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Gas-Phase Molecular Structure of MBBA (4-Methoxybenzylidene-4n-butylaniline), a
Mesogen, by Electron Diffraction Combined with ab Initio Calculations

Introduction

The mesogen is a compound capable of forming liquid
crystals. Although the molecular geometry is an important factor
to form the liquid-crystal phase, no structural determination of
the mesogen in the gas phase has been performed with th
exception ofp-azoxyanisole (PAA, CED—CgHs;—NO=N—
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The molecular structure of a typical mesogen, 4-methoxybenzylidendsdtylaniline (MBBA, CHO—
CeHs—CH=N—-CsH;s—(CH,)3—CHs), has been studied by gas-phase electron diffraction (GED). The nozzle
temperature was about 18Q. Structural constraints in the GED data analysis were obtained by the ab initio
MO calculation at the HF/4-21G(*) level of theory. Vibrational amplitudes and shrinkage corrections were
calculated from the harmonic force constants given by a normal coordinate analysis. The phenylene ring
attached to the G£N) atom and the azomethine group@H=N-—) are essentially on the same plane, i.e.,

the dihedral angle is 0(12)The phenylene ring bonded to the nitrogen atom is found to be out of the plane

of the azomethine group and the determined value of the dihedral angle;,48(f)e gas phase is larger

than that in the crystalline state. This is mainly due to the steric interaction between the hydrogen atoms of
the azomethine group and the phenylene ring. In the gas phase the four rotational conformers with respect to
the configurations of tha-butyl group were assumed to exist. Their conformational abundance was fixed, as
calculated from the ab initio relative energies. The principal bond distances and angteand [,/deg)
determined by GED argN=C) = 1.290(12) r(C—N) = 1.413(12)r(Car—Ciing) = 1.467(3),1(Ciing— Cring) J

= 1.400(6),00C—N=C = 119.0(18),IJN=C—C = 121.6(13),0INC;ingC14 = 128.5(25),0C:CringCs = 121.2
(dependent)[CCGing= 120.0(3),[NCCGuyll= 116.2(11),0CsCiingO =129.3 (16), where &, Cing, and

Couyl denote the carbon atoms of the azomethine, phenylene and butyl groups, respectivahd G are

the C atoms of the rings synclinal to the=€)|) atom and cis to the Jatom, and gis the C atom of the

ring cisto the C atom of the methoxy group. The values in parentheses are three times the standard deviations.
The notationdOrepresents the average value. The transition temperature from the nematic to liquid phases
was discussed on the basis of the determined molecular structure.

i.e., n-butyl group. Because of the elongated molecular shape
and the increased flexibility due to tinebutyl group, the crystal

of MBBA has a lower melting point and its nematic phase has
a larger temperature range than that of PAA. On the other hand,
éhe presence of tha-butyl group makes it more difficult to
perform structural analysis.

CeHa—OCHs)!, which we recently investigated by gas-phase The &_:rysta_l structures of MBBA have been investigated by
electron diffraction (GED) combined with ab initio calculations. X-ray diffraction®2 Sereda et & performed structure analyses
This study showed that GED can be applied to such a large ©f MBBA on the basis of the structures of EBBA (4-
and complex system with several stable conformations. The €thoxybenzylidene-4-butylaniline) and one of the fluorinated
temperature range of the nematic phase of PAA is-11137 derivatives of MBBA, but no complete X-ray structure analysis
°C, while MBBA (4-methoxybenzylidene~h-butylaniline, of single crystals was performed because of the lack of suitable
CH30—CgHs—CH=N—CgH4(CH,)s—CHsz) forms the nematic crystals. Boese et dldetermined the molecular structures in
phase at much lower temperature,—zw °C. The nematic ||qu|d three different sites in the crystal atl63 °C and found that
crysta]s at room temperature are W|de|y used and thus morethey had different conformations. In the nematic phase, the
important. The aim of the present work is to determine the dihedral anglesg;(N1C2CsCg) and$2(CzN1CoCis) (see Figure
structure of MBBA, a typ|ca| nematogen, by GED with a 1), of MBBA were determined by NMR These studies have
combined use of ab initio calculations and to investigate its revealed that the aromatic rings are not on the plane of the
characteristics. The molecule of MBBA has a fairly rigid core linking unit because of the internal rotation about the-Cs
which consists of two phenylene rings and a linking unit (see ©r Co—N bonds. Our interests in the present study are focused
Figure 1); that is, it is similar to that of PAA. However, MBBA  on the following points: (1) how dihedralg; andé, differ in

has a longer and more flexible terminal substituent than PAA, the crystal, liquid-crystal, and gas phases; (2) the effect of

terminal substituents on thgg and¢, and the geometry of the

* Corresponding author. core: the electronic properties of the substituents may have an
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TABLE 1. Experimental Conditions

short long
camera distance (mm) 2445 489.5
nozzle temperature (K 43IA30 428
electron wavelength (A) 0.06356 0.06343
uncertainty in the scale factor (%) 0.04 0.05
background pressure during
exposure (1 Torr) 1-2 1-2
beam currentyA) 2.7 2.0
exposure timeg) 60—120 3750
number of plates used 3 4
range ofsvalue (A1) 4.4-33.6 2.2-17.4
T T T T T T
101 /\ sM(s)
00 vf\/\v/\\
1.0 J\/ 410
0.0
—-1.0
Figure 1. Molecular model of MBBA with atom numberinghi, @2, _g'] L AsM(s)
¢3, ¢4, ¢5, ¢5, and ¢7 denote dihedral angle31NZC3CS, CZN1C9C14, ' = g}
CsCs015C16 C11C12C17C18, C12C17C18C19, C17C18C19C20, and GN1C2Cs, s
respectively. Dihedral anglg; is defined to be zero when the;€Cg o 3 15 3 35 25 30 35
bond eclipses the N-C, bond. When looking through Qoward G, s/A’

itis positive if G rotates clockwise from the eclipsed positian. Figure 2. Experimental (dots) and theoretical (solid curves) molecular

. e scattering intensities of MBBAA sM(s)= sM(sP® — sM(s}acd The
effect on the dihedral angles @f, and ¢,°® and (3) the  theoretical curves were calculated from the best fitting parameters.
configuration of terminal substituents with respective to the core.

