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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typese
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

RSE GAS C H R O M A T O G R A P H Y ( I G Q is a useful technique for 
characterizing synthetic and biological polymers, copolymers, polymer 
blends, glass and carbon fibers, coal, and solid foods. 

The technique involves creating within a column a stationary phase 
of the solid material of interest. The stationary phase may be a thin 
polymeric coating on an
polymeric coating on the column wall. A volatile probe of known 
characteristics is passed through the column via an inert mobile phase 
and the output is monitored. The residence time of the probe and the 
shape of the chromatogram indicate the characteristics of the stationary 
phase and its interaction with the probe. Thus, IGC is a variation of 
conventional gas chromatography. 

IGC can be used to determine various properties of the stationary 
phase, such as the transition temperatures, polymer-polymer interaction 
parameters, acid-base characteristics, solubility parameters, crystallinity, 
surface tension, and surface area. IGC can also be used to determine 
properties of the vapor—solid system, such as adsorption properties, heat 
of adsorption, interaction parameters, interfacial energy, and diffusion 
coefficients. The advantages of IGC are simplicity and speed of data 
collection, accuracy and precision of the data, relatively low capital 
investment, and dependability and low operating cost of the equipment. 

Increased interest in IGC has resulted in a dramatic increase in the 
number of papers on the subject. In the decade following the first 
mention of IGC in 1967, approximately 30 papers were published about 
IGC. In the ensuing decade, more than 300 IGC papers were published. 
This book, the first to focus exclusively on IGC, contains 19 of the 20 
papers presented at the Symposium on Polymer Characterization by 
IGC. Three chapters were added to broaden the scope of this volume. 

Following an overview of this volume, the first section, which consists 
of three chapters, focuses on methodology and instrumentation. The 
next three sections consider characterization of vapor-polymer systems 
(4 chapters), polymer—polymer systems (4 chapters), and surfaces and 
interfaces (6 chapters). The final two sections cover analytical 
applications (2 chapters) and the application of IGC in coal 
characterization and food science (1 chapter each). 

xi 
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Chapter 1 

Overview of Inverse Gas Chromatography 

Henry P. Schreiber1 and Douglas R. Lloyd2 

1Department of Chemical Engineering, Ecole Polytechnique, P.O. Box 6079, 
Station A, Montréal,

2Department of Chemical Engineering, Center for Polymer Research, 
University of Texas, Austin, TX 78712 

Inverse gas chromatography (IGC) is an extension of conventional gas chromatography 
(GC) in which a non-volatile material to be investigated is immobilized within a GC 
column. This stationary phase is then characterized by monitoring the passage of volatile 
probe molecules of known properties as they are carried through the column via an inert 
gas. The invention of IGC in 1967 (1) and the subsequent development of IGC theory and 
methodology, beginning in 1976 (2) and continuing today, are the consequence of the 
increasing interest in materials science. While IGC was initially used only in the study of 
synthetic polymers, today, as evidenced in this book, IGC is used to study synthetic and 
biological polymers, copolymers, polymer blends, glass and carbon fibers, coal, and solid 
foods. 

Laub (3) estimates that in the decade prior to 1977, IGC related publications con
tributed only approximately 3% of the total of some 1400 devoted to the overall subject of 
gas chromatography. In an update, soon to be published (3), Laub notes that in the decade 
prior to 1987, the total number of GC papers has remained about the same, but IGC now 
accounts for some 300 of these, or nearly 30% of the total. These statistics alone suggest 
the desirability of symposia in which the most recent advances in theoretical and practical 
aspects of the IGC methodology are represented. 

Reasons for IGC's higher profile in the technical literature include convenience and 
economics of operation. The basic tools for IGC are inexpensive, rugged, widely available, 
and as well suited for routine laboratory applications, as they are for demanding fun
damental research. IGC data may be coUected quite rapidly over extended temperature 
ranges. A variety of probes may be used in the mobile phase to elucidate the characteris
tics of the stationary phase, characteristics that otherwise are only obtained at far greater 
expenditure of time and money. 

Perhaps a more important motivator for the increasing use of IGC is the method's 
flexibility and potential for generating data useful in the broad domain of polymer physical 
chemistry. Key to this consideration is the relationship between thermodynamics and the 
fundamental datum of IGC, the specific retention volume, V g . The relationship has been 
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2 INVERSE GAS CHROMATOGRAPHY 

discussed in detail elsewhere (4-8). In the present volume, Guillet and co-workers (9) 
demonstrate that the link between V g and enthalpies of interaction and between the IGC 
datum and %, the Flory-Huggins interaction parameter for polymer/probe pairs (10), is 
intrinsicaUy valuable. Once again, IGC is a convenient route to information that is other
wise difficult to obtain and frequently unattainable. In all conventional experiments 
capable of measuring the interaction thermodynamics of polymers, such as swelling 
resulting from solvent uptake, neutron scattering, and changes in colligative properties, the 
polymer phase is highly diluted. In contrast, IGC measures interaction quantities at high 
polymer concentrations, thereby adding a considerable measure of practical relevance to 
IGC as a tool for materials science. Since a wide temperature range often is accessible, the 
important question of temperature dependence for % can be resolved, at least in principle, 
without recourse to hypothesis or approximation. 

The most vital element in the growth pattern of IGC is found in the breadth of applica
tions. Aside from providing thermodynamic information  the IGC technique remains an 
excellent source for determinin
and for estimating dispersive an
Given this spectrum of applications and the continued growth of materials science, it is 
reasonable to conclude that IGC methodology will continue to play an important role in 
furthering an understanding of materials behavior, and in helping to design multicom-
ponent systems that meet desired targets of performance and durability. 

Methodology and Instrumentation 

IGC lends itself to automation and to computerized data processing, thereby enhancing the 
attractiveness of IGC as a laboratory technique. Guttlet and co-workers report here on the 
automation of IGC temperature scanning, a measure certain to prove useful for routine 
determinations of retention data over broad temperature ranges (9). The application of 
algorithms to stimulate IGC behavior patterns by computational methods, as addressed 
here by Hattam, Du, and Munk (11), suggests that mathematical modeling of retention 
characteristics may develop along lines already well established in polymer processing. 
Consequently, for given combinations of stationary and volatile phases, adsorption, 
absorption, and diffusion patterns may be predicted and interpreted in terms of evolving 
concepts of component interaction. 

A further significant trend in IGC technology is the variety of forms in which the 
stationary phase may be prepared. Elsewhere in this volume, Bolvari, Ward, Koning, and 
Sheehy (12) describe in detail two common methods for creating polymeric stationary 
phases. The most common methodology consists of depositing a thin polymeric coating on 
small, inert spheres and packing the column with the coated spheres. The second method, 
described in detail by Bolvari et al. (12), consists of depositing a thin polymeric coating on 
the inside wall of the column. Purportedly, the sensitivity and reliability of IGC can be 
improved by using the capillary chromatography approach. Matsuura and co-workers 
(13) use a simpler approach to creating a polymeric stationary phase; they use a finely 
divided and sieved polymer powder. This approach is similar to that used to study glass 
and carbon fiber stationary phases. Again, Bolvari et al. (12) describe in detail the 
methodology for creating a stationary phase of short fiber fragments as well as long, 
continuous fiber lengths. 
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1. SCHREIBER & LLOYD Overview of Inverse Gas Chromatography 3 

Sorption and Diffusion in Polymers 

Sorption and diffusion in polymers are of fundamental and practical concern. However, 
data acquisition by conventional methods is difficult and time consuming. Again, IGC 
represents an attractive alternative. Shiyao and co-workers, concerned with pervaporation 
processes, use IGC to study adsorption phenomena of single gases and binary mixtures of 
organic vapors on ceUulosic and polyethersulfone membrane materials (13). Their work 
also notes certain limitations to IGC, which currently restrict its breadth of application. 
Notable is the upper limit to gas inlet pressure, currently in the vicinity of 100 kPa. 
Raising this limit would be beneficial to the pertinent use of IGC as an indicator of 
membrane-vapor interactions under conditions realistic for membrane separation 
processes. 

Demertzis and Kontominas investigate the diffusion of water in polyvinylidene chloride 
polymers and copolymers, a subject f t importanc  i  th f packagin  film
(14). They note that most of th
static methods requiring extensiv  analysis  Althoug
concentrations of the diffusing molecules, the speed and convenience of obtaining diffu
sion coefficients and thermodynamic parameters relating to the sorption process are 
noteworthy features. FinaUy, Amould and Laurence report on measurements of diffusion 
coefficients in polymethyl methacrylate of small species including methanol, acetone, 
alkyl acetates, and various aromatic hydrocarbons (15). The flexibility of IGC is 
demonstrated again by the breadth of the temperature range used in this work. The 
capillary IGC experiments lead to interpretations of the relationship between the size of 
the diffusing molecule and the diffusion coefficients, and provide a convenient data base 
for advancing diffusion theory for polymeric membranes. 

Interaction characteristics in polymer-related areas frequently make use of solubility 
parameters (16). While the usefulness of solubility parameters is undeniable, there exists 
the limitation that they need to be estimated either by calculation or from indirect ex
perimental measurements. The thermodynamic basis of IGC serves a most useful purpose 
in this respect by making possible a direct experimental determination of the solubility 
parameter and its dependence on temperature and composition variables. Price (17) uses 
IGC for the measurement of accurate % values for macromolecule/vapor pairs, which are 
then used for the evaluation of solubility parameters for a series of non-volatile hydrocar
bons, alkyl phthalates, and pyrrolidones. It may be argued that IGC is the only unequiv
ocal, experimental route to polymer solubility parameters, and that its application in this 
regard may further enhance the practical value of that parameter. GuiUet (9) also notes the 
value of IGC in this regard. 

Polymer Blend Characterization 

The suitability of IGC as a route to interaction thermodynamics using non-volatile station
ary phases and selected probe molecules at high dilution has been noted above. Much 
valuable information on the miscibility of solvent-polymer systems, derived from IGC 
measurements, continues to be published in the literature. However, equaUy important is 
information on the state of interaction among the non-volatile components of complex 
rx>lymer-containing systems. Such information is an invaluable guide to the formulation of 
polymer blends and fiber- and particulate-reinforced polymer compounds, and would 
appear to have at least equal relevance to the properties of high performance, non-
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4 INVERSE GAS CHROMATOGRAPHY 

polymeric composite materials. Other important and rapidly-growing areas of science, 
such as bioengineering, also would be weU served by a convenient experimental method 
for the thermodynamic characterization of relevant materials. 

In theory, IGC is weU suited for the study of mixed polymer systems (18-22) and must 
be considered along with traditional methods for measuring polymer-polymer interactions 
(23), such as melting point depression (24), heat of mixing (25-27), cloud point (28-30), 
light scattering (31), osmotic pressure (32), and interdiffusion via forward recoil 
spectrometry (33-35). By using IGC, polymer mixtures may be studied over the entire 
composition range and at all accessible temperatures. However, in practice it is found that 
the interaction parameter for a pair of stationary phase components, generaUy written X23* 
is not uniquely defined for a given polymer composition and temperature. Rather, it varies 
with the selection of probe, thereby creating a dilemma that is yet to be resolved fully. 
ConceptuaUy, such variations should not be entirely surprising. IGC tests the interaction 
thermodynamics at polymer/polymer contacts by injecting a small amount of sensing or 
probe molecules. Unless the
components of the stationary phase
contacts should be expected. Indeed, it might be argued that the thermodynamic system is 
changed by each incidence of non-random partitioning. The measured value of % 2 3 would 
then be valid for each specific system as defined by the polymer mixture and the probe. 
However, it should not be regarded as an unequivocal measure of the thermodynamic state 
pertaining to the polymers alone. 

The importance of applying IGC to the interaction thermodynamics of polymers is well 
Ulustrated by the content of the present volume. While a general solution to the probe 
dependence problem may not yet be available, what may be called interim approaches are 
foUowed by diPaola-Baranyi (36) and by Klotz and co-workers (37). Here, the probe-to-
probe variations of x 2 3 in the system polystyrene/poly(2,6-dimethyl-l,4-phenylene oxide), 
(PS/PMMPO) are acknowledged. Both authors found the variations to be non-systematic, 
therefore justifying a simple averaging procedure. Significant differences are found in the 
interaction numbers reported by these authors, the averaging process notwithstanding. The 
miscibility question is also investigated for other polymer blends by diPaola-Baranyi, 
again relying on an averaging procedure for the calculation of interaction parameters. 

Munk and co-workers have been concerned with the above-stated problem for some 
time (38, 39). In this volume (40), their attention is focused on miscible blends of 
polycaprolactone and polyepichlorohydrin. These authors demonstrate that to a con
siderable degree the probe variation problem can be mitigated by scrupulous attention to 
experimental details in the IGC methodology. This concern for details is required at any 
rate, if the high data reproducibility needed for meaningful studies of interaction in 
miscible polymer blends is to be attained. These details center on modified methods for 
coating polymers onto solid supports, on improved methods for measuring carrier gas flow 
rates, and on enhanced, computer-based data analyses of elution traces. Also, corrections 
are made for contributions to retention times from uncoated support material. More than 
twenty volatile probes are used by Munk, and the probe-to-probe variations in x23, while 
not entirely absent, are much less apparent than they would be under standard experimen
tal protocols. 

