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Use of Electron Diffraction and High-Resolution Imaging To Explain Why the Non-dipolar
1,3,5-Triamino-2,4,6-trinitrobenzene Displays Strong Powder Second Harmonic Generation
Efficiency
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The structure of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) has been reinvestigated by a combination of
electron diffraction, high-resolution imaging, simulations of electron diffraction patterns and images, and
packing energy calculations. A new model is proposed that is capable of explaining the large second harmonic
generation effect observed in TATB crystalline powder.

1. Introduction in the solid state, their mutual arrangement led to only two
relatively weak tensorial components that contributed to the
observed macroscopic second-order susceptibifiy/in the
crystal. In such systems, which can be described by a two-
state model, the second-order polarizabijfitwithin the dipolar
approximation is proportional tau, the difference between
the dipole moments in the ground state and the first allowed
singlet charge transfer excited stéate.

In contrast to this, Zyss has presented detailed calculations
concerning the appearance of a quadratic optical susceptibility
in molecules where symmetry in the individual molecules leads
to complete cancellation of all dipole moments, in both the
excited and ground statésThe origin of the NLO effect in
such molecules is then an octopolar contributiors tandy (),
while the vectorial components are cancelled. For non-
centrosymmetric arrangements of molecules in a unit cell the
individual components of the quadratic susceptibility tensor can
be calculated for various space grodpgvhen such molecules
crystallize in a centrosymmetric arrangement, there is a mutual
cancellation of all tensor components including the off-diagonal
ones, and therefore there is no SHG.

The relationship betweefl with molecular coordinates

The exploration of light for applications in optical integrated
devices (e.g. frequency conversion, optical parametric amplifica-
tion and oscillation, electrooptic modulation) has received
intensive world-wide attention during the past dechderganic
compounds are of interest because of their large hyperpolariz-
abilities and fast response times. They also allow for many
different processing geometries such as thin films or fibers. The
optimization of properties, however, requires an intimate
understanding of the molecular architecture and conformation,
the relationship between molecular orientations and crystal axes
in the crystalline phase (structure) and their effect on physical
properties.

In order to achieve high molecular second-order polarizabili-
ties, 3, previous concepts have relied on the combination of an
electron-donating group and an electron-accepting group, linked
together by a suitable conjugatedsystem. There exists a
wealth of literature regarding the second harmonic generation
(SHG) efficiency of organic molecules and its measurement by
EFISH experiment3. These measurements are performed in
solution, and since they depend on the alignment of dipoles,
they require thf"‘t the molecule has'a permanent dipple moment,j, k and the macroscopic optical susceptibijif§ in macroscopic
u. Itis the projection of the vectorial part gfin the direction coordinated, J, K ist
of u that is measured. This can lead to apparent discrepancies
with hyper Rayleigh scattering (HRS) measureméhtghere N
different tensor components gfare measured. As shown by @ (—:0), w,) = — f,(0) f,(w,) f(@,) x
PM3 calculationd, discrepancies in the data for 4-(dimethy- Vv
lamino)-3-cyanobiphenyl arose because the vector pgrtas ZZ cosf? costy cosbs) B (—w,w,,w,)
dominated by a single component which was roughly perpen- =4 ! !
dicular to the dipole. Consequently, although the valug a$
measured by EFISH was virtually zero, there was a sizeable whereV is the unit cell volumeN is the number of molecules
value as measured by HRS. Detailed structure analysis of theper unit cell,f(w) are local field factors at the frequenayfor
crystals by electron diffraction showed that while the eight the|-direction in the crystal, and th&; are the rotation angles
molecules per unit cell do not adopt a centrosymmetric structure re|ating microscopic and macroscopic axes. The local field
factorsf|(w) depend on the linear polarizabiliby tewm, which

:ITotv;/ht%m glrll CO_rkreI$DOhndgr;lce $h%u|de$] addfesée?- bera-Unitersit is related to the refractive indices of the crystal. The macro-
Maing o TYSIKATSEne hemie der Jonannes-Buienberg-universtia scopic susceptibility coefficientsk which are actually mea-
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pr. 31, 199004 St. Petersburg, Russia. o incoming and outgoing beams with respect to the crystal axes
berg(.)rgamsch-Chemlsches Institut der Ruprecht-Karls-Univirsitdel- and depend qn the crystal symmetry.
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Figure 1. Molecular structure of 1,3,5-triamino-2,4,6-trinitrobenzene.

The molecular geometry is shown in Figure 1. For such
molecules has no dipolar contributiof;=; but only an
octopolar ong3;-3:®

B=P119® Bs3= P

and

|ﬂ|2 = |ﬂJ=1|2 + |ﬂJ=3|2 = |ﬂJ=3|2

For planar trigonal molecules such as TATB withy, sym-
metrys7

ﬂ = ﬁJ=3 = ﬁ)(xx'x'(x2 - 3Y2) + ﬁyyy'Y'(Yz - SXZ)

using the Zyss notation in whick® stands for the symmetric
tensor product of basis set elemestsd e @ g, etc.

Therefore, the appearance of a strong SHG signal from this
non-dipolar molecule is now understood. The problem that

Voigt-Martin et al.

Since TATB and its alkylated derivatives have aroused
considerable interest®-14 as a paradigmatic representative of
non-dipolar molecules with high second-order polarizabilities,
we have been motivated to re-examine its crystal structure using
a combination of electron diffraction analysis and high-
resolution imaging.

