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ABSTRACT

Different experimental results are presented for the use of inverse gas chromatography in the determination of the physico-chemical
properties of pure polymers, polymer solutions and polymer blends. Using poly(hydroxy ether of bisphenol-A) (Phenoxy), its solutions
and its blends with other polymers, thermal transitions, polymer solubility parameters, polymer—solvent and polymer—polymer interac-
tion parameters and diffusion coeflicients of small molecules in pure Phenoxy have been measured by inverse gas chromatography.

INTRODUCTION

Gas chromatography (GC) is based on the distri-
bution of a compound between two phases. In gas—
solid chromatography (GSC) the phases are gas and
solid. The injected compound is carried by the gas
through a column filled with solid phase, and
partitioning occurs via the sorption—desorption of
the compound (probe) as it travels past the solid.
Separation of two or more components injected
simultaneously occurs as a result of differing affini-
ties for the stationary phase. In gas-liquid chroma-
tography (GLC), the stationary phase is a liquid
coated on a solid support.

In inverse GC [1], the species of interest is the
stationary phase, which usually consist of a
polymer-coated support of finely ground polymer
mixed with an inert support. This is in contrast to
conventional analytical GC, where the stationary
phase is of interest only as far as its ability to
separate the injected compounds is concerned. Also,
in inverse GC, usually only one pure compound
(standard solvent or probe) at a time is injected.

The knowledge of the retention volume due to the
dissolution of a substance makes it possible to
calculate relevant thermodynamic characteristics of
the solution process, namely the partition coeffi-
cient, the activity coefficient and the change in the
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excess partial molar thermodynamic functions of the
soiute in the given stationary phase [2-7].

This technique has also been used in determining
other polymer properties such as glass transition
temperatures, as reported by Smidred and Guillet
[8,9], melting temperatures [10] and the degree of
crystallinity of the polymer [11,12]. On the other
hand, GLC has received general recognition as an
effective and simple technique for the rapid mea-
surement of polymer-solubility parameters [13,14]
(by applying the Hildebrand—Scatchard theory) and
polymer—solvent interactions in molten homopoly-
mers [15,16]. Further, Galin and Maslinko [17] have
showed that inverse GC can be used for studying
polymer—solvent pairs which can be considered as
model compounds of polymer—polymer systems.
From this type of measurement, predictions about
polymer—polymer miscibility can be made.

The study of the interactions between a homo-
polymer and a volatile probe by means of inverse
GC was extended to the investigation of polymer
blends. The miscibility of blends such as poly(vinyl
chloride) (PVC)—polycaprolactone (PCL) [18], poly-
styrene (PS)-poly(vinyl methyl ether) (PVME) [19~
21], PS-polydimethylsiloxane (PDMS) [22], PS-
poly(butyl methacrylate) (PBMA) [23] and poly-
(methyl acrylate) (PMA)-poly(epichlorohydrin)
(PECH) [24] has been studied by analysing the
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interaction between the volatile probe (1) and each
of the two non-volatile components (2 and 3), and
then with a mixture of components 2 and 3. In
general, the classical Flory-Huggins theory [25] can
be used to interpret the results and to determine the
polymer—polymer interaction parameter 35, which
is a measure of the thermodynamic miscibility of the
two polymers.

On the other hand, some workers [26] have deter-
mined the temperature of the phase separation of
mixed systems by observing their corresponding
chromatographic retention diagrams.

Finally, the shapes of eluted peaks in GC on
polymeric substrates are governed by several fac-
tors, one of the most important being the slow
diffusion in the polymer phase. By a suitable choice
of conditions, the simple Van Deemter equation [27]
enables diffusion coefficients to be calculated from
the variation of the chromatographic peak width
with carrier gas flow-rate [28].

The objective of this paper is to present different
experimental results concerning the use of inverse
GC in the determination of the above-mentioned
physico-chemical magnitudes using poly(hydroxy
ether of bisphenol-A) (Phenoxy; PH), poly(vinyl-
methyl ether) (PVME), poly(ethylene oxide) (PEO)
and their blends, PYME-PH and PEO-PH.

