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The linear dichroic absorption spectra of Pararosaniline (PR), Crystal Violet (CV), and Ethyl Violet (EV)

were measured in the UV and visible regions by the stretched film technique.

as the film matrix.

Poly(vinyl alcohol) was used

A method, which is expressed in the forms of reduced dichroism and dichroic ratio, was
proposed for the analysis of the linear dichroism of disk-like molecules.
shown to behave like disks regarding their orientation in the polymer matrix.

The dyes PR, CV, and EV were
The isotropic absorption spectra

of PR, CV, and EV were resolved into the in-plane and out-of-plane polarized components by the reduction

procedure.

In each isotropic spectrum the out-of-plane component was found to overlap with the intense in-

plane component in the UV and visible wavelength regions.

Crystal Violet (CV) has attracted considerable
attention in the last decade because it is a typical non-
intercalative dye which binds to biopolymers.1»?
Measurements of the optical rotatory dispersion! and
linear flow dichroism2® of CV bound to deoxyribo-
nucleic acid (DNA) were carried out to elucidate the
binding mode of the dye. In order to obtain useful
information on the optical properties of the DNA-CV
complexes, however, it is of utmost importance to know
the polarization direction of the electronic absorption
bands of CV itself in detail, as pointed outin a previous
paper.? In the assignment of the polarization direction
for the disk-like molecules which belong to a D,y or
C,, (n=3) point symmetry, a transition polarized
perpendicularly to the molecular plane (i.e., out-of-plane
transition) should not be ignored. Since CV is most
likely to belong to the Dgy, or Cg, point symmetry, the
out-of-plane transition must be taken into account in
the analysis of its dichroic data.

Recently, Yogev et al.®) reported the expressions for
the linear dichroism of disk-like molecules in some
special cases and thereby resolved the isotropic absorp-
tion spectra of penta- and hexahelicenes into the
in-plane and out-of-plane polarized absorption compo-
nents. For the triphenylmethane dyes such as CV and
Malachite Green, both the measurements of dichroic
absorption spectra and the interpretations of the dichroic
ratio have been carried out.®? Tanizaki® first deter-
mined the relative directions of the transition moments
of CV for the visible absorption bands. Nordén?
measured the dichroic ratios of some triphenylmethane
dyes in the visible region and explained them qualitative-
ly. Both of these workers have suggested the possibility
of the presence of an out-of-plane polarized absorption
component in the isotropic spectrum of CV, but they
have failed to show the location and band shape of the
component.

The main objects of this paper are, first, to determine
the in-plane and out-of-plane polarized absorption com-
ponents (the reduced spectra) of CV from its dichroic
absorption spectra by the reduction procedure;®) second, to
apply the same procedure to the dichroic spectra of
Pararosaniline (PR) and Ethyl Violet (EV), which
belong to the same point symmetry as CV (i.e., Dy, "9
or Cz,»19); and finally, to compare their reduced

spectra. The three dyes are all derivatives of triphenyl-
methane differing only in the amino substitution and,
therefore, are expected to have closely related spectral
properties. The evaluation of the reduced spectra of
those disk-like triphenylmethane dyes must differ from
the previous case for the acridine dyes of C,, point
symmetry,? because PR, CV, and EV all lack the
longest dimension in the molecular shape but possess
several symmetrically distributed axes of equivalence.
A new formalism of the linear dichroism of these disk-
like molecules is necessary for the interpretation of the
dichroic results.

The resultant reduced spectra of each dye show both
the in-plane and out-of-plane polarized absorption com-
ponents in the visible and UV regions. The presence
of the out-of-plane component in the visible region
indicates that the effective symmetry of PR, CV, and
EV is not Dy, but rather Cg, or Dy in the poly(vinyl
alcohol) (PVA) film.

