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Study of a core-shell type impact modifier by inverse gas chromatography
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Abstract

Inverse gas chromatography (IGC) has been used to study the Lewis acid–base properties of a technologically and commercially important
core-shell type elastomer (MBS rubber). The parameters determined were the dispersive component of the surface tension, the surface free
energy, the enthalpy and the entropy of adsorption of polar and apolar probes, the surface Lewis acidity constant (Ka), and the surface Lewis
basicity constant (Kb). The results show that the MBS rubber is amphoteric but strongly Lewis basic. It is weakly Lewis acidic. The results are
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n accord with the analysis of the molecular structure of PMMA, the shell component of this impact modifier (IM). The interactivit
lastomer with the remaining materials in multicomponent polymeric systems is expected to be strongly influenced by the particu
nergetic properties of the MBS rubber. The results presented would contribute to the interpretation, forecast and optimization of th
roperties and phase preferences shown by this impact modifier when incorporated in such complex polymeric systems as poly
nd composites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Generally speaking, a polymer can be classified as brittle
r ductile. Brittle polymers are characterized by having weak
rack initiation and usually fail by crazing phenomena. Con-
ersely, ductile polymers have significant crack initiation en-
rgy, significant crack propagation energy and break through
ielding phenomena. In order to improve the impact strength
f a brittle polymer, elastomeric particles of adequate particle
ize and adhesion characteristics (in relation to the polymeric
atrix) are usually included in the composite formulation. It

s well established that rubber particles with low moduli act
s stress concentrators in both thermoplastic materials and in

hermoset resins, favouring the dissipation of the impact en-
rgy by enhancing shear yielding and/or crazing, depending
n the nature of the matrix, and, thus, improving the impact

∗ Corresponding author. Tel.: +44 113 233 2809; fax: +44 113 233 2947.
E-mail address:ccdjtg@leeds.ac.uk (J.T. Guthrie).

toughness of the blend. Also, the voids created by the
tated rubber particles act further as stress concentrato[1].
The inclusion of rubber in polymers does, nevertheless
duce the elastic modulus and the yield stress[2]. The phas
separation between the polymer and the rubber is an im
tant requirement, and mechanical resistance increases
rubber has low elastic modulus in relation to the matrix, g
adhesion to the matrix, adequate crosslinking, optimise
erage particle size and distribution and low glass trans
temperature[2]. The separating distance between the e
tomeric zones also plays an important role in the toughe
mechanisms.

In the case of PMMA and PS toughening, the imp
modifiers (IMs) include: poly(vinyl acetate) (PVAc), copo
mers of methacrylonitrile and ethyl acrylate, the ethyle
vinyl acetate-vinyl chloride copolymer (EVAc-VC), t
methyl methacrylate-methyl acrylate copolymer (MMM
and the styrene-acrylonitrile copolymer (SAN). In ble
of polymers based on styrene, the styrene-butadiene-st
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tri-block polymer (SBS) or the styrene-ethylene/butylene-
styrene tri-block polymer (SEBS) are typical impact mod-
ifiers. Several elastomeric modifiers have been specifically
synthesized for PVC. These are generally core-shell type
rubbers with a rubbery core (typically poly(butadiene),
styrene-butadiene rubber, poly(n-butyl acrylate) that has
a rigid grafted outer shell (typically based on systems
such as styrene-co-acrylonitrile (SAN), styrene-co-methyl
methacrylate (S-MMA) copolymers or PMMA. The PP ma-
trixes contain EPDM (an elastomeric terpolymer from ethy-
lene, propylene and a nonconjugated diene) as the usual
impact modifier. In order to improve its impact strength,
namely the low temperature notched Izod impact, poly-
carbonates have been blended with a variety of lowTg,
elastomeric impact modifiers, in particular core-shell rub-
bers such as PMMA-g-polybutadiene, PMMA-g-SBR, and
PMMA-g-n-butyl acrylate (acrylic core-shell). Commercial
impact modified PBT grades generally contain core-shell
rubber modifiers, such as: PMMA-g-SBR, PMMA-g-poly(n-
BuA) (acrylic core-shell rubbers), SAN-g-PBD and SAN-g-
poly(n-BuA).

