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GENERAL INTRODUCTION 

      States of matters could be regarded as the assembly of 

molecules under the appropriate conditions of temperature and 

pressure. This means a "thermotropic" phase. Before  1888, it 

 must have been believed that we have only three phases in the 

natural world   solid, liquid and gaseous phases. Consider-

ing the classification of states, however, why did no one ex-

pect a possibility of the intermediate states among them? and 

didn't they wonder that nature is so discontinuous as such in 

the phenomenal sense? 

      It was in 1888 that one answer to those doubts was first 

found by F.Reinitzer, a Austrian botanist.1 He noticed the 

white-turbid molten state between the transparent liquid and 

the crystalline phase as the temperature was elevated . After 

that, this state was revealed to be the state with some kinds 

of molecular ordering like a crystal, but with fluidity like 

a liquid, what is called "liquid crystals" .2 

     There has been past about a century since then ana the  liq-

uid crystals have been reached to the magnificent application 

to the display devices.3 

     In a true sense, it is in a few decades that the studies 

of liquid crystals became extensive and have been extended to 

such fields for many aspects, as not only the material science 

but also the nature of mesophases itself. 

     A term "mesophase" means an intermediate phase. In addition 

to liquid crystals, "plastic crystals" also are classified into 

 mesophases,  which are occasionally found in the spherical shaped 
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molecules like adamantane.4 Plastic crystals were discovered 

first by J.Timmermanns in  1935.5 

     From a viewpoint of molecular shapes, rod-like liquid 

crystals are of one-dimention and spherical plastic crystals 

are of three-dimention. Then it is reasonable to think, based 

on a beauty of nature in a symmetrical sense, that some kinds 

of two-dimentional molecules must show mesophases, what became 

to be called later "discotic liquid crystals". Discotic meso-

phases were first found for a benzene hexa-n-alkanoate in 1977 

by S.Chandrasekhar et al.6 

      Therefore, we have three types of mesogens in the natural 

world, depending on the molecular shapes. And furthermore, each 

type of these mesogens has some variations of the phases ex-

hibited, except that plastic crystals have not been found in 

the variations of mesomorphic structures. 

      Nowadays, the rod-like liquid crystals have two kinds of 

mesophases, nematic and smectic phases, in which molecules 

align in the parallel direction along the long axis without 

forming layer and with layered structures, respectively, as 

shown in Scheme I. Moreover, the smectic phases could be di-

vided into eleven classes depending on the alignment within 

the layer. We name them to be "smectic A, smectic B, smectic 

C,  ,smectic K" except for smectic D phase being cubic.7 

      On the other hand, the disk-like(discotic) liquid crystals 

also have two kinds of mesomorphic structures on the whole. 

The one is with molecular alignment in the parallel direction 

of a molecular plane and wiyhout correlation of the alignment 

in the perpendicular to the plane, and the other is  stackea 

columnar phases as illustrated in Scheme II. Furthermore, the 
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Scheme I Schematic representations of molecular align-

ments of rod-like liquid crystals in (a)nematic and (b) 

smectic phases.

  (a) (b) 

  Scheme II Schematic representations of molecular align-

  ments of disk-like(discotic) liquid crystals in (a)discotic 

  nematic and (b)stacked columnar phases. 

columnar phases could be classified into several types of the 

columnar structure, now we have five classifications about them.8 

     At present, the rod-like liquid crystals have been  focussed 

on the industrial technology, the new flat display devices in-

stead of CRT displays in the near future. On the discotic liquid 

crystals, however, no possibility of the application has been 

found as in the same situation of the plastic crystals. 

     By the way, to the display devices using rod-like liquid 

crystals, though only the nematic phase is used actually, simply 

are applied the function that the molecular alignment could be 
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changed by the electric field. The properties of the molecules 

themselves are not considered in an available way. This recog-

nition could be the next step for the further advance of liquid 

crystals with some kinds of functions, meaning that the combi-

nation of the molecular intrinsic properties with the switching 

function having been used so far, could be the next target. 

     According to such senses, some rod-like liquid crystals 

containing a heteroaromatic moiety and 5,10,15,20-tetraphenyl-

porphyrins with long aliphatic chains as seen in Scheme III, 

are paid attention to this work. 

     At the beggining, those compounds were investigated on the

    Scheme III Compounds investigated on the mesomorphic 

    and photoconductive behaviors in this work. 

mesomorphic properties, which are described in chapter I and II 

for rod-like and disk-like compounds, respectively. Furthermore, 

the photoconductive properties were investigated mainly from a 

viewpoint of phase transitions, described in chapter III. 
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CHAPTER I 

      Mesomorphic Behaviors of Benzylideneamino-heteroaromatics 

I  --1 Mesomorphic thermal stability of  3-(4-alkoxybenzylideneamino)- 
     dibenzofurans and 3-(4-alkoxybenzylideneamino)dibenzothiophenes 

     The liquid crystalline properties of Schiff's base compounds 

(I) containing  fluorene(I,X=-CH2-)  1,  fluorenone(I,X=-00-)1,  9-

methyl- and  9H-carbazoles(I,X=-N(CH3)- and  X=-NH-, respectively)2, 

 9,10-dihydrophenanthrene(I,X=-CH2CH2-)3, and  phenanthrene(I,X= 

-CH=CH-)4 have already been reported for their homologous series.

 R=alkoxyl 

     The effect of a hetero atom(X) on the mesomorphic thermal 

stability has not so far been discussed. 

     In this section, the thermal stability of dibenzofuran and 

dibenzothiophene  analogues(I,X=-O- and X=-S-, respectively) were 

studied from the viewpoints of the molecular geometry and the 

 polarizability. 

     The transition temperatures and enthalpies of  3-(4-alkoxy-

benzylideneamino)dibenzofurans(la) and  3-(4-alkoxybenzylidene-

amino)dibenzothiophenes(11)) are shown in Table  I. and II. Figures 

1 and 2 show the mesomorphic trends of each homologous series. 

     In both cases of  la and  lb, the mesomorphic trends are 
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similar to those of the other liquid  crystals  (I) in the odd-

even alternation of the nematic to isotropic phase transition 

temperatures, the appearance of the smectic A phase in the 

region of the longer alkyl chain(n >  7)  , and the disappearance 

of the nematic phase in the longer homologues. 

                       Table I 

     Transition temperatures and enthalpies of  3-  (  4  -- 

     alkoxybenzylideneamino) dibenzofurans (la) 

        n  TC^3A,  .14  If  I  4/40.4A.P4  Of  1  1.3,/,^44  or  I  atisA_,„,  ,„,.  ,  Tp,_, efl,,,_, 

    1 150.5 35.2 
  2 129.5 30.2 167.5 0.7 

  3 133.5 35.6 146.5 0.4 
  4 124.5 24.7 158.5 0.5 
  5 115.5 34.4 148.5 0.5 
  6 112.5 29.7 154.5 0.5 
   7 113.5 34.2 115.5 0.7 150.5 0.3 
   8 118.5 38.4 128.5 5.1 152.5 0.4 
   9 116.2 50.2 132.5 1.9 149.6 0.8 
   10 113.5 51.4 136.5 2.3 148.6 1.1 
   11 117.4 61.5 139.0 2.7 146.3 1.0 
   12 120.4 57.3 140.6 3.5 145.0 1.6 
   14 116.2 66.5 139.7 3.7 140.5 2.2 

 'T in  "C and AH in  1d/mol. . 

                         Table II 

     Transition temperatures and enthalpies of  3-  (  4  - 

     alkoxybenzylideneamino)  dibenzothiophenes  (lb) 

 n  Tc-sA  e, N  Al4C-sA  . N  TsA-r,  A  HSA-N  TN_I  aHr4--1 

  5 130.5 43.6 174.9  0.7 
  6 123.3 42.3 177.6 1.0 
    7 117.4 28.8  [107.8]b 0.2 170.2 1.0 
    8 115.0 28.3 119.4 0.6 170.0  1.2 
   9 112.3 29.9 128.2 1.0 164.6 1.2 
   10 109.6 27.4 135.4 1.4 163.5 1.3 

 IIT in °C and AH in  iti/mol. 
       b[  ]: monotropic transition. 
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Figure 1 Plots of transition temperatures against the 

number of carbon atoms(n) in the alkyl chain of  3-(4- 

alkoxybenzylideneamino)dibenzofurans(la).

Figure 2 Plots of transition temperatures against  the 

number of carbon atoms(n) in the alkyl chain of  3-(4- 

alkoxybenzylideneamino)dibenzothiophenes(lb). 
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     In order to compare the mesomorphic thermal stability 

of la with that of  lb, the average values of the nematic to 

isotropic phase transition temperatures(TNI) from heptyloxy 

to decyloxy derivatives were calculated as follows: 

       la lb 

          TNI 150.3°C 167.1°C 

     The averaged TNI of  la is lower by 16.8° than that of 

      The degree of the molecular interaction would be deter-

mined by the intermolecular separation and the polarizability 

anisotropy(Eq.  1).5 Therefore, an effective molecular volume 

                         2(Aa)2 
       TNI-     (1) 

                             4.54k - 2A 

             k; Boltzmann constant. 

 La; the anisotropy of the molecular polarizability. 

            A; the term in relation to the effective  length/ 

                width ratio of the molecule. 

due to the rotation about the molecular long axis would be 

crucial for the intermolecular force. Hence, the molecular 

planarity and the molecular width are important factors for 

the mesomorphic thermal stability(TNI). Thus, it is worthwhile 

to investigate the conformation of these compounds from the 

viewpoint of the molecular volume as well as the polarizability 

anisotropy, which seems to be affected by the degree of the 

 conjugation of  ff-electrons. 

      It is generally considered that diarylazomethine is not 
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Figure 3 Twisted conformation of  N-benzylideneaniline.

a co-planar molecule as seen in Figure 3. For example,  N-

benzylideneaniline[BA] has the twist angles  01 about the Ar-N= 

bond and 02 about the Ar-C= bond. In a crystalline state,  el= 

 55° and  02—l0.3. have been reported.6 

     In order to estimate the twist angles  01 of la and lb, 

the UV absorption spectra were measured to give the results in 

Table III. 

     The band having  Xmax340-370nm seems to be assigned to the 

 Tr-ir* transition band which is due to the conjugation of the 

heteroaromatic group to the benzylideneamino moiety.7 This as-

signment could be supported by a decreased  emax of the longest 

wavelength  band7'8 of  3-(a-methyl-4-pentylbenzylideneamino)di-

benzofuran[DBFC5Me], which seems to have a larger twist angle 

 01 because of the steric hindrance of  a-methyl group against 

the 2- and 4-site protons of dibenzofuran. The absorption co-

efficients of those bands could be used for a rough estimate 

of  81 by the following  equation(Eq.  2);9 

 cos201 =  El /  60  (2) 

where  ci is the absorption coefficient of the molecule with 
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Compound Imax/cc                     MAX e, ,,b) 

BA  310(310)c) 8400( 7000) 46(50) 

SA 339(340) 11800(11200) 35(35) 

 DBF005(14) 343 27400 43 
                d)                 ca .340  DBFC5Me7400 68 

 tairocsliy(20 358 34300 35 

 DBT005(1b) 340 28500 43 

 D3T005Hy(16) 358 35200 35 

 FL005c)(1C) 347 27000 42 

 FL005Hyf)(20 361 33200 35 

a) All measurements were carried out at room temperature. 
b) Calculated values by the equation:  coslOs=  es/ce. 
c) Values in parenthesis are the reported  ones(in cyclohexane), 

   except for the  Gs which were calculated with the equation 
   above. 

d) Appeared to be a shoulder band. 
e)  FL005:2-(4-pentyloxybenzylideneamino)fluorene 
f)  FL005Hys2-(2-hydroxy-4-pentyloxybenzylideneamino)fluorene 

 Table III(left) Results of UV-absorption 

  spectra in  CHC13.a) 

 Table IV(right) Results of 1H-NMR spectra.a)

                      Chemical Shift /ppm 
Compound  aa  ab ac86cad  

Aniline 6.45 -  ---  -

BA 6.9  -- 7.3 8.27 b) 
                                  ) 0.30  SA 6

.7 - 7.5 8.57 b) 

3ADBF 6.79 6.65 -  ---  - 

DBFC5Me 6.95 6.77 -  --- b) 

 DBF005  (la) 7.1 -  7.5 8.42 7.83 
                                 ) 0.14 

 DBF005Hy(2a) 7.1 - 7.5 8.56 b) 

3ADBT 6.96 6.67  --  ---  - 

DBT005 (111) 7.2 - 7.7 8.45 7.84 
                                 ) 0.13  DBT005H

yah, 7.2 - 7.7 8.58  - b) _ 

 2AFLc) 6.75 6.61  --  ---  -

FLOCS  (1c) 7.1  -- 7.5 8.43 7.80 
                                  ) 0.12 

 FL005Hy(10 7.1  - 7.5 8.55 b) 

a) In CHC13 at room temperature. TMS was used as internal 
   standard. 

b) The  assignments could not be carried out. 
c)  2AFL:2-aminofluorene 

               b 

 . ili    ----41111k.----      C ijVk 
                    a 1- 

                     Hd



the twist angle  Al and  Co is the absorption coefficient of 

its planar analogue. 

     The application of the  Eq. 2 to the results by P.Skrabal 

et al.8 leads to  01=50° for BA in cyclohexane. This estimated 

value for BA agrees well with the results of X-ray analysis6 

and theoretical  calculations8,10.  Salicylideneaniline[SA] has 

 Emax(Xmax=340nm) of 11200 in cyclohexane and its  01 is calcu-

lated to be 35°. The absorption spectra of BA and SA in chloro-

form have respectively little change for the  E
max and Amax as 

compared with those in cyclohexane. 

