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(Received March 27. 1981; in final form January 4. 1982) 

Infrared absorption, differential scanning calorimetric, microscopic and X-ray diffrac- 
tion studies of 4-cyano-4'-octyloxy biphenyl (M-24) has brought out clearly the solid 
crystalline polymorphism in this compound. There are at  least three solid crystalline 
forms SCI, SCII & SCIII with the following transitions SCI SCIISI'C- SCIII- 
smectic nematic 5 isotropic liquid. The appearance and the preponderance of 
these solid crystalline forms depend critically on the manner in which liquid crystalline 
melt solidifies. Each of the phases has its characteristic I.R. absorption in the C-N 
stretching band. Solid crystalline phase SCII shows a doublet in the C-N stretching re- 
gion and this seems to arise out of Devydov or correlation splitting. 

INTRODUCTION 

Recently, there have been several reports on the solid crystalline (SC) 
polymorphism'-6 in various liquid crystalline materials exhibiting dif- 
ferent mesogenic phases, such as smectic, nematic and cholesteric. 
Solid crystalline polymorphism has been interpreted differently by dif- 
ferent workers. Some have attributed it to  the coexistence of a meta- 
stable phase and a stable phase. Some others have speculated that dif- 
ferent polymorphs represent the frozen short range order exhibited by 
the material in the liquid crystalline phase. Indeed, Ogorodnik' con- 
tended that SC polymorphism is a necessary condition for the material 
to exhibit liquid crystalline properties. Although SC polymorphism in 
many cases appeared to be strongly related to the structure and short 
range order in the mesogenic phases, it does not totally exclude the 
conformational changes of the molecules. If SC polymorphism were to  
reflect the arrangement of molecules in the mesogenic phases, the 
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structure of the solid phase cooled from the melt (liquid crystalline 
melt or the isotropic liquid melt) would depend upon the rate of cool- 
ing, thermal history etc. Secondly, the study of SC polymorphism 
would give an insight into the nature of short range order in the liquid 
crystalline phases. 

Most of the studies on SC polymorphism in liquid crystals have been 
carried out using Raman spectroscopy. Indeed any vibrational spec- 
troscopy could be used to study this phenomena. In the present paper 
we report SC polymorphism as revealed by the infrared spectral, dif- 
ferential scanning calorimetric, X-ray diffraction and optical micro- 
scopic studies in 4 cyano-Yoctyloxy biphenyl (M-24). Our studies have 
clearly shown that the substance crystallizes in SCI, SCII and SCIII 
crystalline phases: the structures observed depending strongly on the 
heat treatment. These three structures have characteristic C-N stretch- 
ing vibration frequencies; SCI corresponding to 2235 cm-', SCII giving 
a doublet centered at 2228 and 2236 cm-' and SCIII giving a peak at 
2239 cm-' with a long tail on the low wave number side. The observa- 
tion of C-N stretching doublet seems to arise out of correlation or 
Davydov splitting and is similar to the observation of Gray and Mosley' 
of doublet in the Raman spectra of solid sample of 5CB (Cyanobi- 
phenyl) in the C-N stretching region. 

EXPERIMENTAL 

The liquid crystalline sample M-24 was purchased from M/s BDH 
England, and was used as such without any further purification. The 
transition temperatures were determined using a hot stage polarizing 
microscope and differential scanning calorimeter. The materiil exhib- 
its a smectic phase between 54.5OC and 67OC and a nematic phase be- 
tween 67.OoC and 8OOC. 

Infrared spectra of this material, subjected to a variety of heat 
treatment, were recorded on Perkin Elmer model 399 spectrophotome- 
ter covering the region from 400 cm-' to 4000 cm-' with a resolution of 
0.5 cm-' at 1000 cm-' and abscissa accuracy of f l  cm-'. The spectra of 
solid samples were recorded either in KBr pellets or in between KBr 
windows using mylar spacers of thickness varying between 10-20 mi- 
crons. A variable temperature cell was used for heating the sample and 
the temperature of the sample could be controlled to within fO.l°C. 
An identical hot cell was kept in the reference beam for compensation. 
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Each of the spectra were recorded five times and the spectra reported 
here are representative and typical. 

