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in the Engineering of Highly Anisotropic Organic 

Molecular Crystals 

Michael Lewis, Zhengyu Wu, and Rainer Glaser* 

Department of Chemistry, University of Missouri at Columbia, Columbia, MO 65211 

A n arene-arene double T-contact describes a pair of  intermolecular 
arene-arene T-contacts between two molecules that each contain 
two spacer-connected arene rings. W e have been employing such 
double T-contacts as lateral synthons in the crystal engineering o f 
h igh ly anisotropic organic crystals. In particular, this type o f 
intermolecular interaction has been employed as a stabilizing factor 
to overcome the intrinsic preference for the anti-parallel alignment 
o f dipolar molecules. Here , we review pertinent properties o f 
benzene and o f the benzene-benzene interaction and present and 
discuss arene-arene double T-contacts in crystals of a representative 
number o f symmetrical and unsymmetrical acetophenone azines, 
X-C6H4-CMe=N-N=CMe-C6H4-Y, including the structures o f 
two near-perfectly dipole parallel-aligned crystals. 

Introduction 

For materials to exhibit N L O activity ( i ) two physical properties are essential. First, 
a crystal must be asymmetric. For organic crystals, this prerequisite is relatively easy 
to meet because 20% o f a l l organic molecules crystallize in chiral space groups (2). 
The second and much more challenging criterion for a crystal to be N L O active is the 
presence o f a macroscopic dipole moment. This is not t r iv ia l , because most polar 
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molecules tend to pack such that their dipole moments cancel each other (Scheme la ) , 
thus g iv ing a crystal dipole moment o f zero. M o s t crystals that exhibit a non-zero 
dipole moment do so because o f an incomplete cancellation o f the molecular dipole 
moments (Scheme lb ) . In those cases, the crystal dipole moment is considerably less 
than the sum o f the molecular dipole moments and such cases are far from ideal. The 
most desirable result is perfect dipole alignment (Scheme l c ) so that the dipole 
moment o f the crystal is equal o f at least approximately equal to the sum o f the 
individual molecules. 

M-crystal ^Mrnolecule 0 

^ £ ^ 7 

(b) 

^crystal « ^Mrnolecules 

(c) 
M'crystal S^^oiecuies 

Scheme 1. (a) Complete cancellation, (b) incomplete or partial cancellation and (c) 
complete reinforcement of molecular dipole moments. 

W h i l e the interest i n polar organic materials has been t ight ly l i nked to 
applications i n nonlinear optics, h ighly polar crystalline materials are o f interest i n 
and o f themselves. Molecu la r orientation and parallel dipole alignment is important 
for many optical and electrical applications. A polar, anisotropic environment is key 
for nonlinear optical responses in crystals (vide supra) and i n l iqu id crystals (3, 4, 5). 
S imi l a r l y , the N L O act ivi ty o f dyes i n polymer f i lms depends on the paral le l 
alignment o f molecular dipole moments (6). Other optical phenomena that depend on 
molecular anisotropy include thermal conductivity (7), ferroelectric responses (8) and 
ferroelastic responses (9). F r o m a fundamental point o f v i ew, our materials w i l l 
a l low for systematic studies o f the effects o f a highly polar environment on molecular 
properties. The polar alignment o f the molecules w i l l cause large electric fields 
within the crystals and the properties o f the free molecule and o f the molecule in the 
crystal can be expected to be quite different. It is possible to measure internal electric 
fields wi th atomic resolution (70, 11) and our work might enable systematic studies 
o f internal electric fields in polar crystals. 

