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Optical Rotatory and Circular Dichroic Scattering
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Optical effects are observed in regularly dyed crystals that serve to mimic optical rotation and circular dichroism
by rotating the azimuth and increasing the ellipticity of linearly polarized light traversing the samples. However,
these effects to which we give the names optical rotatory scattering and circular dichroic scattering do not
transform upon rotation of the sample like intrinsic optical rotation and intrinsic circular dichroism. We ascribe
this behavior to new scattering consequences that arise here in crysta})S@f ¢ontaining oriented azo

dyes that have been arranged and overgrown in particular growth sectors. Requisite for the apparent optical
rotation and circular dichroism is a bias in the inclination of the induced dipoles with respect to the principal
light propagation modes of the medium. This unique situation is a consequence of the anisotropy of growth
that is unlikely to occur in other dye-doped systems such as polymers or liquid crystals.

X

1. Introduction R+S R

We set out to apply newly developed methods for the ) (
measurement of optical rotation in anisotropic méthiaevaluate
the fine structure of mixed crystals. Specifically, we aimed to

image optical rotation (OR) in simple centrosymmetric crystals f
that had adsorbed, oriented, and overgrown chiral dye molecules. 5‘

Chiroptical effects such as OR and circular dichroism (CD) were m
expected when equilibrium racemic mixtures of dyes selectively
recognized chiral facets of achiral crystallographic hosts. a b c

Chiral discrimination of organic compounds by minerals has Figure 1. Schematic illustration of three examples of chiral discrimina-
been a rich subject for speculation since the early suggestionst'on of molecules by adsorption to crystals: (a) Resolution of a racemate

- - with fixed configurations by a chiral crystal. A typical example would
by Goldschmidt and Berndl that chiral clays or quartz may be the selective adsorption of racemic amino acids by qua(ti}.

have been responsible for the origin of the asymmetry in assignment of the absolute configuration of enantiomorphous faces
biopolymers! Scientists at the Weizmann Institnd other$ using a resolved chiral molecule. Here, mirror symmetric faces of
have subsequently worked out many mechanisms of the chiralglycine, for example, are disturbed differently by a resolved chiral
discrimination of molecules by crystal surfaces. These studies molecule of fixed configuration such as-alanine? (c) Buckley's
have involved the interactions of racemic mixtures of enanti- SySteém, KSQJ/1, is a convolution of parts a and b where both

3 - . . - . enantiomers and enantiomorphous faces are present, a scenario further
omers of fixed configurations with homochiral crystaigure complicated by the fact that the enantiomers are in rapid equilibtium.

1a) or resolved chiral compounds of fixed configurations with jere enantioselectivity has not been observed but only presumed.
mirror image crystal facets (Figure 1b).

We have systematically studied the process of dyeing to one another by reflections through the three orthogonal mirror
crystals® In many cases, chiral dyes were adsorbed by chiral planes (Figure 3). Consistent with this symmetry, the mixed
crystal surfaces. Working out association mechanisms requiredcrystals developed patterns of color that resembled a Maltese
that we first establish whether the adsorptions were indeed cross. Brilliant Congo R is a biaryl dye that is chiral in its ground
enantioselective and also determine the absolute configurationsstate although it exists as an equilibrium racemic mixture of
of the chiral faces and their respective adsorbates. The examplesapidly interconverting enantiomers in solution. Therefore, it is
illustrated herein were inspired by Buckley, who described in likely that the chiral surfaces adsorbed the enantiomers selec-
1934 a mixed crystal of §SO, that had been grown in the tively. We set out to determine whether the extent of the
presence of the dye brilliant Congd RL, Colour Index® no. enantioselection would lend itself to measurement.

