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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 ghstadtthe surface Lewis
basicity constant{y). The results show that the MBS rubber is amphoteric but strongly Lewis basic. It is weakly Lewis acidic. The results are
in accord with the analysis of the molecular structure of PMMA, the shell component of this impact modifier (IM). The interactivity of this
elastomer with the remaining materials in multicomponent polymeric systems is expected to be strongly influenced by the particular surface
energetic properties of the MBS rubber. The results presented would contribute to the interpretation, forecast and optimization of the adhesion
properties and phase preferences shown by this impact modifier when incorporated in such complex polymeric systems as polymer blends
and composites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction toughness of the blend. Also, the voids created by the cavi-
tated rubber particles act further as stress concentrgthrs
Generally speaking, a polymer can be classified as brittle The inclusion of rubber in polymers does, nevertheless, re-
or ductile. Brittle polymers are characterized by having weak duce the elastic modulus and the yield stri@§sThe phase
crack initiation and usually fail by crazing phenomena. Con- separation between the polymer and the rubber is an impor-
versely, ductile polymers have significant crack initiation en- tant requirement, and mechanical resistance increases if the
ergy, significant crack propagation energy and break throughrubber has low elastic modulus in relation to the matrix, good
yielding phenomena. In order to improve the impact strength adhesion to the matrix, adequate crosslinking, optimised av-
of a brittle polymer, elastomeric particles of adequate particle erage particle size and distribution and low glass transition
size and adhesion characteristics (in relation to the polymerictemperaturd2]. The separating distance between the elas-
matrix) are usually included in the composite formulation. It tomeric zones also plays an important role in the toughening
is well established that rubber particles with low moduli act mechanisms.
as stress concentrators in both thermoplastic materials and in  In the case of PMMA and PS toughening, the impact
thermoset resins, favouring the dissipation of the impact en- modifiers (IMs) include: poly(vinyl acetate) (PVAc), copoly-
ergy by enhancing shear yielding and/or crazing, dependingmers of methacrylonitrile and ethyl acrylate, the ethylene-
on the nature of the matrix, and, thus, improving the impact vinyl acetate-vinyl chloride copolymer (EVAc-VC), the
methyl methacrylate-methyl acrylate copolymer (MMMA)
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tri-block polymer (SBS) or the styrene-ethylene/butylene- of functional-group containing monomers in the outer layer
styrene tri-block polymer (SEBS) are typical impact mod- of the MBS, namely glycidyl methacrylate, acrylamide, and
ifiers. Several elastomeric modifiers have been specifically methacrylic acid. The introduction of a functional group
synthesized for PVC. These are generally core-shell typeto improve the adhesion between the MBS rubber and the
rubbers with a rubbery core (typically poly(butadiene), PC/PBT alloy has an effect on the impact strength of these
styrene-butadiene rubber, patyutyl acrylate) that has blends. The impact strength improved if the amount of func-
a rigid grafted outer shell (typically based on systems tional monomer was between 4 and 6% (w/w), thus allowing
such as styrene-co-acrylonitrile (SAN), styrene-co-methyl a smaller amount of impact modifier to be used in achieving
methacrylate (S-MMA) copolymers or PMMA. The PP ma- the required specific properties.
trixes contain EPDM (an elastomeric terpolymer from ethy- ~ The growing awareness of the importance of solid sur-
lene, propylene and a nonconjugated diene) as the usuafaces, interfaces and interphases in determining the useful
impact modifier. In order to improve its impact strength, properties of polymeric systems, has led to the use and the
namely the low temperature notched lzod impact, poly- development of inverse gas chromatography (IGC) as a valu-
carbonates have been blended with a variety of Ty able technique for evaluating the potential for interaction of
elastomeric impact modifiers, in particular core-shell rub- different components of polymer blends, composites, and
bers such as PMMA-g-polybutadiene, PMMA-g-SBR, and multicomponent polymeric systems in general. The ability
PMMA-g-n-butyl acrylate (acrylic core-shell). Commercial of the IGC technique to provide information concerning the
impact modified PBT grades generally contain core-shell acid—base interaction potentials of polymer surfaces is widely
rubber modifiers, such as: PMMA-g-SBR, PMMA-g-paty/( recognised in the literature. Data obtained from IGC ex-