Since relatively slight variations in interaction parameter values can cause significant 
shifts in the degree of component miscibility, the demand for high accuracy in IGC 
measurements is paramount. Su and Fried (41) have applied the modifications first 
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1. SCHREIBER & LLOYD Overview of Inverse Gas Chromatography 5 

suggested by Munk (38, 39) to their work on blends using polystyrene, poly(4-
methylstyrene), and PMMPO. They found evidence for thermal degradation in PMMPO 
when columns of this polymer were exposed repeatedly to temperatures in the span 200 to 
280°C. Therefore, they identify another potential source of difficulty to be heeded if the 
true potential of the IGC route to interaction thermodynamics in polymer mixtures is to be 
realized. 

Clearly, the use of IGC to generate formal thermodynamic information brings into play, 
first, the method's great convenience and flexibility, and second, the limitations imposed 
by the cited volatile-phase dependencies. It is likely that a full resolution of the problem 
hinges on a more rigorous definition of the thermodynamic terms that pertain to binary 
polymer systems. According to Sanchez (42), when compositional dependencies are 
encountered, then a full description of polymer mixture thermodynamics requires the 
definition of four different % parameters. One % is associated with the free energy, two are 
related to the first concentratio  derivativ f th  fre d th  fourth  i  related t
the second concentration derivative
involves using appropriate equation-of-stat y  Henry'
constants for the process of gases sorbing on polymer solids. Sanchez (42) derives such 
constants and suggests that when applied to IGC, their use will produce bare interaction 
parameters, independent of mobile phase composition. Developments along these, or 
related lines, will provide further impetus to the important task of clarifying the ther
modynamic criteria of interaction in multicomponent polymer systems, and to the impor
tant part to be played in that task by IGC. 

Surface and Interface Characterization 

Because of the current emphasis on high performance reinforced polymer composites, 
much attention is being placed on fiber-reinforced polymer matrices as subjects of study. 
This attests to the great importance of the interface and interphase in determining the 
properties of such systems, and on the relatively sparse information currently available on 
the subject. The concept of acid/base interactions across the fiber-polymer interface is 
noted particularly. The relevance of acid/base theories to the behavior of polymers at 
surfaces and at interfaces has been studied by Fowkes (43), among others, using laborious 
calorimetric measurements of interaction enthalpies (43). Once again, data acquisition via 
IGC appears to be sufficiently rapid and accurate to have generated appreciable advances. 
A good illustration of IGC's pertinence to the matter is documented by Schultz and 
LavieUe, who use dispersion force probes along with volatiles known to act as Lewis acids 
or bases, to evaluate the dispersive and non-dispersive force contributions to the surface 
energies of variously surface-treated carbon fibers (44). They use the Gutmann theory (45) 
to obtain acceptor and donor numbers for their substrates, as weU as for an epoxy matrix. 
The adhesion of the fiber-matrix interface depends clearly on the measured strength of 
acid/base interactions. 

Carbon fiber reinforced composites are at the forefront of current developments in 
polymer composites, and there is additional evidence for the important role being played 
by IGC in characterizing the interface in such systems. The Gutmann theory is used by 
Bolvari and Ward, who report acid/base interactions for surface-treated carbon fibers and a 
series of thermoplastic polymer hosts, including polysulfone, polycarbonate, and 
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6 INVERSE GAS CHROMATOGRAPHY 

polyetherimide (46). Once again, strong acid/base coupling is found to be beneficial to the 
strength of the interface. Wesson and Alfred investigate carbon fibers (47) and compare 
the surface properties of graphitized carbon fibers with sized versions and with fibers 
treated in radio-frequency glow discharges (plasmas). In addition to demonstrating the 
effects of surface modification procedures on surface acid/base character, the IGC tech
nique is used to produce adsorption isotherms for the fiber substrates. In this manner, site 
energy distributions are obtained that emphasize differences between the uniform surface 
energetics of the graphitized fiber and the sized or plasma-treated versions. 

Since IGC is able to generate adsorption isotherms and to evaluate acid/base interac
tions for specified adsorbate-adsorbent pairs, it follows that the technique is able to 
develop a detailed picture of surface properties for non-volatile stationary phases. This is 
illustrated, again for carbon fibers, by Vukov and Gray (48). They combine IGC informa
tion at essentially zero coverage of the injected probes with finite concentration data to 
obtain heat of adsorption values ranging from zero to multi-layer coverage. Their 
meticulous study shows the effect
and underscores the convenienc
more difficult to obtain. 

A further illustration of IGC as a source of data for acid/base characterization of 
polymers and of solid constituents of complex polymer systems, is given by Osmont and 
Schreiber (49), who rate the inherent acid/base interaction potentials of glass fiber surfaces 
and of polymers by a comparative index, based on the Drago acid/base concepts (50). The 
interaction index is conveniently measured by IGC and is shown to differentiate clearly 
among untreated and variously silane-modified glass fiber surfaces. Conventional methods 
are used to determine adsorption isotherms for fiber-polymer pairs, and the IGC data are 
used to demonstrate the relationship between acid/base interactions and the quantity of 
polymer retained at fiber surfaces. 

The applicability of IGC to particulates, used as pigmenting or reinforcing solids in 
polymer matrices, has been noted above. In surface coatings, pigment-polymer interaction 
may strongly affect adhesion, mechanical integrity, and durability of protective polymer 
films. The use of IGC on particulate substrates is iUustrated in this volume by Papirer and 
co-workers (51). They characterize the surface properties of high surface area silicas both 
as supplied by manufacturers and as surface modified by grafting to them alkyl, diol, and 
polyethylene glycol moieties. The grafting procedures are shown to lead to important 
changes in donor-acceptor properties and consequently to the suitability of these particu
lates as reinforcing materials for polymer or elastomer matrices. Papirer's work also 
demonstrates the feasibility of relating surface characteristics obtained by IGC with 
independent surface analyses produced by nuclear magnetic resonance and X-ray 
photoelectron spectroscopy. The correlations attest to the validity of IGC techniques as 
surface diagnostic tools. 

Guillet (9) uses IGC to estimate the degree of crystallinity in semicrystaUine polymers 
and to compute the surface area of polymer powders. Linear polyethylene is used as the 
vehicle to demonstrate the former applicatioa In the latter, a requisite is to evaluate the 
partition coefficient for a selected probe/polymer combination (n-decane/PMMA in the 
present instance). Once this is obtained via IGC, simple retention time measurements 
become suitable as routine analytical or control methods to monitor surface areas in 
polymer powders. 
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1. SCHREIBER & LLOYD Overview of Inverse Gas Chromatography 7 

Analytical Applications 

Laub and Tyagi investigate the analytical qualities of GC in general, and IGC specifically 
(52). They demonstrate the value of family retention plots from which the elution behavior 
of homologues or of related compounds in a series of volatile phase components may be 
estimated. In this way, the separability of such compounds via IGC methods is readily 
predicted. Also noted is the economy of sample sizes required for IGC, an invaluable 
consideration when only minute quantities of material are available. 

One variant of IGC is pulsed chromatography, which allows for a monitoring of 
changes brought about in a stationary phase by chemical, environmental responses, and the 
like. Raymer and co-workers use deuterated tracers in pulsed chromatography to study the 
sorption of polar and non-polar probes on various imide-based polymers (53). A specific 
aspect of the study centered on the influence of water on the retention characteristics of 
given polymer/probe pairs. Emphasis is placed on the potential value of the technique in 
determining break-through volume
structures. 

Special Applications 

NeiU and Winans (54) and Gilbert (55) demonstrate the applicability of IGC to systems 
other than synthetic polymers and fibers. These workers have expanded the use of IGC to 
include research involving naturaUy-occurring materials. Using a column packed with a 
mixture of finely divided coal and non-porous glass beads, Neul and Winans (54) utilize 
IGC to follow the chemical and physical changes that occur when coal is heated in inert 
atmospheres. They are able to observe differences in transition temperatures and en
thalpies of sorption for the different coals studied. Gilbert (55) applies a modified frontal 
analysis method to study water sorption kinetics in biological macromolecules. By doing 
so, Gilbert avoids having to apply equilibrium assumptions to these systems, which are 
influenced by entropic as well as enthalpic considerations. 

Conclusion 

This overview outlines some of the important basic concepts implicated in IGC, notes 
some of the strengths and limitations inherent in the technique, and mentions at least the 
more active areas of application for IGC. In a field as fertile and as rapidly changing as 
IGC, comprehensiveness would entail lengthy discussion, and ultimately would fail to 
account for all that is noteworthy. An attempt has been made to stress the breadth of 
possible applications for IGC, and this supports the tenet that the method will continue to 
play an expanding role in the science and technology of polymers and of advanced 
materials in general. It is regrettable that a book of the present size and scope can sample 
only a small fraction of the total output in IGC. One may look forward with confidence to 
the further evolution of a methodology at once subtle yet simple and convenient, at once 
rigorous in its thermodynamic basis and useful for analytic or quality-control objectives. 
The growth rate in IGC, aUuded to at the beginning of this overview, wiU no doubt be 
maintained in the future. If that projection is correct, then future volumes of this kind win 
no doubt foUow. 
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C h a p t e r 2 

Experimental Techniques for Inverse Gas 
Chromatography 

A. E. Bolvari, Thomas Carl Ward1, P. A. Koning2, and D. P. Sheehy3 

Department of Chemistry, Polymer Materials and Interfaces Laboratory, 
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061 

Details for producin
capillary, and f iberf i l led columns in inverse gas 
chromatography experiments are discussed. Also, the 
crucial factors that might lead to instrumental error 
in this technique are evaluated and cautions are 
provided. 

In inverse gas chromatography (IGC), the interactions of gaseous 
probe molecules with a stationary phase contained within a column 
results in a characteristic retention time, t , which can be 

P 
translated into a number of important thermodynamic, kinetic, and 
surface properties. The theory and principles have been well 
developed and reviewed in other sources (1)• However, to obtain 
meaningful data, one must design and perform experiments with an 
awareness of the assumptions and limitations of both the theory and 
the measurements. There are many small numerical corrections and 
tedious technical requirements for success that individually seem 
insignificant; however, when taken as a whole, they can determine 
the success or failure of the research. A careful analysis of each 
of the areas of application, for example, diffusion constants, 
solubili ty parameters, and activity coefficients, reveals that the 
cumulative nature of the IGC inaccuracies makes careful technique 
imperative i f meaningful absolute results are to be obtained. 
Examination of Equations 1,2, and 3 reveal the origin of some of 
the possible errors that may enter the data. These are elaborated 
in the following text. 

The key parameter in the IGC measurements is the specific 
retention volume, V , or the amount of carrier gas required to 
elute a probe from 9 column containing one gram of interacting 
stationary phase material. The exact quantity in terms of 
experimental variables i s : 
1Address correspondence to this author. 
2Current address: Amoco Chemicals Corporation, Naperville, IL 60566 
3Current address: 3M Company, St. Paul, MN 55144 
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273.2 
T 

(t - t ) 
P ° 
W P J c (1) 

where 

and 

J - 1.5[ 

C 1 -

] 

(2) 

(3) 

In these equations, T i s the temperature of the flowmeter, 
which measures the c a r r i e r gas flow rate F; W i s the weight of 
polymer on the column; t
molecule; t i s the retentio
as a i r ; J i s the c o r r e c t i o n f o r the pressure drop across the 
column; C i s the c o r r e c t i o n f o r the vapor pressure of water i n the 
soap bubble flowmeter; P i s the pressure of the c a r r i e r gas at the 
o u t l e t of the column (atmospheric pressure); P. i s the pressure at 
the i n l e t ; and PH^O i s the vapor pressure of water at the 
temperature of the flowmeter. Thus, the pressures, times, weights, 
and flow rates are c r i t i c a l f o r p r e c i s e c a l c u l a t i o n s and are 
examined i n t h i s paper. F i r s t , i t w i l l be u s e f u l to discuss the 
types of s t a t i o n a r y phases before proceeding with the d e t a i l s of 
proper experimental procedure. 

Inverse gas chromatography has proven to be a p a r t i c u l a r l y 
important technique f o r the i n v e s t i g a t i o n of polymers, with most 
studies making use of packed columns. IGC a l s o has been r e c e n t l y 
extended to the i n v e s t i g a t i o n of f i b e r s and of polymers coated on 
c a p i l l a r y columns. The preparation of each of these columns i s 
very important to o v e r a l l success. 