TABLE I

A. ETXEBERRIA et al.
EXPERIMENTAL

Apparatus and procedures

The columns were prepared in the usual manner
[29]. The pure polymers and the polymer blends were
coated from a solvent solution on to the packing
support. After drying in a vacuum oven for ca. 48 h
at 323 K, the coated support was packed into a Ys-in.
O.D. stainless-steel column by applying vacuum to
the end. Glass-wool was used to block the ends of
the columns. The relative concentration of the
polymer in the blends was assumed to be identical
with that in the original solution prior to the
deposition on the inert support. A description of the
columns is given in Table 1.

Measurements were made on a modified Perkin-
Elmer (Norwalk, CT, USA) Sigma 300 gas chroma-
tograph equipped with a flame ionization detector.
Nitrogen was used as the carrier gas. Methane was
used as a non-interacting marker to correct the dead
volume in the column and the retention time was
measured directly with the aid of an Olivetti M-24
microcomputer, equipped with a CHROM + card
and appropriate software. A minimum of four
measurements were taken for every molecular probe
and for each temperature in all columns. Pressures at
the inlet and outlet of the column, read from a

DESCRIPTION OF THE GAS CHROMATOGRAPHIC COLUMNS

Column Length  Packing Mass of packing  Polymer Mass of coating
No. (m) support in column (g) coating in column (g)
1 0.1 80-100-mesh 4.4071 PVME 0.4415
Chromosorb W
AW DMCS
2 0.1 80-100-mesh 4.9757 PEO 0.4966
Chromosorb W
AW DMCS
3 0.1 80-100-mesh 4.9978 Phenoxy 0.5028
Chromosorb W resin
AW DMCS
4 0.1 80-100-mesh 49196 Phenoxy-PVME  0.4941
Chromosorb W (60:40)
AW DMCS
5 0.1 80-100-mesh 49919 Phenoxy-PEO 0.4926
Chromosorb W (50:50)
AW DMCS
6 0.1 60-80-mesh 34.1981 Phenoxy 0.3549

glass beads

resin




INVERSE GC IN THE CHARACTERIZATION OF POLYMERIC MATERIALS 229

mercury manometer, were used to calculate cor-
rected retention volumes by the usual procedures.
Flow-rates were measured at the end of the column
with a soap bubble flow meter.

Columns were conditioned at temperatures above
the glass transition temperature (7T,) for ca. 48 h
prior to use, while nitrogen was flushed through the
column in order to achieve equilibrium. The oven
temperature was measured within +0.1 K over the
whole temperature range. The molecular probes,
including a small amount of methane marker
(<0.01 pl in total), were injected manually with a
10-ul Hamilton syringe.

Materials

Phenoxy was obtained from Quimidroga (Barce-
lona, Spain) and corresponds to the PK HH product
of Union Carbide. The commercial sample, after
being purified by dissolution in dioxane and precipi-
tation in methanol, had an average molecular mass,
measured by gel permeation chromatography
(GPC) (Waters 150-C ALC/GPC system, Waters—
Millipore, Milford, MA, USA) in tetrahydrofuran
(THF) at 303 K of M, = 18 000 (M,,/M, = 2.8)[30]
(where M, is the average number-average molecular
mass and M,, is the average mass-average molecular
mass).

Poly(vinyl methyl ether) (PVME) (T, = 245 K)
was obtained from Polysciences (catalogue no.
3032) and purified in a benzene—isooctane mixture.
Its molecular mass, measured by GPC in THF at
303 K, was M, = 29 000 (M, /M, = 2.1) [31].

Polyethylene oxide (PEO) was obtained from
Union Carbide and corresponds to the WSR-35
product. It was purified in a benzene-n-heptane
mixture and its molecular mass was M, = 365 000,
measured by viscometry in benzene [32].

All the solutes (probes) were of chromatographic
or analytical-reagent grade and were used without
further purification.

Computations
Specific retention volumes were calculated using
F 273.16 3 (Pi/P,)*—1
Vi=Ar-—- o 1
e=A T vy —1 W
where At = t, — t, is the difference between the
retention times of the probe and the marker, Fis the
flow-rate of the carrier gas at room temperature (77),

wy, is the mass of the stationary phase (weight of the
coated polymer in the column) and P; and P, are the
inlet and outlet pressures, respectively.