The commercially important binary blends of PET/PC
and PBT/PC (e.g. Xenoy, Makroblend, Sabre 1600, Stapron
E, Ultrablend KR, Dialoy P, Ektar MB, Idemitsu SC, No-
vadol, Pocan, Sabre) exhibit good ductility and tensile prop-
erties but the notched Izod impact strengths are low in blend
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of functional-group containing monomers in the outer layer
of the MBS, namely glycidyl methacrylate, acrylamide, and
methacrylic acid. The introduction of a functional group
to improve the adhesion between the MBS rubber and the
PC/PBT alloy has an effect on the impact strength of these
blends. The impact strength improved if the amount of func-
tional monomer was between 4 and 6% (w/w), thus allowing
a smaller amount of impact modifier to be used in achieving
the required specific properties.

The growing awareness of the importance of solid sur-
faces, interfaces and interphases in determining the useful
properties of polymeric systems, has led to the use and the
development of inverse gas chromatography (IGC) as a valu-
able technique for evaluating the potential for interaction of
different components of polymer blends, composites, and
multicomponent polymeric systems in general. The ability
of the IGC technique to provide information concerning the
acid–base interaction potentials of polymer surfaces is widely
recognised in the literature. Data obtained from IGC ex-
periments may, in favourable cases, correlate directly with
observed performance criteria, such as colour development,
gloss, rheological properties, adhesion and mechanical prop-
erties[7–9].

This study is part of a wider study relating to the analy-
sis and rationalization of the intermolecular interactions that
occur in pigmented, impact-modified PC/PBT blends[10].
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ompositions containing less than 80% of the PC. T
he commercial PET/PC and PBT/PC blends typically c
ain 15–20% (w/w) of an elastomeric impact modifier[3,4].
ypical impact modifiers include poly(methyl methacryla
rafted-butadiene-styrene rubber (MBS), poly (MMA-gn-
uA), ABS (with high poly(butadiene) content≥50%), and
SA rubber (≥50% acrylate rubber). Several papers h
een published that deal with the inclusion of an elasto

n PC/PBT blends in order to improve the impact resista
f these commercially important blends[5,6].

Among the abovementioned additives, MBS impact m
fiers have demonstrated a significant impact-modifying
ect at low temperatures[3,5,6] and are the most comm
mpact modifier used in commercial PC/PBT blends.
eloped in the 1950’s, the core-shell, emulsion type me
ethacrylate-butadiene-styrene terpolymer (MBS) was

nally aimed at improving the impact resistance of PVC
f PC. Currently, there is a great diversity of the MBS cop
er architectures, viz. graft, core-shell, or multilayer ty
he MBS rubber used in the impact modification of PC/P
lends consists of a core of poly(styrene), an inner lay
oly(butadiene) and a shell of poly(methyl methacryla
he PMMA-shell of this impact modifier gives “good adh
ion” with polycarbonates, in which the impact modifie
o be dispersed. The poly(butadiene) is the componen
auses the higher impact strength. The poly(styrene)
as an aesthetic function. It is used in the impact mod

o ensure the proper reflection of light. Functional MBS
act modifiers for PC/PBT blends are also reported in

iterature. Tseng and Lee[5] grafted three different type
GC, carried out at infinite dilution, was used to study
urface Lewis acid–base properties of the major compo
f pigmented PC/PBT/MBS blends (45/45/10%, w/w). A
itionally, the dispersive component of the surface tensio

he materials studied was determined, allowing for an as
ent of the interaction capability through dispersive for
hese analyses provided the rationale for an interpretati

he phase separation and the phase preferences that e
hese polymer blends and of the consequences of thes
omena to their physical properties and to their mecha
roperties.

To the best of our knowledge, inverse gas chromatogr
as been seldom used to study the thermodynamic prop
f core-shell type elastomers. The only study found re

o the characterization of a SBR rubber, below and abov
lass transition temperature[8]. The barrier properties, th
ulk composition and bulk pores dimension are discu
y Mukhopadhyay and Schreiber. An interaction param
ased on the values of the surface Lewis acidity and ba
onstants,Ka andKb, respectively, is developed. Also, t
olar group orientation at polymeric surfaces is addres
he surface thermodynamic properties are compared to
elating to the bulk of the SBR elastomer.

