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a  b  s  t  r  a  c  t

Two  grades  of  poly(butylene  terephthalate)  were  analysed  by means  of  inverse  gas  chromatography
(IGC)  and  the  results  correlated  with  the  respective  crystallisation  properties.  The  following  parameters
were  determined  by  IGC:  the  dispersive  component  of  the  surface  tension,  the  enthalpy  and  the  entropy
of  adsorption  of  selected  polar  and  apolar  probes,  and  the  Lewis  acidity  and  basicity  constants,  Ka and
Kb respectively.  The  interpretation  of the values  determined  for  Ka and  Kb is  in agreement  with  the FTIR
spectra  relating  to  the  carboxyl  end-group  and  the  hydroxyl  end-group  concentrations  in  these  polymers.
eywords:
nverse gas chromatography
oly(butylene terephthalate)
ewis acid/base properties
rystallisation

The  differences  in the  molecular  weight  values  and  in  the  end-group  type  and  concentration,  between
the  two  grades  of  PBT,  do  not  cause  differences  in  the  crystallisation  activation  energy.  This observation
suggests  that  there  is  a  leading  contribution  of  the  Lewis  basic  sites  to the crystallisation  activation  energy
of the  grades  of  PBT  that  were  analysed.  However,  the  lower  value  of  Ka and  the  greater  molar  mass  of
one of  the  PBT  grades  lead to a  corresponding  lower  crystallisation  degree.
. Introduction

Due to their semi-crystalline character and high melting tem-
eratures, poly(butylene terephthalate), PBT, and poly(ethylene
erephthalate), PET, are the more widely used thermoplastic
olyesters. Common applications of PET include fibre spinning,
low moulding of bottles, injection moulding of engineering parts
nd thermoforming of trays. PET is, nevertheless, characterised by
ow crystallisation rates. This has limited its application in injection

oulding appliances. To overcome this drawback, fast crystallising
rades have been developed that contain nucleating agents (e.g.
aSO4, ZnPO4 and Sb2O3) to increase the non-isothermal crystalli-
ation temperature and reduce the size of the spherulites, and/or
ontain other polymers. PBT, on the other hand, exhibits a signif-
cantly faster crystallisation rate. The realised shorter moulding
ycles and the lower viscosity under appropriate conditions have
esulted in a wider use of PBT than PET for moulding applications.
PBT is actually one of the faster crystallising polymers [1–5]. The
hemical nature of the repeat unit is shown in Fig. 1. The high crys-
allisation rate is a consequence of the considerable mobility that
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us Sta. Apolónia, 5300-253 Braganç a, Portugal. Tel.: +351 273 330 832;
ax:  +351 273 325 405.

E-mail addresses: josesantos@ipb.pt, josemrcasantos@gmail.com
J.M.R.C.A. Santos).

ttp://dx.doi.org/10.1016/j.chroma.2014.12.042
021-9673/© 2014 Elsevier B.V. All rights reserved.
© 2014  Elsevier  B.V.  All  rights  reserved.

is provided by the butylene unit in the chain. Usually, pure PBT has
a crystallinity extent that is in the range of 30–40%. The enthalpy
of fusion, �Hf

◦, of the 100% crystalline PBT is 142 J/g [4,6–8]. The
melting temperature Tm is about 225 ◦C and the crystallisation tem-
perature, Tc, is approximately 180 ◦C [9]. The value of the glass
transition temperature, Tg, of the semicrystalline state occurs at
about 40 ◦C. The completely amorphous state of pure PBT is diffi-
cult to produce due to the high crystallisation rate of this polymer.
Nevertheless, a value of −25 ◦C has been determined for the Tg of
100% amorphous PBT [7,10].

Because of its semi-crystalline nature, PBT offers considerable
chemical/solvent resistance but low dimensional stability, low
ductility, low glass transition temperature and low Izod impact
strength. Consequently, core–shell type elastomers are most fre-
quently added to PBT to improve its toughness. These blends show
low melt viscosity and, thus, are easy to process. Moreover, the
blends have good mechanical properties and electrical properties,
excellent solvent resistance, and good hydrolytic stability. Blends
of PBT with elastomers and with other polymers have been used for
the injection moulding of exterior automotive parts such as mirror
housings and bumpers, and are often designed to replace metals in
specific applications.