Experimental

Materials. Dyes used were all in the monocationic
form, the anion being chloride. CV was purified as described
before,'? and PR and EV were purified by the method of
preparative thin-layer chromatography. The powdered PVA
sample with a nominal degree of polymerization of 1750 was
obtained from Tokyo Kasei Co., Ltd. The concentration of
each dye was ca. 20 pM (1 puM=1 X 10-® mol dm=?) in the 9.1
w/w % aqueous PVA solution prior to casting. Both sample
and reference films were prepared as described before.®

Apparatus. The linear dichroic absorption spectra
(4,- and 4, -spectra) of PR, CV, and EV were measured on
a Hitachi EPS-3T double beam recording spectrophotometer
equipped with a mechanical stretcher designed and construct-
ed in this laboratory.'® The sample and reference films were
stretched simultaneously in the cell compartment of the instru-
ment at about 80 °C. The stretch ratio (§) was defined as
described elsewhere.%:9)

Evaluation of Reduced Specira. All PR, CV, and EV
belong to a Dy, or C;, point symmetry and possess no uniquely
defined axis of orientation (the longest axis). However, they
have several axes equally distributed in the molecular plane,
according to the definitions of the axes for the disk-like mole-
cule given in Ref. 8 (see Fig. 3). The experimental fact is
that each dye in the stretched PVA film can be oriented; the
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orientation should be ascribed to the redistribution of the
“circular’plane from its random distribution before stretching.
Therefore, the orienting property of all those dyes may be
represented by the behavior of a disk molecule. When the
in-plane or the out-of-plane polarized transitions are assumed
in the isotropic spectrum of the disk-like molecule, the
reduction procedure for the molecule will be employed to
evaluate the reduced spectra, namely, the (4;4-4,)-spectrum
for the in-plane polarized absorption component of the isotrop-
ic spectrum and the A -spectrum for the out-of-plane polar-
ized component.

If the disk-like molecules are oriented unidirectionally in
the PVA film, the formulas necessary for the procedure are
as follows:®

1 d—1

A, — A4, =24,
1 d ]

- M

-1
4y - dedy = 22 (4,44) (2)

where d; and d (d=d;=d, for the disk-like molecule) are the
reduction factors®) which should be determined by the procedure.
The orientation factors® K; and K (K=K,=K,) are given by

d d
K.=-9_ and k=-9_ 3
= 94a, 2+d ()

Results and Discussion

Isotropic, Dichroic, and R4-Spectra.®) Figures la—Ic¢
show two kinds of isotropic spectra, i.c., kX 4y(S=1)
(open circles) and A=(4,+2A4.)/3 (solid curve), for
PR, CV, and EV in the PVA film at an .§ value of 3.7.
A good agreement between these two isotropic spectra
in each case suggests that the dye molecules are oriented
unidirectionally in the stretched film. The observed
isotropic spectrum of each dye in the film was similar
to the spectrum in the corresponding aqueous PVA
solution, except that the film spectrum was slightly
shifted toward the long-wavelength side. There appear
three peaks (designated as A, G, and D), shoulder(s)
in the 340—400 nm region, and a shoulder (designated
as B) in each film spectrum. These apparent wavelength
positions are given for PR, CV, and EV in Table 1.

PR: Figure 2a shows the dichroic, A4/4, and
Rg-spectra of PR in the UV and visible regions. The
Ay-spectrum is always more intense than the 4,-spec-
trum over the entire wavelength. The Rg-spectrum
decreases slightly on the long-wavelength side of the
visible peak, but changes irregularly in the UV region.
The Rg-spectrum becomes highest near the shoulder
band at ca. 510 nm and the UV peak at 294 nm.

CV: Figure 2b shows the dichroic, A4/4, and
Rg-spectra of CV in the UV and visible regions. The

TABLE 1.

Film Dichroism of Triphenylmethane Dyes

2245

(a) PR

T T T T T T
H.N N, |©
Q.0
ld ] O
T
D

NH:

Absorbance
1

O+—t—t——————— 1 T
osk () BV fom NCH)] D -
0.4~ ©C© s
0.3F A i
0.2 ¢ N(C:Hs)e .
0.1 b %3 .

o) APHSS SN S S N S Hia (ST SO T S BN |

250 300 350 400 450 500 550 600 650

Wavelength/nm
Fig. 1. Isotropic spectra of PR, CV, and EV in the

stretched PVA film at §=3.7. The solid line ( ) is
the isotropic spectrum calculated from 4, and 4, by
the use of the relation, A=(4,+24,)/3. Circles
(—o—0—) are the normalized isotropic absorbance calcu-
lated from £X Ay(S=1). For the definition of these
quantities, see Ref, 4. The values of £ were 0.65 for
PR and 0.61 for CV and EV. Letters A to D indicate
the apparent peak or shoulder positions in each isotropic
spectrum.