23570, Figure 2). The dye selectively recognized {hé1} To demonstrate enantioselectivity, we needed to determine
facets of kSO, with mmm(D2) symmetry!! Any face with a whether the included dyes showed a chiroptical property such
0 index is parallel to a mirror plane and achiral. Thus, the eight as OR or CDinside the crystal because dissolution would
{111} faces are chiral and pairwise enantiomorphously related instantly restore the solution equilibrium racemic mixture. This
plan was complicated by the longstanding difficulty of measur-
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SO3° part of the spectrum would remain extinct if the OR were

O strongly wavelength-dependent. Indeed, we detected polarimetric
signals associated with the oriented dyes that were consistent

NH; N O with OR and CD (see section 2.2) and seemed to confirm our

Q N/,N N HoN 505" qualitative observations, but surprisingly, they did not transform

3 like OR and CD. Although symmetry requires oppositely signed

Q brilliant Congo R (1) responses from oscillators adsorbed through mirror image
058 crystallographic facets (Figure 4), thereby suggesting an enantio-

selective growth process, the signals also changed sign with
Rs  NHp the rotation of the sample through ®98bout the wave vector

R L . : . .
OH N 2 of the incident light or by reversing the direction of the wave
Rs Q N,,N N Q R3 vector. This behavior was inconsistent with intrinsic OR and
A HO CD. Here, we interpret our observations in terms of optical

Ry effects that have not heretofore been described and to which

Evan's blue (2): Ry, Rg = H; Ry, R4 = SO3° we give the names optical rotatory scattering (ORS) and circular
dichroic scattering (CDSY Presumably, the effects are new
because of the special characteristics of dyed crystals not
matched in other materials.

trypan blue (3): Ry, R3 = SO37; R, R4 = H
Figure 2. Biaryl azo dyes.

(110)

..... \ | ©10) [//

2. Experimental Section

2.1. Sample PreparationK,SO, (Baker) crystals containing
2 and3 (Aldrich) were grown by evaporating aqueous solutions
at room temperature. A 250-mL beaker containing 100 mL of
distilled water was charged with 17.6 g 0$80, and 5 mL of
a 1 mg/mL solution of eithe® or 3. The solution was heated
until all of the K;SO, was dissolved and then filtered. The filtrate
HC was returned to a crystallizing dish, covered with a watch glass,
and cooled to room temperature overnight, during which time
there was considerable precipitation af3O, microcrystals and
colloidal dye aggregates. The precipitates were removed by
gravity filtration. The resulting solution was allowed to stand
at room temperature for another day. Additional filtrations of
ill-formed precipitates were sometimes required. Finally, after
approximately 2 days, large-6 x 5 x 2 mn?P) K,SOy crystals
containing purple Maltese crosses composed of dyeti}
sectors were obtained. Sometimes {t&é0 and{010; sectors
Figure 3. Idealized representation of the®0; habit (red). Black lines ~ Were faintly colored.
delineate thg 111} growth sectors whose enantiomorphous faces are  Crystals were cut, shaped, and polished with a string saw,
distinguished as blue and yellow, respectively. Green lines are the sandpaper, and alumina grit, respectively. Typically {th&1}
cry_stallggrgphi_c axes that also define the principal directions of the sectors contained 1® moles of2 (€som = 1.8 x 100 L M?
optical indicatrix. cm1) and3 (eson= 6.9 x 10*L M~ cm™2) per mole of KSQ.

We previously measured the dichroic ratios using a polarizing
chiroptical response of a minor crystal component; from Microscope-based spectrophotométdn the (010) plane, the
previous experience, we surmised that there was one mole ofdipoles of2 and3 were inclined by 54t 2° and 57+ 2° with
dye per~10* moles of salt in one of the colored regions of respect to the axis, respectively.

Buckley’s crystal® 2.2. Optical Characterization. To measure OR (circular
We attempted to grow Buckley’s60Q,/1. Unable to find a birefringence Ancg = nr — n.) along a general direction of a
commercial supplier ofl, we synthesized it using standard crystal, one has to deconvolve the influence of I\ = n"
techniques involving biaryl diazotization and electrophilic — n') and linear dichroism (LD}’ (In practice, our samples
aromatic substitution of the corresponding naphthylamifes. are so thin that LD is not significant.) Thiatensity of light
Unfortunately, our sample df failed to dye the{111} growth passing through a polarizer, chiral anisotropic sample, and
sectors. This was not a large concern because the structures ofinalyzer contains the necessary information, in principle, for
many of the dyes described by Buckley in the 1930s were extracting OR. However, the implementation of this idea prior
misassigned?® We nevertheless succeeded in preparing Buckley- to the invention of electrophotometry and stable, high-intensity
like Maltese crosses in 460, with the commercially available light sources was impossible until relatively recently. For

dyes Evan's blue; Cl no. 23860) and trypan blué;(ClI no. generations, most researchers conceded that measuring OR in
23850), which as sulfonated biarylazo dyes share many of thethe presence of large LB was not a realistic goal.
structural characteristics of brilliant Congo R. In 1983, Uesu and Kobayashi pushed through this impasse