RESULTS AND DISCUSSION

The graph of the logarithm of retention volume
versus reciprocal of the temperature (retention dia-
gram) is a straight line when the polymer is in a fixed
state (solid, liquid), the slope being related to the
solution enthalpy in GLC or to the adsorption
process in GSC:

dlnVy, AH
o) R

@

where AH is the enthalpy of the process and R is the
gas constant. As a result of a phase transition, the
original polymeric stationary phase changes into a
different state which must have, in general, different
physico-chemical properties. This change is re-
flected in the retention diagram.

Smidred and Guillet [9] were the first to use the
inverse GC technique to investigate the glass transi-
tion in a polymeric material [poly-(N-isopropyl-
acrylamide)]. The retention diagram, which would
normally give a straight line, gave curves with a
minimum, and this was interpreted as being due to a
glass transition which was confirmed by using
differential scanning calorimetry. Lavie and Guillet
[33] extended this study to the glass transitions of
other polymers such as poly(methyl methacrylate)
(PMMA), PS and PVC.

The shape of the diagram was explained by
postulating that at temperatures below T, the probe
interacts only with the surface because the rate of
diffusion of the probe through the polymer is too,
slow to permit significant bulk interaction. Several
degrees above T, the retention volume is a measure
of the interaction of the probe with the bulk
polymer. Close to 7, both factors contribute to
retention. As the temperature rises, the increasing
penetrability outweights the effects of increasing
vapour pressure, so that retention volumes increase
with increasing temperature in this region. This is
the intermediate region where diffusion of probe
molecules into the polymer matrix is too slow to
permit complete equilibrium to be reached within
the chromatographic time scale.

The retention diagram of the Phenoxy resin with
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Fig. 1. (a) Retention diagram of Phenoxy resin with n-decane in
the temperature range 353-433 K including the glass transition
temperature (7). (b) Retention diagram of PEO with benzene in
the temperature range 313413 K including the melting tempera-
ture (77,).

n-decane (Fig. 1a) shows a deviation of the straight
line due to the glass transition. When the polymer
begin to flow, that is, in the glass transition, the
retention volume of the probe increases until a
maximum when the whole stationary phase has
changed its state. Then, as temperature increases,
the probe volatility increases and the retention
volume is smaller.

A similar phenomenon occurs in the phase trans-
formation of semicrystalline polymers. Fig. 1b
shows the retention diagram of PEO with benzene in
a temperature range including the melting tempera-
ture (T,). In this case, below T, the crystalline
regions are impenetrable and the retention volume is
due to the amorphous portion of the polymer. Then
the polymer melts and one observes the characteris-
tic maximum, after which the whole polymer mass
takes part in the dissolution of the sample molecules.

An important contribution to the development of
inverse GC for the study of phase transitions in
polymeric materials was made by Guillet and co-
workers [9,12]. They proposed a method for deter-
mining the crystallinity of polymers from retention
diagrams.

The determination of crystallinity of polymeric
stationary phases is based on the different solubili-
ties of the probe in the crystalline and amorphous
regions. In fact, as it is assumed that in the range
below T, the crystalline regions do not participate in

A. ETXEBERRIA et al.

the retention of the molecules of the probe, it is
possible to estimate the degree of crystallinity of the
sample. Indeed, the extrapolation of the line above
T, into the temperature range below the melting
point makes it possible to estimate the retention
volume that would correspond to the hypothetical
amorphous state of the entire polymer in this
temperature range. If we do this on the PEO
retention diagram, we can calculate the percentage
of crystallinity (PC) by means of the equation

Vb
PC = 100(1 - V%) (3)

g

where V;and V7 are the extrapolated and measured
values of the unit retention volume at a given
temperature, respectively (see Fig. 1).

Fig. 2 shows the average crystallinity of PEO
at different temperatures from data for different
probes. A crystalline fraction value of 0.85 for PEO
below T, is in accord with values quoted by
Bergman [34] (0.8 and 0.9 for PEO samples of
molecular masses 8000 and 300 000, respectively)
derived from NMR and X-ray methods.

As is well known, a knowledge of the retention
volume due to the dissolution of a substance makes
it possible to calculate important thermodynamic
characteristics of the solution process, namely the
partition coefficient, the activity coefficient and
excess partial molar thermodynamic functions of the
solute in the given stationary phase.

