannot interact (through dipole-dipole interaction)
in SBF. They will lead, instead, to pairs of degenerate transi-
tions polarized along the x and y directions which are centered
at similar wavelengths as the corresponding transitions in
fluorene (Figure 11). On the other hand, transitions which are
short-axis polarized in fluorene are strongly interacting in SBF,
since their dipole moments are collinear. The electronic excited
states corresponding to these transitions should split into pairs.
Transitions of the low energy member are allowed and polar-
ized along the z direction; transitions of the high-energy
member are forbidden (Figure 11). The allowed transitions
should appear at the red side of the corresponding bands of
fluorene.

We have numbered the bands in the resolved spectrum of
SBF in the sequence of increasing energy of their Ap.y, and our
assignment commences in the low-energy part of the spectrum
(Figure 10). The correlation with the bands of fluorene is
summarized in Figure 16. Comparing the resolved spectra of
SBF and fluorene (Figures 7 and 10), and considering that the
transitions polarized parallel to the orientational axis in the
former correspond to transitions polarized perpendicular in
the latter, leads to the following conclusions. In the 230-
320-nm spectral regions the intense member of the H-band
system is of similar shape and polarization as the corresponding
band of fluorene, while the A band in SBF spectrum is slightly
changed in its shape. This change is probably due to the overlap
with the fairly intense band (no. 5) which in fluorene (no. 4)
is much weaker and located in a shorter wavelength region. In
the 190-240-nm spectral region of SBF, the bands corre-
sponding to the B and C bands of fluorene are recognizable by

do
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Figure 12. LD spectrum of [6.6]vespirene: lower part, (—) the curve of
optical density obtained with light polarized in the direction of stretching:
(- - -) the curve obtained with light polarized perpendicular to the direction
of stretching; upper part. the plot of the dichroic ratio, dg vs. A. Note that
the scales of OD are different for the long and short-X spectral regions.

their characteristic shapes and polarizations. In addition to
these, three new bands have appeared in the spectrum of SBF
(8,9, and 10). These bands derive either from far-UV bands
of fluorene, or have no counterpart in the spectrum of fluorene,
being characteristic of SBF only. Band no. 8 may be attributed
to the low energy allowed transition resulting from splitting
of the high-energy transversal 8’ transition of fluorene, which
is probably located in its far-UV. Bands no. 9 and 10 cannot
be directly assigned by our semiempirical method. The nota-
tions M and N have been adopted for these two bands.

We may conclude that the simple exciton scheme used by
us gives a complete qualitative description of the gross features
of SBF spectrum. This observation strongly supports the as-
sumption, based on previous fluorescence studies,?! that spi-
roconjugation is not of major importance in determining the
spectral characteristics of SBF in the near-UV.

Nevertheless, by invoking the dipole-dipole interactions
only, we cannot explain some of the minor spectral features of
the SBF spectrum. These include the shift to the red of the
degenerate x,y-polarized bands, the increase in the intensity,
and the broadening of some of these bands when compared
with the corresponding transitions in fluorene. It is probably
that both spiroconjugations and the molecular vibrations,
which destroy the strict orthogonality of the dipole moments
localized on each fluorene moiety, are responsible for these
spectral features.3!

4. [6.6]Vespirene. Molecular Orientation in the Stretched
Film. [6.6] Vespirene is a chiral derivative of SBF in which the
two fluorene fragments are substituted by hexyl bridges. These
alkyl bridges impose a distorted conformation on the molecule,
causing the dihedral angle, ¢, between the fluorene fragments
in the spiro system to be smaller than 90° (Figures 1a and 14).
According to symmetry selection rules, the allowed transitions
of vespirene (C, symmetry point group) may be polarized ei-
ther along its C; symmetry axis, or perpendicular to it. Since
the degeneracy of the x,y-polarized transitions of SBF is re-
moved in vespirene by the dipolar interaction of transition
moments which are no more perpendicular to each other
(Figure 14), a splitting into pairs of different polarized bands
is to be expected3? (Figure 15). The more intense components
of these pairs should be polarized along the C, symmetry
axis.

