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Abstract   Poly(butylene 2,6-naphthalate)  (PBN) is  a  crystallizable linear  polyester  containing a rigid naphthalene unit  and flexible methylene

spacer in the chemical repeat unit. Polymeric materials made of PBN exhibit excellent anti-abrasion and low friction properties, superior chemical

resistance,  and  outstanding  gas  barrier  characteristics.  Many  of  the  properties  rely  on  the  presence  of  crystals  and  the  formation  of  a

semicrystalline  morphology.  To  develop  specific  crystal  structures  and  morphologies  during  cooling  the  melt,  precise  information  about  the

melt-crystallization  process  is  required.  This  review  article  summarizes  the  current  knowledge  about  the  temperature-controlled  crystal

polymorphism of PBN. At rather low supercooling of the melt, with decreasing crystallization temperature, β′- and α-crystals grow directly from

the  melt  and  organize  in  largely  different  spherulitic  superstructures.  Formation  of α-crystals  at  high  supercooling  may  also  proceed via
intermediate  formation  of  a  transient  monotropic  liquid  crystalline  structure,  then  yielding  a  non-spherulitic  semicrystalline  morphology.

Crystallization of PBN is rather fast since its suppression requires cooling the melt at a rate higher than 6000 K·s−1. For this reason, investigation of

the two-step crystallization process at  low temperatures requires application of sophisticated experimental  tools.  These include temperature-

resolved X-ray scattering techniques using fast detectors and synchrotron-based X-rays and fast scanning chip calorimetry. Fast scanning chip

calorimetry  allows  freezing  the  transient  liquid-crystalline  structure  before  its  conversion  into α-crystals,  by  fast  cooling  to  below  its  glass

transition temperature. Subsequent analysis using polarized-light optical microscopy reveals its texture and X-ray scattering confirms the smectic

arrangement  of  the  mesogens.  The  combination  of  a  large  variety  of  experimental  techniques  allows  obtaining  a  complete  picture  about

crystallization of PBN in the entire range of melt-supercoolings down to the glass transition, including quantitative data about the crystallization

kinetics, semicrystalline morphologies at the micrometer length scale, as well as nanoscale X-ray structure information.
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INTRODUCTION

Poly(butylene  2,6-naphthalate)  (PBN)  is  a  high-performance
aromatic  polyester  resin.  It  is  generally  obtained  by  polycon-
densation of  1,4-butanediol  and dimethyl  2,6-naphthalate.  The
use  of  dimethyl  2,6-naphthalate  is  preferred  over  2,6-
naphthalene  dicarboxylic  acid,  since  it  allows  to  operate  in
milder reaction conditions. In fact, the diester is characterized by
lower  melting  temperature  than  the  diacid,  and  methanol
(CH3OH),  produced in the first  step of  the synthesis,  is  a  better
leaving  group  than  H2O  molecule.  Polycondensation  is  carried
out  in  bulk  involving  two  main  steps:  the  first  in  an  inert
atmosphere at a temperature between 200 and 230 °C and the
second under vacuum at higher temperature (up to 260 °C). An
excess (from 20% to 100%) of diol with respect to the diester (or

diacid)  is  generally  used.  Ti-based  catalysts,  in  particular
tetrabutyl  titanate  and  titanium  isopropoxide,  are  mainly
employed.[1−3] Another  synthesis  strategy  used  to  obtain  PBN
with an inherent viscosity lower than that of commercial grades
is  ring-opening  polymerization.  Nevertheless,  this  procedure  is
still  conducted  at  high  temperature  (275  °C)  and  involves  the
use  of  2,6-naphthalenedicarbonyl  dichloride,  with  release  of
HCl, and dichloromethane as solvent.[4]

The chemical structure of PBN, shown in Fig. 1, provides ex-
cellent  chemical  resistance  to  most  organic  solvents,  acids
and bases, reducing and oxidizing agents. Moreover, PBN ex-
hibits high thermal resistance, very good mechanical behavi-
or both in terms of resistance and wear, and outstanding bar-
rier performance against gas and water vapor.[1,3,5,6] It is worth
noting  that  all  the  properties  mentioned  are  better  than
those of  the corresponding terephthalate-based counterpart
poly(butylene terephthalate) (PBT).

The presence of rigid aromatic sub-units along the macro-
molecular  backbone,  such  as  the  naphthalene  ring,  consist-
ently  stiffens  the  polymer  chains,  resulting  in  a  high  glass
transition temperature (Tg)  of  78 °C.  PBT,  whose Tg is  around
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room  temperature,  turns  out  to  be  less  rigid,  indicating  the
phenyl  aromatic  sub-unit  is  characterized  by  a  reduced  stiff-
ening  effect.  On  the  other  hand,  the  flexible  aliphatic  seg-
ment (glycol moiety) of the repeating unit confers great crys-
tallization capability to PBN, leading to the formation of crys-
tals of very high melting temperature (Tm) up to 243 °C. These
characteristics make PBN particularly suitable for applications
that  expose  the  polymer  to  high  temperature.  In  fact,  it  is
widely  employed,  mainly  in  form  of  fibers,  in  high-demand-
ing applications, such as aerospace, electronics, and electrical
engineering. In form of films, it is utilized for food packaging
applications.[7,8] To  tailor  the  functional  properties  towards
specific applications, the neat PBN has also been modified by
blending,[9−12] or  copolymerization,[13−16] and  is  also  used  as
matrix in nanocomposites.[17−19]