Partial molar activity coefficients at infinite dilu-
tion can be calculated using

. [273.16R
In{a,/w,)* = IH(W> — PY(Bii— V1)/RT (4)
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Fig. 2. Evolution of PEO crystallinity with temperature from IGC
data.
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The application of GC in studying the thermo-
dynamics of the interaction of volatile substances
with a polymer phase was specially considered by
Smidred and Guillet [9]. They used excess thermo-
dynamic functions of mixing at temperatures above
the flow-point of the polymer:

AG? = RT In (a,/w))® 5
e _ p. 0 In (a/wy)*

AHP = R - —— 20— i) (6)
—ow _ (4HY — AGY)

ASP =t N

where AG?, AHY and ASY are the solvent partial
molar free energy, enthalpy and entropy of mixing,
respectively, at infinite dilution (see Table II).
From the pioneering work of Freeman and Row-
linson [35], it has been recognized that polymer
solutions can exhibit two critical temperatures, the
upper critical solution temperature (UCST) and
lower critical solution temperature (LCST). The
critical conditions can be elucidated by means of the
well known Flory-Huggins interaction parameter,
¥, whose physical meaning has been conveniently
redefined by modern polymer solution theories. In
these new theories, the interaction parameter y can
be understood as an excess partial molar free energy
parameter which exhibits a parabolic dependence on

TABLE II

EXCESS THERMODYNAMIC FUNCTIONS OF MIXING
OF THE PHENOXY RESIN WITH VARIOUS PROBES AT
393K

Solvent AGy (J/mol)  ASY (J/mol - K)
Acetonitrile 7 689.76 —18.251
1,2-Dichloroethane 4998.11 —17.235
Benzene 6 751.87 —3.458
n-Butanone 6 436.84 —11.313
Chlorobenzene 5479.36 —6.151
n-Decane 12 842.41 16.007
DEGDEE* 3 755.11 —25.273
Dioxane 3 973.55 —10.903
Dimethylformamide 2 628.68 —29.891
Ethyl acetate 6 430.77 —18.017
n-Propanol 7 967.40 —13.252
n-Tetradecane 13 531.55 5.393
Toluene 5479.36 —1.612

“ DEGDEE = Diethyleneglycol diethyl ether.

the temperature. The two critical temperatures
correspond to the points where y reaches the yc.
value. Between these two points, y passes through a
minimum which gives the maximum of polymer
solubility in the solvent.

Inverse GC provides valuable information of the
dependence of y on temperature. Starting with the
specific retention volume Vg, calculable [25,36]
from the retention time of a solvent in a column
packed with the polymer, it is possible [25,36] to
calculate the interaction parameter y as

% =1n (273.16Rv, ,/POVIV,) — 1 —
[(Biy — V1)/RTIP?  (8)

where V' is the molar volume of the solvent and v, »
the specific volume of the polymer.

As we have mentioned before, the inverse GC
literature recommends that the inverse GC measure-
ments of thermodynamic properties should be made
at a temperature at least 50°C higher than 7,, or a
temperature higher than T, if the polymer is semi-
crystalline. This precaution allows us to avoid
problems related to slow attainment of the equilibri-
um in the column, and to render possible the proper
comparison of experimental results. In the case of
PVME, it exhibits a T, below room temperature,
and therefore retention diagrams were obtained in
the temperature range 363—423 K. Linear variations
of In V2 vs. 1/T were observed within the tempera-
ture range.

Fig. 3 summarizes the y—T behaviour of different
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Fig. 3. Interaction parameter vs. temperature for the PVME with
various probes: B = n-decane; € = n-propanol; [] = n-tetra-
decane; < = acetonitrile; A = n-butanone.
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PVME-solvent pairs studied by inverse GC in the
range 363-423 K. The curves can be interpreted in
all instances as parts of the general parabolic
behavior mentioned before. It is important to realize
that in inverse GC systems we are in a range of
concentrations of @ypvent — 0, in precisely the oppo-
site range to that in which the critical conditions are
satisfied. However, two important aspects can be
inferred from these diagrams.

First, the value of the y parameter: high values
such as those of n-decane correspond to very poor
solvents for PVME. In contrast, low values, as for
n-butanone, reflect the good solubility capacities of
such solvents for the polymer. The second important
aspect is the y—7 behavior. Solvents for which y
decreases with increasing 7" correspond to systems
leaving the UCS temperature, as with n-tetradecane
in the range 363-423 K. n-Propanol seems to be at
the minimum of its parabolic dependence, showing
its maximum solubility in this range. Other solvents,
such as n-butanone, leave the maximum of solubility
towards their LCST.

