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ESTIMATION OF SOLUBILITY PARAMETERS OF 
POLY(METHYL METHACRYLATE) AND DERIVATIVES BY 

INVERSE GAS CHROMATOGRAPHY 

Ismet RAYA 
Department of Chemistry.K.M.SUtcU Imam University.K.Maras.Turkey 

EyUp UZDEMIR 
Department of Chemistry, Firat University, Elazig. Turkey 

SUMMARY 

Flory - Huggins polymer-solute interaction (Xi21 parameters 
have been determined by inverse gas chromatography (i.g.c.) at 
453-463 K for alkanes, alcoho1,acetates. ketones and 0 - Xylene in 
PMMA. PEMA, PIBYA and Pt-BMA to estimate the polymer solubility 
parameters ( S 2 )  Partial molar free energies of mixing (AG?) and 
weight fraction activity coefficients of solute probes at infinite 
dilution (n;") were calculated at temperature range 453-463 I(. 

Keywords : solubility parameters, inverse gas chromatography, 

INTRODUCTION 

The solubility parameter concept has been used extensively in 
practical applications o f  polymers. Dipaola-Baranyi and Guilletl 
have recently shown that inverse gas chromatography. using a 
polymer as the stationary phase. can be a simple and convenient 
method for estimating solubility parameters for polymers. The 
method is based on the principle that the Flory-Huggins(X) 
parameter can be readily determined from retention data on various 
small molecule probes and that x can be related to solubility 
parameters by Hildebrand-Scathard theory2 combined with Flory 
theory'. I n  the usual experiment. X i s  determined under conditions 
approximating infinite dilution of the probe in ths polymer and 
hence the vaiue o f  $ 2  i s  more correctly designated 6 2 .  since i t  is 
also an infinite dilution quantity. For reasons outlined 
previonsly t h i s  quantity may have more fundamental significance 
than the value of s z  measured at finite solute concentrations by 
classical methods such as swelling or solubility measurements4. 

The method has been succesfully applied to estimate 
consistent s? values for polystyrene at 193'C. poly(methy1 
acrylate) at IOO°C. poly(viny1 acetate) at 135°C and poly (p- 
chlorostyrene) using a variety of  standard hydrocarbon solutes o f  
different si values 5 - 7 .  

DATA REDUCTION 

The prohe specific retention volumes Vp" corrected t o  O'C 
were calculated from the standard chromatographic relation.* 
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370 KAYA AND OZDEMIR 

( 1 )  Ve"= atFJx273.2/W T(K) 

Where at=tptm i\ the differmce hetween the retention times of 
the probe tp and marker tnl. F is the flow rate of the carrier gas 
T is the column temperature. w is the mass of the polymeric stati- 
onary phase and J i s  a correctic,ii factor f o r  gas compressibility. 
defiiied by the following relation: 

b 3 / 2  I (Pi /Po) L-I/(Pi / P o )  ] 3-1  (2)  

When, Pi and Po are the inlet and outlet pressures. respectively. 
The polymer-snlute interaction parameters Xiz at infinite 

dilulion of different solutes used in this study are defined by 
the 1'01 losing equation: 

Xi z=ln(273.2RJz/Vg0 Pi"  V i I-I-Pi" /RT(Bi I - V I )  (3) 

When. R has the usual meanim as the gas constant. 32 I S  the 
specific volume of polymer (ml gr-1) Vt 15 the molar volume of the 
solute. Pi" IS the  vapour pressure and B i i  1 %  t he  srrond xirial 
roeflicient of the so lu te  in the gaseous state. \ I ,  P i  and A I I  
were calculated at the colunr! temperature. 

equa'ion as fnl Inn<' 
The vapour I-ressure PI pras 1-alculated from the Antonir 

lop Fi"=A-B/(t+C) (1) 

Wheria t i s  the temperature (in"C) and the cnnstants A . H  and C.9 
Secoixl virial coefficients B i t .  were computed using the to1 lowing 
equation: 1 0 

H i  I /Vc=O. 430-0.886 (Tc/T)-O h94(Tc/T) W . f l 3 7 5 i n - I  ) ( T r / T )  4 (5) 