Furthermore, in order to take full advantage of the useful prop-

erties of PBT, and to overcome the aforementioned limitations,
PBT is usually combined with polymers such as polycarbonates,
PC, and PET (e.g. Xenoy® and Valox® from SABIC Innovative Plas-
tics, Makroblend® from Bayer, and Pocan® from Lanxess, Sabre®

dx.doi.org/10.1016/j.chroma.2014.12.042
http://www.sciencedirect.com/science/journal/00219673
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Fig. 1. Repeating unit in PBT.

Table 1
Weight average molecular weight (Mw), molecular weight distribution (D) and
number-average molecular weight (Mn), carboxyl end-group concentration and
hydroxyl end-group concentration, for PBT A and PBT B.

Mw (g mol−1) D Mn (g mol−1) −COOH (�eq/g)
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Table 2
Relevant characteristics of commonly used IGC probes.

Probe molecule a(�d
l

)
0.5

(cm2 (mJ  cm−2)0.5)
DN (kJ/mol) AN* (kJ/mol)

n-Hexane 2.21E−16
n-Heptane 2.57E−16 – –
n-Octane 2.91E−16 – –
n-Nonane 3.29E−16 – –
n-Decane 3.63E−16 – –
Tetrahydrofuran (THF) 2.13E−16 84.42 2.10
Trichloromethane (TCM) 2.24E−16 0.00 22.68
Dichloromethane (DCM) 1.73E−16 0.00 16.38
Diethyl ether (DEE) 1.82E−16 80.64 5.88

tion of this interaction may  be achieved by the determination of
PBT A 108,500 3.18 34,100 48
PBT  B 46,000 2.70 17,000 29

600 from Dow Chemical Company, Stapron® E from DSM and
ltrablend® KR from BASF). In the polymer blends thus obtained,
ontrol over the crystalline properties of the PBT is necessary. Dur-
ng processing at elevated temperatures, hydrolytic, thermal, and
xidative degradation of PBT can occur with the formation of new
arboxylic acid end-groups, along with the reduction in the molec-
lar weight and alteration of the molecular weight distribution.
hese effects result in higher crystallisation rates and crystalli-
ation extents [4,5,8,11]. In the particular case of PBT/PC blends,
he formation of a PC-PBT copolyester results in a decrease in
he molecular weight of the PC and of the PBT, in a reduction in
he degree of crystallinity and in the crystallisation temperature
2,6,7,12–14].

The growing awareness of the importance of solid surfaces,
nterfaces and interphases in determining the useful properties of
olymeric compositions, has led to the development of inverse gas
hromatography (IGC) as a valuable technique for evaluating the
otential for interaction of different components of polymer blends
nd composites and multicomponent polymeric systems in gen-
ral. Due to its applicability in determining the surface properties
f solids in varied forms such as films, fibres and powders of both
rystalline and amorphous structures, IGC has been extensively
sed for surface characterisation. The applicability of IGC in mea-
urements of physicochemical properties of various materials has
een thoroughly described in the literature [15–18]. Data obtained
rom IGC experiments may, in favourable cases, correlate directly
ith observed performance criteria, such as colour development,

loss, rheological properties, adhesion and mechanical properties
19–21].

Two papers have been published that dealt with the analysis of
he thermodynamic properties of PBT (surface free energy, surface
ewis acidity and surface Lewis basicity), one that concerns a study
arried out on a particular grade of PBT and a second that relates
o surface tension studies on PBT, where the dispersive component
f the surface tension was quantified using contact angle measure-
ents [22,23]. The specific component of the surface free energy

without quantifying the contribution of the Lewis acidic sites and
f the Lewis basic sites) was determined thereof.

Differences in end-group “concentrations” alongside with dif-
erences in the average molecular weight of PBT permit the tailoring
f the contribution of the PBT phase towards the properties of
he PBT-based blends, namely the viscosity and the crystallinity.
hus, they influence the processability and mechanical properties
f these polymeric systems. For this study, IGC at infinite dilution
as used as a tool by which to assess the differences between

he surface Lewis acidic/basic properties of two grades of PBT, dif-
erentiated by their varying end-group “concentration”. Some of

he effects that the differences in end-group “concentration” and

olecular weight have on the crystallisation properties were also
xamined.
Acetone (Acet) 1.65E−16 71.40 10.50
Ethyl acetate (EtAcet) 1.95E−16 71.82 6.30

Another aspect of relevance to this study was the fact that
the specific component of the enthalpy of adsorption of the polar
probes on the surface of PBT A and on the surface of PBT B is
endothermic.