Differential scanning calorimetric studies were carried out using 
Perkin Elmer Differential Scanning Calorimeter model DSC 1B. 
About 5 mg of the sample was crimped in an aluminum sample pan 
with a cover. The sample chamber was continuously flushed with nitro- 
gen. Different heating and cooling rates ranging from 1°C/min to  
32'C/min were employed to  investigate the effect of heat treatment. It 
was noticed that the heat treatment affected considerably the intermo- 
lecular interaction as reflected by the C-N stretching mode frequency, 
the DSC trace and the microstructure of the sample in the solid crystal- 
line phase with negligible effects in the mesogenic and isotropic liquid 
phases. 

After having obtained evidence of the SC polymorphism, X-ray dif- 
fraction studies were carried out to establish the three SC phases. 
X-ray powder diffraction photographs were taken using Cu Ka radia- 
tion. Corresponding textural studies were carried out using Leitz po- 
larizing microscope and a hot stage. 

RESULTS AND DISCUSSIONS 

The infrared spectrum of a virgin sample of M-24 at room temperature 
(Solid phase) is shown in Figure 1. One can discern easily the C-N 
stretching band in the vicinity of 2230 cm-', C-H stretching band in 
the vicinity of 2900 cm-', C-C stretching band in the neighborhood of 
1600 cm-' and other bands. The C-N stretching band shows a doublet 
centered at  2228 cm-' and 2236 cm-'. We have chosen the C-N 
stretching band to study the solid crystalline polymorphism in M-24 
because this is a pure isolated vibrational mode without any other 
bands (fundamental) in this region. The observation of C-N stretch- 
ing doublet is similar to the observation of a similar C-N stretching 
doublet in the Raman spectra of solid crystalline form of 5 CB (cyano 
biphenyl) reported by Gray and Mosley.' We will discuss the origin of 
this doublet a little later. 

To identify the various phase transitions, the differential scanning 
calorimetry of the sample was carried out. Figure 2 shows the DSC 
trace of a virgin sample. The trace shows three prominent endothermic 
peaks showing transitions at  51"C, 543°C and 8OoC in addition to a 
slight increase in the base line (hump) at 67°C. Observing the sample 
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FIGURE 1 
KBr pellet in the region 4000 to 400 cm-'. 

Infrared spectrum of the virgin sample (M-24) at room temperature, in 

under a polarizing microscope, it is easy to establish that the 54.5" cor- 
responds to solid crystalline-smecticA phase transition. Similarly it is 
equally easy to allocate the 67OC and 80°C phase transitions to smectic 
A-nematic and nematic-isotropic liquid phase transitions. These tran- 
sition temperatures agree closely with those reported earlier.' 

It is, however, not easy to identify the 51OC phase transition. In 
order to elucidate this endothermic transition at 5 IoC, we carried de- 
tailed infrared studies on the sample. 

Figure 3 shows the infrared spectra of the virgin sample in the C-N 
stretching region as it is slowly heated. It is seen that at room tempera- 
ture (Figure 3, T = 3OoC), one observes a doublet centered at 2228 cm-', 
and 2236 cm-'. The nature of the spectrum remains unchanged until 
45OC. However, on further increase in temperature, one observes (Fig- 
ure 3b) that the 2228 cm-' peak decreases in intensity with a slight 
asymmetry developing on the high wave number side of the 2236 cm-' 
peak. This process proceeds progressively and at 49OC, one clearly ob- 
serves (Figure 3c) a doublet in the region of 2236 cm-' with a shoulder 

n N >  

28 36 44 52 60  68 76 , 84 88 

TEMPERATURE -C - 
FIQ.2 

FIGURE 2 DSC trace of the virgin sample (8'C/min.) 
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FIGURE 3 Infrared spectra of virgin sample in KBr pellet in the region 2200-2300 cm-' 
at different temperatures; (a) 30DC, (b) 4 7 T ,  (c) 4 9 T ,  (d) 51°C, (e) 54.5"C. 

