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Crystalline polymorphs of higher homologues of

4 ¾ -alkoxy-4 -cyanobiphenyl, nOCB (n = 8 , 9 , 1 0 and 1 2 )

KAYAKO HORI* and HAIPING WU
Graduate School of Humanities and Sciences, Ochanomizu University,

Otsuka, Bunkyo-ku, Tokyo 112-8610 , Japan

(Received 6 April 1 9 98 ; accepted 1 4 July 1 9 98 )

Phase transition behaviour was studied for the crystalline polymorphs of 4 ¾ -alkoxy-4-cyano-
biphenyl, nOCB (n = 8 , 9 , 10 and 12 ), by means of di� erential scanning calorimetry (DSC).
The square-plate crystal form, which is composed of distinct smectic-like bilayers with in® nite
networks of closely arranged CN groups, appears generally for n > 7 . It is a metastable phase
for n = 7 and 8 . In addition to the square-plate crystal, 8OCB has needle and parallelepiped
crystal forms, which are metastable, and the most stable crystalline phase found in a
commercially available powder specimen. The parallelepiped crystal shows three competitive
processes depending on heating rate: (1 ) gradual stabilization to the most stable crystalline
phase, even at room temperature, (2 ) transformation to the needle crystal, and (3 ) direct
transformation to the smectic A phase. On the other hand, the square-plate crystal is stable
at room temperature and transforms to another crystalline phase, which is supercooled in the
commercially available powder specimen, at higher temperature for n > 9 .

1 . Introduction and parallelepiped crystals have been determined [6 ].
The series of 4 ¾ -alkyl-4-cyanobiphenyls (nCB) and For the higher homologues, the square-plate crystal forms

4 ¾ -alkoxy-4-cyanobiphenyls (nOCB) have been widely are always grown from a solution. They are apparently
studied, for example, by means of scanning tunnelling stable at room temperature.
microscopy [1 ], molecular dynamics simulation [2 ], Crystalline polymorphism results from the subtle
etc. because their molecular con® gurations are rather balance of intermolecular interactions. Therefore, it would
simple and they are important for practical use due to be useful to know the complex crystalline polymorphism
their durability. It has also been reported that some throughout the series. This paper describes the phase
members show more than one melting point [3 ]. Precise transition behaviour of the crystalline polymorphs of
information about crystalline polymorphism was revealed 8OCB, 9OCB, 10OCB, and 12OCB studied by DSC
by studies on single crystals. For 7OCB, four di� erent and the crystal structure of the square-plate crystal
solid phases were found: metastable square-plate and of 9OCB.
needle crystal forms, an intermediate solid state found in
the stabilization process of the square-plate crystal, and
the most stable crystalline phase found in a commercially 2 . Experimental
available powder specimen (̀ commercial sample’, hereafter) 2 .1 . General
[4 ]. The structures of the square-plate crystal [4 ] and All the compounds were purchased from Merck Ltd,
the needle crystal [5 ] have been determined. The phase UK. Slow evaporation of solvents from an acetone±
transition behaviour of each solid to the nematic phase water or a diethyl ether± methanol solution at 5 ß C gave
was investigated by DSC and the phase relations in transparent single crystals, except for the square-plate
terms of a Gibbs energy and temperature diagram were crystals of 8OCB, which were obtained at Õ 16 ß C.
proposed [4 ]. For 8OCB, four di� erent crystalline DSC measurements were carried out on a Seiko
phases were found: square-plate, parallelepiped (with an DSC22C calorimeter. Transparent crystals were carefully
acute angle of 40 ß ) and needle crystal forms, which are selected under a microscope, since some crystals weremetastable, and the most stable crystalline phase found

in metastable phases, as described below. The relativein a commercial sample. The structures of the needle
errors for DH values were estimated to be 2 ± 10%.
Powder X-ray di� raction patterns were obtained on a
Rigaku RAD-RA di� ractometer.*Author for correspondence.
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38 K. Hori and H. Wu