BuA) (acrylic core-shell rubbers), SAN-g-PBD and SAN-g- periments may, in favourable cases, correlate directly with
poly(n-BuA). observed performance criteria, such as colour development,
The commercially important binary blends of PET/PC gloss, rheological properties, adhesion and mechanical prop-
and PBT/PC (e.g. Xenoy, Makroblend, Sabre 1600, Stapronerties[7-9].
E, Ultrablend KR, Dialoy P, Ektar MB, Idemitsu SC, No- This study is part of a wider study relating to the analy-
vadol, Pocan, Sabre) exhibit good ductility and tensile prop- sis and rationalization of the intermolecular interactions that
erties but the notched Izod impact strengths are low in blend occur in pigmented, impact-modified PC/PBT blefti8].
compositions containing less than 80% of the PC. Thus, IGC, carried out at infinite dilution, was used to study the
the commercial PET/PC and PBT/PC blends typically con- surface Lewis acid—base properties of the major components
tain 15-20% (w/w) of an elastomeric impact modifigs4]. of pigmented PC/PBT/MBS blends (45/45/10%, w/w). Ad-
Typical impact modifiers include poly(methyl methacrylate)- ditionally, the dispersive component of the surface tension of
grafted-butadiene-styrene rubber (MBS), poly (MMAyg-  the materials studied was determined, allowing for an assess-
BuA), ABS (with high poly(butadiene) contert50%), and ment of the interaction capability through dispersive forces.
ASA rubber &50% acrylate rubber). Several papers have These analyses provided the rationale for an interpretation of
been published that deal with the inclusion of an elastomer the phase separation and the phase preferences that exist in
in PC/PBT blends in order to improve the impact resistance these polymer blends and of the consequences of these phe-
of these commercially important blenfs6]. nomena to their physical properties and to their mechanical
Among the abovementioned additives, MBS impact mod- properties.
ifiers have demonstrated a significant impact-modifying ef-  To the best of our knowledge, inverse gas chromatography
fect at low temperaturef8,5,6] and are the most common  has been seldom used to study the thermodynamic properties
impact modifier used in commercial PC/PBT blends. De- of core-shell type elastomers. The only study found relates
veloped in the 1950's, the core-shell, emulsion type methyl to the characterization of a SBR rubber, below and above its
methacrylate-butadiene-styrene terpolymer (MBS) was orig- glass transition temperatuf8]. The barrier properties, the
inally aimed at improving the impact resistance of PVC and bulk composition and bulk pores dimension are discussed
of PC. Currently, there is a great diversity of the MBS copoly- by Mukhopadhyay and Schreiber. An interaction parameter
mer architectures, viz. graft, core-shell, or multilayer types. based on the values of the surface Lewis acidity and basicity
The MBS rubber used in the impact modification of PC/PBT constantsKa and Ky, respectively, is developed. Also, the
blends consists of a core of poly(styrene), an inner layer of polar group orientation at polymeric surfaces is addressed.
poly(butadiene) and a shell of poly(methyl methacrylate). The surface thermodynamic properties are compared to those
The PMMA-shell of this impact modifier gives “good adhe- relating to the bulk of the SBR elastomer.
sion” with polycarbonates, in which the impact modifier is This paper concerns the study of the surface Lewis
to be dispersed. The poly(butadiene) is the component thatacid—base properties, and of the dispersive component
causes the higher impact strength. The poly(styrene) layerof the surface tension, of a poly(methyl methacrylate)-
has an aesthetic function. It is used in the impact modifier poly(butadiene)-poly(styrene) rubber. These analyses al-
to ensure the proper reflection of light. Functional MBS im- lowed for an evaluation of the specific forces and disper-
pact modifiers for PC/PBT blends are also reported in the sion forces interaction nature and potential of the MBS
literature. Tseng and Lepp] grafted three different types  rubber.
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IGC finite concentration experiments can be carried out material, of stationary phase, and of material being analysed,
aiming mainly the study of the surface chemical heterogene-are summarised ifiable 1
ity, i.e. of the energy distribution of “surface active sites”, and .
determination of surface areas. IGC carried out under infi- 2-2-2. IGC data processing _
nite dilution conditions is more sensitive to the higher energy ~ The main difference between conventional gas chro-
sites. The interaction capability of a material is dominated by mategraphy (GC) and IGC lies in the fact that the species
the higher energy sites. Thus, it was decided to determine the®f Primary interest are not the volatile components injected

