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The molecular and crystal structure of the classic nematogen 4-
methoxybenzylidene-4'-n-butylaniline (MBBA) was determined by X-ray diffrac-
tion method at —163°C (diffractometer Nicolet R3m/V, Mo-radiation, 2256
observable reflections, R =0-058). The monocrystal of MBBA was grown from the
polycrystalline sample in a thin capillary at —163°C by a new method using
miniature zone melting procedure with a focused IR laser beam for producing a
local molten zone. The crystals are orthorhombic: a=14:908(4) A, b=8-391(3) A,
c=18411(4)A, Z=6, space group P 2,. Three independent molecules in the
crystal have slightly different conformations but the geometric parameters are
normal. The molecular packing is smectic-like and is characterized by the presence
of layers parallel to (001), the thickness of the layer is close to the c axis of the unit
cell. The relationship between the different phases of solid MBBA is discussed.

1. Introduction

4-Methoxybenzylidene-4'-n-butylaniline (MBBA) is a widely known thermotropic
mesogenic material which is used in many aspects as a model compound for liquid
crystal studies. It forms a nematic phase near room temperature between 19 and 36°C
and in most handbooks on liquid crystals (see, for example, [1, 2]} it is cited as the
simplest and classic representative of this kind of liquid crystal mesophase. The
elongated molecule of MBBA contains a central ‘rigid’ fragment and a flexible alkyl
chain on the periphery that is a necessary condition for the formation of this type of
mesophase.

On cooling, MBBA forms a variety of solid state phases, including a glassy state (by
fast cooling) and solid crystalline polymorphic modifications. The pattern of the phase
transitions in solid MBBA is rather complicated: ten different phases of this compound
(including nematic and isotropic) have been found by neutron diffraction, X-ray, DSC
and Raman scattering methods (3—6]. Moreover, solid MBBA is characterized by the
coexistence throughout the whole temperature interval of the solid state of at least two
different modifications at one temperature; this was named in [3] as a multimode
polymorphism. The known solid phases of MBBA are designated as C, (glassy state), C,
and C, (relaxed amorphous states), C; and C, (metastable crystalline states), Cs and Cg
(stable crystalline phases) [5]. Nevertheless, no detailed structural information about
the crystal symmetry, cell parameters, space group, molecular and crystal structure of
MBBA for even one of these solid phases has been known until now, despite the
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numerous attempts of growing monocrystals of this compound by crystallization from
different solvents, directly from the melt or from the mesophase [7]. The low melting
point and the very complicated nature of the polymorphism of MBBA, especially near
this point, prevented the growth of monocrystals suitable for X-ray or neutron
diffraction studies.

On the other hand, monocrystal structural data for solid precursors of the different
liquid-crystalline phases are sometimes very important for understanding the essential
features of the molecular organization in the mesophases, where usual diffraction
methods alone cannot give unequivocal information about the mesophase structure.

It was shown earlier by a series of investigations (see, for example, the reviews [8, 97)
that some supramolecular fragments (molecular associates formed by strong inter-
molecular interaction) such as stacks and layers, which are often present in the crystal
structures, may also be retained in the mesophases. If this general approach is to be
taken into account, it is clear that direct information about the molecular and crystal
structure of MBBA is of great interest. It is obvious, however, that the solution of this
problem is related mainly with the development of some new crystallization methods of
this low melting compound.

One of the well-known techniques for growing suitable monocrystals for X-ray data
collection of low melting materials directly in the diffractometer is miniature zone
melting crystallization with samples sealed in capillaries, flushed by a cold gas stream.
Different methods for local heating and melting the samples in the thin walled
capillaries have been used and applied for numerous structure determinations [10-12].
By far the most advantageous in many respects is the use of focused infrared light, from
a halogen lamp [10]. However, high temperature gradients cannot be reached in all
of these procedures. It was shown [13] that using an adjustable (control unit
Type 05 LCM 350, Mellers—Girot) CO, laser beam (20 W, Type 05 CRF 222-1,
Mellers—Girot) on an optical bench and focusing the beam with a ZnSe lens
(f=127mm, diameter of the beam at the capillary approximately 0-2mm) and a
turnable mirror for controlling the focus position provides the possibility to obtain a
very high temperature gradient and a very fine molten zone by local heating of the
sample in the capillary. The scanning speed of the laser beam has to be adjusted to the
crystallization speed of the sample under investigation and the beam intensity must be
just sufficient to melt the material according to the temperature of the cold gas stream
which is cooling the capillary. Intermediate phases between the liquid state and the
phase to be investigated may be avoided, therefore, in this procedure which is essential
to obtain monocrystals of the polymorphic modifications of different substances,
including MBBA.