2. Experimental Methods

2.1. Optical Measurement on Crystals. Crystals were
screened for SHG response by irradiating them with infrared
light (wavelengthh = 1064 nm) using the fundamental beam
of a Q-switched Nd:YLF laser. The incident beam (TEM beam
diameter 0.9 mm, polarization 100:1) is focused by a beam-
splitting mirror onto the sample placed on a microscope
specimen stag¥. The fundamental intensity in the plane of
the crystal would be Fov/cn?, so an infrared filter is positioned
in front of the objective lens to protect the sample. If the sample
generates a second-harmonic signal, an additional bandpass filter
(A = 532.5 nm) guarantees that only this signal reaches the
detector.

2.2. Sample Preparation for Structure Analysis. TATB
was dissolved in hot DMSO (15) at a concentration of 0.1%
(wt %). A drop of the TATB solution was placed on carbon-
coated mica. When the solvent was evaporated, the carbon film
with TATB crystals on it was transferred onto a water surface
and then the floating carbon film was picked up with an electron
microscope grid.

TATB crystals were very thin (about 100 A) with lateral

arises with the crystals of these molecules is that although theydimensions of about 2m x 2 um. This is sufficiently large

have been determined by X-ray analysis as being centrosym-

metricP1,Z=2,a=9.01 A b=9.03A c=6.81A,0=
108.6, 8 =91.82, y = 119.97,° TATB powder consisting of
microcrystals shows very strong SH6.Gavezzotti has sug-
gested as possible explanations that there may be d?all
domains in theP1 structure and that torsional librations of the
nitro groups around the-€N bond by about 12are possiblé?!

for electron diffraction analysis. There is only one paper in
which a successful X-ray structure analysis is reported for this
sample? because it is extremely difficult to obtain sufficiently
large single crystals.

2.3. Electron Diffraction. The samples placed on electron
microscopic grids as described in section 2.2 were investigated
in a Philips EM-300 electron microscope with a eucentric

Lattice defects have also been suggested as a possible reasogoniometer stage. The individual crystals can be rotated and

Figure 2. SHG signal from TATB crystalline powder.
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Figure 3. Experimental and simulated electron diffraction patterns for the tilting along the (100) axis.

tilted up to+60°. Details of the experimental procedure have noted, and the process is repeated. The tilting is always
been published in several papé¥s!® A short resume is given  performed both to the right and to the left direction.
below. (3) A second axis is chosen as the tilt axis (if possible
(1) The basic zone is established by tilting about significant perpendicular to the first one) and the procedure repeated.
axes and determining the positions corresponding to the largest From these experiments the unit cell dimensions can be
d-spacing. determined. On the basis of observed extinctions, it is generally
(2) An axis with strong reflections is established and chosen possible to reduce the number of possible space groups to two
as the tilt axis. The diffraction pattern first disappears and or three. During subsequent molecular modeling, the possible
reappears when a new zonal projection is reached, the angle ismumber of space groups can normally be further reduced.
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Figure 4. Experimental and simulated electron diffraction patterns for the tilting along the (110) axis.

2.4. High Resolution Electron Microscopy. High-resolu- for reproducing such molecular properties as heats of formation
tion images were obtained with a Gatan slow scan CCD Model and dipole moments. Most molecules produce several minimum
694 attached to a Philips CM 12. Imaging organic samples is energy conformations. To begin the simulation, the conforma-
best achieved by previously adjusting the phase contrast functiontion that can be best fitted into the experimentally determined
for transfer of the required spatial frequencies on an adjacentunit cell is chosen. For this conformation the dipole moment,
area of the sample as described previodsty? The use of an the linear polarizability, and the hyperpolarizability tensors are
electron microscope with a digital output enabling precise calculated in the molecular coordinate system.
control of the lens currents greatly facilitates the procedure. 3.2. Simulation of Electron Diffraction Patterns Using
Although lattice planes cannot always be directly reviewed on Calculated Crystal Structures. The prediction of crystal
the monitor, a fast Fourier transform of the image enables a structures from a knowledge of molecular architecture was
quick decision to be made regarding the suitability of the area initiated by Kitaigorodsky! In recent years considerable effort
in question for imaging and whether the correct transfer function has been expended in attempts to predict crystal structures from
has been chosen. Speed is essential to prevent degradation af knowledge of the molecular architectdfe?> Attempts to
a sample in the electron beam. calculate the potential energy hypersurface of organic crystals

2.5. Powder X-ray Diffraction. X-ray powder diffraction have not been at all unsuccessful. Gavezzotti uses the 6-exp
patterns were obtained by standard methods using a Siemengempirical potentiaf®
D500 diffractometer (Cu K radiation with a wavelength of
1.542 A) in ag/26 X-ray reflectivity mode. Since the number E=Aexp(-Br)—Cr®
of reflections does not suffice for Rietveld methods, structure
determination is not possible. However, with the aid of the
electron diffraction patterns, consistent indexing can be achieved
and the cell parameters not available in the tilting experiments
can usually be derived.

for organic crystals containing C, H, N, O, CI, and S.
Computational simplification is achieved using the atesitom
approximatior?” A vast amount of information on packing
modes is available through thousands of crystal structures
collected in the Cambridge Database. Therefore, simple and
3. Computational Methods effe_ct_ive potentigls have become available such as the (1)
Dreiding force field?® (2) PCK method?® and (3) cluster

3.1. Generation of the Molecular Model. The minimum method?? in which clusters consisting of two to four molecules
energy gas phase conformations of the molecule were calculatedare built, by application of the most common symmetry elements
by semiempirical quantum mechanical methods incorporated in (inversion center, screw axis, glide plane). The relative
MOPAC. The method has been established in quantum importance of these elements, as well as lattice translation, in
chemistry for many year®. The PM3 method incorporated in  building the cohesive energy of the crystal is assessed by means
the program package MOPAC 6.0 was used, which is optimized of a statistical analysis of known hydrocarbon structures.
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Figure 5. Electron diffraction pattern obtained from TATB crystal
fragment, indicating the [100] zone.