Table 1 . Atomic coordinates (Ö 10 4 ) and equivalent isotropic2 .2 . X-ray single crystal analysis of the square-plate
displacement parameters (AÊ 2 Ö 103 ) for the square-platecrystal of 9 OCB
crystal of 9OCB. U (eq) is de® ned as one third of the traceCell parameters and intensity data were measured at of the orthogonalized U ij tensor.

room temperature on a Rigaku AFC-7R di� ractometer
with Cu Ka radiation (l= 1 .54184 AÊ ) monochromated Atom x y z U (eq)
by graphite. An v scan mode was applied. The data

O(1 ) 1199 (1 ) 9746 (2 ) 1739 (2 ) 77 (1 )were corrected for Lorentz and polarization factors
N(1 ) 2562 (1 ) 9913 (3 ) Õ 2706 (3 ) 86 (1 )but not for absorption. In total, 6184 re¯ ections were C(1 ) 2417 (1 ) 9923 (3 ) Õ 2367 (3 ) 71 (1 )

collected. Systematic absences, h + l = 2n +1 , h = 2n +1 C(2 ) 2236 (1 ) 9969 (3 ) Õ 1905 (3 ) 66 (1 )
and l= 2n +1 for h 0 l in addition to k = 2n +1 for 0 k 0 , C(3 ) 2173 (1 ) 11470 (3 ) Õ 861 (3 ) 68 (1 )

C(4 ) 2002 (1 ) 11496 (3 ) Õ 351 (3 ) 65 (1 )showed the possibilities of P21 /n , P21 /a or P21 /c space
C(5 ) 1888 (1 ) 10051 (2 ) Õ 854 (3 ) 60 (1 )groups. However, ® ts to these space groups failed.
C(6 ) 1954 (1 ) 8578 (3 ) Õ 1943 (3 ) 71 (1 )Remeasurements for another crystal showed a slightly
C(7 ) 2125 (1 ) 8527 (3 ) Õ 2461 (3 ) 73 (1 )di� erent intensity distribution corresponding to the space C(8 ) 1707 (1 ) 10049 (2 ) Õ 211 (3 ) 61 (1 )

group P21 /c. Re® nements for the data, however, did not C(9 ) 1664 (1 ) 10884 (3 ) 1530 (3 ) 67 (1 )
converge. Careful reexamination of the ® rst data revealed C(10 ) 1497 (1 ) 10852 (3 ) 2215 (3 ) 70 (1 )

C(11 ) 1368 (1 ) 9950 (3 ) 1162 (3 ) 65 (1 )that re¯ ections, h +k + l = 2n +1 for h k l were not absent
C(12 ) 1405 (1 ) 9141 (3 ) Õ 607 (3 ) 68 (1 )but very weak; 7 I /s(I )8 was 3 for h +k + l= 2n +1 ,
C(13 ) 1571 (1 ) 9189 (3 ) Õ 1269 (3 ) 65 (1 )(cf. 70 for h +k + l= 2n), indicating an approximate space C(14 ) 1159 (1 ) 10393 (3 ) 3640 (3 ) 73 (1 )

group of I2/a . The structure solved by using SHELXS86 C(15 ) 982 (1 ) 9703 (3 ) 4086 (3 ) 75 (1 )
[7 ] and re® ned on F