K,SQy2 or 3 crystals were remarkable because between by using lasers, photon counting, and computerized modulation
crossed polarizers a slight rotation of the thin plates from of polarizer and analyzer orientations to determine OR in crystals
extinction made the purplgl11} sectors appear alternately red for directions off the optic axe’$. They called this experiment
and green. We provisionally ascribed this to optical rotatory HAUP (high-accuracy universal polarimetry), whose basic
dispersion. For slight rotations away from the extinction position, geometry is given in Figure 5.
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Figure 4. (a) Idealized representation of a (010) slice e5K/3, where the purple dye is indicated in th&1l1} sectors in cross section. (b) A
90-um-thick (010) plate £2 x 2 mn¥) of K,SQy/3 prepared from a crystal as in Figure(Fhis crystal is not 4-fold-symmetric. The slice merely

came from crystals whose morphology was inhibited on [100], thus giving a square cross section.) (c, d) Between crossed polarizers with the
sample rotated a few degrees counterclockwise and clockwise, respectively, away from the extinction position. Mirror planes divide the plate into
four enantiomorphou$111} growth sectors. Symmetry arguments require that a chiroptical effect such as OR would show opposite signs in
adjacent sectors. Alternating colors would be expected if the effect was highly dispersive.

33 = o o

Figure 5. HAUP optical train. (1) light source, (2) polarizer, rotation
angleY; (3) sample and translation stage with translation directions
t and x; (3a) #: extinction angle of the birefringent cross section
with refractive indicesn’ andn’; (4) analyzer, rotation angl; (5)
photodiode.

According to the Jones matrix formalistha sample that
shows LB ¢ = (2rAn.gL)/A) and OR () as well as CD#) is
given by the following:

M(3, @, n) =
o2 —2(g + in)(sin ©0/2))0

2(p + in)(sin O12))10 gl

In a HAUP experiment, the sample at extinction angjes

biquadratic polynomial that is normalized to the amplitudes of
Y2 and Q%

0

A*A=a,+aQ +aY+ aQY+ Q°+ Y (4)

with

%al = —0(0) + ¢(0) = (90 - g)(cosa 1+ %’ sind ()

Ta,= 00) + 9(0) = (90 - g)(l ~ cosd) + %’ sind  (6)

;as = €0S0

(7

The first term &o) is the overall offset in the intensity
measurement. Parameterand® are found from combinations

of the parametera;: ¢ = Y4(ay + a); 0(00, ) = Ya(az — a).
Parasitic ellipticities of the polarizer and analyzer were corrected
by calibrating the final results to nonoptically active crystals
(i.e., nondyed crystal regions in centrosymmetrigSR;18).

HAUP applies reliably to smaller values of LB; the contribu-
tion to the intensity from OR varies as does 8ji§.?° Because
K>SOy birefringence An = n. — ny) along [010] is small,
0.0026, (1, = 1.4928,n, = 1.4916,n. = 1.4954%! and crystals
were polished to less than 100n, HAUP was, in principle,
appropriate for the measurement of OR and was employed with
a polarimeter operating at 670 nm, which is described else-

placed between two orthogonal polarizers that are rotated aboutwhere?? However, because we are dealing with heterogeneous

small anglesr andQ (Figure 5). The optical train is represented
by a string of matrices wherA is the light amplitude with
rotation matrices for the polarizeR¢), analyzer Rp), and

sample Ry,):

00 1
A=R;[O 1]RQR;£OMR%RY[O] (2)
with
_|cosQ —sinQ R — cosY —sinY
Re=|sina cos@ Y [sinY cosY
__[cosB, —sin6,
b~ [sinf, cosé, ®)

crystals, the polarimeter was fitted with a translation stage in
order to produce topographs of optical parameters. In this way,
we made maps comprising 160100 pixels at a resolution of
about 3Qum per pixel?® In the Fourier treatment of the intensity
data, the apparent extinction angle convolved with circular
dichroism @ (0o, 1)), the phase factord], and the apparent
OR () were unfolded?