values ofK, andKy, under probe infinite dilution conditions. ~ Put 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

2. Experimental onto the walls of the column. This allows the investigation of
the interactive nature via the degree of interaction with well-
2.1. Materials characterised volatile liquids/vapours (“probes”). Quantifica-

tion of this interaction may be achieved by the determination

The MBS rubber studied was acquired from the Rohm Of the retention timet;, for a given probe. In most uses,
and Haas Company. The glass transition temperature andhe quantity of probe vapour |njeqted into the carrier gas is
the melting temperature were determined by DSC as beingextremely small. Thus, the retention data relate to the ther-
—70°C and 132-149C, respectively. The average particle Modynamic interaction tha_t occurs between polymer gnd the
size of the MBS rubber is 04im, from technical data sheets.  Vapour when the polymer is highly concentrated, as in most

For the IGC analysis, analytical grade probes were usedprac.tlcal situations. Fur.thermore, IGC experiments may be
without further purification. The apolar probes used were ~ Carried out over appreciable temperature ranges, so that the
hexanen-heptanen-octane and-nonane. The polar probes — €mperature dependence of thermodynamic interactions is no
used were tetrahydrofuran (THF), acetone (Acet), diethyl longer indeterminate. _ _
ether (DEE), trichloromethane (TCM), dichloromethane  !GC data processing was carried out according to meth-
(DCM) and ethyl acetate (EtAcet). Ifiable 2 are sum- ods described in the Iltgratl_Jre (see for instance references
marised relevant properties of the probe molecules men-[10,13,21,22]The retention times of apolar probe molecules
tioned [9,11-15] The chemicals used as probe molecules and of polar probe molecules were determined at specific
were obtained from Sigma—Aldrich, Poole, UK. Methane temperatures, and the values of the retention volume, the en-
(Phase Separations, Deeside, UK) was used as a non€rdy of adsorption, the enthalpy and entropy of adsorption
interacting reference probe and the carrier gas utilised was he{dispersive and specific components) of the probes, and of
lium (>99.999% purity, BOC Gases, Guildford, UK). Chro- the surface Lewis acidity and basicity constaktgandKp,
mosorb W AW DCMS (from Sigma—Aldrich) was used as respectively, were computed. _
the column stationary phase support for the MBS rubber Due to the interactions between the stationary phase and

particles. the gas phase, the probe molecules are retained for a certain
time, t;, which is used to calculate the net retention volume,
2.2. Inverse gas chromatography Vn, according to Eq(l):

2.2.1. Column preparation

The columns were cut from stainless steel tubing and  Here, 1, is the retention time of a non-interacting probe
shaped in a smooth “U” shape to fit the detector/injector Species, either air, or more commonly, methdhis.the car-
geometry of the instrument. The columns were 0.5m in rier gas flow rateJ a term correcting for the compressibility
length, with an outside diameter and inside diameter of ofthe carrier gas (E¢2)), andC a correction factor, allowing
6.4 and 4.4mm, respectively. Cleaning was achieved via for the vapour pressure of the water at the temperature of the
sequential rinsing with a hot aqueous detergent solution bubble flow meter used to determine the flow rate (B9).
(Decon 905%, from Sigma-Aldrich), followed by ace- (P/P)2 —1
tone and drying at 150C, in a vacuum oven, for 1 J = 1.5% (2)
day. (Pi/Po)” =1