     This result would be reasonable considering that the 

intramolecular hydrogen bonding between 2-hydroxyl group and 

nitrogen lone pair electrons in azomethine linkage could  de-

stabilize the twist conformation to make the molecule more 

planar.10 

     The results of  1H-NMR spectra show that the twist angles 

 01 are comparable to each other in SA,  3-(2-hydroxy-4-pentyl-

oxybenzylideneamino)dibenzofuran(2a;n=5) and  3-(2-hydroxy-4- 

pentyloxybenzylideneamino)dibenzothiophene(2b;n=5), since d
c 

for these molecules are almost the same as shown in Table IV . 

Thus, the twist angles  01 for  2a and  2b are considered to be 

almost the same to each other(about  35'). 

     The twist angles  Al of the others were estimated with the 

Eq. 2 and the  So were calculated back from the value  01 of the 

2-hydroxy derivatives. 

     The estimated twist angles  01 are comparable to each other 

in  la(n=5) and lb(n=5). This result is also supported by the 

results of  1H-NMR chemical shifts . 

     The twist angle  01 could influence the environment of 
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the two ortho-site protons of dibenzofuran and dibenzothio-

phene(Ha and Hb) and the  a-site proton of benzylidene moiety 

 (H 

     The chemical shift gaps  ASc are  0.14ppm for  la and  2a, 

and  0.12ppm for  lb and  2b. This indicates that the twist angles 

 01 are almost the same in la and lb. The ASc for BA and SA( 

 0,30ppm) indicates that BA has a larger twist angle  01 than 

laandlb, and this result agrees with the results of UV ab-

sorption spectra. As for the  Sa and  6b, the detailed analysis 

was difficult to be carried out, as these chemical shifts are 

shadowed by the other aromatic protons' multiplet signals. 

Compared with the relation between aniline and BA, however, 

the gaps between  3-aminodibenzofuran[3ADBF] and  la, and  3- 

aminodibenzothiophene[3ADBT] and lb in S
a and Sy seem to in-

dicate that  01 for la and  lb are smaller than that of BA, as 

the chemical shift of the two protons are considered to shift 

to a higher field when the twist angle increases. In fact, 

the and  S for DBFC5Me are 6.95 and 6.77ppm, respectively 

and higher than those of  la and lower than those of 3ADBF. 

     On the other hand, the twist angles  e2 for la and lb 

seem to be comparable to each other because of the similar 

values of their dd. 

     Thus, the conformations for  la and  lb are comparable to 

each other. This relation of their conformations does not seem 

to change in mesophases in which molecules could rotate freely 

about their long axis. Therefore, the effects of their confor-

mation on the effective molecular volume and the molecular 

polarizability are considered to be almost the same for  la and 

lb. 
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     The molecular width, however, is also an important factor 

for the mesomorphic thermal stability(TNI). This factor seems 

to affect the effective molecular volume. 

     The bond angle  (I) of (II), which is assumed to be the same 

as that of (I), seems to be crucial for the determination of 

the molecular width, since the rotation about  Ar-N= bond oc-

curs in mesomorphic states as shown in Figure 4. The width 

decreases as the value of  (1) approaches to 120° and the narrow 

width leads to a decrease in the molecular effective volume .

     Figure 4 Bond angle  (I) and effective molecular 

     volume determined by the  (P-value. 

     According to the crystal structures by X-ray analyses , 

the bond angles  q of dibenzofuran and dibenzothiophene are 

 105.6°11           or  106.3°12 and 111 .4° or  112.4°13, respectively. 

Thus, the width decreases in the following order: 

              dibenzofuran > dibenzothiophene 
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This indicates the thermal stability of mesophases tends to 

increase in this order: 

              dibenzofuran < dibenzothiophene 

The order agrees with that of  TNI in  la and lb. 

     K.J.Miller et al. reported an empirical method for cal-

culating average molecular  polarizability.14 According to the 

calculation method, the average molecular polarizabilities of 

dibenzofuran and dibenzothiophene could be estimated to be 

19.93 and 22.32A3, respectively. The anisotropy of the molecular 

polarizability seems to be the same order as the average molec-

ular polarizability because of the same order of the optical 

anisotropy for dibenzofuran and dibenzothiophene.15 These orders 

also agree with that of T
NI in  la and lb. 

     Therefore, the order of the mesomorphic thermal stability 

of la and lb could be explained in terms of the molecular  polar-

 , izability(anisotropy) and the molecular width. These results 

indicate that the bridging atom(X) in the heteroaromatic ring 

could significantly affect the mesomorphic thermal stability . 

     However,  2-(4-alkoxybenzylideneamino)fluorenes(1c), the 

structural analogues to la and lb, have higher T
NI than those 

of  la and  lb. The averaged  TNI in heptyloxy to decyloxy deriva-

tives is  186.4°C.1 

     The average molecular polarizability for fluorene was re-

ported to be 21.15A3 14 and the optical anisotropy was measured 

to be smaller than those of dibenzofuran and dibenzothiophene .15 

This seems to indicate that the mesomorphic thermal stability 

of  IN could not be explained only by the polarizability . The 
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width is not significantly different from those of dibenzofuran 

and dibenzothiophene. The  cp-value for fluorene is reported to 

be  107.6°16 or  108°17. The conformation of  lc estimated by the 

method described above seems to be almost the same as those of 

la and  lb, as shown in Table III and IV. These results might 

indicate the possibility of the existence of other factors 

which determine the  mesomorphic thermal stability for these 

kinds of mesogens. 

Conclusion 

     The homologous series of  3-(4-alkoxybenzylideneamino)di-

benzofurans and 3-(4-alkoxybenzylideneamino)dibenzothiophenes 

were prepared and their mesomorphic behaviors were revealed. 

Some factors determined the mesomorphic thermal stability were 

examined and the results indicate that the bridging atom(X) 

incorporated in the structure(I) significantly affects the 

mesomorphic thermal stability . 
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I — 2 A relation of the structural factors of molecules and the trans-

       verse dipoles for the occurrence of the smectic C phase in  benzyl-

       ideneamino-heteroaromatics 

     Many studies have so far been made of the structure and 

the formation of the smectic C phase , and the structure was 

revealed to be analogous to that of the smectic A phase except 

for its tilt alignment to the layer  norma1 .18 Though many 

factors have been proposed for the occurrence of the smectic 

C phase, it seems that no definite conclusion has been reached 

yet. 

     W.L.McMillan proposed that, due to structural factors for 

the  occurrence of the smectic C phase , the molecule should have 

an approximate center of symmetry, large outboard(antiparallel) 

dipole moments and a zig-zag(trans) gross shape as shown in 

scheme  below.19  A  .Wulf also proposed the steric model for the 

             McMillan's model 

             • approximately symmetrical molecular structure 

             • terminal  out  board dipole moment 
              • freezed-out rotation 

                                            0 

                          cni12.11-0-0-0-010nH2n+1 

driving force of the tilt alignment, assuming that the mole-

cule is symmetrical and zig-zag shaped .2° 

 Wulf  's steric model 

              • zig -zag shaped molecules

-17-



             On the other hand, experimental results which do not a-

       gree with the above theories have been reported. J.W.Goodby 

       et al. have illustrated that the lack of one-side dipole of the 

       two outboard ones does not lead to the disappearance of the 

       smectic C phase, and that branching in the terminal alkyl chain 

       also does not lead to the vanishing of the smectic C phase .21 

             At present, it has been accepted that the favorable factors 

       for the occurrence of the smectic C phase are  (1)the approxi-

       mately symmetrical molecular structure, (2)two alkyl chains at - 

       both ends of the core moiety, (3)the appropriate length of the 

       terminal alkyl chain and (4)terminal outboard dipole moments.18 

             However, it was found 3-(2-hydroxy-4-alkoxybenzylidene-

       amino)dibenzofurans(2a) are smectic C mesogens with pentyloxy 

       to dodecyloxy terminal chains. 

             In order to study the relation of molecular geometry and 

 molecular dipoles to the occurrence of the smectic C phase, 

       the geometrical analogues to 2a were prepared and their meso-

       morphic behaviors were investigated. 

            The mesomorphic behavior of  2a shows the normal trend for 

       the nematic and smectic A phases. As seen in Figure 5(the tran-

       sition temperatures were listed in Table V .), the nematic to 

       isotropic transition temperatures show a normal odd-even alter-

       nation and the smectic A to nematic transition temperatures 

      gradually rise as the terminal alkyl chain length increases, 

       leading to the disappearance of the nematic phase in the higher 

       members of the homologous series. 

            The smectic C phase of 2a appeared in pentyloxy to dodecyl-
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    Figure 5 Plots of transition temperatures against 

    the number of  carbop  atoms  (n) in the alkyl chain 
    of  3-  (  2-hydroxy-4-alkoxybenzylideneamino)  dibenzo-

    furans (2.3)  m  ;melting point and  p; crystallization 
    on cooling at  5  °C/min 

 Table V 
Phase transition temperatures  (T/''C) of  3-  (  2-hydroxy -
4-alkoxybenzylideneamino) dibenzofurans ( 2a) 

n 

 Of N  ScSA or N  TSA•H or I 

4 154.5 179.6 117.5 
5 135.0  (113.9)1' 173.9 111.2 
6 131.1 (115.7) 175.6 102.5 
7 125.6 (123.5) 128.0 171.1 114.6 
8 124.8 125.8 136.2 172.0 96.5 
9 122.6 (118.4) 144.3 168.3 110.4 

10 121.8 (117.3) 149.2 167.6 98.5 
 11 120.1 (106.6) 152.5 164.3 104.1 

12 119.8 (101.6) 154.8 162.7 100.5 
14 118.6 156.0 158.1 104.0 

 •C:crystal,  Sc:smectic C, SA:smectic A, N:nematic, I:isotropic and rec.:recrystallization 
(cooling  rate:5°C./min.).  b ( ):monotropic  transition. 
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oxy derivatives as a monotropic transition except for an en-

antiotropic octyloxy derivative. The curve of the smectic C 

to nematic or to smectic A transition temperatures against 

the number of carbon atoms in the alkyl chain is "parabolic", 

as G.W.Gray et al. referred to,22 but is a broader one and 

reaches maximum with an octyloxy compound. The odd-even alter-

nation of the transition temperatures is ambiguous as compared 

with that of the biphenyl derivatives having two alkyl chains 

(5a and  5b).22

     This smectic C phase was identified by the miscibility 

test with  terephthalylidene-bis(butylaniline)[TBBA]23, as 

shown in Figure 6. 

     The microscopic observations of the  smectic C phase ex-

hibited two kinds of  textures("Schlieren" and "broken fan" 

in the homeotropic and homogeneous parts of the smectic A 

phase on cooling,  respectively.). However, the smectic C to 

smectic A transition could not be detected by DSC measurement, 

probably  <0.01kJ/mol., indicating that it is a second-order 

or a weak first-order phase transition. 

     The smectic C mesogens  2a, are not symmetrical and has 

only one terminal alkyl chain. Furthermore, it has no terminal 

outboard dipole moment. A terminal dipole  of .the  alkoxyl group 

would not be regarded as "outboard" one owing to the absence 

of the counter dipole at the end of dibenzofuran core. 
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Figure 6 

A miscibility diagram be-

tween 2a(n=8) and TBBA.

Figure 7 

A binary phase diagram of 

2a(n=8) and  la(n=10).



     A comparison with  3-(4-alkoxybenzylideneamino)dibenzo-

furans(la) indicates that the additional hydroxyl group raises 

the  mesomorphic thermal stability by about 30°C and that the 

mesomorphic temperature range is enlarged by about 10°, while 

the addition does not change the behaviors of the nematic and 

smectic A phases  in  relation to the length of the alkyl chain 

with regard to the appearance of the smectic A phase and the 

disappearance of the nematic phase. 

     Furthermore, it is evident that the lateral hydroxyl 

group enhances the  smectic.0 thermal stability, leading to the 

injection of the smectic C phase underlying the  smectic  A and 

nematic phases, since the miscibility test indicated that the 

thermal stability of the smectic C phase(the virtual transition 

temperatures  TSC_SA) in la seems  to be very low, inferred from 

Figure 7. 

     On the other hand, though the  mesomorphic behaviors of 

 2-(4-alkoxybenzylideneamino)fluorenones(1d) were firstly re-

ported in 1955 by  G.W.Gray.et al., they could classify the 

two mesophases to be nematic and smectic ones at that  time.1 

In 1974, G.W.Gray et al. themselves reexamined the hexadecyl-

oxy derivative to have nematic and smectic A phases.24 However, 

G.Sigaud et al. reported that the heptyloxy derivative shows 

no smectic A phase but smectic C phase in addition to the 

nematic phase.25 Therefore, the interesting liquid crystals lid 

were reinvestigated on the mesomorphic behaviors for the 

homologous series. The mesomorphic trend is shown in Figure 

8 and the transition temperatures were listed in Table VI. 

     The fluorenone liquid crystals  ld are smectic C mesogens. 

The smectic phase between n=6 and  n=11 is smectic C phase. 
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Figure 8 Plots of transition temperatures against the 

number of carbon atoms(n) in the alkyl chain of  2-(4- 

alkoxybenzylideneamino)fluorenones(1d).  •;N-I,  0;SA-N, 

 o;SC-SA or N and  ^;melting point and  0;crystalliza-

tion on cooling at  5°C/min. 

                     Table VI 

Phase transition temperatures(T/°C) of  2-(4-alkoxy-

          benzylideneamino)fluorenones(ld) 
                                                                                     a) n

A-NN-I7STT        TC-Sc , SA or NTSc-SA or Nrec. 