The high y values for n-propanol can be explained
by the existence of hydrogen bonds in the pure
liquid. In the case of acetonitrile its value has been
ascribed to the difference in dipolar interactions
between pure and diluted acetonitrile.

Of course, this analysis is restriced by the y value
and by the fact that we are in the other extreme of
the critical conditions. However, qualitative conclu-
sions similar to those explained above can give a first
insight into the quality of different solvents for
PVME.

For practical purposes, the so-called solubility
parameter has been used as a tool for characterizing
polymer solubility in organic liquid, such as those
used in coatings. DiPaola-Baranyi and Guillet [13]
have shown that inverse GC can be a simple and
convenient method for calculating solubility param-
eters for polymeric stationary phases. The method is
based on the fact that the Flory—Huggins y param-
eter can be related to solubility parameters by means
of a combination of the Hildebrand—Scatchard and
Flory theories [25] as follows:

x = (Vi/RTY6, — 52)2 )]

where 4, is the solubility parameter of the probe and
d, is that of the polymer.

A. ETXEBERRIA et al.

TABLE III

SOLUBILITY PARAMETERS OF PHENOXY RESIN AT
SEVERAL TEMPERATURES

2 [(m*)1? - 10°] T (K)
37.56 373
37.01 383
36.26 393
35.25 403
34.75 413

Following the method developed by DiPaola-
Baranyi and Guillet [13], eqn. 9 can be rewritten as

(03/RT — y/V1) = (20,/RT)3; — 63/RT (10)

Therefore, a plot of (63/RT — yx/V,) vs. 6, of the
probes will give a straight line with a slope of 26,/RT
and an intercept of —d2%/RT. Slopes and intercepts
were obtained from a linear least-squares analysis.
Derived values of d, for the Phenoxy resin at several
temperatures are listed in Table III.

From the extrapolation to 298 K of the data in
Table III, we obtain a &, value of 21.10 - 1073
(J/m3)}2, This extrapolatad value is in good agree-
ment with the value derived from a method recently
proposed by Coleman ef al. [37], 6, = 20.93 - 1073
(J /m3)1/2‘

Galin and Maslinko [17] showed that inverse GC
can be used for predicting polymer—polymer misci-
bility. They demonstrated that the specific retention
volume, V,f , and its related magnitude, the partial
molar enthalpy of mixing at infinite dilution (AH{°),
can be used for predicting polymer l-polymer 2
miscibility [17,30], using systems where the solvent is
a model compound for polymer 2.

The average value of AH{ for each solvent can
be determined by least-squares analysis of the
In (a;/wy)® vs. 1/T plots. Table IV summarizes
experimental AH{® values for the different solvents
investigated. It illustrates the capacity of this type of
analysis. AH{° becomes negative in solvents such as
ethers and esters, reflecting, in a qualitative way, the
preference of the Phenoxy resin for this type of
interaction. A similar analysis has been carried out
by Galin and Maslinko [17] with poly(vinylidene
fluoride) (PVDF).

This qualitative analysis can be extended to any
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TABLE IV

POLARIZABILITY, P, DIPOLE MOMENT, u, AND HY-
DROGEN BOND ACCEPTING POWER, $, OF PURE SOL-
VENTS AND PARTIAL MOLAR HEATS OF MIXING,
4AHP, OF THE VARIOUS SOLUTE-PHENOXY SYSTEMS

Solvent (AHD)oy P-10°° 4 B
(Jjmol)  (m?) D)
Chlorobenzene 3.14 12.34 .71  0.07
Acetonitrile 0.79 4.44 394 0
1,2-Dichloroethane 2.22 8.34 140 0
n-Propanol 3.52 6.90 3.09 095
Benzene 5.48 10.40 0 0.10
n-Decane 19.34 19.1 0 0
Toluene 4.90 12.34 0.37  0.11
Dioxane —0.54 8.56 042 037
Dimethylformamide —9.04 7.85 386 0.69
DEGDEE* —6.11 13.8 1.97  0.55
Tetradecane 15.951 26.0 0 0
Ethyl acetate —1.30 8.83 1.78 0.45
n-Butanone 2.26 8.24 270 048

¢ See Table II.

kind of solvent. Experimental values of AH{" can be
correlated with probe polarizabilities P, dipole mo-
ments p and Taft’s f empirical parameter, which
measures the probe hydrogen bond accepting power
through the general equation

AHP (kJ/mol) = aP + by + dB (11)

Data for P, p and B for the different solvents
employed are also given in Table IV [17,38-40].