With all of these methods it has usually been possible to locate
several local minima with similar negative packing energies
which differ by only a few kcal/mol, but it is difficult to assess
which of these structures will occur in practice. This is a
consequence of the conformational polymorphism prevalent in
organic crystals because complex equilibria between polymor-
phic forms are already established in solution and interconver-
sions between them are frequéhtConsequently, crystallization b
is extremely sensitive to experimental conditions.

In this work, we have chosen to calculate the packing energy
of the crystals using CERIUS software distributed by Molecular
Simulations. The calculated crystal structures with negative
packing energies must conform to the symmetry group found
by electron diffraction. In addition, the diffraction patterns

calculated from the hypothetical structure must conform to the TR 0.2um
experimental ones in all projections and give rise to a reasonable : ’ i —
R-value.

. . . . . Figure 6. Two different observed morphologies of TATB crystals:
The simulation of the electron diffraction patterns requires (s, top) thick crystal, corresponding to the structure reported in literature;
the experimental determination of the unit cell parameters and (b, bottom) thin crystal, corresponding to the simulated structure.

the space group. The molecule in the computed geometry is
placed into the unit cell using the molecular modeling program program package. The calculated values of atomic charges are
CERIUS such that the symmetry requirements based on thequite large (e.g..—0.70, 1.36,—0.64 on C, N, O atoms of
experimentally observed extinctions are satisfied. In addition, C—NO, fragments, respectively). Therefore, TATB crystals
the number of molecules per unit cell must produce the differ from ordinary organic crystals for which the Coulombic
experimentally estimated density value. contribution to the total energy is usually negligibly sn¥alit
Initially, the packing energy is generally positive and a is well-known that for strongly ionic crystals a reliable calcula-
number of nonallowed close contacts are observed. These canijon of Ey is a difficult problem because of the divergency of
be eliminated by adjustment of both translation and rotation of |attice summation seried. The Ewald summation method
suitable subunits. Subsequently the crystal-packing energyemployed in the CERIUS program package can produce large
is again minimized until a negative value is obtained. Its errors in these cases. Therefore, the calcul&ed values
value is determined by a superposition of various two-center, presented in the following discussion may only be considered
three-center, and four-center bonded and nonbonded inter-as rather approximate.
actions: (c) The energy of the hydrogen bonds) is calculated using
a CHARM:-like potential: Enp = Dno[5(rmp/Toa)? — 6(rmy/roa)t-
E=E,q* EcouT Enp Tt Eior cosH(6pha). Opha is the bond angle hydrogen donor (D)
hydrogen-hydrogen acceptor (A), whilepa is the distance
(a) The nonbonded van der Waals terBq() is generally between the donor and acceptor. There is an enormous amount

treated using the Lennard-Jones® potential form Eyqw = of statistical material about hydrogen bond patterns in the
Ar~12 — Br=6 but the exp{-6) form can also be choséhE,qw Cambridge Database.

= Ae~% — Br%, whereA, B, andC are empirical parameters (d) A Dreiding force field is used for the calculation of
andr is the interatomic distance. subrotation torsional interactiolig,,. However, it is important

(b) The Ewald summation technique is used to calculate the to note that we optimize the molecular valence geometry (bond
Coulomb energy:Ecou = 322.063%;-j(QiQj/er;), where the lengths and bond angles) previously by semiempirical quantum
constant effects the conversion to kcal/mols the dielectric mechanical calculations. It is well-known that the changes in
constant, andy;; are atomic charges. We used here Qe molecular geometry during crystallization generally involve only
values for the planar TATB molecule in the gas phase, calculatedthe subrotations. Consequently, the Dreiding force field is used
by the PM3 metho®® implemented into the MOPAC 6.0 only to optimize a known gas phase conformation in the crystal.
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Figure 7. High-resolution image of TATB and Fourier transform (bottom right-hand corner) fronalthglane of TATB thin crystals.

The parameters involved in these expressions are well-knownstar of David. In the interstices of the star, the sixth-order
for the molecules and bonds in question and have beenreflections are very strong. However, the reflections surround-
continuously updated during the past decade. ing this maximum do not have hexagonal symmetry. Itis also

The symmetry and packing restrictions imposed by the noteworthy that during the tilting experiments we did not obtain
experimental electron diffraction patterns and the need to the normal distinguishable succession of diffraction zones
simulate these in many different zones have enabled us to solveysually observed in organic crystals with a sho#xis, but
several unknown structuréd®1° Indeed, in some cases ithas instead, a continuous series of electron diffraction patterns,
been possible to quantify the electron diffraction intensity values which made it very difficult to distinguish one zone from the
and calculate the structure using maximum entropy and log- subsequent one. This observation immediately indicates a long
likelihood statistics. In each case the simulated structure wasc-axis. Tilting about the (110) direction (Figure 4) revealed
confirmed. the [111] and [®2] zones at 21and 30. Tilting about the

