This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

ACRYLIC ACID/METHYL METHACRYLATE HYDROGELS. 1. EFFECT
OF COMPOSITION ON MECHANICAL AND THERMODYNAMIC

PROPERTIES

Issa Katime; Elena Diaz de Apodaca?; Eduardo Mendizabal®; Jorge E. Puig®

2 Grupo de Nuevos Materiales, Departamento de Quimica Fisica, Universidad del Pais Vasco, Campus
Leioa, Bilbao, Esparia ® Departamento de Ingenieria Quimica, Centro Universitario de Ciencias Exactas
e Ingenierias, Universidad de Guadalajara, Guadalajara, Jalisco, México

Online publication date: 22 March 2000

To cite this Article Katime, Issa , de Apodaca, Elena Diaz , Mendizabal, Eduardo and Puig, Jorge E.(2000) 'ACRYLIC
ACID/METHYL METHACRYLATE HYDROGELS. I. EFFECT OF COMPOSITION ON MECHANICAL AND
THERMODYNAMIC PROPERTIES', Journal of Macromolecular Science, Part A, 37: 4, 307 — 321

To link to this Article: DOI: 10.1081/MA-100101095
URL: http://dx.doi.org/10.1081/MA-100101095

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww informaworld.coniterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be |liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1081/MA-100101095
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Downl oaded At: 12:46 24 January 2011

J.M.S.—PURE APPL. CHEM., A37(4), pp. 307—321 (2000)

ACRYLIC ACID/METHYL METHACRYLATE
HYDROGELS. |. EFFECT OF COMPOSITION
ON MECHANICAL AND THERMODYNAMIC
PROPERTIES

Issa Katime* and Elena Diaz de Apodaca

Grupo de Nuevos Materiales
Departamento de Quimica Fisica
Universidad del Pais Vasco, Campus Leioa
Apartado 644

Bilbao, Espafa 48990

Eduardo Mendizabal andJorge E. Puig

Departamento de Ingenieria Quimica

Centro Universitario de Ciencias Exactas e Ingenierias
Universidad de Guadalajara

Boul. M. Garcia Barragan 1451

Guadalajara, Jalisco 44430 México

Key Words: Hydrogel, Mechanical Properties, Swelling, Freezing Water, Hy-
drophylic, Hydrophobic, Thermodynamic Properties

ABSTRACT

The mechanical and thermodynamic properties of poly(acrylic
acid-co-methyl methacrylate) hydrogels with varying ratios of
AA/MMA are reported. Swelling capacity increases but elastic-
ity decreases as the content of AA in the hydrogels increases.
Thermodynamic analysis indicates that swelling is an unfavor-
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able AG; > 0) and endothermié@, > 0) process. Both thermo-
dynamic quantities increase with increasiryglfophobic nature
of the tydrogel.The amount of freezing and non-freezingter

in the lydrogels vas determined by DSQO he ratio of non freez
ing to total water content increases with the increasing
hydrophobic nature of theyldrogels.

INTRODUCTION

A gel is a polymeric netark that retains a lge amount of a soént
and swells without dissolvingA hydrogel is then a gel thakgands substan
tially in contact with vater Currently hydrogels are encountered in drug and
waterand-nutrients delery systems, superabsorbent sanitavyets and dia
pers, prothesis, soft lenses, etc. [1-7]. In all these applications, the swelling
capacity and the mechanical properties, particularly in th@lenvstate, play
important roles [1, 8].

Usually, hydrogels in a highly sellen state hae poor mechanical prep
erties. One way to simultaneously modify the mechanical properties and the
swelling capacityand then, to synthesize custom-mageragels, is to copotly
merize lydrophilic and lgdrophobic monomers iravying ratios. In general, the
presence of ayldrophilic monomer in theydrogel increases its swelling capac
ity while the presence of aytirophobic monomer impves signiicantly the
mechanical properties [9].

In this work, we irvestigate the influence of composition on the swelling
capacity as well as on the mechanical and thermodynamic propertigdrof h
gels of acrylic acid (AA) and megthmethacrylate (MMA) of arying ratios of
AA/MMA. Moreover, we examine the structure ofater in these ydrogels by
differential scanning calorimetry

EXPERIMENTAL

Materials

Acrylic acid (AA), 99% pure from Fluka, @ passed through a silica gel
column to remee the inhibitor (metl ether lydroquinone). Metyl methacry
late (MMA) from Polyscience as used as reseid. N, N’-metlyl-enbisacry
lamide (NMBA) with a purity of 98% (Fluka) as further puried by recrystal
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lization from methanol. 2,2’-Azobis(amidinopropane)Wwb0 was 99.5% pure
from Wako. It was further puried by recrystallization from methanol. Ethanol
was 96% (v/v) from Bnreac. Doubly distilled deionizedater dravn from a
Millipore Milli-Q w ater purifcation system, as used for swelling and DMA
tests.