Topographs of a BKSOy/3 (010) section are shown in Figure
6, where the dyed regions exhibit signals consistent with our
expectations for linearly birefringent, optically rotatory, and
circularly dichroic samples (cf. Figure 4). The first row in Figure
6 represents. The sign ofdé changes as the fast and slow axes
are exchanged. In the middle row, the signgafchanges in
the top left quadrant with sample reorientation. The third row
of images in Figure 6 shows the apparent extinctign- 1/0.
From the sign of) observed in the dyed regions, we can derive

The result of these operations is written approximately as a the sign ofy.
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Figure 6. Optical topographs of the #60,/3 (010) plate ¢90 «m) from Figure 4 using the scanning HAUP technique. Top row: phase factor

(= 27rAnUA), A = 670 nm for various crystal orientations. The shape of the sample seen in the images in this row serves as a guide for the eye

as the sample is reoriented in successive columns. Middle row: apparent optical rgfatiBottom row: apparent extinctiofl, which is a
function of extinction ¢g) and of circular dichroismz#(). The signs of the quantities are referred to in the top left quadrant in the first image.
“Rotation” = 90° rotation about wave vector. “Flip™= 18C° rotation about the horizontal or vertical axes of the crystal plate.

Becausep is modulated by phasé as

sind
@(0) = Pog

)

the sign of the signal was independentdofHowever, upon
reorientation of the sample platg,did not behave as expected,;
its sign changed whenever the sample was turned byBout
the wave vector (“rotation”) or rotated 18@round the vertical

or horizontal axes perpendicular to the wave vector (“flip”).
Intrinsic OR (and CD) would be invariant to these transforma-

tions.

However, a 90 rotation did not chang® as seen in the
bottom row of Figure 6. Because changed sign with a 90
rotation, we conclude that contributiopsmust have changed

sign as well:

0(0) = (90 - g)(l )

9)

When the sample was flippef,did change signThis again
indicated a sign change gfsince phase is invariant under a

flip.

Sinced is not much larger tham, the ¢ rotation was seen
with an ordinary polarizing microscope (Figure 4). When the (010) sector. Thus, as anticipated and required by symmetry, it
sample was slightly rotated off of the extinction position, it gave would appear that we had observedand 6 only when 2
a strong dispersion of the rotatory effect. Part of the spectrum interacted with a chiral face. However, we observed the same
was extinct for small angular rotations<8°). This is visible

in the colors transmitted by the dyed sectors (Figure 4). To
compensate for the effect of a positive rotation at 670 nm, we
had to tilt the sample counterclockwise or rotate the analyzer
clockwise. The apparent color of the sample lacked the red
component of the spectrum, and the quadrant having a positive
@ in the first image in Figure 6 appeared green. The orange
color seen inside the dyed region of an adjacent quadrant would
suggest that the spectrum lacked the blue component and that
the rotation of that sector was levorotatory.

We can now see that the chromatic effects in Figure 4 can
be explained in terms of a signal that resembles OR and excludes
the possibility of a rotation of the optical indicatrix. We can
then infer that the third row of Figure 6 represents a signal
related to CD and is also not due to indicatrix rotation.

We also studied the effect @ on the optical properties of
K2SQqy (Figure 7). The crystal section,BOy/2 that we examined
was appealing because the dye was also included through the
achiral (010) face, which can be seen in Figure 7a as a central
rectangle linking thg 111} “arms” of the Maltese cross (one
of which, the lower left, is barely visible, presumably because
the corresponding111l} growth sector was poorly developed)
and therefore acted as an internal standard. We again saw signals
that mimicked OR and CD in thgl11} sectors but not in the

dependence on the sign @fand 6 with rotations and flips as
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Figure 7. Section of a Maltese cross,80x/2 (010) crystal (ca. 10@m). The dye was oriented and overgrown by {840 and{111} growth

sectors. (a) Photograph. Triangular colored regions ffdii}; central rectangle fror§01G. (b) Optical rotation. (c) Apparent extinction. (d)