This paper concerns the study of the surface L
cid–base properties, and of the dispersive compo
f the surface tension, of a poly(methyl methacryla
oly(butadiene)-poly(styrene) rubber. These analyse

owed for an evaluation of the specific forces and dis
ion forces interaction nature and potential of the M
ubber.
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IGC finite concentration experiments can be carried out
aiming mainly the study of the surface chemical heterogene-
ity, i.e. of the energy distribution of “surface active sites”, and
determination of surface areas. IGC carried out under infi-
nite dilution conditions is more sensitive to the higher energy
sites. The interaction capability of a material is dominated by
the higher energy sites. Thus, it was decided to determine the
values ofKa andKb under probe infinite dilution conditions.

2. Experimental

2.1. Materials

The MBS rubber studied was acquired from the Rohm
and Haas Company. The glass transition temperature and
the melting temperature were determined by DSC as being
−70◦C and 132–149◦C, respectively. The average particle
size of the MBS rubber is 0.1�m, from technical data sheets.

For the IGC analysis, analytical grade probes were used
without further purification. The apolar probes used weren-
hexane,n-heptane,n-octane andn-nonane. The polar probes
used were tetrahydrofuran (THF), acetone (Acet), diethyl
ether (DEE), trichloromethane (TCM), dichloromethane
(DCM) and ethyl acetate (EtAcet). InTable 2 are sum-
marised relevant properties of the probe molecules men-
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material, of stationary phase, and of material being analysed,
are summarised inTable 1.

2.2.2. IGC data processing
The main difference between conventional gas chro-

matography (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 investigation of
the interactive nature via the degree of interaction with well-
characterised volatile liquids/vapours (“probes”). Quantifica-
tion of this interaction may be achieved by the determination
of 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 ther-
modynamic interaction that occurs between polymer and the
vapour when the polymer is highly concentrated, as in most
practical situations. Furthermore, IGC experiments may be
carried out over appreciable temperature ranges, so that the
temperature dependence of thermodynamic interactions is no
longer indeterminate.

IGC data processing was carried out according to meth-
ods described in the literature (see for instance references
[10,13,21,22]. The retention times of apolar probe molecules
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ioned [9,11–15]. The chemicals used as probe molec
ere obtained from Sigma–Aldrich, Poole, UK. Meth

Phase Separations, Deeside, UK) was used as a
nteracting reference probe and the carrier gas utilised wa
ium (>99.999% purity, BOC Gases, Guildford, UK). Ch

osorb W AW DCMS (from Sigma–Aldrich) was used
he column stationary phase support for the MBS ru
articles.

.2. Inverse gas chromatography

.2.1. Column preparation
The columns were cut from stainless steel tubing

haped in a smooth “U” shape to fit the detector/inje
eometry of the instrument. The columns were 0.5 m

ength, with an outside diameter and inside diamete
.4 and 4.4 mm, respectively. Cleaning was achieved
equential rinsing with a hot aqueous detergent solu
Decon 905%, from Sigma–Aldrich), followed by ac
one and drying at 150◦C, in a vacuum oven, for
ay.

The column stationary phase was prepared using cus
ry procedures, widely described in the IGC literature

he study of polymers and particulates[16–20]. The MBS
ubber stationary phases were prepared by mixing the
act modifier with an “inert” support, Chromosorb W A
CMS, particle size 60–80 mesh. This procedure is ne
ary to avoid any undesirable pressure drop in the col
consequence of the small particle size of the IM parti
he columns studied, along with the quantities of sup
nd of polar probe molecules were determined at spe
emperatures, and the values of the retention volume, th
rgy of adsorption, the enthalpy and entropy of adsorp
dispersive and specific components) of the probes, a
he surface Lewis acidity and basicity constants,Ka andKb,
espectively, were computed.