The column stationary phase was prepared using custom-  Here,P; andP, are the inlet and outlet pressures of the
ary procedures, widely described in the IGC literature, for carrier gas, respectively.
the study of polymers and particulatgis—20] The MBS
rubber stationary phases were prepared by mixing the im-C =1 — 3)
pact modifier with an “inert” support, Chromosorb W AW Po
DCMS, particle size 60-80 mesh. This procedure is neces- Here,Py,0 is the vapour pressure of the water in the flow
sary to avoid any undesirable pressure drop in the column, meter, at the temperature of measurement.
a consequence of the small particle size of the IM particles.  The retention time was determined using the geometric
The columns studied, along with the quantities of support technique outlined by Condor and Youfi@g3,24] If only
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Table 1
IGC columns analysed
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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 2.460 MBS rubber 0.137 2.597 <
3 2.216 MBS rubber 0.188 2.404 .80
4 2.001 MBS rubber 0.231 2.232 B3

n-alkane molecular probes are used the dispersive component By carrying out experiments at different temperatures, it

of the surface tension can be determined from the slope of
Eq. (4):

1/2 1/2

2N aly® (4)

Here,N is Avogadro’s numbeia the cross-sectional area
ofthe probe to be testedigble 3, yg andyld are, respectively,

+C = RT In(Vy)

the dispersive components of surface tension of the solid (sta-

tionary phase) and of the probe-molec@& constantik the
ideal gas constant, anfithe 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 plottindRTIn(Vy) versus (32, for a
homologous-alkane seriesHig. 1), leads to the determina-
tion of yg 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 energ@’, as:

(%)

Here, Vi is the retention volume established by tie
alkanes reference line (E€L)), Vi, being now the retention
volume of the polar probes. This calculation is also illustrated
in Fig. 1

_AGS = RT |n(Vn) — RT ln(Vnref)

Table 2
Relevant characteristics of commonly used IGC probes
Probe a(y®)"® (cm? (mIcen2)°5) AN DN
(kd/mol)  (kJ/mol)
n-Hexane 2.21E- 16 n/a n/a
n-Heptane 2.57E 16 n/a n/a
n-Octane 2.91E 16 n/a n/a
n-Nonane 3.29E- 16 n/a n/a
Trichloromethane 2.24E 16 227 0.0
Dichloromethane 1.65E 16 164 0.0
Diethyl ether 1.82E- 16 59 806
Acetone 1.73E- 16 105 714
Tetrahydrofuran 2.13E 16 21 84.4
Ethyl acetate 1.95E 16 63 718

is possible to determine the enthalpy of adsorption and the
entropy of adsorption, respectivehH andAS,from plots of
AGIT versusUT, (Figs. 2 and B according to the following
equation:

AG

== —AS (6)

The acidic and basic constants, respectiielyand Kp,
are calculated from the plot 6§ AHS/AN" versus DN/AN,

22 1
20
18
16

THF
Acet EtAcet,
L] u

9

RTLN(V ) [kJ/mol]

Y =-6.30 + 7.14E16X
R=1.00

T Y T y T y T T T Y T 1
1.50E-016 2.00E-016 2.50E-016 3.00E-016 3.50E-016 4.00E-016
aV(y®) [em?*(mJ/em?)?]

Fig. 1. Energy of adsorption vs\/yTd for n-alkanes and polar probes on the
surface of the MBS rubber, at=333 K.
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Fig. 2. Determination of the enthalpy, and of the entropy of adsorption of
n-alkanes on the surface of the MBS rubber.
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FID system. The experimental data were acquired by cou-

— pling this GC with a personal computer that was equipped
0.0250 v .Acel with a data acquisition card. This system has the advan-
THF tage of providing a better data storage and manipulation.
S 00225, EtAcst Typically, the syringe was filled 0411 of gaseous probe,
2 flushed with air around 10 times, in order to ensure the
E 0.02001 < creation of a Henry’s infinite dilution region, and injected
2 manually. The injector was heated to ISD and the FID
B < system to 180C. The attenuation was set to 1. The flow
tgm rate was controlled using a needle valve pressure regula-
s Bl tor and determined using a bubble flow meter that was
001251 gquipped with a helium trafpl7] anq thermometer. The
’ inlet pressureP;, was measured using a pressure gauge

¥ T i T ¥ T ¥ T
0.0026 0.0027 0.0028 0.0029 0.0030

T K and the atmospheric pressuif®,, was obtained through

the British Atmospheric Data Centre (www.badc.rl.ac.