Indeed, the most e s s e n t i a l piece of equipment i n IGC i s the 
chromatographic column. The function of the column i s to encourage 
r e p e t i t i v e p a r t i t i o n i n g of each solute molecule between the gas and 
the l i q u i d or s o l i d phase under conditions that minimize the range 
of r e t e n t i o n times e x h i b i t e d by i d e n t i c a l molecules of each s o l u t e 
(2). The accuracy of the r e s u l t s i s d i r e c t l y i n f l u e n c e d by the 
degree to which t h i s goal has been achieved. In t h i s regard, 
r e t e n t i o n diagrams, i n which the natural l o g of the s p e c i f i c 
r e t e n t i o n volume i s p l o t t e d versus r e c i p r o c a l absolute temperature, 
are e x c e l l e n t i n d i c a t o r s of o v e r a l l column performance (1.) • 
Because of the ease of temperature c o n t r o l i n a gas chromatograph, 
one may explore the polymer using the probe above and below various 
p o s s i b l e phase t r a n s i t i o n s , with a l i n e a r response being revealed 
by the r e t e n t i o n diagram when operating under e q u i l i b r i u m 
c o n d i t i o n s . 

Packed Columns 

Packed columns are s u i t a b l e f o r a wide range of i n v e s t i g a t i o n s , 
i n c l u d i n g low molecular weight m a t e r i a l s , homo- and copolymers, 
blends, and block copolymers ( 3 ) . In these i n v e s t i g a t i o n s , the 
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s t a t i o n a r y phase c o n s i s t s of a n o n i n t e r a c t i n g , f i n e l y d i v i d e d s o l i d 
that was coated with a t h i n f i l m of the polymer or polymer blend. 
To achieve t h i s , the polymer i s d i s s o l v e d i n the solvent of choice 
( d e s i r a b l y of high vapor pressure) and f i l t e r e d . A quantity of 
i n e r t support i s weighed to achieve a 15 wt/wt-% s t a t i o n a r y phase. 
An acid-washed, dimethylchlorosilane treated support i s u s u a l l y 
chosen. One widely used support i s Chromasorb W, manufactured by 
Johns M a n s v i l l e . A l t e r n a t i v e l y , 60/80 mesh s i z e d g l a s s beads may 
be used. Successful loadings range i n the 4 to 13 wt-% category 
f o r Chromasorb W and at approximately 0.5 wt-% f o r g l a s s beads. 
The i n e r t support and f i l t e r e d polymer s o l u t i o n are placed i n t o a 
hedgehog f l a s k . The hedgehog f l a s k i s a 500 mL pear shaped f l a s k 
with vigreux f i n g e r s extending to i t s i n t e r i o r . Coating i s 
achieved by slow evaporation of the solvent using a r o t a r y 
evaporator. The r o t a r y motion, i n combination with the hedgehog 
design, assures gentle bu
and uniform coverage of
reported a novel soaking technique, r e q u i r i n g
work, that reportedly minimizes l o s s of polymer and a i d s i n 
determining packing loadings (4)• The coated support must be then 
d r i e d i n a vacuum oven. In order to ensure maximum solvent 
removal, the oven temperature should be adjusted to j u s t below the 
polymer glass t r a n s i t i o n temperature and drying maintained f o r 48 
hours. Following t h i s treatment, the packing becomes a free 
flowing powder i f the f i l m i s t h i n enough, even f o r low molecular 
weight waxes. The support i s s i f t e d through a 60/80 mesh sieve to 
ensure even p a r t i c l e s i z e s . Any l a r g e agglomerates and f i n e s 
( f r a c t u r e d s o l i d support) that are not removed i n t h i s step would 
reduce packing e f f i c i e n c y , cause peak t a i l i n g , and expose uncoated, 
non-neutralized surfaces. 

To begin packing the column, s t a i n l e s s s t e e l tubing i s 
straightened (1 to 2 m), s i l a n e treated s t e e l wool i s used to plug 
one end, and t h i s same end i s attached to a water a s p i r a t o r . The 
container holding the s t a t i o n a r y phase i s weighed. A few grams are 
put i n the columns and packing i s accomplished with the a i d of a 
mechanical v i b r a t o r . The supported s t a t i o n a r y phase i s c o n t i n u a l l y 
added and packed u n t i l the column i s f i l l e d , at which time the 
container i s weighed again. These weighings must be as p r e c i s e as 
can be achieved so that the exact amount of s t a t i o n a r y phase i n the 
column i s known. The other end of the column i s sealed with glass 
wool; the column i s c o i l e d and placed i n the chromatograph with 
only i t s i n l e t port connected. A f t e r a 30 minute purge with helium 
gas, the column i s taken to 10 degrees above the glass t r a n s i t i o n 
temperature (Tg) or the c r y s t a l l i n e melting point (Tm), whichever 
i s highest, of the polymer(s) and held at t h i s temperature f o r 12 
hours. This f u r t h e r allows f o r removal of any r e s i d u a l solvent and 
solvent-induced morphologies present i n the polymer. Complete 
solvent removal i s e s s e n t i a l . In any experiment that i s 
subsequently conducted and shows a time-dependent or 
nonreproducible character, r e s i d u a l solvent should be suspected. 

The weight of the polymer on the column i s determined most 
commonly by ashing, using a thermogravimetric a n a l y s i s system 
(TGA)• A t y p i c a l experiment requires 10 mg of coated support. 
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This i s loaded onto a TGA sample pan and then the TGA oven 
temperature i s r a i s e d to 550°C i n an oxygen atmosphere* 
Measurements are made both on the coated and uncoated support to 
c o r r e c t f o r weight l o s s of the i n e r t s o l i d support* Since almost 
a l l c a l c u l a t i o n s i n IGC require knowledge of the s p e c i f i c r e t e n t i o n 
volume, an accurate determination of the amount of coating i s 
c r u c i a l . This i s g e n e r a l l y regarded as one of the most l i k e l y 
sources of e r r o r i n the IGC experiment* 

C e r t a i n polymers can not be s u c c e s s f u l l y burned o f f of the 
support and a l t e r n a t i v e methods must be used to determine loading* 
For example, soxhlet e x t r a c t i o n s must be used f o r most siloxane 
containing polymers. M u l t i p l e specimens must be t e s t e d to get the 
e r r o r i n loading to l e s s than 1% f o r most c a l c u l a t i o n s . 

The amount of loading found by the described methods i s 
t y p i c a l l y 3% lower than that expected from the i n i t i a l weight of 
polymer and support. Thi
with the polymer. The optimu
wt/wt-%. Several researchers (.5,6) have shown that below 4 to 6 
wt/wt-% loading, a c o n t r i b u t i o n to r e t e n t i o n times due to 
adsorption on uncoated support can be detected, while at higher 
loadings (<15 wt/wt-%), d i f f u s i o n through the t h i c k e r polymer 
coatings becomes a problem. 

F i b e r Columns. Columns are constructed from 1/4 inch s t a i n l e s s 
s t e e l tubing with passivated inner w a l l s . Approximately 1.0 m 
lengths of s t a i n l e s s s t e e l are cut from the c o i l , f i t t e d with 
swagelok nuts and f e r r u l e s , and then weighed. The s t a i n l e s s s t e e l 
i s straightened f o r loading. Packing the f i b e r s i n t o the column 
w i l l vary with the p h y s i c a l nature of the f i b e r . For example, 
short, chopped f i b e r s are best reduced to lengths that pass through 
a f i n e mesh and then pumped or v i b r a t e d i n t o the tubing. However, 
continuous filaments may be a l i g n e d i n t o tows, p u l l e d i n t o place, 
and the ends trimmed to f i t the column. In the case of carbon 
f i b e r s of approximately 5 urn diameter, approximately s i x 1.2 m long 
loops or tows of the f i b e r are attached to a wire, which i s 
i n s e r t e d i n the column and drawn through i t . This loads ca. 
150,000 i n d i v i d u a l strands. Obviously, the goal i n a l l cases i s to 
provide maximum p o s s i b l e f i b e r surface area. The column i s then 
weighed again f o r determination of the sample weight. I t i s a good 
idea i f the column i s conditioned at 110°C f o r 12 hours to remove 
water. 

I t should be obvious that the packed f i b e r column can be 
regarded as a chemical reactor f o r f i b e r surface m o d i f i c a t i o n , 
i n v o l v i n g e i t h e r gas or l i q u i d phase ch e m i s t r i e s . Thus, a powerful 
and convenient system f o r e x p l o r i n g surface p r o p e r t i e s i s created 
by c a r e f u l c o n s t r u c t i o n of the i n i t i a l column. 

C a p i l l a r y Columns. C a p i l l a r y columns are long, open tubes of small 
diameter. They have high e f f i c i e n c i e s , low sample ca p a c i t y , and 
low pressure drop. Commercially a v a i l a b l e c a p i l l a r y columns range 
from 0.1 to 0.53 mm i n i n t e r n a l diameter and from 5 to 50 m i n 
length. The i n s i d e wall of the tubing i s coated with a f i l m 
ranging from 0.1 urn to t h i c k f i l m s of 3.0 urn. 

A major advantage of c a p i l l a r y columns i s that many t o t a l 
chromatographic p l a t e s are obtainable. Plates per meter of column 
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length are comparable with packed columns, but much longer columns 
are usable since c a p i l l a r y columns have extremely low pressure 
drops. C a p i l l a r y columns have been made from s t a i n l e s s s t e e l , 
g l a s s , and fused s i l i c a . The b r i t t l e n e s s of glass i s a major 
disadvantage that has been circumvented through the use of fused 
s i l i c a columns. As much as 60 m of fused s i l i c a has proven 
s u c c e s s f u l (2) • 

Glass has been p r e f e r r e d as a column material because of i t s 
more i n e r t character. Fused s i l i c a i s a high p u r i t y glass that i s 
composed of e s s e n t i a l l y s i l i c o n and oxygen. I t i s the type of 
glass that i s most i n e r t , has the best f l e x i b i l i t y , and produces 
the most uniform product that responds most p r e d i c t a b l y t o 
subsequent coating (8)• Fused s i l i c a i s therefore the ma t e r i a l of 
choice f o r c a p i l l a r y IGC experiments. 

In preparing c a p i l l a r y columns, the primary goal should be the 
depo s i t i o n of a uniform f i l m throughout the column. Coating 
techniques can be f i t t e d i n t f tw l methods  i
termed "dynamic" and th
method requires 10 mL o
be placed i n a r e s e r v o i r and pushed through the column with 
nitrogen at approximately 0.5 atm pressure. Continued N flow 
d r i e s the polymer, which adheres to the tube's inner w a l l s . A 10 
mL portio n of the coating s o l u t i o n i s put through the column as 
many times as i t takes to obtain the desired f i l m thickness. The 
s t a t i c technique i s the one c u r r e n t l y used by most researchers and 
i s the one that i s elaborated below. 

The column i s f i l l e d with a coating s o l u t i o n whose 
concentration w i l l determine the f i l m thickness. I t i s important 
that the s o l u t i o n be dust free and degassed to eliminate bumping 
during the solvent evaporation step ( l o w - b o i l i n g solvents are 
p r e f e r r e d ) . This may be achieved by f i l t e r i n g a h a l f - s t r e n g t h 
s o l u t i o n and then b o i l i n g t h i s to h a l f volume to accomplish 
degassing (9). The covered s o l u t i o n i s cooled r a p i d l y and the 
column i s f i l l e d . Others p r e f e r to degas the coating s o l u t i o n by 
subject i n g i t to an u l t r a s o n i c treatment (2)» Once the column has 
been f i l l e d , s u f f i c i e n t a d d i t i o n a l l i q u i d i s drawn through the 
column to eliminate a x i a l concentration gradients that may have 
formed while the column was being f i l l e d . One end of the column i s 
then sealed with a commercial epoxy. A f t e r the s e a l has hardened, 
the column i s put i n a constant temperature bath at 35°C and 
connected to a vacuum system v i a the open end. The coating 
s o l u t i o n i s evaporated under p a r t i a l vacuum f o r the f i r s t few hours 
to suppress spontaneous b o i l i n g . A f t e r that time, f u l l vacuum i s 
ap p l i e d and the coating s o l u t i o n evaporates at a slow steady r a t e . 
The drying rate i s dependent upon the polymer, solvent, and 
s o l u t i o n concentration. T y p i c a l l y s e v e r a l days may be re q u i r e d . 
Again, the importance of removing a l l solvent as completely as 
po s s i b l e can not be overemphasized. 