Phase factod, wavelength 670 nm. The graded retardation is a mere consequence of the imposition of a wedge shape to the sample during hand
polishing.

for K;SOW/3. To make sense of the unexpected transformation

. . jllc.i.dent.............. o000 OOSPOS
properties of KSOy/3 and K;SOy/2, we propose two new optical

wave L eoo00

effects: optical rotatory scattering (ORS) and circular dichroic =~ =——— 2ol L
scattering (CDS). ORS and CDS, consequences of biased ecooooe
Rayleigh scattering (see below), mimic in a single measurement At R A S

intrinsic OR and CD by effecting an azimuthal rotation and
ellipticity in linearly polarized light traversing the sample.

/ destructive
» interference

Light scattering depends on the size of the scattering object 7'9uré 8. Host molecules (small gray dots) do not contribute to
scattering because secondary waves can always be assigned to half-

relative to the wavelength of the incident light and the relative 5y retarded pairs. Waves from less dense dye molecules (blue dots)

disposition of the scatterers with respect to one andther. fal to cancel out this way. Waves transmitted from the induced-dye
Moreover, Verreault had recognized that nonisotropic scattering dipoles can interfere with the incident light in the forward direction.

centers can affect the state of light polarizafiéBye molecules
2 and3 (~2 nm long) are much smaller than the wavelength of y
visible light (300-700 nm). At a concentration of about 1)
the distance between dye molecules is ca-1@0 nm. Such
dilute solutions will not always contain pairs of molecules whose
scattered waves interfere destructively (Figure 8).

Dyes?2 and 3 will have strong light-induced dipol€§27 p.
The induced dipolg is related to the fielcE of the incident
light wave through the polarization tensaj:

3. Discussion
3.1. Qualitative Model for Optical Rotatory Scattering.

P = o E]- (10)

. . a
If we assume strongly preferred transition dipole moments, ) _ ) S .
the polarization tensor is represented in the following way in Figure 9. Geometry of optlca_ll rotatory and C|_rcular dlch_r0|c scattering.
the reference system of the molecule. (We simplify the tensor (&) I the long-wavelength limit(> Zo), the induced dipolg, is in

b . hat this di Lo | dicul phase with the field of the light wavE. The scattered dipole field
y assuming that this direction Is In a plane perpendicular t0 ,44g toF, producing dextrorotation of the polarization by an angie

the wave and that the wavelength is long compared to the f the wavelength is short, themandE oscillate with a phase shift of
resonance wavelength of the dye.) close to 180 (pisg). The polarization will be levorotatoryso). (b) If
the input polarization is chosen parallel to thexis, then the rotation
10 for long wavelengths is levorotatory, and that for short wavelengths,
o = ao[o 0] (11) dextrorotatory. Iff is close to the resonance of the dipole, then a phase
shift of 9 occurs that causes the sum Bfand the dipole field
If the molecule is inclined toward a principal propagation transmitted byp to become elliptically polarizedpyso is the out-of-
mode of the host, serving as a Cartesian reference system, wéhase componenk is the wave vector.
need to rotatey; by an angles via a rotation matrixR,: . . . . .
wave, Ey, is approximately in proportion to the rotatigmn of

cod o coso sino the incoming polarization (Figure 9):

12
cososineg  sifo (12)

o =R, aR, = ao[

tang, ~ ¢, = pJ/E, ~ a,cosp) sine), ¢@small (13)
Using this matrix ¢'), we can calculat@. The resulting
scattered dipole waves add to the initial wave at an angle This term changes sign if the angetoward they axis is
inclined to the initial waveE, thus mimicking OR; the exchanged witlo + 90°. On a macroscopic scale, the sum of
polarization of the electromagnetic wave in the forward direction all of the dipole waves is transmitted by the induced dipoles
seems to be tilted about the wave vector. along the path of the wave in the crystal. This results in a local
For an initial polarization along of the Cartesian reference electric field that is polarized parallel to the average direction
(E = [0, Eq)), the componenpy of p along thex axis of the of induced dipoles of the dye moleculép[] normalized to the
reference system, normalized to the amplitude of the initial incoming field strength. The size of that component and thus
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of the rotation of polarization will depend strongly on the
concentration of the molecules in the host crystal.