2 by using SHELXL93 [8 ] con- C(16 ) 921 (1 ) 10365 (3 ) 6039 (3 ) 74 (1 )
C(17 ) 741 (1 ) 9673 (3 ) 6502 (3 ) 74 (1 )verged to R1 = 0 .063 for the space group I2/a . We solved
C(18 ) 675 (1 ) 10336 (3 ) 8427 (3 ) 76 (1 )the structure for the space group with no systematic
C(19 ) 495 (1 ) 9651 (3 ) 8864 (3 ) 77 (1 )absences, P2 , which converged to R1 = 0 .079. The two
C(20 ) 424 (1 ) 10330 (3 ) 10761 (3 ) 82 (1 )structures, however, were essentially identical; four C(21 ) 244 (1 ) 9660 (4 ) 11156 (4 ) 95 (1 )

crystallographically independent molecules in the structure C(22 ) 171 (1 ) 10409 (5 ) 12994 (5 ) 126 (1 )
of P2 were highly symmetric. Therefore, we regard the
structure of the square-plate crystal of 9OCB to have
the fundamental space group I2/a , which would have became powdered on the surface after several months.
been broken by the incompleteness of the crystal or The square-plate crystals changed rapidly to opaque-
local disorder in molecular conformation or stacking white even at Õ 16 ß C. In order to study kinetic aspects of
of molecules. Such a pseudo-symmetry was observed these metastable phases, DSC measurements were carriedalso in the square-plate crystal of 7OCB [5 ]. Crystal out at di� erent heating rates. The commercial sampledata: 4 ¾ -nonyloxy-4-cyanobiphenyl, monoclinic, I2/a ,

shows a single melting peak at the highest temperture
a = 76 .75 (2 ), b = 7 .164 (9 ), c = 6 .91 (2 ) AÊ , b = 92 .0 (2 )ß ,

(53 .5 Ô 0 .2 ß C), regardless of the heating rate, indicating
V= 3798 (7 ) AÊ 3 , Z= 8, rx= 1 .124 g cmÕ 3 , m= 0.521 mmÕ 1 ,

that this solid is the most stable phase. The opaque-
F (0 0 0 )= 1392 .

white solid derived from the parallelepiped crystal showsAll the non-hydrogen atoms were re® ned aniso-
a single melting peak at 53 .5 Ô 0 .1 ß C, showing thattropically. Hydrogen atoms, whose positional para-
the parallelepiped crystal changes spontaneously into themeters were calculated, were included in the structure
most stable solid. This behaviour is in contrast tofactor calculation but were not re® ned. Atomic
the opaque-white solid of 7OCB, which always gavescattering factors were taken from the International
two peaks, showing that the state is composed of theTables for Crystallography [9 ]. Final R (F ) and wR (F 2 )
intermediate state and the most stable state [4 ]. Onfor 2505 h +k + l = 2n re¯ ections with |F 0 |>4s( |F 0 |)
the other hand, the needle and parallelepiped crystalswere 0 .063 and 0 .178, respectively. The weighing scheme
show more complicated DSC traces, depending on thewas w = [(0 .1204P )2 +1 .1423P +s(F 2

0 )
2 ]Õ 1 , where P =

heating rates.(F 2
0 +2F

2
c )/3 . Max. D/s and max. and min. Dr in the

Figure 1 shows the DSC traces of the needle crystal.® nal di� erence map were 0 .09 and 0 .22 , Õ 0.22 e AÊ Õ 3 ,
The trace with the heating rate of 0 .2 K minÕ 1 hasrespectively. Goodness of ® t for F

2 was 1 .084. Final
two endothermic peaks, a and c, and one exothermicatomic coordinates are shown in table 1 .
peak, b. At a heating rate of 1 K minÕ 1 , the peaks a
and b become larger, while the peak c becomes smaller.3 . Results and discussion

On heating at a rate of 10 K minÕ 1 , only one peak,3 .1 . T hermal behaviour of the polymorphs of 8 OCB.
whose onset temperature coincides with that of theAt room temperature, the parallelepiped crystals changed

to opaque-white in a few days, while the needle crystals peak a, is observed. These results are interpreted as
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39Crystalline polymorphs of nOCB

Figure 1 . DSC traces of the needle crystal of 8OCB at heating
rates of 0 .2 , 1 and 10 K minÕ 1 .

