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A B S T R A C T

Melt-crystallization of poly (butylene 2,6-naphthalate) (PBN) at temperatures lower than about 160 °C follows
Ostwald’s rule of stages, leading first to formation of a transient smectic liquid crystalline phase (LC) which then
may convert in a second step into crystals, controlled by kinetics. In the present work, the PBN melt was cooled
at different rates in a fast scanning chip calorimeter to below the glass transition temperature, to obtain different
structural states before analysis of the cold-crystallization behavior on heating. It was found that heating of fully
amorphous PBN at 1000 K/s leads to a similar two-step crystallization process as on cooling the quiescent melt,
with LC-formation occurring slightly above Tg and their transformation into crystals at their stability limit close
to 200 °C. In-situ polarized-light optical microscopy provided information that the transition of the LC-phase into
crystals on slow heating is not connected with a change of the micrometer-scale superstructure, as the recently
found Schlieren texture remains unchanged.

Poly(butylene 2,6-naphthalate) (PBN) is a linear crystallizable
polyester which shows a distinct crystal polymorphism. Cooling the
melt slower than about 10 K/min (0.17 K/s) leads to formation of tri-
clinic β’-crystals with an equilibrium melting temperature of 281 °C. If
the cooling rate is higher than 0.1 K/min (0.017 K/s), or if crystal-
lization occurs below 230 °C, then β’-crystals are increasingly replaced
by triclinic α-crystals with a 20 K lower equilibrium melting tempera-
ture; crystallization at temperatures lower than about 200 °C yields α-
crystals only [1–4]. Both the formation of β’- and α-crystals occurs at
temperatures higher than about 160 °C directly from the melt. If the
melt, however, is supercooled to below about 160 °C, by cooling faster
than about 1 to 10 K/s, then the crystallization process involves an
intermediate formation of a monotropic liquid crystalline (LC) meso-
phase [5–8], following Ostwald’s rule of stages [9]. The thermo-
dynamics behind the one- and two-step crystallization process of PBN at
temperatures higher and lower than about 160 °C, respectively, is
schematically illustrated in Fig. 1 which shows the temperature-de-
pendence of Gibbs enthalpy of the melt (black), of the monotropic
mesophase (blue) and of the crystal phase (red). At temperatures above
the stability-limit of the mesophase, indicated with the blue circle,
crystallization occurs directly from the melt while at lower

temperatures formation of crystals proceeds according to Ostwald’s rule
of stages via intermediate formation of liquid crystals.
The conversion of the LC phase into crystals, so far, has only been

detected between 160 and 130 °C [6,7]. At temperatures lower than
about 130 °C, the transformation of the LC phase into crystals appar-
ently is kinetically suppressed or proceeds slow, leading to vitrification
of the LC phase on cooling to below its glass transition temperature Tg,
LC of about 65 °C [5]. Note that it was reported in the literature that the
glass transition temperature of the LC phase is higher than the glass
transition temperature Tg of the amorphous phase (42 °C) [5,8]. A non-
equilibrium phase diagram showing the cooling-rate dependence of
temperatures of the various phase transitions of PBN is available in the
literature (see Fig. 1 in [7]).
The formation of the LC phase in PBN likely is related to the pre-

sence of the naphthalene group which is considered mesogenic [10].
The LC phase in PBN is monotropic and is characterized by a smectic
periodicity with a layer distance of 1.43 nm [5], being approximately
the length of the chain repeat unit, and by appearance of a distinct
Schlieren texture at the micrometer length scale [7]. Analysis of the
bulk enthalpy of its formation showed that the transition of the melt
into the LC phase contributes to only about 20% to the total enthalpy of
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