Synthesis

Five hydrogels with diferent compositions were synthesized bayying
the weight ratio oAA to MMA from 100/0 to 60/40To identify the composi
tion of the lydrogels we used the notatidxx where xx indicates the weight
content of acrylic acidWith the exception ofAA100, the lydrogels were pre
pared with 0.1 ¢/-50/100 mL of total monomer8Vith AA100, the concentra
tion of V-50 was 0.075 g/100 mL of monomer due to the high reictdf this
monomer The concentration of the crosslinking agent, NMBvas 0.1 g/100
mL of monomers in all cases.oRthe synthesis, the appropriate amount-6D
was dissoled in 1 mL of vater in a test tube; NMBwas dissoled in 6 mL of
ethanol in another test tube, and then, 4 mL of total monomers were atided.
contents of both tubes were gad with nitrogen for 10 minutes and then aaix
and heated to 3C for 6 hoursThe products, in the shape oflinders, were
immersed in ethanol and then irater for seeral days to reme non reacted
monomers and other soluble materials. Both estly were changed \&zal
times to optimize thextraction process hen the glinders were cut in the shape
of disks and dried in anven at 40C until constant weighiThe dry disks were
sanded with a mild sandpaper until their thickneas wa. 1 mmThe dimenr
sions of the discs were measured with a micromé&ten, thg were weighed
(m,) and immersed in deionizedater until the equilibrium swelling as
achieved at 25, 30, 37 or 46. The water content at equilibrium or equilibrium
swelling,W,,, was calculated with:

(m; —m,)

W, (%)= <100 (1)

mO
where m and m represent the weights of the @len sample at equilibrium
swelling and of the erogel, respeately.
The wlume fraction of polymer within aydrogel, ®?, at a particular
temperature is:
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0r=(2e) @

where Q and D are the diameters of dry and equilibriunoltsm discs, respec

tively.

Compression Measuements

A Perkin-Elmer DMA7 Dynamic Mechanic&nalyzer with a parallel
plate geometry @s used for compression stress-strain tésts.tydrogel discs
were immersed in deionizedaver during measurements to minimizater
lossesThe elastic moduli, G, of theytirogels were determined in the compres
sion mode at v deformations at which the stress,depends linearly on the
deformation X-1) - wheret is the ratio of the deformed to the initial length, as
follows [10]:

=G - A2) 3)

The efective crosslinking density., was estimated from G according to
[11]:

G= RTVC¢_1/3’2 (4)

where R is the idealag constant and the absolute temperature.

Differ ential Scanning Calorimetry

Thermograms of sellen hydrogels were obtained with a Mettler
TA4000 Differential Scanning Calorimeter equipped with a refrigeration unit.
Excess water wvas remeed by tapping the swate of the fdrogels with paper
filter. Samples (7 to 12 mg) were then loaded in aluminium cells, which then
were sealed. Samples were cooled t¢E5m guarantee that all theater in the
sample is frozen. Thermograms were obtained at heating rates of 1 and
5°C/min. The weight of freezing (“free”) ater was calculated from the mea
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sured enthalp of the water peak, obtained from the area of the melting-tran
sition, and the literaturealue (321.17 J/g) [12]The amount of non freezing
(“bound”) water in the kidrogels vas estimated by ddrence with the total
water content. The weight ratio of free ater and bound ater to the total
weight of equilibrium swllen hydrogel are denoted a¥; andW,;, respee
tively.

RESULTS AND DISCUSSION

Table 1 summarizes the equilibrium swelling properties cAKR®IMA
hydrogels measured at 7. The equilibrium swelling diminishes as the eon
centration of MMA in the Wdrogels increases because of the higlyerdpho
bicity of MMA. The decrease is substantial sikég for theAA100 hydrogel is
86.7% compared to only 48.0% for tA&60 sample. As expected from the
swelling behwior, ®, increases as the content’A in the hydrogels increases
(Table 1). Equilibrium swelling also increases with increasing temperature
(Figure 1) for all sampleés expected, the equilibrium swelling risesster with
temperature as theytirogels becomes moreydrophilic, i.e., as composition
shifts fromAA60 to AA100 (Figure 1).