Fig. 3. Determination of the specific component of the enthalpy, and of the Uk/)-

entropy of adsorption of polar probes on the surface of the MBS rubber. The temperatures and the carrier gas flow rates should be
chosen so that they do not give rise to extremely short re-
according to Eq(7) (Fig. 4). tention times or extremely long retention times, for all the
s apolar probes used and for all the polar probes used. Ex-
(—AH®) DN Rl
=Ka + Kp ) tremely short retention times (less than 10s) or extremely
AN* AN* long retention times (more than 45 min) are prone to a large
Here AN and DN are, respectively, the Gutmann’s modi- €xperimental error, bearing in mind the Condor and Young
fied acceptor and donor numbers of the probes tdated?] method23], used in the determination of the probes retention
(Table 2. time.

Preliminary studies concerning the influence of the car-
rier gas flow rate, and of the support material (Chromosorb
W AW DCMS), on the specific retention volumes of the probe

strumentation and conventional GC equipment is generally molec.ule.:,], were carried ogt. These |nvol\{ed t?]e lfse qf flow
used, with some adaptations. Prior to measurement, each colf"’f‘tehS in the range 10_4_5| r‘mmhand varying the dilngh
umn was conditioned overnight, at the highest temperature of©f the interacting material on the support. In addition, the
measurement, using helium at a flow rate of approximately influence of temperature of measurement on this study was

10 cn#/min. This pre-treatment of the column was aimed at €valuated. The probe molecule used waxctane. Non-polar
ensuring the removal of any residual volatiles that could oth- probes were chosen for the preliminary studies as they inter-

erwise have affected the retention of the probes on the mate-2Ct ONly through dispersive forces, and thus, the influence of

rial being studied. specific interaction sites at the surface of the stationary phase
The instrument used was a Fisons GC9100 unit (Fisons'S €liminated.

Scientific Equipment, Loughborough, UK), equipped with a The absence of kinet?c effectsaswellas diffu_sion phenom-
ena on the column stationary phase was confirmed, in order

to validate the use of Fowkes’ approd@3]. The influence

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

15

14 of the support material was found to be negligible. For the
13 temperature ranges used, the net retention volume was inde-
12 pendent of the carrier gas flow rate (thus, ensuring surface
"7 |Y=114+010X adsorption only) when this is included in the range 10-45
10 R’ =0.99 m3/mi
9] cm>/min.
R The minimum loading value of the MBS rubber that en-
= 74 sures full coverage of the support material was found to be
EW ‘533 o JHE 5%. This is critical to ensuring that the influence of the ma-
B e terial support is negligible, and therefore, that one is quan-
3] .Et_.ﬁg_et,r-'-""""I-f tifying solely the interactions of the probe molecules with
f‘:VDCM_,.,-ﬁQeL""' E%material being studied, and not with the support material
¥ o 10 s a0 40 50 The temperature range, temperature range increment
DN/AN* and the flow rate that were used in the determination

of Ky and K, were 333-383K, 10K and 30 &imin,
Fig. 4. Determination oK, andKy, of the surface of the MBS rubber. respectively.
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Table 3
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Table 4

Values of the dispersive component of the surface tension of the MBS rubber Enthalpy of adsorptionAH,, and entropy of adsorptiomS,, of the n-

T(K) Y& (min) R2
333 35.1+ 3.7 0.99
343 375+ 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 374+ 1.6 n/a

3. Results and discussion

3.1. Determination of the dispersive component of the
surface tension

Fig. lillustrates the determination of the dispersive com-
ponent of the surface tension of the MBS rubber, at 333K,
according to the approach of Fowkdable 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
37.74+ 1.6 mJ/ns, for the temperature range studied.

The value ofyd at the temperature of 333K falls slightly
below expectation. This is thought to be doatf? relaxation
process, known to occur in PMMA at this temperat2€].