Due to the interactions between the stationary phase
he gas phase, the probe molecules are retained for a c
ime, tr, which is used to calculate the net retention volu
n, according to Eq.(1):

n = (tr − t0)CFJ (1)

Here,to is the retention time of a non-interacting pro
pecies, either air, or more commonly, methane.F is the car
ier gas flow rate,J a term correcting for the compressibil
f the carrier gas (Eq.(2)), andCa correction factor, allowin

or the vapour pressure of the water at the temperature o
ubble flow meter used to determine the flow rate (Eq.(3)).

= 1.5
(Pi/Po)2 − 1

(Pi/Po)3 − 1
(2)

Here,Pi andPo are the inlet and outlet pressures of
arrier gas, respectively.

= 1 − PH2O

Po
(3)

Here,PH2O is the vapour pressure of the water in the fl
eter, at the temperature of measurement.
The retention time was determined using the geom

echnique outlined by Condor and Young[23,24]. If only
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Table 1
IGC columns analysed

Designation Support weight (g) Coating material Coating weight (g) Total weight (g) Percent coating (%)

RefW1 2.020 n/a n/a 2.020 n/a
RefW2 1.475 n/a n/a 1.475 n/a
1 1.915 MBS rubber 0.055 1.970 2.81
2 2.460 MBS rubber 0.137 2.597 5.27
3 2.216 MBS rubber 0.188 2.404 7.80
4 2.001 MBS rubber 0.231 2.232 10.33

n-alkane molecular probes are used the dispersive component
of the surface tension can be determined from the slope of
Eq.(4):

2N(γd
s )

1/2
a(γd

l )
1/2 + C = RT ln(Vn) (4)

Here,N is Avogadro’s number,a the cross-sectional area
of the probe to be tested (Table 2),γd

s andγd
l are, respectively,

the dispersive components of surface tension of the solid (sta-
tionary phase) and of the probe-molecule,Ca constant,R the
ideal gas constant, andT the absolute column temperature
It should be mentioned that the dispersive component of the
surface tension as the same numerical value than that of the
dispersive component of surface energy. Throughout the IGC
studies, the standard deviation of the energy of adsorption val-
ues of the probe molecules was calculated as being typically
below 5%.

The slope of the straight line, referred to as the reference
line, obtained by plottingRTln(Vn) versus 2N(γd

l )1/2a, for a
homologousn-alkane series (Fig. 1), leads to the determina-
tion of γd

s for a given temperature.
Acid–base characteristics of surfaces are determined by

analysing the interaction of the polar probes with the solid
surface and quantifying the deviation from the reference line,
leading to the estimation of the specific free energy,�Gs, as:

−
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By carrying out experiments at different temperatures, it
is possible to determine the enthalpy of adsorption and the
entropy of adsorption, respectively�H and�S,from plots of
�G/T versus1/T, (Figs. 2 and 3), according to the following
equation:

�G

T
= �H

T
− �S (6)

The acidic and basic constants, respectivelyKa andKb,
are calculated from the plot of−�Hs/AN* versus DN/AN* ,

F the
s

Fig. 2. Determination of the enthalpy, and of the entropy of adsorption of
n-alkanes on the surface of the MBS rubber.
�Gs = RT ln(Vn) − RT ln(Vnref) (5)

Here,Vnref is the retention volume established by then-
lkanes reference line (Eq.(1)), Vn being now the retentio
olume of the polar probes. This calculation is also illustr
n Fig. 1.

able 2
elevant characteristics of commonly used IGC probes

robe a(γd
l )

0.5
(cm2 (mJ cm−2)0.5) AN*

(kJ/mol)
DN
(kJ/mol)

-Hexane 2.21E− 16 n/a n/a
-Heptane 2.57E− 16 n/a n/a
-Octane 2.91E− 16 n/a n/a
-Nonane 3.29E− 16 n/a n/a
richloromethane 2.24E− 16 22.7 0.0
ichloromethane 1.65E− 16 16.4 0.0
iethyl ether 1.82E− 16 5.9 80.6
cetone 1.73E− 16 10.5 71.4
etrahydrofuran 2.13E− 16 2.1 84.4
thyl acetate 1.95E− 16 6.3 71.8
ig. 1. Energy of adsorption vs.a

√
γd

l for n-alkanes and polar probes on
urface of the MBS rubber, atT= 333 K.
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Fig. 3. Determination of the specific component of the enthalpy, and of the
entropy of adsorption of polar probes on the surface of the MBS rubber.

according to Eq.(7) (Fig. 4).