The values of different components®f .,  are calculated a-axis (Figure 3) revealed the [032] and [031] zones &t
for the modified molecular conformation in the crystal state, 33, respectively. Tilting about the-axis (Figure 3) revealed
initially in molecular coordinateg j, k and then in those related e [302] and [301] zones at 1&nd 33. Tilting to the right
to crystallographic coordinates J, K by applying a suitable  gnq to the left gives rise to a continuous series of diffraction

rotation matrix and using crystal symmetry conditidnwhen patterns which are identical in opposite tilt directions.
the structure is solved, the molecular coordinates can also be These observations indicate that thaxis is long and that

related directly to the unit cell axes b, c. theab-plane is perpendicular to it. All diffraction patterns have
4. Results very characteristic and reproducible features: (1) very strong
(300), (320), (030) reflections; (2) very strong (600) and

4.1. Optical Measurements. A drop of solution containing - o
symmetry-related reflections; (3) characteristic nonhexagonal

microcrystals was put on a microscope slide, and the solution>Y"" ""=" ? - -
was allowed to evaporate. The illuminating infrared laser beam dlstrlbL_Jtlon of intensities around (600) and symmetrically related
was excluded by a suitable filter and the crystals in transmission reflections.
gave a strong green signal, indicating that second-harmonic A noteworthy diffraction pattern is shown in Figure 5, which
generation had taken place (Figure 2). was obtained from a crystalline fragment. Here the strong
4.2. Electron Diffraction. The experimental electron dif-  reflections at the equator correspond to 3.4 A, which is typical
fraction patterns obtained in the tilting experiment are shown for the distance between aromatic rings, suggesting that the
on the left-hand side of Figures 3 and 4. The tilting angles projection is either [010] or [100]. The second axis of this
(bottom right-hand corner) are indicated, and the tilting axis is diffraction pattern §*- or b*-axis) is perpendicular to the*-
(100). Tilting to the right and to the left gave identical axis. The spacing of the first reflection on this axis corresponds
diffraction patterns. The [001] zone has the appearance of ato 7.8 A (as already shown in the [001] projection).
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Figure 8. X-ray powder diffraction spectra for TATB: (a) simulated
from the P1 structure reported in literature; (b) simulated from the
suggestedP3; structure; (c) experimental spectrum.

Qualitatively, therefore, these diffraction patterns indicate (1)
superstructures in thee, b-, andc-direction; (2) that molecular
symmetry in theab-plane is hexagonal; and (3) that tbexis
is perpendicular to thab-plane.

Streaking parallel to the*-axis indicates some disordering
due to shift between layers of TATB molecules from ideal
crystalline positions perpendicular to tbairection. However,

J. Phys. Chem. A, Vol. 101, No. 39, 1997271

v
Figure 9. Simulated model with a modulated translatory wave of 12
TATB molecules per unit cell.

rise to a helix with a repeat period of 41 A, and the strong
reflections on the equator are (0012) reflections. Detailed
analysis in the manner described previolfslii? indicated a
trigonal unit cell with the following cell constants: space group
P3;a=b=9.00Ac=4090A,y = 120.

4.3. High-Resolution Images.Two different morphologies
were observed: (a) thin, hexagonal crystals that can be
penetrated by the electron beam (Figure 6b); (b) rhomboidal
crystals that are too thick for examination in a transmission
electron microscope (Figure 6a).

The high-resolution images of treb-planes from the thin
crystals are shown in Figure 7. Slight tilt makes the images
appear as a series of straight lines, but careful scrutiny reveals
hexagonal symmetry, as substantiated by the Fourier transform
of the image (bottom right-hand corner). The crystaplanes
show perfect crystalline order. There are no defects in these
planes that could account for the observed second-harmonic
generation.

4.4, X-ray Powder Spectrum. The experimental X-ray
powder spectrum is shown in Figure 8c, together with the
powder pattern calculated on the basis of the literature X-ray
structuré (Figure 8a) and that calculated from our model (Figure
8b). The experimental powder pattern contains all the features
of both calculated structures, but cannot be simulated by one
of them alone. All of the peaks from the literature model agree
with those from experiment, but there are additional peaks in
the experimental X-ray powder diffraction diagram which can
be explained by our model as (103) (absent in the X-ray powder
spectrum calculated for the literature model) and (0012) peaks

there are spots on the streaks, and the distance between the twfintensity is very weak in the X-ray powder spectrum calculated
strongest spots corresponds to 13.6 A, i.e. groups consisting offor the literature model, but rather strong in the experimental
four molecules. It is then obvious that three such groups give X-ray powder diagram). Our model will be described in section
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TABLE 1: Atomic Fractional Coordinates for One Independent Unit for the TATB P31 Crystal Structure