The weight of the polymer on c a p i l l a r y columns i s obtained by 
r i n s i n g the columns with approximately 30 mL of the coating 
solvent. The eluent i s c o l l e c t e d i n a pre-weighed beaker. A f t e r 
evaporation of the solvent, the beaker i s weighed again. The 
comments with respect to accuracy i n t h i s step, which were made 
above f o r packed columns, apply i n t h i s case as w e l l . 
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The small internal volume and thin liquid film of capillary 
columns require injection of small samples* If such small samples 
could be injected, the internal volume of the typical inlet system 
would probably be too large and would cause peak broadening. Also, 
i t i s not practical to reproducibly inject the small samples 
required. For these reasons, an inlet splitter is necessary. The 
sample is injected into a conventional septum inlet port. The 
sample is vaporized, mixed with the carrier gas and sent to the 
s p l i t t e r . The sample is then s p l i t into two streams, one going to 
the capillary column and the other being vented to the atmosphere 
by means of an adjustable vent. The practice is to inject samples 
on the order of 1 to 2 uL and s p l i t the sample approximately 100 to 
1. To eliminate or minimize band broadening after the column, the 
practice is to add a makeup gas to increase the linear velocity and 
decrease the residence time of the components as they are being 
swept into the detector. If the capillary column uses a flame 
ionization detector, the  hydroge  th  dual f 
fuel and makeup gas. Th
conditions of the flame

When capillary column temperature is raised, as w i l l be 
necessary in the determination of enthalpies and entropies of 
probe/polymer interactions, the retention times of the probes w i l l 
increase. This might seem odd since i t i s normal to expect an 
increase in temperature to result in a decrease in retention time. 
This behavior is due to the gas viscosity. When the temperature of 
a gas is increased, i t s viscosity is also increased (as opposed to 
liquids where the opposite is true). In a system having a constant 
pressure drop (as with open tubular columns), an increase in the 
viscosity results in a simultaneous decrease in the velocity of the 
carrier gas as shown in the following relationship: 

n = p r 2/8 L "u , (4) c 
where n is the carrier gas viscosity at room temperature; p is the 
pressure drojD; r is the column tube radius; L i s the column 
length; and u is the average linear flow rate. For this reason, 
the flow rate must be adjusted at each temperature to compensate 
for the changing viscosity and hence the changing linear velocity 
of the carrier gas. 

Instrumentation Considerations 

Instrumentation for IGC has been f a i r l y standard. Detectors should 
be chosen to most accurately reveal the probe molecule. Flame 
ionization is most common. Carrier gases are usually helium or 
hydrogen. It should be noted that the compressibility of the gas 
is always corrected for in packed column work because of the 
pressure drop across the column, as shown in Equations 1 to 3; but, 
this is negligible in capillary investigations. 

Soap bubble flowmeters are commonly used to find gas 
velocities, but again are known to be one source of error that 
accumulates. Flow rates are usually measured from the column end 
using the soap bubble flowmeter modified with an inverted U-tube on 
top. The U-tube allows the flowmeter to be purged with the carrier 
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gas p r i o r to measurement. This i s important since d i f f u s i o n of 
helium or hydrogen through a bubble to the a i r - r i c h side w i l l cause 
er r o r s i n measurement at the slow flow rates (5 to 10 mL/min.) of 
IGC. The walls of the flowmeter should be thoroughly dampened by 
passing 20 bubbles across i t s e n t i r e length before any data are 
taken. An average of four readings are needed to assure accuracy. 
Pressures at the i n l e t of the column may be measured with a mercury 
manometer. The o u t l e t pressure (atmospheric) must be a c c u r a t e l y 
measured using a mercury and brass barometer applying the 
appropriate c o r r e c t i o n s . Oven and ambient temperatures are 
t y p i c a l l y measured with a Pt r e s i s t a n c e thermometer. 

To measure the r e t e n t i o n time, a small amount of the probe i s 
i n j e c t e d with a 10 yL syringe i n t o the chromatograph along with a i r 
or methane as a marker. Retention times are noted. Then traces of 
the probe remaining i n the syringe from the previous i n j e c t i o n are 
again introduced with a i r or marker i n t o the column and the 
r e t e n t i o n time observed  Th  procedur  i  repeated u n t i l 
consecutive i n j e c t i o n s sho
on the amount of probe i
the probe peak area i s of the same order of magnitude as the 5 to 
10 uLof a i r i n j e c t e d with the probe. The f o l l o w i n g i n j e c t i o n 
technique may be adopted i n order to ensure the i n j e c t i o n of the 
desired i n f i n i t e s i m a l sample s i z e . I n i t i a l l y , the syringe i s 
flushed out many times with solvent vapor. Approximately 1 yL of 
solvent vapor with 1 yL of a 0.08 v o l - % mixture of methane i n 
helium i s i n j e c t e d i n t o the chromatograph and i t s response 
recorded. Further, 1 yL i n j e c t i o n of the methane/helium mixture i s 
made u n t i l the peak f o r the r e s i d u a l solvent vapor i s no longer 
recorded. This allows a regression of many sample s i z e s ( v i a the 
peak area) on the r e t e n t i o n time to assure they are independent 
(that i s , slope • 0 ) . Small, but s i g n i f i c a n t , c o n t r i b u t i o n s to the 
s p e c i f i c r e t e n t i o n volume w i l l e x i s t due to i n t e r a c t i o n with the 
support (10). These must be measured and subtracted from values 
observed on loaded columns. 

With the advent of microcomputers and associated 
instrumentation, automation of IGC techniques i s now p o s s i b l e . 
G u i l l e t (11) has used an automatic system f o r sample i n j e c t i o n and 
measurement. Sample i n j e c t i o n can a l s o be automated v i a a 
commercially a v a i l a b l e headspace sampler (7)• I t s operation can 
best be described by the f o l l o w i n g sequence. The f i r s t step i s 
p r e s s u r i z a t i o n of the sample v i a l using the c a r r i e r gas. The 
second step i s the f i l l i n g of the sample loop. V i a l vapor flows 
through the sample loop as the pressure i s permitted to drop toward 
atmospheric. The l a s t step i s i n j e c t i o n at which time the loop 
contents are d r i v e n i n t o the IGC i n j e c t i o n p o r t . A f t e r a pre
selected time, the system returns to standby mode where a small 
flow of c a r r i e r i s purging the loop. The advantages of an 
automated system include s i m p l i c i t y , convenience, and time saved i n 
running the sample. Perhaps the most s i g n i f i c a n t gain, however, 
from automated headspace sampling i s r e p r o d u c i b i l i t y i n r e t e n t i o n 
time measurements. For any thermodynamic c a l c u l a t i o n s ( f o r 
example, Flory-Huggins Chi parameter), where a premium must be 
placed on p r e c i s i o n , serious i n v e s t i g a t o r s should s t r o n g l y consider 
t h i s a d d i t i o n to t h e i r equipment. 
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Conclusions 

The s e l e c t i o n of i n j e c t i o n mode and det e c t i o n , options as to the 
type and length of column, and the choice of c a r r i e r gas and 
c a r r i e r gas v e l o c i t y are experimental parameters to chose f o r which 
the experimentalist must ex e r c i s e judgement. S l i g h t v a r i a t i o n s i n 
these parameters e x i s t from laboratory to laboratory as do 
v a r i a t i o n s i n the method of column preparation. Columns prepared 
by the methods described here have proven to be hi g h l y e f f e c t i v e 
f o r IGC experiments i n the authors 1 l a b o r a t o r i e s . 
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Chapter 3 

Studies of Polymer Structure and Interactions 
by Automated Inverse Gas Chromatography 

James E. Guillet, Marianne Romansky, Gareth J. Price1, and 
Robertus van der Mark 

Department of Chemistry, University of Toronto, Toronto, Ontario 

Inverse gas chromatograph
structure of organic polymers and their interactions with a 
variety of permeating and adsorbing species. Its experimental 
simplicity allows the collection of data i n a short time; how
ever, its widespread use has been inhibited by d i f f i c u l t i e s in 
interpretation and the lack of commercially available instru
mentation. Various aspects of IGC are reviewed, including the 
determination of glass and melting transition temperatures, de
grees of c r y s t a l l i n i t y , s o l u b i l i t y and interaction parameters 
and other thermodynamic quantities, surface areas, and adsorp
tion isotherms of synthetic polymers. Several methods of auto
mating IGC experiments are described, using conventional elec
tronic and microcomputer control systems. The automated sys
tems provide more reliable data, particularly i n experiments 
requiring slope determinations, while also providing direct 
readout of the more important results. 

Since i t s introduction in 1952 by James and Martin, the applications 
of gas l i q u i d chromatography have grown enormously. This i s due to 
the sensitivity, speed, accuracy, and simplicity of this technique 
for the separation, identification, and quantitation of vol a t i l e 
compounds. 

The application of gas chromatography (GC) to the study of pol
ymers has been hampered by their negligible v o l a t i l i t y . A solution 
to this problem i s the use of inverse gas chromatography (IOC, also 
called the molecular probe technique), which was developed by Smids-
refd and Guillet (1) i n 1969. The word "inverse" indicates that the 
component of interest i s the stationary polymer phase, rather than 
the injected volatile substances. 

Much of what i s presently known about the structure and chemi
cal interactions of macromolecules comes from physico-chemical 
studies in dilute solution, where the molecules are substantially 
1Current address: School of Chemistry, University of Bath, Claverton Down, Bath, Avon 
BA2 7AY, England 
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isolated from each other. By contrast, i n most practical applica
tions, the polymer i s concentrated and usually represents 90% or 
more of the bulk phase. Under these conditions, experimental tech
niques developed for dilute solution studies are frequently inappli
cable. There i s a large and increasingly important category of 
polymers that are insoluble in a l l known solvents and hence cannot 
be studied at a l l i n solution. 

Inverse gas chromatography (g) eliminates both of these d i f f i 
culties. The polymer i s studied in the s o l i d phase under conditions 
approximating those used in processing and fabrication. Although a 
polymer may be insoluble i n conventional solvents, v i r t u a l l y a l l 
small organic molecules have measurable s o l u b i l i t i e s in s o l i d 
organic polymers, even when the latter are crosslinked or highly 
crystalline. Hence, the range of solute-solvent interactions that 
can be probed by IGC i s vi r t u a l l y unlimited. 

Considering the general a v a i l a b i l i t y of gas chromatographic 
equipment, the experimental simplicity d th  with which dat
can be collected, invers
ferred method for the stud
molecules with polymers i n the so l i d phase (3-£). However, the 
method i s not limited to equilibrium measurements i n the bulk phase. 
It can also be used to measure surface areas and adsorption iso
therms (10-12), glass and other solid phase transitions i n polymers 
(ii2» 13-H), degrees of c r y s t a l l i n i t y (18-20) and diffusion con
stants for small molecules i n polymeric materials (21-25 >* As the 
theory becomes more advanced, i t i s l i k e l y that other applications 
w i l l develop, particularly in probing the structure of amorphous 
glasses• 

Conventional Gas Chromatography (GC) 

Gas chromatography i s based on the distribution of a compound be
tween two phases. In gas-solid chromatography (GSC) the phases are 
gas and solid. The injected compound i s carried by the gas through 
a column f i l l e d with s o l i d phase, and partitioning occurs v i a the 
sorption-desorption of the compound (probe) as i t travels past the 
solid. Superimposed upon the forward velocity i s radial motion of 
the probe molecules caused by random diffusion through the station
ary phase. Separation of two or more components injected simultane
ously occurs as a result of differing a f f i n i t i e s for the stationary 
phase. In gas-liquid chromatography (GLC), the stationary phase i s 
a liquid coated onto a so l i d support. The mathematical treatment i s 
equivalent for GLC and GSC. 

There are two mechanisms of gas-solid interaction to be consid
ered: absorption of the solute in the bulk stationary phase, or 
adsorption on the surface of the stationary phase, or a combination 
of both. In conventional GC, the theory i s based on bulk absorp
tion. The net volume required to move the probe molecules through 
the column i s V^, the total volume of gas needed minus the "dead" 
(or simply spatial) volume in the column. This iB determined by i n 
jecting an inert probe, such as methane or a i r , into the column 
(Figure 1). The parameter used i n further calculations i s V g, the 
specific retention volume 
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V = <273.16/T)<Vw)(760/P ) (1) g N o 

corrected to standard temperature and for the pressure drop across 
the flowmeter, where T(K) i s the temperature of the column, P Q i s 
the column outlet pressure, and w i s the weight (in grams) of poly
mer in the column. 

Usually the retention volume i s obtained using peak maxima to 
define the retention times. In this treatment, since bulk absorp
tion only i s assumed, band broadening effects and the existence of a 
non-linear sorption isotherm are not considered, as these usually 
reflect some surface adsorption, resulting i n skewed peaks. 

Everett (26) developed the theniKxiynaiiiic analysis for a binary 
solution of components 1 (probe) and 2 (stationary phase) in the 
presence of a gas (3), which i s insoluble in the solution. Assuming 
that the molar volume of the probe, V,, does not vary greatly with 
pressure, the gas phases are only s l i g h t l y imperfect, the system i s 
in equilibrium, and the
solid phases, then the i n f i n i t
coefficient of component 1 at temperature T and total pressure P can 
be written as 

00 
In c In 

( B n - V 1 ) P ; (2B 1 3-V7)P 
ET * ET (2) 

where n L i s the number of moles of component 2 occupying volume V L 

on the column, P j 0 i s the partial pressure of 1 in the vapor phase, 
R i s the gas constant, i s the second v i r i a l coefficient for the 
probe, B 1 3 i s the mixed v i r i a l coefficient of the solute vapor and 
carrier gas, V™ i s the partial molar volume of 1 at in f i n i t e d i l u 
tion, P i s the total pressure, and K i s the equilibrium partition 
coefficient, defined as the ratio of concentration of solute in the 
stationary phase, q, to that i n the gas phase, c, that i s , K s q/c. 