Where Vl and Tc are the critlcal molar volume and the critical 
temperature of the solute, respectively and n i s  the number of 
carbn atoms in the solute. The molar volumes nf the solutes V I .  
were calculated using:9 

For 0.2iTri0.8 

Vr~~~=0.33S93-0.339~3Tr+l.Sl9~lTr2-2.O~Sl~Tr~+l.ll422Tr~ (6) 

For 0 .8< Tr < I . O  

\rtOl=l.O+l.?(Tr) lop(l-Tr)-0.~0879(1-Tr~-0.9lS341l-Tr)~ (71 

For 0.2 < T r <  1.0 

=O. 29607-0.09015Tr-O.O4b42Tr* ( h )  

VI/VR=Vr 10 1 (Tr) [ I-wP(Tr) l / L ' r l o l  (TrR) [ I-wP(TrR) 1 (91 

Where V r l o '  andp are functions of reduced tmperature. and W is 
the acentric factor. Tr i s  reducrd temperature ant i  V R = \ l / d .  M a n d  d 
a r c  the molecular weight of the solute and drrr5ity and TrR 1 7  

redlced reference temperature. 
height fraction activity roefl icient of  thc soluttx prohe a t  

infinite dilution (n i*)  1 7  calriilated arcordinp to t h c  C o l l o n ~ n g  
equition: 1 0  

fi?=273. 2R/Vg0  Pi"Mi exp[-P1" ( R I  i-Vl)/RT] ( I  0 )  

Hhrre P a 0 . \ ' i  and B I I  were def~ned i n  equation(?) and M i  1 5  the 
mol*rular weight o f  the probe. 
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ESTIMATION OF SOLUBILITY PARAMETERS 37 I 

The partial molar free energy o f  mixing at infinite dilution 
is calcu!ated from the aright fraction activity c o * f l i e i r ~ ~ , t  of thr 
solute as follows: 

AG?=RTI n ( 1 1 )  

Solubility Parameter Theory: Solubility Parameters ( '$1) were 
calculated for the various solutes (probes) troni the relation 

'Sl=[(o~i~-~~r)/vI1~ ( 1 2 )  

Where H i s  the universal gas  ronstant and V I  is the qnlute molar 
volume corresponding to trmprrature. ' T ( h )  and AHv i s  the m l ! i i ~ -  

enthalpy of vaporization for the solute at trmpcrature T. l h r  
molar  enthalpy AHv i s  calculated acrt~rding to the  t'oli,-m 

H'hercAllvb i s  the molar enthalpy o f  vaporization at t h e  hr, 
temperature, Tbr=Tb/Tc. Thr, Tb and Tc is redurrd h o  
temperature, boiling temperature and critical temperature, 
respectively, and X is temperature function, and the constants q 
and P are a l s o  taken from C.R. Reid et al. cornpilation.9 

EXPERIMENTAL 
Mat eri a I s 

Eleven polar and non-polar probes were used in this study. 
Octane. nonane. decane, undecane and dodecane were suppl  ird from 
Aldrich chemical Co.and methanol, acetone, ethyl methyl ketone, u- 
xyiene, methyl acetate and ethyl acetate srre supplird from Mrrck 
Chemical Co. a s  chromatographic grade. Poly(methy1 methacrylate), 
Poly ( e t h y l  methacrylate), Poly (isobuthyl methacrylate) a n d  T'rrI?. 
(t-huthyl methacrylate) were supplied hy Aldrich Chemical Co. in 
powder from. PMMA i s  (Mw=120.000) and its density d : 1 . 1 9 0  
(reflective index noZO:(I ,4893). Mnlrcular ncizth of PFV4 K a s  
estimated from intrinsic viscosity Q) = ( ! . 3 6  d l  p r - '  in ? - t  
at room tcmperature,(it< dt,nsity d=l.llfl arid ri3t'rertivr 
nDl0:I .4hS0) to be 215 .000  usin& puhlishrr! [ ~ ! i i n a i  and < ; n n i i i r I \  
constants "(a=0.79, h - 2 . 8 3 . 1 0 - 3  mlpr-1 ) .  1 ) r n K i t y  and rrrirctivr 
index of  P I H M A  i q  d : I  , 0 9 0 .  nolo=l , 4 7 7 0  rrspcctivciy. T)ensity a n d  
reflective indrx.of t't-bMA is d:l.n!2. r g  
Chromosorh W(45-60  mrzh) was Trippl  ied from 