6 101.5 143.5 48.5 

7 87.7 1 56.516)  138.9 46.0 

8  85.2  [ 67.21 140.2 49.0 

9  86.0  1 80.01 137.7 47.6 

10 85.8 87.7  137.0 60.3 

11 90.8 96.1 134.5 51.2 

12 89.7 101.5 103.0  133.1 56.7 

13 91.8 111.0 134.4  47.0 

14 91.3 115.7 133.9 54.1 

16 94.9 124.3 132.6 55.6 

 a)  C:crystal,  Sctsmectic C,  SAtamectic A,  Ntnematic,  1:isotropic  and  rec.trecrystalliza-
    tion(cooling  rates5•C/min.). 

 b)  [  J:  monotropic  transition  temperatures. 
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At n=12,  id has smectic A phase in addition to the smectic C 

phase. However, in the longer alkyl chain length than n=13, 

the smectic C phase suddenly disappears and only the smectic 

A phase appears as a layer-structured phase. 

     The trend of the smectic  phase(A and C) for the homologous 

series is normal in the viewpoint of the increase of the 

smectic thermal stability with the elongation of the terminal 

alkyl chain. The binary phase diagram between the undecyloxy 

and the dodecyl derivatives indicates the thermal stability 

of the smectic A phase underlies that of the smectic C phase 

in the undecyloxy derivative as shown in Figure  18(p .40). As 

a layered structure, that is, the smectic C structure is more 

stable than the smectic A structure in the shorter alkyl chain 

length than  n=11. An inversion of the order of thermal stability 

for the smectic A and the smectic C phases occurs as passing 

from  n=11 to n=12. 

     Furthermore, the binary phase diagram between the dodecyl-

oxy and the tridecyloxy derivatives indicates that the latter 

has no ability to form a smectic C structure, inferred from 

Figure  19(p.43). This result reveals that the difference in 

the terminal alkyl chain length could be crucial for the ability 

to form the smectic C phase as a structural factors, for even 

the case that the difference is the length corresponding to 

only one carbon atom in the terminal alkyl chain. 

     On the other hand, the ortho-hydroxyl compounds of ld, 

that is  2-(2-hydroxy-4-alkoxybenzylideneamino)fluorenones(2d) , 

show the same trend in the homologous behaviors of the smectic 

C phase as  ld, except for that in the longer alkyl chain length 
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Figure 9 Plots of transition temperatures against the 

 number of carbon atoms(n) in the  Alkyl chain of  2-(2- 

 hydroxy-4-alkoxybenzylideneamino)fluorenones(2d).  o; 

N or  SA-I,  o;SA-N,  wSC-SA or N,  ^;melting point and 

 n;crystallization on cooling at  5°C/rain. 

                    Table VII 

Phase transition temperatures(T/°C) of  2-(2-hydroxy-4- 

      alkoxybenzylideneamino)fluorenones(2d) 

 n  TC-5
c  or  II  7'SC-SAorn  TSA-N  or  I  T,...,  Trec.81 

 6  128.8 1101.716)  186.7 109.6 

 7 127.2 1113.11  183.3 106.7 

 8 123.7 1117.21  102.3 107.1 

9 122.5 124.4 178.7 105.3 

10 121.4 129.1 178.1 107.4 

11 120.6  135.8 175.9 102.3 

12 119.5 141.1  174.6  108.1 

13 118.7 147.1 155.6 173.7 104.3 

14 117.5 146.2 164.4 172.5 102.7 

16 116.3 141.7 169.2 170.0 104.5 

18 116.6 139.0  168.6  104.3 

22 119.0 130.7 163.0 108.3 

   a)  C:crystal,  Sesmectic  C,  SA:smectic  A,  Ntnematic,  I:isotropic and  rec.:recrystalliza-
      t1onlcool1ng  rate:PC/min.). 

 b)  I  is momotropic transition  temperatures. 
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than n=13, up to n=22 as shown in Figure 9. The transition 

temperatures of  gg were listed in Table VII. 

     In this case, the additional hydroxyl group raises not 

only the mesomorphic thermal stability(TNI) but the smectic 

C thermal stability as compared with those of  ld. However, 

the degree of increasing the smectic C thermal stability 

is far smaller than that in dibenzofuran analogues  la and 2a. 

This phenomenon seems to be due to the sufficiently large 

thermal stability of the smectic C phase of ld. In other words, 

a central and lateral hydroxyl group is considered to have a 

smaller effect for elevating the smectic C thermal stability 

than a transverse dipole of the heteroaromatic moiety, which 

is positioned at near end of the core moiety, as discussed 

later. 

     Furthermore, the additional hydroxyl group seems to have 

an effect on the force of forming the smectic C structure, that 

is, the crucial negative effect of the terminal alkyl chain on 

the ability to form the smectic C structure as molecular as-

sembly as seen in ld is considered to be relaxed to some extent 

by the addition of a hydroxyl group at a near center part of 

the core moiety, leading to the occurrence of the smectic C 

phase for the tridecyloxy to docosyloxy derivatives in contrast 

to the non-hydroxyl compound ld. The central hydroxyl group 

seems to have an effect to make the smectic C structure tight . 

     It is in  contrast that there exists the difference in  the 

behaviors about the occurrence of the smectic C phase between 

these fluorenone liquid crystals(ld and 2d) and dibenzofuran 

ones(la and  2a). 
                   •••••.e 

     The difference between the fluorenone and dibenzofuran 
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   liquid crystals appears to be in the next two factors, that is, 

 (1)the magnitude of dipole moments contributing to the trans-

   verse component for the molecular long axis, and (2)the bulki-

   ness  of  the carbonyl moiety. 

         The bulkiness, however, would not be considered to be a 

   favorable factor for the occurrence of the smectic C phase, 

    since  2-(2-hydroxy-4-alkoxybenzylideneamino)-9-methylcarbazoles 

   (2e), which contain a bulky methyl group in the carbazole 

   moiety just like  2d, does not exhibit the smectic C phase, 

   though the smectic A phase appears as the alkyl chain becomes 

   longer as shown in Figure 10, and the binary phase diagram 

   between 2e(n=8) and 2a(n=8) indicates the smectic C thermal 

   stability of  2e is  estimated  to be far lower than that of 2d, 

   in Figure 11. The transition temperatures of  2e are listed in 

   Table VIII. 

         Figure 11, moreover, indicates that the smectic A phase 

   is able to exist with the lower thermal stability than that 

   of the crystalline phase for the octyloxy derivative of 2e. 

   Therefore, 2e could have a layered structure, but a  smectic C 

   structure could not be constructed with a higher thermal sta-

   bility. Furthermore, the layered structure of  2e is inferred 

   to be assisted to considerable extent by the longer alkyl chain. 

   Thus, the bulkiness of 9-methyl group seems to be more disad-

   vantageous for forming a layered structure than that of the 

   carbonyl moiety in fluorenone skeleton, that is, methyl group 

   seems to be more bulky than that of a carbonyl group. 

         On the other hand, fluorenone has been reported to have a 

   pretty  larger dipole moment than that of dibenzofuran, as seen 

   in Table IX. 
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Figure 10 Plots of transition temperatures against 

the number of carbon atoms(n) in the alkyl chain of 

 2-(2-hydroxy-4-alkoxybenzylideneamino)-9-methyl-

carbazoles(2e).  •;N-I,  o;SA-N,  111  ;melting point 

and  o;crystallization on cooling at  5°C/min. 

                   Table VIII 

Phase transition temperatures(T/°C) of  2-(2-hydroxy-

4-alkoxybenzylideneamino)-9-methylcarbazoles(2e) 

                                                                       a)  T
C-SA or NA-N                                                                               Tcryst.  TN-I                                    S 

 4 125.2 148.8 97.0 

 5 109.6 140.7 81.5 
 6 133.1 142.2 115.1 

 7 132.0 137.6 103.0 

 8 117.4 138.0 95.6 
                                 b)                                ( 85.0)  9 102.4136.0 83.5 

 10 108.5 (  97.5) 134.0 94.0 
 11 94.5 110.5 131.3 71.0 

 12 108.1 115.5 129.6 91.0 
 14 110.0 124.7 128.5 87.0 
   a) C:crystal, SA:smectic A,  N:nematic, I:isotropic and  cryst.:crystallization 

      on cooling at  5°C/min. 
   b)  (  ):monotropin transition. 
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Figure 11 

A binary phase diagram of 

 2e(n=8) and  2a(n=8).

Table IX 

Dipole moments of 

heteroaromatic molecules
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     V.W.Van der Meer and G.Vertogen proposed that acentral 

transverse dipoles are important for the tilt alignment in 

the smectic C  phase, based on their dipole-induced dipole 

model.26 This theory applies the  dipole-induced dipole inter-

action giving rise to attractive forces among molecules, to 

the mechanism of tilting within a layer. 

     From these viewpoints, it could be considered that a 

large transverse dipole moment of fluorenone causes the smectic 

C phase in a case of ld. 

     Figures 12 and 13 show the mesomorphic trends of the 

homologous series for  3-(2-hydroxy-4-alkoxybenzylideneamino)- 

dibenzothiophenes(2b) and  2-(2-hydroxy-4-alkoxybenzylidene-

amino)fluorenes(2c), respectively. The transition temperatures 

of  2b and  2c are listed in  Table  X and XI, respectively . 

     The mesomorphic trends of  2b and  22c are normal in the 

nematic to isotropic and the smectic A to nematic phase tran-

sitions, like those of 2a. 

     The narrower temperature width of the odd-even alternation 

in the nematic to isotropic phase transition temperatures , 

rather than that of compounds without a hydroxyl group, is 

common to 2a, 2b and  22c. This seems to indicate that the  molec-

ular interaction among the core moieties in mesophases for 2a , 

2b and 2c is stronger than that of non-hydroxyl compounds , 
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     Figure 12 Plots of transition temperatures against 

     the number of carbon atoms(n) in the alkyl chain of 

 3-(2-hydroxy-4-alkoxybenzylideneamino)dibenzothio-

     phenes(2b).  •;N or  SA-I,  0;SA-N,  o;virtual  SC-SA 

     or N,  R;melting point and  0;crystallization on cool-

     ing at  5°C/rain. 

                      Table X 

Phase transition temperatures(T/°C) of  3-(2-hydroxy-4- 

alkoxybenzylideneamino)dibenzothiophenes(2b) 

n
A-_SATC-SA or NTSN or  ITN-I  Trec. TsCAor 

5 180.1 201.8 149.5 111 

6 172.6 200.2 144.0 118 

                           b)                           (143 .0) 7 170.0194.6 126.8 122 

 8 165.5 (151.7) 193.2 137.5 120 

9 163.4 (160.7) 188.7 140 .3 110 

10 160.3 167.0 187.3 129 .8 104 

11 157.8 170.4 183.9 139.0 

12 156.7  173.7 181.6 130 .5 

14 152.4 175.2 176.2 131 .5 

16 147.2 168.6 136 .6 

 a) C:crystal,  Sc:smectic C, S
A:smectic A,  N:nematic, I:isotropic and  rec.:recrystallization      (

cooling  rate:5°C/min.). 
 b) (  ):monotropic transition. 
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Figure 13 

Plots of transition 

temperatures against 

the number of carbon 

atoms(n) in the alkyl 

chain of  2-(2-hydroxy-

4-alkoxybenzylidene-

amino)fluorenes(2c). 

       t-bor                           nH-2n.1 

 •;SA or N-I,  0;SA-N, 

 o;virtual S-S-        CA"m 

melting point and  0; 

crystallization on cool-

ing at  5°C/min.

                     Table XI 

             Phase transition  temepratures(T/°C) 

     of  2  -(2  -hydroxy  -4  -alkoxybenzylideneamino)fluorenes(2c) 

nTT 
            A-Crec.$A(virtual)a)        TC-SA or NTSN or ITN-IS-S 

                                  4 149.3 159.6 214.5 133.0 37 

5 126.3 169.1 205.0 97.9 42 

6 114.0 176.4 206.6 77.0 44 

7 118.3 183.2 201.7 80.8 34.5 

8 112.2 187.6 200.5 81.8 29.5 

9 97.0 189.0 195.6 66.2 

10 94.4 190.8 193.6 77.5 

11 95.4 189.9 72.1 

12 94.5 188.9 83.7 

a) C:crystal,  Sc:smectic C,  SA:smectic A, N:nematic, I:isotropic and  rec.:recrystallization 
    (cooling  rate:5°C/min.). 

                               -32-



Figure 14 Typical binary phase diagrams for the estimation of the virtual 

 Sc-SA or N transition temperatures. (A) for  2a(n=8) and  2b(n=8), and (B) for 

 2a(n=6) and  2c(n=6).  0;crystallization temperature on cooling at  5°C/rain.



thus leading to decreasing the effect of motions of the ter-

minal alkyl chain on the nematic to isotropic transition tem-

peratures. 

     The compounds 2b and 22c show no smectic C phase, similar 

to the corresponding non-hydroxyl compounds  lb and  lc, and 

the virtual smectic C to smectic A and to nematic phase tran-

sition temperatures were estimated by extrapolating the line 

of smectic C to smectic A or to nematic phase transition tem-

peratures in the binary phase diagram with  2a possessing the 

same alkyl chain length as that of the compound to be esti-

mated. Typical diagrams are illustrated in Figure 14. 

     With 2c, the virtual smectic C to smectic A transition 

temperatures are extremely low, while those of 2b are slight-

ly lower than those of 2a. This situation was made to be clear-

er in Figure 15, in which the TS -sor  N/TN_I of 2a, 2b and 
                         CA 

2c are plotted against the carbon number(n) in the alkyl chain.

Figure 15 Plots of TS -Sor  N/ 
                CA 

 TN-I against the carbon number(n) 
in the alkyl chain for  2a, 2b and 

2c•

     Among these three 

compounds, the difference 

in the geometrical struc-

ture is little as shown in 

 I-1, but the dipole moments 

differ from each other. 

