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ABSTRACT: Porous copolymers of maleic anhydride
(MA) and divinylbezene (DVB) in the form of regular
microspheres were prepared by suspension polymeriza-
tion. During copolymerization the mixture of 1,4-dioxane
and n-dodecane as a pore-forming diluent was used. It
was found that specific surface area of the obtained beads
is strongly dependent on the diluent system and polymer-
ization medium and achieves a value from 4 to 535 m2/g.
To determine the influence of polymerization medium on

the selectivity and polarity of the copolymers, inverse gas
chromatography (IGC) was applied. To determine these
parameters, three procedures were applied: overall polar-
ity, the selectivity triangle, and the DC method. VC 2011
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INTRODUCTION

Macroporous, crosslinked copolymers in the form of
microspheres are effective materials for many sepa-
ration processes and, therefore, they are widely used
as starting material and specific sorbents.1–4 The
knowledge of structural parameters and chemical
properties of these polymers are of paramount
importance for their applications. Usually textural
characterization has been performed using adsorp-
tion of probe molecules (Ar, N2, CO2, etc). Among
them adsorption of N2 at low temperature (77K) is
most widely applied.5–8 Also the polarity and selec-
tivity of the used adsorbents are very important
parameters. To determine these parameters, inverse
gas chromatography is used. In inverse gas chroma-
tography, the species of interest is the stationary
phase.9–12 This is in contrast to conventional analyti-
cal GC, where the stationary phase is of interest
only as far as its ability to separate the injected com-
pounds is concerned. The porosity of solid sorbent
and the presence of functional groups at the surface
are key factors. The sorbent should be porous in
order to offer a large interacting surface area. Its
chemical structure is important for its specificity
toward the molecules.13 Among commercially avail-
able sorbent materials, the most popular are non-
polar styrene-divinylbenzene copolymers. During
the last decades, the copolymerization of various

functional monomers of the acceptor-donor type and
synthesis of new functional polymers with given
structure and important properties have attracted
considerable interest.14–17 Maleic anhydride copoly-
mers are used for many purposes according to a
detailed summary of their applications by Trivedi
et al.18

Suitable method for the production of micro-
spheric porous copolymers is suspension polymer-
ization. It has been established that the morphology
of copolymer obtained by this method is strongly
influenced by the polymerization conditions: type
and relative molar ratio of monomers, diluent
nature, dilution degree of the monomers, crosslink-
ing degree, polymerization temperature, etc.19

Ogawa et al.20 have reported the preparation
of styrene-maleic anhydride-divinylbenzene beads
where glycerol was taken as the continuous phase.
Sodium chloride has been added to reduce the solu-
bility of MA in glycerol; but even after using excess
of MA and very high percentage of DVB (cross-
linker) the copolymer beads have a low MA content.
The preparation of spherical styrene-maleic anhy-
dride beads in aqueous phase with sodium chloride
and magnesium hydroxide as a stabilizer was pre-
sented by Annakutty and Pramil.21 The suspension
polymerization with such stabilizers as poly(vinyl
alcohol) and hydroxylethyl cellulose were also tested
by this team, but no beads were obtained.
This article reports on the preparation of spherical

porous copolymer beads of maleic anhydride (MA)–
divinylbenzene (DVB). The copolymer beads were
prepared by the suspension polymerization method
in both water and glycerol as the dispersing
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medium. In order to reduce the solubility of maleic
anhydride in the polymerization medium sodium
chloride was added. Poly(vinylpyrrolidone) was
used as a suspension stabilizer and 1,4-dioxane–n-
dodecane mixture as the pore-forming diluent (poro-
gen). By careful choice of the diluents’ composition,
a wide range of porosities was obtained. Such para-
meters as specific surface areas, pore volumes, pore
size distributions, and average pore diameters were
determined by the method of nitrogen adsorption on
the surface of the studied materials. To complete the
study, the polarity and selectivity of the copolymers
were determined by IGC. For the chromatographic
measurements, copolymers with highly developed
surface area were chosen. During IGC investigation,
three procedures were applied: the selectivity tri-
angle, the general selectivity, and the DC method.

