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LIQUID CRYSTALS, 1995, VOL. 18, No. 5,795-800 

Liquid crystalline phase transitions in 
hexakis(4- (4 ’ - hep tyloxy ) biphenoxy )c y clo triphosphazene 

by K. MORIYA*, H. MIZUSAKI, M. KATO, S. YANO and M. KAJIWARAt 
Department of Chemistry, Faculty of Engineering, Gifu University, Yanagido, 

Gifu 50 1 - 1 1, Japan 
t Department of Applied Chemistry, School of Engineering, Nagoya University, 

Furo-cho, Chikusa-ku, Nagoya 464-01, Japan 

(Received 12 August 1994; accepred 20 September 1994) 

Hexakis(4-(4’-heptyloxy)biphenoxy)cyclotriphosphazene (HHCP) was synthesized from 
hexachlorocyclotriphosphazene and 4-heptyloxy-4’-hydroxybiphenyl. The mesogenicity of 
HHCP was studied by DSC, FTIR spectroscopy and polarizing microscopy. Enantiotropic 
smectic C and nematic phases were observed between 450 and 455 K and 455 and 456 K, 
respectively, on heating, and between 456 and 455 K (nematic) and 455 and 440K (smectic C) 
on cooling from the isotropic liquid phase. The introduction of the heptyloxybiphenoxy groups 
as side chains into cyclotriphosphazene has generated the liquid Crystalline phase. FTIR 
spectroscopy showed that the P=N and P-0-(C) stretching vibrations converted to lower 
frequencies from 1224 to 1210cm-’ and from 920 to 910cm- I ,  respectively, at the crystalline 
(C)-Sc phase transition. This result suggests that the state of the cyclotriphosphazene ring 
dramatically changes near the C-Sc phase transition. 

1. Introduction 
Hexakis(4- (4’- hepty1oxy)biphenoxy)cyclotriphospha- 

zene [PN(OCsH4Cs€&0C7H15)2]3 (HHCP) has a central 
six-membered cyclotriphosphazene ring and six 4-(4’- 
hepty1oxy)biphenoxy side groups as shown in 
figure 1. The cyclotriphosphazene ring contains three 
-P=N= bonds, and each P atom is connected to two 
4-(4’-hepty1oxy)biphenoxy side chains via phosphoether 
linkage. 

Much attention has been paid to the synthesis of 
cyclotriphosphazene derivatives in order to find functional 
properties [ 1-41. The alkyloxycyclotriphosphazenes are 
mesomorphic and are important as precursors of poly- 

X = OC6H4C6H40C7H15 
Figure 1.  Structure of hexakis (4-(4’-hepty1oxy)bi- 

phenoxy)cyclotriphosphazene (HHCP). 

* Author for correspondence. 

meric liquid crystals, but only a few systems have been 
studied so far [7-101. The existence of long ether linked 
alkyl chains as spacers between the phosphorus atoms and 
the mesogenic groups enhanced the mobility of the 
mesogenic groups, and this frequently produced liquid 
crystalline states. However, we and also Allcock et al., 
recently found that a monotropic mesomorphic phase 
exists even for hexakis(4-(4’-cyano)biphenoxy)cyclo- 
triphosphazene (HCCP), which has no spacer such as an 
alkyloxy chain [lo-121. The side group of HCCP is a part 
of a 4-alkyloxy-4’-cyanobiphenyl, a series of stable liquid 
crystalline forming materials [13,14]. On the question of 
design of our mesomorphic liquid crystalline compounds, 
we decided to introduce the 4-(4’-hepty1oxy)biphenoxy 
groups as side chains in cyclotriphosphazene so as 
to increase the liquid crystallinity by weakening the 
intermolecular interactions along the long axes of the 
side groups. This compound is much more complicated 
compared with the usual simple mesomorphic compounds 
consisting of only one linear, hard, central core and 
soft terminal groups. Another motivation for studying 
mesomorphic cyclotriphosphazenes was therefore to 
clarify how these phosphazene derivatives with such a 
peculiar molecular shape manage to form a liquid 
crystalline phase. We think that the cyclophosphazene ring 
plays an important role in the liquid crystalline phase 
transition, because the ring is located at the centre of six 
mesogenic side chains. 
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196 K. Moriya et ul. 