follows. The needle crystal melts completely at peak a
(50 .4 Ô 0 .3 ß C), when heated rapidly enough. On the
other hand, when heated slowly, it begins to melt at
peak a and immediately stabilizes with evolution of heat
(peak b) to a more stable solid phase, actually the most
stable phase, because peak c (at 53 .1 Ô 0 .2 ß C) coincides
with the melting point of the most stable phase
(53 .5 Ô 0 .2 ß C) within experimental errors. Figure 2 . (a) DSC traces of the parallelepiped crystal of 8OCB

Figure 2 (a) shows the DSC traces for the parallelepiped at heating rates of 1 , 3 , 5 and 10 K minÕ 1 . (b) The Gibbs
energy± temperature diagram. N, P and C stand for thecrystal. At a scan rate of 3 K minÕ 1 , ® ve peaks, d, e, f,
needle, parallelepiped crystals and the commercially avail-g and h, can be distinguished. The ® rst endothermic
able powder specimen, respectively. � and MM® denotepeak beginning at about 40 ß C (d) is followed by another rapid and slow stabilization processes, respectively.

small endothermic peak e and an exothermic peak f.
Two successive endothermic peaks, g and h, are located
at 50 .1 Ô 0 .3 and 53 .3 Ô 0 .4 ß C. At a rate of 1 K minÕ 1 ,
the ® rst peak shifts to lower temperature and peaks e
and f disappear. When heated more rapidly (at 5 and
10 K minÕ 1 ), the broad peak d disappears or coalesces
with peak e. The DH values for the peaks, d, e, f, g,
and h are shown in ® gure 3 . Peak d has almost a
constant DH value until it disappears at a heating rate
of 5 K minÕ 1 . The DH values of peaks e, f (negative)
and g increase, while that of peak h decreases, as the
heating rate increases.

These results are interpreted in terms of a schematic
diagram of Gibbs energy vs temperature, as shown in
® gure 2 (b). When heated very slowly, a large portion of
the parallelepiped crystal stabilizes directly to the most
stable state, as shown by a dotted arrow, melting at
peak h, and a remaining small portion transforms to
another solid phase at peak d; the resulting higher Figure 3 . Heating rate dependence of transition enthalpy
temperature solid melts at peak g. When the heating change (DH ) for the parallelepiped crystal. x , D , E , *

and { denote the peaks d, e, f, g and h, respectively.rate is high enough, peak e becomes sharp and large,
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40 K. Hori and H. Wu

indicating that a large portion of the parallelepiped are not the same phase. The thermal behaviour of the
former is similar to that of the parallelepiped crystal ofcrystal survives until it begins to melt at peak e, and

immediately stabilizes with evolution of heat (peak f ) to 8OCB. When heated at 1 K minÕ 1 , there are four peaks,
i, j, k and l. Peak i is followed by another smalla more stable solid phase, as shown by a solid arrow,

which melts at peak h. When the heating rate is inter- endothermic peak j and an exothermic peak k. At slow
heating (0 .12 K minÕ 1 ), peak i becomes very broad andmediate (3 K minÕ 1 ), three processes, the solid± solid

phase transition at peak d, the direct melt at peak e, is shifted to lower temperature beginning at about 40 ß C
and peaks j and k disappear. When heated at 5 andand the direct stabilization to the most stable state

proceed competitively. It is also pointed out that peak g 10 K minÕ 1 , the broad peak i disappears or coalesces
into peak j, and peaks j and k become large. Thus,at 50 .1 Ô 0 .3 ß C corresponds to the melting point (a)

of the needle crystal, 50 .4 Ô 0 .3 ß C, suggesting that the peaks i, j, and k are interpreted in the same way as
peaks d, e, and f for the parallelepiped crystal of 8OCB,parallelepiped crystal transforms to the needle crystal at

peak d. The square-plate crystal was so unstable that because they are almost the same. Peak i is the trasition
point of the square-plate crystal to a higher temperatureDSC measurements did not reveal the stabilization

process. crystalline phase of 9OCB. When the heating rate is
high enough, the phase transition at peak i is passed, and
the square-plate crystal melts at peak j, then stabilizes3 .2 . T hermal behaviour of the polymorphs of 9 OCB