This technique for growing the MBBA monocrystal at — 163°C using a CO, laser
beam for producing a molten zone within the polycrystalline material was applied and
the crystal and molecular structure of the low temperature phase of this compound is
presented here.

2. Experimental, structure solution and refinement
MBBA was placed in a 0-3 mm quartz capillary and cooled in a Nicolet R3m/V
diffractometer (MoK, radiation, graphite monochromator)to — 163°C. A crystal was
grown by means of a miniature zone melting procedure using a focused infrared laser
beam [13]. Several scanning cycles of the molten zone along the capillary (speed
0-5mmh™!, at a capillary length of 6 mm) purified the sample and simultaneously
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provided a cylindrical monocrystal. The laser beam intensity was set to approximately
S per cent of the maximum power (20 W).

The cell dimensions were determined from the diffractometer angles of 30
centred reflections (15°<20<25%): a=14908(4)A, b=8391(3)A, c=18411(4)4,
B=96-40(2)°, V=2288-7 A3, Z =6, monoclinic, spacegroup P 2,, pouc=1-169 gcm 3,
p=006mm ™. The intensities were measured with Wyckoff scan mode (scan range
=065°) for +h+k+! in the 2@ range 3°-50°. With Lorentz and polarization
corrections a volume correction for cylindrical crystals exceeding the diameter of the
incident X-ray beam has been applied. The structure solution was performed by direct
methods, atomic positions were refined in full matrix least squares using SHELXTL-
Plus (Vers. 42/V). The refinement included anisotropic displacement parameters for
non-hydrogen atoms and isotropic thermal parameters for hydrogen atoms, 540
parameters, 3000 unique inteunsities and 2256 observed (F,>=40(F,)), R=0-0582, R,
=0-0568, w™'=0g%(F,)+0-00081*FZ, no extinction correction, maximum residual
electron density 0-289 ¢/A ~3. The atomic coordinates are listed in table 1 bond lengths
are given in table 2 and angles in table 3.

3. Results and discussion

3.1. Molecular geometry and conformation

The unit cell of the low temperature phase of MBBA studied contains three
independent molecules (figure 1), their conformations being different. In figure 2 all of
the three independent molecules superimposed on the central -C—-C=N- plane are
shown schematically. This kind of so-called conformational polymorphism is quite
usual for solid crystals structures of the precursors to the liquid-crystalline phase.

The geometry of the MBBA molecules is quite normal and close to that for other
known 4,4'-disubstituted benzylideneaniline (BA) derivatives [7, 14-16]. The central
BA fragment is essentially non-planar for the first (I) and second (II) independent
molecules: dihedral angles ¢ and 3 (see figure 3) are equal to 3-9 and 24-1° for I, and 6-5
and 27-7° for II, the inter-ring mean plane angle being 27-7 and 29-6°, respectively. In
contrast to I and II the third independent molecule (ITT) the same BA fragment is almost
planar; ¢=2-5°, 3=2-2°, the angle between ring planes is 4-6°. The torsion angles
1(C-C=N-C)are 1(I)= — 177-4°, 1(II) = 176-0° and (11T} = 178-9°. According to ab initio
calculations [17], the minimum energy of the BA molecule in the free state corresponds
to dihedral angles ¢=0° and $=45°. Our data for MBBA and numerous X-ray
structural data for its mesogenic fluorinated analogues [ 7, 14-16] show unequivocally
that in the crystal state these two angles in BA derivatives are characterized by a large
scatter (¢=0-15° and 3=2-52° [7]) which may be explained by the crystal field
influence on the molécular conformation. As is known, more effective and energetically
favourable crystal packing may result to the observed conformational changes [18].