Instrumentation a n d  procedurr 

A Shimad7.u GC-14A model gas chromatography equipped with a 
dual flame ionization dedrctrrr. F I D  way u ~ r d  i n  the aiiaIysi\. 
Dried nitrngen gas n a s  used a s  a rarripr gas .  \! i . tnnnc r<a5 u s r d  
a nnnintrractinF marker ? o  corrrct for dead  v o l u n i + ,  1 1 .  t h r  c o l i i m n .  
T h e  net retention time waz d e t r r m i n e d  from t h c  p o s i t i ? n s  8 1 1  ti,,: 
prak maxima for mrthanr and for t h e  protk i n o l r ~ c r i , r .  a! ~ . ; i ( . I i  

trmperature. Pressures at inlet -it outlet ot  the coI i !mn .  r:nd l r ~ i : ~  
a mrrcury manometer(niir Hg) wrrc u s r d  to c i , r i i p i ! . r  c o r r r r t c d  
retent inn volumes hy the u s u a l  proccdures. F l n w  ratc was me:~siir<,il 
from Lhe end of :tie c o l u m n  with a s o a p  hutiblr flow Ii irIcr.  A f l o w  
rate of about 20 ml min-1 was measured a t  room temperature. 

Thr spiral glass columns were washed with mrthanol and R'rri' 
annealed prior to usr.The polymers wrrr first r:issolvrd in ,? 

suitable solvent and dcposited onto an i r i c r t  chromatograpn,. 
support by slow evaporation of the solvent with &entlc stirrin? 
and hratin?. Aftrr varuum drying for c a .  ' 2  h. n i t 1 1  ?li?lit 
heating the chromatojiraphir support was p o c k r d  ~ : : h  t h o  a14 a 
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372 KAYA AND OZDEMIR 

Ta>le I .  Stationary phase and column description 
~~ 

Column Solvent Polymer Mass o f  Polymer Mass rrf Co 1 umn 
Load 1 ng (%.  W / W )  ( 9 )  Suyport(g) len&th(cm) - 

PMVA Benzene 9 . 5 5  0 . 5 3 6 0 0  6 .  IS731 210  

PI344 K , N  Dimethyl 
aretamide 10.00 n .  hoooo 6.6nnnn 210 

FT!iMA io.on 0 . 5 8 5 9 5  5. h 5 9 4 8  210 

rt .RMA 7 . 4 3  0 . 4 3 1 0 8  3 .  so ins 210 

Tattle 2.Thrrmodynamic parameters of some probes a t  the tempt,raturr 
range 353-4638 

V i ( c m j  mol-1) AH\.( k . c a l  mnl-1) s IkaL&+ P i "  

l ' r ( ,  trr < /T (K) 4 5 3  4 6 3  453  4 6 3  4 5 3  4 6 7  4 5 3  4 6 3 

Mri hnriol  
Act tone 
F. M. K. 
Me1 .Acet. 
E:t Acet. 
0-vylene 
n-(lctane 
n-? onane 
n-llecane 
n-l ndec. 
n-lodec. 
- -~ 

6 0 . 5 3  
1 1 1 . 6 4  
1 3 5 . 9 3  

1 4 8 . 0 4  
1 8 3 . 3 9  
2 4 5 . 5 4  
2 6 9 . 2 1  
2 9 3 . 2 5  
3 1 6 . 7 7  
3 4 1 . 3 8  

1 2 0 . 4 0  

6 1 . 7 6  
1 1 3 . 9 2  
1 3 8 . 7 2  

1 5 1 . 1 7  
1 8 7 . 3 0  
2 5 0 . 5 3  
2 7 4 . 9 0  
29 '3 .61 
3 2 3 . 3 9  
3 4 8 . 4 2  

1 2 2 . 9 8  

5 . 3 9  
4 . 3 0  
5 . 3 6  
4 . 4 2  
5 . 2 6  
8 . 1 7  
6 . 9 4  
6 . 1 2  
9 . 2 4  