atom X Y VA atom X Y A atom X Y VA

C1l 0.49332 0.33333 0.00000 N33 0.66667 0.65549 0.08333 065 0.34109 0.20647 0.16667
c2 0.49332 0.49332 0.00000 N34 0.35583 0.33333 0.08333 066 0.20647 0.34109 0.16667
C3 0.33333 0.49332 0.00000 N35 0.34451 0.01118 0.08333 H67 0.97933 0.08978 0.16667
C4 0.17334 0.33333 0.00000 N36 0.66667 0.02250 0.08333 H68 0.08978 0.97933 0.16667
C5 0.17335 0.17335 0.00000 037 0.12686 0.46795 0.08333 H69 0.24355 0.55621 0.16667
C6 0.33333 0.17335 0.00000 038 0.99224 0.19871 0.08333 H70 0.35401 0.77712 0.16667
N7 0.65549 0.33333 0.00000 039 0.53205 0.65891 0.08333 H71 0.77712 0.35401 0.16667
N8 0.64417 0.64417 0.00000 040 0.80129 0.79353 0.08333 H72 0.55621 0.24355 0.16667
N9 0.33333 0.65549 0.00000 041 0.34109-0.12686 0.08333 C73 0.49332 0.66667 0.25000
N10 0.02250 0.33333 0.00000 042 0.20647 0.00776 0.08333 C74 0.49332 0.82665 0.25000
N11 0.01118 0.01118 0.00000 H43 0.97933 0.75645 0.08333 C75 0.3333 0.82665 0.25000
N12 0.33333 0.02250 0.00000 H44 0.08978 0.64599 0.08333 C76 0.17335 0.66667 0.25000
013 0.79353 0.46795 0.00000 H45 0.24355 0.22288 0.08333 Cc77 0.17335 0.50668 0.25000
014 0.65891 0.19871 0.00000 H46 0.35401 0.44379 0.08333 C78 0.33333 0.50668 0.25000
015 0.19871 0.65891 0.00000 H47 0.77712 0.02067 0.08333 N79 0.65549 0.66667 0.25000
016 0.46795 0.79353 0.00000 H48 0.55621—-0.08978 0.08333 N80 0.64417 0.97750 0.25000

017 0.00776 —0.12686 0.00000 C49 0.82665 0.666667 0.16667 N81 0.33333 0.98882 0.25000
018 —0.12686 0.00776 0.00000 C50 0.82665 0.82665 0.16667 N82 0.02250 0.66667 0.25000
H19 0.64599 0.75645 0.00000 C51 0.66667 0.82665 0.16667 N83 0.01118 0.34451 0.25000
H20 0.75645 0.64599 0.00000 C52 0.50668 0.66667 0.16667 N84 0.33333 0.35583 0.25000
H21 —0.08978 0.22288 0.00000 C53 0.50668 0.50668 0.16667 085 0.79353 0.80129 0.25000
H22 0.02067 0.44379 0.00000 C54 0.66667 0.50668 0.16667 086 0.65891 0.53205 0.25000
H23 0.44379 0.02067 0.00000 N55 0.98882 0.66667 0.16667 087 0.19871 0.99224 0.25000
H24 0.22288 —0.08978 0.00000 N56 0.97750 0.97750 0.16667 088 0.46795 0.12686 0.25000
C25 0.82665 0.33333 0.08333 N57 0.66667 0.98882 0.16667 089 0.00776 0.20647 0.25000
C26 0.82665 0.49332 0.08333 N58 0.35583 0.66667 0.16667 096-0.12686 0.34109 0.25000

c27 0.66667 0.49332 0.08333 N59 0.34451 0.34451 0.16667 H91 0.64599 0.08978 0.25000
Cc28 0.50668 0.33333 0.08333 N60 0.66667 0.35583 0.16667 H92 0.75645 0.97933 0.25000
C29 0.50668 0.17335 0.08333 061 0.12686 0.80129 0.16667 H93-0.08978 0.55621 0.25000

C30 0.66667 0.17335 0.08333 062 0.99224 0.53205 0.16667 H94 0.02067 0.77712 0.25000
N31 0.98882 0.33333 0.08333 063 0.53205 0.99224 0.16667 H95 0.44379 0.35401 0.25000
N32 0.97750 0.64417 0.08333 064 0.80129 0.12686 0.16667 H96 0.22288 0.24355 0.25000