Literature values of experimental mixed v i r i a l coefficients are 
scarce. At moderate carrier gas pressures (less than 2 atm), the 
last term in Equation 2 can be ignored. Rewriting Equation 2 in 
terms of the specific retention volumes gives 

, oo , r273.16 R̂ | ( B11~ V1 ) P1 / < h 

Other thernKxtynamic quantities can be calculated from the ac
t i v i t y coefficient; for example, the excess free energy of mixing 
at i n f i n i t e probe dilution 

<*Ge = RT In <y? (4) m 1 

and the excess enthalpy of mixing 
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l in 
e(l/T) = T T (5) 

Since the molecular weight of the polymer i s often undetermined 
or has a wide distribution, the use of mole fraction a c t i v i t y coef
ficients has many inherent d i f f i c u l t i e s , Patterson et a l . (27) pro
posed the use of weight fraction a c t i v i t y coefficients, which i s now 
standard practice. It i s recommended that a l l IGC data on polymers 
be reported this way. 

The Flory-Huggins interaction parameter \ and the Hildebrand-
Scatchard sol u b i l i t y parameter 6 for the polymer may also be calcu
lated using previously described procedures (3). 

Inverse Gas Chromatography (IGC) 

In IGC, the species of interest i s the stationary phase, which usu
a l l y consists of a polymer-coate
mixed with an inert support
analytical GC, where the stationary phase i s of interest only as far 
as i t s a b i l i t y to separate the injected compounds i s concerned. 
Also, in IGC, usually only one pure compound at a time i s injected. 

Information from a molecular probe experiment i s usually pre
sented in the form of a retention diagram, that i s , a plot of log V g 

against 1/T(K). A sample curve for a semi-crystalline polymer i s 
shown in Figure 2. The slope reversals are indicative of phase 
transitions. Such transitions had been noted (28) as early as 1965 
for polyethylene (PE) and polypropylene (PP), but the f i r s t compre
hensive study of polymer structure using IGC was done in 1968 by 
Smidsrod and Guillet (1) on poly(N-isopropyl acrylamide) (poly-
(NIPAM)). 

In the retention diagram shown in Figure 2, segment AB repre
sents the polymer below i t s glass transition temperature, T g (29). 
Retention of the probe i n this region arises from condensation and 
adsorption of the probe onto the polymer surface, since the probe i s 
unable to (significantly) diffuse into the bulk of the polymer. The 
slope of this straight segment i s given by (^lHv-JHa)/2.3R, where JH V 

i s the latent heat of vaporization of the probe and JH a i s the en
thalpy of adsorption of the probe on the polymer surface. Segment 
B-C represents nonequilibrium absorption, and C-D represents e q u i l i 
brium absorption of the probe into the amorphous polymer phase. Ex
perimental curvature in C-D, due to an increase in the heat of 
vaporization of the probe with decreasing temperature, may be cor
rected using the extrapolation procedure of Braun and Guillet (3Q). 
Section D-F represents the melting process, and F-G represents solu
tion of the probe in the molten polymer. 

Knowledge of the amount of polymer i n the column i s necessary 
for accurate results. The amount of polymer that has been coated 
onto a support can be determined from Soxhlet extraction or by c a l 
cination of both coated and uncoated support, giving the weight per
cent of volatile material, and hence the weight of polymer. Laub et 
a l . (31) and Braun et a l . (32) examined the errors involved i n using 
IGC for measuring thermodynamic parameters and found that the 
largest source of error was in the determination of the amount of 
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t > 
Figure 1. Typical ga
polymer-coated stationar
VN " cm x f l ° w r a t e o f carrier gas. (Reprinted with permission 
from ref. 3. Copyright 1982 Applied Science.) 

'A 

l/T —-

Figure 2. Retention diagram for a semi-crystalline polymer. 
(Reprinted with permission from ref. 3. Copyright 1982 Applied 
Science.) 
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polymer present; i t was concluded that calcination (of silicon-free 
polymers) was preferred over extraction due to the presence of 
extractable inorganic materials in common supports. 

Al-Saigh and Munk (33) have developed a soaking method for the 
coating of supports. Small amounts of solution are applied to a 
pi l e of support and allowed to evaporate. The wetting, evaporation, 
and s t i r r i n g steps are repeated several times. Loss of polymer on 
the walls of the container vessel i s avoided, and since the amount 
of polymer i s precisely known, calcination or extraction i s appar
ently not required. 

A column can be packed with a polymer-support mixture or i t may 
be coated on the inside with polymer to create a capillary column. 
Studies have been done using pure polymer i n the column (34) end 
using capillary columns (35). Gray and Guillet found that V g values 
for polystyrene (PS) were sl i g h t l y higher for an open column (34) 
than for a packed column, possibly because of the higher specific 
surface area available i  th  column  Chromosorb support
increase V values, due
poly(dimetnylsiloxane) (PDMB
tenthaler et a l . (35) found that the capillary system was more sen
s i t i v e to carrier gas flow rate. The V g values differed from those 
obtained using the packed column by as much as 20% for poly(iso-
butylene) (PIB) and PDMS, and by more than 20% for poly (vinyl-
acetate) (PVAc). In both cases, the difference decreased as the 
temperature increased. It was concluded that the basic disadvantage 
of the capillary method was the d i f f i c u l t y i n calculating the amount 
of polymer present. Pawlisch et a l . (24»37) have studied capillary 
column coating by a variety of methods, including scanning electron 
microscopy and destructive characterization. Based on their obser
vations, they have improved the mathematical treatment for capillary 
columns to account for a nonuniform polymer film. 

The development of modern microcomputers and associated instru
mentation enables the automation of a number of IGC techniques. 
Automation i s desirable because often 50 to 100 separate injections 
of very small volumes of probes are required over a period of time 
as the temperature of the GC i s slowly increased, for example i n the 
determination of transition temperatures or c r y s t a l l i n i t y . This 
paper w i l l discuss the determinations of polymer c r y s t a l l i n i t y and 
the surface area of polymer-coated particles using automated instru
mentation. 

Determination of Polymer Crystallinity (18,19). The determination 
of polymer c r y s t a l l i n i t y from gas chromatographic retention data 
rests on the assumption that the probe molecules interact only with 
amorphous polymer; the crystalline regions are assumed to be impene
trable and do not contribute to the retention time of the probe. 
Therefore, the retention time i s determined by the amount of amor
phous material in the column. By extending the linear portion of 
the generalized retention curve to temperatures below the polymer 
melting temperature T m, the hypothetical retention time t a for a 
completely amorphous sample at any temperature may be obtained. 
Comparing this with the measured retention time t m , at the same tem
perature gives the percentage c r y s t a l l i n i t y using the equation 
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% c r y s t a l l i n i t y = 100[1 - (t / t )] (6) 
m a 

where t a i s determined by extrapolation to the temperature under 
study. An important feature of this method i s that knowledge of the 
properties of 100% crystalline polymer i s not required. 

The basic information obtained from a typical chromatogram i s 
shown in Figure 1. The determination of the retention time t m for a 
typical probe, such as decane, i s required as a function of tempera
ture. Small amounts of the probe are injected onto the column, 
while the temperature i s increased slowly using a temperature 
program. 

In a typical experiment (19), data was obtained using the auto
matic system shown i n Figure 3. The apparatus was based on a Varian 
Aerograph Model 1720 gas chromatograph equipped with a thermal con
ductivity detector. Helium was used as a carrier gas. At a preset 
cycle time, a mixture of nitrogen and decane vapor was introduced 
into the carrier gas strea
tem. The sample size wa
in a series and was as small as practical. (All samples contained 
less than 1.5 x 10~ 6 mol of decane; no effect of sample size on re
tention time was apparent i n this range.) The reported results were 
obtained with a 1 m x 0.25 inch o.d. copper tube packed with 0.16 g 
of high-density polyethylene (Tenite 3310, Tennessee Eastman Co.) 
coated on 60 to 80 mesh glass beads. The packing, containing 0.6% 
by weight of polymer, was sieved to 50 to 80 mesh before use. 

The net gas chromatographic retention time for decane at a 
given temperature was measured by feeding the output from the ther
mal conductivity detector into an electronic peak detection system 
that measured the time between the peak maxima for nitrogen (non-
interacting) and decane (interacting). The corresponding tempera
ture was measured using an iron-constantan thermocouple attached to 
the outside of the gas chromatograph column. The net retention time 
and the temperature were recorded by a d i g i t a l printer. The car
r i e r gas flow rate, measured with a soap bubble flowmeter, was 
adjusted to given retention times between 10 and 500 s; retention 
times were reproducible to ±0.2 s at temperatures above the polymer 
melting points. Typical experimental data are shown i n Figure 4. 
The polymer melting point corresponds to the cusp i n the retention 
diagram. 

At temperatures above the polymer melting point, a straight-
line relationship was obtained. Using the automatic injection-
detection system, the linearity was excellent. In a typical case 
for 34 data points between 140 and 200°C, the standard deviation i n 
the slope was less than 0.2%. 

The isothermal rate of crystallization can be followed by melt
ing the polymer completely at a temperature above T m, then reducing 
the column temperature to a point below T , and measuring t as a 
function of time. The maximum theoretical percent c r y s t a l l i n i t y at 
in f i n i t e time (at each temperature) i s found by measuring t e , the 
retention time when crystalline and amorphous regions have reached 
equilibrium during heating from room temperature. The ratio of per
cent c r y s t a l l i n i t y found to the maximum percent c r y s t a l l i n i t y yields 
the percent crystallization. Typical data for a high-density poly
ethylene sample are shown in Figure 5. 
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Figure 3. Automatic molecular probe apparatus. (Reprinted from 
ref. 19. Copyright 1971 American Chemical Society.) 
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Figure 4. Retention diagram for decane on high-density polyethyl
ene. T m is at the cusp. (Reprinted from ref. 19. Copyright 1971 
American Chemical Society.) 
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Determination of Surface Areas (10). At temperatures well below T g, 
retention of probe molecules i s primarily through adsorption at the 
polymer surface. The adsorption isotherm can be determined by the 
elution technique, where the probe i s injected onto the column, and 
the shape of the isotherm i s found from a single, asymmetrical peak 
(10). Using this method, i t can be shown that for each gas-phase 
concentration c of a solute (mol/m3) there i s a corresponding reten
tion volume V(c), m3, according to 

a = 1/m V(c)dc (7) 
J0 

where a i s the amount of solute (mol/g) absorbed on a mass m (g) of 
polymer. 

In Figure 6 the elution peak shapes are shown for large injec
tions of n-decane on poly (methyl methacrylate) (FMMA) at 25°C  The 
asymmetrical elution pea
side. V(c) can be determine
therm relating a and c i s thus determined via Equation 7 by proce
dures described previously (10). 

A microcomputer-interfaced gas chromatograph was developed, 
illustrated in Figure 7, to simplify calculations and reduce the er
rors inherent in manual measurement of peak heights and areas from a 
chart recorder. The flame ionization detector (FID) analog output 
signal from a Carle AGC 211 gas chromatograph i s amplified, then 
converted to a d i g i t a l signal by an IBM data acquisition and control 
adapter (DACA) interfaced to an IBM-compatible personal computer. 
The GC oven temperature, monitored by a copper-constantan thermocou
ple thermometer, i s also recorded by the microcomputer. Temperature 
s t a b i l i t y i s ±0.1°C. A computer program written i n BASIC, combined 
with commercial data acquisition software (ISAAC Labsoft) controls 
data acquisition and calculations up to and including the surface 
area. The peak i s divided into "slices" by the program, and cumula
tive partial and relative pressures are calculated along the diffuse 
side of the peak, as well as the amount of probe absorbed onto the 
polymer surface. Therefore, the absorption isotherm i s calculated 
directly from the FID signal height and partial peak areas with cor
rections for dead volume, and a calibration for moles of probe per 
peak area unit. In a typical experiment, FM4A was coated onto glass 
beads using previously described procedures (10). Nitrogen carrier 
gas and methane marker were used. Decane was injected using a 0.5 or 
1.0 /JL syringe. 

Typical isotherms from the automated system are shown in Figure 
8. The data from one isotherm i s f i t t e d to the Brunauer-Emmett-
Teller (BET) equation to obtain the surface area, and once the sur
face area i s known, the surface partition coefficient K s can be c a l 
culated using 

VVT = K A (8) N S 

where V N i s the net retention volume. Table I shows the values of 
surface area A and partition coefficients K s , determined from the 
data of Figure 8, at various temperatures. 
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Figure 5. Percentage isothermal crystallization at the indicated 
temperatures as a function of time for high-density polyethylene. 
(Reprinted from ref. 19. Copyright 1971 American Chemical Society.) 
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Figure 6. Peak shapes for large injections of n-decane on poly-
(methyl methacrylate) beads at 25°C. Injection sizes 1.0, 0.7, 
0.5, 0.3, 0.15, 0.06, 0.03-WiL (Reprinted from ref. 10. Copyright 
1972 American Chemical Society.) 
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Table I . Partition Coefficients for 
Decane on PM4A 

Surface area 
in column K s 

T (<=€) A, m 2 10"5 m3/m2 

31.7 0.3021 7.7517 
35.3 0.3119 5.3699 
40.6 0.3054 4.1812 
46.1 0.2909 3.0979 
50.3 0.3114 2.3628 

Error i n surface area i s ±10%. 