This B 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 valueygf
19.46 mJ/m, being significantly different from the value ob-
tained for lower temperatures. This value cannot be regarde

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
determination was repeated and a value of 23.32 fd/as
obtained. Thus, the relatively low value g determined for
this temperature is not thought to be due to experimental in-
accuracies. The trend observed, i.e. decreasing vatdgaf
383K, is consistent with the value &f for PMMA (383K
[26]). Similar phenomena are found in the literature for the
IGC characterisation of a SBR rubber, beloWjtand above

its Ty [8].

The value of yd for the surface of the MBS rub-
ber is in good agreement with values found in the lit-
erature for PMMA, the shell component of the IM:
38.8mJ/M (at 295K), 40.9mJ/m (343-383K) [27],
40.9/43 mJ/rA(343-383K)18], 41.1 mJ/m (at 293 K)[28],
and 41.5 mJ/rh(at room temperaturd®9].

The enthalpy and the entropy of adsorption of tie

alkanes on the surface of the MBS rubber were determinedDCM

from plots of AG/T versus 1T, (Fig. 2). The results are sum-
marised inTable 4 The value of the enthalpy of adsorption
and of the entropy, of adsorption of the apolar probes in-

alkanes on the surface of the MBS rubber

Probe  a(y®)"° (cm? (MJcnT2)05)  —AH, AS: R
molecule (kd/mol)  (I/molK)

CgHi4 2.21E-16 47.6 —1280 0.97
C7H16 2.57E-16 29.2 —593 0.98
CgHisg 291E-16 34.9 —68.0 0.99
CoH2o 3.29E- 16 45.3 —94.6 0.98

creases with increasing valueﬁq;/de, with the exception of
n-hexane. For this molecule, the values-ohH; and of AS,

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 vaIuengéyT’. 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, —AG3, corresponding to the polar probes, was de-
termined by the method illustrated iRig. 1 and con-

sists of determining the difference between the value of
the energy of adsorption of a particular polar probe and

able 5are presented the results concerning the retention
ime, t;, specific retention volumeyy, energy of adsorp-
tion, RTIn(Vg), and corresponding dispersive and specific
componentsRTIn(Vgref) and RTIn(Vg), respectively, for
the adsorption of polar probes on the surface of the MBS
rubber, atT =333 K, F=35.29 cni/min, J=0.86,C=0.97,

P; =131.87 kPaP, =100.16 kPa, andiow meter= 296 K.

The retention time values corresponding to DEE and to
TCM were too low for a precise determination using with the
current IGC system. This is thought to be due to structural re-
strictions from both the adsorbate and the adsorbent, hinder-
ing these molecules from spatial conformations that could be

dt}he corresponding value in threalkanes reference line. In

Table 5

Retention time, specific retention volume, energy of adsorption, and cor-
responding dispersive and specific components, for the adsorption of polar
probes on the surface of the MBS rubberTat333 K

Probe t(s) Va(cm®)  RTIn(Vp) RT In(Vrfref) RT In(Vy)

molecule (kJ/mol) (kd/mol) (kJ/mol)

CHy 225 n/a n/a n/a n/a
48.8 685 11.7 55 6.2

Acet 85.0 162 141 6.1 8.1

THF 89.5 1790 14.3 8.9 54

EtAcet 85.7 168 141 7.6 6.5
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Table 6
Dispersive and specific components of the enthalpy of adsorption, and of the entropy of adsarﬂgomHg andAsg, AS3, respectively, for the adsorption
of polar probes on the surface of the MBS rubber

Probe moleculea(yld)o'5 (cm? (mIenr?)®9%) —AHY (kd/mol) ASY (I/molK) RZ  AN” (kJ/mol) DN (kJ/mol) —AHS (kJ/mol) ASS (JI/molK) R?