(−�Hs)

AN∗ = Ka
DN

AN∗ + Kb (7)

Here AN* and DN are, respectively, the Gutmann’s modi-
fied acceptor and donor numbers of the probes tested[11,12]
(Table 2).

2.2.3. IGC experimental set-up
Experimental work in IGC requires no specialised in-

strumentation and conventional GC equipment is generally
used, with some adaptations. Prior to measurement, each col-
umn was conditioned overnight, at the highest temperature of
measurement, using helium at a flow rate of approximately
10 cm3/min. This pre-treatment of the column was aimed at
ensuring the removal of any residual volatiles that could oth-
erwise have affected the retention of the probes on the mate-
rial being studied.

The instrument used was a Fisons GC9100 unit (Fisons
Scientific Equipment, Loughborough, UK), equipped with a

FID system. The experimental data were acquired by cou-
pling this GC with a personal computer that was equipped
with a data acquisition card. This system has the advan-
tage of providing a better data storage and manipulation.
Typically, the syringe was filled 0.1�l of gaseous probe,
flushed with air around 10 times, in order to ensure the
creation of a Henry’s infinite dilution region, and injected
manually. The injector was heated to 150◦C and the FID
system to 180◦C. The attenuation was set to 1. The flow
rate was controlled using a needle valve pressure regula-
tor and determined using a bubble flow meter that was
equipped with a helium trap[17] 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 temperatures and the carrier gas flow rates should be
chosen so that they do not give rise to extremely short re-
tention times or extremely long retention times, for all the
apolar probes used and for all the polar probes used. Ex-
tremely short retention times (less than 10 s) or extremely
long retention times (more than 45 min) are prone to a large
experimental error, bearing in mind the Condor and Young
method[23], used in the determination of the probes retention
time.

Preliminary studies concerning the influence of the car-
r sorb
W obe
m flow
r g
o the
i was
e r
p inter-
a ce of
s hase
i

om-
e order
t
o the
t inde-
p rface
a –45
c

en-
s o be
5 ma-
t uan-
t ith
t erial
[

ment
a tion
o
r
Fig. 4. Determination ofKa andKb of the surface of the MBS rubber.
ier gas flow rate, and of the support material (Chromo
AW DCMS), on the specific retention volumes of the pr
olecules, were carried out. These involved the use of

ates in the range 10–45 cm3/min and varying the loadin
f the interacting material on the support. In addition,

nfluence of temperature of measurement on this study
valuated. The probe molecule used wasn-octane. Non-pola
robes were chosen for the preliminary studies as they
ct only through dispersive forces, and thus, the influen
pecific interaction sites at the surface of the stationary p
s eliminated.

The absence of kinetic effects as well as diffusion phen
na on the column stationary phase was confirmed, in

o validate the use of Fowkes’ approach[25]. The influence
f the support material was found to be negligible. For

emperature ranges used, the net retention volume was
endent of the carrier gas flow rate (thus, ensuring su
dsorption only) when this is included in the range 10
m3/min.

The minimum loading value of the MBS rubber that
ures full coverage of the support material was found t
%. This is critical to ensuring that the influence of the

erial support is negligible, and therefore, that one is q
ifying solely the interactions of the probe molecules w
he material being studied, and not with the support mat
17].

The temperature range, temperature range incre
nd the flow rate that were used in the determina
f Ka and Kb were 333–383 K, 10 K and 30 cm3/min,
espectively.
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Table 3
Values of the dispersive component of the surface tension of the MBS rubber

T (K) γd
s (mJ/m2) R2

333 35.1± 3.7 0.99
343 37.5± 2.9 1.00
353 38.5± 6.6 0.99
363 39.1± 5.5 0.99
373 38.5± 5.5 0.97

Average 37.7± 1.6 n/a

3. Results and discussion

3.1. Determination of the dispersive component of the
surface tension

Fig. 1illustrates the determination of the dispersive com-
ponent of the surface tension of the MBS rubber, at 333 K,
according to the approach of Fowkes.Table 3summarises
the values determined for the dispersive component of the
surface tension in the temperature range analysed. The dis-
persive component of the surface tension remains reason-
ably constant, within experimental error and is equal to
37.7± 1.6 mJ/m2, for the temperature range studied.