In the present paper we describe the synthesis of a new 
material, hexakis( 4-( 4'-heptyloxy)biphenoxy)cyclotri - 
phosphazene (HCCP) and studies of its phase transitions 
and mesogenicity by polarizing microscopy, differential 
scanning calorimetry (DSC) and measurements of the 
temperature dependence of the infrared spectra. 

2. Experimental 
2.1. Preparation and characterization of hexakis(4-(4'- 

hepty1oxy)biphenoxy)cyclotriphosphazene (HHCP) 
4-Heptyloxy-4'-hydroxybiphenyl (HHB) was carefully 

prepared in order to obtain as pure HHCP as possible. 
HHB was prepared from 1-bromoheptane (24.2 g, 

0.43 mol), 4,4'-dihydroxybiphenyl (80 g, 0.43 mol) from 
the Tokyo Kasei Co., Ltd and KOH (51.2 g, 0.286 mol) in 
ethanol (1200 ml) solution, by heating under reflux for 5 h. 
The crude product was recrystallized twice from ethanol 
and once each from toluene and chloroform. The HHB 
crystals obtained were judged to be thoroughly purified by 
thin layer chromatography (TLC) (developing solvent: 
chloroform), IR, 'H NMR and elemental analyses. The 1R 
spectrum of HHB showed the presence of vOH 
(3300 cm ~ I ) ,  v,,CH:! (2929 cm ~ I ) ,  v,CH2 (2857 cm- I ) ,  

6CH3 (1 348 cm - I ) ,  C-C stretching of the biphenyl ring 
( 1609 and 1496 cm ~ ') and C-H out of plane deformation 
of the biphenyl ring (823 cm- I ) .  The 'H NMR spectrum 
measured for a CDCI? solution showed the existence of the 
biphenyl ring system (7- 15-740 ppm, m, Ar 8 H), methyl- 
ene adjacent to oxygen (4*0ppm, t, 2 H), other methylene 
groups (2-C1.5 ppm, m, 10 H), the proton of OH (4.7 ppm, 
s, H) and the methyl (0.9 ppm, t, 3 H) protons. The results 
of elemental analysis of RHB are shown in table 1 and 
show good agreement with the calculated values within 
experimental error. 

Hexakis(4-(4'- heptylox y) biphenox y)cyclotriphospha- 
zene (HHCP) was synthesized from hexachlorocyclo- 
triphosphazene (HCLCP) (2.7 g, 0.008 mol) from Nihon 
Seika Co., Ltd, and the sodium salt of HHB in THF 
(150 ml) solution in the presence of n-butylammonium 
bromide (1.4 g, 0-0043 mol). The sodium salt of HHB was 
prepared from HHB (20.0g, 0-070mol) and sodium 

Table 1. Elemental analysis results for 4-heptyloxy-4'- 
hydroxybiphenyl (HHB) and hexakis (4-(4'-hep- 
ty1oxy)biphenoxy)cyclotriphosphazene (HHCP). 

HHB HHCP 

Calculated Observed Calculated Observed 
(wt %) (wt %) (wt%) (wt %) 

c 80.25 80-15 74.61 7462 
H 8.5 I 8.6 1 7-58 7.54 
N - 2.29 2.28 ~ 

hydride (1.86 g, 0.077 mol). The crude product was 
purified by column chromatography (developing solvent: 
chloroform; substrate: silica gel) and then recrystallized 
from THF-cyclohexane (1 : 1). The HHCP crystals 
obtained were judged to be thoroughly purified by TLC 
(chloroform : hexane/7 : 3) ,  IR, 'H, 31P NMR and elemental 
analysis. The IR spectrum of HHCP showed the presence 
of P=N (1225 cm ~ ') [ 151, (P)-0-C (1 170cm - ') [16] and 
P-0-(C) (970cm - ') [ 161 stretching vibrations in addition 
to those of HHB. The 'H NMR spectrum (CDC13 solution) 
showed the existence of the biphenyl ring system 
(7.1 5-7.80 ppm, m, Ar 8 H), methylene adjacent to oxygen 
(4.0 ppm, t, 2 H), other methylene groups (2.0-1.5 ppm, m, 
10 H) and the methyl (0.9 ppm, t, 3 H) protons in CDC13. 
In the "PNMR spectrum only one singlet peak was found 
at 10-5 ppm, indicating that the chlorine atoms of HCLCP 
are completely substituted by HHB molecules. The 
elemental analytical data for HHCP are also shown in 
table I ,  giving good agreement with the calculated values. 