The linear chain-conformation of PBN typically leads to ra-
ther fast crystallization on cooling the melt and the formation
of a semicrystalline superstructure. The maximum achievable
crystallinity is around 30%, however, with the structure, mor-
phology,  and  higher-order  organization  of  crystals  strongly
depending  on  the  crystallization  conditions.  The  rather  low
maximum crystallinity of around 30% is in accord with the ob-
servation of a link with the chain mobility in crystals. Typically,
only  in  polymers  with  highly  mobile  chains  in  the crystalline
phase  can high crystallinity  be  observed.  In  this  review,  first,
the structure of the various crystal polymorphs (α-, β-, and β′-
crystals,  including  a  liquid  crystalline  mesophase)  at  the
length-scale of the unit cell as well as selected thermodynam-
ic properties (bulk specific enthalpy of melting and equilibri-
um melting temperature) are summarized. Secondly, the crys-
tallization processes at low and high supercooling of the melt
are described in detail, accounting for the qualitatively differ-
ent nucleation and growth pathways the melt transforms in-
to  crystals.  At  high  supercooling  of  the  melt,  crystallization
proceeds via intermediate  formation  of  a  liquid  crystalline
mesophase,  following Ostwald’s rule of stages.  This behavior
is similar to other polyesters which contain a mesogenic unit
in the main chain,  briefly commented in particular regarding
the structure of the mesophase. Besides detailed information
about  the  kinetics  of  the  phase  transformations,  the  discus-
sion of PBN crystallization at low and high supercooling of the
melt also includes important information about the semicrys-
talline  morphology  at  the  micrometer-length  scale.  Thirdly,
the suppression of crystallization and ordering processes dur-
ing  cooling  and  the  condition  of  full  vitrification  of  the  melt
are also summarized. On heating the obtained glass to above
the  glass  transition  temperature  cold-crystallization  may  oc-
cur, as described in the same section.

STRUCTURE OF CRYSTAL POLYMORPHS AND
OF THE LIQUID CRYSTALLINE MESOPHASE AT
THE NANOSCALE

Similar  to  the  analogue  polymer  with  a  single  aromatic  rings,

PBT,[20] two  main  crystalline  polymorphs  have  been  reported
for  PBN  as  well. [21,22] Next  to  the  crystalline α-form,  which
crystallizes  from  the  melt  under  conventional  conditions,  a
different polymorph, the β-form, has been found upon uniaxial
drawing  of  PBN  films.  Further  studies  demonstrated  that  the
polymorphs  can  both  be  obtained  by  melt  crystallization,[23,24]

depending  on  the  applied  cooling  rate  or  isothermal  crystalli-
zation  temperature,  as  later  discussed  in  this  review.  Melt-
crystallized β-form is typically indicated as β′-phase.

The  two  crystalline  structures  have  been  resolved,  thanks
to  the  obtainment  of  fiber  diffraction  patterns  in  drawn
samples.  Both  polymorphs  display  triclinic  unit  cells,  which
contain  a  single  repeat  unit.[21,22] A  schematic  view  of  chain
packing  along  different  crystallographic  directions  is  shown
in Fig. 2,  together with a summary of the structural paramet-
ers  of  the  two  unit  cells.  The β-polymorph  exhibits  a  higher
density  with  respect  to  the α-form,  that  is,  1.39  versus
1.36 g·cm−3.  From Fig. 2,  it  can be deduced that the molecu-
lar  packing of  the α-  and β-forms is  very similar  and that the
major difference is the conformation of the butylene sub-unit.
Such  “slight  distortion”  of  crystalline  structure  is  also  ob-
served in other polymers, such as poly(L-lactic acid) (α- and α′-
form), as well as PBT (α- and β-form). However, in the case of
isotactic  polypropylene,  as  well  as  many  polyamides,  meso-
phases forming at high supercooling of melt may not be clas-
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Fig. 1    The chemical structure of PBN.
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Fig.  2    Arrangement  of  the  polymer  chains  in α-form  (left)  and β-
form (right) of PBN: view along the a-axis (top) and a projection along
the c-axis  (bottom).  (Adapted  with  permission  from  Ref.  [19];
Copyright (2010) Elsevier.)
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sified as “slightly distorted” since often only pseudo-hexagon-
al symmetry is achieved, that is, just an isotropic lateral correl-
ation between chains.

On  the  basis  of  infrared  spectra  and  solid-state 13C-NMR,
the  main  difference  between  the  two  crystal  structures  has
been  proposed  to  be  related  to  the  conformation  of  the
glycol residue, that is, with a more extended trans-planar con-
formation of  both the ester  and the methylene groups char-
acterizing  the β-form.  The  conformation  of  the  ester  and
glycolic methylenes in the α-phase is instead S′G′TGS.[22,25] On
the other hand, other authors provided an alternative view on
the  conformational  differences,  pointing  instead  to  a  larger
degree  of  coplanarity  between  the  ester  groups  and  the
naphthyl  rings  in  the β-form,  with  respect  to  the α-poly-
morph.[24,26] As  a  consequence  of  this  increased  planarity,  a
tighter packing of the polymer chains in the β-form unit cell is
possible,  resulting  in  its  higher  density.  Recent  density  func-
tional theory calculations have confirmed that both these fea-
tures, that is, trans-planar conformation of the methylene seg-
ment  and  larger  coplanarity  of  the  ester  groups  and  naph-
thalene rings, are distinctive for the β-form.[27]

For  what  concerns  the  thermodynamic  properties,  the
equilibrium melting temperature was obtained for both poly-
morphs,  exploiting  a  copolymerization  strategy  which  en-
abled to promote β-form crystallization.[28] By proper model-
ling of the equilibrium melting temperature variation with co-
monomer  content, Tm for  the  two  polymorphs  in  the  homo-
polymer  could  be  obtained.  Values  of  261  and  281  °C  were
found for  the α-  and β-forms,  respectively.[28] This  result  is  in
agreement  with  the  experimentally  observed  faster  forma-
tion  kinetics  of  the β-form  at  high  temperatures.  A  bulk  en-
thalpy  of  melting  of  122  J·g−1 is  reported  for  the α-form,[29]

while a higher value is expected for the β-phase,[23] though an
exact determination is lacking. It is in fact difficult to prepare
samples  of  different  crystalline/amorphous  ratios  due  to  the
high crystallization rate of PBN.