It is impossible to determine all the principal structural mation (Table S1). The electron wavelength was calibrated by
parameters and vibrational amplitudes of MBBA by GED alone. the known r(C=S) distance of C$ (1.5570 A)!l Other

In such a case, the result of quantum chemical calculations isexperimental conditions are summarized in Table 1. Elastic and

used to estimate structural constrafhherefore ab initio MO inelastic atomic scattering factors were taken from refs 12 and

calculations of MBBA were performed and the results were used 13 The experimental molecular scattering intensities are shown

as constraints in the data analysis of GED. The molecular jn Figure 2 along with the calculated ones in the final data

structure of MBBA determined by GED is compared with that analysis.

optaingd by ab initio calculations, the structural data by X-ray  The FT-Raman spectra of liquid and liquid-crystalline MBBA

diffraction and NMR, and the gas-phase molecular structures panween 100 and 3100 crhwere observed at about 78 and

of related compounds. at room temperature, respectively. They were recorded on a
. . BOMEM DAS3.16 Fourier transform spectrometer at 4 édm

Experimental Section resolution by using an Nd:YAG laser.

The sample of MBBA with 98% purity was obtained from Theoretical Calculations. The searching of potential minima
Tokyo Chemical Industry Co. Ltd. and used without further and full optimization of such a large system like MBBA require
purification. Electron diffraction patterns were recorded on much CPU time even with today’s computational resources
Kodak projector slide plates with an apparatus equipped with available. Therefore the following steps were adopted. First,
an r3-sectot® by using a high-temperature nozzl@he tem- structural optimizations of two related compound$utylben-
perature of nozzle tip was about 183C. The accelerating  zene (GHs—(CH);—CHz) andtrans-benzylideneaniline (tBA,
voltage of incident electrons was about 37 kV. Exposure times CsHs—N=CH—C¢Hs) at the HF/4-21&" level of theory were
were determined by measuring the current of scattered electronscarried out by using the GAUSSIAN 86and GAUSSIAN 92
The diffraction patterns of CSvere recorded at 2224 °C in program&® in order to provide the initial guess of the structure
the same sequence of exposures as the sample. The photographaf n-butyl group and core of MBBA, respectively. Then, by
plates were developed for 4.5 min in Dektol developer diluted referring to their results, four conformations of MBBA shown
1:1. By using a microphotometer of a double-beam autobalancedin Figure 1 were optimized with TX90 program sysfém
type, the optical densities of each photographic plate were employing the 4-21G(*) basis $é£8and empirical correction
measured at intervals of 3@long the circle concentric with by offset forces® The four conformations are denoted as TT,
the halo and at intervals of 0.1 mm along the diameter. Then, TG, GT, and GG, where TT represemtans—trans conforma-
the raw densities measured at 50 points (10 points per circletion with respect to the dihedral angles(C12C17C15C19) and
times 5 circles) were averaged. Therefore the averaged densityps(C17C18C10C20). Similarly, TG denotes thdrans—gauche
data were obtained at intervals of 0.5 mm along the diameter. configuration. The GGconformer was not included in the
They were converted to intensities, corrected for imperfect shapecalculation because the corresponding conformen-bfityl-
of the rotating sector and then divided by the theoretical benzened¢s = 70° and¢s = —83°) has energy higher than the
background to obtain a leveled intensity. The leveled intensities GG conformer by 1.8 kcal mot.
thus obtained were averaged for three and four plates for short The 4-21G(*) basis set is the original 4-21G basis set with a
and long camera distances, respectively. The experimentalset of five d functions of exponent 0.8 applied uniformly on
intensities and backgrounds are available as Supporting Infor-atoms with lone pairs, i.e., nitrogen and oxygen atoms. The
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option of using empirical corrections on bond lengths, to correct TABLE 2. Optimized Geometric Parameters* and Relative
for systematic errors of the Hartre€ock method, is a special Iinergblels_(_:all\(;lulz?]teg for ﬁheHFlgjrzci%niorTefsl Off'\_lﬂﬁBA in
feature of TX90. The corrections are made by adding offset (he @b Initio Method at the -21G(*) Level of Theory,

. . T —~ Using Offset Force$
forces along bond stretching coordinates to the ab initio potential
surface during the optimization procedure. The offset forces, Bond Lengths (TT Conformef)