2. Material and methods

2.1. Materials

Two  grades of poly(butylene terephthalate), PBT A and PBT B,
were kindly supplied by SABIC Innovative Plastics (formerly GE
Plastics Europe), Bergen op Zoom, The Netherlands. The average
molecular weight, Mw, molecular weight distribution, D, number-
average molecular weight, Mn, carboxyl end-group concentration
and hydroxyl end-group concentration of these poly(butylene
terephthalate)s are presented in Table 1. The hydroxyl end-group
and carboxyl end-group concentrations were determined using
the –OH absorbance at 3550 cm−1 and the –COOH absorbance
at 3290 cm−1, respectively. The values indicated in Table 1 were
obtained from the supplier. The glass transition temperature and
the melting temperature of both PBT A and PBT B, are 318 K and
503 K, respectively (determined by DSC).

For the IGC analysis, analytical grade (Sigma–Aldrich Ltd.)
probes were used without further purification. The apolar probes
used were n-heptane, n-octane, n-nonane, n-decane, and the polar
probes tetrahydrofuran (THF, basic probe), the amphoteric probes
acetone (Acet) and diethyl ether (DEE), and the acidic probes
chloroform (TCM) and dichloromethane (DCM). In Table 2 are
summarised relevant properties of the probe molecules mentioned
[17–21]. The chemicals used as probe molecules were obtained
from Sigma–Aldrich Ltd., Poole, UK. Methane (Phase Separations
Ltd., Deeside, UK) was used as a non-interacting reference probe
and the carrier gas used was helium (99.999+% purity, BOC Gases
Ltd., Guildford, UK).

2.2. Inverse gas chromatography

2.2.1. IGC data processing
The main difference between conventional gas chromatography

(GC) and IGC lies in the fact that the species of primary interest are
not the volatile components injected but the material acting as the
stationary phase, typically a powder, fibre or film. This material may
be packed directly into the column, coated onto a suitable support
or coated onto the walls of the column. This allows the investi-
gation of the interactive nature via the degree of interaction with
well-characterised volatile liquids/vapours (“probes”). Quantifica-
the retention time, tr, for a given probe. In most uses, the quantity
of probe vapour injected into the carrier gas is extremely small.
Thus, the retention data relate to the thermodynamic interaction
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hat occurs between polymer and the vapour when the polymer is
ighly concentrated, as in most practical situations. Furthermore,

GC experiments may  be carried out over appreciable temperature
anges, so that the temperature dependence of thermodynamic
nteractions is no longer indeterminate.

IGC data processing was carried out according to methods
escribed in the literature [15,24,28,32]. The retention times of apo-

ar probe molecules and of polar probe molecules were determined
t specific temperatures, and the values of the retention volume, the
nergy of adsorption, the enthalpy and entropy of adsorption (dis-
ersive and specific components) of the probes, and of the surface
ewis acidity and basicity constants, Ka and Kb, respectively, were
omputed.

In IGC, an inert carrier gas elutes a minute quantity of a probe
olecule through a column that is packed with the material under

tudy. Due to the interactions between the two phases, the probe
olecules are retained for a certain time, tr, which is used to cal-

ulate the net retention volume, Vn, according to Eq. (1):

n = (tr − t0)F · C · J (1)

ere, Vn is the retention volume, t0 is the dead retention time of the
arker probe, F is the carrier gas flow rate, C is a correction factor,

llowing for the vapour pressure of the water at the temperature of
he bubble flow metre used to determine the flow rate, and J is the
orrection factor for gas compressibility. The retention time was
etermined using the geometric technique outlined by Conder and
oung [29,30].

Assuming that experiments take place at infinite dilution, the
ree energy of adsorption of the probe on the stationary phase sur-
ace per mole, �G, can be determined from the retention volume,
n, according to:

G  = −RT ln(Vn) + C1 (2)

ere, R is the ideal gas constant, T is the absolute column tempera-
ure and C1 is a constant, which depends upon the chromatographic
olumn and the reference state [27]. Throughout the IGC studies,
he standard deviation of the energy of adsorption values of the
robe molecules was calculated as being typically below 5%.

Considering that the dispersive and specific components,
espectively �Gd and �Gs, are additive, as suggested by Fowkes
31], Eq. (2) can be rewritten as:

Gd + �Gs = −RT ln(Vn) + C1 (3)

The free energy of adsorption can be related to adhesion work,
a, according to [27]:

�G  = N · a · Wa (4)

ere, N is Avogadro’s number and “a” the cross-sectional area of
he probe to be tested (Table 2).