EXPERIMENTAL

Synthesis of porous copolymers

Copolymerizations were performed in two different
suspension media: water and glycerol. In the first
experiment (MA-DVBw preparation), 195 mL of
distilled water, 3 g of poly(vinylpyrrolidone) as a
suspension stabilizer, and 5 g of NaCl were stirred
for 6 h at 80�C in a three-necked flask fitted with a
stirrer, water condenser, and thermometer. Then the
solution containing 15 g of monomer (maleic anhy-
dride) and crosslinking agent (divinylbenzene) in
the relative molar ratio 1 : 1 and 0.2 g of a,a0-azoiso-
bisbutyronitrile in 22.5 mL of pore-forming diluents
(1,4-dioxane þ n-dodecane) was prepared and added
while stirring to the aqueous medium. Relative ratio
of diluents to monomers (mL/g) was 1.5 : 1.0.

In the second experiment (MA-DVBg preparation),
instead of water, 195 mL of glycerol was used. Ex-
perimental parameters of the copolymerizations are
shown in Table I. Copolymerization was performed
for 20 h at 80�C. Porous beads formed in this
process were filtered, washed with hot water, and

extracted in a Soxhlet apparatus with acetone,
toluene, and methanol. The purified beads were
separated into fractions by the sieving.

Characterization of copolymers

Textural characterization of the copolymers was
carried out by the low-temperature nitrogen ad-
sorption-desorption method. Nitrogen adsorption-
desorption measurements were made at 77K using a
volumetric adsorption analyzer ASAP 2405 (Micro-
metrics Inc., USA). The measurements of the surface
properties of the copolymers were preceded by acti-
vation of the samples at 140�C for 2 h. The specific
surface areas of the investigated beads were calcu-
lated by the Brunauer-Emmet-Teller (BET) method
for the adsorption data in the range of a relative
pressure p/po from 0.05 to 0.25. The total pore
volume was estimated from a single point adsorption
at p/po equal to 0.985. The pore size distributions
(PSD) were obtained from the desorption branch of
the isotherm using the Barrett-Joyner-Halenda (BJH)
procedure22 The maximum of PSD was defined as
the most probable pore diameter in contrast to the
average pore diameter calculated as Dp ¼ 4Vp/SBET
(on assumption of a cylindrical shape of pores).
The surface of the obtained beads was also exam-

ined using an atomic force microscope (AFM), AFM
Nanoscope III (Digital Instruments, USA) operating
in contact mode. The images presented in this article
contain 512 � 512 data points which were obtained
within a few seconds. The typical force applied to
obtain these images ranged from 1.0 to 100 nN.
Thermogravimetric analysis (TG) was carried out

on a MOM (Budapest, Hungary) derivatograph at a
heating rate of 10�C min�1 in air, in the temperature
range from 20 to 1000�C with the sample weight of
100 mg. As a reference sample, a-Al2O3 was used.
The initial decomposition temperature (IDT), T20%,
T50% of weight loss and final decomposition temper-
ature (FDT) were determined.

TABLE I
Polymerization Recipe

Copolymer
Polymerization

medium

Abbreviation
of diluent
system

Porogenic mixture (mL)

n-dodecane 1,4-dioxane

MA-DVBg glycerol A – 22.50
B 3.40 19.10
C 11.25 11.25
D 19.10 3.40
E 22.50 –

MA-DVBw water A – 22.50
B 3.40 19.10
C 11.25 11.25
D 19.10 3.40
E 22.50 –

SURFACE POLARITY OF COPOLYMERS MALEIC ANHYDRIDE - DIVINYLBENZENE 301

Journal of Applied Polymer Science DOI 10.1002/app



IGC experiments

Chromatographic measurements were carried out on
a Dani GC 1000 gas chromatograph (Dani, Italy)
equipped with injector (220�C) a thermal conductiv-
ity detector (TCD, 220�C), using stainless-steel col-
umns (100 cm � 1.6 mm I.D.), and helium as carrier
gas at a flow-rate of 50 mL/min. The samples were
manually injected using a 1-lL syringe (SGE, North
Melbourne, Australia).

Chromatographic columns were packed with ob-
tained porous polymers (MA-DVBw and MA-DVBg)
in the form of spherical beads. The diameter of the
sorbent beads was always 0.08–0.12 mm. Before
measurements all the columns were conditioned in a
stream of helium. The columns were conditioned
with temperature programming from 60 to 230�C at
4�C/min and then overnight isothermally at the final
temperature.

Polarity

The polarity of the studied copolymers was deter-
mined according to procedure propose by Rohr-
scheider and modified by McReynolds23 The method
based on the measurement of the retention times of
the standard substances: benzene (x), n-butanol (y),
pentan-2-one (z) and calculation of the retention
indices (Ix, Iy, Iz, respectively) from the equation pro-
posed by Kovats24:

Ix ¼ 100
log t0R;x � log t0R;n

log t0R;nþ1 � log t0R;n þ n

" #

where t
0
R;x ¼ the reduced retention time of the sub-

stance; t
0
R;n ¼ the reduced retention time of the homo-

logous alkane with the nearest shortest retention time;
t
0
R;nþ1 ¼ the reduced retention time of the next higher
homologue eluted after homologue n; n ¼ the number
of carbon atoms in the n-alkane molecule.