Fig. 4 shows 4H{ experimental values compared
with calculated values for the different Phenoxy—
solvent systems, according to the best fit:

AH? (kJ/mol) = 0.145P (m? - 1073%) —
0.25 4 (D) — 1.638  (12)

The data summarized in Fig. 4 may be character-
ized as a random scatter. The correlation coefficient
is worse than that obtained by Galin and Maslinko
[17] in a similar analysis of PVDF. Whether or not
the correlation is_correct obviouly depends on the
accuracy of the AH{ measurements and on the
reliability of the literature data for f. In spite of these
shortcomings at the experimental level, this correla-
tion has allowed the PVF, miscibility with a variety

6
4-
u
2_
3| .
8 ~ O .-l
== i . -
< -2t
A
-4 1 N fl 1 . 1
-4 -2 0 2 4 6
(AHI)exp.

Fig. 4. Experimental vs. calculated AH° values for the various
Phenoxy—probe mixtures according to the multiparametric cor-
relation (eqn. 12).

of polyesters to be rationalized and, as may be seen
later, it can be used, in a qualitative way, to illustrate
the miscibility of Phenoxy with other different
polymers. For instance, in the case of N-methyl-
pyrrolidone [model solvent of poly(N-vinylpyrroli-
done)], P=10.56 - 1073° m3 u=4.09 D and
B =0.72 [31], (AHP)ca = —2.763 kI/mol, in good
agreement with the well established miscibility of
Phenoxy with poly(N-vinylpyrrolidone). In a similar
way (4H:)eq = —1.172 kJ/mol for the system
Phenoxy-tetramethylene sulphone. Given the nega-
tive values of Phenoxy with ethers and sulphones,
the reported miscibility of our resin with a poly(ether
sulphone) [40] is not surprising.

The study of the thermodynamics of interaction
between a homopolymer and a volatile probe [41] by
GLC has been extended to the investigation of
ternary systems containing a probe and blends of
two polymer components [15].

If the stationary phase is the polymer blend, we
can relate the chromatographic data with the inter-
action parameter between polymers, if the weight
fractions of the each homopolymer in the column
and the homopolymer—solvent interaction param-
eter of each component of the blend are known.

Starting with the classical Flory—Huggins expres-
sion applied to three-component systems, a method
of analysis of inverse GC measurements on polymer
blends may be proposed which gives us the potymer—
polymer interaction coefficient. In inverse GC, this
interaction coefficient is expressed as

ro_ X23 _ X23V1
23 X2 Vs,

(13)
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where x, is the number of segments in the polymer
molecule, ¥; is the molar volume of the solvent
injected into the column, V7, is the molar volume of
polymer 2 and y,3 and y53 refer to the interaction
between polymer 2 and polymer 3.

Deshpande et al. [42] proposed a relationship to
obtain such an interaction parameter if we previous-
ly know the binary polymer—solvent interaction
parameter of each polymer:

X12 X13 X23 _
[(71) 2+ <—V_1) ¢3— <72) ¢2¢3] V,=

273.16R(W2V5p 2+ W3Vgp 3) V1
I ’ (1D, -
“[ POV, 7, )9

V. pP?
(l — 73)‘]»”3 - E(Bn —-Vy (14

where ¢, is the volume fraction of component i and 2
and 3 are the homopolymers.

However, it is easily derivable [24] that the
interaction parameter y53 can be calculated without
auxiliary parameters (P, B;;, etc.) by means of

%
r Sblend
x23 = In <——’— -
W2vsp,2 + W3vsp,3

|:¢2 In <vVg22) —¢3ln <vVg33)j| (22)"" (15)

Table V summarizes the binary interaction
parameter for several probes and the polymer—
polymer interaction parameters for the system
PEO-Phenoxy obtained from eqn. 15.

As noted in other chromatographic investigations
on polymer—polymer miscibility [31], probe to probe
variations are observed. This probe dependence can
be explained if we take into account the thermo-
dynamic aspects of a ternary system. y;, and y;3
should be obtained in its own ternary system instead
of being calculated in the homopolymer—probe
binary system. Therefore, the measured y5; param-
eter is an apparent parameter which takes into
account the real polymer—polymer interaction and
other ternary effect not reflected in y;, and 5.