Thus far we have assumed that the scattered light is far from

the dye absorbance bangb). This need not be the case. We
can distinguish the following three situations: Aip Ao, (ii) 4

< o, and (iii) A = 1o. Whereas ORS has different signs in the
() long- and (ii) short-wavelength (Figure 9) regimes with

andp in phase and out of phase (assuming S-shaped dispersion)tr
respectively, CDS is largest when ORS vanishes (iii). Close to
resonance, the scattered wave and the initial wave are out of

phase by 90 The superposition of the initial and scattered
waves produces an elliptically polarized wave, thus mimicking
intrinsic CD. Light linearly polarized alony and passing
through a dyed crystal induces the polarization componggs i
and pyy. The componentpyy only slightly affects the phase-
relation between the large incoming polarization go.iThe
Jones matrix that will produce these componeMisys, is given
below:

1im]

Mcps = [ipx 1 (14)

Optical properties are often productively comprehended by

J. Phys. Chem. A, Vol. 107, No. 16, 2003305

=g cosé —inwo sinéz
0 2 2

2 i(20p,[195) sin(©/2)
i(20p,20) sin(0/2) gto72)

If i [p«Cs replaced by an in-phase compongnit] the above
eatment produces the Jones matrix for an optically active and
linear birefringent crystal. In both cases, we obtain a matrix
that is similar to the Jones matrix given in eq 1 of section 2.2.

Theoff-diagonalmatrix elements have the same sign, which
is different from that of the elements of the original Jones matrix
(eq 1). Nevertheless, after analyzing the HAUP experiment
described by eq 2, we found no difference in the biquadratic
polynomial, eq 4. Deviations occur at higher order¥ iand Q2
but are insignificant ifY and Q are small €2°). Thus, CDS
and ORS have the same effect in our HAUP measurement as
intrinsic OR and CD; however, both new effects depend on the
sign of [py[] which changes with a flip of the crystal or a°®90
rotation. (See Figure 9.)

To ensure that LD could not introduce errors into the
measurement df, we aligned our sample within 0.05f 6 in
a clear region. The estimated effect &ndepends on the

viewing bulk effects as the sequential consequence of operators;, nsmission ratio, anéy, the extinction direction in a dyed

for N infinitesimal layers. In our caselpi[lis the ellipticity
after passing through the whole crystal, and the phase factor
in the Jones matrix for LBMg, given below. The properties
of the thin layer are estimated up to the ordeNof from the
product ofMcps andMg:

ei"/2 0

Mig 0 g

(15)

1+i0/2N ilp, [N
i(p[IN 1—-i6/2N

e RIS

— (1, — (i—NTl), — (lNTz))(Uo: 03, 0) = 0p — lNT.O (16)

Mlayer = MCDS'\/I g~

According to Schellman and JensEihe product matrix can
be expressed in terms of the Pauli spin matrices or spingrs
o1, ando,. The Jones matrix of the whole crystal follows from

= I N —iT-0
Mcrystal_ (00 - NT'O) ~e (17)
whereT is a mixed circular and linear phase.
ithn = L P
With n T IT| P
(no)?=0,j=1,2,3, .. (18)
i o .0 1(6 2
McrystaI: (0120 = Op — |§n'0 - 5(5” '0) +
i[0 )3
g(zn (7) +— ..
_ 1/0\2 1/(5\4
= 00[1 - E(E) +m(§) — 4+ ] —
o 1[0\
o555 + - 19

region. We measured a ratio in the transmission for orthogonal
modes of 0.95 i and~0.99 in 3 inside the dyed regions of
the thin samples. Thus, the measuremen® a$ affected by

LD only approximatel§® as (1— 0.95) x 0.05 = 0.0025,
which is below the resolution of the experiment.

3.2. Comparison with Intrinsic Optical Rotatory Power.

ORS and CDS, unlike OR and CD, depend on the incident
polarization direction. The effective angle of the superposition
of the initial and scattered waves carries different signs for
orthogonal incident polarizations or antiparallel wave vectors.