     Obviously, the order 

of the magnitude of the 

dipole moments of dibenzo-

furan, dibenzothiophene 

and fluorene shows a re-

lation to the smectic C 

thermal stability. In other
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words, the smectic C thermal stability of 2a, 2b and  2c in-

creases as the magnitude of a dipole moment of dibenzofuran, 

dibenzothiophene and fluorene becomes larger. 

     This fact indicates that the thermal stability of the 

smectic C phase could be increased by an appropriate magnitude 

of the transverse dipole moment, even in such an unsymmetrical 

molecule. In other words, favorable factors for the occurrence 

of the smectic C phase, being suggested so far, are not always 

required if the molecule has an appropriate magnitude of  the 

transverse dipole moment. This might indicate that the comple-

mental relation of the transverse dipole moment to the favorable 

factors exists. 

      In a case of  ld and  2d, acentral transverse dipole moment 

in the core moiety seems to be important for the occurrence of 

the smectic C phase, as V.W.Van der Meer et al. referred to, in 

a comparison with a case of  la and  2a. However, in the latter 

case a hydroxyl group at ortho-site of benzylideneamino moiety, 

to be considered to locate nearly in the central part of the 

core, was important for the occurrence of the smectic C phase. 

      Figure 16 shows a binary phase diagram of  2a(n=8) and 

 DBFOC80Me, in which a hydroxyl group of 2a was methoxylated, 

indicating that a methoxy group decreases the mesomorphic ther-

mal stability due to the bulkiness, to result in exhibiting no 

mesophase. The bulkiness of a methoxy group reduces  the  Ts 
 C 

more largely as shown by the ratio of Ts of  DBFOC80Me to 

that of 2a(n=8) calculated to be  0.690, while the ratio of  T  N -I 

is 0.730, where the unit of TS -Nand  TN_I is "K". Furthermore, 
                             C 

it is more likely that  DBFOC80Me has a formative ability of the 

 smectic C structure rathet than that of the smectic A one and 
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          Figure 16 A binary phase diagram of 

 DBFOC8OMe and  2a(n=8). 

the estimated  TS  _N/TN_I is 0.846, meaning that the smectic C 
 C 

thermal stability of  DBFOC8OMe is lower than that of  2e. However, 

the thermal stability of the smectic Cphase could be inferred 

to be larger than that of the smectic A phase for  DBFOC8OMe, 

since the smectic A phase gets in the underlying smectic C 

phase as seen in Figure 16. Though the bulkiness in the lateral 

direction is not favored for the occurrence of the smectic C phase 

as described about  2e, the inference that the smectic C thermal 

stability is larger than that of the smectic A phase in  DBFOC8OMe 

makes us thought of the importance of the transverse dipole moment 

even in this case. Thus, it might be indicated that when the mole-

cule has bulky substituents in the lateral direction, leading to 

the difficulty for forming the smectic A structure, but has 

                                   -36-



an appropriate magnitude of transverse dipole moments, the 

smectic C phase take precedence over the  smectic A phase. 

     Though there remains the possibility that the dipole 

moments of dibenzofuran, dibenzothiophene and fluorene work 

as "outboard" dipoles, the magnitude of "central" dipoles is 

also an important  factor, since  la, the non-hydroxyl compounds 

of 2a, are considered to have extremely low smectic C thermal 

stability. This means the magnitude of the dipole moment of 

azomethine linkage is insufficient for the formation of the 

smectic C phase at such a high temperature. Considering that 

compounds  lid are smectic C mesogens, these results indicate 

again that an appropriate magnitude of the transverse dipole 

moment is required in the core moiety for the formation of the 

smectic C phase, though the relation of the location of the 

dipolar part to the smectic C thermal stability is not evident. 

     As seen in Figures 12 and 13, the positions of the maxima 

of smectic C thermal stability for 2b and  2c are located at 

n=7 and n=6, respectively, and the trend of the curves is also 

"parabolic" . 

     The  "parabolic" shapes of smectic C to smectic A and nematic 

phase transition temepratures for  22a, 2b and 2c are intermediate 

between those of  5a and 5b, which are steeper and more gently 

falling, respectively,22 in the higher homologues. Considering 

the behaviors of the smectic C thermal stability against 

the terminal alkyl chain length, it might be indicated that 

compounds with only one alkyl chain and whose major dipolar 

parts are more distant from the terminal alkyl group, are more 

sensitive to the effect of the alkyl chain length as  the  same 

case as compounds with small magnitude of the transverse dipole 
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moment, leading to the importance of dipole-induced dipole 

interaction for smectic C thermal stability. 

      The "outboard" dipole  moments,-in:fact, also are thought 

to be important for the occurrence of the smectic C phase 

and thus, the transverse dipole moment in the  heteroaromatic 

moiety is considered to work as an "outboard" one in the same 

manner, as a possibility. 

      Figure 17 shows the  mesomorphic trend of  3d, which an 

alkyl chain is substituted instead of alkoxy one in  ld . 

      The layered structural phase, the smectic A phase, is 

exhibited in the longer alkyl chain than  n=14, but a smectic 

C phase does not appear up to n=14. 

     A binary phase diagram of 3d(n=12) and  ld(n=11) indicates 

that the ability to form the smectic C structure is not expected 

for 3d, as shown in Figure 18, since a succession of the smectic 

C phase between 3d(n=12) and  ld(n=11) in the phase diagram could 

not be seen. This system shows a reentrant phenomenon described 

later. 

     Therefore, a dipole moment derived from the alkoxy group 

is crucial for the occurrence of the smectic C phase . Eventually, 

it seems to be concluded that the transverse dipole moment of a 

heteroaromatic moiety and the alkoxy dipole moment are in a  com-

plemental relation. Thus, the heteroaromatic dipole moment could 

be interpreted to be an "outboard" dipole moment in a  broad sense . 

     As to the mesomorphic trend of 3d, a characteristic is 

seen that the nematic to isotropic phase transition temperatures
, 

the mesomorphic thermal stability, keep the level against the 

change of the terminal alkyl chain length. 
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   Figure 17 Plots of transition temperatures 

   against the number of carbon atoms(n) in the 

   alkyl chain of  2-(4-alkylbenzylideneamino)- 

   fluorenones(3d).  •;N-I,  0;SA-N, 

   point and  D;crystallization on cooling at 

 5°C/min. 

                 Table XII 

Phase transition temperatures(T/°C) of  2-(4-alkyl-

          benzylideneamino)fluorenones(3d) 

                                                                    a)          T
C-SA,N or  I  TSA-N  Tcryst. 

5 105.2 109.2 88.0 
                                            b)                                            (100 .9] 6 106.596.7 

7 101.6 109.6 84.7 

8 100.0 104.8 88.3 

9 97.4 108.7 85.2 

10 97.0 103.1 85.6 

11 96.2 107.4 89.1 

12 95.4 106.3 88.0 

13 94.7 106.2 86.7 

14 92.8  [  85.51 105.2 75.4 

  a)  C:crystal.  SA:smectic A,  N:nematic, I:isotropic and  cryst:crystallization on 
     cooling at  5°C/min. 

  b)  [  Imonotropic transition. 
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        Figure 18 A binary phase diagram of 3d(n=12) 

        and ld(n=11). 

     The phase transition temperatures of 2-(4-alkylbenzyl-

ideneamino)fluorenones(3d) are listed in Table XII. 

 Conclusion 

 3-(2-Hydroxy-4-alkoxybenzylideneamino)dibenzofurans,  3- 

(2-hydroxy-4-alkoxybenzylideneamino)dibenzothiophenes,  2-(2- 

hydroxy-4-alkoxybenzylideneamino)fluorenes and  2-(2-hydroxy-

4-alkoxybenzylideneamino)fluorenones were prepared and inves-

tigated on the mesomorphic behaviors, especially on the occur-

rence of the smectic C phase. 

     Through a comparison with  2-(4-alkoxybenzylideneamino)- 

fluorenones, which have already reported and were reexamined 
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in this work, the transverse dipole moment was concluded to 

be an important factor for the occurrence of the smectic C 

phase. Furthermore, a complemental relation of the trans-

verse dipole moment to the favorable factors for the occur-

rence of the smectic C phase being suggested so far, are in-

dicated. Consequently, it was shown that the smectic C ther-

mal stability could be raised as the magnitude of the trans-

verse dipole moment increases. 
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I  -- 3 New  binary systems exhibiting a  N-SA-Sc-SA reentrant phenomenon 

     Since the reentrant nematic phase was discovered for a 

binary mixture of terminal polar mesogens by P.E.Cladis in 

1975,27 the reentrant phenomena of mesophases have been ac-

tively studied. 

     Generally, mesogens exhibiting reentrant phenomena have 

a strongly dipolar substituent, such as cyano or nitro  _groups 

at the terminal part in the core moiety28 but in some cases 

a binary mixture of terminal non-polar mesogens also exhibits 

a reentrant phenomenon.29 

     Recently, a new polymorphism variant  N-SA-Sc-SA has been 

reported for the binary mixture of terminal non-polar compounds 

66a and 6b, which are structurally similar to each other, al-

though one has two alkyl chains and the other has only one

alkyl chain.30 

     As described before,  2-(4-tridecyloxybenzylideneamino)- 

fluorenone(ld;n=13) does not show the smectic C phase, while 

the dodecyloxy  derivative(ld;n=12) is a smectic C mesogen. 

The smectic C phase suddenly disappears at  n=13, whilst the 

smectic C thermal stability increases as the chain length e-

longates up to n=12. 

     In order to estimate the virtual  smectic C to smectic A 

                                   -42-



          Figure 19 A binary phase diagram of ld(n=13) 

           and ld(n=12). 

transition temperature of  ld(n=13), a binary phase diagram of 

these two mesogens was investigated, as shown in Figure 19. 

     This diagram shows the existence of a reentrant smectic 

A phase in a range between 36 and 71 mole% of  ld(n=12). The 

range where the reentrant smectic A phase appears is larger 

than that of the mixture of 6a and 6b(2 mole%). 

     The conoscopic observation ascertained the lower smectic 

phase underlying the smectic C phase to be uniaxial, as seen 

in Figure 20. A texture of the smectic C phase appearing in the 

homeotropic area of the smectic A phase is shown in Figure 21. 

     According to the results of X-ray diffraction, the layer 

spacings of the smectic A, smectic C and reentrant smectic A 

phases were found to be 33.38, 32.81 and 32.86A, respectively, 

for the mixture of 50 mole% of  ld(n=12). The molecular length 
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Figure 20 Conoscopic interference figure of SA 

(100°C),  Sc(90°C) and reentrant SA(65°C) phases 

for the mixture of 49 mole% of  ld(n=12).

Figure 21 A texture of the smectic C phase at 90 

°C for the mixture of 49  mole% of ld(n=12) . This 

texture appears in the homeotropic area in the 

smectic A phase on cooling. 
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with an extended chain is estimated to be 31.5 and 32.7A for 

the dodecyloxy and tridecyloxy derivatives, respectively. 

The resulting values of the layer spacings mean that all the 

smectic phases have a monolayered structure. This indicates 

that the change of the layer structure, mono- and bi-layers, 

could not contribute to the origin of this case. 

     A tilt angle in the smectic C phase for the mixture of 

50 mole% of ld(n=12) is calculated to be about  10° and appear-

ed to be of temperature-independent. 

     This type of the reentrant phenomenon, a  N-SA-Sc-SA type, 

was also seen in a binary system of  ld(n=11) and  3d(n=12), 

as already shown in Figure 18. 

     Furthermore, Figure 22 shows the range exhibiting the 

reentrant smectic A phase becomes narrower as one component 

showing no smectic C phase is changed to that with a longer 

alkyl chain. 

     In Figure 19 and 22, the line of T
reSA-SCseems to ap-

proach to one point, that is the temperature about 35°C as 

the concentration of  ld(n=12) becomes close to 100%. This 

might indicate that the fluorenone liquid crystals  ld are 

intrinsically reentrant smectic A mesogens. 

Conclusion 

     New binary systems exhibiting a  N-S
A-Sc-SA reentrant 

phenomenon were found and fluorenone liquid crystals ld are 

indicated to have an intrinsic reentrant smectic A mesogen-

uity as a possibility. 

                                -45-



Figure 22 

(A) A binary phase diagram 

    of  ld(n=14) and  ld(n=12).

(B) A binary phase diagram 

of ld(n=16) and  ld(n=12).



EXPERIMENTAL 

Preparation of materials 

 Schiff's base compounds: The Schiff's base compounds were pre-

pared by  refluxing the absolute ethanol solution of the equi-

molar amine and aldehyde and recrystallized from absolute 

ethanol or hexane more than three times. 

     All compounds were identified by elemental analylsis, which 

are given in Table XIII, IR and 1H-NMR spectra. 

     The following data for the octyloxy compound are typical 

of the homologous series as a whole: 

     For  2a(n=8), m/z  415(M+);  y
max.(KBr)3450,3060,2930,2860, 

 1620,1600,1570,1405,1290,1230,1120,835,820,740 and  720cm-1;6
H 

 (CDC13)0.89(3H,t,CH3),  1.1-2.0(12H,br m,CH2CH2), 3.98(2H,t, 

ArOCH2R), 6.47(1H,d,Ar(5)H), 6.49(1H,s,Ar(3)H),  7.1-7.7(6H,m) , 

 7.90(2H,d,dibenzofuran(1 and 9)H), 8.57(1H,s,CH=N) and 13.62( 

 1H,s,OH). 

     For  2b(n=8), m/z  431(M+)"
max.  (KBr)3450,3050,2920,2850, 

1620,1585,1565,1400,1290,1230,1185,810 and  730cm-1;6
H(CDC13) 
 0.89(3H,t,CH3),  1.1-2.0(12H,br m,CH2CH

2), 3.98(2H,t,ArOCH2R), 

 6.47(1H,d,Ar(5)H),  6.50(1H,s,Ar(3)H),  7.1-7.6(4H,m),  7.69(1H , 

s,dibenzothiophene(3)H), 7.76-7.94(1H,m), 8.57(1H,s,CH=N) and 

 13.63(1H,s,OH). 