If non polar components (such as n-alkanes) are used, only dis-
ersive interactions occur and the adhesion work is given by:

a = 2(�d
s �d

l )
1/2

(5)

ere, �d
s and �d

l
are, respectively, the dispersive components of

urface tension of the solid (stationary phase) and of the probe-
olecule.
Replacing Eqs. (4) and (5) in Eq. (2) leads to:

N(�d
s )

1/2
a(�d

l )
1/2 + C1 = RT ln(Vn) (6)
The slope of the straight line, referred to as the reference line,

btained by plotting RT ln(Vn) versus 2aN(�d
l

)
1/2

, for a homologous
-alkane series (Fig. 4), leads to the determination of �d

s for a given
emperature.
matogr. A 1379 (2015) 92–99

Acid–base characteristics of surfaces were determined by
analysing the interaction of the polar probes with the solid sur-
face and quantifying the deviation from the reference line, leading
to the estimation of the specific free energy, �Gs, as:

−�Gs = RT ln(Vn) − RT ln(Vnref
) (7)

Here, Vnref
is the retention volume established by the n-alkanes

reference line (Eq. (1)), Vn being now the retention volume of the
polar probes. This calculation is also illustrated in Fig. 4.

The adhesion work between the polar probes tested and the
solid surface, Ws

a, can be evaluated from the specific free energy,
given by Eq. (7), as

Ws
a = RT

N · a
ln

(
Vn

Vnref

)
(8)

By carrying out experiments at different temperatures, it was
possible to determine the enthalpy of adsorption and the entropy
of adsorption, respectively �H  and �S,  from plots of �G/T versus
1/T, (Fig. 6), according to the following equation:

�G

T
= �H

T
− �S (9)

The acidic and basic constants, respectively Ka and Kb, were cal-
culated from the plot of −�Hs/AN* versus DN/AN*, according to Eq.
(10) [26] (Fig. 8).

(−�Hs)
AN∗ =  Ka

DN

AN∗ + Kb (10)

Here, AN*  and DN are, respectively, the Gutmann’s modified
acceptor and donor numbers of the probes tested [25,29] (Table 2).

2.2.2. IGC experimental set-up
In experimental work involving IGC, conventional GC equip-

ment is generally used, with some adaptations [15].
The instrument used was a Fisons GC9100 unit (Fisons Scientific

Equipment Ltd., Loughborough, UK), equipped with a FID detector.
The marker probe used was  methane. Typically, the syringe was
filled with 0.1 �l of each probe, flushed 10 times, in order to ensure
the creation of a Henry’s infinite dilution region, and injected man-
ually. The injector was  heated to 150 ◦C and the FID detector to
180 ◦C. The attenuation was set to 1. The flow rate was  controlled
using a needle valve pressure regulator and determined using a
bubble flow metre that was equipped with a helium trap [33] and
thermometer. The inlet pressure, Pi, was  measured using a pressure
gauge and the atmospheric pressure, Po, was  obtained through the
British Atmospheric Data Centre (www.badc.rl.ac.uk). The IGC unit
was kept on continuously during the entire course of the work. The
temperature was increased incrementally.

Due to the lack of an appropriate solvent, instead of coating a
support material, the polymer was  used as received, after grind-
ing and sieving to achieve an appropriate particle size. To this end,
the polymer particles were processed in a cryogenic grinder while
being cooled with liquid nitrogen, followed by sieving the material
through 125 �m and 250 �m filter gauzes and the column filled.
The sieving operation excluded fine particles that would increase
undesirably the pressure drop in the column.

2.3. Differential scanning calorimetry

The instrument used was a DSC 2010 DSCalorimeter. All the
studies were carried out under a nitrogen flow rate of 200 cm3/min.
The typical sample mass was  3–9 mg.  For the heating mode anal-

ysis, the samples were heated at a rate of 10 ◦C/min, from 50 ◦C
to 440 ◦C. The non-isothermal crystallisation behaviour of tape-
extruded blends was  studied using the following temperature
programme, (i) heating the sample from room temperature to

http://www.badc.rl.ac.uk/
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Fig. 3. Retention diagram for the apolar probes on the surface of PBT B.