Besides the three crystal polymorphs described above, PBN
forms  a  mesophase  at  high  supercooling  of  the  melt,  dis-
covered  on  quenching  the  melt  to  0  °C,  and  bypassing  the
temperature-range  of  fast  crystallization  at  higher  temperat-
ure.[30] Fig. 3 shows  in  the  bottom  graph  X-ray  diffraction
(XRD)  patterns  of  PBN  crystallized  at  180  °C  (top  curve),  of
quenched PBN containing the mesophase (center curve), and
of the melt of PBN at 255 °C (bottom curve). The XRD curve of
quenched PBN is  distinctly  different from that of  the melt  or
observed  after  crystallization,  such  that  there  is  detected  a
weak though sharp peak at a position corresponding to a re-
peat distance of 14.3 Å (see blue arrow), and a broad halo su-
perimposed  by  shoulder  peaks.  X-ray  fiber  pattern  obtained
on quenched and subsequently stretched PBN, shown in the
top part of Fig. 3,  allowed further interpretation of the origin
of  the  low-angle  14.3  Å  peak  and  higher-angle  shoulder
peaks,  being  located  at  the  meridian  and  equator,  respect-
ively.  As  the  meridian  is  parallel  to  the  stretching  direction,
the sharp low-angle peak reveals crystal-like periodicity along
the  chain  axis  while  the  broad  equatorial  scattering  maxima
indicate  liquid-like  lateral,  interchain  correlations.  Moreover,
the  absent  splitting  of  meridional  and  equatorial  maxima  in
the  fiber  pattern  suggest  the  formation  of  a  smectic  A  (SA)

phase,[31] in  which  bundles  of  mesogenic  groups  form
stacked layers,  with the basal  planes of  these layers oriented
perpendicularly  to the stretching direction.  At  room temper-
ature,  the  mesophase  of  PBN  is  frozen  and  therefore  con-
sidered as a liquid crystal glass (LC glass).[32,33] Comparison of
the fiber repeat distance of the PBN LC glass with that of the
α-crystal form suggests that the local chain conformations are
similar in both structures.

CRYSTALLIZATION OF PBN AT LOW
SUPERCOOLING OF THE MELT

Crystallization  at  low  supercooling  of  the  melt,  that  is,  on
cooling the melt at rates much lower than 10 K·min−1 (0.17 K·s−1)
or at temperatures above around 200 °C, leads to the formation
of β′-crystals.[23,24,34] Growth  of β′-crystals  fades  if  the  cooling
rate  is  higher  than  0.1  K·min−1 (0.0017  K·s−1)  or  if  the  crystalli-
zation  temperature  decreases  to  values  lower  than  230  °C.  In
parallel, there is increasing formation of α-crystals. Finally, if the
cooling  rate  is  higher  than  10  K·min−1 (0.17  K·s−1)  or  if  the
temperature  of  crystallization is  lower  than about  200 °C,  then
only α-crystals  are  formed. Fig. 4 shows  the  dependence  of
crystallization temperature on the cooling rate,[34] however, with
the  data  not  revealing  any  hint  about  the  change  of  crystal
polymorph  when  varying  the  crystallization  conditions  in  the
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Fig. 3    Bottom: XRD patterns obtained on PBN of different thermal
histories. Samples were subject to crystallization at 180 °C, quenching
to 0 °C,  or melting at 255 °C,  as indicated at the various curves.  Top:
an  X-ray  fiber  pattern  obtained  on  initially  quenched  and  then
stretched  PBN.  The  stretching  direction  is  parallel  to  the  meridional
direction  in  the  image.  (Adapted  with  permission  from  Ref.  [30];
Copyright (2008) American Chemical Society.)
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shown range.
β′-crystals  “grow  radially  and  almost  individually  from  the

center” of  dendritic spherulites,[24] with such morphology at-
tributed  to  the  very  slow  crystal  growth  rate,  “allowing  tex-
ture  growth  to  reach  the  most  thermodynamically  stable
state during crystallization.”[24] For illustration, the top left im-
age in Fig. 5 shows large β′-spherulites  with long needle-like
crystals  radially  grown  from  point-like  nuclei  into  the  sur-
rounding melt during cooling at 0.1 K·min−1.[24] The top right
image shows α-spherulites, as they appear during isothermal
crystallization  at  200  °C  in  a  polarized-light  optical  micro-
scope.  Though  very  faint,  the α-spherulites  show  the  typical
Maltese  cross  indicating  radial  alignment  of  crystal  lamellae,
which  can  be  more  clearly  recognized  in  the α-spherulites
shown in the bottom right image of Fig. 5, grown at 190 °C.[35]

Direct  comparison  of  the  different  spherulite  morphologies
forming as a function of the crystallization temperature in the
low-supercooling  temperature-range  is  provided  with  the
bottom  left  image.  Development  of β′-spherulites  was  en-
forced  by  isothermal  annealing  the  sample  at  215  °C  for  a
period  of  40  min,  causing  the  formation  of  dendritically
grown β′-spherulites with a size of around 20 μm. Before con-
version  of  the  entire  melt  into  a  semicrystalline  spherulitic
structure,  the  remaining  melt  was  cooled  to  190  °C  for  con-
tinuation  of  crystallization  and  growth  of α-spherulites.  The
largely  different  morphologies  of β′-  and α-spherulites  are
clearly visible.[35]