. ) N1-C2 1.282 C9-Cl4 1.402  C13H28  1.083
that had been detgrmlned in a set of small reference mplecules N1-C9 1.421 C6-015 1.360 C14H29 1.081
were taken over directly from Table V of ref 18. Specifically, = C2-C3 1462 015C16  1.426 C16H30  1.089
this means five different values according to bond typesQOC C3-C4 1393 C12Cl7 1508  C16H31  1.094
—0.05 aJ A%; aromatic CC+0.10 aJ A%, C—N and C-O e e 1398 G1fcis 1536 clonsz o 1.09
. ' Y. , ' C5-C6 1397 C18Cl19 1529 C1#H33  1.095
+0.02 aJ A%; C=N, +0.26 aJ A%, and C-H, +0.06 aJ A™. C6-C7 1411  C19C20 1528 C17H34  1.09
i C7-C8 1.380 C2H21 1.093 C18H35  1.096
One can estimate the effect of these forces on the bond lengths S5 ca 1210 Catao Tosa  ClsHsa 1096
by dividing the forces by the corresponding force constants. =g c19 1403 C5H23 1077 CI19H37 1097
However, the basic philosophy of the correction is different: C10-C11  1.390 C#H24 1.079  C19H38  1.097
as described in ref 18, by adding the offset forces to the ab C11-C12 1403  C8H25 1.080  C26-H39  1.094
N . » Y 9 o Cl2-C13 1400 C16H26 1.081 C26-H40  1.095
initio potential, we modify the latter by an empirical linearterm. <73 <74 1305 G1tH27 1083 G26HAL 1095
The idea is that the _neglected eIe_ctron correlation energy is Bond Angles (TT Conformef)
roughly a linear function of bond distances near equilibrium. c2n1C9  117.93 C3C8H25 118.52 0O15C16H30 105.69
In principle, this scheme of correction affects the geometry as N1C2C3 ~ 122.14  N1C9C10 117.44  O15C16H31  111.49
a whole (due to couplings of the coordinates), but of course, ’c\%g%:gi ﬁ%%i gigggéi 4 1121%‘%11 %1152%11%‘% 111112'42%
the effect is significant on the bond lengths only. C2C3C4  120.37 C9C10C11  120.65 CI12C17H33 109.75
i inifi C2C3C8  121.18 COCl10H26  118.48 C12C17H34 109.74
Only a ft_ew opt|_m|zed structural parameters showed significant Cac3c8 11846 C10C11C12 12115 CG17€18C1S  112.79
conformational differences. So, those of Only TT conformer are C3C4C5 121.51 C10C11H27 119.46 C17C18H35 109.04
listed in Table 2 with the exception of some dihedral angles C3C4H22 119.66 C11C12C13 117.96 C17C18H36 109.07
i i C4C5C6 11951 C11C12C17 120.95 C18C19C20 112.55
that determine conformers themselves or are substant@lly CaCotm3 11928 CI3CI1G17 12108 Glsclonsr 10030
dependent on the conformation. See Table S2 (Supporting cscec7  119.40 C12C13C14 121.30 C18C19H38  109.29
Information) for full description of the structural parameters of C5C6015 125.32 C12C13H28 119.44 C19C20H39 111.30
the four conformers. The inspection of Table 2 reveals some C6C7C8 = 120.47  C9C14C13 12041 C19C20H40 110.88
- : p : C6C7H24 118.04 COC14H29  119.80 C19C20H41 110.87
additional structural properties: (1) the phenylene ring attached c3cgc7 12068 ©6015C16  117.42
to .the G atom is p.ractlcally coplanar with the§eC?—N1.=Cg Dihedral Angles (TT Conformet)
unit (see¢; value); (2) the other phenylene ring is twisted by  con1c2c3 ¢,) —178.62 C14C9C10H26 178.18
about 40 (Seed)z Va|ue)_ CION1C2H21 2.20 C10C9C14C13 1.65
. : . C2N1C9C10 —142.43 C10C9C14H29  —176.17
Normal Coordinate Analysis. The |nf_rared and Ran_"lan_ C2N1C9C14 §,) 40.14 C9C10C11C12 1.23
spectra of MBBA have been observed in the crystal, liquid- N1C2C3C4 —-178.13 C9C10C11H27  —179.43
crystal and liquid phases by several authidré In the present H%%gggg fl) 1-18;‘() Hgfgég%ll%lzg *179-16‘ -
StUdy, Raman Spectra were measured in the ||qU|d and |IqU|d- H21C2C3C8 —178.5.33 C10C11C12C17 —178.45
crystal phases as stated above. Because no spectral data areC2C3C4C5 179.95 H27C11C12C13 —179.06
i i ibrati ; C2C3C4H22 —0.01 H27C11C12C17 2.21
favallaple in the vapor phase, the vibrational frequepues obser\{ed Cacacecy 0.06 Cliciaciacia —0.8
in the liquid phase were used in the normal coordinate analysis. c4c3c8H25 ~179.94 C11C12C13H28 178.34
The assignments of vibrational spectra have been reported in C3C4C5C6 —0.02 C17C12C13C14 177.92
the literaturet®20222350me assignments were, however, cor- ~ C3C4C5H23 —180.00  C17C12C13H28 —2.93
. >SIg CAC5C6C7 0.03 C12C13C14C9 —-0.16
rected by referring to the assignments of the observed frequen- =,c5c6015 17998  C12C13C14H29 177.66
cies of related molecules such as tBA?° anisole3?3*benzene H23C5C6C7 —180.00 H28C13C14C9  —179.32
derivatives’?-34 and saturated hydrocarbo#s3® Assignments gggggﬁ& 17%-%%3 %%%11%%11%';'{33% 5 11733-99
were confirmed by normal coordinate calculations. C5C6015C164s) 0.04 C6015C16H32 61.33
The force constants of MBBA have not been reported. ggg;ggﬁgs 19.9084 Céigé?gggggio 7179.3386
Ther_efc_)re, harmonic force constants were determined by C14C9C10011 218 C1BCI0CI0M41  —59.85
modifying the force constants transferred from those of Dihedral Angles (Four Conformers)
tBA,25-27.29 ethers?337 alkyl benzenes?? and saturated hydro- 9
carbons®® so as to reproduce the observed vibrational frequen- T TG GT GG
cies of MBBA. The local symmetry coordinates are defined in C11C12C17C184,) 88.41 88.91 75.12 74.18
Table S3 and Figure S1 in the Supporting Information. Resulting G12617C18C194) —179.92  177.39 65.69 63.91
. ) . C17C18C19C20¢s) —179.98 66.98 179.49 67.71
force constants are summarized in Table S4 and Figure S2. Theci1c12c17H33 —150.06 —149.98 —162.84 —162.77
observed and calculated frequencies with potential energy C11C12C17H34 —33.10 —33.07 —46.39 —46.63
distributions are listed in Table S5. C12C17C18H35 58.07 55.66 —56.65 —58.17
. . C12C17C18H36 —57.90 —59.84 -—-172.66 —173.69
Structural Analysis. In the data analysis of GED, the c17c18C19H37 -58.08 —171.59 -5849 —171.20
following assumptions were made to reduce the number of C17C18C19H38 58.12 —55.95 57.88 —55.41
adjustable parameters according to the results of the ab initio AE° 0.0 0.83 0.29 1.08

calculation: (1) four conformers, TT, TG, GT, and GG, coexist

K of 43, 16, 30, and 11%, which were calculated from the

each of the two phenylene rings ang—C,(H21)=N1—Cq

aBond lengths in angstrom, angles in degree. Atom numbering is
in the gas phase with the conformational compositions at 428 the same as shown in Figure "IEmpirical offset forces are applied
along the bond lengths during optimization to correct for systematic