s 
i 
1 
0 n z 
W 

I I I I 

300 400 
T /  K 

Figure 2. DSC thermograms of hexakis(4-(4'-heptyloxy)- 
biphenoxy)cyclotriphosphazene) (HHCP)-heatingkool- 
ing rates 5 K min ~ I .  
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2.2. Analytical techniques and instruments 
'H and 3'PNMR spectra were measured by use of JEOL 

JNM-GX 270 spectrometer for CDC13 solutions with an 
internal standard of TMS, and for THF solutions locked 
by D20 outside with an external standard of H3P04, 
respectively. The phase transitions and mesomorphism 
were investigated by DSC and polarizing microscopy. 
DSC scans were obtained using a Seiko Instruments DSC 
21 0 at a heatingkooling rate of 5 K min - ' in a temperature 
range from 300 K to above the clearing point. The textures 
of the liquid crystalline phases were observed using a 
Nikon Optiphoto-pol XTP- 1 1 polarizing microscope, 
equipped with a Mettler hot stage FP82, at a heating/ 
cooling rate of 5 Kmin- ' with crossed polarizers. The 
temperature dependence of the IR spectra was measured 
for Kl3r disks by a Perkin-Elmer FT-IR 1600 using a 
temperature-controlled optical cell (Omron HT 32 heater 
with an Omron E5T temperature controller) in a tempera- 
ture range from room temperature to above the clearing 
point in the heating process. The temperature of the sample 
was monitored by an iron-constantan thermocouple. 

3. Results and discussion 

3.1. Liquid crystalline phase transitions and optical 
textures of HHCP 

In the DSC measurements for HHB, three endothermic 
peaks are observed at 368, 389 and 429K in the first 
heating process. No mesomorphic state was found for 
HHB by polarizing microscopy. The peaks at 368 and 
389 K may be attributed to phase transitions in the 
crystalline state, and the peak at 429K corresponds 
to the melting point into the isotropic liquid. Three 
exothermic peaks are shown at 426, 385 and 320K in 

the first cooling process, and the peaks correspond to 
freezing and the crystalline+xystalline phase transitions, 
respectively. 

The DSC curves of HHCP are shown in figure 2. 
The thermodynamic parameters of the heating and cooling 
processes are summarized in tables 2 and 3, respectively. 
In the first heating process, five endothermic peaks are 
observed at 428,447,449,4553 and 456.1 K. In the first 
cooling process, six exothermic peaks are observed at 387, 
436,440,442-4,454.7 and 455.4 K. In the second heating 
process, four endothermic peaks are observed at 401,450, 
455.3 and 456.1 K. In the second cooling process, five 
exothermic peaks are seen at 387, 436, 440, 454.9 and 
455.7 K. The third heatingkooling processes are similar to 
the second heatingkooling processes. 

It was found by polarizing microscopy that HHCP 
melted at 449 K in the heating process and froze at 439 K 
in the cooling process. The field became black above 
456.1 K in the heating process, indicating formation of the 
isotropic liquid. A schlieren texture having disclinations 
with strengths s = 2 1/2 and s = 2 1 was observed 
between 449 and 455.3 K in the heating processes. This 
texture indicates that the mesophase is nematic [17]. A 
schlieren texture having disclinations with strength 
s = ? 1 and a broken-fan texture were simultaneously 
found between 449 and 455.3 K in the heating processes. 
This result shows that the phase is smectic C [17]. Only 
in the first cooling process, was another metastable 
mesophase observed between 442.4 and 440K. In this 
metastable state, the broken-fan texture observed in the 
smectic C phase was retained, but the schlieren areas 
became black. This result suggests that this texture is 
optically uniaxial and that this phase might be attributed 
to smectic B. The textures at 456 and 454 K are shown in 

Table 2. Thermodynamic parameters for HHCP in the heating process. (Tin K; AH in kJmolF I ;  AS in J Kmol- '1. 