The isothermal crystallization of PBN at low supercooling of
the  melt  was  investigated  using  conventional  DSC,[13,16,29,36]

with  the  dependence  of  crystallization  half-time  (t1/2)  on  the
crystallization  temperature  shown  in Fig. 6.  It  can  be  clearly
seen that t1/2 of PBN drastically increases with the crystalliza-
tion temperature in the analysed temperature range, indicat-
ing that the overall crystallization rate of PBN decreases with
decreasing  supercooling.  Moreover,  both α-  and β′-crystals
are able to crystallize directly from the melt between 205 and
225 °C. As mentioned before,[28] β′-crystals are thermodynam-
ically favored and tightly packed, while α-crystals are kinetic-
ally favored, crystallizing much faster than β′-crystals, which is
confirmed  by  the  results  of  isothermal  crystallization  experi-
ments  at  low  supercooling  of  the  melt.  At  the  crystallization
temperature of 225 °C, the value of t1/2 exceeds 10 min, con-
nected with the pre-dominant formation of β′-crystals with an
extremely  low  growth  rate.[24] When  the  crystallization  tem-
perature decreases from 225 °C to 205 °C, the formation of β′-
crystals is gradually replaced by the faster formation of α-crys-
tals,[34] however,  with  the  temperature-dependence  of  the
half-time not showing any discontinuity.
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Fig.  4    Crystallization  temperature  of  PBN  as  a  function  of  the
cooling  rate  at  low  supercooling  of  the  melt.  (Adapted  with
permission from Ref. [34]; Copyright (2001) Elsevier.)
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Fig. 5    POM images showing α-spherulites isothermally grown at 200 °C (top right) and β′-spherulites
grown on cooling the melt at a rate of 0.1 K·min−1 (top left). (Adapted with permission from Ref. [24];
Copyright  (2002)  Elsevier)  The  bottom  two  images  show α-spherulites  isothermally  grown  at  190  °C
(right) and β′-form spherulites grown at 215 °C for 40 min embedded in matrix of α-form spherulites
formed at 190 °C (left). (Adapted with permission from Ref. [35]; Copyright (2018) Elsevier.)
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CRYSTALLIZATION OF PBN AT HIGH
SUPERCOOLING OF THE MELT VIA
INTERMEDIATE LIQUID CRYSTAL FORMATION

Direct  formation  of α-crystals  from  the  melt  only  occurs  at
temperatures  higher  than  about  160  °C.  Below  this  tempera-
ture,  crystallization  proceeds  according  to  Ostwald’s  rule  of
stages,[37,38] via intermediate  formation  of  a  liquid-crystalline
mesophase.[35,39,40] The  Ostwald’s  rule,  which  states  that  a
phase  transition  proceeds via metastable  states,  whenever
they  exist,  through  stages  of  increasing  stability,  is  an  empi-
rical  observation  widely  obeyed  in  a  variety  of  systems,  inclu-
ding  organic  molecules,[41] inorganic  compounds,[42] prote-
ins,[43,44] and colloids.[45,46]

In particular, the crystallization behavior of PBN at high su-
percoolings  resembles  that  of  typical  main-chain  liquid  crys-
talline  polymers  in  which  nematic  or  smectic  mesophases,
possessing  orientational  or  both  orientational  and  transla-
tional order of the molecular motifs, respectively, can appear
as transient states on the route to the most stable crystalline
structure.[32,47−50] Many  examples  are  reported  for  polyesters
containing  aromatic  mesogenic  units.[51] Detailed  studies  on
structure formation with varying molecular composition exist
for  polyesters  derived  from  bibenzoic  acid  and  oxyalkylene
glycols.[32,52−57] Smectic  mesophases  form  upon  cooling  the
isotropic  melt,  and then transform into crystals  upon further
cooling,  in  polyesters  of  bibenzoate  with  diols  spacers  con-
taining from three to nine methylene units.[56,57]

Of  particular  interest  regarding  the  behavior  of  PBN  is
the  case  of  poly(heptamethylene  4,4′-bibenzoate-co-hepta-
methylene  terephthalate)  with  10  mol%−20  mol%  of  a  tere-
phthalate  co-unit.  These  thermotropic  liquid-crystalline  co-
polyesters  display  two  crystallization  modalities,  that  is,  the
formation  of  the  stable  crystalline  phase  can  occur  either
directly from the isotropic melt at low supercoolings or from
a  smectic  mesophase  at  lower  crystallization  temperatur-
es.[49,50] Thus, the empirical Ostwald’s rule of stages can both
be obeyed and defeated,  by a given polymer,  depending on
the crystallization conditions. In the field of polymer crystalliz-
ation, the occurrence of Ostwald’s rule of stages and the role

of metastable states have been discussed in details  by Keller
and Cheng.[58−61] Their interpretation relies on the analysis of
transition kinetics of the stable and metastable phases, and it
will  be  briefly  described,  with  reference  to  the  PBN  case,  in
the following.

On  the  basis  of  the  peculiar  crystallization  behavior  of
PBN,[30,35] and in analogy with the above referred liquid-crys-
talline polyesters,  the PBN mesomorphism can be defined as
monotropic. In a monotropic system, the mesophase is meta-
stable throughout the entire temperature range with respect
to  the  liquid  or  crystalline  phases,  which  are  the  ultimately
stable phases above and below the crystal  melting point,  re-
spectively. This situation is schematically depicted in the free
enthalpy versus temperature diagram of Fig. 7, where, for the
sake of simplicity, only the crystalline α-phase is considered.