. . L L errors of the HartreeFock method; see the Theoretical Calculations
energy differences obtained by the ab initio calculations; (2) section for the detail of the offset forcesSee Table S2 (Supporting

the geometry of the core is common to four conformers; (3) Information) for the TG, GT, and GG conformefsRelative energies
in kcal mol. The total energy computed for TT conformer is
moiety takes a planar structure; (4) the differences between —821.4910821%, (hartree).
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TABLE 3. Mean Amplitudes and Interatomic Distances of MBBA?
(a) Values Essentially Independent of Conformation

atom paif I caled rd ie atom paif lcalcd rd ie atom paif lcalcd rd
C—Hphf 0.077 1.095 1 C2-C8 0.067 2.488 2 C4-C10 0.144 5.775
C—H' 0.077 1.108 1 N%-C14 0.063 2.529 2 G3C13 0.115 5.793
N1-C2 0.042 1.289 1 C4-C7 0.063 2,772 3 G3-Cl11 0.101 5.918
C6—015 0.048 1.363 1 C10C13 0.063 2.782 3 G5C9 0.080 6.056
C7-C8 0.047 1.380 1 Ct31:C14 0.063 2.785 3 GT-C10 0.147 6.297
C10-C11 0.047 1.390 1 G5C8 0.063 2.790 3 N1-015 0.092 6.315
C3-C4 0.047 1.393 1 G3-C6 0.061 2.803 3 C8-Cl11 0.133 6.335
C13-C14 0.047 1.395 1 G9C12 0.061 2.818 3 G6C9 0.087 6.406
C5-C6 0.046 1.397 1 Nt-C8 0.097 2.845 3 G3-C12 0.091 6.438
C4—-C5 0.047 1.398 1 G5>C16 0.069 2.974 3 G8C13 0.120 6.544
C12-C13 0.047 1.400 1 GC2C14 0.125 3.031 4 G2C16 0.102 6.553
C9-Ci14 0.046 1.402 1 G2C10 0.105 3.382 4 CrCl4 0.127 6.560
C11-C12 0.047 1.403 1 G8015 0.065 3.586 4 G4C13 0.175 6.658
C9-C10 0.046 1.403 1 Gr-C16 0.106 3.621 4 C5C14 0.170 6.673
C6—-C7 0.046 1.403 1 Nt-C11 0.066 3.639 4 G5C10 0.146 6.981
C3—-C8 0.047 1.410 1 Nt-C4 0.064 3.640 4 C4-C11 0.138 7.010
N1-C9 0.046 1.412 1 G3-C9 0.066 3.683 4 G8-C12 0.115 7.040
015-C16 0.046 1.429 1 G4015 0.066 3.700 4 G6Cl4 0.135 7.204
C2-C3 0.050 1.465 1 G2-C7 0.069 3.745 4 G6-C10 0.139 7.206
Cl2-C17 0.051 1511 1 N1-C13 0.065 3.764 4 G4C12 0.123 7.416
C19-C20 0.053 1.531 1 G2C5 0.069 3.767 4 N1-C16 0.136 7.416
C18-C19 0.053 1.532 1 G3015 0.066 4.145 5 CrCl1 0.143 7.674
C17-C18 0.053 1.540 1 N1-C7 0.101 4.211 5 G9-015 0.093 7.696
C7---:015 0.063 2.303 2 N1-C12 0.068 4.216 5 Gr-C13 0.122 7.895
C2:---C9 0.064 2.320 2 G8-C9 0.104 4.249 5 G5C13 0.167 8.012
N1:--C10 0.064 2.341 2 G2C6 0.070 4.260 5 C5Cl11 0.137 8.266
N1:--C3 0.056 2.396 2 C4-C16 0.075 4.349 5 Cr-Cl12 0.119 8.405
C11---C13 0.057 2.407 2 G2C13 0.117 4.353 5 Ct0015 0.151 8.442
C4---C6 0.057 2.407 2 C3Cl1l4 0.120 4.449 5 C14015 0.143 8.522
C6---C8 0.057 2.410 2 G2-Cl11 0.101 4.600 5 GeCl11 0.130 8.559
C4---C8 0.056 2411 2 C3-C10 0.107 4.615 5 CeC13 0.128 8.561
C10¢--C14 0.057 2.416 2 C4C9 0.084 4.785 5 C5C12 0.114 8.746
C6---C16 0.063 2.416 2 G8C16 0.108 4.805 5 G9C16 0.140 8.763
C9--Cl1 0.056 2.422 2 N1-C5 0.070 4811 5 CeCl12 0.102 9.187
C9--C13 0.056 2.423 2 G&8C10 0.138 4.963 5 C14C16 0.159 9.492
C3---C7 0.056 2.424 2 G2-C12 0.094 5.015 5 C1eC16 0.186 9.574
C10¢--C12 0.057 2.428 2 N1-C6 0.086 5.040 5 C*1:015 0.142 9.808
C5-:C7 0.056 2.429 2 G3-C16 0.092 5.114 5 C13015 0.137 9.880
Cl12--Cl4 0.057 2.431 2 GcsCi14 0.125 5.223 5 Ct2015 0.105 10.483
C3---C5 0.056 2434 2 G4-Cl4 0.173 5.335 5 C13C16 0.154 10.852
C5---015 0.065 2.478 2 G2015 0.075 5.597 C*1:C16 0.182 10.919
C2---C4 0.067 2.481 2 G7-C9 0.107 5.615 C12.C16 0.149 11.526
(b) Values Dependent on Conformation of the Butyl Group