The conformation and orientation of the terminal butyl groups is also different for
molecules I-II1. In molecules I and III these groups have an almost planar transoid
conformation with torsion angles C(12)-C(15)-C(16)-C(17) 173-7°, C(15-C(16)-C(17)-
C(18) —178-7° in T and C(52)-C(55)-C(56)-C(57) 179-6°, C(55)-C(56)-C(57)-C(58) 173-7°
in IT1. All atoms of the butyl groups are coplanar within 0-008 and 0-038 A and dihedral
angles between their planes and phenyl rings planes are equal to 67-0 and 77-3°. In
molecule II torsion angles C(32)}-C(35}-C(36)-C(37) —177-1° and C(35)-C(36)-C(37)-
C(38) —68-6° correspond to a nearly gauche conformation of the side chain. Atoms C(32),
C(35), C(36), C(37) are coplanar within 0-018 A and C(38) deviates from this plane by
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Table 1. Atomic coordinates and equivalent isotropic displacement factors of MBBA.

x/1074 /1074 z/1074 U,.,/107! pm?t
) 3614(5) 693 7598(4) 349(30)
Q) 4306(5) 1422(16) 7297(3) 359(29)
i) 4335(4) 1477(15) 6555(3) 262(26)
C(4) 3648(4) 745(15) 609203) 276(27)
a(5) 2041(5) —11(15) 6397(4) 335(28)
C(6) 2925(4) —12(15) 7145(3) 335(28)
) 3686(4) 668(15) 5293(3) 255(26)
C(8) 4397(4) 1116(15) 4246(4) 250(27)
Cc9) 4876(4) 2281(15) 3921(3) 318(28)
C(10) 5007(5) 2175(16) 3177(4) 328(29)
C(11) 4656(4) 925(16) 275603) 275(28)
C(12) 4179(5) —237(15) 3097(4) 335(29)
C(13) 4052(5) — 148(15) 3829(3) 302(28)
C(14) 4772(5) 828(16) 1943(3) 396(31)
(15) 3980(5) 1471(19) 1475(4) 686(42)
C(16) 4039(6) 1327(19) 648(4) 781(45)
Cc(17) 4762(6) 2402(21) 387(5) 934(55)
C(18) 2972(6) —86(18) 8670(4) 574(38)
C(19) 7375(4) 1427(15) 6169(3) 282(27)
C(20) 8050(4) 2082(15) 5779(3) 299(28)
ce1) 7989(d4) 1753(15) 502703) 293(28)
c22) 7297(4) 876(15) 4678(3) 276(27)
C(23) 6625(4) 250(15) 5083(4) 310(27)
C(24) 6673(4) 517(15) 5827(3) 206(28)
C(25) 7228(5) 527(15) 3880(3) 274(27)
C(26) 7757(4) 765(14) 2740(3) 255(26)
c@) 8414(4) 1494(16) 236203) 321(28)
C(28) 8431(5) 1201(16) 1630(3) 331(28)
C(29) 7825(5) 211(16) 12303) 312(27)
C(30) 7152(5) —491(16) 1609(4) 380(30)
C(31) 7116(5) —214(16) 2347(4) 379(31)
C(32) 7854(5) — 105(16) 431(3) 410(31)
C(33) 7177(4) 891(15) —62(3) 361(29)
C(34) 7210(4) 548(16) —875(3) 353(29)
C(35) 6473(5) 1398(17) —1357(3) 497(33)
C(36) 8038(5) 2621(15) 727903) 387(31)
ci37) 1240(4) 1456(15) 3578(03) 256(26)
C(9) 1708(5) 2219(15) 419003) 278(27)
C(39) 1398(4) 1952(16) 4866(3) 316(29)
C(40) 647(4) 1036(15) 4946(3) 245(25)
C(41) 194(4) 305(15) 4322(3) 263(27)
C(42) 488(4) 550(15) 3643(3) 275(26)
C(43) 346(4) 764(15) 5668(3) 312(28)
C(44) 481(4) 1132(15) 6940(3) 238(26)
C(45) 728(4) 2266(15) 7465(3) 289(27)
C(46) 513(5) 2060{16) 8175(3) 314(29)
(a7 92(8) 700(15) 8376(3) 264(27)
C(48) —138(5) —466(15) 7859(4) 298(27)
C(49) 61(4) —250(16) 713303) 296(28)
C(50) ~100(5) 477(16) 9168(3) 350(29)
C(51) 767(4) 350(16) 9697(3) 371(28)
C(52) 569(5) 311(17) 10500(3) 443(31)
C(53) 1415(5) 225(17) 11017(4) 594(38)
C(54) 2222(5) 2647(16) 2786(4) 428(33)
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x/107* y/1074 z/10~* U,,/10~! pm?t
o(l) 3675(3) 688(13) 8348(2) 394(20)
o) 7347(3) 1662(13) 6905(2) 293(18)
003) 1479(3) 1636(13) 2882(2) 343(19)
N(1) 4348(4) 1296(14) 5006(3) 270(22)
NQ) 7813(4) 1119(14) 3497(3) 357(25)
NQG3) 749(3) 1446(14) 6230(3) 274(22)