Clearly, two distinct crystallization behaviors can be expec-
ted.  For  crystallization  temperatures  between  approximately
280  and  200  °C,  that  is,  between  the  equilibrium  melting
point of the α-phase[28] and the isotropization temperature of
the  smectic  phase,[30,40] structuring  from  the  isotropic  melt
can only occur directly to the crystalline phase and the beha-
vior predicted by Ostwald’s rule cannot be observed. If  melt-
crystallization  is  bypassed,  for  instance  by  rapid  cooling,  a
crystallization-temperature  range  in  which  the  liquid-crystal-
line phase is also supercooled can be achieved. With increas-
ing supercooling, the most likely situation from a kinetic per-
spective is an inversion between the rate of formation of the
stable and metastable phases.[58] Therefore, when the rate of
formation of the smectic phase from the melt becomes larger
than  that  of  melt  crystallization,  a  two-step  structuring  pro-
cess occurs: first a transition from the melt to the liquid-crys-
talline  phase,  which  is  followed  by  the  transformation  of
smectic  liquid  crystalline  mesophase  into α-crystals,  accord-
ing to the Ostwald’s rule of stages.

The first evidence of the two-step crystallization process at
high  supercooling  of  the  melt  was  collected  with  a  heating-
experiment performed on initially quenched and mesophase-
containing  PBN.[30] Slow  heating  the  above  described  meso-
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phase  (see Fig. 3),  being  in  the  glassy  state  at  ambient  tem-
perature, to temperatures higher than its glass transition tem-
perature Tg,LC of 65 °C, caused transformation to α-crystals at
about  80 °C.  Thus,  the melt  first  partially  transformed into li-
quid-crystalline  (LC)  mesophase,  then  the  LC-phase  vitrified
on continued fast cooling to below Tg,LC, and upon reheating
and  devitrification  of  the  LC-glass,  cold-crystallization  of  the
mesophase occurred. Further details about the cold-crystalliz-
ation behavior are provided below, in the next section.

In the initial study of the mesophase of PBN,[30] the rate of
quenching, needed for its isolation and the subsequent X-ray
analyses, was too high to allow completion of the crystalliza-
tion  process  during  cooling.  For  this  reason,  the  kinetics  of
the  two-step  melt-crystallization  process  was  analyzed  sys-
tematically  by  non-isothermal  and  isothermal  crystallization
experiments. Fig. 8 shows  crystallization  temperatures  as  a
function  of  the  cooling  rate,[35] providing  clear  evidence
about  different  crystallization  mechanisms  when  cooling
slower or faster than about 1 K·s−1 to 10 K·s−1. Cooling slower
than  1  K·s−1 to  10  K·s−1 leads  to  direct  transformation  of  the
melt  into β′-  or α-crystals  (red  data  points)  (see  also Fig. 3),
with the width of  transition increasing with the cooling rate,
similar  to  that  in Fig. 4.  Note  that  the  red  dashed  line  indic-
ates  the  approximate  onset  of  crystallization,  while  the  data
points/solid  lines  represent  peak  temperatures.  It  is  obvious
that on cooling at rates between 1 and 10 K·s−1 crystals begin
to  form  at  high  temperature,  however,  with  the  crystalliza-
tion  process  incomplete.  Crystallizable  melt  then  transforms
according  to  a  different  mechanism  at  around  160  °C,  being
dominant on cooling faster than 10 K·s−1. First, at higher tem-
perature,  the  melt  converts  into  LC-mesophase  (black/gray
data  points)  which  then  transforms  into α-crystals  at  slightly
lower temperature (blue data points). However, there exists a
critical  cooling  rate  above  which  the  transition  of  LC-meso-
phase  into  crystals  is  suppressed  for  kinetic  reasons,  being
about  400  K·s−1.  In  that  case,  the  mesophase  vitrifies  at  its
glass  transition  temperature,  a  situation  achieved  in  the  ini-

tial  quenching  experiments  performed  to  study  the  X-ray
structure of the mesophase (see Fig. 3).  Finally,  if  the cooling
rate exceeds about 6000 K·s−1 then even LC-mesophase form-
ation  is  inhibited  (see  vertical  gray  arrow).[40] Worth  noting,
despite that ordering is suppressed at such high cooling rate,
avoiding nuclei  formation requires even much faster  cooling
at rates higher than 30000 K·s−1 as was analyzed by the cold-
crystallization behavior which allows detection of presence of
nuclei;[40] more  information  is  provided  below  in  the  section
about vitrification and cold-crystallization of PBN.

In order to obtain direct evidence on the two-step crystal-
lization  process,  synchrotron  X-ray  scattering  data  were  col-
lected  during  fast  cooling  the  melt.[62] Fig. 9 shows  with  the
top and bottom sets of curves time-/temperature-resolved X-
ray experiments, obtained during ballistic cooling of a specif-
ic PBN grade at average rates of 35 and 100 K·s−1, respectively.
Front  curves  represent  data  collected  at  high  temperature
and  show  the  characteristic  amorphous  halo  of  the  melt.
Cooling using a rate of 35 K·s−1 leads to the direct formation
of  crystals,  while  during cooling at  100 K·s−1,  the mesophase
formation  precedes  crystallization  as  recognized  by  the  ap-
pearance of different scattering characteristics when compar-
ing  to  the  patterns  of  the  melt  and  crystals.  Referring  to  the
data shown in Fig. 8, it can be noted that there is an apparent
slight  mismatch  between  the  cooling-rate  ranges  in  which
direct melt-crystallization is obtained. This is attributed to the
ballistic cooling scheme in the X-ray experiments and also the
employment  of  different  PBN  grades.  Regarding  the  latter,
presence  of  additives,  which  act  as  heterogeneous  nucle-
ation  sites  in  the  crystallization  process,  shift  the  high-tem-
perature  crystallization  event,  indicated  with  the  red  data
points in Fig. 8,  to higher temperatures,  slightly affecting the
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(Adapted with permission from Ref. [35]; Copyright (2018) Elsevier.)
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Fig.  9    Time-resolved XRD patterns  during cooling PBN samples  at
approximately 35 and 100 K·s−1.  (Adapted with permission from Ref.
[62]; Copyright (2012) American Chemical Society.)
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cooling  rate  at  which  the  one-step  crystallization  process
turns into a two-step crystallization process.