at 2228 cm-'. On detailed analysis, it is seen that this spectrum is made 
up of a peak at 2239 cm-' and an original doublet at 2236 and 2228 cm-' 
(with reduced intensity). In fact, asymmetry on the higher wave 
number side of the 2236 cm-' peak in Figure 3b is essentially due to the 
appearance of a new peak at  2239 cm-I. On further increase in temper- 
ature, one finds (Figure 3d) only one peak at 2239 cm-' with a long tail 
on the lower wave number side at 51°C. The spectrum remains practi- 
cally unchanged until 54.5OC. At and above 54SoC, one observes a 
symmetrical singlet, peaked at 2233 cm-'. It may be pointed out that 
the peak, at  2233 em-' just above 54.5OC, near the transition SCIII to  
smectic A phase is slightly broader than the peaks observed in the solid 
crystalline phases. However, in the smectic A phase or in the nematic 
phase, this peak no more remains broad. On the other hand it is a 
sharp peak throughout. It is only in the vicinity of the transition temp. 
(SCIII to Smectic A) that the broadening is observed. The spectrum 
does not change in terms of the location of the C-N stretching mode 
even though the substance phases through the nematic and isotropic 
liquid phases. It is thus seen that there are three distinct structures (1) a 
doublet centered at 2228 and 2236 cm-' observed below 51OC (2 )  a sin- 
glet at  2239 cm-' with a long tail on the low wavenumber side, between 
51 and 54OC and (3) a symmetrical broad singlet at 2233 cm-' above 
54.5OC. We can thus ascribe the 51OC endothermic transition to a 
transformation from a solid crystalline structure (which we call SCII 
phase) giving a doublet to another solid crystalline structure (which we 
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FIGURE 4 DSC traces of the virgin sample during heating; (a) heating rate 1°C/min, 
(b) annealed at 45°C for one hour and heated at 1°C/min, (c) annealed at 45'C for three 
hours and heated at 1°C/min. 

call SCIII phase) giving a singlet at 2239 cm-' with a long tail. Further, 
it appears that the 51°C phase transition is a sluggish phase transition. 
In order to understand this phase transition in little more detail, we 
carried out detailed DSC studies after giving the sample a variety of 
heat treatment. Figure 4a shows the DSC trace of a sample (virgin) 
when we heated at l"C/min. We again see the two endothermic transi- 
tions at 51°C and 543°C. However, in this trace one can clearly see the 
peak due to recrystallization at 51°C. This trace brings out vividly that 
at 51"C, the SCII phase melts and then recrystallizes into SCIII phase. 
Figures 4b and c show the DSC traces of the same sample after anneal- 
ing it at 45°C for 1 to 3 hours respectively. These traces are qualita- 
tively similar to the trace in Figure 4a. They also exhibit two endo- 
thermic transitions at 51 and 54.5"C but on looking carefully one can 
make out that though the intensity of the 54.5"C peak remains the 
same, the intensity of the 51°C peak and the crystallization dip de- 
creases as the annealing time increases. These observations lead us to 
believe that normally just below 5loC, there is a coexistence of SCII 
and SCIII phases; their proportions being dependant on the annealing 
time. The SCII phase transforms completely through a melting process 
into the SCIII phase at 51°C. 