     For  2c(n=8), m/z  413(M+)  ;v
max.(KBr)3450,3055,2935,2860, 

1630,1600,1570,1455,1405,1305,1235,1175,1145,735 and  725cm-1; 

 6  (CDC13)0.89(3H,t,CH3),  1.1-2.0(12H,br  m,CH2CH2), 3.91(2H,s, 

fluorene-CH2),  3.98(2H,t,ArOCH2R),  6.48(1H,d,Ar(5)H),  6.51(1H, 

s,Ar(3)H), 7.1-7.6(6H,m), 7.76(2H,d,fluorene(4 and 5)H) , 8.56 

(1H,s,CH=N) and  13.86(1H,s,°H). 
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         For  2d(n=8), m/z  427  (M+);vmax
.(KBr)3370,2920,2850,1715, 

 1625,1595,1565,1510,1450,1400,1320,1290,1245,1195,1170,1135, 

    1115,1040,970,875,830,790,765 and  730cm-1;t5H(CDC13)0.89(3H,t, 

    CH3),  1.1-2.0(12H,br m,CH2CH2), 3.99(2H,t,OCH2R), 6.4-6.65( 

    2H,m,Ar(5)H and Ar(3)H),  7.1-7.8(8H,m), 8.55(1H,s,CH=N) and 

    13.34(1H,br s,OH). 

         For  3d(n=8), m/z  395(M+);v
max.(KBr)3060,2925,2860,1720, 

 1610,1600,1575,1510,1450,1310,1250,1200,1175,1040,980,.840, 

    830,770,740 and  730cm-1;(5H(CDC13)0.89(3H,t,CH3),  1.1-2.0(12H, 

    br m,CH2CH2), 2.69(2H,t,ArCH2R),  7.1-7.7(9H,m), 7.80(2H,d, 

    fluorenone(4) and(5)H) and  8.47(1H,s,CH=N). 

                           Table XIII 

                 Results of elemental analyses 

 (A)3-(4-alkoxybenzylideneamino)dibenzofurans(la) 

 Calcd.  /t  Found  /t   n
C H N C  H N  

        1 79.76 5.02 4.65 79.90 4.83 4.60 

        2 79.98 5.43 4.44 80.21 5.26 4.43 
. 3 80.22 5.81 4.25 80.46  5.72  4.34 

        4 80.44 6.16 4.08 80.48 6.02 4.13 

        5 80.64 6.49 3.92 80.65 6.40 3.95 
        6 80.83 6.78 3.77 80.65 6.67 3.96 

        7 81.01 7.06 3.63 80.85 6.96 3.80 
        8 81.17 7.32 3.51 81.26 7.24 3.65 

        9 81.32 7.56 3.39 81.21 7.71 3.31 
       10 81.46 7.78 3.28 81.39 7.87 3.20 
       11 81.59 7.99 3.17 81.45 8.12 3.15 

       12 81.72 8.18 3.07 81.72 8.31 3.04 
        14 81.95 8.54 2.90 81.87 8.60 2.86 
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   (B)  3-  (  4  -alkoxybenzylideneamino)  dibenzothiophenes  (lb) 

 nCalcd. /%  Found /8     C H N S C H N S 

   5 77.18 6.21 3.75 8.58 77.18 6.22  3.61 8.62 
   6 77.48 6.50 3.61 8.27 77.65 6.47 3.53 8.21 
   7 77.77 6.78 3.49 7.98 77.60 6.80 3.40 8.00 
   8 78.03 7.03 3.37 7.71 77.83 7.03 3.29 7.67 

   9 78.28 7.27 3.26 7.46 78.16 7.23 3.11 7.46 

   10 78.51 7.50 3.16  7.23 78.36 7.46 3.03 7.24 

 (C)2  -(4  -alkoxybenzylideneamino)fluorenones(1d) 

 Found(%) Required(%) 
    n Molecular 

        C H N formula C H N 

         6 81.5 6.5 3.5  C26H25NO2 81.4 6.6 3.65 

         7 81.3 6.7 3.4  C27H27NO2 81.6 6.85 3.5 

         8 81.6 7.0 3.3  C28H29NO2 81.7 7.1 3.4 

         9 81.8 7.3 3.2  C29H31NO2 81.85 7.3 3.3 

        10 81.7 7.5  3.1  C30H33NO2 82.0 7.6 3.2 

        11 81.9 7.7 3.0  C31H35NO2 82.1 7.8  3.1 

        12 82.2 8.0 2.9  C321137NO2 82.2 8.0 3.0 

        13 82.1 8.2 2.85  C33H39NO2 82.3 8.2 2.9 

         14 82.15 8.4 2.8  C34H41NO2 82.4 8.3 2.8 

        16 82.5 8.7 2.6  C36H45NO2 82.6 8.7 2.7 

         18 82.5 9.0 2.5  C38H49NO2 82.7 8.95 2.5 

   (D)  3-  (  2-hydroxy-4-alkoxybenzylideneamino)  dibenzofurans (2) 

 Found(%)Molecular Required(%) 
   n formula 

     C H N C H n 

            4 76.75 5.87 3.84  C23H216103 76.86 5.89 3.90 

            5 77.12 6.22 3.74  C24H23NO3 77.18 6.21 3.77 

            6 77.54 6.38 3.59  C25H25NO3 77.49 6.50 3.61 

            7  77.81 6.75 3.55  C26H27NO3 77.78 6.78 3.49 

            8 77.86 6.99 3.44  C27H29NO3 78.04 7.03 3.37 

            9 78.18  7.16 3.23  C28H31NO3 78.29 7.27 3.26 

           10 78.38 7.46 3.08  C29H33NO3 78.52 7.50 3.16 

           11 78.68 7.68 3.05  C30H35NO3 78.74 7.71 3.06 

           12 78.79 7.91 2.83  C31H37NO3 78.95 7.91 2.97 

           14 79.32 8.28 2.77  C33H41NO3 79.32 8.27 2.80 
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 (E)3  -(2  -hydroxy  -4  -alkoxybenzylideneamino)dibenzothiophenes(2b) 

              n 

                  Found(%)MolecularRequired(%) 

       C H N SformulaC H N S 

         5 73.94 5.83 3.50 8.24  C24H23NO2S 74.01 5.95 3.60 8.23 

         6 74.12 6.30 3.35 7.97  C25H25NO2S 74.41 6.24 3.47 7.94 

         7 74.87 6.51 3.33 7.70  C26H27NO2S 74.79 6.52 3.35 7.68 

         8 75.09 6.76 3.27 7.43  C27H29NO2S 75.14 6.77 3.25 7.43 

         9 75.32 7.02 3.18 7.14  C28H31NO2S  75.47 7.01 3.14 7.19 

         10  75.E1 7.34 2.93 7.09  C29H33NO2S 75.78 7.24 3.05 6.97 

         11 75.85 7.52 2.83 6.80  C30H35NO2S 76.07 7.45 2.96 6.77 

         12 76.23 7.78 2.73 6.53  C31H37NO2S 76.35 7.65 2.87 6.57 

         14 76.59 8.19 2.58 6.20  C33H41NO25 76.85 8.01 2.72  6.22 

         16 77.32 8.66 2.40 5.60  C35H45NO2S 77.30 8.34 2.58 5.90 

 (F)2  -(2  -hydroxy  -4  -alkoxybenzylideneamino)fluorenes(2c) 

                       n 

                            Found(%)MolecularRequired(%) 

                                                                 formula        C H NC H N 

               4 80.49 6.46 3.85  C24H23NO2 80.64 6.49 3.92 

               5 80.87 6.79 3.72  C25H25NO2 80.83 6.78 3.77 

            6 80.75 6.99 3.63 C                                                       26H27NO2 81.01 7.06 3.63 

               7 80.92 7.30 3.50  C27H29NO2 81.17 7.32 3.51 

 8 81.00 7.48 3.35  C28H31NO2 81.32 7.56 3.39 

               9 81.29 7.76 3.23  C291133NO2 81.46 7.78 3.28 

               10 81.21 7.96 3.18  C30H35NO2 81.59  7.99 3.17 

               11 81.61 8.18 3.09  C31H37NO2 81.71 8.18 3.07 

               12 81.59 8.38 3.03  C32H39NO2 81.84 8.37 2.98 

 (G)2  -(2  -hydroxy  -4  -alkoxybenzylideneamino)fluorenones(2d) 

               Found(%) Required(%) 
     n Molecular 

          C H  N formula C  H N 

             6 78.15 6.3 3.5  C26H25NO3 78.2 6.3 3.5 

             7 78.4 6.55 3.4  C27H27NO3 78.4 6.6 3.4 

 8 78.6 6.8 3.2  C28H29NO3 78.7 6.8 3.3 

             9 78.7 7.0 3.1  C29I(31NO3 78.9 7.1 3.2 

            10 79.0 7.3 3.0  C30H33NO3 79.1 7.3 3.1 

            11 79.1 7.5 2.9  C31H35NO3 79.3 7.5 3.0 

             12 79.35 7.65 2.9  C321137NO3 79.5 7.7 2.9 

            13 79.3 7.8 2.8  C33H39NO3 79.6 7.9 2.8 

            14 79.5 8.1 2.6  C34H41NO3 79.8 8.1 2.7 

            16 80.0 8.4 2.5  C361145NO3  80.1 8.4 2.6 

             18 80.2 8.65 2.4  C38H49NO3 80.4 8.7 2.5 

             22 80.6 9.2 2.2  C42H57NO3 80.85 9.2 2.2 
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 (H)2-(2-hydroxy-4-alkoxybenzylideneamino)-9- 

                  methylcarbazoles(2e) 
             Found%  Required% 

  nC H N C H N 

       4 77.32 6.43 7.40 77.39 6.49 7.52 

       5 77.68 6.72 7.23 77.69 6.78 7.25 

       6  77.71 7.00 7.07  77.97 7.05 6.99 

 7  77.95 7.24 7.00 78.23 7.29 6.76 

       8 78.37  7.48 6.53 78.47 7.53 6.54 

       9 78.78 7.71 6.42 78.70  7.74 6.33 

       10 78.67 7.94 6.34 78.91 7.95  6.13 

       11 78.97 8.13 5.98  79.11 8.14 5.95 

       12 79.13 8.36 5.64 79.30 8.32 5.78 

       14 79.50 8.67 5.43 79.65 8.65 5.46 

 (I)2-(4-alkylbenzylideneamino)fluorenones(3d) 

 nFound%  Required% 
   C H N C H N 

   5 84.69 6.47  4.11 84.95 6.56 3.96 

   6 84.73 6.81 3.76 84.98 6.86  3.61 

   7 84.82 7.06 3.69 85.00 7.13 3.67 

 8 84.73 7.34 3.53 85.02 7.39 3.54 

   9 84.90 7.61 3.31 85.05 7.63 3.42 

  10 84.92 7.83 3.26 85.06 7.85 3.31 

  11 84.89 8.04 3.16 85.08 8.06 3.20 

  12 84.85 8.25 3.24 85.10 8.26 3.10 

  13 84.88 8.42 3.21 85.12 8.44 3.01 

  14 84.98 8.58 2.87 85.13 8.61 2.92 

4-Substituted  benzaldehides:4-Alkyl-31, and  4-alkoxybenz-

aldehydes32 were purified by column  chromatography(silica-gel, 

benzene-hexane) or by distillation. 2-Hydroxy-4-alkoxybenz-

aldehydes were prepared by  refluxing the mixture of the cor-

responding alkyl bromide and the equimolar 2,4-dihydroxybenz-

aldehyde in methanol containing KOH and purified by column 

 chromatography(silica-gel, benzene-hexane). 
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Heteroaromatic amines:3-Aminodibenzofuran and 2-aminofluorene 

were prepared by the catalytic  hydrogenation(Pd/C in ethanol) 

of the nitro derivatives, followed by normal nitration of 

aromatics, and purified by column chromatography(silica-gel , 

benzene) and recrystallization from benzene-hexane . 

 3-Aminodibenzothiophene was prepared from 3-nitrodibenzo-

thiophene-5-oxide, synthesized from dibenzothiophene .33 

      2-Aminofluorenone was prepared according to the literature .34 

      2-Amino-9-methylcarbazole was prepared through steps of 

9-methylation, 2-nitration and catalytic hydrogenation from 

carbazole. 

Measurements 

      Measurements of transition temperatures and microscopic 

observations of textures of mesophases were made using a Nikon 

polarizing microscope in conjunction with a Mettler FP52 heat-

ing stage and FP5 control unit. Transition enthalpies were 

measured with a Daini Seikosha differential scanning calori-

meter, model SSC-560S.  1H-NMR spectra were measured for solutions 

in CDC13 with tetramethylsilane as the internal standard with 

a  JNM-PS-100 NMR spectrometer. IR spectra were recorded for 

KBr discs with a Hitachi 215 grating infrared spectrophotometer . 

Mass spectra were determined  with' a Hitachi RMV-6T mass spectro -

meter. UV-Visible absorption spectra were measured with a Hitachi 

220 double beam UV-Visible spectrometer . 

     The X-ray studies were made with CuKa radiation on the 

sample in a capillary tube, and the sample alignment was pro -

duced by slowly cooling in a magnetic field . 

                                   -52-



      REFERENCES 

         1) G.W.Gray, J.B.Hartley, A.Ibbotson and B.Jones, J.Chem.Soc., 
 4359(1955). 

         2) K.Shigeta, N.Inoue, J.Nakauchi,  M.Yokoyama, M.Nojima, H. 
           Mikawa and S.Kusabayashi, in preparation. 