The commercial sample melts at 61 .1 Ô 0 .1 ß C with to the higher temperature crystalline phase exothermally
(at peak k). The higher temperature crystal melts ata heating rate of 2 .0 K minÕ 1 , while it has a melting

peak at 63 .2 Ô 0 .1 ß C with a small preceding peak at peak l (61 .2 Ô 0 .2 ß C), when heated rapidly. Peak l
becomes smaller and an endothermic peak (m) appears60 .8 Ô 0 .1 ß C at slow heating (at 0 .12 and 0 .2 K minÕ 1 ).

This behaviour shows that the melting process of the at 62 .6 Ô 0 .5 ß C for slow heating (0 .12 and 0 .2 K minÕ 1 ).
This behaviour corresponds to that of the commercialcommercial sample is dependent on the heating rate, in

contrast to the commercial sample of 8OCB. sample, showing that the higher temperature solid is the
state found in the commercial sample.On the other hand, DSC traces of the square-plate

crystal of 9OCB are more complex, as shown in ® gure 4 , To con® rm this conclusion, the square-plate crystal
sample was heated to 55 ß C, then cooled to room temper-although it is apparently stable at room temperature.

Thus, the square-plate crystal and commercial sample ature and reheated again above 80 ß C at a heating rate
of 0 .2 K minÕ 1 throughout the process. The broad peak i
disappeared in the cooling and the reheating processes.
Figure 5 shows powder X-ray di� raction patterns for
(i) the original square-plate crystal, (ii) the square-plate
crystal heated to 55 ß C at a heating rate of 0 .2 K minÕ 1 ,
then cooled down to the room temperature, and (iii) the
commercial sample. It can be seen that the latter two
patterns are essentially the same. Thus, the square-plate
crystal is thermodynamically the stable phase at room
temperature; the higher temperature crystalline state is
supercooled to room temperature, as exists in the com-
mercial sample. Melting behaviour, however, suggests
that the higher temperature crystalline state is composed
of more than one phase.

3 .3 . T hermal behaviour of the polymorphs of 1 0 OCB and
1 2 OCB

The square-plate crystal of 10OCB shows similar
behaviour to that of 9OCB and is interpreted in the
same way as for that of 9OCB.

The square-plate crystal of 12OCB has a small endo-
thermic peak beginning at 45 ± 57 ß C (depending on heat-
ing rate) and a melting peak at 66 .4 Ô 1 .2 ß C, as shown
in ® gure 6 . The DH values are essentially independent
of the heating rates, 4 .8 Ô 0 .6 kJ molÕ 1 for the formerFigure 4 . DSC traces of the square-plate crystal of 9OCB at

heating rates of 0 .12, 0 .5 , 1 and 5 K minÕ 1 . peak and 41 Ô 3 kJ molÕ 1 for the latter. Powder X-ray
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41Crystalline polymorphs of nOCB

Figure 5 . Powder X-ray di� raction patterns for (i) the square-
plate crystal, (ii) the square-plate crystal after heat treat- Figure 6 . DSC traces of the square-plate crystal of 12OCB
ment and (iii) the commercially available powder specimen at heating rates of 1 , 5 and 10 K minÕ 1 .
of 9OCB.