1 Equivalent isotropic U calculated as one third of the trace of the orthogonalized U;; tensor.

Table 2. Bond distance () in MBBA.

C(1)-C(2)
C(1)}-0(1)
CR)-C4)
C(4-C(7)
C(T-N(1)
C(8-C(13)
C(9-C(10)
C(11)-C(12)
C(12)-C(13)
C(15)-C(16)
C(18)}-0(1)
C(19)-C(24)
C(20}-C(21)
C(22}-C(23)
C(23)-C(24)
C(26)-C(27)
C(26)}-N(2)
C(28)-C(29)
C(29)-C(32)
C(32)-C(33)
C(34)}-C(35)
C(37)-C(38)
C(37-0(3)
C(39)-C(40)
C(40)-C(43)
C(43-N(3)
C(44)-C(49)
C(45)-C(46)
C(47)-C(48)
C(48)-C(49)
C(51)-C(52)
C(541-0(3)

1-368(11)
1:373(8)

1-400(11)
1-479(9)

1-284(10)
1:375(15)
1-409(10)
1:397(14)
1:383(10)
1:539(10)
1-419(12)
1:388(12)
1-404(9)

1-413(11)
1:382(9)

1-402(12)
1-420(9)

1378 (13)
1-499(9)

1:529(12)
1-512(12)
1-410(11)
1:376(8)

1:379(13)
1-467(9)

1:272(10)
1:382(16)
1:392(10)
1:382(14)
1-413(10)
1-540(9)

1-421(12)

C(1)-C(6)
C(2)-C(3)
Ca-C(5)
C(5)-C(6)
C(8)-C(9)
C(8)-N(1)

C(10)-C(11)
C(11)-C(14)
C(14)-C(15)
C(16)-C(17)
C(19)-C(20)

C(19)-0(2)
C21)}-C(22)

C(22)-C(25)

C(25}-N(2)

C(26)-C(31)
C(27}-C(28)
C(29)-C(30)
C(30}-C(31)
C(33}-C(34)

C(36)-0(2)

C(37)-C(42)

C(38)-C(39)

C(40)-C(41)
C(41)-C(42)
C(44)-C(45)

C(44)-N(3)

C(46)-C(47)
C(47)-C(50)
C(50)-C(51)
C(52)-C(53)

1:381(10)
1:372(9)
1-400(12)
1:381(9)
1:385(14)
1-417(8)
1:373(15)
1-528(9)
1483 (12)
1-524(18)
1-411(11)
1:376(8)
1:367(12)
1-492(9)
1:281(11)
1-399(13)
1-374(9)
1-413(12)
1:386(10)
1:531(9)
1-423(11)
1:371(12)
1:393(10)
1-408 (11)
1-385(9)
1:377(14)
1-434(9)
1:372(16)
1-528(9)
1-532(9)
1-496 (10)
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Table 3. Bond angles (°) in MBBA.