         3) D.J.Byron, D.J.Harwood and R.C.Wilson, J.Chem.Soc.,Perkin 
            Trans.2, 197(1983);B.A.Behnam and D.M.Hall, J.Chem.Soc., 

           Perkin Trans.2, 465(1982). 

        4) G.W.Gray, J.Chem.Soc., 552(1958). 
         5) W.H.de Jeu, J.Van der Veen and W.J.Goossens, Solid State 

 Commun., 12,  405(1973);J.Van der Veen, J.de Phys., 36,  C1- 
            375(1975);W.H.de Jeu and J.Van der Veen, Mol.Cryst.Liq. 

            Cryst., 40,  1(1977);R.Alben, Mol.Cryst.Liq.Cryst., 13, 193 

 (1971). 
        6)  H.B.Bilrgi and J.D.Dunitz, Helv.Chim.Acta, 53, 1747(1970). 

         7) R.Akaba, K.Tokumaru and T.Kobayashi, Bull.Chem.Soc.Jpn ., 
          53,  1993(1980). 

        8) P.Skrabal, J.Steiger and H.Zollinger, Helv.Chim.Acta, 58, 
          800(1975). 

        9) E.A.Braude and F.Sondheimer, J.Chem.Soc., 3754(1955). 
       10) J.Bernstein, Y.M.Engel and A.T.Hagler, J.Chem.Phys., 75, 

 2346(1981). 
       11) A.Banerjee, Acta Cryst., B29, 2070(1973) 

       12)  O.Dideberg, L.Dupont and  J.M.Andre, Acta Cryst., B28, 1002 

 (1972). 
       13) R.M.Schaffrin and J.Trotter, J.Chem.Soc.A, 1561(1970). 

       14) K.J.Miller and J.A.Savchik, J.Am.Chem.Soc., 101, 7206(1979). 
       15) J.P.Canselier and  C.Clement, J.Chim.Phys.,Phys.-Chem.Biol., 

          76,  699(1979). 
       16) D.M.Burns and J.Iball, Proc.Roy.Soc., A227, 200(1955). 

       17) G.M.Brown and M.H.Bortner, Acta Cryst., 7, 139(1954). 

       18) G.W.Gray and J.W.Goodby, "Smectic Liquid Crystals   
            textures and structures", Leonard Hill, Glasgow and London , 

           1984. 

      19) W.L.McMillan, Phys.Rev.A, 8, 1921(1973). 
      20) A.Wulf, Phys.Rev.A, 11, 365(1975). 

                                           -53-



21) J.W.Goodby, G.W.Gray and D.G.McDonnell, Mol.Cryst.Liq. 
    Cryst.Lett., 34, 183(1977). 

22) G.W.Gray and J.W.Goodby, Mol.Cryst.Liq.Cryst., 37, 157( 

 1976). 
23) D.Demus, J.W.Goodby, G.W.Gray and H.Sackmann, Mol.Cryst. 

 Liq.Cryst.Lett., 56, 311(1980). 

24) A.Biering, D.Demus, G.W.Gray and H.Sackmann,  Mol.Cryst. 
    Liq.Cryst., 28, 275(1974). 

25) G.Sigaud,  F.Hardouin and M.F.Achard, Solid State  Commun., 

    23, 35(1977). 
26) B.W.Van der Meer and G.Vertogen, J.de Phys.Colloq., 40, 

 C3-222(1979). 

27) P.E.Cladis, Phys.Rev.Lett., 35, 48(1975). 
28) D.Guillon, P.E.Cladis and J.Stamatoff, Phys.Rev.Lett., 41 , 

    1598(1978). 
29) S.Diele,  G.Pelzl, I.Latif and D.Demus,  Mol.Cryst.Liq.Cryst., 

    92,  27(1983). 
30)  G.Pelzl, S.Diele, I.Latif, D.Demus,  W.Schafer and H.Zaschke, 

    Mol.Cryst.Liq.Cryst.Lett., 1, 39(1985). 
31) A.Reiche, H.Gross and  E.HOft, Chem.Ber., 93, 88(1966) . 
32) G.W.Gray and B.Jones, J.Chem.Soc., 1467(1954). 
33) R.K.Brown, R.G.Christiansen and R.B.Sandin,  J .Am.Chem.Soc., 

    70, 1748(1948);W.Tagaki, K.Kikukawa, K.Ando and S.Oae, 

    Chem.Ind., 1624(1964). 
34)  O.Diels, Chem.Ber., 34,  1758(1901). 

                                   -54-



CHAPTER II 

     Phase Transition Behaviors of Disk-like  5,10,15,20- 

    Tetrakis(4-alkylphenyl)porphyrins 

     Nowadays, many disk-like molecules exhibiting mesophases 

are found, for example as shown in scheme below, and  the molec-

ular structural characteristics are distinguishable. It is seen 

that the discogens have a rigid central core and four to eight 

flexible side chains. 

     Furthermore, discotic mesophases also are classified to 

several phases dependent on the structure as the mesophases of 

rod-like molecules  are.1 

     On the other hand, it has not been studied whether the 

discotic phase could have functions as a combination of the 

molecular ordered assembly with the intrinsic function of the 

molecules. 

     From a viewpoint of the functions, porphyrin derivatives



have been extensively studied on available catalysts in organic 

reactions, model systems in biochemistry,2 and low-dimentional 

conductors3. 

     Discotic mesogens containing a porphyrin or its analogue 

have been already reported. i.e. Uro-porphyrin I octa-n-dodecyl-

ester(IV)4, and octa-substituted phthalocyanine(VI) to be a 

copper complex5 and a metal-free ligand6. However, the former 

has too narrow mesomorphic thermal range and the latter has 

too high mesomorphic thermal stability in order to research 

the functionalized mesophase. Moreover, the synthetic methods 

of such compounds contain some difficulties. Thus, such porphyrin 

discotic mesogens with appropriate low thermal stability of 

mesophases and of which the synthetic route is more simple, are 

desired. 

     5,10,15,20-Tetraphenylporphyrin is known to be synthesized 

by a simple method that is a one-step reaction of pyrrole with 

benzaldehyde7, and the process of purification also has been 

studied 

     Accordingly, the alkylated and alkoxylated derivatives at 

4-site of phenyl group were prepared and investigated on the 

phase transition behaviors. 

 5,10,15,20-Tetrakis(4-alkylphenyl)porphyrins(4a) and 5,10, 

 15,20-tetrakis(4-alkoxyphenyl)porphyrins(4b) show considerable 

differences in the phase transition behaviors to each other. 

     Figure 1 shows the phase transition trend for the homo-

logous series of  4b. The transition temperatures, enthalpies 

and entropies are also listed in Table I. 
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  Figure 1 Plots of transition temperatures against 

   the number of carbon atoms(n) in the alkyl chain of 

 5,10,15,20  -tetrakis(4  -alkoxyphenyl)porphyrins(4b). 

                      Table I 

Phase transition temperatures(T/°C),  enthalpies(AH/kJ• 

 mol:1) and  entropies(AS/J  -  K-1  .mo171) of  5,10,15,20- 

tetrakis(4 -alkoxyphenyl)porphyrins(4b). 

 cryst.  cryst.----.  cryst.  cryst.-  is*. 
      Am As  7  As  As  T  am  AS  

5  278.5a,52.4                                              1272
.01'95 

6 270.5  69.3  128 
 1259.51 

7 250.0  68.3 130                                                                     1
246.51 

 8 216.5 60.7 124                                                                1
212.01 

 9 77.5 11.7 33 172.5 59.4 133 
                  175.01 1166.01 

 10  48.0 7.0 22 91.0 1.5 4.2  144.5 57.7 138 
    134.51  184.01  1138.01 

 11  58.0 2.0 6.0  83.5 2.0 5.6 140.5 63.4 153 
 158.01  180.01  1131.51 

 12 77.0 2.9  8.4 92.0 3.5 9.7 136.0 75.2  184 
    173.51  189.51  1126.5) 

13  128.0  80.8 205 
 (120.0] 

14 125.5  92.6 232 
                                                                (115.01 

 18 47.0 21.1 66 120.5 111.0  282 
  140.01 1112.01 

 a)  Ilttransition  temperatures on cooling at  5.C/Stin. 
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     The transition points connected by the line are evidently 

of the crystal to isotropic liquid transitions. The microscopic 

observations of the phase underlying the isotropic liquid phase 

shows the texture is of typical for a crystalline phase. Further-

more, these phase transitions have large enthalpy and entropy 

changes as shown in Table 1, and in a binary phase diagram of 

the homologous  series(n=11 and  n=14), as seen in Figure 2, the

Figure 2 A binary phase diagram 

of  4b(n=ll) and 4b(n=14).

eutectic point appeared at 

85 mole% of 4b(n=14). These 

results indicate that the 

transitions to the isotropic 

phase are those from the 

crystalline phase. 

     For the other transitions 

seen in 4b, thus, it is con-

cluded that these transitions 

are of the solid to soild ones. 

This is reasonable, considering 

the transition enthalpy and en-

tropy are far smaller than those of the crystal to isotropic tran-

sitions stated above. 

     On the other hand, alkyl derivatives 44a show the different 

trend of the phase transitions from those of 4b, which have,  more-

over, one or two phases between the crystalline and the isotropic 

phases, as shown in Figure 3. These two phases are named to be 

m1 and m2 phases for the lower and upper phases, respectively. 

     The enthalpy and entropy changes of the crystal to  m1 phase 

transition are the largest in all transitions, and the magnitude 

of them is comparable to that of the crystal to isotropic tran-
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     Figure 3 Plots of transition temperatures against 

    the number of carbon atoms(n) in the alkyl chain of 

 5,10,15,20  -tetrakis(4  -alkylphenyl)porphyrins(4a). 

      0:C-m, .,_transition on cooling at  5°C/min. 

                    Table II 

Phase transition  temperatures(T/°C),  enthalpies(AH/kJ-

mol. -1) and  entropies(AS/J-K  -1-mol.  -1) of  5,10,15,20  - 

tetrakis(4 -alkylphenyl)porphyrins(4a). 

nCryst.   ml  or  m2  m2  m2  m2   /so. 
   T  AR AS T  AN AS T  AH AS 

6 84.5  .3 9.0 25 260.0 33.5 63  
I  62.0  I  (226.51 

7 144.5 23.1 55 236.5 28.6 56 
         1137.0 I         b)  1229.51 

                           22 1  8 ( 71.0 7.5126.023.860208.5 25.0 52 
                     (121.51  1200.01 

9  107.0 25.4 67 187.0 26.6 58 
  1103." I  (183.51                                   c) 

 10  (  15.1  8.329 151.5 19.6 61 172.5 25.2 57 
 1 46.01  1166.01 

11 20.0 41.7 142 50.5 10.0 31 160.5 23.8 55 
 (-18.5 1  ( 50.51  1153.01 

12 31.0 46.1 152 52.0 14.0 43 155.0 23.3 54  
I  10.5  1  150.01 1149.01 

13  36.0 25.5 82 55.5 16.6 50 145.0 23.9 57  
I  17.0 I  I  54.51 1140.01 

14 52.0 62.6 193 57.0 36.9 112 140.5 24.4 59 
 126.0  I  1 55.51 1135.01 

15 56.0 92.2 280 65.5 31.4 93 134.5 26.5 65  
I  24.0 1  165.01  1130.01 

16 64.5 99.3 289 71.0 34.5 100 129.0 27.2 67 
 133.0 1  ( 67.51  1123.01 

 WI:transition  temperatures on cooling at  5°C/min. 
 b)():These transitions appeared on cooling. 
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sition ones in 4b. The m2 to isotropic transition enthalpy 

and entropy changes are comparable to each other in the homo-

logous series, though there exists a slight change of the 

magnitude of the enthalpy and entropy with the elongation of 

terminal alkyl chains. In the  ml to m2 phase transition, a 

variety of the magnitude of the transition enthalpy and entro-

py changes are seen. 

     The transition enthalpy and entropy increase as the ter-

minal alkyl chains are elongated. The proportions of the entro-

py of each transition to the total entropy change are compa-

rable in the homologous series, that is, typically 64, 21 and 

 15% for the crystal to  ml,  ml to m2 and m2 to isotropic tran-

sitions, respectively, in the pentadecyl derivative. 

      Furthermore, far larger supercooling appears on the crys-

tal-m1 or  m2 transition than on the other ones. The m2 to iso-

tropic transition temperatures show a slight odd-even alter-

nation as seen in rod-like liquid crystals. 

     These results imply that the  ml and  m2 phases are meso-

morphic as a possibility. 

     Binary phase diagrams of the homologous series indicate 

that the m2 phase, at least, is mesomorphic or solid solution, 

since the continuity of the  m2 phase are seen in Figure 4, 

where the  m1 phase shows the continuity in a case of the com-

ponents to be pentadecyl and tridecyl derivatives, though the 

 m1 phase is discontinuous in a combination of pentadecyl and 

dodecyl ones. 

      However, these situations are frequently seen in the mix-

ture of  n-parafins. The mixture in such a case are recognized 

to be solid solution.9 The states of  m
1 and  m2 phases are ap-
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Figure 4 Binary phase diagrams of the homologous series of  4a. (A) for 

 4a(n=15) and 4a(n=13), and (B) for 4a(n=15) and 4a(n=12).



parently different from that of a brittle crystalline phase. 

Therefore, the  ml and m2 phases may be also considered to be a 

plastic crystalline phase. According to the proposal by J. 