W e have designed donor-acceptor-substituted π-conjugated molecules (Scheme 
2) aimed at overcoming the parallel dipole alignment challenge by incorportating 
structural motifs that enhance the l ike l ihood of obtaining the scenario illustrated in 
Scheme l c . The first key issue o f our design concept is the minimiza t ion o f the 
ground state dipole moment. Rela t ive ly small ground state dipole moments are 
required to min imize the intr insic advantage of the d ipole antiparal lel-al igned 
arangement over the dipole parallel-aligned arrangement. This design feature is 
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accomplished by plac ing an azine bridge in the center o f the molecule. The azine 
bridge can be v iewed as two polar acceptor imine groups wi th opposite orientations, 
and thus acts as a conjugation stopper (12) (Scheme 2). The imine-acceptor 
conjugation in one ha l f o f the molecule results only in a very small contribution to the 
overall dipole moment for that segment. The overall dipole moment is largely due to 
the donor-imine conjugation. Our ab initio studies have shown that the azine bridge 
is effective i n preventing through-conjugation when placed between donor- and 
acceptor-substituted π - s y s t e m s (12) and extensive N M R studies fully support this 
v iew (13). The second important design concept is the use o f aromatic systems as 
alignment units (Scheme 2). Intermolecular arene-arene interactions (vide infra) are 
employed to compensate for electrostatic repulsions o f parallel dipole alignment. 

π - A c c e p t i n g G r o u n d State 
Con juga t ion Stopper 

π - D o n o r A l i g n m e n t 
U n i t 

A l i g n m e n t π - A c c e p t o r 

U n i t 
• 

Scheme 2. Dipole design concept. The azine bridge acts as a π-accepting 
conjugation stopper and the phenyl rings function as lateral synthons whose 
intermolecular interactions help to overcome the intrinsically preferred antiparallel 
dipole alignment of molecular dipoles. 

In this context we have been investigating the stereochemistry (14, 15, 16), 
electronics (12,14,16) and crystal packing (14, 16, 17, 18,19, 20, 21) o f symmetric 
and unsymmetric acetophenone azines with aims at overcoming the dipole alignment 
challenge. The azines that we have studied have the general structure shown i n 
Scheme 2. A l l o f the crystal structures we have obtained thus far have intermolecular 
double arene-arene interactions as the dominant packing mot i f thus underscoring the 
importance o f arene-arene interactions in controll ing the packing. A double arene-
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arène interaction occurs when two arene rings o f one molecule interact with the two 
arene-arene rings o f an adjacent molecule. In this chapter, we w i l l briefly review the 
literature on pertinent properties o f benzene and o f the benzene-benzene interaction 
and present and discuss arene-arene double T-contacts in crystals o f a representative 
number o f symmetrical ( X = Y ) and unsymmetrical (Χ Φ Y ) acetophenone azines, 
X - C 6 H 4 - C M e = N - N = C M e - C 6 H 4 - Y , including the structures o f two near-perfectly 
dipole parallel-aligned crystals. 

Benzene Structure and Quadrupole Moment 

Benzene has only one unique diagonal traceless quadrupole moment tensor com­
ponent, Θζζ (z-axis is symmetry axis), w h i c h can be measured v i a electric f ie ld 
gradient induced birefringence (22) and diode laser spectroscopy (23). The most 
recent measurement is that o f Sumpf (23) wh ich gave Θ ζ ζ = - 1 . 0 · 10* 2 5 esu. This 
value is close to the frequently cited value o f Bzz = -6 .47 ± 0.37 a.u. reported in 1981 
by Battaglia and Buckingham from birefringence data (22). Because the birefring­
ence method is the most popular way for the determination o f quadrupole moments, 
we use that experimental value for comparison to our ab initio calculations. 

The first structure determination o f benzene was that o f C o x (24) in 1932; X - r a y 
diffraction o f a single crystal at -22°C showed a D6h structure wi th a C C bond length 
o f about 1.42 Â . The most precise structural work is the electron diffraction study o f 
Strand (25) wh i ch yielded equil ibrium distances r e ( C C ) = 1.3929 Â and r e ( C - H ) = 
1.0857 Â and we used this geometry for our benzene quadrupole moment (single 
point) calculations. Results o f our calculations o f the quadrupole moment o f benzene 
are given i n Table 1 (26). A l l unabridged quadrupole moment tensor components are 
negative. The negative charge (electrons) is distributed further from the center o f 
mass than the positive charge (nuclei) and the quadrupolarity o f benzene molecule can 
thus be characterized as {- + -} i n every direction. Qzz is about 2 5 % larger i n 
magnitude than and Q ^ . Compared with the experimental value -6.47 ± 0.37 au 
(22), our data fall into a ± 1 0 % error range. R H F / c c - p V D Z and R H F / c c - p V D Z + + give 
the closest values. The choice o f a good basis set is the most critical issue. 