C2)-C(1)-C(6) 1193 (6) C(2)-C(1)-O(1) 116:1(6)
C(6)-C(1)-0(1) 124-5(6) C(1-C(2-C(3) 121-9(7)
C(2)-C(3)-C(4) 1192(7) C(3)-C(4)-C(5) 1192(6)
C(3)-C(4)-C(7) 1212(7) C(5)-C(4)-C(7) 1196(7)
C(4)-C(5)-C(6) 1199(7) C(1)-C(6)-C(5) 120:5(7)
C(4)-C(7)-N(1) 120:5(7) C(9)-C(8)-C(13) 118-8(7)
C(9)-C(8)-N(1) 1159(9) C(13)-C(8)-N(1) 1252(9)
C(8)-C(9)-C(10) 1207(10) C(9)-C(10)-C(11) 120-8(10)
C(10-C(11)-C(12) 117-4(7) C(10)-C(11)-C(14) 121-1(9)
C(12)-C(11)-C(14) 121-5(9) C(11)-C(12)-C(13) 1222(10)
C(8)-C(13)-C(12) 1202(10)  C(11-C(14)-C(15) 112:4(7)
C(14)-C(15)-C(16) 1146(8) C(15)-C(16)-C(17) 1127(9)
C(20)-C(19)-C(24) 121-8(6) C(20)-C(19)-0(2) 1232(8)
C(24)-C(19)-0(2) 1150(7) C(19)-C(20)-C(21) 1170(8)
C(201-C(21)-C(22) 1220(7) C(21)-C(22)-C(23) 1196(6)
C(21)-C(22)-C(25) 1223(7) C(23)-C(22)-C(25) 1181(7)
C(22)-C(23)-C(24) 1200(8) C(19)-C(24)-C(23) 119:5(7)
C(22}-C(25}-N(2) 1193(8) C(27)-C(26)-C(31) 118-4(6)
C(27)-C(26)-N(2) 1154(8) C(31)-C(26)-N(2) 1263 (7)
C(26)-C(27)-C(28) 1199(8) C(27)-C(28)-C(29) 1234(8)
C(28)-C(29)-C(30) 116:5(6) C(28)-C(29)-C(32) 122-8(8)
C(30)-C(29)-C(32) 1208 (8) C(29)-C(30)-C(31) 121:5(9)
C(26)-C(31)-C(30) 120:4(8) C(29)-C(32)-C(33) 1133 (8)
C(32)-C(33)-C(34) 112-8(8) C(33)-C(34)-C(35) 1126(7)
C(38)-C(37)-C(42) 121-2(6) C(38)-C(37-0(3) 122:5(8)
C(42)-C(37-003) 1162(7) C(37)-C(38)-C(39) 117:2(8)
C(38)-C(39)-C(40) 1226(7) C(39)-C(40)-C(41) 118:5(6)
C(39)-C(40)-C(43) 121-2(7) C(41)-C(40)-C(43) 1203 (8)
C(40)-C(41)-C(42) 1200(8) C(37)-C(42)-C(41) 120:3(7)
C(40)-C(43)-N(3) 1201 (8) C(45)-C(44)-C(49) 119-5(7)
C(45)-C(44)-N(3) 1156 (9) C(49)-C(44)-N(3) 1247(9)
C(44)-C(45)-C(46) 1201(10)  C(45)-C(46)-C(47) 121-1(9)
C(46)-C(47)-C(48) 1193(7) C(46)-C(47)-C(50) 1199(9)
C(48)-C(47)-C(50) 1208(10)  C(47)-C(48)-C(49) 1199(10)
C(44)-C(49)-C(48) 1200(9) C(47)-C(50)-C(51) 1123(5)
C(50}-C(51)-C(52) 1120(5) C(51)-C(52)-C(53) 112:0(6)
C(1}-0(1)-C(18) 1169 (6) C(19}-0(2)-C(36) 1173(6)
C(37)-0(3)-C(54) 117-8(6) C(7)-N(1)-C(8) 119:3(7)
C(25)-N(2)-C(26) 1194(8) C(43)-N(3)-C(44) 1203 (8)

1:27A. The dihedral angle between the mean plane butyl group (four C atoms are
coplanar only within 0-229 A) and ring plane is equal to 54-7°. Nevertheless, despite the
different conformation, all three independent MBBA molecules have nearly the same
length in the crystal, the intramolecular distances C(1)...C(18), C(21)...C(38) and
C(41)...C(58) are 15447, 1591 and 15-85A. It should be noted that none of these
molecules has the extremely elongated possible length because the flexible alkyl chains
are inclined to the nearest ring planes and thereby MBBA molecules have a slightly
curved shape.