Elastic moduli of AA/IMMA hydrogels were obtained according to
Equation 3 from the slope of plots of stresssus strain at small strains where
the plots are lineafheYoung’s moduli (E) can then be estimated from the v
ues of G since the ratio E/G ranges from 3.0 to 3.2 [13]. bi&tparameters for
the fve hydrogels at 37C are presented ifable 2.

Both E and G increase as the content of MMA in ydrdigels increases
and the equilibrium swelling decreasealfles 1 and 2). Inasmuch as MMA is a
more lydrophobic monomer thafA, the increase in content of MMA dimin

TABLE 1. Equilibrium Swelling, W;, and Volume
Fraction of Polymer, ®,, Measured at 37°C, for
the AA/IMMA Hydrogels

SAMPLE Wt (%) ®2
AA100 86.7 0.113
AA90 85.8 0.117
AA80 717 0.251
AA70 55.3 0.444
AAB0 48.0 0.517
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Figure 1. Equilibrium swelling ofAA/MMA hydrogels as a function of tempera
ture.

ishes the amount ofater which acts as a plasticizer for the copolymer [14-16]
and leads to a more rigid material and, hence, togefdoung’s modulusThe
effective crosslinking densify,., estimated with Equation 4, increases rapidly
with the concentration of MMA @ble 2), in spite that the type and concentra
tion of crosslinking agent are the same in all cases, which presumably should
result in the same crosslinking density in all tydrbgels,v, (= cf/2) - where ¢
and f are the concentration and functionality of the crosslinking agent, respec
tively. Nevertheless, the alues ofv. and of v, rarely coincide, een for
homopolymer fidrogels [17]. The increase in. with increasing MMA content
implies a tighter netark which is consistent with the smaller swelling andear
moduli of the lydrogels (&ble 1).

Fromv,, the molar mass per crosslink,, dan be estimated as:

M, =p/ v, (5)
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wherep , the density of theetogel, vas estimated by measuring with a
micrometer the dimensions of the dry disks and by weighing th&able 2
shawvs that M decreases as the concentration of MMA in theérbgel increases
as epected from its iverse proportionality to..

Table 2 also reports thees of the polymesolvent interaction para
meter X, which was calculated with the folkdng expression, which isalid at
swelling equilibrium [10]:

In(L— 02) + 0y + X022 + Ve Vi (0213 = 20,71 =0 (6)

here f = 4 for NBMA and/, is the molar wlume of vater (in dn¥mol) obtained
as [18]:

V; =18.05x107 +3.6 x 1075(T - 298) @)

whereT is in K. The parametex represents the speiciinteractions among sol
vent and polymer moleculegincreases with increasing MMA contentfle 2)
as a result of the decreasing molecular interactions betwaésr &wnd the
increasingly lgdrophobic lydrogel copolymers.

The \alues of the interaction parameters at foufed#int temperatures
for the AA/IMMA hydrogels are presented Trable 3. er the fve hydrogels
studied,x decreases linearly with temperature with similar slopesm for the
AA100, which ehibits a steeper slope indicating a stronger dependengcerof
temperature due to the more pronounced thermoswelling/ioeltd the more

TABLE 2. Network Parameters, Measured at 37°C, for

the AA/MMA Hydrogels.

SAMPLE |E G vex103 |y Mc
MPa MPa mol/dm3 kg/mol

AA100 0.13 0.042 7.88 0.54 163.1

AA90 0.14 0.047 8.92 0.54 135.0

AAS80 0.30 0.098 23.99 0.60 48.6

AA70 0.46 0.15 4558 0.72 28.0

AAB0 0.54 0.18 56.05 0.79 226
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hydrophilic AA100 hydrogel. From the dependencexoivith temperature, the
entropic,xs, and enthalpicyy, contritutions can be obtained from [19]:

X=XH tXs (8)
where
dxj
=T =&
XH ( T 9)
and
dxj
Xs =X (dT (10)

The dependencies gf Xs andxy with temperature for th&A70 hydro-
gel are depicted in Figure 2. Both and are p@sdindys > Xu. This behaior is
similar for the other ydrogels. Br a gven composition, decreases with
increasing temperature whereas vehidhe opposite belimr. At a given tem
peraturex, decreases with increasing MMA content upA#&70 and then it
decreases slightly with ti®A60 hydrogel [20]. Xs, on the other hand,vaays
increases with MMA contenTo understand this beViar, it is necessary to cal
culate the partial molar enthalpiési,;, and entropie)\S,, of dissolution from
the \alues ofyx, andxs as follows:

AH; = RTo»% xy (11)

TABLE 3. Interaction Parameter for the AAIMMA
Hydrogels as a Function of Temperature.