1 0 . 3 4  
1 1 . 4 5  

5 . 0 0  
3 . 9 6  
5 .08  
4 . 0 6  
4 . 9 4  
7 . 9 7  
6 . 6 7  
7 . 8 1  
8 . Y Y  

10 .08  
1 1 . 1 8  

8 . 6 1  
5 . 5 2  
5 . 7 3  
5 . 4 0  
5 . 4 3  
6 . 2 9  
4 . 9 6  
5 . 1 8  
5 . 3 3  
5 . 4 6  
5 . 5 (  

8 . 1 2  9 . 9 3  
5 . 1 7  9 . 6 0  
5 . 4 8  9 . 0 3  
5 . 0 6  9 . 5 7  
5 . 1 5  9 . 1 0  
6 . 1 4  7 . 4 9  
4 . 7 9  7 . 9 3  
5 . 0 1  7 . 3 4  
5.1') t.?8 
5 . 3 2  5 . 6 8  
5 . 4 3  6 . 2 2  

10.10 
9 . 7 7  
9 . 2 1  
9 . 7 3  
9 . 2 8  
I .  70 
8 . 1 3  
7 . 5 6  
7 . 0 2  
5 . 9 6  
f , .  46  

~ 

m c c l i a n i c a l  vibrator into 3 . 2  oim I . D .  spiral glass CnIurnns. 
C o l \ i m n s  parameters are dpscrihed in Tahle I .  The prepared roliimns 
was ronditionrd at X O - C  and f a x t  carrier E R F :  f 1 r . w  rate for 2 4  h 
priinr tl-i u < r .  Thr probes were injected onto the c o l u m n  with 1 ~ 1 1  
tiani i t o n  ? y r i c s e \ .  ' ! ' h r r c  consccritive injections (0.3 ; i I )  werr 
mad<- f o r  rach prnhe at each set nf mtasurernrnts. The reientinn 
timl s o f  t h r  prnh?? were mrasiirctl hy usin: chromatnpar CR 6 4 ,  
Shimadzu. Methane was synthesized in the laboratory t;y the 
rear t i o n  o f  c t r d ~ u m  z c r t a t p  with sodius h y d r o x i d e .  

I<KS[1l'!'S 3:ld D I  SCl iSS!O~ 

Reigth fraction activity coefficient (a?) and the F l o r y -  
Ilii.ceins paramrter polymrr-solute interaction parameters ( X I ? ) ,  
5oIt.hi I i ty paramete r s  and molar v o l u m ~ z  V l  of  probes and partial 
m o l a r  f r e e  rncrgy o f  mixing. AGP" were determined for alkanrs. 
a c r t a t r s .  ketonrs, alcohol and o-xylen? in P M M .  YECIA. PIRMA and 
I't-l\!.4 hy measuring the retention v o l u m e s  over the tcmperaturc 
ranze 453-463K and the results arc given in Tah1t.s 3 .  and Tahle 4 .  

A third approach i s  t o  comhine the Flory treatment with 
llildehrand -Scatchard theory to p i v e  the follneing relationship 
!or t h e  intcrart ion parameter. X 5 . 1 2  

%.= (vi/RT)(Si-Sz (15) 
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Table 5. Nature of Selected Solvents 

I 1 Polymer Good Moderate Bad 

1 Ethyl acetates 

c .m 

PMMR 
ns 

.w /"" 
/ 

4 x 
I 

.? 
I- 

d"! 

1 

d 
.7 

2 
*2 

* 
I 

- 

a07 - 
0.06 - 
O M .  

0.M- 

00s - 

0.02-- . . . . , , . . , 
4 6 6 7  

&(sal.s,-f; 

Figure 1.Estimation of solubility parameters ( & a )  of PMHA, PEMA. 
IIBMA and Pt-BMA from solubility parameters of the probes ( 8 1 )  
a n d  Flory-€hggins interaction parameters 'YIZ at 453R 