Aj-spectrum is more intense than the A4, -spectrum
except in the 280 nm region. There are two peaks in
the 340-—400 nm region, which were obscure in the
dichroic spectra of PR. In spite of the simple profile
of the isotropic absorption spectrum in the visible and
UV regions, the R4-spectrum is not flat but changes
irregularly. The Rg-spectrum gives the highest
value near the shoulder band at ca. 556 nm and the
lowest value near 280 nm. A gradual decrease of the
Ry-spectrum is noted near the principal peak in the
visible region (570—670 nm). Those apparent dichroic
features in the visible region are in excellent agreement
with previous reports.5:?

EV: Figure 2c shows the dichroic, A4/4, and
Rg-spectra of EV. The A;-spectrum is always more
intense than the A4,-spectrum in the UV and visible
regions. The Ry-spectrum of EV behaves very much

THE APPARENT BAND POSITIONS (A—D) IN THE ISOTROPIC SPECTRA AND THE TRANSITION

MOMENT ANGLES (0,—0) AT THE CORRESPONDING BAND POsITIONS OF PR, CV, anp EV

Apparent positions?) (nm)

Angles (deg)

Dyes
A B G D 0, 0 0c
PR 557(549) 510(500) 294 241 48+1 4841 4941
Ccv 600(594) 560(550) 308(304) 252(251) 48-1-1 4641 4941
EV 603(601) 565(555) 310(308) 256(254) 4941 4741 47+1

a) The values in the parentheses are the corresponding positions in the aqueous PVA solution.
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Fig. 2. Dichroic spectra and Ry-spectra of PR, CV, and
EV in the stretched PVA film at $=3.7. The R4-value
can be converted into the reduced dichroism, A4/4,
which is referred to the left ordinate of each figure, by
the use of Eq. 6 in Ref. 4. Symbols are: the parallel
Ay (eveesens ) and perpendicular 4, (— ) polarized
spectra, and AA/A or Rz-spectrum (eeesss). Letters
A to D are the same as in Fig. 1.

like that of CV, although the R4-values of EV at the
UV peaks (C and D) are larger than those of CV at the
corresponding positions.

Determination of Transition Moment Angles. In a
previous paper we have dealt with the acridine dyes of
C,, point symmetry, each of which has a unique axis
of orientation in the molecular plane (i.e., the orientation
axis). In that treatment the transition moment angles
relative to the orientation axis were determined by the
method of Tanizaki.® However, in the case of the
disk-like molecule, such an orientation axis can not be
assigned uniquely in the molecular plane because of its
possible distribution in any direction. Nevertheless, if
we presume an orientation axis (OA) in the molecular
plane of the disk-like molecule, we can estimate the
direction of a transition moment g as the angle 6
relative to the OA (Fig. 3a) by the method of Tanizaki.
However, since this value of 0 results from the averaging
over g around the out-of-plane axis (x-axis), it is only
an apparent angle.

In the radially symmetrical molecules such as PR,
CV, and EV, all in-plane polarized transitions will show
a constant dichroic ratio at a given value of §.3 More-
over, in the absence of the out-of-plane polarized transi-
tions, the values of § for the in-plane transitions of the
disk-like molecule will become 45°.5-" In order to
determine the values of 0, the dependence of Ry on §
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Fig. 3. Schematic illustration of the perfect orientation
of a disk-like molecule in the stretched PVA film. The
molecule has a transition dipole moment g taking an
arbitrary direction. The molecular coordinates are the
y- and z-axes (in-plane) and the x-axis (out-of-plane),
where the z-axis is tentatively taken along the stretching
direction. (a) The direction of g is measured by an
angle 0 relative to an orientation axis (OA) in the
molecular plane. (b) The direction of g is measured
by an angle { with respect to the out-of-plane x-axis.
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Fig. 4. Dependence of R4 on § for PR, CV, and EV.
Symbols ([J, O, and A) denote the Rs-values at the
wavelength positions of A, B, and C at five different
S-values. Each solid curve is a theoretical one which
fits best to those observed points. The value of the
angle 0 specifying each curve was determined by the
method of Tanizaki.

