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EXCEPTIONAL DISPERSION IN DNP CRYSTALS IN THE VISIBLE
SPECTRAL RANGE

HANS W. HELBERG and ANDREA BANK
Drittes Physikalisches Institut, Universitit Gottingen, Germany

Abstract In DNP monomer crystals the indicatrix, the optic axes
angle, the birefringence, and the absorption tensor were measured in
the VIS and NIR spectral range. A crossed-axial-plane dispersion is
found with change of the plane orientation in the green region (1.9 -
10* cm™) of the spectrum. Calculations of the polarizability tensor by
tensorial addition of the bond polarizabilities show that the polarizabili-
ties of the molecules only can not yield the measured orientation of
the indicatrix. Polarizabilities with other orientations must be involved.
Assigning polarizabilities to intermolecular contacts with short distances
can explain the measured behavior.
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INTRODUCTION

The disubstituted diacetylene 1,6-bis(2,4-dinitrophenoxy)-2,4-hexadiyne (DNP)
belongs to molecules of the kind R—C=C—C=C—R.'2 Crystals from these
molecules show very interesting properties.!»2 Annealing or treatment with
UV or X rays of these crystals initiates polymerization and forms conjugate
chains. The polymer crystals are of high perfection.

Especially the dielectric properties of monomer crystals of DNP were
investigated.3:* DNP undergoes a ferroelectric phase transition at 46 K
mainly due to the loss of the centrosymmetry of the molecules by twisting
of the two aromatic groups by about 5°.5:6

In connection with our investigations of the microwave dielectric
properties” we also looked through the crystals with polarized light. We
found a strong dispersion of the optic axial angle, which decreases from =
90° to zero going from the blue to the green range of the optical spectrum.®
Now we report about measurements of the indicatrix orientation, optic
axial angle, birefringence, and absorption on monomer crystals of DNP
done recently in more detail. Observing in the whole visible spectrum (VIS)
and near infrared range (NIR) the dispersion turnes out to be a rare crossed-

axial-plane dispersion.

175



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:06 18 February 2013

176 H.W. HELBERG AND A. BANK

CRYSTAL STRUCTURE

DNP crystallizes in the monoclinic system: a = 5.189 R, b = 11.932 R, c =
14.729 &, B = 98.56%; V = 901.7 &3; Z = 2; space group P2,/n (T=2% K).>®
The crystals are columnar, mainly (001) or (010) faced. The columnar axis

conincides with the a direction.

FIGURE 1 View? at the DNP molecule against a direction onto the
(b, c*) plane.

Fig. 1 shows one DNP molecule.® The center of the molecule (between
Cl and CY) is inversion point. The stereographic projection (Fig. 2) onto the
(001 plane exhibits the orientation of the molecule parts. The ring planes
are perpendicular to the plane (001): 9 ((001), bc) = 89.1°. The ring planes
are strong inclined to the chain direction (69,0°). The directions of the two
NO,-groups and of the C4-O1 bond lie in the ring plane. One plane (N2) of
the NO,-groups coincides with the ring plane. The other group (N1} is
inclined to the ring plane by 27.2°,

There exist two intermolecular contacts with distances about equal
to the van der Waals distances (Fig. 3). In contact No. 1 H-bonding may be
involved.10

EXPERIMENTAL

Very small crystals were prepared on microscope slides. Measurements

were performed by usual polarizing microscope technique using a universal
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FIGURE 2 Sterographic projection of the DNP molecule related to
the (001) plane. ac direction of the acetylene chain. bc normal of the
benzene rings. C7 - N2, C9 - N1 directions of the two NO,-groups. Ni,
N2 normals of the planes of the two NO,-groups. C4 - Ol direction
of the C-O bond linking ring and chain. For clarity only one molecule
is drawn. 03...C3, 05...03 directions of distance intermolecular contacts
(see Fig. 3).

FIGURE 3 View at two DNP molecules against a direction onto
the (b, c*) plane. Symmetry operations: A (x, y, z), B (- x + 0.5, y +
05., -z + 1.5). Distances of the short intermolecular contacts in A: (1)
03...C3, 2.995 [1.00] and (2) 05...03, 2.962 [1.06]. Distances in ratio to
the van der Waals distances in square brackets.
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stage. !l The special equipped microscope (manufactored by Leitz) works in
the VIS and NIR from 400 nm to 2000 nm. An additional photometer enables

to measure the absorption in the principal directions.

MEASURING RESULTS

The directions of the principal axes of the indicatrix, named optic directions
X,Y,Z, are related to the principal diffraction indices (half-axes of the
indicatrix) ng, ng, N, respectively (n, < ng < n.Y). The optic directions
conincide with the directions of the principal axes of the polarizability
tensor. In monoclinic crystals one optic direction must be coincide with
the direction [010] due to the symmetry plane (010).

Indicatrix Orientation

In the range v 2 2 . 104 cm™! (blue) the optic direction Y parallels b (Y ||
b). Going to lower wavenumbers v s 1.8 - 10% cm™! (red and NIR) the optic
direction X is found parallel to b (X | b}, i.e. the optic direction Z lying
always in the symmetry plane (010). The angle between the a direction and
Z is 9 (a, Z)= 104° in obtue B at 2.2 - 10% and is approximately constant.
There is only a little increase by about 5° going from the blue to the red

and NIR range.