di� raction patterns were recorded for (i) the square- like structures composed of tetramers connected by the
CN..CN interaction (distances; 3 .39 ± 3 .57 AÊ ) [5 , 6 ]. Inplate crystal, (ii ) the sample heated to 60 ß C at a heating

rate of 1 K minÕ 1 and then cooled down to the room the parallelepiped crystal of 8OCB, a CN group is close
not to another CN group, but to the biphenyl moietytemperature, and (iii) the commercial sample. Here

again, the latter two patterns were essentially the same. of the adjacent molecule [6 ]. The square-plate crystal
form appears in common for n > 7 . The square-plateThus, it is concluded that the square-plate crystal, which

transforms to a high temperature phase at about 50 ß C, crystal of 9OCB has a distinct smectic-like structure
composed of bilayers with in® nite networks of closelyis thermodynamically the stable phase at room temper-

ature and that the higher temperature crystalline phase arranged CN groups, as shown in ® gure 7 . The structure
is essentially the same as that of 7OCB. As was discussedis supercooled to room temperature, as exists in the

commercial sample. in detail in the §2 , both crystals show a pseudo-symmetry
probably caused by incompleteness of the crystals.
Similar bilayer structures were suggested by the powder3 .4 . Structural aspects of the crystalline polymorphs

The crystalline polymorphs are summarized in table 2 , X-ray di� raction patterns for the square-plate crystals
of 10OCB and 12OCB. Figure 8 shows the layer spacingswhere those of 7OCB are also shown for reference. The

needle crystals of 7OCB and 8OCB have similar smectic- of the squre-plate crystals (1/2 a sin b or derived from

Table 2 . Crystalline polymorphs of nOCB series.

n Form

7 needle square-plate intermediate state commercial samplea

8 needle square-plate parallelepiped commercial samplea

9 square-platea commercial sample
10 square-platea commercial sample
12 square-platea commercial sample

a Stable phase at room temperature.
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42 K. Hori and H. Wu

Figure 7 . A perspective view of the packing mode of the square-plate crystal of 9OCB. Each N atom is surrounded by
four C atoms in CN groups of neighbouring molecules with distances of 3 .42, 3 .47, 3 .50 and 3 .70 AÊ from N(x , y , z) to
C(0 .5-x , y , -1-z), C(0 .5-x , 1 .5-y , -0.5-z), C(0 .5-x , y , -z), and C(0 .5-x , 2 .5-y , -0.5-z), respectively.

4 . Conclusions

DSC studies on single crystals of nOCB revealed the
thermodynamic relations among the crystalline poly-
morphs for higher homologues (n > 8 ). For n = 8 , four
crystalline polymorphs are distinguished. The needle
crystal transforms to the smectic A phase, immediately
stabilizes with heat evolution to the most stable
crystalline phase, which transforms to the smectic A
phase again at higher temperature. The parallelepiped
crystal shows three competitive processes on heating:
(1 ) gradual stabilization to the most stable crystalline
phase, even at room temperature, (2 ) transformation to
the needle crystal, and (3 ) direct transformation to the
smectic A phase. The square-plate crystal is too unstable
to be characterized by DSC. For n > 9 , the square-plateFigure 8 . The layer spacings of the square-plate crystals
crystal is thermodynamically stable at room temperature(a sin b or derived from the powder patterns) shown by D ,

and those in the SmA phases shown by E , [10 ]. and transforms to another crystalline phase (which is
found in the commercial sample as a supercooled phase)
at higher temperature. In other words, for n = 7 and 8
the commercial sample has the completely stabilized

the powder patterns) in comparison with those in the state from being kept at room temperature for a long
SmA phases reported by Leadbetter et al., which lead time, but it has a supercooled phase for n > 9 .
to the bimolecular SmA structure with overlapping of
core moieties (interdigitated SmA structure) [10 ]. For
8OCB also, the square-plate crystal is suggested to have This work was supported by a Grant-in-Aid for
a similar crystal packing by its crystal shape. The square- Scienti® c Research (08640638 ) from the Ministry of
plate crystals are metastable for n = 7 and 8 but stable Education, Science, Sports, and Culture, Japan.
at room temperature for n > 9 . Thus, we conclude that
distinct smectic-like bilayer structures with in® nite net-
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