TT TG GT GG
atom paiP lcaled rd i€ lcaled rd i€ lcaled rd i© lcaled rd i©
N1.--C17 0.074 5.719 0.074 5.718 0.074 5.724 0.074 5.722
N1---C18 0.129 6.520 0.138 6.507 0.130 6.542 0.143 6.535
N1---C19 0.121 7.987 0.129 7.983 0.273 6.725 0.256 6.707
N1---C20 0.189 8.929 0.240 8.672 0.332 7.853 0.450 7.459
Cc2---C17 0.096 6.498 0.104 6.502 0.101 6.503 0.104 6.500
C2---C18 0.124 7.121 0.160 7.113 0.153 7.184 0.192 7.177
C2---C19 0.125 8.608 0.170 8.599 0.261 7.126 0.251 7.107
C2---C20 0.190 9.419 0.222 9.422 0.330 8.163 0.442 7.769
C3--:C17 0.094 7.930 0.098 7.932 0.096 7.933 0.100 7.929
C3--C18 0.123 8.554 0.155 8.543 0.146 8.603 0.188 8.594
C3---C19 0.125 10.044 0.165 10.032 0.251 8.534 0.238 8.512
C3---C20 0.188 10.828 0.228 10.828 0.310 9.512 0.441 9.186
C4---C17 0.122 8.872 0.124 8.878 0.131 8.875 0.147 8.871
C4---C18 0.110 9.359 0.155 9.356 0.168 9.442 0.244 9.433
C4---C19 0.114 10.841 0.176 10.830 0.212 9.192 0.198 9.172
C4---C20 0.157 11.512 0.220 11.724 0.259 10.080 0.378 9.757
C5---C17 0.114 10.215 0.116 10.216 0.124 10.212 0.139 10.209
C5--C18 0.108 10.721 0.149 10.711 0.165 10.786 0.242 10.777
C5-:C19 0.112 12.207 0.169 12.189 0.211 10.551 0.196 10.529
C5-:C20 0.154 12.872 0.225 13.055 0.248 11.408 0.382 11.130
C6---C17 0.105 10.684 0.108 10.684 0.109 10.683 0.112 10.680
C6---C18 0.125 11.313 0.151 11.296 0.151 11.341 0.199 11.330
C6---C19 0.128 12.805 0.161 12.785 0.238 11.263 0.224 11.237
C6--:C20 0.180 13.557 0.249 13.544 0.279 12.164 0.438 11.924
C7---C17 0.124 9.904 0.126 9.906 0.128 9.913 0.128 9.908
C7---C18 0.159 10.647 0.174 10.628 0.166 10.653 0.184 10.639
C7---C19 0.158 12.128 0.173 12.112 0.280 10.736 0.268 10.707
C7---C20 0.215 12.974 0.274 12.770 0.324 11.703 0.496 11.464
C8--:C17 0.120 8.540 0.123 8.540 0.126 8.548 0.127 8.542
C8--C18 0.165 9.298 0.180 9.278 0.170 9.306 0.182 9.293
C8---C19 0.161 10.776 0.177 10.761 0.293 9.416 0.282 9.388

C8&--C20 0.224 11.647 0.265 11.425 0.342 10.424 0.503 10.147
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TABLE 3. (continued)

TT TG GT GG
atom paiP lcalcd rd i€ lcalcd rd i lcalcd rad i lcaled rad i
C9--C17 0.069 4.322 5 0.069 4.322 5 0.069 4.326 5 0.069 4.326 5
C9---C18 0.126 5.162 5 0.131 5.151 5 0.125 5.194 5 0.132 5.190 5
C9--C19 0.116 6.617 0.120 6.616 0.276 5.437 0.262 5.426
C9---C20 0.179 7.612 0.223 7.326 0.326 6.652 0.443 6.164
C10--C17 0.071 3.807 4 0.071 3.810 4 0.071 3.817 4 0.071 3.815 4
C10--C18 0.148 4.649 5 0.155 4.639 5 0.153 4.585 5 0.154 4.574 5
C10--C19 0.149 6.052 0.148 6.067 0.301 5.109 5 0.278 5.083 5
C10--C20 0.218 7.069 0.307 6.547 0.363 6.240 0.375 6.076
C11---C17 0.072 2.531 2 0.072 2.535 2 0.072 2.542 2 0.072 2.540 2
C11---C18 0.149 3.423 4 0.158 3.415 4 0.161 3.317 4 0.160 3.306 4
C11---C19 0.155 4.757 5 0.160 4.780 5 0.281 4.081 5 0.265 4.057 5
C11.--C20 0.208 5.853 0.306 5.191 5 0.326 5.256 5 0.313 5.106 5
C12--C18 0.077 2.571 2 0.077 2.565 2 0.077 2.591 2 0.078 2.591 2
C12--C19 0.080 3.924 4 0.081 3.935 4 0.174 3.239 4 0.168 3.242 4
Cc12--C20 0.102 5.107 5 0.183 4.627 5 0.177 4.626 5 0.310 4.005 4
C13--C17 0.072 2.528 2 0.072 2.525 2 0.072 2.522 2 0.072 2.524 2
C13--C18 0.146 3.394 4 0.156 3.386 4 0.147 3.542 4 0.148 3.550 4
C13--C19 0.153 4.735 5 0.172 4.723 5 0.267 3.703 4 0.282 3.724 4
C13--C20 0.202 5.820 0.170 5.661 0.303 5.138 5 0.467 4.106 5
C14--C17 0.071 3.810 4 0.071 3.808 4 0.071 3.809 4 0.071 3.810 4
C14--C18 0.141 4.632 5 0.151 4.622 5 0.143 4.754 5 0.149 4.758 5
C14--C19 0.143 6.040 0.164 6.027 0.296 4.816 5 0.297 4.825 5
C14--C20 0.206 7.047 0.166 6.932 0.344 6.143 0.501 5.269 5
015--C17 0.109 11.982 0.116 11.986 0.117 11.984 0.119 11.981
015--C18 0.123 12.630 0.152 12.615 0.158 12.650 0.206 12.638
015--C19 0.126 14.122 0.161 14.103 0.237 12.593 0.222 12.566
015--C20 0.173 14.877 0.265 14.831 0.271 13.477 0.443 13.269
Cl6--C17 0.153 13.017 0.134 13.022 0.143 13.016 0.153 13.014
Cl16--C18 0.168 13.579 0.159 13.573 0.187 13.622 0.257 13.609
C16--C19 0.170 15.073 0.173 15.056 0.222 13.454 0.207 13.414
Cl6--C20 0.209 15.753 0.262 15.850 0.245 14.281 0.400 14.061
C17--C19 0.075 2.578 2 0.075 2.602 2 0.076 2.604 2 0.076 2.622 2
Cc17---C20 0.079 3.931 4 0.181 3.250 4 0.079 3.952 4 0.182 3.284 4
C18&--C20 0.076 2.562 2 0.076 2.598 2 0.076 2.568 2 0.076 2.606 2