Timmermans that the upper limit of the entropy change of fusion 

is 21  J•K-1•mol.-1 for plastic crystalline phase, however, the 

m2 to isotropic phase transition entropy is too large to be 

recognized as a plastic crystalline  state.10 

     The changes of the infrared spectra for the phase transi-

tions indicate that the terminal alkyl chains are still in a 

rigid environment in the  ml phase, which means the  ml phase has a 

three-dimentional structure, since the split of the band at 

 700-750cm-1, which is assigned to be due to the rocking mode 

of methylene group in the chains, is kept at the  ml phase as 

shown in Figure 5, while in the m2 phase the band split is 

broken to be one absorption band as the same as that in the 

isotropic phase. In this sense, only the m2 phase has a possi-

bility to be a mesophase. On the other hand, the band split is 

broken in only the isotropic phase for  4b, meaning the phase 

underlying the isotropic one has a three-dimentional structure, 

that is, a crystalline phase to be recognized.11 

     Furthermore, the results of small angle X-ray diffraction 

study indicate that the  ml and m2 phases have a different struc-

ture mutually, which are different from that of the crystalline 

phase, and the diffraction patterns of the  ml and m2 phases 

appear as a crystalline-like one rather than to be mesomorphic. 

     Therefore, in the m2 phase the structure is three-dimen-

tional but the alkyl chains are in a liquid-like state. This 

situation might imply that the m2 phase is a tegma crystalline 

one.12 
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Conclusion 

     It was found that  5,10,15,20-tetrakis(4-alkylpheny1)- 

porphyrins(4a) have a state in which the core moiety is rigid 

but the alkyl chains are flexible as in a liquid state. 

     On the other hand,  5,10,15,20-tetrakis(4-alkoxypheny1)- 

porphyrins(4b) show the different behaviors of phase transi-

tions from those of  44a and have  simlpy a crystal to isotropic 

phase transition except for solid-solid ones. 

     These different behaviors seem to be important to consider 

the essence of mesomorphic properties of disk-like molecules.

Figure 5 The temperature 

dependent infrared absorp-

tion spectra of (a)4a:n=15 

and  (b)4b:n=14.



EXPERIMENTAL 

Preparation of materials 

 5,10,15,20-Tetrakis(4-alkylphenyl)porphyrins(4a) and 5,10,15,  

 20-tetrakis(4-alkoxyphenyl)porphyrins(4b):Tetraphenyiporphyrin 

derivatives were prepared according to the method of A.D.Adler 

et al.7 and the purification followed the methods of G.H.Barnet 

et al. and K.Roussean et al.8 in part. The following procedure 

for a pentadecyl derivative are typical of the homologues of 

4a and 4b. 

     The equimolar 4-pentadecylbenzaldehyde,135.88g(18.6mmol) 

and pyrrole,  1.25g(18.6mmol) in 60m1 of propionic acid was re-

fluxed for  30min. After cooling the mixture to about 50°C, 60 

ml of acetone was added. The mixture was cooled down to room 

temperature to make porphyrin materials crystallized and the 

filtration gave crude violet crystals after washing with acetone . 

This crude material was solved into 50m1 of ethanol-free chloro-

form and 20m1 of benzene solution of 0.5g(2.2mmol) of 2,3-di-

chloro-5,6-dicyanobenzoquinone[DDQ] was added to be  refluxed 

for 3hrs. After the evaporation, the material was purified by 

column chromatography(400cc of activated alumina with benzene 

as developing  solvent). The material was separated from impuri-

ties by Soxhlet extraction with  ethanol-methanol(l:1) for 30 

hours, and recrystallized from  80m1 of benzene-acetone(3:5) to 

give 0.53g of pentadecyl derivative. 

     The following data for the pentadecyl and tetradecyloxy 

derivatives are typical of the other homologues of  4a and 4b , 

respectively. 
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      For 4a(n=15), vmax .(KBr)3400,3320,3020,2925,2855,1500, 

 1470,1400,1350,1220,1180,1020,995,980,970,860,845,800,735 and 

 720cm-1;SH(CDC13)  -2.74(2H,br s,NH),  0.89(12H,t,CH3), 1.1-2.2 

 (104H,br m,CH2CH2), 2.98(12H,t,ArCH2R), 7.53(8H,d,Ar(3)H), 

 8.13(8H,d,Ar(2)H) and 8.86(8H,s,pyrrole-H). 

      For  4b(n=14), vmax .(KBr)3425,3320,3040,2925,2855,1610, 

 1560,1505,1465,1350,1285,1245,1175,1105,1070,980,970,840,800, 

 790,740 and  720cm-1;6H(CDC13)  -2.73(2H,br s,NH), 0.89(12H,t, 

 CH3),  1.1-2.0(96H,br m,CH2CH2), 4.18(8H,t,ArOCH2R),  7.22(8H, 

 d,Ar(3)H), 8.08(8H,d,Ar(2)H) and 8.85(8H,s,CH=CH). 

Measurements 

     The textures were observed using a Nikon polarizing  micro-

scope in conjunction with a Mettler FP52 heating stage and FP5 

control unit. Transition temperatures and enthalpies were meas-

ured with a Daini Seikosha diffrential scanning calorimeter, 

model SSC-560S. Transition entropies were calculated by the 

relation  AH=TAS. 

 1  H-NMR spectra were measured for solutions in CDC1
3 with 

tetramethylsilane as the internal standard using a  JNM-PS-100 

 NMR spectrometer. IR spectra were recorded for films with a 

Hitachi Perkin-Elmer 225 grating infrared spectrophotometer, 

except for the identification using a Hitachi 215 grating infra-

red spectrophotometer for KBr disks. UV-Visible absorption 

spectra were measured with a Hitachi 220 double beam UV-Visible 

spectrometer. 

     The small angle X-ray studies were made with  CuKa radiation 

on the sample in a capillary tube, but the sample was not aligned 

in a magnetic field. 
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CHAPTER III 

 Photoconducting  Behaviors of  2-(2-Hydroxy-4-pentyloxy-

     benzylideneamino)-9-methylcarbazole and  5,10,15,20- 

     Tetrakis(4-pentadecylphenyl)porphyrin 

     Nematic liquid crystals with rod-like shapes have been 

limited to be used as switching devices by way of applied e-

lectric field. Therefore, the darkcurrent behaviors of the 

nematic state have been mainly  studied so far, while the photo-

current ones have been reported with only a few papers, much 

less for disk-like liquid crystals. 

     Studies of photoconducting behaviors in mesophases are 

interested in  (1)searching some new functions of mesophases, 

 (2)researching the molecular interactions in mesophases and 

(3)revealing the fundamental differences among mesophases, 

crystalline and isotropic liquid phases in a sense of electric 

conduction. 

     Of the photoconduction in mesomorphic states, Kusabayashi 

and Labes firstly reported for nematic, smectic and cholesteric 

materials that a photo-response was found in several rod-like 

liquid crystals.1 Recently, the photocarrier transport mecha-

nism for the photoconductive  2-(4-decyloxybenzylideneamino)- 

fluorenone(ld:n=10) in the nematic and smectic states has been 

suggested that the nature of the photocarrier is not electronic 

but ionic, and the carrier species are  027 and the cation 

radical derived from the compound itself,2 generated from the 

excited state by one photonic process.3 

     On the other hand, Poly(N-vinylcarbazole) have been ex-

tensively studied as an available photoconductive polymer and 
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the carrier generation and transport mechanisms were  revealed.4,5 

     The liquid crystalline system containing carbazole as a 

dopant was also investigated, and the photo-response and photo-

                                                                                                                                                                                                               ' conductivity-voltage characteristics were reported.6 

     Any results, however, have not been sufficiently obtained 

from a viewpoint of differences of photocurrent behaviors among 

 mesophases, crystals and isotropic liquid phase. 

     In order to compare the behaviors of photoconduction in 

mesophases with those of crystalline and isotropic phases,  2- 

(2-hydroxy-4-pentyloxybenzylideneamino)-9-methylcarbazole(2e: 

n=5) was selected to be investigated on the photoconducting 

behaviors, as a rod-like mesogen. 

 fH3 

                                OCnH2n+i 

           ti 
                         2e:n=5  H' 

     On the other hand,  5,10,15,20-tetrakis(4-pentadecylpheny1)- 

 porphyrin(4a:n=15) was investigated on the photoconducting be-

haviors in relation to the phase transitions. 

 /12°A1-2013 

       11111J101111Siii                                11i H2(CH2)n-2CH3           111, CH3(CH2)n-2CH2 

 CH2(CH2)n_2CH3 

 4a:n=15 

 5,10,15,20-Tetraphenylporphyrin has been extensively  studied 

from photo-electrochemical viewpoints. In many cases, cells 

used so far were of Schottky type, leading to the extrinsic 

                                -68-



carrier generation.7 

     Generally, the porphyrin compounds are far less soluble 

into many organic solvents. This means occasionally that the 

difficulty arises as it should be treated in column chromato-

graphy etc. 

     Tetraphenylporphyrins with long aliphatic chains like 4a 

and  4b, however, have large solubility into general organic 

solvents, for example, non-polar solvents as benzene and hexane 

as well as polar ones as diethylether, chroloform and dichrolo-

methane. This means that 4a and  4b are suitable for using a 

spin-coating technique. Thus, long aliphatic derivatives of 

tetraphenylporphyrins,  4a and 4b, are also interesting from 

a viewpoint of applications. 

     Furthermore,  4a have several condensed phases as  describea 

in chapter II and it seems to be useful for searching the 

natures of the individual phases to investigate on photocon-

ducting behaviors with phase transitions. 
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EXPERIMENTAL 

Materials 

 2-(2-Hydroxy-4-pentyloxybenzylideneamino)-9-methylcarba-

zole(2e:n=5) and  5,10,15,20-tetrakis(4-pentadecylphenyl)porphyrin 
  ti 

(4a:n=15) were prepared by the methods as described in chapter 

I and II, respectively. 

Measurements 

      The experimental methods of measuring the photocurrent and 

the darkcurrent for  2e(n=5) are in common with those for  4a(n=15). 

      The sample cells used for measurements were of sandwich type, 

consisting of two  Sn02 coated quartz glass electrodes and poly-

imide film as a spacer. The cell thickness was changeable, 

depending on the film thickness to be 25pm and  50pm. For a 

6pm-thick cell of  4a, polycarbonate film was used. The effective 

electrode area was lcm2. 

      The empty cell was set on the heating stage in a cryostat 

and the sample was injected into the cell space by capillarity 

at the higher temperature than that of the phase transition to 

the isotropic liquid, but below 150°C. Once the cell was cooled 

down to room temperature to crystallize the sample and the 

system was pumped down for about an hour and replaced with dry 

nitrogen. All measurements were carried out in dry nitrogen 

 atmosphere. 

      The typical experimental apparatus for measurements is 

illustrated in Figure 1. A 500W Xenon lamp was used as a light 

source and the incident light was introduced to a Bausch and 

Lomb monochrometer grating 1200 grooves through a water filter. 
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Figure 1 Schematic representation of the experimental appa-

ratus.

Figure 2 Schematic representation of the cell and the con-

tained rod-like molecules align in a magnetic field to be 

homogeneous. 
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The light intensity was measured by Eppley thermopile No22087 

of which electromotive force was detected by a microvolt-meter 

(Tokyo  Riko). 

      A circuit for current-measurements also is illustrated in 

Figure 2, with a homogeneous alignment of rod-like molecules 

in a magnetic field. Currents were measured with Takedariken 

electrometer, TR8651. The electric field was applied by dry 

batteries, which was detected by Leader Electronics digital 

multimeter, LDM-853. 

     For a rod-like liquid crystal  2e, all measurements in the 

nematic state carried out for the homogeneous alignment cell 

caused by 5kG of magnetic field. This magnitude of the magnetic 

field was large enough to fully align the rod-like molecules 

to be homogeneous in the cell. On the other hand, for a  4a(n=15) 

no magnetic field was applied for the measurements. 

     The cryostat used for measurements was with a built-in 

heating stage, on which the temperature could be controlled by 

Chino digital-programmed temperature regulator,  DP1110 with a 

thyristor and the temperature was detected by Cu-constantan 

thermocouple in conjunction with the regulator. The current 

was recorded by a Hitachi recorder, type 056. 

      The anisotropy of the dielectric constant of  2e,  AC=6,-E, 

where  e4and  E.,,are dielectric constants along and perpendicular 

to the molecular long axis, respectively, were measured for 

25pm-thick cell with 0.25cm2 of the electrode area in 10kG of 

magnetic field at lkHz(0.0395V), using a Ando electric  TR-l0C 

bridge in connection with a equilibrium point detector, BDA-9 

and a frequency transmitter, WBG-9. 
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 I  I  I-1 Photoconducting behaviors of a nematogenic  2-  (2-hydroxy-4- 

       pentyl oxybenzyl i deneami no ) -9-methyl carbazol e 

     The symmetrical cell exhibited the photo-response in the 

absorbing  region of  2e, less than about 550nm. Moreover, 

in the longer wavelength region where  2e seems not to have 

apparently absorption, the photo-response was shown, though 

it was small. Figure 3 shows the absorption and action spectra 

in the nematic  state(120°C) of 2e(n=15). There appeared no 

differences of the action spectra between the positive and 

negative electrode illumination except for the magnitude of the 

photocurrent. The photocurrent for a positive electrode illu-

mination is larger than that for a negative one on the whole. 

     The  action  spectrum in the nematic state was found to be 

                 3.0 - 

                                             action 
 < 2.0-  - I 

         cri; 

                                                                                        9. 
                                                                                               cr                                                                                              •o 

  .c I. 
               a. t.0- 

                               absorption                       N\ 

 3 

                                                     = 

       300  400  500 600 
 Wavelength/rim 

     Figure 3 Absorption and action spectra for a film of 

 2-(2-hydroxy-4-pentyloxybenzylideneamino)-9-methylcar-

     bazole(2e:n=5) in the nematic  state(120°C). The action 

     spectrum is that at zero bias. 
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coincidence with the absorption spectrum of a film in shape, 

in the longer wavelength region than 360nm. The broken coin-

cidence between the two spectra, however, appeared in the short-

er wavelength region. This seems to be due to a light-absorption 

of the electrode,  SnO2 itself. 