In another series of experiments, we studied the effect on the SC 
structure and the corresponding phase transitions, of cooling the mate- 
rial from the smectic melt and the isotropic liquid melt at different 
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FIGURE 5 Infrared spectra of solid M-24 is the region 2200-2300 cm-', prepared 
under different cooling conditions; (a) in the smectic phase at 57T, (b) on very slow 
cooling (O.S°C/min)-at 25OC, (c) on cooling at the rate I"C/min-at 2S°C, (d) on rapid 
cooling at 2 5 T .  

rates. Figure 5a shows the infrared spectrum in the C-N stretching re- 
gion (a singlet at 2233 cm-') of the sample in the smectic A phase at  
57OC. When this smectic melt was cooled very slowly (O.S°C/min), 
it got crystallized at 3OoC and gave the spectrum shown in Figure 5b. 
This is a symmetrical singlet centered at 2235 cm-'. However, when the 
smectic melt was cooled at a faster rate (l"C/min.) the crystallization 
commenced at a lower temperature and the sample thus solidfied when 
examined in the infrared spectro-photometer (Figure 5c), gave a dou- 
blet centered at 2228 cm-' and 2236 cm-', a phase which we have identi- 
fied earlier as SCII. In contrast, if the isotropic liquid melt is rapidly 
cooled, the spectrum of the solid thus obtained is quite different as is 
shown in Figure 5d. This is a singlet, peaked at 2239 cm-' with a long 
tail on the lower wave-number side. This we have seen earlier is due to 
solid crystalline phase SCIII. Although we could easily identify the 
spectra in Figure 5c and 5d and to be due to SCII and SCIII phases re- 
spectively, one could not identify the spectrum in Figure 5b peaked at 
2235 cm-'. In order to understand this solid phase, we subjected it, to a 
detailed infrared study in the increasing temperature cycle. 
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FIGURE 6 Infrared spectra of solid M-24 (obtained by slow cooling from the smectic 
melt) in the region 2200-2300 cm", in the temperature range 48OC-52OC; (a) 48OC, (b) 
51.4OC, (c) 52OC, (d) 52.8OC, (e) 53OC, (0 52°C. 

Figure 6a shows the spectrum of such a solid obtained from the 
smectic melt when cooled slowly. It is a symmetrical singlet, peaked at 
2235 cm-'. On increasing the temperature, one finds there is no change in 
the infrared spectra of this sample until 45°C. However, above 45OC, it 
seems to get transformed into a mixture of SCII and SCIII phases. This 
transformation is temperature reversible provided one does not exceed 
54°C (Figure 6b, c, d, e, f ) .  In order to understand this further, we stud- 
ied the DSC traces of solid crystalline sample obtained after cooling 
the smectic and isotropic melts at different rates. 

Figure 7a is the DSC trace of a slowly cooled sample from the iso- 
tropic melt (l°C/min). This trace is similar to that of a virgin sample 
(Figure 2) showing a 51OC phase transition from SCII to SCIII and 
543°C phase transition from SCIII to smecticA phase. Figure 7b is 
the DSC trace of rapidly cooled isotropic melt (32"C/min). Surpris- 
ingly, it shows small endothermic peak showing transition at 46°C fol- 
lowed by crystallization dip and prominent endothermic transition at 
54.5"C. The phase below 45°C which gives an infrared spectrum in the 
C-N stretching region at 2235 cm-' transforms after melting at 45°C 
to the SCIII phase. 

Figure 7c is the DSC trace of a solid obtained by cooling a smectic 
melt at rate less than O.S"C/min (compare infrared spectra in Figure 5b 
giving a single peak at 2235 cm-') which transforms at and above 45OC 
into a mixture of SCII and SCIII. This trace is very revealing. It shows 
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FIGURE 7 DSC traces during beating (8"C/min) for solid M-24 prepared under dif- 
ferent cooling conditions; (a) cooled slowly from the isotropic melt ( 1°C/min), (b) cooled 
rapidly from the isotroTic melt (32"C/min), (c) cooled from the smectic melt (O.S°C/min). 

three distinct endothermic transitions at 46OC, 51"C, and 545°C besides 
the other peaks at 67OC, 8OOC. The phase sequence of this material is 
thus seen to be as follows. 