a2 Mean amplitudes and, distances are in angstrom urfitAtom numbering is shown in Figure 1. The mean amplitudes for non-bonded atom
pairs including hydrogen atom are not shown although they were included in the data anahldjgh @d C-H denote the bonded-€H pairs
in phenylene rings and others, respectively. The values of these pairs are the average@alcatated by the normal coordinate analysis at 428
K. 9 Taken from the final geometry.The group of mean amplitudes (see text). The observed mean amplitudes minus calculated ones are as follows:
group 1, 0.000(6) A; group 2;0.004(13) A; group 3, 0.003(17) A; group 40.002(35) A; group 5, 0.000(34) A. Numbers in parentheses are
estimated errors (3 for the observed values in the last significant digitaverage value.

similar structural parameters are equal to those given by the abGG. At the preliminary stage, the GED analysis assuming the
initio calculations (see Table S6, Supporting Information); (5) coexistence of thes; ~ 0° and ¢3 = 180° conformers was
the values of dihedral angles in the methoxy araltyl groups carried out, but no other structural parameter significantly
are fixed to the calculated ones; (6) the valu€l@fOC is equal changed and no improvement of the fitting quality was obtained.
to the corresponding value gfanisaldehyde (CO—CgHs— Therefore only theps ~ 0° conformers were assumed in the
CHO) determined by GEB¥ for the ab initio prediction of this analysis in order to reduce the computation time. Actually, those
angle seems to be too small. Thus adjustable structuralwith ¢3~ 0° and 180 are supposed to coexist with almost the
parameters were taken as followgC—H), r(C—Cing, r(C— same abundance.
N), r(C—C), r(N=C), OC=N-C, ON=C—-C, [ON;CoCg4, Vibrational amplitudes and shrinkage correctioffary — ry,
OCCGing, ICCC,00CC, ¢1 and¢,. Except fordCOC, other were calculated from the force constants obtained by the normal
bond distances and angles of the molecular skeleton are thecoordinate analysis. The small amplitude vibrational model was
dependent parameters of the adjustable parameters. In theadopted since no reliable potential functions are available for
preliminary analysis, the compositions of the four conformers the C-C and C-N torsions. The anharmonicity constartsf
were taken to be adjustable parameters but one of them resultedhonded atom pairs were estimated by the conventional méthod,
in a negative value. A similar result was obtained when the while those of nonbonded atom pairs were assumed to be zero.
composition of GG was fixed. Therefore we concluded that it The mean amplitudes were divided into five groups. The
is best to fix the conformational compositions at their theoretical differences of the amplitudes in each group were fixed at the
values (assumption 1). It is expected that the inaccuracy of thecalculated values. The groups were selected according tg the
assumed abundance, which is difficult to be estimate, affects distances, such as (i) < 2.0 A (the first peak of the RD curve),
the experimentally determined core structure only slightly (i) ry = 2.0-2.7 A (the second peak), (iii)a = 2.7-3.0 A
because the core structure is almost independent of the(the third peak), (ivya= 3.0—4.0 A (the fourth peak), and (v)
conformation of then-butyl group. ra = 4.0-5.3 A (the fifth and sixth peaks). Group i contains
In the theoretical calculations, only the conformers with the mean amplitudes of the bonded atom pairs. The atomic pairs
$3(CsCs015C16) ~ 0° were optimized because of the limitations  of group ii are related to the bond angles. Structural parameters,
of the computational resource. By the analogy of the results of mean amplitudes and indices of resolution were determined by
the similar calculations of PAA however, it is quite possible  least-squares calculations on the molecular scattering intensities
that the conformers withs =~ 180 also exist with nearly equal  sM(s). The mean amplitudes with the correspondigdistances
energies with them for all the four forms, TT, TG, GT, and and the grouping are listed in Table 3.
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TABLE 4. Comparison of the Structural Parameters of
MBBA (TT Conformer) Determined by GED with Those
Geometries Calculated by ab Initio MO Methods and the
Geometry Determined by X-ray Diffraction (XRD)?

GED’ Theoretical XRD¢

bond lengths
[C—Hiing® 1.108(4) 1.090
N;=C, 1.290(12) 1.282 1.284(10)
Co—N; 1.413(12) 1421 1.417(8)
[C—Ciing8 1.400(6) 1.399 1.385(11)
C—Cs 1.467 1.462 1.479(9)
C1o—Cy7 1.513 1.508 1.528(9)
C17—Cis 1.541 1.536 1.483(12)
Ci1s—Cio 1.534) (3) 1.529 1.539(10)
C19—Cxo 1.533 1.528 1.524(18)
Cs—Oss 1.364 1.360 1.373(8)
Ci—Oss 1.430 1.426 1.419(12)

bond angles
C2N;Co 119.0(18) 117.9 119.3(7)
N1C.Cs 121.6(13) 122.1 120.5(7)
N1CoHa1 122.8 122.2
N;CoCr4 128.5(25) 124.0 125.2(9)
C,CsCs 121.2 120.4 119.6(7)
[CCCing® 120.0(3) 120.0 120.0(8)
Cs015C16 122.0 117.4 116.9(6)
CsCeO15 129.3(16) 125.3 124.5(6)
C11C12Ca7 121.1 121.0 121.1(9)
[CCGuy® 116.2(11) 112.5 113.2(8)

dihedral angles
N1CoCsCs (1) 0(12) 1.8 4
CoN1CoCua (¢2) 48(9) 401 24
C5C6015Ci6 (¢3) 09 0.0 176
C11C1:C17Cis (¢s) 88 88.4 67
C12C17C1sCro (¢5) 1800 —179.9 174
C17C18C19Co0 (¢s) 1800 180.0 -179
CoN1C,Cs (¢7) 180 —178.6 —-177

indices of resolutioh

k (long) 1.002(12)

k (short) 0.933(17)