1.50 E-01 6 2.00 E-01 6 2.50 E-01 6 3.00 E-01 6 3.50 E-01 6 4.00 E-01 6
-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

C7

C8

C9

C10

TCM
DCM

Acet
THF

EtAcet

Y = -22.56 + 7.98E 16X
R = 1.00

-ΔGa
s

R
TL

n(
V g)

 [k
J/

m
ol

]

a√(γl
d) [ cm2(mJ/cm2)0.5]

component of the surface tension of PBT A and of PBT B. The
values presented indicate that the dispersive component of the sur-
face tension remains constant, within experimental error, for the

Table 3
Values of the dispersive component of the surface tension of PBT A and of PBT B.

PBT A PBT B

T (K) �d
s (mJ/m2) R2 �d

s (mJ/m2) R2

295 43.9 ± 2.1 1.00 42.4 ± 1.0 1.00
303  40.7 ± 1.9 0.98 42.5 ± 2.8 0.99
308  42.8 ± 2.4 1.00 41.4 ± 2.6 1.00
313  40.0 ± 0.6 1.00 40.7 ± 1.3 1.00
n  the surface of PBT B.

50 ◦C at 200 ◦C/min, (ii) keeping the sample at this temperature
or one minute, to release all the stresses within the material and
o erase the thermal history and (iii) cooling the sample from 250 ◦C
t a constant rate (8 ◦C/min) to 162 ◦C. In practice, the sample was
eld at 250 ◦C for 2 min  and 40 s, due to the temperature equilibra-
ion stage that was prior to the isothermal step. The non-isothermal
rystallisation properties that were determined were the crystalli-
ation temperature, Tc, and the enthalpy of crystallisation, −�Hc.

. Results and discussion

.1. Inverse gas chromatography

Carrier gas flow rates, ranging from 3 cm3/min to 35 cm3/min,
ere used to assess the influence of the flow rate on the reten-

ion times of n-decane, at 303 K and 313 K, on the surface of PBT B.
his preliminary study is an essential pre-requisite in surface ther-
odynamic characterisation by IGC, in order to ensure that surface

dsorption, and not bulk absorption, is the dominant phenomenon.
he results are presented in Fig. 2.

Fig. 2 indicates that the carrier gas flow rate does not influence
he adsorption energy of n-decane to a significant extent. Thus, it
an be concluded that surface adsorption is the dominant mecha-
ism, and absorption of the probe molecules into the bulk of the
olymer can be neglected, if temperatures lower than the Tg are
sed, for the flow rate range studied. Thus, the measurement tem-
erature used in the study of the surface PBT was varied between
98 K and 318 K, in increments of 5 K, under a carrier gas flow rate
f 10 cm3/min.

In order to further confirm that surface adsorption is the gov-
rning mechanism of interactions between the polymer and the
robes, and that the experimental conditions chosen in this study
flow rate and temperature) are suitable for surface characterisa-
ion, a retention diagram was developed (Fig. 3) by plotting Ln(Vg)
s a function of 1/T  [34].

In Fig. 3, no thermal changes, due to the change in the morphol-
gy of the semi-crystalline polymer as temperature increases, are
bserved. The linear relationships observed are an indication of the
stablishment of the equilibrium between the probes and the sur-

ace of PBT due to the homogeneity of the surface. It can thus be
oncluded that surface adsorption is the governing phenomenon.
Fig. 4. Surface free energy of adsorption versus a
√

�d
l

, for the surface adsorption

of  n-alkanes, and polar probes, on PBT A, at 295 K.

3.1.1. Dispersive component of the surface free energy of PBT A
and of PBT B

Fig. 4 illustrates the determination of the dispersive compo-
nent of the surface tension of PBT A, at 295 K, according to Fowkes’
approach.

Table 3 summarises the values determined for the dispersive
318  40.7 ± 2.1 1.00 44.7 ± 9.9 0.92

Average 41.6 ± 1.7 n/a 42.3 ± 1.5 n/a
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Table 4
Dispersive components of the enthalpy of adsorption and of the entropy of adsorp-
tion, �Hd

a , and �Sd
a , respectively, of the polar probes, on the surface of PBT A.

Probe molecule −�Hd
a (kJ/mol) �Sd

a (J/mol K) R2

TCM 33.0 −127.0 0.91
DCM 26.2 −120.0 0.81
Acet 27.1 −121.0 0.83
THF  31.8 −126.0 0.89
EtAcet 29.7 −124.0 0.87

Table 5
Specific components of the enthalpy of adsorption and of the entropy of adsorption,
�Hs

a and �Sd
a , �Ss

a , respectively, of the polar probes, on the surface of PBT A.