Isothermally  collected  crystallization  data  confirm  the
multi-stage  crystallization  process  of  PBN  at  high  supercool-
ing  of  the  melt. Fig. 10(a) shows  calorimetrically  measured
crystallization  exotherms,  heat-flow  rate  as  a  function  of  the
crystallization time, after cooling the melt to different crystal-
lization  temperatures,  as  indicated  at  the  right-hand  side  of
the curves.[62] The cooling rate on the approach of the crystal-
lization  temperature  was  selected  being  sufficiently  high,
1000  K·s−1,  to  bypass  the  high-temperature  crystallization
process  discussed  above.  The  data  of Fig. 10(a) reveal  for  all
analyzed  temperatures  between  135  and  147  °C  two  exo-
thermic  peaks,  which  are  associated  to  the  formation  of  LC-
mesophase  from  the  melt  and  the  transformation  of  LC-
mesophase  into α-crystals.  With  decreasing  crystallization
temperature,  both  transitions  proceed  faster  (see  black  and
blue dashed lines), being too fast to follow them at temperat-
ures lower than about 130 °C. Note that the two-step crystal-
lization process is complete within 1 s, which required applic-
ation  of  fast  scanning  chip  calorimetry  (FSC)[64,65] and  use  of
nanogram-sized samples to achieve high cooling rate and the

required time-resolution for collection of heat-flow rate data,
instead  of  conventional  differential  scanning  calorimetry
(DSC), for quantitative evaluation of the kinetics. Evidence for
the  assignment  of  two  transition  peaks  to  the  formation  of
LC-mesophase  from  the  melt  and  the  crystallization  of  LC-
mesophase  was  collected  by  interrupting  the  phase  trans-
itions  at  pre-selected  times  during  FSC,  quenching  the
sample to ambient temperature,  and microfocus beam X-ray
diffraction  analysis  of  the  phase  structure,  not  shown  (see
Fig. 2 in Ref. [66]).

Fig. 10(b) provides quantitative information about the crys-
tallization/ordering kinetics, showing the inverse peak-time of
phase transitions as  a  function of  the crystallization rate;  the
peak-time of ordering or crystallization is the time at the max-
imum heat-flow rate in FSC curves shown in Fig. 10(a), that is,
the  time  at  which  the  phase  transition  is  fastest.  It  may  be
considered  as  an  approximate  of  more  commonly  reported
transition  halftimes,  though  determination  of  peak-times  is
much more reliable. Red data points refer to direct formation
of α-crystals from the melt, which is only evident at temperat-
ures higher than about 160 °C. At lower temperatures, the cry-
stallization  process  proceeds  according  to  Ostwald’s  rule  of
stage via fast formation of the mesophase (gray diamond sym-
bols) followed by its conversion into α-crystals (blue squares).
Note  that  isothermal  and  non-isothermal  crystallization  ex-
periments  of  the  crystallization  kinetics  (Figs. 8 and 10,  re-
spectively) yielded consistent information about the crossov-
er  temperature of  160 °C where the one-stage crystallization
process is replaced by the two-stage crystallization process.

Quantitative  analysis  of  the  peak  areas  of  the  crystalliza-
tion  isotherms  allowed  estimation  of  the  enthalpy  of  LC-
phase  formation. Fig. 11 shows  the  two-step  crystallization-
isotherm  measured  at  150  °C,  with  the  two  slightly  overlap-
ping peaks de-convoluted to obtain the individual enthalpies
of the phase transitions. The formation of LC-phase from the
melt and the transition of LC-phase into crystals are gray and
blue color-coded,  respectively,  in analogy to the data shown
in Fig. 10.  The  percentage  areas/enthalpies  of  these  trans-
itions  amount  to  22%  and  78%,  respectively,  yielding  addi-
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Fig.  10    (a)  Heat-flow  rate  as  a  function  of  time  during  isothermal
crystallization  of  PBN  at  the  indicated  temperatures.  (b)  Rate  of  LC-
mesophase  formation  and  of  crystallization  as  a  function  of
temperature.  The  different  symbols  associated  to α-phase
crystallization represent data of different sources (gray/red circles,[62]

red  circles,[13] triangles.[63])  (Adapted  with  permission  from  Ref.  [62];
Copyright (2012) American Chemical Society.)
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Fig.  11    Heat-flow  rate  as  a  function  of  time,  recorded  during
isothermal  crystallization  of  PBN  at  150  °C,  including  illustration  of
deconvolution  of  individual  transitions  of  the  melt  into LC-phase
(gray)  and  of  the  LC-phase  into α-crystals  (blue).  (Adapted  with
permission from Ref. [66]; Copyright (2018) Elsevier.)
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tional  information  in  particular  about  the  nature  of  the  LC-
mesophase.