     On the other hand, the light exponent a was obtained from 

plots of photocurrent against the incident light intensity, 

which appeared to have a good linearity as shown in Figure 4, 

to be 0.56. This value and the coincidence of the action spectrum 

with the absorption one mean that the charge carrier generation 

is caused by way of an extrinsic mechanism in the presence of 

 recombination.8 

     This extrinsic process could be supported by the fact that 

photoelectromotive force and photocurrent at zero bias are ex-

hibited(see Figure 6,7 and 8). This result also indicates that 

the SnO2-2e interface is photoactive, and considering a fact 

that the photocurrent increases as oxygen is introduced into 

the cryostat, the photocurrent of 2e is inferred to be caused 

  108  by the interaction among Sn02, 

                                      02 and molecules of 2e. 

                                          Figure 5 shows the tem-

                                     perature dependence of the 
                 • 

"...II                        c                                       dark- and photo-current of 2e . 
 a 

                                     The normal behavior is seen for 

10 •  
    1.0  5.0 the darkcurrent and the  conduc-

          Photo-intensity/ arbitrary unit 
                                     tivities of the crystalline, 

Figure 4 A plot of the photo-

current vs. incident light in- nematic and isotropic liquid 

tensity of  400nm at  20.8V/cm. phases are in the order of 
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Figure 5 Temperature dependence of the 

dark- and photo-current for a film of  2- 

(2-hydroxy-4-pentyloxybenzylideneamino)- 

9-methylcarbazole(2e:n=5). The photocur-

rent is for the positive electrode illu-

mination at 20.8V/cm. 
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less than  10-12, 10-10 and  10-9  S-cm-1, respectively. The 

activation energies for conduction AE were calculated to be 0. 

36 and 0.56eV for the isotropic and nematic phases, respective-

ly. The darkcurrent is shown to drastically increase at the 

crystal to nematic phase transition. 

     On the other hand, the photocurrent also exhibits a large 

increase at the crystal to  nematic transition. However, the 

magnitude of the photocurrent in the phases with fluidity is 

smaller than that of the darkcurrent by about one  order, 

while in the crystalline phase, the difference appears to be 

small. The activation energies for photoconduction  AE+ were 

calculated to be 0.17 and 0.19eV for the isotropic and nematic 

phases, respectively. The difference of the activation energies 

between the dark- and photo-current implies that the carrier 

species contributed to the photocurrent are different from 

those to the darkcurrent. Furthermore, the sudden decrease of 

the photocurrent is seen near the crystal to nematic transition 

on heating run, which seems to be caused by the pretransition-

al phenomena. 

      The temperature dependence of the photoelectromotive force 

shows the inverse case against that of the photocurrent , that 

is, the photoinduced voltage decreases as the temperature is 

elevated through the crystalline, nematic and isotropic phases 

and the sign of illuminated electrode appeared to be positive , 

which is ascertained by the fact that the photocurrent increases 

in addition to the darkcurrent when the positive electrode is 

illuminated, but the negative electrode illumination decreases 

the darkcurrent, in a extreme case as the applied voltage is 
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too small and the incident light intensity is large, 

the direction of current is reversed. Therefore, the photo-

current could be considered to be due to the space-charge 

limited current, as Okamoto et al. referred to.2 

     Figure 6 shows the current-voltage characteristics for 

the nematic state, where the darkcurrent appeared to be ohmic 

in the range less than  600Vcm-1. However, the photocurrent 

exhibits a curious behavior, that in the case of the positive 

electrode illumination, as the field strength becomes larger, 

the current increases with non-linearity and once dcreases 

with a minimum at about  600Vcm-1, and the current again in-

creases. This situation rather resembles to that of tunnel 

diode, the negative resistance.9 In the case of the negative 

electrode illumination, also such a situation appeared, but 

                              5m_ 0 
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         .. 4.1 
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                             Applied  VoltagePtcm-1 

     Figure 6 Current-voltage characteristics for a film 

     of  2-(2-hydroxy-4-pentyloxybenzylideneamino)-9-methyl-

     carbazole(2e:n=5) in the nematic  state(120°C). The 

     wavelength of the incident light is 400nm. 
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in the range of  0-200Vcm-1, a rectification behavior was 

exhibited, implying that the excitons of molecules  2e could 

interact with the bands of  SnO2 since such a rectification 

was not found in the darkcurrent behavior. 

     It has been known, however, that the rod-like liquid 

crystals of n-type exhibit a dynamic scattering mode beyond 

the threshold voltage.10 This 9-methylcarbazole liquid crystal 

2e is of negative type, of which the dielectric anisotropy 

was measured to be -1.0 at 120°C. By microscopic observations, 

the molecules align homogeneously on the coated  SnO2 film and 

the Williams domain was formed over  3.84V(1536Vcm-1) of a di-

rect voltage. Thus, the range exhibiting the behavior like a 

negative resistance for 2e is considered not to be contained 

in the range in which the Williams domain occurs, meaning that 

the apparent negative resistance is not due to the molecular 

random flow. 

     This consideration was also supported by the current-

voltage characteristics for the isotropic liquid phase, as 

shown in Figure 7. The negative resistance was apparently  ex-

hibited even in the isotropic liquid phase, though the maximum 

and minimum points are different from those in the nematic 

phase, positionally. 

      On the other hand, the current-voltage characteristics 

for the crystalline phase showed a different behavior. The 

photocurrent little changes as the field strength is elevated 

up to  40000Vcm-1, while the darkcurrent increases as seen in 

Figure 8. 

     These results indicate that though the applied field 
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Figure 7 Current-voltage characteristics 

for a film of  2-(2-hydroxy-4-pentyloxy-

benzylideneamino)-9-methylcarbazole(2e:n=5) 

in the isotropic liquid  state(145°C) X=400nm.

Figure 8 Current-voltage characteristics for 

a film of  2-(2-hydroxy-4-pentyloxybenzylidene-

amino)-9-methylcarbazole(2e:n-5) in the crys-

talline  state(28.5°C). X=400nm.



might assist the charge carrier generation, it becomes more 

difficult for the carriers to move in a bulk region in the crys-

talline state than in the flow states. This seems to lead to the 

larger photocurrent in the flow states and to the large contri-

bution of ionic carrier transport mechanism to the photocurrent. 

However, the electronic transport also seems to be contributed 

to the photocurrent, considering with the complex transport 

mechanism of liquid pyrene which consists of a mixture of ionic 

motion plus phonon-assisted electron transfers.11 

     It seems that the proposition by K.Okamoto et al.2 could be 

applied to this case, meaning that the carrier species are ionic 

and that the negative carrier is  0: derived from oxygen molecules 

containing in the system and the positive carrier is cation radi-

cals of 9-methylcarbazole liquid crystals. And the photoconduct-

ing behaviors in the nematic state resembles to those in the iso-

tropic state rather than those in the crystalline state. 

Conclusion 

     The photoconducting behaviors of  2-(2-hydroxy-4-pentyloxy-

benzylideneamino)-9-methylcarbazole(2e:n=5) were investigated 

and it was found that the behaviors in the nematic phase are 

similar to those in the isotropic liquid phase, both of them are 

fluid, rather than those in the crystalline phase. 

     The carrier transport mechanisms and the species are implied 

to follow the proposition by  Okamoto et al. 

     The current-voltage characteristics strangely showed a new 

property in the flow states, being similar to that of the nega-

tive resistance as seen in a tunnel diode. 
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 111-2 Photoconducting behaviors of  5,10,15,20-tetrakis(4-pentadecyl-

       phenyl)porphyrin through phase transitions 

     The  SnO2 sandwich cell of  5,10,15,20-tetrakis(4-pentadecyl-

phenyl)porphyrin(4a:n=15) was not photoactive without bias. 

     Figure 9 shows the absorption and the action spectra for 

the films of 4a(n=15) in the crystalline state.  4000Vcm-1 of 

the field strength was applied for the action spectra. 

      For a  25pm-thick cell, the action spectrum appeared to 

be antibatic in relation to the absorption one, where the action 

one was red-shifted as compared with the absorption one and the 

photocurrent in the region where the absorption coefficient is 
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     Figure 9 Action and absorption spectra for a film of 

 5,10,15,20-tetrakis(4-pentadecylphenyl)porphyrin(4a:n=15). 

     (a)absorption, (b)25pm-thick cell and (c)6pm-thick cell 

     in the crystalline phase(27°C). The action spectra are for 

     the positive electrode illumination under  4000Vcm-1. 
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larger, i.e. the Soret band, was rather smaller than that in 

the range with smaller absorption one, i.e. the Q band. For 

the  6pm-thick cell, however, the action spectra becomes coin-

cident with the absorption spectrum in the range of the Q band 

and the degree of the red-shift becomes smaller for the two 

shorter wavelength bands of the Q band and the Soret one. More-

over, the  p-riotocurrent at about 470nm becomes relatively larger . 

These results indicate that the action spectra is dependent on 

the cell thickness. For a spin-coated film of which film thick-

ness is estimated to be about  60nm, the action spectrum was 

found to be almost the same as the absorption spectra. Thus, it 

could be considered that the trapping sites and carrier recom-

bination in the bulk region where the molecules no longer ab-

sorb the incident light, are contributed to the action spectra . 

      These cell-thickness dependence was also found for the 

light exponent a, which is calculated by the relation of photo-

                                     current to incident light  in-

                                     tensity. Plots of them showed 
     m., 

 25pm-cellthe good linearity as seen in 

      // Erneecnelt11,scltaEirccE:T5tE latiilogdiabte    Sur-

    0 

    0 

                                      0.66, 0.89 and 0.98, respective 

                                     ly. It was seen that the value 

                                      of a approaches to 0.5, as the 

          LIGHT INTENSITY  /mW•crn't 
                                        cell-thickness  decreases. 

Figure 10 Plots of the  photo-
                                          These facts indicate that 

current vs. incident light in-

tensity of 620nm at  4000Vcm-1. the charge-carrier generation 
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mechanism of  4a(n=15) in the crystalline state are complex. 

     Figure 11 showed the temperature dependence of the dark-

current for  25pm-thick cell. In each phase, the behaviors 

were found to be of an Arrhenius type similar to those for 

rod-like liquid crystals. The activation energies for conduction 

AE are calculated to be 0.28, 0.69 and 0.30eV in the crystal-

line, m1 and m2 phases, respectively. The conductivities in each 

phase are in orders of  10-11,  10-14,  10-15 and less than 10-15 
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      Figure 11 Temperature dependence of the darkcurrent 

      for a  25pm-thick film of  5,10,15,20-tetrakis(4-penta-

     decylphenyl)porphyrin(4a:n=15) at  4000Vcm-1. 
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 Scm-1. The darkcurrent abruptly increases at the  ml to m2 phase 

transition, as well as at the m2 to isotropic liquid phase one. 

     On the other hand, the temperature dependence of the photo-

current shows different behaviors as shown in Figure 12. The 

photocurrent decreases as the temperature is elevated. This is 

the inverse situation against the behaviors for the darkcurrent. 

But the behaviors in each phase are apparently curious, that 

in the m2 phase the photocurrent exhibits a minimum point and 

two maxima of the photocurrent are shown at the  ml to m2 and 

the m2 to isotropic liquid phase transitions. These maxima 

seem to be due to the pretransitional phenomenon. 
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       Figure 12 Temperature dependence of the photo-

       current for a 25pm-thick film of  5,10,15,20- 

      tetrakis(4-pentadecylphenyl)porphyrin(4a:n=15) 

      at  4000Vcm-1 in the positive electrode illumi-

       nation. The wavelength of incident light is 620nm. 
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     These facts indicate that the carrier transport processes 

in the crystal,  ml and m2 phases are not ionic one, but elec-

tronic, as having been considered to  be12, since if the tran-

sport process is ionic, the photocurrent should increase at 

the m2 to isotropic phase transition as seen in the case of a 

rod-like 9-methylcarbazole liquid crystal. 

     The carrier generation mechanism of 5,10,15,20-tetraphenyl-

porphyrin is considered to be of extrinsic one in the presence 

of recombination.7 In the present case, however, the cell is of 

sandwich type and the interface between coated  SnO2 and porphyrin 

molecules are not photoactive. Moreover, the rectification of 

the darkcurrent was not shown in the darkcurrent-voltage char-

acteristic, leading to the non-Schottky interface. Thus, the 

intrinsic process seems to be contributed to the photocurrent 

in some extent. 

     Figure 13 shows the temperature dependence of the ratio 

 ip/id, in which  ip and  id are photo- and dark-current, respec-

tively. The ratio was found to change from 300 at 35°c to 0.25 

at 140°C through the phase transitions. At the m2 to isotropic 

liquid and the  ml to m2 phase transitions, the ratio was shown 

to abruptly decrease. 

      These temperature dependences indicate that the phase tran-

sitions of  44a(n=15) could influence the photoconducting behaviors 

in large extent. 

Conclusion 

      The photoconducting behaviors of  5,10,15,20-tetrakis(4- 

pentadecylphenyl)porphyrin(4a:n=15) accompanying several phase 

transition between crystalline and isotropic liquid phases, 
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                Figure 13 Temperature dependence of the ratio 

                iP/id for a  25pm-thick film of 5,10,15 ,20- 
                tetrakis(4-pentadecylphenyl)porphyrin(4a:n=15) . 

                The ratios were calculated from the results of 

               Figures 11 and 12. 

      were investigated and large gaps of the  i
p/id at the phase 

       transitions of the m1 to m2 and the m2 to isotropic phases 

       were found. Considering the electronic carrier transport pro-

       cess, the state of the m2 phase seems to depress the carrier 

       transport  due to the enlargement of the molecular separation 

       and the molecular fluctuation. 
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