An inspection of the LD spectrum (Figure 12) shows that
the dichroic ratio, dg, is not constant in the region of bands H
and A. This is an indication of different polarized transitions
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Figure 13. Isotropic spectrum and resolved spectrum of [6.6]vespirene:
(+++) the UV isotropic spectrum in the stretched film;® (—) the component
polarized parallel to the axis of orientation (longitudinal); (- - -) the
component polarized perpendicular to the axis of orientation (transver-
sal).

which overlap with each other. The maximal dg value, (1.36),
corresponds to maximum absorption of band A. 1t follows that
transition moments pointing in the direction of the C5 molec-
ular axis are preferentially oriented parallel to the stretching
direction of the film. We conclude that the C, symmetry axes
of vespirene molecules are oriented perpendicular to the di-
rections of orientation of the corresponding C; axes in SBF
(Figure 14). This change in orientation is due to the alkyl
bridges, causing the molecule to be elongated, while hindering
the planar orientation of its fluorene fragments (Figure 14).
In vespirene the C> symmetry axis becomes a longitudinal
molecular axis of orientation. Accordingly, eq | may be applied
to vespirene with & = 0° for transitions polarized along the C,
axis, and o = 90° for transitions polarized perpendicular to it.
The parameter of orientation, /' = 0.11, was calculated by the
substitution of & = 0° and dgp,x = 1.36 intoeq 1. Using this
Sfvalueineq 1, the UV spectrum of vespirene was resolved into
transitions polarized parallel or perpendicular to the molecular
C, axis (Figure 13).

Analysis of the Resolved Spectrum of Vespirene. The exciton
scheme of [6.6]vespirene (Figure 15) shows three types of al-
lowed transitions originating in the longitudinal and transversal
transitions of fluorene, as follows: the longitudinal fluorene
transitions generate exciton pairs having weak low-energy
members, polarized in the y-direction (B symmetry), and
stronger high-energy members polarized along the z direction,
(C, axis A symmetry). These pairs correspond to the degen-
erate x,p transitions of SBF. Allowed low energy transitions,
transversally polarized in the x direction (B symmetry), and
high energy forbidden transitions result from the fluorene
transversal transitions, exactly in the same manner as the
previously described SBF transitions of z polarization (Figure
11).

Since the molecular orientation in the polyethylene film is
uniform with respect to rotation about the orientation axis (the
C, axis, in vespirene), our LD technique does not differentiate
one type of transversal transitions from another. Thus the
transversal bands in the resolved spectrum may be due to
combinations of both x and y types.

The assignment of vespirene spectral bands and the corre-
lation with the spectrum of SBF are summarized in Figures
13 and 16.33 Some of the strong transitions of vespirene re-
tained their characteristic band shape and can therefore be
assigned by a straightforward comparison with the resolved
spectra of fluorene and SBF. We recognize the low-energy H
band, which is now composed of two transitions polarized in
orthogonal directions (no. 1 and 2), the longitudinal A band
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stretched polyethylene.
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Figure 15. Schematic representation of exciton interactions in [6.6]-
vespirene. The fluorene fragments are represented by two planes with a
dihedral angle ¢ between them. The polarizations of resulting transitions
are relative to the molecular axis of orientation, z.

(no. 4), the transversal B band (no. 6), and the longitudinal C
band (no. 7). In addition, band no. 8 may be correlated with
band no. 8 of SBF and bands no. 9 and 10 with 10 and 9 of
SBF, respectively. The other assignments, part of which are
tentative (represented by dashed lines in Figure 16), were
achieved comparing the polarization of the resolved spectra
of vespirene and SBF with the predicted polarizations derived
from the exciton scheme (Figure 15).

As in the case of SBF, we have obtained a good qualitative
description of the vespirene spectrum using in our analysis only
a dipole-dipole interaction mechanism between transition
densities localized on each fluorene fragment. The validity of
the present assignments is corroborated by the following
analysis of the CD spectrum of vespirene.

5. Analysis of the CD Spectrum of [6.6]Vespirene. As we have
mentioned above, a detailed analysis of the CD spectrum of
vespirene based on the exciton model has already been per-
formed.?2 We present here a new interpretation of the entire
CD spectrum of [6.6]vespirene in terms of Cotton effects as-
sociated with each of the transitions appearing in its resolved
spectrum. The purpose of the present analysis is to show that
the difficulties encountered in the interpretation of the lon-
gest-wavelength band observed in the CD spectrum are not due
to the approximate nature of the exciton approach, but have
to be ascribed to the previous incorrect assignment of the H
band.

According to the exciton model,?2 bands related to the lon-
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Figure 16, The correlation scheme between the spectral bands in the re-
solved spectra of biphenyl, fluorene, SBF and vespirene, giving the evo-
lution of the different electronic transitions from biphenyl to vespirene:
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Figure 17. CD spectrum of [6.6]}vespirene in the 255-330-nm spectral
region: upper part, CD spectrum of vespirene in isooctane, reproduced by
permission from ref 2a; lower part, CD spectrum of vespirene in stretched
polyethylene film, calculated from the resolved LD spectrum. The units
of the calculated spectrum are arbitrary. The two spectra were drawn at
the same scale.

gitudinal fluorene transitions leading to z- and y-polarized
bands should not produce optical rotation (see Figures 15 and
16). The very strong Cotton effect associated with the H band
of [6.6]vespirene could not be understood on the basis of an
assignment of x-polarization for this band.22 Our experi-
mental results show, however, that band H is long-axis polar-
ized in fluorene and has two components of z- and y-polar-
ization in vespirene. It is therefore expected that two compo-
nents of opposite sign will appear in the CD spectrum, as well.
Since only one strong negative CD band is observed in the re-
gion of H system, we decided to perform a CD calculation to
solve this problem. We have calculated a hypothetical CD
spectrum for the R enantiomer of vespirene by the following
procedure.