The  observed  percentage  value  of  the  enthalpy  of  trans-
forming  melt  into  a  smectic  liquid  crystal  of  roughly  20%–
25% of the total crystallization enthalpy agrees with the liter-
ature.[33,67,68] Here  it  is  reported  that  transforming  the  melt
into a  crystal  involves  an enthalpy-change of  30–50 kJ·mol−1

(33  kJ·mol−1 for  PBN[13,29])  while  it  is  only  4–6  kJ·mol−1 for
transforming melt into a smectic liquid crystal.  In the case of
formation of a nematic liquid crystal from the melt, the trans-
ition enthalpy would be even lower (1–2 kJ·mol−1).[68] Accord-
ingly,  the  bulk  enthalpy  of  transforming  the  melt  into  a
smectic liquid crystal is around 10%–15% of the total crystal-
lization  enthalpy  but  only  around  1%–5%  when  forming  a
nematic  structure.  As  such,  the  experimental  observation
of  a  percentage  enthalpy  of  liquid-crystal  formation  slightly
higher  than  20%  of  the  total  crystallization  enthalpy  serves
as  further  evidence  that  in  PBN  a  smectic  but  not  a  nematic
LC  structure  forms  as  intermediate  step  in  the  crystallization
process.

Polarized-light optical microscopy (POM) provides informa-
tion about the morphology of PBN at the micrometer length-
scale. Fig. 12 shows  POM  images  of  PBN  samples  prepared
during  FSC  by  cooling  the  melt  at  rates  of  1,  10,  100,  and
1000 K·s−1,  with these rates selected to identify characteristic
differences  as  predicted  by  different  crystallization  schemes
according  to  the  data  of Fig. 8.[35] Cooling  PBN  at  1  K·s−1

causes spherulitic growth of α-crystals directly from the melt,

with  the  transition  beginning  above  200  °C  (see  dashed  red
line  in Fig. 8)  and  stretching  down  to  160  °C  where  the  re-
maining  amorphous  but  crystallizable  fraction  converts  to
crystals via intermediate  formation  of  the  LC-mesophase.
Cooling  at 10  K·s−1 leads  to  a  similar  though  finer  structure
due to the increased nuclei  number.  Similar  as on cooling at
1  K·s−1,  the  sample  consists  of  amorphous  structure  and α-
crystals, with the major crystal fraction likely formed from the
LC-mesophase. Increasing the cooling rate to 100 K·s−1 yields
a  multiphase  morphology  containing  amorphous  phase,  LC-
mesophase, and α-crystals as proven by complementary X-ray
analysis  (not  shown,  see Fig. 5 in Ref.  [35]).  The  POM  image
shows  both  Schlieren  originating  from  the  mesophase  and
fine  grains,  with  the  latter  indicative  of α-crystals.  In  other
words, the LC-mesophase only partly transforms to α-crystals.
Finally, on cooling at 1000 K·s−1, the POM micrograph reveals
a distinct Schlieren texture,[69−72] similar to that observed after
quenching  in  ice-water,  shown  in Fig. 13.  The  Schlieren  tex-
ture observed in PBN is characterized by the presence of mul-
tiple disclination lines and point singularities, from which typ-
ically four brushes are originating.

VITRIFICATION AND COLD-CRYSTALLIZATION
OF PBN

FSC  allows  quantitative  determination  of  critical  cooling
conditions  for  suppressing  crystallization  and  even  crystal
nucleation.[40] Both crystallization and LC-mesophase formation

100 K·s−1

10 K·s−11 K·s−1

1000 K·s−1

50 µm 
Fig. 12    POM reflection-mode micrographs of samples of PBN solidified on cooling at rates of 1, 10,
100, and 1000 K·s−1 in an FSC. (Adapted with permission from Ref. [35]; Copyright (2018) Elsevier.)
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are  completely  suppressed  when  cooling  the  melt  at  a  rate  of
6000 K·s−1, or faster, to below the glass transition temperature of
the PBN melt. Fig. 14 shows an FSC curve recorded on heating
fully  amorphous  PBN  at  a  rate  of  10000  K·s−1,  revealing  the
characteristic  step-like  increase  of  the  heat  capacity  on
devitrifying  the  glassy  amorphous  phase  of  PBN.  As  such,  the
onset  of  the  glass  transition  occurred  at  about  42  °C  and  its
midpoint was detected at 92 °C; the onset temperature agreed
well  with  a  former  analysis  performed  using  temperature-
modulated  DSC,[30] though  the  literature  is  not  consistent
regarding information about the glass  transition temperatures,
varying between 41 and 82 °C.[13,14,25,30,73,74]

Analysis  of  the  enthalpy  of  cold-crystallization  on  heating
fully  amorphous  PBN  allows  gaining  knowledge  about  the
formation  of  homogeneous  crystal  nuclei  during  prior  cool-
ing. Even if crystallization is suppressed on cooling faster than
6000  K·s−1,  there  might  be  homogeneous  crystal  nuclei
formed  with  their  number  detectable  when  permitting  their
growth  in  a  subsequent  thermal  treatment, e.g.,  when  re-
heating  the  material  to  above  the  glass  transition  temperat-
ure.[75−77] Systematic variation of the rate of cooling the quies-
cent melt revealed a critical cooling rate of 30000 K·s−1, above
which also the formation of nuclei is inhibited.[40]

With the availability of fully amorphous and glassy PBN, it is
possible to study the structure formation on heating,  that  is,
after  devitrification  of  the  glass.  Systematic  variation  of  the
heating rate allows determination of a critical heating rate of
7000 K·s−1,  above which any ordering is suppressed on heat-
ing the melt to above the equilibrium melting temperature of
the crystal polymorph of highest thermodynamic stability.[40]