I'qiation ( 1 5 )  ('an h? rrRritt(,rI a s  

( 81 Z/HT-%/V 1 ) = (  2 S L / R T )  & I  - $1 ' / R T  (16,) 

lherefore a p l o t  of [ (  SI~/RT)-(%/VI)] vs. $ 1  o f  probe  should 
y i e l d  a straight line with a slope of 2sz /TiT and an intercrpt of  
- ( s : z ) / R T ?  P o l y m e r  soliihility parametrrs s h o u l d  he  ubtaineci f r n l n  
e q .  16 far PMMA. PEMA, PIBMA and Pt-I3M.I at thr tcmpcrnturv ranEa 
353 - 4 6 3 K .  T h r  values o f  s e 1 e c t t . d  p r n h r s  have  hrcn :.ivcn in l ' a h l c  
2 .  1 1 i ) ' m c r - s i > l u t e  interactions a r e  given in T a h ! c  S.ac?urding t n  
r r s i ' l t s  in Table 3 .  and 4 .  
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Tah l  e 6 .  Es t ima t ed s o  I u h i  1 i t y parame t c r s  of F ' M M 4 ,  P F M  I l'IRW.4, and  P t  -3 ih :A-  
a t  thr t?mp"rature 453-463K 

S 2  from r q . 1 6  S2 f r o m  e q .  1 7  

r a  I . f rom r a  1 . f rom ral.frnn1 ra1.fror 
T(K) s l o p e  interrpt.slope intercpt.   lope i n t r r c p t  .slope i n t c r r p l  

PWA 453  0 . 0 1 5 2  -0.ns22 6 . 8 4  6 . 8 5  9 . 0 0 ~ 9  - ! x . ~ 7 6 - 1  4 . 5 1  5 . 3 8  
463  0 . 0 1 4 6  -0.046 '  6 .72  6 . 6 9  8 . 4 4 1 1  - ? 6 ,  l c l f m  4 . 2 4  5 . 1  I 

PIRMA 453  0 . 0 1 2 7  -0.0102 5 . 7 2  6 . 0 2  7 . 3 4 9 4  -2O.Ui123 3 . 6 7  4 . 5 7  
463  0 .0119  -0 .0355 5 . 4 7  5 . 7 5  6 .6414  -17 .8705  3 . 3 2  4 . 2 2  

PtRMA 453  0 . 0 1 3 4  -0.0462 6 . 0 3  6 . 4 5  8 . 0 9 5 8  -26.3947 4 . 0 4  5 . 1 4  
463  0 .0129 -0 .0425  5 . 9 3  6 . 2 5  7.5811 -23 .3195  3 . 7 9  4 . 8 3  

Figure 2.Estimation of solibility parameters ( S z )  of PMMA,PEMA,PIBMA 
and Pt-BMA from solubility parameters of the probes ( $ 1 )  and free 
energies of m i x i n g G P  at 4 5 %  
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The €allowing rules have been formulated by G~i1let.l~ 

(aiQD)< 5 good solvents 
5<(qa)<10 moderate solvents 
(fiim)>10 bad solvents 

The results are illustrated in Figure 1.An excellent linear 
corr?lation is found (11 data points each for polymers at the 
temp3rature range 453-463K in PMMA, PEMA,PIBMA and Pt-BMA).Slopes 
and .ntercepts were obtained from a linear least-squares analysis. 
DeriJed values of 6 2  for the polymers are listed in Table 6. 

be e3timated by using the following relation : 
On the other hand, solubility parameters of polymers,Sz can 

~ I ~ - ( A G L ~ / V I ) =  ( Z s z ) ~ ~ - s z ~  ( 1 7 )  

Results are graphically illustrated in Figure 2 .  These plots 
show extra scatter of experimental points, especially for the heat 
of m.xing data (Figure 2 ) .  Results of a least-squares analysis of 
such plots are also summerized in Table 5 .  

eval'iated from the slope and intercept of Figure I a <  6 . 8 4 ,  6 . 8 s ;  
5.67 5.99; 5.72, 6.02; 6.03, 6.45; (cal cm-3)x at 453K.respectively. 
The eported experimental values for FMMA. PEMA, PIRHA, Pt-BMA 9.3, 
8.95 8 . 6 5 ,  8.65 a t  298 K ,  respectively 1 4 .  For a polymer o n e  expects 
the .ariation ofsz to be smaller than forS1, because of  the relativcl!, 
smal coefficient of thermal expension of  the polymer. 

The soluhility parameter of PMMA, PEMA, PIBMA and Pt-RMA were 
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