was examined at the positions of A, B, and C for PR,
CV, and EV. The results are shown in Fig. 4, where
the values of 6 were determined by the method of
Tanizaki.%® The observed values of R4 appear to fall
on the respective theoretical curves indicated by the
angle § within experimental errors. As shown in Fig. 4,
Tanizaki’s method is applicable for the molecules which
give rise to a small dichroic ratio. All values of 6 for
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PR, CV, and EV are given in Table 1. It should be
noted that each 0 is determined relative to an arbitrary
and unspecified axis in the molecular plane and, hence,
that the angle 0 is only apparent. It is now clear that
the values of 6 are not equal to, but always larger than,
45° at the positions of A, B, and C, and that they differ
from each other. These results are indeed strong and
direct evidence that the apparent bands A, B, and C
each contain not only the in-plane but also the out-of-
plane transitions. The presence of the out-of-plane
polarized transition(s) in those wavelength positions
will be shown below.

The in-plane polarized transitions of the disk-like
molecule can not be divided uniquely into the so-called
y- and z-axis polarized components? because of the
flatness of the R4-spectrum. However, the isotropic
spectrum should be divided into the in-plane and the
out-of-plane polarized absorption components, as car-
ried out by Yogev et al.5 In order to determine these
absorption components, it is necessary to differentiate
the out-of-plane polarized transition from the in-plane
polarized one in the same overlapping wavelength region
in the isotropic spectrum. For this purpose, Yogev et al.
have attempted to determine the direction of the out-of-
plane transition moment by two angles of « and g
relative to two particular axes in the molecular plane.®
However, this determination of the direction is not well
suited for the disk-like molecule of high symmetry,
because the out-of-plane transition moment vector is
generally distributed equally and evenly around the
x-axis when the molecules are oriented unidirectionally.
In order to find the in-plane and out-of-plane polarized
transitions more convincingly, a new analysis of the
linear dichroism for a disk-like molecule will be presented
in the next section.

Analysis of Linear Dichroism for Disk-like Molecules.

As a representative disk-like molecule, CV is chosen for
illustration of procedures. Since CV does not possess a
defined axis of orientation lying in the molecular plane,
it will orient itself in the stretched PVA film preferen-
tially with its plane parallel to the stretching direction.
The definition of the molecular axes x, y, and z is shown
in Fig. 38b, where a transition moment g of the
molecule is directed along an arbitrary direction. The
direction of the moment is measured with the angle {
relative to the x-axis. According to this scheme, the
reduced dichroism and the dichroic ratio (A4/4 and
R,) for an assembly of like molecules are represented
by Egs. 4 and 5, respectively, by analogy with the case
for the rod-like molecules:13)

%’i = % - %(3 cos? E— 1)@ (4)
and
A _ 2423 cos*{-1)0 )

4, 2—(3cos*{—1)0
where @ is the orientation function'® and takes any
value between 0 and —0.5 depending on the orienta-
bility of a particular kind of dye embedded in the PVA
film. The detailed discussion will be given later.® A
very closely related orientation function has already
been derived for the disk-shaped molecule in the study
of electric dichroism.!®  The function @ may be

R,
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connected to the degree of orientation, f (0=f=l),
of the assembly of dye molecules in such a way that
f=—20. The value of f then represents a hypothetical
fraction of the disk-like molecules having their planes
in the direction of stretch at a given S. It should be
noted that, at the limiting stretch ratio (§—c0), @ takes
a value of —0.5 if the orientation is such that the y- or
z-axis is parallel to the stretching direction, but it takes
a value of 1 if the orientation is such that the x-axis is
parallel to the stretching direction. (The latter is the
case of a cylindrical molecule for which the x-axis is the
longest.) Thus the general behavior of @ for the disk-like
molecule differs from that for the rod-like molecule.1®