Optic Axes

The optic direction Z is always acute bisectrix Z = Bxa. Fig. 4 shows the
dispersion of the axial angle 2V,. In the blue region the optic axial plane
coincides with (010). At ~ 2.2 - 10* cm™ the angle 2V, is about 80°, i.e.
the crystal is nearly optical neutral. The axial angle decreases with decrasing
wavenumber. The shape of the indicatrix becomes a long-stretched rotation
ellipsoid n, » ng, Ny, Ng ™ n,. At the transition point \7c ~ 1.9 - 10% cm™!
the axial angle is zero, i.e. the crystal is uniaxial (indicatrix is rotation
ellipsoid with long axis Z). Below G'C the axial angle is about 60° and
decreases to a constant value of about 45° by lowering the wavenumber. In
the transition region the examination of the indicatrix is impossible. This

is also known from other materials (for example mineral Brookite).12
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FIGURE 4 Optic axial angle 2V, versus wavenumber. The transition

point of the crossed-axial-plane dispersion lies at Sc ~ 19 - 10* cm™L
In the upper range v > GC: axial plane L b, (Y || b); in the lower range
V< '\TC: axial plane || b, (X || b). For better demonstration (zero crossing)
the angles in the lower part are drawn with negative sign.
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FIGURE 5 Relative birefringence (np - na)/(nB - Nglyap VErsus
wavenumber. d (np - Ny)yap = 681 nm retardation measured with

NaD-light (589 nm), d effective thickness of the measured crystal
sample.
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Birefringence

The retardation ' = d (nﬁ - n,) can be measured looking along Z (Z = Bxa).
The effective sample thickness d is 6.4% greater than the true thickness
due to the sample inclination by 20° = 9 (a, Z) - 90°, The true sample
thickness is unknown. Therefore in Fig. 5 the retardation is plotted related
to the retardation measured with NaD-light. Assuming thicknesses between
S to 10 ym yields values of 0.1 to 0.06 for the birefringence ng - ny at NaD
(Fig. 5).
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FIGURE 6 Optical density log(Io/I) versus wavenumber for polariza-

tion parallel to the three optic direction X (o), Y (©), and z (A). Two
different samples: (X and Y) and (Z).

Absorption

Fig. 6 shows the absorption measured for polarization parallel to the three
optic directions X, Y, and Z. To that at least two different oriented crystal
samples are needed. The directions of principal axes of the absorption
tensor are found coinciding with the optic directions. Light transmitting
along Z and polarized parallel X shows a large double peak around 1.93
and 2.05 -

Polarizing parallel to Y yields no considerable absorption. The transmitting

10* cm™!. Yellowbrown results for the pleochroism colour.

light is colourless. Light transmitting along the b direction enables polariza-
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tion parallel Z. Plateaulike absorption is found in the double peak region
and a single peak at 2.38 < 10* cm™1. The pleochroism colour is pale light-

orange.

DISCUSSION

For analysing the indicatrix orientation calculations of the polarizabilities
were performed. 13:14 Looking to the molecule structure (Fig.1) the w-electron
system can be divided in the two rings and in the acetylene chain due to
the strong inclination between the molecule parts (69°).

The tensor a of the molar polarizability as calculated by adding up
all bond polarizabilities in the rings or in the chain, respectively, a = X
Qj.ls Each bond contribution 8; was calculated from the orientation and
from the polarizability tensor of the bond. Eigenanalysis of a yields the
principal values of a (eigenvalues) and the eigenvectors i.e. the orientation
of the polarizability tensor in the crystal coordinate system.15

In this way calculated polarizabilities for one ring are a = 7.67 ag=
15.91, a7=17.12, a= 13.57 (polarizabilities always in 83). The orientation is
drawn in Fig. 7 and approximately conincides with the orientation of the
ring (Fig. 7) as was to be expected. The angles are 9 (N, bc)= 3.6° and

9 (T, (001))= 3.8° i.e. T stands perpendicular to (001). Also the direction of

FIGURE 7 Stereographic projection of the orientation of the
calculated polarizability tensor (L, T, N) of the rings and direction of
the principal polarizability of the acetylene chain Lac. L, T, N directions
of the maximum, intermediate, minimum polarizability, respectively.
For clarity only one moiety is drawn.
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the maximum polarizability of the acetylene chain parallels the chain
direction 4 (Lac, ac)= 0.2° with « = 9,99 and «@ = 5.54.

Superposing the polarizabilities of the different molecule groups to
the (010) plane shows (Fig. 7) that the effective polarizability cannot account
for the measured extinction angle 9 (a, Z) ~ 104°, But it is evident from
Fig. 7 that the calculated angle should be < 909, it is 38°. Therefore polari-
zabilities with other orientations must be involved.

Inspecting the structure points out to the intermolecular contacts
(Fig. 2-3). Especially the 03...C3 contact is expected to be dominant. The
distance is short (2.995 }). Also CH...O bridging may be involved.'® The
angle between the a axis and the contact direction is 9 (a, (03...C3))=
120,6°. The inclination to the (010) plane is only 8.0°. Assigning polarizability
to this contact can explain the measured behavior.13:1%

Variation of the polarizability of the intermolecular contact 03...C3
shows that the measured extinction angle 9 (a,Z) = 104° will be reached if
the contact polarizability exceeds about 30% of the maximum polarizability
of the ring group. This also causes the switching between the two orientations
of the axes plane.

The influence of the contact 03...C3 is confirmed by the absorption
spectrum. The contact direction stands approximately perpendicular to the
b direction (Fig. 1). Therefore no excitation is measured for polarization
parallel to the b direction (Fig. 7).

We have shown that the strong dispersion in DNP crystals is governed
first of all by the interaction between the polarizability of the benzene ring
with its polarizable groups and the polarizability of the intermolecular
03...C3 contact.

Calculations of the molar polarizability (and also of the refractive

indices and the axial angle} by going in more detail are in progress and
will be published.
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