Remaining indices (Iy and Iz) were calculated ana-
logically. After determination the retention indices
on the studied copolymers, the McReynolds’ con-
stants (DI) were obtained by calculating the differ-
ence between the Kovats’ index for benzene, n-buta-
nol, pentan-2-one on examined stationary phase and
graphitized thermally carbon black (GTCB):

McReynolds0 constant for benzene ¼ DIx
¼ Ix;phase � Ix;GTCB

McReynolds’ constant for n-butanol and pentan-2-
one were calculated analogically. The sum of the
three calculated McReynolds’ constant was used to
define the overall polarity of the phase under study.
The measurements were carried out at 140�C.

Selectivity triangle

Selectivity triangle method was introduced by
Snyder.25 This method based on determination of
the retention indices of the standard substances: 1,4-
dioxane (d), n-butanol (b), and 1-nitropropane (n) at
200�C. The retention indices of those substances (Id,
Ib, and In) can be used for evaluation of H-donor, H-
acceptor, and dipole characteristic of the examined
stationary phase. For this purpose the McReynolds’
constant for 1,4-dioxane (DId), n-butanol (DIb), and 1-
nitropropane (DIn) have to be calculated as described
above. On the basis of the determined McReynolds’
constants, the contribution of each type of inter-
actions (selectivity parameters: xacc, xdon, xdip) can be
calculated using the equations26:

xacc ¼ DIb
RDI

; xdon ¼ DId
RDI

; xdip ¼ DIn
RDI

;

where RDI ¼ DIb þ DId þ DIn

The values of the retention indices of n-butanol, 1-
nitropropane, and 1,4-dioxane on GTCB were from
the paper by Hepp and Klee.27

DC method

Castello28 proposed the DC method as a polarity in-
dicator of gas chromatographic columns. DC can be
considered as a measure of the difference in the
behavior of the non-polar and the polar homologous
series. This method based on the difference in
apparent carbon number of n-alkanes and n-alcohols
with the same retention.29 DC can be regarded as a
number of methylene groups that should be theoreti-
cally added to a linear alkane with Z carbon atoms to
obtain a hypothetical n-alkane with the same retention
time of a linear alcohol with Z carbon atoms.
The DC method evaluates the relative contribution

of dispersion forces, the hydrogen bonds, and dipole
moment to the retention. According to Castello,30 if
the DC does not change with temperature, the elu-
tion order of all compounds, independent of their
polarity, remains unchanged at different isotherms
and in programmed temperature analyses. The
change of DC with temperature or with ageing of
the column is a measure of the rate of decrease in
polar interactions compared to the rate of decrease
in dispersive interaction. Both interactions decrease
as the temperature increases. If the dispersive inter-
actions drop at lower rate with respect to polar
interaction, a negative DC trend is expected. How-
ever, if the dispersive interactions decrease at a
greater rate than polar ones, positive trend will be
observed. The value of polarity determined on the
basis of DC methods is in accordance with values of
polarity indicators obtained from other methods and
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therefore it offers a fast procedure for the evaluation
of the behavior of GC columns.31

The DC parameter can be defined as the horizontal
distance between the two straight lines having the
equation ln t0R ¼ a þ bZ obtained by plotting ln t0R
as a function of carbon atoms, Z for n-alkanes and n-
alcohols, respectively. DC can be also mathematically
calculated on the basis of the following equation:

DC ¼ aOH � aP
ðbOH � bPÞ=2

The a and b parameters are derived from the
equations:
ln t0R ¼ aP þ bPZ for n-alkanes and ln t

0
OH ¼ aOH þ

bOHZ for n-alcohols where Z is the number of carbon
atoms.31

RESULTS AND DISCUSSION

The suspension polymerization technique in water
and glycerol as the dispersing media was success-
fully applied for synthesis of porous crosslinked

Figure 1 Chemical structure of the synthesized copoly-
mer (marked anhydride that hydrolyzed to carboxylic
ones in water medium and possible esterification product
in glycerol medium).

Figure 2 An influence of n-dodecane concentration in
the diluent mixture on the porous structure parameters of
the studied copolymers.