The value ofγd
s at the temperature of 333 K falls slightly

below expectation. This is thought to be due to a ß relaxation
process, known to occur in PMMA at this temperature[26].
This ß transition is a consequence of the movement of the
side chains.

It was noticed that, at 383 K, the apolar probes were able
to penetrate into the bulk of the polymer, the value ofγd

s ,
19.46 mJ/m2, being significantly different from the value ob-
tained for lower temperatures. This value cannot be regarded
as a surface-related value but does indicate that the surface of
the material as suffered structured changes that allowed for
the penetration of the probe molecules into the bulk polymer.
In order to check if experimental errors were involved, this
d
o r
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3
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I
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Table 4
Enthalpy of adsorption,�Ha, and entropy of adsorption,�Sa, of the n-
alkanes on the surface of the MBS rubber

Probe
molecule

a(γd
l )

0.5
(cm2 (mJ cm−2)0.5) −�Ha

(kJ/mol)
�Sa

(J/molK)
R2

C6H14 2.21E− 16 47.6 −128.0 0.97
C7H16 2.57E− 16 29.2 −59.3 0.98
C8H18 2.91E− 16 34.9 −68.0 0.99
C9H20 3.29E− 16 45.3 −94.6 0.98

creases with increasing value ofa

√
γd

l , with the exception of
n-hexane. For this molecule, the values of−�Ha and of�Sa
are greater than expected. This is thought to be due to exper-
imental errors in the determination of the retention times of
n-hexane at the higher temperatures, derived from their low
values (4.3 and 4.8 s at 373 and 363 K, respectively). For the
remaining apolar probes, the results agree with expectation
as the dispersive forces interaction capability of the probe

molecules increases with increasing value ofa

√
γd

l . Thus,
with increasing dispersive component of the surface tension
and with increasing molecular surface area.

3.2. Determination of the energy, the enthalpy and the
entropy of adsorption of polar probes

The specific component of the free energy of adsorp-
tion, −�Gs

a, corresponding to the polar probes, was de-
termined by the method illustrated inFig. 1 and con-
sists of determining the difference between the value of
the energy of adsorption of a particular polar probe and
the corresponding value in then-alkanes reference line. In
Table 5are presented the results concerning the retention
time, tr, specific retention volume,Vg, energy of adsorp-
tion, RTln(Vg), and corresponding dispersive and specific
c d s r
t BS
r
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etermination was repeated and a value of 23.32 mJ/m2 was
btained. Thus, the relatively low value ofγd

s determined fo
his temperature is not thought to be due to experiment
ccuracies. The trend observed, i.e. decreasing value oγd

s at
83 K, is consistent with the value ofTg for PMMA (383 K

26]). Similar phenomena are found in the literature for
GC characterisation of a SBR rubber, below itTg and above
ts Tg [8].

The value of γd
s for the surface of the MBS rub

er is in good agreement with values found in the
rature for PMMA, the shell component of the I
8.8 mJ/m2 (at 295 K), 40.9 mJ/m2 (343–383 K) [27],
0.9/43 mJ/m2 (343–383 K)[18], 41.1 mJ/m2 (at 293 K)[28],
nd 41.5 mJ/m2 (at room temperature)[29].

The enthalpy and the entropy of adsorption of then-
lkanes on the surface of the MBS rubber were determ

rom plots of�G/T versus 1/T, (Fig. 2). The results are sum
arised inTable 4. The value of the enthalpy of adsorpt
nd of the entropy, of adsorption of the apolar probes
omponents,RTln(Vg,ref) and RTln(Vg), respectively, fo
he adsorption of polar probes on the surface of the M
ubber, atT= 333 K, F= 35.29 cm3/min, J= 0.86,C= 0.97,
i = 131.87 kPa,Po = 100.16 kPa, andTflow meter= 296 K.