This method of determinin
l a r l y useful because i t
or uniformity of the coating. Once the value of K s for a particular 
probe and polymer system i s known, the surface area of any powder 
can be estimated by packing a small column with a few hundred m i l l i 
grams of dry powder, measuring the retention time for the probe at a 
temperature well below T g, and applying Equation 8. This method of 
determining surface areas of polymer powders or particles has many 
advantages over classical procedures, such as nitrogen adsorption. 
One advantage i s the speed with which the surface area may be found, 
and another i s the capability of determining the area at the tempera
ture of use of the glassy polymer, rather than at l i q u i d nitrogen or 
helium temperatures. 

Conclusions 

From the examples given i n this paper, i t i s evident that micropro
cessor control of the molecular probe experiment adds scope and pre
cision to the measurements, as well as avoiding the tedium and oper
ator error involved i n repeatedly and reproducibly injecting small 
volumes of probes (for c r y s t a l l i n i t y determinations) and permitting 
quick calculations of adsorption isotherms and BET plots, i n the 
case of surface work. It i s hoped that instruments specifically 
designed for the purpose w i l l be available commercially in the near 
future. 
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Chapter 4 

Computer Simulation of Elution Behavior 
of Probes in Inverse Gas Chromatography 

Comparison with Experiment 

Paul Hattam, Qiangguo Du1, and Petr Munk 

Department of Chemistry and Center for Polymer Research, University 
o

In order to f a c i l i t a t e the analysis of the shape 
and position of elution curves i n inverse gas 
chromatography, such curves were generated i n a 
computer for many well-defined situations. The 
effects of diffusion in the gas phase, of slow 
diffusion in the polymer phase (compared to an 
instantaneous equilibration of the probe), and of 
surface adsorption (Langmuir type) were simulated. 
A set of evaluation guidelines was established and 
was applied to several model experiments. 

The use of inverse gas chromatography (IGC) to study the 
properties of polymers has greatly increased i n recent years 
(1,2). The shape and position of the elution peak contain 
information about a l l processes that occur i n the column: 
diffusion of the probe i n the gas and the polymer phases, 
partitioning between phases, and adsorption on the surface of the 
polymer and the support. Traditional IGC experiments aim at 
obtaining symmetrical peaks, which can be analyzed using the van 
Deemter (_3) or moments method U ) . However, the behavior of the 
polymer-probe system i s also reflected i n the asymmetry of the 
peak and i t s t a i l . A method that could be used to analyze a peak 
of any shape, allowing elucidation of a l l the processes on the 
column, would be of great use. 

It i s d i f f i c u l t to separate the effects of the various 
processes contributing to the shape and position of an 
experimental elution peak because, i n most instances, i t i s not 
obvious which factors are at play i n any particular experiment. 
Hence, i t i s useful to analyze various models of chromatographic 
processes theoretically and follow their effect on the elution 
peak. However, the diff e r e n t i a l equations describing these models 
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may be solved analytically only for the simplest models. It i s 
possible to cast these diff e r e n t i a l equations i n the form of 
difference equations and follow the development of the system by a 
computer. This paper reports the results of our computer 
simulations for some simple systems and compares the results with 
appropriate experimental data. 

Traditional Analysis of Elution Curves 

The commonly used method of analysis postulates that ideal 
elution curves are symmetrical and Gaussian. The time at the 
position of the peak maximum, t R , i s a measure of the distribution 
coefficient of the probe between the stationary and mobile phases; 
peak spreading i s expressed by the height equivalent to one 
theoretical plate H, which may be written as H = L/N, N being the 
number of theoretical plates and L the column length. Furthermore 
we may write 

N P = (t R/W^) 2 8 In 2 (1) 

denotes the peak width at half height; and subscript P denotes 
a parameter obtained from peak dimensions. The extended (_5) van 
Deemter equation (_3) may be written i n a general form as 

H = A + 2<Dg/u + (Gg + CJL)U (2) 

A i s an eddy diffusion term to account for the various pathways i n 
packed columns which lead to peak spreading; Y i s the tortuosity 
factor which often has a value close to unity; u i s the linear 
velocity of the carrier gas; terms Cg and Ci account for radial 
diffusion i n the gas phase and the liquid phase respectively. We 
have found experimentally on packed columns that the Cg term i s 
negligible {§). The expression for the C± term may be written as 

C-L = Jd|k'/(1 + k'^D-L (3) 

D gand D 2 are the diffusion coefficients of the probe i n the 
two phases. J i s a numerical constant and i s equal to 8//f 2 

according to van Deemter (3), and equal to 2/3, according to 
Giddings (1). 6f i s the thickness of the polymer layer. 

For the traditional model, the elution time at the peak 
maximum, t^, i s related to the capacity factor k 1 and partition 
coefficient: K by 

k f = K V L/V G (4) 

tR = t b ( l + k») = t o d + K \/VG) (5) 

Here t Q i s the elution time of the marker (ideal, non-retained 
probe); V L and V G are the volumes of the two phases within the 
column. 

Another method of analysis of elution peaks i s based on 
the s t a t i s t i c a l moments of the curve and was f i r s t proposed by 
McQuarrie {8). The f i r s t moment, F^, i s the center of gravity of 
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the peak; i t i s equal to t R for a hypothetical symmetrical peak. 
The second central s t a t i s t i c a l moment, S^, i s equal to the peak 
variance (tf 2); i t i s related to H as 

HM = L/N = L<r/tR2= L Sto/Ffo2 (6) 

The subscript M refers to the method of moments. The method of 
moments i s applicable to a l l chromatographic systems characterized 
by a linear partition isotherm (that i s , for K = constant) 
irrespective of diffusion processes deforming the elution peak. 

When the partition isotherm i s nonlinear (typically when 
surface adsorption i s involved), the elution peaks exhibit long 
t a i l s . Tailing i s also caused by slow diffusion of the probe i n 
the polymer and by technical artifacts: mixing i n the injection 
chamber, etc. 

Computer Simulation 

Diffusion of the probe i n the gas and polymer phases, and 
adsorption on the support and on the polymer surface (both types 
of adsorption have nonlinear isotherms), simultaneously play an 
important role i n IGC experiments and must be accounted for 
properly. An extensive computational program i s planned to 
simulate the individual processes and to assess their influence on 
chromatographic behavior. In a recent paper, simulated behavior 
of three types of system was described (9). In the simplest case, 
only diffusion i n the gas phase was operative. This case 
corresponds to elution of an ideal marker. Simultaneous effects 
of gaseous diffusion and partitioning of the probe between the 
phases were simulated next, assuming an instantaneous 
equilibrium between the phases. This case corresponds to IGC 
using a low molecular weight stationary phase or a polymer well 
above i t s glass transition temperature. Simulation of the 
partition of the probe combined with i t s slow transport i n the 
polymer phase and with gaseous diffusion was also performed. 

It i s convenient i n dealing with the computer simulation 
to minimize the number of input variables governing the 
chromatographic processes. We were able to do this using just 
three characteristic numbers : Zp for the partition of the probe 
at equilibrium, Zg for the diffusion i n the gas phase, and Zf 
governing the diffusion of the probe i n the polymer phase ( i t 
vanishes when the probe equilibrates instantly). These quantities 
are defined as 

Zp = k 1 = K V L / V G (7) 

Z g = Efcj/uL (8) 

Z f E u d f ^ L (9) 

Should one wish, these variables can easily be converted back to 
their expanded form through the definitions given i n Equations 7 -
9. Our measure of peak asymmetry i s the ratio of half widths, B^, 
(easily accesible experimentally); i t i s defined as a ratio of tne 
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front half of to i t s back half. For symmetrical peaks R^= 1. 
Traditional analyses of elution peaks (Equations 2-6) i n the 
present notation are 

t* = % = (1 + Zp)to (10) 

Hp = % = 2Z g + Z f Z j / d + Z p ) 2 (11) 

We have simulated elution curves for many combinations of the 
characteristic numbers. The details of the simulation procedure 
were described elsewhere (9). Here we present only the main 
results of the simulations: 

1. Elution peaks were always asymmetric, even for simple gaseous 
diffusion and no interaction with the polymer. The R ̂ values 
were well correlated by the following expression: 

Rj. = 1 - (1.664(Zg

This relation was also valid for interacting probes so long as the 
equilibration was instantaneous. 

2. The elution time t R was always shorter than required by 
Equation 10. For instantaneous equilibrium, the correlation 
yielded 

tfc/t^ = d+Zp)(l - 2.77 Z g) (13) 

In this expression, i s the elution time of a hypothetical 
marker with vanishing values of D g and hence Zg, which would 
travel through the column as a Dirac delta function. 

3. When the l i q u i d diffusion was slow (large values of Z f), the 
probe eluted together with marker (that i s , t ^ / t ^ = 1) and the 
interaction with the polymer was manifested only by a long t a i l on 
the elution peak. 

4. When the ratio Zf/Z was less than approximately 0.5, then a 
pseudo-equilibrium was achieved, (the probe distributed i t s e l f 
between the phases i n a more or less equilibrium manner at least 
near the end of the column), and t was given approximately as 

R 
t j / t ^ = d+Z p)d-2.77Z g) - 0.482Zf(l+0.68Zf/Zp) (14) 

5. Asymmetry of the elution peak and the value of I^for slowly 
diffusing probes depended on the ratio Z f/Z p. In the pseudo-
equilibrium case (Zf/Zp < 0.5), the asymmetry was moderate and 
Bp was approximated by 

Hp/L = 2Z g + 0.7 Z f Zp/(1 + Z p ) 2 

+ 0.965 [ Z f Zp/(1 + Z p ) 2 ] 2 (15) 

This relation i s close to the van Deemter relation, Equation 10, 
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so long as ZfZp/(l+Zp)2 i s not too large. When the ratio Zf/Zp i s 
close to unity, Ru i s small and Hp i s very d i f f i c u l t to correlate 
with the basic parameters. Finally, when Z f/Z p > 2, the H p value 
approaches the marker-like value of 2Z g and the asymmetry 
decreases again. 

6. Hie simulation results agreed f u l l y with predictions of the 
moments method; both F M and H M were described by Equations 10 and 
11. This was true even i n the marker-like region, where the 
probes eluted essentially at = t^ and the retention was 
manifested only as a long low t a i l . 

The second simulation project was aimed at describing experiments 
i n which retention results from surface adsorption characterized 
by a Langmuir-type isotherm. In this simulation, the 
characteristic parameter
distribution coefficien
at vanishing surface coverage. R̂  i s defined as the ratio 
R± = Mi nj/Mt 0t where Mi nj i s the mass of the probe injected and 
Mtot i s the mass of the probe which would f u l l y saturate the 
adsorbing surface. The surface simulation work shows that at 
i n f i n i t e dilution 

tR/to = (1+Z s+Z p)(l - 2.77Zg) (16) 

= d+Z s+Z p) (17) 

With an increase i n the amount injected (increasing R^) both tR/to 
and F M / t Q decrease; t& decreasing more rapidly than F M. At 
injected amounts greater than the surface capacity of the column 

tR/to = (1 + Z p)(l-2.77Z g) (18) 

FM/to = (1 + Zp) (19) 

that i s , the surface effect becomes negligible. Figure 1 
illustrates results obtained from the surface simulation for the 
dependence of t R / t Q and on Logio^ini ^ o t ~ ^ f o r s e v e r a l 

values of Z s with Z p = 0. 3 

Materials and Methods 

The experimental data presented i n this paper represent typical 
data from chromatographic experiments that were performed during 
various IGC projects. The signal from the FID detector of the 
chromatograph was registered on an HP 3478A d i g i t a l voltmeter and 
recorded by a microcomputer. The computer and voltmeter 
interfacing was performed by a GPIB interfacing board (National 
Instruments). Data acquisition i n this manner allowed a 
reproducibility of approximately ±0.1 s i n retention time. 
Typical columns were 150 cm long and 6.35mm O.D., and contained 60 
to 80 mesh Chromosorb-W (acid washed and treated with dimethyl-
dichloro-silane) either uncoated or coated with 7% (by weight) of 
polymer. 
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Figure 1. Dependence of t R / t Q and F M / t Q on LogiQ M±ni for the 
simulation of surface adsorption. Zg=0.02; Zp=0; Zs=1.0, 4.0, 
10.0. 
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Comparison of Simulation and Experiment 

Demonstration of Instant Equilibration ( Z f = 0). Data were 
gathered for several n-alkanes at various gas flow rates and 
column temperature of 100 *C using a column coated with poly-
isobutylene (PIB). Under these conditions PIB i s far above i t s 
glass transition temperature (Tg) and equilibration of probe and 
polymer i s expected to be instantaneous. 