R-factor 0.038

a2Bond lengths in angstrom, angles in degrees. Atom numbering is
shown in Figure 1° Ther, distances andl, angles. Estimated errors
of 3o in the last significant digits are given in parentheses. Errors are
not listed for dependent parametetResult of the HF/4-21G(*) ab
initio calculation. See the Theoretical Calculations section for the
empirical correction by using offset forcesReference 3¢ Average
value.f Dependent parameter (see Table S6, Supporting Information).
9 Fixed parameter The index of resolutiork is defined assM(s)°"s
= ksM(g)cacd i Rfactor is defined asR = {3 Wi(AsM(s))%
S iWi(sM(s)i°°9% 12, where AsM(s); = sM(s)%°s — sM(s)i®@°dand W is
a diagonal element of the weight matrix.

Results and Discussion

The final RD curve is shown in Figure 3. The good agreement
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TABLE 5. Comparison of the Structures of Related
Molecules

MBBAP® tBA® NBMAd
MeO—CegHs—CH= C¢Hs—CH= CgHs—CH=
N_CGH4_BU N—C6H5 N—Me
bond lengths
[C-HE 1.095(4) 1.095(10) 1.097(8)
C—Cs 1.465(3) 1.440(15)  1.460(11)
[C—Ciing8 1.398(6) 1.398(5) 1.401(2)
N,=C, 1.289(12) 1.284(10) 1.286(8)
Co—Ny 1.412(12) 1.432(15) 1.463(12)
bond angles
CoN1Co 119.0(18) 115.0(20) 113.6(16)
N1C,Cs 121.6(13) 125.0(15)  126.5(16)
N1CoH21 122.8 118 108.4(18)
N1CoCiq 128.5(25) 122.7(20)
C,CsCy 121.2 120.0(15) 1209
C4CsCs 118.5(3) 120.9
dihedral angles
#1(N1CC3Ce) 0(12) 0(15) 6
$2(CoN1CoCra) 48(9) 52(5)

aBond lengths in angstrom, angles in degrees. Atom numbering is
shown in Figure 1° This work (, and [,). Estimated errors in
parentheses ares3¢ Reference 41r{ and (). Limits of error were
estimated from the shape of the squared-error-sum functions near the
minimum valuesd Reference 42r{ and 0,). Values in parentheses
are the estimated limits of error€p © Average value for the phenylene
or phenyl groupfDependent parameter (see Table S6, Supporting
Information).9 Fixed parameter.

T T T T T T T T

£(r)

Af (1

i 1 1 i 1 1 1 1
0 2 4 6 8 210 12 14 16 18
r/A

Figure 3. Experimental radial distribution curve of MBBA f(r) =
f(r)ebs — f(r)cacd Distance distributions are indicated by vertical bars.

1. Comparison between Experimental and Theoretical Struc-
tures.The values ofp; and¢, determined by GED are 0(12)
and 48(9j, respectively, which are close to the ab initio
4-21G(*) values, 2 and 40, respectively. Therefore it can be
said that the ab initio calculation at the HF/4-21G(*) level well

between observed and calculated RD curves confirms the predicts the conformation of the core of MBBA. The determined

validity of the structural and conformational assumptions as well

value of [ON1CoCy4, 128.5(25), is larger than its ab initio

as the assumption of small amplitude vibrations adopted in the prediction, 124.0. The values for the parameters of the linking

analysis. The observed geometry of MBBA (TT conformer)
determined by GED is listed in Table 4. The estimated errors

unit of MBBA (r(N=C), r(C,—Cs), 0C,N;Cy, and[IN;C,C3)
agree with the experimental ones within the error limits. On

listed in this Table were calculated from three times the standardthe other hand, the calculation underestimates the bond angles
deviations of the least-squares analysis, and some of them mayof the side chains, COC and C&fy. As for the COC angle,
be somewhat optimistic. However, more precise error estimation for which the corresponding value fpranisaldehyde, 122°0

is difficult at the present stage. The geometry of MBBA obtained
by the ab initio MO calculation and that determined by X-ray
diffraction are also listed in Table 4. In Table 5, the structural
parameters of MBBA determined by GED are compared with
those of related compounds, tBAand N-benzylidenemethy-
lamine (NBMA, GHs—CH=N—CHj).*2 The correlation matrix

was used, we also tried the data analysis by using the ab initio
value of 117.4, which provided poorer agreement between
observed and calculatesM(s). The HF/4-21G(*) calculation
underestimates thHeCOC by about 5also in the case of PAA.

2. Comparison between the Structures of MBBA and Those
of Related Compound3he experimental values of the-&l

in the least-squares calculation is given in Table S7, Supportingand C-Ciing distances in the phenylene ring and the=@l

Information.

distance of MBBA are in agreement with the corresponding
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distances of tBA and NBMA. The, (C,—Cs) of MBBA, 1.465- TABLE 6. Comparison with the Dihedral Angles of MBBA
(3) A, is slightly longer than that of tBA, 1.440(15) A, and is Determined by X-ray Diffraction

comparable with that of NBMA, 1.460(11) A. In these gad crystaf
molecules, the central azomethine group and the phenyl ring  jinedral angles T | I m
bonded to the carbon atom are almost coplanar. Therefore, the o 2 1
C,—C3 bonds in these compounds were shorter than the C $1 0(12) . :3
: o2 48 (9) 24 29 1
Ci7 bond of MBBA because of the-character of this bond s o 176 -1 —179
increased by coplanarity.Both of the G—N bond lengths of b4 8! 67 —96 —99
MBBA and tBA are shorter than that of NBMA. This is ¢s 180 174 -177 180
consistent with the tendency thgC—N)aiiphatic iS larger than b6 180" —179 —69 174
r(C—N)aromatic@s mentioned by Vilkov and Sadofa. b7 180 —177 176 179
The CG=N—C and N=C—C angles of MBBA are different 2 Dihedral angles in degreegs, ¢z, ¢3, ¢a, ¢s, ¢, and ¢y denote

from those of tBA. The NCyCy14 angle of MBBA is larger than dihedral angles MC;CsCs CoNiCoCisy CsCeO15Ci6 C11C12Ci7Crs,
that of tBA. These differences in the bond angles as well as theflzclﬁlgclg' C1rC1eCrgCa0 and GN1C,Cs, respeciively (see Figure 1
differences in the g-Cs and N—Cs distances are considered or atom numbering)? This work. Cal_culated from _the atomic
- . ‘ coordinates of conformers at three sites reported in reference 3.

to be due to the terminal substituents in MBBA. d Assumed.