DCM 1.65E— 16 25.6 —60.4 0.99 1&4 0.0 14.4 —24.4 0.99
Acet 1.73E-16 25.9 —-59.7 0.99 1® 714 19.8 —-34.5 0.97
THF 2.13E-16 27.7 —56.3 100 2 844 11.0 -16.5 0.97
EtAcet 1.95E- 16 26.9 —57.8 1.00 718 16.6 —-30.8 0.98

effective in terms of specific intermolecular interactions. The character (10.5 and 6.3 kJ/mol, respectively). Thus, bear-
oxygen atom (Lewis basic centre) of DEE is more susceptible ing in mind the values of AN and of DN of the polar

to shielding by the neighbouring hydrogen atof8] than molecules, it can be concluded that the surface of the MBS
is that of, e.g. acetone, which is readily accessible for inter- rubber is Lewis amphoteric, with strong Lewis basic char-
action. The bulkiness of the TCM molecule, due to the three acter. This analysis confirms the observations made on the
chlorine atoms, hinders the access to the acidic centre in thisbasis of the values that were obtained for the energy of
molecule (the hydrogen atom). Furthermore, the side chainadsorption at 333 KTable 5 As far as the values oA S3

of the PMMA molecule further decreases the probability of are concerned, these follow the same trend as those for the
establishment of the highly directional, specific, acid—base determination of—AH3. The greater the enthalpy of ad-
intermolecular interactions with the probe molecules. The sorption, the greater would be the reduction in the entropy
determination of the retention times corresponding to TCM of the system probe-surface upon adsorption of the probe
and to DEE was repeated in order to establish the nature ofmolecules.

any possible experimental errors. However, the values found

were identical, in magnitude, to those of the first determi- 3.3. Determination of Kand K;

nation. The fact thah\/y»,d for TCM is the highest of the ) o .
polar molecules used, leads to the observation that the strong 'T.he data relating to the determination of t'he S“r.f‘?‘ce Lewis
contribution of dispersive forces, and the occurrence of con- acidity constantk, and of the surface Lewis basicity con-
formational changes on this molecule, upon adsorption, mayStant’Kb’ are represent_ed Fg. 4 . .

be influencing the achievement of H-bonding with the surface From linear regression of the data presentefig 4, it

due to the highly directional character of this bond. This effect gogivlsotggt the valgesl 0$‘;‘] and;fb’ arfe o.1c:_tr(]).o'\1/|§§d b
would be more pronounced as the temperature increases. = 20, respectively. Thus, the surface of the rub-

The values of—AGS at 333K (fable § show that the beris amphoteric and predominantly Lewis basic, confirming

3 . .
values for Lewis acidic probes are close to those of the Lewis tr]le 3nalys_|s of ';hehenth;ellpy ofbadso_lr_ﬁtlon an(IJI OT thehe ner;;qy
basic/amphoteric probes. Bearing in mind the relative low of adsorption of the polar probes. The conclusion that the
acidity of the acidic probe (DCM), when compared to the MBS rubber has a Lewis amphoteric (predominantly Lewis
basicity of the basic probes (e.g ,THFIthe 2 it can be basic) surface agrees with expectation from results of sim-

concluded that the surface of the MBS rubber is amphoteric, llar studies reportgd in the I|terature for .PMMB“’ and
with a strong Lewis basic feature. from an examination of the repeating unit in this polymer.
The results concerning the determination of the enthalpy. The basic sites are identified with the ester functionality in
and entropy, of adsorption of the polar probes, along with, the side chains. The weak Lewis acidic sites are localised
the corresponding dispersive and specific components, ard" the terminal —ClY moiety in the s_|de chain and also in
summarised ifTable 6 and illustrated irFig. 3 the hydrogen atoms of the —GH moiety (the later used to

Due to the above mentioned constraints concerning the usebe controversial bu_t IS now r_ecognlzm,33]. Furthermore,
of TCM and DEE probes, it was not possible to determine each oxygen atom is able to interact with two hydrogen atoms

the enthalpy and entropy of adsorption corresponding to theseand’ thus, has a basic strength that is the double of the acidic

probe molecules. With respect teA HY, it can be seen, in strength of each hydrogen atom. Consequently, the surface of
Table 6 that the values increase with increasing value of the MBS rubber W,OEJ'O' be expected to_ be strongly basic and
. . ] relatively weak acidic. It should be noticed that the presence
a\/; for the probe molecule. The dispersive component of 4t 5,ch a bulky side group (-G plus the lack of com-
the entropy of the system does not vary significantly with the plete stereoregularity make this polymer amorphous. On the
nature of the probe molecule adsorbed. one hand, the acidity is not sufficient to overcome the steric
The value of —~AHS, is greater for the amphoteric  hindrance and, on the other hand, the basicity is quite high.
molecules (Acet and EtAcet) and for the acidic molecule Thus, the repulsion between basic sites further contributes to
(DCM), than for the basic molecule (THF). The probe the non-existence of intramolecular H-bonds and intermolec-
molecules Acet and EtAcet having similar basicity constants ylar H-bonds characteristic of the ordered phases, due to the