4.6. It appears, therefore, that the powder sample is polymorphicmol, En, = —44.2 kcal/mol) andE(2) = —360.7 kcal/mol Eygw-
and contains both types of crystals. (2) = —183.9 kcal/mol). The sublimation energy estimated
4.5. Molecular Model. The PM3 method was used for the from E(2) as—E(2)/12 is about 30 kcal/mol.
geometry optimization of the TATB molecule. Three different The agreement between experimental and calculated diffrac-
possible structures were found with plaiy, chair-like Cs,, tion patterns in all zones is shown in Figures 3 and 4. The
and boat-likeCs geometries and calculated heats of formation R-factor from uncorrected intensities was calculated to be 28%
of —9.6,—10.3, and—10.5 kcal/mol, respectively. It appeared (Table 2), which is a reasonable value for structure determination
that the best agreement between the simulated and experimentady electron diffraction.
electron diffraction patterns was achieved with the planar TATB  Within the independent units the molecules are shifted with
molecular structure, although, according to the PM-3 results, respect to each other as indicated. The molecules within the
this structure is not the most stable in the gas pR#&kse. first independent unit have fractional coordinates (1/3,1/3,0),
However, the difference in stability between tBeg, and the (2/13,1/3,1/12), (2/3,2/3,1/6), (1/3,2/3,1/4) (Table 3). The second
most stableCs structure is only ca. 1 kcal/mol. Therefore, the and third independent units are produced byRBgspace group
results obtained from the simulation procedure should indicate symmetry operations, leading to a translation alangnd a
which is the correct conformation. subsequent rotation around tbexis. The three independent
4.6. Simulation of Diffraction Patterns. When modeling units are shifted with respect to each other. In fact, this
is initiated, the number of probable structures is already operation leads to the layered structure with a shift between
narrowed down considerably (section 4.2). The 12 molecules any two neighboring layers by one-third of the in-plane period
along thec-axis must be arranged in three groups of four and value @ = b = 9 A), the shift being realized in one of the
therefore there must be a shift between subsequent moleculessymmetrically equivalent directions, (100), (010), or (110) (see
All lattice distances have now been determined. These con-Table 4). The distance between the centers of the nearest
siderations indicated a modulation on thaxis. Refinement molecules in every two neighboring layers is the same, but the
of the model led to the structure shown in Figure 9, which shifting direction is different. As one can see from Figure 10
consists of three independent units in the unit cell, each madewhich shows a top view of the unit cell in theb-projection,
up of four molecule§?®® The atomic coordinates of one this shifting of neighboring layers brings nitro (amino) groups
independent unit are presented in Table 1. of each layer into close vicinity of amino (nitro) groups of the
The calculated total packing ener@yfor the structure is neighboring layers. This leads to a favorable interlayer interac-
rather cohesive. To calculate particuawvalues for crystals tion. The same effect could be achieved by a rotation of each
with H-bonding, one may use two different options implemented layer with respect to its neighbors by 6Without the shift
into the CERIUS software: (1) to include inffqy or (2) to between them. However, this would result in a centrosymmetric
exclude fromE,qy the energies of van der Waals interactions structure, similar to that determined by X-ray analysighich
for all hydrogen-hydrogen acceptor atom pairs forming H- would prevent the observation @f).
bonds. These two options give different value€gf, andE, We have analyzed the possibility of a rotation of each second
namely,Ean(1), E(1) andE,qw(2), E(2), respectively. For the layer by 60 with respect to the neighboring layers in our model
TATB crystal structure presented here, the calculated packingshown in Figures 9 and 10. However, it appeared that this
energies per unit cell of 12 TATB molecules &@) = —297.2 rotation leads to an increase in the crystal-packing energy.
kcal/mol Evgw(1) = —120.3 kcal/mol,Ecoy = —132.7 kcal/ Moreover, with such a model, it was not possible to simulate
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TABLE 2: Comparison of the Calculated and Observed

Structure Factors for hkO Reflection$

hkl d-spacing (A) |Fe| |Fol
100 7.79 22 24
010 7.79 22 25
~110 7.79 22 27
300 2.60 50 37
030 2.60 50 36
—330 2.60 50 36
600 1.30 114 88
060 1.30 114 83
—660 1.30 114 85
110 4.50 17 19
—210 4.50 17 18
—-120 4.50 17 19
220 2.25 38 28
—420 2.25 38 29
—240 2.25 38 31
330 1.50 40 30
—360 1.50 40 32
—630 1.50 40 31
410 1.70 5 7
—150 1.70 5 7
—540 1.70 5 8
140 1.70 5 7
—450 1.70 5 8
—510 1.70 5 6
500 1.54 5 6
050 1.54 5 7
—550 1.54 5 9
210 2.94 10 10
—130 2.94 10 16
—320 2.94 10 13
120 2.94 10 11
—230 2.94 10 13
—-310 2.94 10 14
310 2.16 7 10
—140 2.16 7 9
—430 2.16 7 8
130 2.16 7 9
—340 2.16 7 8
—410 2.16 7 9
320 1.79 9 13
—250 1.79 9 12
—530 1.79 9 12
230 1.79 9 11
—350 1.79 9 10
—520 1.79 9 12
700 1.11 34 44
070 1.11 34 48
—770 1.11 34 47
610 1.19 20 24
—-170 1.19 20 25
—760 1.19 20 24
—-710 1.19 20 23
160 1.19 20 26
—670 1.19 20 24
450 1.00 8 16
—590 1.00 8 15
—940 1.00 8 14
540 1.00 8 15
—490 1.00 8 14
—950 1.00 8 17

az‘Fd = 1314;Z|F0\ = 1319;|Fhk|| = (|Fhk|| + |F_h_k_||)/2; R=

28%.
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Figure 10. Top view @b-projection) of the unit cell for the simulated
model, indicating the close contacts between amino and nitro groups
in the neighboring layers.

TABLE 3: Fractional Coordinates of Centers of TATB
Molecules in the Unit Cell

molecule no. a b [
1 1/3 1/3 0
2 2/3 1/3 1/12
3 2/3 2/3 1/6
4 1/3 2/3 1/4
5 2/3 0 1/3
6 2/3 1/3 5/12
7 1/3 0 1/2
8 1/3 2/3 7112
9 0 2/3 2/3
10 2/3 1/3 3/4
11 0 1/3 5/6
12 1/3 2/3 11/12

TABLE 4: Relationship between the Layern and the Layer
n—1 in the Unit Cell. For Example, —(1/3)a + —(1/3)b
Means That the Layer Is Shifted with Respect to the
Previous Layer along—a and along —b Directions by 1/3 of
a-Period and b-Period, Respectively

layer shifted with respect
numbem to lastn—1 layers
1(13) —(1/3)p
2 a3e
3 a/3p
4 —(1/3)a
5 (2/3p+ (/3%
6 ar3p
7 —(1/3)a+ —(1/3)b
8 —(1/3)b
9 —(1/3)a
10 —(1/3)a+ -(1/3)b
11 a3p
12 (2/3p+ (1/3)

The model has strong and new implications for the cause of
the NLO effect in TATB, as will be shown in the following
section. The reasons is that the independent unit consisting of
four molecules no longer has a 3-fold symmetry axis and
posesses a considerable dipole moment.