On the basis of Egs. 4 and 5, the analysis of the
linear dichroism for the disk-like molecule will be shown
below in order to differentiate the out-of-plane polarized
transition from the in-plane polarized one. When
dichroic absorption spectra are measured for a disk-like
molecule, they should show that a transition moment
with {=0° will preferentially absorb the light polarized
perpendicularly to the direction of stretch. (In this case
a negative linear dichroism should be observed.) If all
molecules are oriented with their molecular plane per-
fectly parallel to the stretching direction (i.e., #=—0.5
or f=1), the reduced dichroism, A4/4, and the dichroic
ratio, Ry, for the transition moment with {=0° would
have the limiting values of —1.5 and 0 in Egs. 4 and 5,
respectively. If the molecules are partially oriented, the
reduced dichroism and the dichroic ratio for the same
transition moment would be a function of @ or f only
and may be obtained from Eqs. 4 and 5 by substituting
¢=0°:

A4 3

4 0=y (©)
_ 1420 2(1—))

Re=T_¢9 = 2+f %

Since @ varies between 0 and —0.5 (f varies between
0 and 1), —1.5<<A4/A=<0 and 0=<Ry=1. On the
other hand, the reduced dichroism and the dichroic
ratio due to a transition moment polarized in the mole-
cular plane may be given by substituting £=90° into
Egs. 4 and 5:

AA 3 3

4T 0= ®)
= 220 _ 4+2f
T 240 T 4—f )
In this special case, 0=Ad4/4=<3[/4 and 1=<R,;=2.

Equations 7 and 9 are now reduced to the same expres-
sions which have been derived by Yogev et al. (Egs. 2
and 9 in Ref. 5). Thus, Egs. 4 and 5 are more general
and appropriate to the analysis of the dichroic spectra
containing both the in-plane and out-of-plane polarized
transitions.

The dependence of A4/4 or R4 on wavelength makes
it possible to distinguish between the in-plane and the
out-of-plane transitions of the disk-like molecule. If only
the in-plane or the out-of-plane polarized transitions are
present in the observed wavelength region, the wave-
length dependence of A4/A4 or Ry becomes flat through-
out the region concerned at a given value of §. The
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absolute values of AA4/4 or R,y depend only on the
degree of orientation, as indicated by Eqs. 6 and 7 for
the out-of-plane transition or by Eqgs. 8 and 9 for the
in-plane transition. If both the in-plane and the out-
of-plane transitions are overlapped, the wavelength
dependence is not constant any longer in a particular
wavelength region, the former being located in the
region with the large A4/4 or Rg-value and the latter
being located in the region with the small A4/4 or
Rg-value. This is because the values of A4/4 and Ry
of the out-of-plane transition should be smaller than
those of the in-plane transition at a given value of §
(for the details, see the next section).

Reduced Spectra of PR, CV, and EV . The following
analysis is based on the assumption that the dyes PR,
CV, and EV in the PVA film can be treated as disk-like
molecules oriented with their molecular planes parallel
to the stretching direction (see Fig. 3b). Since the
structure of those dyes belong to a Dy, or Cj, point
symmetry, the assumption is probably quite appropriate.
Their absorption spectra then consist of the transitions
which are allowed in the plane (yz-plane) perpendicular
to the three-fold symmetry axis and possibly along
the three-fold symmetry axis (x-axis), ¢.e., the out-of-
plane polarized transitions. The in-plane polarized
transitions may lie along either the y- or z-axis. From
the changes in each A4/4 or R4-curve of PR, GV, and
EV (Figs. 2a—2c), the absorption band near the B
position appears to be mainly composed of the in-plane
transition because of the largest AA/4 or Rgs-value,
whereas the absorption band near the A position appears
to be composed of the intense in-plane and weak out-of-
plane transitions because of the smaller A4/4 or R4
value.

On the basis of the apparent spectral features, the
reduction procedure was applied to the dichroic absorp-
tion spectra of PR, CV, and EV measured at §=3.7.
The reduction factors d, and 4 in Eqs. 1 and 2 were
sought out by means of the trial-and-error reduction
search.®) The best values are given in Table 2, together
with the values of the orientation factors K, and K
calculated from Eq. 3. The resultant reduced spectra
of those dyes are shown in Figs. 5a—>5c.  As expected
from the Ry data in Figs. 2a—2c, an out-of-plane
polarized transition is clearly unmasked in the visible
band at ca. 577 nm for PR, 608 nm for CV, and 613 nm
for EV in each 4-spectrum (solid curve). The in-plane
polarized transitions, probably y- and z-axis polarized,
are dominant in the visible region, as indicated by the
(4,+A,)-spectrum (dotted curve).