Probe molecule −�Hs
a (kJ/mol) �Ss

a (J/mol K) R2

TCM −38.4 147.0 0.94
DCM  −23.1 138.0 0.82
Acet −20.9 101.0 0.89

tribution that results from forming hydrogen bonds between the
self-associating polymer and the adsorbent molecule, and contrib-
utions from van der Waals and dipole forces. When polar molecules

0.003 1 0.003 2 0.003 3 0.003 4
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  [

kJ
/(m

ol
.K

)]
ig. 5. Comparison of the specific component values of the energy of adsorption of
he polar probes on the surface of PBT A with those relating to the surface of PBT B,
t  295 K.

emperature range studied, and equal is to 41.6 ± 1.7 mJ/m2 and
2.3 ± 1.5 mJ/m2, for PBT A and PBT B, respectively. The values of
d
s for PBT A and for PBT B are practically identical. This leads to
he conclusion that the different end-group composition (Table 1)
oes not influence to a noticeable extent, the dispersive component
f the surface tension. Bearing in mind that the major difference
etween PBT A and PBT B is in the OH end-group concentration,
he value found for �d

s confirms the observations found in litera-
ure [35] with regard to the fact that this functional group, as a
igh-energy site, contributes mainly to the formation of specific

ntermolecular interactions. The values found are in accord with
urface tension studies on PBT based on contact angle measure-
ents [23].

.1.2. Adsorption of polar probes on PBT A and on PBT B
In Fig. 5 are compared the values of −�Gs

a for the polar probes
n the surface of PBT A with those concerning the surface of PBT B,
t 295 K. The retention times for DEE on the surface of PBT A were
ery low and, therefore, prone to large experimental errors. Con-
equently, the determination of the energy of adsorption, and of
he specific component of the enthalpy of adsorption of DEE, was
ot possible. This low retention time probably results from steric
indrance, that is, structural restrictions, from both the adsorbate
nd the adsorbent, hindering these molecules from spatial con-
ormations becoming effective in terms of specific intermolecular
nteractions. The oxygen atom (Lewis basic centre) of diethyl ether
DEE) is more susceptible to shielding by the neighbouring hydro-
en atoms [36] than is that of, e.g. acetone (Acet), which is readily
ccessible for interaction. Similar results have been observed when
Cl4 was used as a probe [37].

For both PBT A and PBT B, the adsorption of the Lewis acidic
robes is as strong as, or stronger than, the adsorption of Lewis
asic/Lewis amphoteric probes. Bearing in mind the relatively low
cidity of the acidic probes, when compared to the basicity of the
asic probes (e.g. THF), it can be concluded that the surfaces of both
BT A and PBT B are amphoteric, being strongly Lewis basic. Fig. 5
lso shows that the surface of PBT A is comparable to that of PBT B in
erms of Lewis acidity/basicity. An analysis of the specific compo-

ent of the enthalpy of adsorption will provide a better insight into
he differences between the Lewis acidic/basic properties of the
wo PBTs. The values of the enthalpy, and entropy, of adsorption
f the polar probes, along with the corresponding dispersive and
THF  −23.0 93.7 0.81
EtAcet −17.2 85.8 0.92

specific components, are summarised in Tables 4 and 5 for PBT A,
and their determination is illustrated in Fig. 6 for this polymer. The
values relating to PBT B have already been reported in a previous
publication [22].

The specific component of the enthalpy of adsorption of
polar probes on the surface of PBT A is endothermic. This con-
firms the reported thermodynamic analysis of the surface and
bulk PBT B [22]. Endothermic values of energy of adsorption
have also been reported in the literature for the adsorption of
polar probe molecules on titanium dioxide pigments [37,38],
on a vinyl acetate-vinyl alcohol copolymer [39], and on 2-
(N-morpholino)ethylmethacrylate [40]. A rearrangement of the
surface upon the chemisorption of polar molecules is thought to
occur, thus initiating an increase in the entropy of the system. This
rationale is confirmed by the positive values of �Ss

a, and supported
by the experimentally verified phenomenon of the rearrangement
of the surface layers due to chemisorption [41].