The retention time values corresponding to DEE an
CM were too low for a precise determination using with
urrent IGC system. This is thought to be due to structura
trictions from both the adsorbate and the adsorbent, hi
ng these molecules from spatial conformations that cou

able 5
etention time, specific retention volume, energy of adsorption, and

esponding dispersive and specific components, for the adsorption o
robes on the surface of the MBS rubber, atT= 333 K

robe
olecule

tr (s) Vn (cm3) RTln(Vn)
(kJ/mol)

RT ln(V d
n,ref)

(kJ/mol)
RT ln(V s

n)
(kJ/mol)

H4 22.5 n/a n/a n/a n/a
CM 48.8 68.5 11.7 5.5 6.2
cet 85.0 163.2 14.1 6.1 8.1
HF 89.5 175.0 14.3 8.9 5.4
tAcet 85.7 164.9 14.1 7.6 6.5
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Table 6
Dispersive and specific components of the enthalpy of adsorption, and of the entropy of adsorption,�Hd

a , �Hs
a and�Sd

a, �Ss
a, respectively, for the adsorption

of polar probes on the surface of the MBS rubber

Probe moleculea(γd
l )

0.5
(cm2 (mJ cm−2)0.5) −�Hd

a (kJ/mol) �Sd
a (J/mol K) R2 AN* (kJ/mol) DN (kJ/mol) −�Hs

a (kJ/mol) �Ss
a (J/molK) R2

DCM 1.65E− 16 25.6 −60.4 0.99 16.4 0.0 14.4 −24.4 0.99
Acet 1.73E− 16 25.9 −59.7 0.99 10.5 71.4 19.8 −34.5 0.97
THF 2.13E− 16 27.7 −56.3 1.00 2.1 84.4 11.0 −16.5 0.97
EtAcet 1.95E− 16 26.9 −57.8 1.00 6.3 71.8 16.6 −30.8 0.98

effective in terms of specific intermolecular interactions. The
oxygen atom (Lewis basic centre) of DEE is more susceptible
to shielding by the neighbouring hydrogen atoms[30] than
is that of, e.g. acetone, which is readily accessible for inter-
action. The bulkiness of the TCM molecule, due to the three
chlorine atoms, hinders the access to the acidic centre in this
molecule (the hydrogen atom). Furthermore, the side chain
of the PMMA molecule further decreases the probability of
establishment of the highly directional, specific, acid–base
intermolecular interactions with the probe molecules. The
determination of the retention times corresponding to TCM
and to DEE was repeated in order to establish the nature of
any possible experimental errors. However, the values found
were identical, in magnitude, to those of the first determi-

nation. The fact thata
√

γd
l for TCM is the highest of the

polar molecules used, leads to the observation that the strong
contribution of dispersive forces, and the occurrence of con-
formational changes on this molecule, upon adsorption, may
be influencing the achievement of H-bonding with the surface
due to the highly directional character of this bond. This effect
would be more pronounced as the temperature increases.

The values of−�Gs
a at 333 K (Table 5) show that the

values for Lewis acidic probes are close to those of the Lewis
basic/amphoteric probes. Bearing in mind the relative low
acidity of the acidic probe (DCM), when compared to the
b
c teric,
w

alpy,
a with
t , are
s

e use
o ine
t these
p n
T e of

a t of
t the
n

ric
m ule
( be
m ants
(
g cidic

character (10.5 and 6.3 kJ/mol, respectively). Thus, bear-
ing in mind the values of AN* and of DN of the polar
molecules, it can be concluded that the surface of the MBS
rubber is Lewis amphoteric, with strong Lewis basic char-
acter. This analysis confirms the observations made on the
basis of the values that were obtained for the energy of
adsorption at 333 K,Table 5. As far as the values of�Ss

a
are concerned, these follow the same trend as those for the
determination of−�Hs

a. The greater the enthalpy of ad-
sorption, the greater would be the reduction in the entropy
of the system probe-surface upon adsorption of the probe
molecules.