(6,6)-Veapirene _C.D.

4 (A

A€

-100

Figure 18. CD spectrum of [6.6]vespirene in the 210-330-nm spectral
region, reproduced by permission from ref 2a. The notations refer to re-
spective bands in the resolved LD spectrum (see Figures 16 and 13).

The circular dichroism of an absorption band may be con-
veniently characterized by an anisotropy factor, defined as g
= Ae/¢, where ¢ is the extinction coefficient of a racemic so-
lution and Ae defines the magnitude of the respective CD in
one of the enantiomers.3*

When vibronic effects are small enough to be neglected, the
g factor takes on a constant value across a single pure electronic
absorption band.33 According to the exciton model, all tran-
sitions of a certain symmetry type should exhibit the same
factor of anisotropy, which depends only on the dihedral angle,
¢, between the planes of the two fluorene fragments (Figure
15). For the R enantiomer, bands of symmetry A lead to pos-
itive Ae, while bands of symmetry A lead to positive Ae, while
bands of symmetry B (transversal bands of y-type) lead to
negative Ae, such that

1
G=%r= —ctg2% 2)
where g, - and gl are the anisotropy factors characteristic of
B-type and A-type absorption bands, respectively, and their
ratio, G, is determined by the angle ¢ corresponding to the
ground state equilibrium conformation of the molecule.

The CD spectrum (in arbirary units) as a function of angle
¢ may be then calculated from the resolved absorptlon spec-
trum by means of the following relation (g! is set equal to
unity)

Ae(>‘)arb. units — f(>\)H +G- 6()\)), L (3)

e(\)l'and €(\), L in eq 3 stand for the absorption curves of
z and y polarizations, respectively (Figure 13).

The difficulty encountered in this calculation is that the
resolved absorption curve of transversal polarization contains
both y and x components which cannot be separated from one
another. Due to the fact that the x-polarized traansitions are
devoid of optical activity (Ae = 0), the apparent g factor
characteristic of the B-symmetry bands will not be a constant
but a varying function of A. Since this function is unknown, we
were unable to calculate a CD curve for the 190-260-nm
spectral region which contains intense x-polarized bands
overlapping with the y-polarized band. Fortunately, the
transversal bands in the 260-330-nm spectral region contain
only negllglble contributions from two weak x-polarized
transmons (see Figure 16), so that the assumption of a constant

L factor seems to be a reasonable approximation.

Performmg calculations for various G’s, and comparmg the
results with the measured CD spectrum of vespirene (in iso-
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octane),?? we obtained a best fit for G = —7.6. The agreement
of the computed with the measured CD spectrum (Figure 17)
is good, although the details cannot be compared quantita-
tively.3® These calculations show that the negative band at
283-305 nm and the positive band at 262-283 nm are indeed
components of the A-exciton pair, but the strong negative band
at 310-330 nm is only the low-energy member of the H exciton
pair. The positive H member, in the 305-315-nm region,
cannot be directly observed in the CD spectrum, being com-
pletely masked by its stronger neighbor bands of opposite
sign.

The negative Cotton effect at A <262 nm corresponds to
band no. 5 (Anax = 250 nm). A tentative assignment of the
observed bands in the 190-250-nm region of the CD spectrum
is presented in Figure 18. Note that bands 6 (B), 8, and 9 (N)
do not seem to contribute to the CD spectrum, thus confirming
our predictions (Figure 16).

Summary

It was shown that the UV spectra of four biphenyl deriva-
tives differing in their degree of complexity, as well as the CD
spectrum of an optically active derivative of spirobifluorene
(SBF) are best interpreted in terms of a dipole-dipole inter-
action mechanism. No major spectral features of SBF or
vespirene may be ascribed to spiroconjugation.

Using the stretched polyethylene LD technique it was pos-
sible to follow the evolution of individual electronic transitions
from biphenyl to vespirene and to analyze the influence of
various geometrical transformations and electronic effects on
the respective spectra. The possibility of extending the appli-
cations of this useful experimental method also to complex
electronic spectra of bulky or low-symmetry molecules is
demonstrated.

Experimental Section

The LD spectra were recorded with a Cary-15 spectrophotometer
using the new, accurate P.N.P. technique. The method of measure-
ment, as well as the preparation of the stretched film matrices are
described elsewhere.4*
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