TABLE II
Characterization of Porous Structure of Copolymers

Synthesized at B Diluent System

Copolymer

Specific
surface area

(m2/g)

Pore
volume
(cm3/g)

Average
pore

diameter (�A)

MA-DVBg 315 0.308 44.22
MA-DVBw 460 0.537 47.84

Figure 3 Adsorption/desorption isotherms of nitrogen at
77K: (a) MA-DVBw and (b) MA-DVBg
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copolymers of maleic anhydride and divinylbenzene
in the form microspheres. Synthesis of porous par-
ticles requires the presence of inert diluent which
leads to the formation of permanent pores in the ma-
terial after removal of diluents. Stable structure of
microspheres is caused by high cross-linking degree.
All copolymers were synthesized from the equiva-
lent mole ratio of monomers. The proposed chemical
structure of the obtained copolymer is presented in
Figure 1. It has been established that porous struc-

ture of polymeric materials is determined by the
concentration of pore-forming diluent.32 For each
pair of monomers, the mixture of 1,4-dioxane and n-

Figure 4 AFM micrographs of the MA-DVB copolymers obtained in (a) glycerol and (b) water media.

TABLE III
Thermal Stability of the Copolymers

Copolymer IDT (�C) T20% (�C) T50% (�C) FDT (�C)

MA-DVBg 270 380 470 905
MA-DVBw 260 380 520 945

304 MACIEJEWSKA, SZAJNECKI, AND GAWDZIK

Journal of Applied Polymer Science DOI 10.1002/app



dodecane as a pore-forming diluent was employed.
The volume/mass ratio of diluents to monomers
was constant. Concentrations of n-dodecane in the
mixture with 1,4-dioxane changed from 0 to 100%.
Unfortunately the product of copolymerization in
the presence of pure n-dodecane was irregular in
shape and coagulated. In Figure 2, the influence
of n-dodecane concentration in the mixture on the
porous structure of the studied copolymers is pre-
sented. Copolymers obtained in water as well as
obtained in glycerol medium follow the same
pattern. An increase of amount of n-dodecane con-
centration leads to increase of specific surface areas.
The largest specific surface area is observed for
the copolymers obtained in presence of 85% (v/v) n-
dodecane. The diluent mixture composition also
influences the pore volume and the average pore
diameter. The maximum of the pore volumes is
observed for the copolymers prepared in the pres-
ence of 50% of n-dodecane. For higher concentration
of n-dodecane, pore volume and average pores
diameters decrease.

To determine of polarity and selectivity of the
obtained copolymers the inverse gas chromatogra-
phy was applied. Microbeads for gas chromatogra-
phy should be rigid, thermally stable, and porous to
offer a large interacting surface area. Microspheres
with a high specific surface area and the pore diam-
eters suitable for chromatography purposes were
obtained in the presence of the diluent containing
85% of n-dodecane. Thus, such composition of
diluents was used in further synthesis of polymeric
packing for GC columns. The parameters of the po-
rous structure of the studied copolymers are listed
in Table II. The presented data show that not only
diluent but also polymerization medium plays an

important role in the porous structure formation.
The MA-DVB copolymer obtained in water medium
(MA-DVBw) exhibit larger specific surface area and
pore volume comparing with its counterpart
obtained in glycerol (MA-DVBg). More information
to complete the study of porous structure can be
evaluated on the basis of nitrogen adsorption-de-
sorption isotherms at 77K. Figure 3 shows the N2

adsorption-desorption isotherms of the investigated
samples. The isotherms of both copolymers show
hysteresis loops that can be attributed to capillary
condensation. According to the IUPAC, they can be
classified as type IV that characterizes mesoporous
adsorbents.33 Hysteresis loops may exhibit different
shapes. As regards the discussed samples, the hys-
teresis loops are broad and can be classified as H2
type. Type H2 can be found in many porous adsorb-
ent and is believed to occur in systems where the
distribution of pore size and pore shapes are broad.
According to Sangwichien et al.,34 this kind of loop
occurs when there is a difference in mechanism
between condensation and evaporation. This phe-
nomenon takes place in pores with narrow necks
and wide bodies (ink-bottle shape) or when the
porous material has an interconnected pore network.
Figure 4 shows AFM images of the surface of the
discussed samples. AFM studies provided direct evi-
dence of the differences in the surface texture of the
copolymers obtained in water and glycerol media.
The thermal stabilities of the MA-DVBw and MA-