Table I. Quadrupole Moment Tensor Components and Quadrupole Moment 
Method/Basis Set Qxx Qyy Qzz" <Qu>' e a e b %Error 

RHF/6-311G(d,p) -31.670 -40.631 -34.657 -8.962 -6.663 3.137 
RHF/6-311++G(d,p) -31.936 -41.319 -35.063 -9.383 -6.976 7.991 
RHF/6-311G(2d,p) -31.532 -40.409 -34.491 -8.877 -6.600 2.166 
RHF/6-311++G(2d,p) -31.835 -41.251 -34.974 -9.415 -7.000 8.359 
R H F / c c - p V D Z -31.775 -40.381 -34.644 -8.606 -6.398 -0.956 
R H F / c c - p V D Z + + -31.671 -40.504 -34.615 -8.833 -6.567 1.654 
MP2/6-311G(d,p) c -32.240 -39.972 -34.817 -7.732 -5.748 -11.014 
MP2/6-311++G(d,p) c -32.540 -40.779 -35.286 -8.239 -6.126 -5.174 
a Units in D Â . ''Units in a.u. C M P 2 active space included al l electrons. 
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Benzene-Benzene Interactions 

The structure o f benzene dimer has been studied theoretically (27) and experimentally 
(28) in the gas-phase, solution-phase and the sol id state and al l results suggest that the 
edge-to-face structure, or T-contact ( A and Β i n Scheme 3), is more stable than the 
parallel-displaced face-to-face structure ( C ) . The T-shaped structure can form 
numerous geometries, two o f which are shown as A and Β in Scheme 3 wi th the most 
stable structure being A . 

A B C 

Scheme 3. (a) Edge-to-face contact or T-contact with one C-Hpointing toward the 
benzene π-cloud. (b) T-contact with two C-H bonds pointing to the π-cloud. (c) Off­
set face-to-face contact. 

Initial ab initio gas-phase calculations at the M P 2 / M I D I - l + s , p ( c ) level o f theory (29) 
suggested that there were four energy min ima on the benzene dimer potential energy 
surface (PES) . Three o f the four structures were T-shaped with the most stable one 
illustrated by A and the fourth structure was the parallel-displaced face-to-face 
structure C. The most stable T-structure had an intermolecular distance o f 5.0 Â 
between the molecular centers and was more stable than the parallel-displaced face-
to-face structure wi th an intermolecular distance o f 4.3 Â by approximately 0.4 
kca l /mol (29). Later calculations using the better 6-31+G* (30) and D Z + 2 P (31) 
basis sets in conjunction with the M P 2 method found that the parallel-displaced face-
to-face structure was more stable by 0.9 and 0.2 kca l /mo l , respectively. The 
intermolecular distance for the T-shaped structure was the same as the M P 2 / M I D I -
l+s,p(c) calculations, 5.0 Â between the molecular centers, however the paral lel-
displaced face-to-face structure had much closer intermolecular distance o f 3.85 Â . 
The fact that the T-shaped and parallel-displaced structures o f benzene are nearly 
isoenergetic was reaffirmed using higher levels o f theory, M P 4 and C C S D ( T ) , and 
better basis sets, A U G - c c - p V D Z (32). The C C S D ( T ) / A U G - c c - p V D Z calculations 
have intermolecular distances o f 5.1 and 4.0 Â between the molecular centers for the 
T-shaped and parallel-displace face-to-face structures, respectively. The most recent 
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C C S D ( T ) dynamics calculations on the benzene dimer (33) suggest that there exists 
only one min imum on the P E S and it is the T-structure. This study located four other 
stationary points, however they were either first or second order saddle points. The 
parallel-displaced face-to-face structure C was found to be a transition state for the 
automerization o f the T-structure. The intermolecular distance between the molecular 
centers for the T-shaped structure in this study was 5.21 Â. The T-structure was also 
calculated to be more stable than the face-to-face structure in aqueous solution (34) 
and l i q u i d benzene (35) v i a molecular dynamics and Monte Car lo simulations, 
respectively. The predominant structure for the calculations o f l iqu id benzene is T-
shaped wi th an intermolecular distance o f 5.5 Â between the molecular centers. 
F ina l l y , molecular mechanics calculations aimed at simulating the benzene crystal 
also predict the T-shaped structure to be most stable (36) w i th intermolecular 
distances o f approximately 5.0 Â. 