ORS is proportional to the induced electric dipole moment
p. It should be much larger than intrinsic OR, which is given
as the product of the magnetic and electric dipoles according
to Rosenfeld’s formulation: OR: Im(m-p).2° As a rule of
thumb, the ratio of magnetic and electric dipoles can be equated
with the ratio of molecular size to the wavelength of light, about
1072 in this case® Thus, we assume that the contribution to an
OR signal due to scattering exceeds the intrinsic molecular
contribution by about a factor ¢y, (~1000). In the classical
view, OR results from induced dipctalipole exchange. Again,
interactions between these dipoles are much smaller than the
dipole field that is directly induced by the incident wave in ORS.
OR in crystals is typically about-1100C¢/mm. A 100xm
mixed-crystal section where the dye is 1 part irf, Ifiven the
approximate magnitude of the magnetic dipole, should give an
ORS signal of about 0.6110°. We observed about XFigures
6 and 7).

The observation of ORS and CDS does not require a chiral
scatterer and may be observed with rigid, achiral oscillators so
long as they are inclined in the same sense relative to the initial
polarization. However, ORS and CDS may be rightfully called
chiroptical effects because they are a consequence of mirror
symmetry breaking induced by the embedded scatterers similarly
inclined with respect to the crystallographic mirror planes. The
phenomenological features of ORS and CDS are basically the
same as OR and CD, with the exception of the dependence on
the polarization of the incident light wave.

3.3. Expectation of Optical Rotatory and Circular Di-
chroic Scattering. Given the astonishingly thorough studies of
the pioneering investigators of light scatteriigye took care



2806 J. Phys. Chem. A, Vol. 107, No. 16, 2003 Kaminsky et al.

to be certain that the phenomena described herein had not been a
observed in previous generations. Lord Rayleigh studied light 4
scattering from defects in chiral crystdfsHe observed that
when a pencil of linearly polarized light, traveling along the
optic axis of quartz, was scattered at right angles to the direction
of propagation alternate maxima and minima were produced )#(

as a consequence of the fact that the incident light, rotated
successively, produced scattering that was detectable by the m
observer only when the electric vector was perpendicular to both

the direction of propagation and the line of sight of the

investigator. In other words, maxima were seen every time the

azimuth of the incident light was rotated by or integral

multiples thereof. Chandrasekaran, at the urging of Raman, m
recognized that even pure crystals would show this effect as aFigure 10. Schematic representation of a plate from8&y/3 crystal
consequence of Raman and Brillouin scattef#igrhis, how- with mmsymmetry and dyefl111} and (010) sectors. The mirror lines

ever, is quite distinct from what we see with ORS and CDS in are indicated as m. The vectors indicate the absolute orientation of the
that ’chirality of the medium is required dipoles, and the colors, the observed sign of ORS (red: positive; blue:

negative; gray: no ORS). The three distributions of embedded transition
Chandrasekaran further generalized this scattering-fringe moments have been distinguished from one another by measurements
phenomenon by showing that achiral, birefringent crystals or of ORS and CDS. The modulus of the angle was obtained from the
strained glasses will also display this periodic scattering for LD.
linearly polarized light traveling at some angle with respect to _ ) o )
the optic axis3a As plane-polarized light advances within a Matrix and oriented by uniaxial stretching, further poled by an
birefringent medium, it undergoes periodic changes in its €lectric field neither parallel nor perpendicular to the vibration
polarization state. Light scattered transverse to the direction of directions fixed by stretching, might serve to produce measurable
beam propagation will show maxima once for every integral QRS or CDS. Despite the fac_t that the orienting of chromophores
multiple of 27 in the phase factor. Busch and Verreault in stretched polyethylene is a well-developed method for
recognized that the observations of Lord Rayleigh and Chan- Studying the photophysics of solutéswe are unaware of any
drasekaran could be used generally to measure the opticaloccasion whereby it would have been profitable to “tip” oriented
rotation and linear birefringence of crystals merely by measuring chromophores similarly clockwise (or counterclockwise) with
the spacing between scattering maxima transverse to the'®Spectto the stretching dlrectlon. Moreover, stretched polymers
direction of light propagatio® Verreault astutely recognized ~tend to have strong LB. Since ORS and CDS vary ag)§it(
that the azimuth of scattered vibrations from coarse crystals Scattering would be hard to observe even if such a material had
containing scattering centers need not coincide with the Peen confronted in the past with a polarimeter.
polarization of the incident beam. However, this observation ~ORS and CDS might be significant in dyed, chiral tissues.
was made in the context of a general theory of transverse, Histology is rife with stained biological structures. If the
scattered radiation in crystals, and his hypothetical example is Structures are anisotropic, then the dyes will forr_n dilute onente_d
not matched by experiment. Moreover, ensembles of defects inglasses. If the structures are also chiral, there is no expectation