DVBg copolymers were assessed by comparing the
initial decomposition temperatures (IDT), 20%
weight loss, 50% weight loss, and final decomposi-
tion temperature (FDT). The results of thermal
behavior are summarized in Table III. The presented
data indicate that IDT for both studied copolymers

TABLE IV
Kovats’ Retention Indices for the McReynolds’ Test Substances and Overall Polarity

(RDI) for the Porous Copolymers (140�C)

Copolymer

Kovats’ retention indices McReynolds’ constants

Ix (benzene) Iy (n-butanol) Iz (pentan-2-one) DIx DIy DIz RDI

MA-DVBg 618 618 657 44 129 92 265
MA-DVBw 620 638 679 46 149 114 309
GTCB 574 489 565 – – – –

TABLE V
Kovats’ Retention Indices for n-Butanol (Ib), 1-Nitropropane (In), 1,4-Dioxane (Id), and

Porous Copolymers Selectivity Parameters (200�C)

Copolymer

Kovats’ retention
indices McReynolds’ constants Selectivity parameters

Ib In Id DIb DIn DId RDI xacc xdip xdon

MA-DVBg 617 675 652 131 169 168 468 0.280 0.361 0.359
MA-DVBw 638 711 678 152 205 194 551 0.276 0.372 0.352
GTCB 486 506 484 – – – – – – –
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was above 250�C, and consequently they could
be used in the inverse gas chromatography
investigation.

Table IV presents the results of the overall polarity
of the phases under studies. Due to the presence of
anhydride groups in the MA-DVB copolymers, these
materials are slightly more polar than Porapak
Q (ST-DVB type). It is noteworthy that the copoly-
mer obtained in the water medium has higher
polarity compared to the copolymer from glycerol.
Probably some anhydride groups presented in its
chemical structure hydrolyzed to more polar carb-
oxylic ones. In the glycerol medium, spontaneous
reaction of esterification can take place. The struc-
tures formed in both mentioned processes are
presented in Figure 1.
The values of selectivity parameters are listed in

Table V. MA-DVBw and MA-DVBg copolymers
exhibits similar hydrogen–acceptor properties. More
significant differences can be observed in the case of
hydrogen-donor properties. The highest divergence
refers to dipole interactions––MA-DVBw shows
stronger dipole character. The location of these
copolymers on the selectivity triangle is displayed in
Figure 5.
To complete the study, the investigation of DC

were undertaken. The values of ln t
0
R on MA-DVBw

and MA-DVBg columns for n-alcohols (methanol,
ethanol, propan-1-ol, butan-1-ol, pentan-1-ol, hexan-
1-ol, heptan-1-ol) and n-alkanes (n-pentane, n-hex-
ane, n-heptane, n-octane, n-nonane, n-decane) as a
function of the number of carbon atom were plotted
(Fig. 6), and the DC was schematically represent by
the length of the arrows. On the basis of the coeffi-
cients of the linear regression equations of the exper-
imental data, DC parameter was also mathematically
calculated. Figure 7 shows the dependence of the DC
value on temperature for MA-DVBw and MA-DVBg

columns. The obtained results indicate that DC
parameter has lower value at higher temperature.

Figure 5 Selectivity triangle showing relative selectivities
of the examined porous polymers.

Figure 6 Values of the ln tR
0 for alcohols (methanol, etha-

nol, propan-1-ol, butan-1-ol, pentan-1-ol, hexan-1-ol, heptan-
1-ol) and alkanes (n-pentane, n-hexane, n-heptane, n-octane,
n-nonane, n-decane) as a function of the number of carbon
atoms on the MA-DVBw (a) and MA-DVBg (b) columns.

Figure 7 DC values of columns packed with the MA-
DVBg and MA-DVBg porous polymer beads at different
temperatures.
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For both discussed copolymers, a significant drop of
DC parameter with temperature was observed. This
phenomenon indicates that at higher temperatures
polar interactions weaken. Similar dependence was
observed by Castello28 in case of polar columns. In
our investigation, the effect is less visible for the co-
polymer obtained in glycerol.

CONCLUSION

Copolymers of maleic anhydride and divinylbenzene
can be obtained in the form of regular microspheres
using suspension polymerization. The presence of
the inert diluent in the polymerization mixture is re-
sponsible for highly developed porous structure of
the MA-DVB copolymers. It was found that specific
surface area of the obtained beads is strongly de-
pendent on the diluent system and polymerization
medium. Polymerization medium (water or glycerol)
influences also the chemical character of the surface.
The differences into chemical structure of the final
copolymers were confirmed by applied procedures
(overall polarity, the selectivity triangle, and the DC
method).
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