The large body o f experimental work on benzene dimer also points to the T -
shaped structure being more stable than the face-to-face aggregate. Ea r ly work 
employed electric deflection measurements (37, 38) to show that benzene dimer 
possesses an electric dipole moment, thus ru l ing out face-to-face structure and 
suggesting a T-shaped one. A T-shaped structure was also hypothesized by mass-
selective two-photon ionization experiments (39) and molecular jet optical absorption 
spectra (40). The latter study went so far as to suggest a C2v symmetry for the T -
shaped benzene dimer, however, subsequent time-of-flight multiphoton mass spectra 
(41) revealed that the two benzene rings were not perpendicular but rather they 
deviated from orthogonality by 10°-20° . A binding energy o f 1.6 ± 0.23 kcal /mol was 
determined for this arrangement using a reflection time-of-flight mass spectrometer 
after two-photon ionization (42). M o r e recent mass-selective Raman spectroscopic 
studies (43, 44) and mass-selective hole-burning experiments (45) also point to a 
f loppy T-shaped structure, however one such mass-selective R a m a n study (46) 
reports the presence o f both an edge-to-edge and a T-shaped structure w i t h 
intermolecular distances o f 3.7-4.2 and 5.0 Â , respectively. A more precise 
intermolecular distance o f 4.96 À was reported for the T-shaped dimer us ing 
Bal le /Flygare Fourier transform microwave spectroscopy (47). N M R spectroscopic 
measurements o f neat benzene (48) show the presence o f both the T-shaped and face-
to-face structures wi th the T-shaped structure being favored by approximately 0.7 
kca l /mol . The experimental data on sol id state benzene unambiguously reflects the 
preference for the T-shaped structure. Benzene crystallizes into two unique lattices; 
benzene I is orthorhombic wi th the space group Ybca and benzene II is monocl in ic 
wi th space group P2j /c . The crystal structure o f benzene I was determined by X - r a y 
crystallography at - 3 ° C (49) and by neutron diffraction at - 5 5 and - 1 3 5 ° C (50) and 
the benzene molecules pack at almost perfect right angles, 9 0 ° 2 2 ' , wi th intermolecular 
closest contacts o f approximately 2.75 Â (49). Crystals o f benzene II were grown and 
examined at 2 1 ° C and 25 kilobars (51). The closest intermolecular contacts i n 
benzene II are similar to those i n benzene I however the molecules are no longer 
orthogonal and they pack such that the planes o f the two rings are at 120° angle wi th 
respect to each other (51). 

 Glaser and Kaszynski; Anisotropic Organic Materials 
ACS Symposium Series; American Chemical Society: Washington, DC, 2001. 



103 

Intermolecular Arene-Arene Double T-Contaets 

The prevalent geometric m o t i f o f intermolecular interaction i n our crystals is the 
arene-arene double T-contact. A double T-contact occurs when two phenyl rings o f 
one molecule interact wi th the two phenyl rings o f an adjacent molecule to produce 
two T-contacts. Arene-arene double T-contacts can achieve numerous arrangements 
and three o f them are shown in Scheme 4. Pattern α can only occur when the space 
group connecting the phenyl rings is not twisted and the two phenyl rings wi th in each 
molecule lie i n the same plane. Patterns β and γ are two o f the numerous motifs that 
result from a twisted spacer group wi th orthogonal or nearly orthogonal phenyl rings. 

Scheme 4. Three possible double T-contacts between molecules with two spacer-
connected arene units. 