For instantaneous equilibration, the simulation predicts that 
i s as predicted by theory, Equation 10, and t R i s given by 

equation 13. Thus t R should be slightly less than ^ due to the 
gaseous diffusion coefficient. Table I shows the experimental 
values of t R and F M at several flow rates. 

Table I. Flow rate dependenc
for several n-alkane

8 mL/min 16 mL/min 24 mL/min 
Probe t R F M t R F M ^ *M 

Cl 176.736 178.289 91.400 91.929 64.700 64.990 
C5 215.807 219.211 110.932 111.689 78.680 79.277 
C6 258.432 259.945 133.056 133.880 94.213 94.838 
C7 346.817 348.676 178.822 179.847 126.335 127.114 
C8 527.889 529.752 271.797 272.727 192.487 193.384 

The difference between t R and F M i s less than 1%, which i s 
reasonable for the expected magnitude of Z g. Two points indicate 
the system i s i n equilibrium. F i r s t , there i s close agreement 
between t R and F M. Second, R̂ , the width ratios for the probes 
measured under identical conditions for a coated and an uncoated 
column are essentially the same, see Table II. 

Table II. The width ratio, R̂ , obtained for several n-alkanes on 
an uncoated column2and on a PIB column at 40"C and lOCfc 
at a flow rate of 16 mL/min 

Chrom. W 
^40*C 

Chrom. W *k PIB RL PIB Chrom. W 
^40*C 100 #C 4o#c loo'c Probe 

Cl 0.951 0.942 0.949 0.946 
C2 0.921 0.961 0.739 0.951 
C3 0.918 0.963 0.796 0.923 
C4 0.895 0.936 0.845 0.942 
C5 0.817 0.942 0.888 0.946 

By reducing the t R of the probe by of the marker ( t ' R ) , and 
reducing the F M of the probe by F M of the marker (F ' M ) , 1+Zp for 
the probes i s obtained. (Reduction i n this manner accounts for 
part of the small error i n t R because of the effect of Zg.) The 
reduced values (1+Zp) are shown i n Table III. There i s excellent 
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agreement between the values calculated from either t R or F M. In 
addition, the values are independent of flow rate, as i s expected 
for instantaneous equilibration. 

Table III. Reduced values of t R and F M determined for several n-
alkanes at 100 *C on a PIB column 

Probe 
8 mL/min 

WtM W F ' M 

16 mL/min 
Wt'p Br/frVr 

24 mL/min 
Wt'p B U / F U 

C5 1.220 1.229 1.215 1.215 1.216 1.219 
C6 1.461 1.457 1.458 1.456 1.455 1.458 
C7 1.961 1.954 1.959 1.956 1.954 1.955 
C8 2.985 2.970 2.978 2.966 2.974 2.973 

Demonstration of Non-equilibriu
gathered on the same PI
of 40*C. Under these conditions, diffusion of the probes into the 
polymer i s not expected to be instantaneous. The simulation under 
these conditions predicts that % = (1 + Zp) and w i l l be 
reduced by the effect of non-zero Zf. The magnitude of the 
reduction i s given by the second term of the right side of 
Equation 15. Since Zf i s dependent on flow rate, i t i s possible 
to estimate Zf from the dependence of the peak width on the flow 
rate and hence, determine the size of the correction and compare 
i t with experimental results. This comparison should be made 
bearing i n mind that theoretically the simulation i s applicable 
for capillary columns and not packed columns. 

Fi r s t , the true value of Zg i s determined by extrapolation 
of Vn/v*0 to zero flow rate, where \ i s the net retention volume 
of the probe and V Q i s the void volume of the column. These 
values are shown i n Table IV. Second, u, the linear velocity of 
the carrier gas, i s introduced into Equation 11 to give 

u/tip = 22^u + (0.7Zf Zp/[1 + 7p)2 )u (20) 

Substitution for Z^ and Zf leads to 

u/N^ = 2Efc/L + ( 0 . 7 ^ / D i L d + 2^)2 ) u2 (21) 

Thus a plot of u/Npversus u 2 yields 

intercept = 2E^/L (22) 

slope = 0.7 d f
2 2 ^ / ( l + ^ ) 2 D^L (23) 

Rearrangement gives 

Zf = df 2u/PiL = slope (l+^) 2u/0.7 Zp (24) 

The correction predicted by Equation 15 i s estimated and Zg i s 
adjusted. Z^ at zero flow rate, the experimental values and the 
corrected values for three flow rates, are given i n Table IV. 
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Table IV. Zp values of n-alkanes on a PIB column at 40#C; values 
at zero flow rate, at several flow rates, and at several 
flow rates corrected according to the simulation 

Zp ZP from fcp/t'p z p corrected 
Flow 

from fcp/t'p 

(mL/min) 0 8 16 24 8 16 24 
Probe 
C5 0.872 0.832 0.800 0.777 0.842 0.822 0.810 
C6 2.431 2.369 2.328 2.295 2.384 2.357 2.338 
C7 6.700 6.600 6.546 6.511 6.681 6.678 6.692 
C8 18.34 18.15 18.09 18.07 18.18 18.13 18.13 

The predicted correction term i s approximately three-fold less 
than would be required to adjust the experimental values to their 
value at zero flow rate
range of polymer thicknes
homogeneous coverage used i n the simulation or for capillary 
columns. However, the f i r s t moment yields Zp values that are i n 
excellent agreement with Z p values calculated at zero flow rate; 
Table V. 

Table V. The Zp values of several n-alkanes determined on a PIB 
column at 40 "C; values at zero flow rate and values 
determined from the f i r s t moments 

Flcw(mVmin) 
Probe 

0 % 

Zp from % / t ' R 

8 16 24 

C5 0.872 0.887 0.894 0.896 
C6 2.431 2.430 2.444 2.435 
C7 6.700 6.681 6.674 6.692 
C8 18.34 18.31 18.30 18.27 

This indicates that under these conditions, Zp can be obtained 
from t R only by extrapolating to zero flow rate, whereas may be 
used regardless of the flow rate. 

Deterndnation of the St a t i s t i c a l Moments. The simulation 
confirmed that the method of moments offers a straight forward 
route to the data of interest for chromatographic experiments when 
isotherms are linear. However, i n the past the experimental 
evaluation of the moments was imprecise. The s t a t i s t i c a l moments 
are extremely sensitive to t a i l i n g . Using the enhanced data 
acquisition techniques (signal to noise ratios of approximately 
5 x 10 4 ) the method of moments was re-examined. The presence of a 
long low t a i l on many of the elution peaks was observed on coated 
as well as uncoated columns. It was also noted that a long low 
t a i l was observed whenever the probe was injected i n liqu i d form. 
When the injected amounts were the same, vapor injections greatly 
reduced t a i l i n g compared with liquid injections. The t a i l i n g i s 
attributed to retention of the probe by the polymeric septum of 
the injection port. When the needle i s inserted through the 
septum, the liqu i d at the t i p of the needle i s transferred to the 
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septum. The probe slowly eluting from the septum causes excessive 
t a i l i n g . Figure 2 illustrates the difference between the moments 
obtained from li q u i d injections and vapor injections. The use of 
vapor injections almost completely suppresses the effect of 
retention by the septum. The moments are extremely sensitive to 
t a i l i n g ; the higher the moment, the greater the sensitivity. With 
small injections of vapors we have found that the f i r s t moment can 
be measured with confidence. Ideally a septum free system, should 
be used for the introduction of probes into the column i f the 
higher moments are to be u t i l i z e d . It i s possible that headspace 
sampling gas chromatography could be used advantageously for this 
purpose (10). 

Peak Asymmetry. The asymmetry of the elution curve reflects the 
various processes occurring i n the column. To follow this 
asymmetry width ratio, R^,
quantitative relationshi
experimentally was found via the simulation, 1  has proved to be a 
useful quantity. In the case of the simulation of surface 
adsorption at i n f i n i t e dilution, R^ i s close to unity. As 
injection size increases, decreases u n t i l R^ = 1. R^ then 
increases again as the probe begins to elute i n the marker-like 
region. It i s hoped that i n the future research w i l l determine 
whether the dependence of on probe concentration can be used i n 
determining support surface area. In the simulation of bulk 
diffusion at instant equilibration R^ i s close to unity. It 
decreases through the non-equilibrium region and again increases 
as marker-like behavior i s observed. Though the processes that 
affect R i . i n a particular experiment cannot be determined, can 
be used as a guideline. For example, Table II shows R^ determined 
for several n-alkanes on the PIB column and on an uncoated column 
at 40*C and 100#C and a flow rate of 16 mL/min. At 100#C, R^ for 
probes on both uncoated and PIB columns are comparable and 
relatively large. This indicates that there i s no anomalous 
behavior i n the system. However the data for probes on the PIB 
column at 40* C show a considerably lower Rj . , indicating that the 
system i s not exhibiting instantaneous equilibration. 

Acetone on Uncoated Support. Experiments i n this section 
were performed on a column containing uncoated support at 40 "C and 
100*C and a flow rate of 16 mL/min. After treatment of the 
support with dimethyl-dichloro-silane, the resultant, so-called 
inert support, s t i l l contained a small number of active polar 
sites. These sites lead to adsorption of polar probes and thus 
the support contributes to the observed retention. One of the 
goals of this investigation was to f a c i l i t a t e the correction of 
retention data for the contribution of the support. The 
dependence of the acetone retention on the quantity injected 
(determined from peak area) was investigated. In the absence of 
polymer, any change i n the retention with change of probe 
concentration was expected to be the result of surface adsorption. 
Also, by changing the temperature Z s was effectively altered, 
(increasing temperature leading to a decrease of Z s), since the 
surface capacity of the column remained the same. Figure 1 
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Figure 2. Dependence of the f i r s t moment on the amount of 
probe injected. (A) probe injected as a liquid; (•) probe 
injected as a vapor. 

illustrates the dependence of t^/t^ and fy/i^ on log wM^ nj for the 
simulation at several Z g values and with Z p = 0. In Figure 3 we 
present the same dependence for the experimental data of acetone 
(in this instance the dependence i s on logiQ A, peak area). While 
the simulation covers an extensive range of concentrations this 
may not be possible experimentally. Small injections are limited 
by the low detector signal (broad peaks magnifying this effect), 
while large injections are limited by non-linear detector 
response. However, even with the experimental range of 
concentrations covered, a comparison of the curves i n Figures 1 
and 3 i s useful. It indicates that the results are i n the region 
of moderately sized injections (for the number of active sites on 
the column). At 100°C Z s i s small, aproximately 1 or 2, whereas 
at 40#C Z s i s greater by an order of magnitude. Although the 
precise value of Z s cannot be determined as the injection size i s 
far from the l i m i t of i n f i n i t e dilution, the value of F^tQ 

approaches unity with increasing amount of probe. This trend 
indicates that the retention i s due to the surface of the support. 
Overall, the surface simulation and the experimental results 
compare favorably. Current work i s focused on acquiring more data, 
both from experiment and from simulation. At this time i t seems 
l i k e l y that i n the future i t w i l l be possible to determine the 
capacity of the packing material for various probes. This w i l l 
permit correction of probe retention data for the effect of the 
active surface sites on the support. 
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Figure 3. Dependence of t^ / t ^ (•) and fy/t^ (•) on Log^A, 
peak area, for acetone on an uncoated column at 40°C and 100°C. 
Data at 100#C plotted twice for comparison. 

Conclusions 

The following conclusions were drawn from this research. 

1. While the simulations do not predict exactly the results of 
experiment, they are extremely useful i n predicting behavior 
trends. 

2. The f i r s t moment can be used i n the determination of 
characteristic numbers provided careful data acquisition and 
experimental procedure are followed. Use of higher moments should 
be handled with great caution. 

3. Comparison of the elution time at peak maximum and the f i r s t 
moment i s extremely informative as to what processes are affecting 
the retention of the probe. 

4. By following the dependence of elution parameters on the amount 
of probe injected, i t i s possible to distinguish between surface 
adsorption and bulk adsorption of the probe. 
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Chapter 5 

Calculation of Solubility Parameters 
by Inverse Gas Chromatography 

Gareth J. Price1 

Department of Chemistry, The City University, Northampton Square, 
London EC1V 0HB, England 

Inverse Gas Chromatography (IGC) has been used to measure 
solubility parameters for three polymers at 25°C using 
the method of Guille
relationship noted
results add further credance to the method. Solubility 
parameters have also been calculated for six small mol
ecule involatile compounds of the type use as p l a s t i c i z -
ers. The original method did not yield values in good 
agreement with literature results but estimation of the 
different contributions to the solution interactions 
allowed calculation of more meaningful values. 