T(°C) XAA100 XAA90 XAAS80 XAAT0 XAAG0
25 0.56 0.56 0.61 0.73 0.79
30 0.54 0.55 0.61 0.72 0.79
37 - 0.54 0.60 0.72 0.79
45 0.53 0.54 0.59 0.71 0.77
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and

AS; =R$,2(0.5-%s) (12)

The partial molar free engy of dissolution is then gén by:
AG| = RTd,2(x - 0.5) (13)

According to the dependence of the partial molar quantities of dissolution
with temperature, thAA/MMA h ydrogels can be vdided in two groups: those in
which all the thermodynamic quantities decrease with increasing temperatures
(AA100, AA90 andAA80) and in whichAS, > 0 at all temperatures, and those
(AA70 andAAG0) in whichAS, is negative and increases slightly with temperature,
AH; is alvays positte and also increase slightly with temperature whek€ass
positive it it does not depend sigiaéintly on temperature. Moreer, the magni
tudes ofAG,, AH; andAS, are much lager withAA70 andAAG60 samplesThese
two behaiors are illustrated iffable 4 for thédA90 and theAA60 hydrogels.

Table 5 shwrs that the swelling ofydrogels is urdvorable een for the
hydrophilic AA100 (AG, > 0) and becomes more ambrable as the amount of
MMA content in the lgdrogels increases as indicated by thgdancrease in
AG; from AA100 toAAG0. This behaior is clearly related to the decrease of the
hydrophilic acrylic acid units which bind more strongly witlater molecules

0,8
0,7'_ o} (o] o fe)
0,6

0,5

% X A

0,4F
0,3F

0,2F

[m] o o o
OJ_ . I . I . I . ]
29 300 305 310 315 320
T (K

Figure 2. Plot of the interaction parameted) and its entropicys, (¢) and
enthalpic,xy, () contritutions forAA70 hydrogel.
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TABLE 4. Partial Molar Free Energies (AGl) Enthalpies
(AH 1) and Entropies (ASl) of Dissolution as a Function of
Temperature for the AA90 and AA60 Hydrogels

T AGIAA90 AGIAAGO AHIAA90 AHy 60 ASIAA90 ASIAA60
(°C) J/mol Jimol J/mol J/mol J/mol-K J/mol-K
25 4.246 193.6 24 .48 142.0 0.068 -0.173
30 2.288 194.0 17.13 145.3 0.049 -0.161
37 1.341 197.0 12.70 151.6 0.037 -0.147
45 1.215 184.1 12.46 151.8 0.035 -0.101

and allavs lager swellings. Both the enthalpic and entropic coutigns
become more ua¥ourable (which causes the increasé) as the fidrogels
become more ydrophobic.The swelling process becomes more endothermic.
i.e.,AH; increasingly positie, as the content of MMA increases, because of the
reduction of molecular interactions among the carboxyl groups atet VvAS,
decreases as the content of MMA in thalitogels increases andemtually
becomes mgative, as a result of the decreasing interactions atewand the
hydrogel, which leads to an increasing ordering atew molecules.

It is notevorthy that increasing theykrophobic character of theydiro-
gel has a layer efect on the partial thermodynamic properties of dissolution
than temperature (cfables 4 and 5). Hence, thednophobic lydration and the
hydrophobic interactions in theytirogel preail over temperature fdcts on
hydrogen-bonding interactions among thatev molecules and theydirophilic
groups. Morewer, the increase iAS, with temperature implies that bouncitsr
in the tydrogel tends to disarray

TABLE 5. Partial Molar Free Energies (AG ), Enthalpies
(AHl) and Entropies (ASl) of Dissolution at 37°C for the

AA/MMA Hydrogels
SAMPLE AGy AH, AS;.10-2
J/mol J/mol J/mol-K
AA100 1.2 15.6 4.6
AA90 1.3 12.7 3.7
AA80 16.2 42.5 8.5
AAT0 113.3 88.9 =179
AA60 197.0 151.6 - 147
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In contrast to btyl acrylate (B\)/N-vinyl-2-pyrrolidone (VP) lydrogels,
where the swelling process isathermic AH; = - 1600 J/mol) andS, = - 9.3
J/imolK at 342 K [13], the alues of these thermodynamic quantities for the
hydrogels &amined here are much smaller and the swelling process is endother
mic, particularly at high contents of MMAAH,; andAS, of theAA100 are com
parable, although opposite in sign, to those of thardphilic poly(N-viryl-
2-pyrrolidone) tydrogels AH; = - 0.92 J/mol andS, = - 0.044 J/mol-K at 342
K) [17].