The azine bridge we employ in our dipolar molecules is the twisted spacer. This may 
seem contrary to simple notions o f conjugation and valence bond theory, however it is 
in line wi th our theoretical v i ew o f the azine bridge as a conjugation stopper. The 
twisted nature o f the azine bridge is not just a result o f packing effects in the crystal, 
but rather it is an intrinsic property that is also witnessed for the free molecules in the 
gas phase and i n solution. Quantum mechanical ab initio calculations show that the 
opt imal structure o f our azines i n the gas phase is a twisted structure (12) and 
extensive N M R studies supporting this v iew (13). The twisted geometry o f the azine 
bridge in our molecules precludes the formation o f double T-contacts o f the a-type 
(Scheme 4). Instead, al l o f the double T-contacts that we observe i n our crystals have 
the general mot i f described by types β and γ. It is important to recognize that β and γ 
are structural isomers or association isomers because the β aggregate can be converted 
into the γ aggregate by moving the top molecule to the bottom. 

Double T-Contacts Between Acetophenone Azines 

The crystal structures o f al l o f our azines are highly anisotropic and they only exist i n 
parallel or antiparallel dipole aligned arrangements. One o f the dr iving forces behind 
this high degree o f orientational order is the double T-contact; double T-contacts are 
the dominant structural mot i f i n every structure. The β- and γ- type double T-contacts 

α β Y 
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for selected symmetric acetophenone azines are shown i n Figures 1 and 2 and the 
double T-contacts for selected unsymmetric azines are given in Figures 3 and 4. In all 
cases, each azine engages in both β- and γ- type double T-contacts. 

Symmetric azines carry two identical substitutents and the three azines shown in 
Figures 1 and 2 are the parent compound (H-H) and the C I - and I-substituted 
molecules (C l -C l and I-I). The key factor governing the formation o f the double T-
contact is the twisted azine spacer group. The three azines a l l assume a gauche 
conformation wi th - C = N - N = C - dihedral values, τ , o f 138.7° , 134.7° and 141.8° for 
H - H , C l - C l and I-I, respectively. The dihedral angles relating the twist o f the two 
phenyl rings wi th respect to the C p a r a - C i m i m bond planes, 0j and φ 2 , are 0.3° and 
19.7° for H - H , 29 .3° and 30 .5° for C l - C l , and 8.0° and 8.0° for I-I. In a l l o f our 
azines the N - N and the two C p a r a - C i m i n e bonds are almost parallel . Therefore, the 
sum o f τ ' (where τ' = 180 - τ ) , φ 1 and φ 2 provides an excellent approximation for the 
angle ω between the best planes o f the benzene rings. The ω values for H - H , C l - C l 
and I-I are 61 .3° , 105.1° and 54 .2° and these angles can be visual ized by looking 
down the N - N bonds as shown on the right side o f Figures 1 and 2. 

The two monomers in each β- and γ- type double T-contact are stereoisomers and 
they can be described by the P / M nomenclature for he l ic i ty (52). In this 
nomenclature the molecule has P-hel ici ty i f the shortest rotation around the N - N bond 
that results in an eclipsing o f the phenyl rings is a clockwise rotation. Conversely, i f 
the shortest rotation to effect eclipsing o f the phenyl rings is counter-clockwise, then 
the molecule has M-he l ic i ty . For the dimers in Figures 1 and 2 the P-stereoisomer is 
always on top and the M-stereoisomer is on the bottom. The views on the right o f 
Figures 1 and 2, looking down the N - N bonds, are illustrate the P - and M-helici t ies i n 
the most compell ing fashion. 