4.7. Simulation of High-Resolution Images. Our model
in the ab-projection is shown in Figure 10. The simulated
images using a slice thickness of 3.4 A and taking account of

the correct electron diffraction patterns. This implies that the the transfer function of the 200 kV instrument are shown in
strong hydrogen bonding within molecular layers and the Figure 11 for different sample thicknesses. They correspond
interaction between the layers are important structure-determin-to the experimental findings (hexagonal diffractogram from
ing factors, a favorable interlayer interaction being achieved image) except for the strong attenuation of (100) lattice planes

by a shift rather than a rotation between neighboring layers.

due to slight tilt. The simulations confirm that the superstructure
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Cerius2 HRTEM simulation.
E=200.0kV Cs=1.50mm Ap=.70A-1
Drms=250.0A div=.30mrad
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Cerius2 HRTEM simulation.
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Figure 11. Simulated HREM images for different sample thicknesses.

along thec-axis does not destroy the hexagonal symmetry (@13t (NV) o, ] ()
observed in thab-projection.
Finally, in Figure 12, the crystal morphologies of the literature whereaq, are the diagonal components of thetensor of the
structure (Figure 12a) and our model (Figure 12b) calculated ynit cell per molecule.
using CERIUS are presented. The agreement with the experi- Linear Optical Properties. The polarizability tensom,
mental morphologies (Figure 6) is very good. calculated by the PM3 method implemented into the MOPAC
4.8. Consequences of Model Structure on Optical Proper-  package, for one independent unit consisting of four TATB
ties. In this section, macroscopic NLO coefficienthyc, are molecules in theP3; unit cell and then reduced to the crystal
estimated using the PM3 calculated values of molecular tensorframeXYZ(Y-axis parallel tea-axis, Z-axis parallel to the 3-fold
Eomponents of linear polarizability and quadratic polarizability }s:\crewc-axis of the crystal) has the following coefficients (in
: 8 units):

Ay = (N fsfibyg = (N/V)flfJszCXyz(l 'JiK)ﬁxyz (1) Oy = 87.3
oy =1.1; ayy=90.9

f=n2+2)/3=1/[1-

where I, J, K are the crystal axesN is the number of
symmetrically related molecules in the unit cell of voluMg
and bk is the unit cell macroscopic hyperpolarizability per Oy
molecule calculated as linear combinations of the molecular
hyperpolarizability tensor componerftg,with the coefficients
cyAl,JK) derived for different crystal classés.

Using the LorenzLorentz relations

(4/3pe(NV)oy, )

=0.9; a,,=05, 0,,=125

The a-tensor is almost diagonal, and therefore, its diagonal
values may be used for a rough estimation (in the static
approximation) of the refractive indices of the crystal and the
corresponding local field factors.

Using eq 3 with the number of independent units in the unit
cellN = 3 and cell volume/ = 2865.6 &, we obtainfx = 1.6;

(n’ =1/’ +2)=

the local field factorsf;, are
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Nonlinear Optical Properties. According to the PM3 data,
the charge transfer in the independent unit of four TATB
molecules is mostly realized in irplane,fyyy andpy;; being
the major components of thietensor of the independent unit.
Therefore, for this independent unit the two-dimensional
model33 relating the crystalline nonlinear tensor coefficients,
bk, to the moleculars-tensor coefficients Sk, is valid.
According to the axes convention used by Zyss and Otfdar,
the anglea between thizy-plane and the 3-fold scre@-axis
of the crystal isa. = 62.78.

The results of the PM3 calculations of the molecyfigensor
components necessary for the calculations within the two-
dimensional model for space groups of class 3 are

B,,=—2.0x 10 *esu

Boy= 4.4 x 10 ¥ esu b

Byy= —14.6x 10 P esu
By=12.2x 10 *esu
This leads to the following results:
byz2= B,y COS @ = —1.4x 10 *esu
byyy= (1/4)(B,,, SN’ 0. — 38,,)) sina. =
—10.7x 10 *esu

bysx = (1/4)(B,,— 3B,y SiN o) = —3.1x 10" esu

brxx = (1/12)(B,y,+ By SIF @) coso= 0.2 x 10 P esu »

ek

(In these equations, th8,s S,y Pyz; coefficients were used  Figure 12. TATB crystal morphologies calculated using CERIUS: (a)
instead Of B Buyy By respectively, as defined in ref 33, P1 crys_tal structure repo_rted i_n Iiteratun_a; (BB: crystal structure
because the molecular plane of charge transfer in the indepen-determined by electron diffraction analysis.

dent unit is thezy-plane rather than they-plane, as defined in
ref 33).

Thus, the major coefficient of the crystalline nonlinear tensor
is byyy which is observable in SHG experiments, according to
phase-matching conditions with respect to the propagation
direction3® The calculatedlyyy coefficient is

it is possible to estimate the ratjo of the magnitude of the
octopolar contribution to that of the dipolar one by the equation
derived by Zys$for a planarXY-layered structure with out-of-
plane contributions to the charge transfer:

. S p={(2/ 3)(b2xxx+ bsz"‘ 6b2XYY+ 6bz\(xx = 30xyxxx —
Ovyy= (NV)(1y)Dyyy = 5145 10 “esu= 21.4 pm/V 30y M [(Brx + By + (Byyy T BT} 2 = (213)!