Solid I(SC1) =Solid I1 !%Solid 111 5 SmecticA =-Nematic 8OoC 
2235 -' SCII SCIII 2233 em-' Isotropic 

2228 and 2239 cm-I broad Liquid 
2236 em-' singlet 2233 cm-I 
doublet  with a 

long tail 

The crystal structure of the three solid crystalline phases is reflected 
in the X-ray powder photographs (Figures 8a, b, c). The three struc- 
tures are different and reveal a well defined three dimensional order for 
all three modifications. Efforts are in progress to determine the precise 
structure of the three solid phases. 

Some of the phase changes as revealed by the infrared spectra and 
the differential scanning calorimetry are reflected clearly in the micro- 
graphs. Figure 9a, b, c and d show series of micrographs of virgin sam- 
ple at 30°C. 52OC, 55OC, 70°C respectively. Micrograph at 48°C shows 
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FIGURE 8 'X-ray powder photographs of the three solid crystalline phases of M-24; 
(a) virgin sample, (b) slowly cooled (O.S"C/min) sample, (c) rapidly cooled sample. 

clearly the coexistence of the two phases, one of which disappears in 
the micrograph at 52°C. The micrograph at 55°C is typically character- 
istic of a smecticA phase. It may be recalled that when the smectic 
melt is cooled very slowly at  a rate less than 0.5"C/min, one gets the 
solid crystalline SCI phase. The microstructure of this SCI phase is 
shown in Figure 1Oa and reveals the spherulitic structure with Maltese 
crosses which rotate with the rotation of the polarizer and analyzer. In 
contrast if the specimen is cooled rapidly one gets a phase whose mi- 
crostructure is shown in Figure lob. This microstructure is distinctly 
different from the microstructure shown in Figure 10a. 

We may now briefly comment on the perfection of these three solid 
crystalline phases. The infrared spectrum of the SCI phase shows a 
symmetrical singlet at 2235 cm-'. This phase is obtained on very slow 
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FIGURE 9 Micrographs of M-24 at different temperatures; (a) 30°C, (b) 52OC. (c) 
55°C. (d) 70°C. 

FIGURE 10 Micrographs of M-24 at room temperature under different cooling condi- 
tions; (a) very slowly cooled (O.S°C./min), (b) rapidly cooled (32'C/rnin). 
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cooling of the smectic melt. This appears to be the most perfect phase. If 
however, the smectic melt is cooled a little rapidly one obtains SCII 
phase giving a doublet centered at 2228 cm-‘ and 2236 cm-’. Such a 
doublet structure can be obtained when the unit cell contains two 
molecules and has a screw axis-along the axis joining the center of the 
molecules. This splitting is called the correlation or the Devydov split- 
ting. The other possibility is that these two peaks at 2228 and 2236 cm-’ 
are uncorrelated and arise out of two different structures. The second 
possibility does not seem to be likely because in the virgin sample, one 
obtains a doublet spectrum with equal intensities reproducibly. It ap- 
pears more than likely that the doublet arises because of correlation 
splitting. 

The infrared spectrum of the SCIII phase shows a singlet, peaked at 
2239 cm-’ with a long tail on the lower wavenumber side. This appears 
to be the most disordered structure. This inference is further strength- 
ened by the fact that this phase can be precipitated by very rapid cool- 
ing of the isotropic melt. 

The above studies have clearly brought out that depending on the 
rate of cooling of the smectic and isotropic melt, one can precipitate 
different solid crystalline phases. Each of these solid crystalline phases 
have a well defined three dimensional order. Ogorodnik‘has observed 
for some liquid crystal materials, exhibiting solid crystalline polymor- 
phism, broadening of the CN stretching band just above the transition 
temperature (solid - mesogenic). This broadened band was shown to 
be a composite band of the bands, corresponding to the various solid 
crystalline phases. A similar observation of the broadened band near 
the transition temperature, would lead one to conclude that different 
solid crystalline phases are related to the short range order of the 
mesophase. 