The β- and γ- type double T-contacts formed in the crystal structure o f C l - C l are 
very different than those formed in the crystal structures o f H - H and I-I. The β-type 
double T-contacts (Figure 1) in H - H and I-I are arranged so that the C C aromatic 
bond that is anti to the N - N bond i n the P-stereoisomer is i n contact wi th the C - C 
aromatic bond that is anti to the N - N bond in the M-stereoisomer. In contrast, the β-
type double T-contacts i n C l - C l are arranged so that the aromatic C C bond that is syn 
to the N - N bond in the P-stereoisomer is in contact wi th the aromatic C C bond that is 
anti to the N - N bond i n the M-stereoisomer. L ikewise , a s imilar difference exists 
between the γ - type double T-contacts in the H - H and I-I crystal structures and those 
in the C l - C l crystal structure. The γ- type double T-contacts in H - H and I-I (Figure 2) 
have the C C aromatic bond that is syn to the N - N bond in the P-stereoisomer i n 
contact wi th the C C aromatic bond that is syn to the N - N bond in the M-stereoisomer. 
The γ- type double T-contacts in the Cl-CI crystal structure, however, are between the 
C C aromatic bond that is anti to the N - N bond in the P-stereoisomer and the C C 
aromatic bond that is anti to the N - N bond in the M-stereoisomer. Note that in al l 
three structures each azine partakes in at least one β-type and one γ- type double T -
contact. Therefore, both the syn and anti aromatic C C bonds o f each azine partake i n 
a double T-contact. The double T-contacts i n H - H , C l - C l and I-I deviated from 
orthogonality by 30° , 15° and 35° , respectively, and this is similar to what is observed 
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in experimental work on benzene dimers in the gas phase (41, 43, 44, 45). Gas phase 
experiments predicted a deviation o f 10° to 20° from orthogonality and the crystal 
structure o f benzene II has T-contacts that deviate about 30° from perpendicularity. 

The double T-contacts in the other symmetric acetophenone azines that we have 
studied have the same general mo t i f as those illustrated i n Figures 1 and 2. The 
double T-contacts i n the crystal structure o f 4-bromoacetophenone azine have the 
same general structure as those in the symmetric C l - C l structure. The crystal 
structures o f the symmetric 4-fluoro- and 4-methoxy-substituted acetophenone azines 
have double T-contacts that resemble those in H - H and I-I. 

The crystal structures o f the unsymmetrical acetophenone azines that we have 
studied al l exhibit similar double T-contacts to those in H - H and I-I. Three examples 

Figure 1. Illustration of β-type double T-contacts in the X-ray crystal structures of 
selected symmetric acetophenone azines. Ρ-stereoisomers are on top and the M-
stereoisomers are on the bottom. 
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o f unsymmetrical donor-acceptor-substituted acetophenone azine double T-contacts 
are shown in Figure 3 and 4. T w o o f the examples have a methoxy group as the donor 
substituent and bromine and chlorine as the acceptors, M e O - B r and M e O - C l , and one 
has an amino group as the donor and a nitro group as the acceptor, N H 2 - N 0 2 . The β-
type double T-contacts formed by these three crystal structures are shown in Figure 3 
and the γ- type double T-contacts are illustrated in Figure 4. 

Figure 2. Illustration of γ-type double T-contacts in the X-ray crystal structures of 
selected symmetric acetophenone azines. Ρ-stereoisomers are on top and the M-
stereoisomers are on the bottom. 
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In the same fashion as the symmetric azines, the double T-contacts o f the 
unsymmetrical azines are a result o f the gauche conformations o f the two phenyl 
groups wi th in each monomer. A s was the case for the symmetric azines, the 
- C = N - N = C - dihedral values, τ, are not a lways the same for the P- and M-
stereoisomers. For M e O - B r and M e O - C l the P- and M-stereoisomers do not have the 
exact same structure. The τ -va lues for M e O - B r are 135.8° for the P-isomer and 
137.4° for the M-isomer and for M e O - C l the values are 134.7° and 136.5° . The P-
and M-stereoisomers i n N H 2 - N 0 2 are isostructural and the τ value is 135 .5° . 
Defining the dihedral angles that relate the twist o f the two phenyl rings wi th respect 