Worth noting is  that  the critical  rates  of  cooling and heating
the supercooled melt through the temperature range of pos-
sible ordering, that is, between the glass transition temperat-

ure and equilibrium melting temperature, are almost identic-
al, being 6000 and 7000 K·s−1,  respectively. Slower heating at
1000  K·s−1 permits  ordering  and  crystallization, as  docu-
mented with the FSC curve and POM images of Fig. 15.[39] The
equilibrium melt of PBN was cooled at a rate of 5000 K·s–1 to
below  the  glass  transition  temperature,  which  yielded  an  al-
most completely amorphous sample. The corresponding fea-
tureless POM micrograph of glassy PBN, as positioned on the
FSC  sensor,  is  shown  with  the  top  left  image.  Heating  the
glass causes its devitrification at the glass transition temperat-
ure,  which  immediately  allows  exothermic  LC-mesophase
formation  at  a  temperature  slightly  higher  than  100  °C,  fol-
lowed  by  transformation  of  the  mesophase  into α-crystals
close  to  200 °C,  and final  melting of  the α-crystals  at  around
230 °C.  The formation of  LC-phase is  connected with the ap-
pearance of its characteristic Schlieren texture in POM, which,
however,  is  not  affected  by  the  subsequent  crystallization
process  at  slightly  higher  temperature.  The  initially  formed

500 µm

200 µm 
Fig.  13    POM  micrographs  of  samples  of  PBN  solidified  by  rapid
cooling the melt from 290 °C by quenching into ice-water.  (Adapted
with permission from Ref. [66]; Copyright (2018) Elsevier.)

300 350 400 450

A
p

p
a

re
n

t 
h

e
a

t 
ca

p
a

ct
iy

Temperature (K)

Previous cooling rate 60000 K·s
−1

Heating rate 10000 K·s
−1

Onset

315 K

Midpoint

365 K

 
Fig. 14    FSC curve measured on heating PBN at a rate of 10000 K·s−1.
Prior heating, the material was vitrified using a cooling rate of 60000
K·s−1.  (Adapted  with  permission  from  Ref.  [40];  Copyright  (2015)
Elsevier.)
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Fig. 15    FSC heating curve of PBN solidified on cooling at 5000 K·s−1,
recorded  at  a  rate  of  1000  K·s−1.  Inset:  POM  micrographs  collected
during  heating  initially  almost  fully  amorphous  PBN  at  a  rate  of
1  K·s−1.  Further  explanation  is  available  in  the  text.  (Adapted  with
permission from Ref. [39]; Copyright (2018) Elsevier)
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texture is preserved until final melting occurs, suggesting that
the LC-mesophase domains serve as an efficient precursor for
the  crystallization,  proving  the  step-like  sequence  according
to Ostwald’s  rule  of  stages.  This  observation is  in  agreement
with the POM micrograph obtained on cooling the melt  at  a
rate  of  100  K·s−1 (see Fig. 12,  bottom  left),  causing  a  similar
two-step  crystallization  process,  and  preservation  of  the  ini-
tially formed micrometer scale structure as observed after LC-
mesophase formation.

Needless  to  say,  the  exact  transition  temperatures  as  well
as  the  degree  of  completion  of  both  transitions,  LC-meso-
phase formation from the supercooled melt and crystals from
the LC-mesophase, depend on the heating rate since they are
kinetically  controlled.  For  example,  slow  heating  of  the  LC-
mesophase  at  4  K·min−1 allows  formation  of α-crystals  well
below  100  °C.[30] Fast  heating  of  the  LC-mesophase  at  2000
K·s−1,  in  contrast,  suppresses the rather  slow α-crystal-forma-
tion process and allows analysis of its disordering.[66]

CONCLUSIONS AND PERSPECTIVES

Poly(butylene  2,6-naphthalate)  (PBN)  is  an  engineering
polyester displaying rich polymorphic behaviors, which include
two  different  crystalline  modifications  and  a  liquid  crystalline
smectic mesophase. The various structures can be obtained by
tailoring  the  temperature  history,  as  they  exhibit  different
thermal stability and formation kinetics.

Melt-crystallization at low or moderate supercoolings leads
to the competitive growth of β′- and α-crystals, with the latter
prevailing at lower crystallization temperatures. When the su-
percooling is  further  increased,  the isotropic PBN melt  trans-
forms into a smectic liquid crystalline phase. This mesophase
can  subsequently  turn  into  the  more  stable α-crystalline
phase,  in  agreement  with  the  well-known  Ostwald’s  rule  of
stages.  At  non-isothermal  solidification  at  high  rates  (e.g.,
1000  K·s−1),  this  second  transformation  might  be  inhibited,
leading to a smectic glass,  while rates higher than 6000 K·s–1

are required to bypass liquid-crystallization from the melt and
obtain a fully amorphous glass.

This  review  article  provides  an  overview  on  the  complex
crystallization  behavior  of  PBN,  with  particular  attention  to
structural  morphological  and  kinetic  aspects  of  the  different
observed transitions. Due to the relatively high crystallization
rate  of  this  polymer,  much  information  can  only  be  derived
thanks to recently available experimental techniques, such as
fast  scanning chip calorimetry and the use of  synchrotron X-
rays.  Several issues deserve further investigations,  and might
enable interesting application of  this  peculiar  semicrystalline
polymer.  For  example,  while  several  studies  on  PBN  copoly-
mers  have  been  reported,[1,13,14,16,18,19,28,29,78,79] further  vari-
ation of the type and content of co-units and molecular vari-
ables like the molar mass can be explored.  Moreover,  the ef-
fects  of  heterogeneous  nucleation on the  various  transitions
and  the  structuring  in  processing  conditions,  such  as  injec-
tion  molding  or  fiber  spinning,  are  presently  unexplored.  As
such,  we  hope  that  this  work  will  stimulate  further  research,
and  lead  to  a  more  comprehensive  understanding  of  PBN
crystallization.
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