TiI Tt2 T12 T, T s c - ~  .I.t, AHti AHt2 AH13 A H ,  AHsc-ti AH,  ASti As12 Ast3 A S ,  ASSC-N ASc 

l h  428 447 - 449 455 456 2.4 37 - 41 3.9 10.2 5.6 82 - 91 8.6 22 
2h  - - 401 450 455 456 - - 6.6 62 3.6 11.7 - - 16 137 8.0 26 
3h - - 401 450 455 456 - - 6.5 60 4.1 11.1 - - 16 133 9.0 24 

Subscripts t l ,  t2  and t3 denote crystal-crystal transitions, m, the melting transition, S c N  the smectic C to nematic transition, and 
'c the clearing transition. 

Table 3. Thermodynamic parameters of HHCP in the cooling process. (T  in K; AH in kJmol-I; AS in J K -  ' mol-'). 

I C  456 455 439 436 387 5.0 8.2 22 33 6.5 11 18 50 76 17 
2~ 456 455 440 436 387 5.3 7-4 24 32 6-9 12 16 54 73 18 
3~ 456 455 439 436 387 5.5 7-5 22 34. 6.0 12 17 50 79 16 

subscripts t and ts denote crystal<rystal transitions, I-N the isotropic to nematic phase transition, N-Sc the smectic C to nematic 
phase transition and f the freezing transition. 
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Figure 3. Polarizing microscope photograph of hexakis- 
(4-heptoxy(4'-biphenoxy))cyclotriphosphazene (HHCP) 
in the nematic phase at 456 K in the first cooling process. Figure 4. Polarizing microscope photograph of hexakis- 

(4-(4'-hepty1oxy)biphenoxy)cyclotriphosphazene (HHCP) 
in the smectic C phase at 454 K i n  the first cooling process. 

figures 3 and 4, respectively. In figure 3 the nematic texture 
is shown, and in figure 4 the schlieren and broken-fan 
textures of the smectic C phase can be seen. 

The difference between the first and subsequent heating 
processes observed by DSC is considered to show that the 
as-grown crystal of' HHCP is different from that grown 
from the melt. Tables 2 and 3 give the entropies of the 
Sc-N phase transition, ASS,N, and the N-I phase 
transition, ASN-1 as 9 J K - ' mol - I and 24 J K mol - ', 
respectively. These values are smaller than the entropy of 
the C-SC transition, ASc-s,, of 135 J K - '  mol- I. This 
shows that the intermediate mesophases are disordered, 
with a disorder close to that of the isotropic liquid. 
However, the values of  ASS^-^ and dS~-l are much larger 
than those of more usual liquid crystal materials having 
single mesogenic molecules [ 18,191, especially, the value 
01'dS~_~ for HHCP is almost ten times larger than for more 
usual liquid crystals, suggesting that structural change of 
the complicated and large molecular shape affects the N-I 
phase transition of HHCP. 

3.2. Liquid crystalline phase transitions and vibrcitional 
spectra of HHCP 

Figure 5 shows the temperature dependence of the 
1R spectra of HHCP in the second heating procek,,. 
The specific bands characteristic of an aryloxycyclotri- 
phosphazene appear between 700 and I400 cm - I .  The 
symmetric deformation mode of the methyl group is seen 
at about 1375 cm - ' at 313 K. This band broadens near 
C-Sc phase transition at 446 K, suggesting that the thermal 
motion of the methyl groups increases at this phase 
transition. This may correlate with the high fluidity of 
HHCP in the mesomorphic phase. The P= N, (P)-0-C and 
P-0-(C) stretching vibrations are seen near 1230, 1170 
and 970 cm I ,  at 3 13 K, respectively. The temperature 
dependences of peak-top frequencies of these bands are 
shown in figure 6. The P=N stretching vibration shifts to 
the lower frequency side with increasing temperature. At 
400 K, the crystalline-crystalline phase transition tem- 
perature (To, the band shifts to lower frequency by 2 cm ' .  
When the temperature reaches the crystal-Sc phase 
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Q, 
V r: 
(d e s: 
a Q 

313K 
363K 
388K 
398K 
4WK 
408K 
414K 
425K 
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440K 
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448K 
450K 
452K 
454K 
456K 
458K 
460K 
464K 

I I I 1 I I I 
1400 1200 1000 800 

h. 