The enthalpy of formation of individual hydrogen bonds is
always negative. However, the total enthalpy (and entropy) related
to the formation of hydrogen bonds is the result of three con-
tributions [42]: a positive contribution that results from breaking
hydrogen bonds in the self-associating polymer, a negative con-
1/T  [ K-1]

Fig. 6. Determination of the specific component of the enthalpy and of the entropy
of  adsorption, of polar probes on the surface of PBT A.
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Fig. 7. Comparison of the specific component values of the enthalpy of adsorption
of  the polar probes on the surface of PBT A with those relating to the surface of PBT
B.

Table 6
Values of Ka and Kb determined for the surfaces of PBT A and PBT B.
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Y = -0.97  - 0.24X
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-Δ
H

as /A
N

* 
PBT A −0.24 −0.97 0.97
PBT B −0.49 −0.96 0.96

dsorb on PBT, the dominant factor is the positive contribution aris-
ng from the breaking of hydrogen bonds in the self-associating
olymer. This results in an endothermic enthalpy of adsorption and
n increase in the entropy of the system [22].

It should be noticed (Tables 4 and 5) that the dispersive compo-
ent of the enthalpy of adsorption, �Hd

a, is exothermic, that the
orresponding change in entropy, �Sd

a, negative, and that the val-
es are similar for most of the polar probes. Furthermore, the value

f −�Hd
a increases with increasing a ×

√
�d

l
.

In the case of PBT A, an analysis of the specific component of
he enthalpy of adsorption, leads to the following ranking (the

ore negative, the stronger the interaction, as it is endother-
ic): TCM > DCM = THF > Acet > EtAcet. This indicates that PBT A is

mphoteric and Kb ought to be high, in line the analysis of the spe-
ific component of the energy of adsorption of the polar probes.
he change in entropy upon adsorption is greater for those probes
hose adsorption is characterised by the greater specific compo-
ent of the enthalpy of adsorption. The analysis of −�Hs

a for PBT
 is also in line with the analysis of the energy of adsorption, and
ith the results relating to the surface and bulk PBT B [22].

Fig. 7 gives a comparison of the values of �Hs
a of the polar

robes on the surface of PBT A with those concerning the surface
f PBT B.

Fig. 7 suggests that the surface of PBT A should be less Lewis
cidic and less Lewis basic, than that of PBT B. The determination
f Ka and of Kb provides a more complete description of the surface
ewis acidity/basicity.

.1.3. Determination of Ka and Kb for the surface of PBT A and for
he surface of PBT B

The determination of the surface Lewis acidity constant, K , and
a

f the surface Lewis basicity constant, Kb, is illustrated in Fig. 8 for
BT A. The values obtained for both PBT A and PBT B are summarised
n Table 6.
Fig. 8. Determination of the Ka and of the Kb of the surface of PBT A.

It should be noted that the Ka and Kb values are negative due to
the endothermic adsorption of the probe molecules. The surfaces of
PBT A and PBT B are concluded to be Lewis amphoteric and strongly
Lewis basic, in line with the analysis of the energy and enthalpy of
adsorption of polar probes. The values determined for Ka and Kb
are consistent with the analysis of the structure of this molecule
(Fig. 1). Thus, the Lewis acidic sites have their origin in the hydrogen
atoms of the –O–CH2– segments, and in the hydrogen atoms of the
hydroxyl end-group and of the carboxylic end-group. The Lewis
basic sites have their origins in the ester moiety, and in the oxygen
atoms of the carboxylic end-group and of the hydroxyl end-group
[43].

The poly(butylene terephthalate), PBT A, is significantly less
Lewis acidic than PBT B and as Lewis basic as PBT B. This can be
rationalised on the basis of an analysis of the carboxyl end-group
and hydroxyl end-group concentrations in both PBT A and PBT B,
as determined by FTIR (Table 1). The hydroxyl end-group concen-
tration of PBT A is lower than that of PBT B, which is reflected in
the lower acidic character of PBT A. The carboxyl end-group con-
centration differences between PBT A and PBT B do not influence
significantly the Lewis basicity, as quantified by Kb. This observation
arises from the dominant contribution of the ester functionality to
the surface basicity, alongside with the contribution of the basic
oxygen atom in the hydroxyl groups. The fact that the Kb value for
the two PBTs does not fully correlate with the value of the specific
component of the enthalpy of adsorption of DCM and of TCM may
be related to the relatively low value of AN* for DCM and TCM, when
compared to the value of DN for the remaining polar probes. This
result stresses (i) the importance of using as many polar probes as
possible in the determination of Ka and Kb, and (ii) the need for a
systematic and holistic analysis of �Gs

a, −�Hs
a, Ka and Kb, in con-

trast to an individual analysis of these thermodynamic parameters
(as is usually the case in the IGC literature).