Freezing and Non-FeezingWater Content

When water is constrained in nanoscopic structures and porous media
such as liquid crystals and glagi¢efs, at least three dérent types of water
have been detected [21-23)lk-like water which has similar properties tolk
water interfacial water which is weakly bound andleibits a melting transition
between 268 and 271 K, and boundtey which is strongly bound and whose
melting transition can not be detected at temperaturesvassie100C. Leeet
al. [24] and Kimet al.[25] have also proposed thaistence of at least three dis
tinct forms of vater in PHEMA lydrogels. Neertheless, only freezingater
(free water) and non freezingater (bound \ater) are commonly reported by
DSC [13, 17].The ptysicochemical properties of gdirogel depend not only on
molecular structure, gel structuregdee of crosslinking andater content, it
also on the relate concentrations of free and boundter [26].

Figure 3 shws a typical thermogram of theydirogels studied. Upon
heating, the onset of the melting transition atev is detected at temperatures as
low as -20C and it appears to be the superposition af pgaks. In cooling
scans, supercooling ofater shifts the crystallization transition to temperatures
belov -20 and dwn to -40C. Again, the crystallization transition ofater
appears to be the superposition ob tpeaks. Bulk ater usually supercools to
temperatures around -15 to 20 However, interfacial water can supercool to
temperatures aswoas -50C [23]. Evidently DSC thermograms veal the
presence of at least tvtypes of vater bulk-like and intercial water However,
we were unable to split thesedweaks by DSCven by decreasing the heating
and cooling rates toalues as hv as 1°C/min.Ahmadet al. [27], on the other
hand, obserd two well resohed water crystallization peaks inytirogels of
poly(MMA-co-VP) only when the cooling rateas 2.3C/min or lover.

The estimatedalues ofW; andW,; are reported iffable 6 as a function
of hydrogel composition. Here, one can see that the content of e w
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Figure 3. DSC thermogram for a ydrogel sample.

decreases as the MMA content in tlyelfogels increases whereas the content of
bound vater follovs the opposite trend. Notice also that the ratio of bound to
total water (W;/W) increases as the swelling of thadlogels decreases because
the number of ater molecules surrounding thednophobic units (drophobic
hydration efect) should increase with increasing concentration of MMA units in
the tydrogel (Bble 6). Similar behdor was reported by Higuchi and Ligima
[28] and Dais et al [17] Notice also that theydrogels become more and more
rigid as the content of freeater decreases (Cfables 2 and 6).

The ratioW/W versus temperature for all tA/MMA hydrogels
studied is shon in Figure 4. Rgardless of compositioW/ /W decreases with

TABLE 6. Percentage of Total, Free and Bound Water
Normalized with Respect to Weight of Hydrogel in the
AA/MMA Hydrogels at 37°C.

SAMPLE W (%) Wt (%) Whf (%) Wat/We
AA100 86.7 74.44 12.26 0.142
AA90 85.8 73.55 12.22 0.143
AA80 717 58.46 13.24 0.184
AA70 55.3 39.63 15.67 0.284
AAB0 48.0 30.12 17.88 0.373
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Figure 4. Ratio,W,/W, of nonfreezing to total ater as a function of temperature
for theAA/MMA h ydrogels.

increasing temperature for all thgdnogels. This is because the total number of
water molecules forming cage-ikstructures around theydrophobic MMA
units, diminishes with increasing temperature, promoting thgdrophobic
interactions [29]With AA100, on the other handly /W decrease more rapidly

because ydrogen bonding interactions also decreases with increasing tempera

ture.

CONCLUSION

The mechanical and thermodynamic propertieAAMMA h ydrogels
were &amined as a function of compositidile found that the swelling capac
ity of the tydrogels and the elasticity increase as thgreke of lydrophilicity
increases, i.e., in the ord®@A60 to AA100. The increase in swelling capacity
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with temperature isaster with the more ylrophilic AA100 hydrogel. From
measurements of swelling capacity and mechanical properties as function of
temperature, the thermodynamic properties were estimatexswelling process

is unfvourable and more endothermic as thegrde of lydrophobicity
increases. In all case&(; > 0 andAH, > 0. The partial molar entrgpof dis
solution reflects the increasing ordering aiter as the dgee of lydrophobie

ity increasesThis is also reflected in the increase of the ratio of non-freezing
water to total water (W;/W;) as the amount of MMA in theyldrogels increases.
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