Y lcm-' 
Figure 5. Temperature dependence of the IR spectra of HHCP 

between 700 and 1400cm-I. 

5 s 
3 
2 

1050 
0 P=N 
0 (P)-0-c 
0 P-0-(C) 

850 * I I 1 I I I I I 

300 340 380 420 460 

Temperature dependence of the P=N; 0, P a ( C ) ;  
0 and (P)-@C; stretching vibrational frequencies in 
HHCP. 

T/K  
Figure 6. 

transition point of 446 K, the frequency decreases dramat- 
ically by about 14cm-' from 1224 to 1210cm-'. In the 
temperature region higher than this transition, the vibra- 
tional frequency decreases with a steep slope. In the 
vicinity of the ScN phase transition temperature ( Tsc-N) 
at about 455 K, the shift is detected only slightly to about 
1 cm ~ I .  Lastly, the P=N stretching vibration shifts from 
1209 to 1206 cm ~ ' at 456 K, which corresponds to the N-I 
phase transition temperature ( TN-I). The P-O(-C) stretch- 
ing vibration shows a temperature dependence similar to 
that of the P=N stretching mode. With increasing 
temperature, the P-0(-C) stretching vibration converts 
from 967 to 958cm-' at 446K (Tc-s,) and from 957 
to 955cm-' at 456K (TN-I). However, the (P-)0-C 

stretching vibration shows no prominant temperature 
dependence at Tt and T s c - ~ .  There are two interpretations 
for the dramatic change of the P=P and P-O-(C) 
stretching vibrations at the C-SC transition. One is due to 
a change in the geometry of the phosphazene ring and the 
P-O+C) bond. The other is due to a decrease in the force 
constants of the P=N and P-0 bonds. The latter correlates 
with a weakening of the bond of the cyclotriphosphazene 
ring in aryloxycyclotriphosphazenes at the C-SC tran- 
sition. It is not clear which interpretation is more 
reasonable at present. 

3.3. Liquid crystallinity and the molecular shape of 
HHCP 

Hexa-acyloxybenzenes show a discotic mesophase 
because of their planarity 1201. However, from the X-ray 
structural analysis of Allcock et al., the biphenyl rings are 
comparatively perpendicular to the phosphazene ring due 
to the bend of the (P)-O-C bonds in hexa(4-biphen- 
oxy)cyclotriphosphazenes [2  11. In HHCP, the biphenyl 
rings are also not coplanar with the phosphazene ring. 
As a result, the phosphazene ring may also be parallel to 
the line normal to the layer plane in the Sc phase. Also, 
conoscopic observation by polarizing microscopy shows 
that the nematic phase is not discotic and simply a common 
nematic. 

Although 4-heptyloxy-4'-hydroxybiphenyl does not 
show any mesomorphic state, direct introduction of this 
group without an alkyl ether spacer into cyclotriphos- 
phazene via the P-0 linkage induces the formation of an 
enantiotropic mesomorphic phase in HHCP. Moreover, 
introduction of 4-heptyloxybiphenyl as side groups into 
cyclotriphosphazene enhances the liquid crystallinity of 
HHCP compared with that of HCCP, where only a 
monotropic nematic phase is observed. This may be due 
to the reduction in the dipole moment at the ends of the side 
groups of the cyclotriphosphazene ring, perpendicular to 
the plane of cyclotriphosphazene ring, an effect which 
may stabilize the liquid crystalline phase in HHCP because 
the neighbouring end groups along the side group long 
axes are heptyloxy for HHCP and cyano for HCCP. 
This interpretation also implies that the intermolecular 
interactions along these long axes decrease and that this 
decrease enhances the liquid crystallinity. 

It may be concluded that the introduction of 
4-heptyloxybiphenoxy groups as side groups in cyclo- 
triphosphazenes produces enantiotropic liquid crystals by 
helping the alignment of the mesogenic side groups when 
the geometry or the bond strength of the cyclotriphos- 
phazene ring in HHCP changes. Consequently the large 
molecules of HHCP, composed of six mesogenic groups 
and a cyclotriphosphazene ring and having a large 
molecular weight of more than 2000, form a liquid 
crystalline structure. 
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