Figure 3. Illustration of β-type double T-contacts in the X-ray crystal structures of 
selected unsymmetric acetophenone azines. Ρ-stereoisomers are on top and the M-
stereoisomers are on the bottom. 
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to the C ^ ^ - i m i n e bond planes, (t>j and φ 2 , becomes less arbitrary when the azine is 
not symmetric and we assign ty^ to the phenyl r ing with the donor substituent and φ 2 to 
the acceptor-substituted r ing. For MeO -Br the φ! values are 17.4° for the P- i somer 
and 8.7° for the M-isomer and the φ 2 values are 2.6° (P-isomer) and 13.6° (M-isomer). 
The values for M e O - C l are 15.4° ( φ 1 ? P-isomer) , 7.9° ( φ 1 ? M- i somer ) , 3.3° (φ^, P -
isomer) and 14.3° ( φ 2 , M-isomer) . The φ! and φ 2 values for N H 2 - N 0 2 are 10.7° and 
8.1°, respectively. Thus, the angle ω between the best planes through the benzene 

Figure 4. Illustration of the γ-type double T-contacts in the X-ray crystal structures of 
selected unsymmetric acetophenone azines. Ρ-stereoisomers are on top and the M-
stereoisomers are on the bottom. 
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rings for M e O - B r is 64.2° for the P-isomer and 64 .9° for the M-isomer. For M e O - C l 
the ω values are 64 .0° and 65.7° for the P- and M-stereoisomers, respectively. The 
ω value for N H 2 - N 0 2 is 63 .3° . These angles are best visual ized v i a the Newman-
type views down the N - N bonds shown on the right side o f Figures 3 and 4. 

The β- and γ- type double T-contacts formed in the crystal structures o f MeO-Br , 
M e O - C l and N H 2 - N 0 2 a l l have the same m o t i f as those formed in the crystal 
structures o f H - H and I-I. The β-type double T-contacts o f M e O - B r , M e O - C l and 
N H 2 - N 0 2 (Figure 3) are arranged so that the C C aromatic bond that is anti to the 
N - N bond in the P-isomer is in contact with the C C aromatic bond that is anti to the 
N - N bond in the M-isomer . The γ- type double T-contacts in M e O - B r , MeO-Cl and 
N H 2 - N 0 2 (Figure 4) have the C C aromatic bond that is syn to the N - N bond in the P -
isomer in contact wi th the C C aromatic bond that is syn to the N - N bond in the M -
isomer. A s was the case for the symmetrical azines, the syn and anti aromatic C C 
bonds o f each unsymmetrical azine monomer partake in at least one β-type and one γ-
type double T-contact . The double T-contacts i n the three unsymmetr ica l 
acetophenone azine crystal structures shown i n Figures 3 and 4 a l l deviate from 
orthogonality by 20° to 25° and this further supports the experimental and theoretical 
preference for non-perpendicular arene-arene T-structures. The crystal structures o f 
other donor-acceptor-substituted mixed acetophenone azines studied in our group also 
contain monomers wi th gauche conformations and the dimers form similar motifs as 
in MeO-Br , M e O - C l and N H 2 - N 0 2 . 

Summary 

The quadrupole moment o f benzene is significant and we employ this property 
o f aromatic systems i n the design o f parallel dipole aligned materials. The intrinsic 
conformational preferences and flexibil i ty o f azines a l low for optimal intermolecular 
double T-contacts. The dipole moment in a l l o f our mixed azines is along the N - N 
bond and thus, Figures 3 and 4 illustrate the near perfect parallel dipole alignment in 
the crystal structures o f M e O - B r and M e O - C i The molecular dipole moments o f the 
MeO-Hal azines are 3-4 D in the gas phase (12) and the degree o f alignment achieved 
in their crystals exceeds 90 percent o f the optimal value (20). In a l l o f the other 
unsymmetrical azine crystals that we have studied the monomers al ign such that 
complete dipole cancellation is observed and an example o f this is N H 2 - N 0 2 (Figures 
3 and 4). The anti-parallel dipole aligned crystals w i l l never show any nonlinear 
optical properties, however they are important when discussing the directing effects o f 
aromatic rings in the crystal structures o f acetophenone azines. W e only observe 
parallel and anti-parallel dipole alignment w i th in the double T-contacts o f our 
crystals. Never do we witness any intermediate crystal packing moieties. This high 
degree o f anisotropy is achieved because the arene-arene double T-contact acts as an 
extremely efficient lateral synthon. 
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