3.3. Determination of Ka and Kb

The data relating to the determination of the surface Lewis
acidity constant,Ka, and of the surface Lewis basicity con-
stant,Kb, are represented inFig. 4.

From linear regression of the data presented inFig. 4, it
follows that the values ofKa andKb, are 0.10± 0.01 and
1.14± 0.20, respectively. Thus, the surface of the MBS rub-
ber is amphoteric and predominantly Lewis basic, confirming
the analysis of the enthalpy of adsorption and of the energy
of adsorption of the polar probes. The conclusion that the
MBS rubber has a Lewis amphoteric (predominantly Lewis
basic) surface agrees with expectation from results of sim-
i
f er.
T y in
t lised
i in
t to
b ,
e toms
a cidic
s ce of
t and
r ence
o -
p n the
o teric
h high.
T tes to
t lec-
u to the
f ough,
a

asicity of the basic probes (e.g. THF),Table 2, it can be
oncluded that the surface of the MBS rubber is ampho
ith a strong Lewis basic feature.
The results concerning the determination of the enth

nd entropy, of adsorption of the polar probes, along
he corresponding dispersive and specific components
ummarised inTable 6, and illustrated inFig. 3.

Due to the above mentioned constraints concerning th
f TCM and DEE probes, it was not possible to determ

he enthalpy and entropy of adsorption corresponding to
robe molecules. With respect to−�Hd

a, it can be seen, i
able 6, that the values increase with increasing valu√

γd
l for the probe molecule. The dispersive componen

he entropy of the system does not vary significantly with
ature of the probe molecule adsorbed.

The value of −�Hs
a, is greater for the amphote

olecules (Acet and EtAcet) and for the acidic molec
DCM), than for the basic molecule (THF). The pro
olecules Acet and EtAcet having similar basicity const

71.4 kJ/mol and 71.8 kJ/mol, respectively), and−�Hs
a is

reater for the adsorption of Acet, which has a greater a
lar studies reported in the literature for PMMA[31], and
rom an examination of the repeating unit in this polym
he basic sites are identified with the ester functionalit

he side chains. The weak Lewis acidic sites are loca
n the terminal –CH3 moiety in the side chain and also
he hydrogen atoms of the –CH2– moiety (the later used
e controversial but is now recognized[32,33]. Furthermore
ach oxygen atom is able to interact with two hydrogen a
nd, thus, has a basic strength that is the double of the a
trength of each hydrogen atom. Consequently, the surfa
he MBS rubber would be expected to be strongly basic
elatively weak acidic. It should be noticed that the pres
f such a bulky side group (–CH3) plus the lack of com
lete stereoregularity make this polymer amorphous. O
ne hand, the acidity is not sufficient to overcome the s
indrance and, on the other hand, the basicity is quite
hus, the repulsion between basic sites further contribu

he non-existence of intramolecular H-bonds and intermo
lar H-bonds characteristic of the ordered phases, due

act that basic sites and acidic sites cannot get close en
long with the directional character of the H-bond.
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An example of the lack of acid–base attraction interaction
due to predominant base/base repulsion is the incapacity of
an acetone molecule to form H-bonds with another acetone
molecule[34]. The repulsive interaction is expected to be
significant in such cases where, in both materials, either the
Lewis basic sites or the Lewis acidic sites are dominant to a
large extent[35], and are easily accessible.

4. Conclusions

The surface Lewis acidic/basic properties of a widely used
impact modifier, MBS rubber, have been quantified by means
of inverse gas chromatography, carried out under infinite di-
lution conditions. The results show that this technologically,
and economically important elastomer is amphoteric but pre-
dominantly Lewis basic.

The weak surface Lewis acidity and the strong surface
Lewis basicity are expected to significantly influence the abil-
ity of this impact modifier to interact with other components
of complex polymeric systems. Thus, phenomena such as
adhesion properties to the polymeric matrix and the phase
preference (in the case of polymer blends), will determined
to a large extent by the particular thermodynamic character-
istics of this widely used elastomer.

It can also be concluded that the best approach to assess the
s Lewis
a -by-
s sorp-
t This
p ation
o than
t

A

the
c The
N

R

h-
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eer-
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