The isotropic spectrum of each dye in the visible
region may contain three different electronic transitions:
two lie in the molecular plane (the 4y- or A4,-compo-

TABLE 2. THE AVERAGE VALUES OF THE REDUCTION FACTORS
(d4 AND d) AND THE ORIENTATION FACTORS (K,
AND K) oF PR, CV, anp EV AT §=3.7

Dyes d, d=d=d, K, K=K,=K,
PR 0.48 1.35 0.194 0.403
cv 0.30 1.54 0.130 0.435
EV 0.38 1.45 0.160 0.420
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Fig. 5. The reduced (4,4-4,)- and A,-spectra of PR,
CV, and EV. The in-plane (yz-plane) and the out-
of-plane (x-axis) polarized absorbances (arbitrary
units) are shown by the dotted and the solid curves,
respectively.

nent near the B position and the 4,- or 4,-component
near the A position) and one lies out of the molecular
plane (the A,-component near the A position). The
present analysis for CV is in good agreement with the
qualitative interpretation proposed by Tanizaki® and
Nordén.?” Hidden in the isotropic spectrum in the
visible region, the out-of-plane polarized transition is
responsible for the decrease in the Rg-values near the
principal band at A position (Figs. 2a—2c). The weak
isotropic band in the 340—420 nm region mostly consists
of the in-plane transitions, while the bands in the 220 —
340 nm region contain both the out-of-plane and intense
in-plane transitions (see Fig. 5). Thus, the isotropic
spectra of the highly symmetric triphenylmethane dyes
such as PR, CV, and EV could now be resolved into
their in-plane and out-of-plane components by the
reduction procedure. The presence of the out-of-plane
component may give a key for elucidating the configu-
ration of triphenylmethane dyes'® and, consequently,
the metachromatic changes caused by interaction with
various polyelectrolytes and biopolymers.11:17,18)

If triphenylmethane has a triangular and planar con-
figuration with three benzene rings toward the corners
(Dgp, point symmetry), the resolved out-of-plane compo-
nent may have to be attributed to n-m* transitions.
However, the presence of numbers of n-z* transitions
is unrealistic in the visible and near UV regions.
The structure of the triphenylmethane skelton is proba-
bly distorted in such a way that the central carbon-
phenyl ring bonds either form a pyramidal structure
(G4, point symmetry), remain co-planar with three
phenyl rings being tilted (D; point symmetry), or
a pyramidal structure with the tilted rings (Cj3 point
symmetry). In order to discuss the configuration of
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the triphenylmethane dyes more in detail, a complete
assignment of each absorption band may be necessary
by taking into account both the in-plane and out-of-
plane polarized transitions. Nevertheless, the optical
properties now available for biologically important tri-
phenylmethane dyes will facilitate the structural studies
of the complexes between biopolymers and these
dyes.1»218-20)

Conclusions

Since the Rg4-values of triphenylmethane dyes PR,
CV, and EV were not large as compared with those of
acridine dyes, the values of the transition moment
angles 0 at the absorption band centers of each dye
could be evaluated by the method of Tanizaki.® How-
ever, these values give rise to only the apparent angles
for disk-like triphenylmethane dyes. The orientation of
those highly symmetric dyes originates from a mecha-
nism which differs from that of acridine dyes. To
evaluate the reduced spectra of the disk-like molecule,
a new analysis of the linear dichroism was presented
(Egs. 4 and 5). In this analysis the transition moment
angle is measured relative to the x-axis, which is perpen-
dicular to the molecular plane. This method differs
from the one proposed by Yogev et al.®) The major
findings in this work are as follows: (1) In the isotropic
spectra of PR, CV, and EV, both the out-of-plane and
in-plane polarized electronic transitions are present and
overlap each other in the UV and visible regions. In
particular, the intense visible band is a composite of one
out-of-plane and two in-plane transitions. (2) The
behavior of the orientation function @ for the disk-like
molecule can be related to the degree of orientation f
by f=—20, which differs from the relation f==0 for the
rod-like molecule.

The authors wish to thank Mrs. Mayumi Masujima
for the purification of PR.
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