This value is considerably higher than the valuagf; = 2.3 . .
pm/V obtained experimentally for urea single crysflsit Thus, the TATBP3; crystal should exhibit both dipolar and

should be noted that semiempirical calculations by MOPAC Octopolar contributions to the macroscopic quadratic nonlin-
usually underestimate considerably the components of the €arity. Itis important to emphasize this, because the nature of

molecular 8-tensors, especially for the molecules containing "€ SHG effect from a single TATB molecule is purely
nitro groups® Therefore, even accounting for the presence of OCtopolar® The difference between an isolated TATB molecule
the NLO-inactiveP1 polymorph in TATB powder, the result ~@nd theP3, crystal structure is that, in spite of a trigonal
obtained fordyyyof the P3; crystal is a reasonable explanation SYMMetry of the crystal structure, the independent unit in the
of the experimental observations that the powder SHG efficiency unit cell does not have trigonal symmetry and, therefore, has a
for TATB is 3—4 times higher than that of uré. permanent dipole moment.
The above estimations do not take into account the fact that 5 Conclusions
in the TATB crystal individual molecules interact strongly with
their neighbors within one layer through the H-bonds. It may  The origin of second-harmonic generation in TATB has been
be expected that the H-bonding between a nitro (amino) group debated for many years. There are two principal difficulties.
of a molecule and an amino (nitro) group of a neighboring The molecule itself is non-dipolar and the crystal structure
molecule causes an additional polarization of TATB molecules, appeared to be centrosymmetric. The former problem has been
leading to an enhancement of molecular nonlinearity, similarly solved in a number of fundamental papers by Zyss. The latter
to the H-bonding effect found in urea crystéafs. problem has been discussed, using suggestions based on
Using the calculated values of the componédngs andbyvy extremely probable hypotheses. In this paper, a completely new
of the unit cell macroscopic hyperpolarizability per molecule, approach has been used to shed light on the crystallographic
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problem, from which consequences arise for the molecular
problem as well. The crystals are investigated by electron
diffraction and high-resolution imaging. The results are ana-
lyzed using simulation procedures combined with packing
energy calculations. Based on this combination of procedures,
the following points are shown.

(1) There is polymorphism and one of the structures is
centrosymmetric.

(2) There is a second type of crystal which is non-
centrosymmetric and which is responsible for second-harmonic
generation.

(3) On the basis of the experimental evidence it is shown
that the arrangement of molecules in the unit cell is such that
there are 12 molecules along tleeaxis grouped in three
independent units consisting of four molecules each.

(4) This structure is shown to have a very reasonable cohesive

packing energy.

Voigt-Martin et al.

(5) Oudar, J. LJ. Chem. Phys1977, 67, 446.

(6) Zyss, J.; Ledoux, IChem. Re. 1994 94, 77.

(7) Zyss, JNonlinear Opt.1991 1, 3.

(8) Baldridge, K. K.; Siegel, J. S. Am. Chem. So4993 115 10782.
(9) Cady, H. H.; Larson, AActa Crystallogr.1965 18, 495.

(10) Ledoux, l.; Zyss, J.; Siegel, J. S.; Brienne, J.; Lehn, JChem.
Phys. Lett.199Q 172, 440.

(11) Filippini, G.; Gavezzotti, AChem. Phys. Lettl994 231, 86.

(12) (a) Maker, P. DPhys. Re. A 197Q 1, 923. (b) Chemla, D. S;
Oudar, J. L.; Jerphagnon, Bhys. Re. B 1975 12, 4534. (c) Joffre, M.;
Yaron, D.; Silbey, R. J.; Zyss, J. Chem. Physl992 97, 5607. (d) Zyss,
J.J. Chem. Phys1993 98, 6583. (e) Verbiest, T.; Clays, K.; Samyn, C.;
Wolff, J. J.; Reinhoudt, D.; Persoons, 8. Am. Chem. Sod994 116,
9320. (f) Brelas, J.-L. Meyers, F.; Pierce, B. M.; Zyss,JJ.Am. Chem.
So0c.1992 114, 4928. (g) Bféas, J.-L.; Dehu, J.; Meyers, F.; Persoons,
A.; Zyss, J.Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.1894 6 (3—4),
263. (h) Cross, GNature1995 374, 307.

(13) Gavezzotti, AAcc. Chem. Red.994 27, 309.

(14) Wolff, J. J.; Limbach, H.-HLiebigs Ann. Cheml991, 691.

(15) Loos-Wildenauer, M.; Kunz, S.; Voigt-Martin, I. G.; Yakimanski,
A.; Wischerhoff, E.; Zentel, R.; Tschierske, C.;"Mar, M. Adv. Mater.

(5) The independent unit possesses a dipole moment, andl995 7, 170.

therefore, there should be a dipolar contribution to the quadratic
susceptibility of the crystals. In addition, there is an octopolar
contribution which was shown previously to be the only one
for a single TATB molecule.

(6) The individual components of the dipole moment vector,
u, and hyperpolarizability tensor per unit cdd|,are calculated
by the PM3 method in relation to the crystal axes. The
hyperpolarizability tensor componertyvy is shown to be
considerable. It is known that the calculations of molecular
f-tensors based on the semiempirical quantum chemical method
are rather inaccurate, but usually represent a lower limit. The
calculations, therefore, explain the observed large second
harmonic generation effect.

From this combination of experimental results and theoretical

considerations, the model suggested in this paper seems to b%p

highly probable and will hopefully lead to a fruitful search for
similar molecules with excellent NLO properties.
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