Galin and Maslinko [43] recently studied the
dependence of the PVDF-poly(ethyl methacrylate)
(PEMA) interaction parameter on the probe. They
observed that a preferential solubility of the probe
with respect to one of the components of the blend
leads to an artificial increase in the 55 interaction

A. ETXEBERRIA ez al.

TABLE V

POLYMER-SOLVENT BINARY INTERACTION PARAM-
ETERS AND POLYMER-POLYMER INTERACTION
PARAMETERS FOR THE SYSTEM PEO-PHENOXY RES-
IN AND DIFFERENT PROBES OBTAINED FROM EQN. 15
AT 413 K

Solvent 112 Y13 X23

Toluene 0.652 0.276 0.147
Benzene 0.601 0.124 0.093
Chlorobenzene 0.505 0.045 0.303
1,2-Dichloroethane 0.466 —0.148 0.108
n-Decane 2.101 1.676 0.079
n-Tetradecane 2.435 2.128 0.330
DEGDEE* -0.074 0.086 —0.266
Dioxane 0.015 0.127 —0.289
n-Butanone 0.463 0.391 —0.314
Ethyl acetate 0.579 0363 —0272
n-Propanol 0.925 0.458 0.009
Acetonitrile 0.830 0.407 —0.035
Dimethylformamide —-0.335 0.304 —0.176

@ See Table II.

parameter. Similar results have been obtained for
PS-PVME with chlorinated probes [19] and for
PVC-PCL with chloroform [18].

The use of a poor solvent of both polymers, such
as n-decane and n-tetradecane, which give high
values for y,, and y;3, induces the appearance of
diffusion phenomena which yield bad results.

Fig. 5 shows that x5, interaction parameter at
393 Kisanincreasing function of | Ay | =|x12 — X131,
but there is no theoretical argument to explain this

|Axl

Fig. 5. Variation of y,, interaction parameter with |dy| =
|12 — x13] at 293 K for the PVME-Phenoxy resin system.
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dependence. Galin and co-workers [43] observed a
similar dependence. Qualitatively, the variation of
123 With | 4| is not surprising. In fact, the preferen-
tial interaction of the probe with one of the compo-
nents of the blend leads to a decrease in y; 3 in
relation with its ideal randomly interaction value.
Then there is an artificial increase in y53.

Prolongo et al. [44] proposed a method for
calculating the real polymer—polymer interaction
parameter from measurements performed on ter-
nary systems composed of the polymer pairs plus a
probe. They obtained an equation, simplified for the
IGC data:

s
(X23)app. = (X23)erue - L
53

(53 —s) V¥
(282 + Yas3) VE

where V¥ is the characteristic molar volume, ; the
segment fraction and s; the number of contact sites
per segment of component .

This equation explains why the interaction param-
eters determined by IGC are dependent on the
probe: they depend on the difference in solvent
quality of the probe with regard to the two polymers
in the blend, y,, — y13, and on the number of
contact sites per segment of the solvent s;.

In order to obtain the (x,3)wue value, we rewrite
this eqn. 16 as

+ (t12 — x13) (16)

(X23)app4 —_ (X23)true
Vs V¥ss

(X12 — %13) . (53 — 52)
Vs (Y252 + Yr3s53)

The plot of (23)app./ V551 versus Ay/V ¥s; should be
linear with an intercept (x23)irue/ ¥ ¥53. Such a type of
plot is shown in Fig. 6. The s, values needed were
calculated according to Bondi [45]. Then the (%23 )erue
for the PVME-Phenoxy system at 393 K is —0.15.

Phase separation processes can be observed for
homopolymer blends using inverse GC. From the
chromatographic point of view, the location of the
phase separation temperatures can be studied by
means of the molecular probe retention volumes in
the blend compared with the mean values of the
retention volumes of the same molecular probes in
the homopolymers. Several workers [23,46-48] have
shown that the retention volumes of inmiscible

+

(17)
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Fig. 6. Representation of (¥23)app./VFs1 vs. Ay/V}Es, for the
PVME-Phenoxy resin system with several probes at 393 K.

blends are a linear combination of the retention
volumes of each component:

Ve = Vaaws + Vasws (18)

Miscible polymer blends have a retention volume
lower than the arithmetic average volume of the
homopolymers at the corresponding composition
because the probe must compete with one of the
components for the sites of possible interaction with
the other, thus giving a shorter time or volume of
elution. In contrast, retention volumes of a phase-
separated blend are equal to the linear combination
of the retention volumes of the pure constituents.