(71.4kJd/mol and 71.8kd/mol, respectively), and Hy is fact that basic sites and acidic sites cannot get close enough,
greater for the adsorption of Acet, which has a greater acidic along 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

J.M.R.C.A. Santos, J.T. Guthrie / J. Chromatogr. A 1070 (2005) 147-154

[4] L.A. Utracki, in: L.A. Utacki (Ed.), Commercial Polymer Blends,
Chapman & Hall, London, 1998.

an acetone molecule to form H-bonds with another acetone [21 W.T.W. Tseng, J.S. Lee, J. Appl. Polym. Sci. 76 (2000) 1280.

molecule[34]. The repulsive interaction is expected to be

[6] S.Y. Hobbs, M.E.J. Dekkers, V.H. Watkins, J. Mater. Sci. 23 (1988)
1219.

significant in such cases where, in both materials, either the [7] L H. Lee, in: K.L. Mittal, J. Anderson (Eds.), Acid—base Interactions:

Lewis basic sites or the Lewis acidic sites are dominant to a
large exten{35], and are easily accessible.

4. Conclusions

The surface Lewis acidic/basic properties of awidely 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

Relevance to Adhesion Science and Technology, VSP, Utrecht, The
Netherlands, 1991, p. 25.

[8] P. Mukhopadhyay, H.P. Schreiber, Macromolecules 26 (1993) 6391.

[9] J. Schultz, L. Lavielle, in: D.R. Lloyd, T.C. Ward, H.P. Schreiber
(Eds.), Inverse Gas Chromatography, Characterization of Polymers
and Other Materials, American Chemical Society, Washington, DC,
1989, p. 185.

[10] J.M.R.C.A. Santos, K. Fagelman, J.T. Guthrie, J. Chromatogr. A 969
(2002) 119.

[11] D.P. Kamdem, S.K. Bose, P. Luner, Langmuir 9 (1993) 3039.

[12] J. Riddle, F.M. Fowkes, J. Am. Chem. Soc. 112 (1990) 3259.

[13] H. Chtourou, B. Riedl, B.V. Kokta, J. Adhes. Sci. Technol. 9 (1995)
551.

[14] M.N. Belgacem, Cellulose 2 (1995) 145.

[15] P. Mukhopadhyay, H.P. Schreiber, J. Polym. Sci. B: Polym. Phys.

32 (1994) 1653.

B.M. Mandak, C. Bhattcharya, S.N. Bhattacharya, Macromol. Sci.

Chem. A26 (1989) 175.

[16]

of complex polymeric systems. Thus, phenomena such ag17] A.E. Bolvari, et al., in: D.R. Lloyd, T.C. Ward, H.P. Schreiber

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.

(Eds.), Inverse Gas Chromatography, Characterization of Polymers
and Other Materials, American Chemical Society, Washington, DC,
1989, p. 12.

[18] C.R. Hegedus, I.L. Kamel, J. Coat. Technol. 65 (1993) 31.

[19] Z.Y. Al Saigh, Int. J. Polym. Anal. Charact. 3 (1997) 249.

Itcan also be concluded that the best approach to assess theo] M.J. El Hibri, et al., in: D.R. Lloyd, T.C. Ward, H.P. Schreiber

surface energetic properties (surface tension, surface Lewis

acidic/basic properties) of a material by IGC is the side-by-

side analysis of the energy of adsorption, enthalpy of adsorp-

tion and surface Lewis acidity and basicity constants. This
procedure allow for a coherent and systematic interpretation
of the IGC results, leading to a more complete analysis than
the solely analysis df; andKy,.
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