In such a case the band would have continued to be broad through- 
out the temperature range where the material is in the mesogenic 
phase. However, the band no more remains broad and shows typical 
“motional narrowing” associated with liquids and solutions. The 
broadness of the band can be thus explained as possibly due to the mix- 
ture of the solid crystalline and liquid crystalline phases. It is, there- 
fore, apparent that the solid crystalline polymorphism is not due to 
frozen in short range order in the smectic-nematic phases of the 
mesogens. 

Then the question arises as to what is the difference between the 
three solid crystalline polymorphs and how they are related to the 
structure of the me so phase^.^ Comparative study of the other homo- 
logues of the same series and many other mesogenic compounds in their 
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solid crystalline and liquid crystalline states have led us to concludeg 
that there is no basic difference between the phenomena of solid crys- 
talline and liquid crystalline polymorphism. They appear to be a se- 
quence of changes from the solid crystalline phase to  an isotropic liq- 
uid phase, gradually liberating one degree of freedom after another. 
Solid crystalline polymorphism is essentially due to different molecular 
arrangements in the lattice network and the conformational changes in 
the central core of the molecule with or  without conformational 
changes in the terminal tails. 

The difference in the structure of the three solid crystalline poly- 
morphs of M-24 is reflected in the Infrared and Raman spectra. Apart 
from the CN stretching band, as discussed above, several other bands 
indicating the conformational changes of the aromatic frame and of 
the alkyl chain show considerable variations in their intensity and fre- 
quency. These variations positively indicate the conformational changes 
in going over from one solid crystalline phase to another. The parent 
aromatic frame of Biphenyl itself shows such changes where the dihe- 
dral angle changes in going over from the crystalline solid to the va- 
por state via the liquid Some of the important bands sensitive 
to the dihedral angle changes, showing variations are (1) CH is plane 
bending vibrations at about 1285 cm-' and (2) a band near 415 cm-I 
which is a complex band arising out of the central C-C stretching and 
ring angle deformation. A detailed study of the observed changes in the 
infrared and Raman Spectra will be published separately. 

Thus the solid crystalline polymorphism in M-24 is due to  conforma- 
tional changes, each polymorph having a well defined three dimen- 
sional order. The metastable states, in view of the X-ray studies, seem 
to exist which are formed with different probability for kinetic reasons. 

Acknowledgment8 

The authors wish to thank Dr. S. Chandra for his keen interest and encouragement in 
this work. They gratefully acknowledge Dr. P. C. Jain, Physics Department, Delhi Uni- 
versity for his kind permission to obtain DSC data and Mrs. Usha Dhawan, National 
Physical Laboratory for taking X-ray diffraction photographs. Special thanks are to the 
referees for their remarks. 

Reference8 

1. G .  W. Gray and A. Mosley, Mol. Cryst. Liq. Cryst.. 35, 71 (1976). 
2. B. J. Bulkin, K. Brezinsky and T. K. Kennelly, Mol. Cryst. Liq. Crysr., 55,53 (1979). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
0
 
J
a
n
u
a
r
y
 
2
0
1
1



294 S. C. JAIN, S. A. AGNIHOTRY and V. G .  BHIDE 

3. K. Z. Ogorodink, Mol. Cryst. Liq. Cryst.. 42, 53 (1977). 
4. K. Z. Ogorodink, Acta Physica Polonica A, 55, 935 (1979). 
5. W. R. Krigbaum and P. G. Barber, Acta Cryst., B-27, 1886 (1971). 
6. W. R. Krigbaum and T. Taga, Mol, Cryst. Liq. Cryst., 28, 85 (1974). 
7. K. Z. Ogorodink, Fiz. Tver. Tela, 17, 278 (1975). 
8. BDH Catalogue. 
9. V. G. Bhide, S. A.  Agnihotry and S. Chandra, Ind. J. of Pure & Appl. Phys.. 19,821 

(1981). 
10. R. M. Barrett and D. Steele, J. Mol. Structure, 11, 105 (1972). 
11. H. Suzuki, Bull. Chem. SOC. Jap.. 32, 1340 (1959). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
0
 
J
a
n
u
a
r
y
 
2
0
1
1