Thery(Cs—0O) andry(C16—O) distances of MBBA, 1.364(6)
and 1.430(6) A, agree well with the corresponding parameters  As shown in Table 4, the bond distances and angles in the
of anisolet* 1.362(15) and 1.425(15) Aranisaldehydé? 1.358- crystal approximately agree with those in the gas phase. Table
(12) and 1.420(10) A, and PAA1.350(1) and 1.421(1) A. 6 shows the dihedral angleg,—¢-, of the three conformers of

The core of MBBA is not planar according to the data analysis MBBA in the crystal determined by X-ray diffraction. Thi
of GED. Its¢, value, 48(9), is in agreement with that of tBA,  value in the gas phase is larger than that in the crystalline state.
52(5y. The ¢ values of MBBA and tBA are found to be zero  Therefore this observation clearly shows the influence of crystal
as in the case of NBMA. packing on the molecular conformation of MBBA. Thevalue

In the case of tBA molecule, conformational stability with in the gas-phase agrees with that in the crystalline state. The
respect tog¢, is mainly determined by the steric repulsion two values, 20(10)and O, determined by NMR in the nematic

between the orthohydrogen atoms correspondingi@hid Hg phasett“dalso indicate thap; is rather insensitive to intermo-
of MBBA.4 The H++-H,g distance of MBBA, 2.56 A, is similar lecular interactions.
to that of tBA, 2.44 A and it reduces to 2.0 A fgp, = 0°, Two configurations exist for the terminal butyl group in the

which is smaller than the_ sum of van der_ Waals radius of H, crystal of MBBA (seeps and¢s in Table 6). The butyl groups
2.1 A. Therefore the deviation gf, from 0° in MBBA seems ot mojeculesl andlll havetrans—trans configurations (TT).

to be dominated by the same interaction as in the case of tBA. \1qjeculell has a gauche conformation with respeapégTG).

In the case of PAA, however, the two phenylene rings and Bpese et al® have noted that the distances between the end

angles of 11(26)and 11(119.! The difference inp, is explained same, 15.515.9 A.

as follows: the repulsive interaction betweeni+tHyg is
important in MBBA, while the interactions among the
electrons of the KN bond, the N-O bond with the consider-
able double-bond character and the aromatic rings are more
important than steric effects in PAA.

3. Comparison of Conformations in Vapor, Liquid-Crystal,
and Solid PhasesTo our knowledge, only one experimental

Table 3 shows that the ;g:-Cyo distances of the four
configurations of the butyl group determined by GED are 15.8,
15.9, 14.3, and 14.1 A for conformers TT, TG, GT, and GG,
respectively. Therefore the molecular lengths of the GT and
GG conformers are shorter than the TT and TG conformers by
about 1.5 A and the TT and TG have more rodlike shapes (see

investigation has been reported for MBBA in the gas phase. It Figure 1). Thus it is considered that the rodlike shape is more

is the study of the UV absorption spectrum of gaseous MBBA stabilized |.n. the crystal of MBBA.
recorded at 110C.24In this study ¢, was estimated to be 66.5 4. Transition Temperature and the Molecular Geomefiye
by comparing the intensity ratio of ther* and niz* bands with transition temperaturéy- from the nematic to the liquid phase
its simulated values by the CNDO/2 method, but no error of MBBA is much lower than that of PAA (47 vs 137C).
estimation was given for thg, value. Considering the reliability ~ This is consistent with the general tendency that the mesogen
of the band intensity measurement and the CNDO/2 calculation, Of the type R-CeHs—CH=N—C¢H,s—R' has a lowefTy-, than
the discrepancy between this result and ours (6@s548(9}) the type R-CeHa—N=NO—CsHs—R'.**In ref 45, it is suggested
does not seem to be substantial. that this difference inTy-; comes from the difference in the

In the nematic phase, the resultiggvalues of MBBA with length and the planarity of the core. Our GED studies on MBBA
deuterated rings were estimated as a function of temperature(—CH=N— type) and PAA N=NO- type) have revealed
by deuteron magnetic resonarfédhe ¢, angle was found to  that the lengths of the core {€-Cy,) of these types are almost
be temperature sensitive, e.@,,= 39° at 33°C and¢, = 44° equal to each other (9.2 A for MBBA and 9.1 A for PAAON
at 35°C. A recent two-dimensional NMR stutireported the the other hand, it has been found out that MBBA has a nonplanar
¢2 value of 33(53 which was comparable with the values of core and PAA has a nearly planar one in the gas phase.
24° and 43 determined in the previous NMR studi®s The Therefore it can be concluded that the difference between the
comparison of the GED value with these NMR data shows that Tn-1 of ~CH=N— and —N=NO-— types comes not from the
the ¢, angle slightly increases on going from the nematic phase difference in the lengths of the core but from that in the core
to the gas phase. This is consistent with the results reported inplanarity. Of course, in the comparison between MBBA and
ref 24. As for theg; in the nematic phase, two values, 20€10) PAA, the flexible tail of the formerr{-butyl group) is considered
and 0, have been reported in refs 4b and d, indicating that the to have additional contribution to decreasing Tig-; and the
¢1 is not sensitive to the intermolecular interactions. effect of anisotropy of polarizability cannot be ruled out.
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