3.2. Study of the crystallisation properties of PBT A and PBT B

The values of Ka and Kb for both PBT A and PBT B indicate that
the intramolecular interactions and the intermolecular interactions
between PBT molecules are strong. This molecule is characterised
by the non-existence of bulky side-groups, by the chemically regu-

lar structure, and by high mobility (due to the butylene unit in the
chain). Thus, both the thermodynamic and the structural require-
ments for crystallinity exist in the case of PBT molecules.
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To assess the influence of the end-group type and concentra-
ion, and of molecular weight differences on the crystallisation
roperties of PBT, a series of PBT A plus PBT B granulate sam-
les was prepared with increasing amounts of PBT A. The values
etermined for the cold crystallisation temperature, Tc, and for the
nthalpy of crystallisation, −�Hc, of these samples are presented
n Figs. 9 and 10, respectively.

The crystallinity degree of PBT A is calculated as 56% and that
f PBT B as 65% (considering the value of 142 J/g for the −�Hc of
00% crystalline PBT). The extent of crystallisation decreases lin-
arly with increasing amount of PBT A in the PBT granulate sample.
he greater extent of crystallinity of PBT B is interpreted, in view
f the values determined for Ka and Kb, to be a consequence of
reater strength of specific Lewis acid/base intermolecular inter-
ctions than in PBT A. This is in accordance with the fact that
igh energy sites in polymeric materials (as assessed by IGC at

nfinite dilution) are well known to act as nucleating spots that
nitiate the crystallisation process [44,45]. The differences in the

verage molecular weight of PBT A and PBT B also play a role in the
rystallisation properties of this polymer. Lower molecular weight
alues would be expected to lead to greater values of crystallinity
egree. However, in this study it was not possible to distinguish the
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ig. 10. Enthalpy of crystallisation versus PBT A loading in samples of PBT granulate.
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relative contribution of molecular weight differences and of end-
group type and concentration differences. This is due to the fact
that the greater –OH end-group concentration is directly related
with the lower average molecular weight of this polymer.

Fig. 9 also shows, very interestingly, that the non-isothermal
crystallisation temperature is not significantly influenced by the
weight fraction of PBT A in the sample. Thus, differences in the
end-group type and concentration and in the average molecular
weight of these PBTs do not cause changes in the crystallisation
activation energy. In view of the values found for Ka and Kb, one
can argue that the crystallisation activation energy is, in this case,
dominantly defined by the energy of the Lewis basic sites. This
observation derives from the significantly greater value of Kb when
compared to the value of Ka, for both PBT A and PBT B, and from the
similar value of Kb for these grades of PBT.

4. Conclusions

The ability of PBT to interact through dispersive intermolecular
forces is not influenced by the end-group type and concentration
or by the molecular weight. The enthalpy of adsorption of polar
molecules on PBT was confirmed to be endothermic. This result
was interpreted as the dominant contribution to the enthalpy and
entropy of adsorption of breaking hydrogen bonds in the poly-
mer, compared with the contribution of forming hydrogen bonds
between the polar probe molecules and the PBT molecules.

IGC characterisation of the surface Lewis acidic/basic prop-
erties of PBT A and of PBT B correlates well with the carboxyl
end-group concentration and hydroxyl end-group concentration,
as determined by FTIR. Furthermore, the analysis of the surface
Lewis acidity and surface Lewis basicity, as quantified by Ka and
Kb and determined by IGC, alongside with the analysis of the phys-
ical structure of these polymers, is useful in the interpretation of
the crystallinity and, thus, of the excellent solvent resistance and
thermal stability of PBT.

The differences in the end-group type and concentration, and
in the average molecular weight, between PBT A and PBT B, do not
cause differences in the crystallisation activation energy, and thus,
in the crystallisation temperature. This evidence is interpreted in
terms of dominant contribution of the Lewis basic sites to the crys-
tallisation activation energy. The extent of crystallisation is lower
for PBT A than it is for PBT B. This is a consequence of weaker Lewis
acid/base intramolecular and intermolecular interactions and of
greater molecular weight in the case of PBT A.
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