Retention diagrams of a PVME-Phenoxy blend
(40:60) with several molecular probes were deter-
mined in the temperature range 384-480 K far from
the glass transition temperature of the blend [31]. In
all instances, as can be seen in Fig. 7 for n-tetra-

Invg°

I [l 1

N
20 2,1 22 273
UT(K).10 *

24 25 26 27

Fig. 7. Retention diagram of PVME-Phenoxy blend (40:60) with
n-tetradecane in the temperature range 384-480 K including the
phase separation temperature.
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decane, the diagram showed a deviation from strict
linearity between 425 and 445 K. This change in the
slope may be identified with the location of the phase
separation in the column, and has been confirmed by
thermo-optical analysis.

The shapes of eluted peaks in GC on polymeric
substrates may have a significant effect on the
validity of the data derived from peak retention
measurements, and in addition may be related to the
thermodynamics and kinetics of the polymer—probe
interaction.

One of the most important factors that govern
peak shape is slow diffusion in the polymer phase.
The method for determining the approximate values
of diffusion constants was first reported by Gray
and Guillet [28] and utilizes the peak broadening of a
probe molecule injected on to a GLC column
containing a polymeric stationary phase. Recently,
the technique has been extended to coated capillary
columns [49].

Van Deemter et al. [27] related peak broadening
to column properties through the equation

H=A4+ Blu+ Cu (19)
where H is the plate height, u is the linear velocity of
the carrier gas and 4, B and C are constants
independent of u. 4 and B are related to instrument
performance and gas-phase spreading and Cis given
by

C= (8/n2)(d2/D1)l: 20

k
(1 +k)?
where dis the thickness of the stationary phase, D, is
the diffusion coefficient of the solute in the station-
ary phase and k is the partition ratio.

From the resulting plot, the slope C of the linear
portion obtained at high velocity (B/u — 0) is deter-
mined and D, is calculated through eqn. 20, d and &
being known.

The average thickness of the stationary phase d
was found from the known volume of polymer on
the column and the geometric surface area of the
beads, which were assumed to be spherical. If this
sample bead is coated with a weight w of polymer
having a density p,

d = (w/p)/3 V/r) (21)

where r is an average radius and V is the volume of
the sample bead.

A. ETXEBERRIA et al.

The plate height H was determined from the
eluted peaks:

H = (I/5.59)(w112/1:)? (22)

where /is the column length, w, ; is the width of the
peak at half-height and ¢, is the retention time from
the injection to the peak maximum.

The flow-rate was measured at the column outlet
in the usual manner. The measured volume flow-
rate, F, was converted into linear velocity in the
column, u, by the relationship

u = (JFla)(T./Ty) (23)

where T, and T; are column and flow meter tempera-
tures, a is the volume of gas per unit length of
column and j is the James—Martin correction factor
of gas compressibility.

The results of a series of experiments to measure
the amount of peak spreading as a function of
flow-rate for the Phenoxy resin with n-octadecane, a
non-polar solvent, are shown in Fig. 8.

At higher flow-rates, H increases linearly with u
and C can be determined from the slope. The
resulting value of D; calculated from the Van
Deemter equation is 2.20 - 107° m? s™! at 418 K.

The GC measurement of diffusion rates appears
to complement the usual sorption and permeation
methods, as can be seen in the data obtained by Gray
and Guillet [28] for benzene in low-density poly-
ethylene with a resulting value of D; of 0.82 -
10~* m? s~! compared with the value of 1.2 -
10~* m?2 s ! obtained by McCall and Slichter [50]
using both desorption and time lag measurements.

PENDUNEE I S | A A

0 2 4 6 8 10

2

u (m/s).10
Fig. 8. Representation of the plate height H determined from the
Van Deemter equation vs. the linear flow-rate u for a column of
Phenoxy on glass beads at 418 K with n-octadecane.
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However, use of the simple Van Deemter equation
to interpret the GC data may only be valid for
relatively non-polar penetrants and polymers at
temperatures well above the glass transition temper-
ature of the polymer.
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