Organized media that preserve the point symmetry of the hostthat the dyes would be oriented with the vibrational directions
will, on average, show the same azimuthal rotation for light of the medium. However, in chiral media, intrinsic OR and CD

scattered and transmitted in the forward direction. could be dominantthese are absent in centrosymmetriSKy—
The observation of ORS or CDS requires the coincidence of us obviating the possibility of observing the new effects.

a number of special circumstances that are met by ggdd} Biogenic crystals contain dilute oriented glasses of chiral

sectors of KSOy: proteins. Whereas most biominerals are achiral (e.g., GaCO

the dipole moments in chiral chromophores embedded in achiral
crystals will not necessarily have their dipoles oriented with
the principal modes of the medium.

Measurements of OR have been plagued in the past by so-
called “parasitic ellipticities” believed to be related to the optical
o . S . 9 components of the experimental devices with which the
principal mode of light propagation Iin the host, and a majority measurements were performed. One strategy for minimizing
of such molecules must be inclined in the same sense. parasitic ellipticities has been to average measurements differing

e The density of the scatterers must be low enough to allow by 9C° rotations of the sampl. We see here that scattering
the observation of scattering and high enough to lift the observed f,om defects leading to ORS and CDS could have contributed
effect over the noise level of polarimetric measurements. to the parasitic effects.

« Finally, state-of-the-art polarimetric analysis is required to  ORS and CDS can also be used as unique probes of structure.
detect what nevertheless are small perturbations to the polarizain the past, we have studied dyed crystals by making measure-
tion state of the incident light. ments of LD® However, such measurements can be limited by

Presumably, the unlikely confluence of these conditions the symmetry of the host crystal. For example, for incident light
explains why these effects, to the best of our knowledge, havenormal to an orthorhombic #0; plate, we cannot know
not heretofore been reported. whether the transition moments for the included dyes are

3.4. Outlook. ORS and CDS should be significant in any inclined to the left or to the right or in both directions (Figure
polarimetric measurements of anisotropic media containing 10, (010) growth sector). This limitation is a consequence of
strong oscillators that are oriented with respect to one anotherthe fact that in an orthorhombic crystal the propagation modes
and are inclined, though not symmetrically, about the principal for light are parallel to the crystallographic axes. The electric
vibrational modes. For example, dyes dissolved in a polymer field will sample the crystal in the same way irrespective of

o The scattering centers must have a strong induced dipole
moment.

e The host must not contribute to the rotatory power (OR,
ORS, CD, or CDS).

o The angles of the induced dipoles must be inclined to a
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the direction of the inclination of the incident polarization with R. W. G. Crystal Structuresv.3. Wiley-Interscience: New York, 1965;

: ; : ; . Vol. 3 pp 95-97). (b) Ojima, K.; Nishihata, Y.; Sawada, AActa
respect to the vibrational directions; the components of the Crystallogr. Sect. B1995 B51, 287-293.) To be consistent with Buckley,

incident radiation that are separated as the ordinary and gyr Miller indices refer to ratios determined by classical goniometry where
extraordinary rays will be identical in either case. This limitation b > ¢ > ain the nonstandard settirgcnm (c) von Groth, PChemische

is a manifestation of the Neuman@urie principle3* we cannot

subvert the symmetry of the crystal. However, scattering is a

Krystallographie W. Engelmann: Leipzig, Germany, 1908; Vol. 2, p 351.
(d) Tutton, A. E.J. Chem. Sacl894 628-717.
(12) Zollinger, H.Color Chemistry2nd ed. VCH: Weinheim, Germany,

consequence of light interactions with isolated molecules that 1991.

do not manifest the symmetry of the crystal. Thus, we can now

determine absolutely the directionality of the oscillator inclina-

tion, and we have devised a new structural probe of the materialsg,

that we set out to examine.
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