3.2. The molecular packing
Crystal packing projections of the MBBA structure are shown in figures 4 and 5.
The long axis of all molecules in the crystal are oriented in the same direction (nearly
along the ¢ axis). This parallel packing mode is quite usual for the solid crystal state of
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Figure 1. The molecular structure of MBBA with the numbering scheme of the three
independent molecules.

Figure 2. Superimposition of the three independent molecules of MBBA.

¢ 1]

Figure 3. The definition of the interplanar angles in the BA moiety of MBBA.
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SN SS

Figure 5. Molecular packing of MBBA in the 001 direction.

7
4

the nematic precursors. The long axis of the independent molecules I and III are
antiparallel, but molecule 11 is oriented nearly parallel to 1. Nevertheless, the crystal
packing type in MBBA, found in this work, differs essentially from that typically found
for nematics.

The more important feature of the packing motive in the MBBA phase studied is
that the molecules are associated in layers parallel to (001), which are clearly seen in
figures 4 and 5. Each molecule in the layer is surrounded by six neighbours and its
orientation is nearly normal to the mean plane of the layer. The thickness of the layer is
close to the ¢ axis of the unit cell (18-41 A) and comparable with the molecular length
(~19 A). There is no essential mutual penetration of molecules into the adjacent layers
which would be very typical for nematic structures [8,9]. Namely this penetration in
nematic precursors results in the characteristic imbrication-type of packing in their
crystals. It should be noted, however, that these layers in the crystal structure of MBBA
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are not similar to the layers in the smectic-like relaxed amorphous states C, and C,,
found earlier in these phases of MBBA by the low angle neutron diffraction method [6].
For these two non-equilibrium phases, which may be obtained by fast cooling of the
liquid-crystalline phase, a bilayer type of the molecular packing was assumed with the
layer thickness of c. 32:8 and 33-4 A.

Not a single analogue of the MBBA crystal structure was found among the large
series of its mesomorphous fluorinated derivatives [14-16]. The closest analogue to the
MBBA structure was found to be the crystal structure of fluorinated 4-
ethoxybenzylidene-4'-(4"-trifluorobutyl)aniline [19]. In the triclinic crystal of this
compound (unit cell parameters are nearly of the same order of that for MBBA,
a=11-198 A, b=14592 A, c=17-088 A, 2 =90-55°, B=101-48°, y=102-49°), the three
independent molecules also form layers but have dissimilar conformations.

Due to the previous difficulties of obtaining unequivocal, direct structural
information about the packing modes of MBBA molecules in different phases some
attempts were made to model this packing using atom-atom potential energy
calculations [7, 20]. Such a computational approach was found to be very useful in the
liquid crystal mesophase structure studies. The theoretically calculated crystal
structure found for MBBA [7,20] differs essentially from that found in this work. It
should be noted, however, that in these calculations only models with one independent
molecule were considered. Nevertheless, the important result of these calculations is
that two energetically preferable structures of MBBA were found, one structure with
the nematic-like parallel molecular organization and the second one with the layered
type of packing. The unit cell parameters of these hypothetical structures (a=821 A,
b=54124, c=3639 A, B=969°, space group P 2,/c for the first one and a=579 A, b
=744 A, c=3628 A, space group P 2,2,2, for the second layered structure) differ from
that found in the present work. Some variants of the monoclinic unit cell of MBBA for
the C; and Cg phases were also suggested in [5] on the basis of the experimental
diffraction data, but these results were much closer to the calculations [7], than to our
data.

We suspect that the modification which we have found in this work probably is the
stable C5 modification of the solid MBBA, which is known to be thermodynamically
stable below —68°C [5]. The stable C; modification may probably result from C; by
conformational motions of the flexible side chains. The method for low temperature
monocrystal growing described, using a laser beam for the local heating of the sample,
with a precisely controlled gas stream temperature may allow us to obtain information
about other MBBA phases.

This work was supported by the Fonds der Chemischen Industrie, M.A. gratefully
acknowledges a fellowship from the Heinrich-Hertz Stiftung.
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