The study of polymer solutions has been an active research f i e l d 
sifcce the mid 1960s. There are a number of methods available for the 
measurement of thermodynamic parameters such as activity coefficients 
and interaction parameters [1,2]. These techniques, which include 
membrane osmometry and vapour sorption, involve d i f f i c u l t and time 
consuming experiments and are usually confined to relatively dilute 
solutions although vapor sorption using electronic vacuum micro-
balances, has been used at high polymer concentrations [3]. Inverse 
Gas Chromatography (IGC) i s a method that overcomes these limitations 
[4,5] and is particularly applicable to concentrated solutions, which 
are of considerable industrial interest for surface coatings, solvent 
removal etc. Since the early work of Smidsrod and Guillet [6] in 1969 
numerous systems have been studied by this method, and good agreement 
with the mere traditional, static equilibrium measurements of act
i v i t y coefficients, interaction parameters, enthalpies of mixing and 
solution and contact energy parameters has been demonstrated [7,8]. 
Another useful facet of the method i s that i t may be extended to the 
study of mixtures of two or more polymers to obtain information on 
polymer-polymer interactions [9,10] and also to the study of mixtures 
of polymers with lower molecular weight compounds such as plastic-
izers [11]. 

Paralleling this experimental work has been considerable 
activity in the theoretical treatment of polymer solutions. The 
original work of Flory and Huggins i s often used for the calculation 
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of the interaction parameter, X, now regarded as a residual free 
energy function. Other developments in the interpretation of X have 
been the Corresponding States theory of Prigogine and Patterson [12, 
13], Flory's Equation of State treatment [14], the Lattice Fluid 
method of Sanchez and Lacombe [15] and, more recently, the Scaling 
Concepts of de Gennes [16]. Although these treatments have allowed a 
more rigorous interpretation of the various parameters, they depend 
on a number of empirical parameters which cannot be readily predict
ed; therefore, they are of limited use in cases where l i t t l e or no 
experimental data i s available. Recourse must often be made to less 
rigorous, but more easily applied methods. Amongst the most often 
used i s that using the Hildebrand solubility parameter, <5, [17,18]. 
Although of very limited theoetical significance, the concept remains 
useful for many practical applications such as solvent selection and 
the prediction of phase equilibrium. 

The solubility parameter
density, 62, used as a measur
ined [19] as 

, 2 AU V aP _ AHVaP - RT 

where AU v a p and AH v a p are the molar internal energy and enthalpy of 
vaporization and V° is the molar volume of the liquid. This allows 
estimation of 6 for small molecule liquids. However, this definition 
i s not applicable for polymers and other involatile compounds and 
methods such as swelling equilibria or group contribution methods 
must be used. DiPaola-Baranyi and Guillet [20] developed a chromat
ographic method for the calculation of the solubility parameter of 
polymeric stationary phases,62 , from measurements of interaction 
parameters. 

A frequent use of solubility parameters i s the prediction of com
pa t i b i l i t y of blends of polymers with additives such as plasticizers 
used to modify the polymer properties. Plasticizers are generally 
involatile organic molecules such as dialkyl phthalates. Thus i t was 
of interest to determine the usefulness of ICC method for estimating 
the solubility parameters of these compounds. 

Polymer Solubility Parameters 

The interpretation of the Flory-Huggins interaction parameter as a 
residual free energy function [14] rather than the original enthalpy 
parameter allows separation into enthalpic and entropic contributions 

X = X H + X S (2) 

The method of DiPaola-Baranyi and Guillet i s an extension of the 
work of Bristow and Watson [21] who calculated solubility parameters 
for a series of network polymers from swelling equilibria. The basis 
is that the solubility parameters of solvent, 61, and polymer, 62, 
are introduced in the form of Regular Solution theory [19] to account 
for enthalpic effects: 

X00 - (V°/RT)(6! - 6 2 ) 2 + X« (3) 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



50 INVERSE GAS CHROMATOGRAPHY 

where the superscript » indicates that IGC data are measured at i n f 
inite dilution of solvent in the polymer. Expansion of the term in 
parentheses and rearrangement yields 

f i i x » ] (uA. (§1*%) 
I R T - W )- 1 - R T 7 6 I - l lr + W ) (*) 

A plot of the function on the l e f t hand side of Equation 3 versus 6i 
should give a linear graph with the 62 value being calculated from 
the slope. 

The method, originally applied to polystyrene and polybutyl 
methacrylate [20], has been applied to numerous polymers. Some of the 
results are shown in Table I. In the majority of cases the 6 2 values 
estimated at 25 °C agree very well with those calculated by tradit
ional methods. A great advantage of the IGC method over other tech
niques i s that measurement
erature. However, equilibriu
made at temperatures approximately 50 °C above the glass transition 
temperature, Tg, of the polymer [22]. Thus, in the above work, inter
action parameters were measured over a range of temperatures around 
those indicated in Table I and extrapolated to 25 °C assuming a l i n 
ear relation employing an equation of the form: 

X = a + b/T (5) 

where a and b are constants for each polymer-probe system. 

TABLE I. Solubility Parameter Values (MFa) from IGC 

POLYMER Temperature 6 ( t ) a 6(25) b 6 (Lit : . ) C Ref, 

polystyrene 193 15.5 19.8 17.4 - 21.5 20 
polystyrene 140 15.3 18.6 17.4 - 21.5 23 
polymethylacrylate 100 17.4 20.3 20.0 - 21.3 20 
polyvinyl alcohol 125 18.0 21.7 19.0 - 22.7 23 
polyvinyl chloride 125 16.2 18.8 19.2 - 22.1 24 
polyethylene oxide 70-140 - 20.9 25 
polyvinyl acetate 135 17.4 20.7 18.0 - 22.5 26 
polypropylene 63-83 15.8 15.8 - 18.0 27 
polyisoprene 63-83 16.4 16.2 - 17.0 27 
polybutylmethacrylate 140 14.7 17.4 17.8 23 
polychloroprene 75 18.0 16.8 - 19.2 28 
poly-1,4-butadiene 75 16.2 14.7 - 17.6 28 
poly(butadiene- 75 20.4 20.0 - 20.9 28 

acrylonitrile) 
poly(e thylene- 75 17.0 17.2 - 19.8 28 

vinyl acetate) 

a. Solubility parameter at temperature of measurement (°C). 
b. Solubility parameter extrapolated to 25 °C. 
c. Solubility parameters taken from literature values in the 

reference given in the fi n a l column. 
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This extrapolation procedure i s necessary to compare the results 
with those from other methods which are usually measured at or near 
room temperature [31]. To test the validity of this procedure, 62val-
ues have been calculated for three polymers using results measured 
directly at 25 °C rather than the higher temperatures employed pre
viously. The polymers were polydimethylsiloxane ( Tg - -150 °C ), 
polyisobutylene ( Tg = -200 to 210 °C) and ethylene-propylene rubber 
(Tg = -150 to 180 °C). The retention volumes and interaction para
meters have been given elsewhere [30]. The plots derived from Equa
tion 3 are shown in Figure 1 with the calculated <$2 values compared 
with literature results listed in Table II. Again, the results are 
in excellent agreement with the predicted linear relation and also 
with the literature values adding further validity to the IGC e s t i 
mation of 62. 

TABLE II. Solubilit

Current Work Literature [31] 

Poly(dimethylsiloxane) 15.10 14.9 - 15.5 

Polyisobutylene 16.16 15.8 - 16.6 

Ethylene-Propylene Rubber 16.63 16.2-17.2 

One notable feature of this work, and of a l l the polymers so far 
investigated, is the excellent correlation of the results with the 
linear relation predicted by Equation 3 despite the obvious approx
imations underlying the method and the various types of polymer stud
ied. This has inevitably prompted further speculation and comment. A 
particularly intriguing aspect i s that the same results have been ob
tained irrespective of the polarity of the polymer and solvents so 
that the nature of the intermolecular forces in the solution appear 
to have l i t t l e effect [32]. 

In particular, Lipson and Guillet [28] have commented at length 
on the significance of the X g parameter and have attempted to corr
elate i t s value with properties of particular systems, but no system
atic pattern emerged for i t s contribution to X . Recently, Price, 
Guillet and Purnell [30] suggested that the X value as measured by 
IGC, reflected contributions to the Helmholtz free energy of the mix
ing process, based on changes of internal energy rather than en
thalpy. The fact that the solubility parameter i s also an internal 
energy function suggests that X H accounts for these differences and 
Xg, which i s l e f t to mop-up a l l other contributions to the overall 
free energy change, contains entropic and pressure-volume effects. 

Small Molecule Solubility Parameters 

It was of interest to determine whether the same considerations out
lined above would be applicable to systems involving small molecules 
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such as those used as polymer additives. Much of the early work, 
showing the u t i l i t y of IGC for the measurement of thermodynamic para
meters, was performed on this type of compound. Consequently, there 
is a large number of results in the literature analysed using the 
Flory-Huggins theory in a manner analogous to polymer systems [33]. 
The treatment outlined above has been applied to six representative 
compounds of this type. Those chosen were two long chain, non-polar 
alkanes, n-hexadecane (Cj^H^,), and squalane (C20^62^'9 t W 0 c o m P o u n < * s 

containing polar groupings, N-methyl pyrrolidone ana dibutyl-2-ethyl 
hexamide; and two alkyl phthalates of the type used as plasticizers, 
dinonyl phthalate (that i s , the 3,5,5-trimethyl hexyl isomer) and d i -
n-octyl phthalate. These are abbreviated as HEX, SQ, NMP, DBEH, DNP 
and DOP respectively. In most cases, the results were presented in 
the literature as x parameters although in the case of NMP, activity 
coefficients were reported and x values were calculated using l i t 
erature data following th
33. 

The plots suggested by Equation 3 for these systems are shown, in 
Figures 2, 3 and 4 and these show that the excellent correlation 
found with polymers i s not obeyed with these compounds. The results 
arising from alkane probes show linearity, even with polar molecules 
such as NMP, but there are marked deviations with aromatic or polar 
probes. Table III shows the solubility parameters calculated using 
solely the linear portions of the graphs obtained with the alkane 
probes, and also using the results from a l l of the probes. The res
ults do not show the consistency displayed by polymers, and the est
imates of 6 2 d i f f e r greatly from literature values. There i s no app
arent pattern as to whether better results are found from the alkane 
solvents or from a l l of the results. 

TABLE III. Solubility Parameters of Involatile Compounds 

TEMP. SOURCE SOLUBILITY PARAMETERS, 6(MPa)* 
°C REF. A l l a Alkane b Literature 0 

HEX 30 34 14.1 15.8 16.C 
SQ 30 35 14.3 16.2 15.8 
NMP 30 36 22.3 16.2 23.1 
DBE 30 34 21.0 16.2 17.4 
DNP 30 35 18.8 16.2 17.2 
DOP 75 11 18.0 16.7 16.2 

a. Calculated from a l l points on plots in Figures 2 to 4. 
b. Calculated from linear portions of plots in Figures 2 to 4. 
c. NMP and DOP from Reference 18; DNP from Reference 37; SQ 

and HEX estimated from properties of similar compounds; DBE 
estimated from Small's group contribution method i n Refer
ence 31. 
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Figure 1. Calculation of polymer solubility parameters at 25°C for 
poly(dimethyl siloxane), PDMS, ethylenepropylene rubber, EPR, and 
polyisobutylene, PIB. 
Probes: 1. n-pentane; 2. n-hexane; 3. n-heptane; 4. n-octane; 

5. methyl cyclohexane; 6. cyclohexane; 7. benzene; 
8. toluene; 9. carbon tetrachloride; 10. chloroform; 
11. dichloromethane. 
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Figure 2. Calculation of solubility parameters for squalane (SQ) 
and n-hexadecane (HEX) at 30°C. (Probes as in Figure 1.) 
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Figure 3. Calculation of solubility parameters for N-methyl pyr-
rolidone (NMP) and N,N-dibutyl ethyl hexamide (DBEH) at 30°C. 
(Probes as in Figure 1.) 

Figure 4. Calculation of solubility parameters for dinonyl phthal
ate (DNP) at 30°C and dioctyl phthalate (DOP) at 75°C. 
(Probes as in Figure 1.) 
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Discussion 

Even with the long chain alkane molecules HEX and SQ, there i s pro
nounced curvature in the plots, although these systems might be exp
ected to be free from any polar interactions. The curvature in the 
alkane systems i s downward, leading to low estimates of <$2 while the 
curvature in the more polar compounds was upward, leading to over
estimates. It may be of interest to speculate why these compounds 
show curvature while structurally similar polymers, such as ethylene-
propylene rubber and polypropylene, give linear plots. 

One possible explanation l i e s in the nature of the intermol-
ecular forces involved. Amongst the most popular extensions to the 
basic solubility parameter theory i s that due to Hansen [38] which 
considers contributions from three types of intermolecular forces: 

6 2 = 6 2 + 6 2 + 6 2 ( 6 ) 

d p h 
where 6 arises from dispersion forces, 6 from polar forces and 5^ 
from hyarogen bonding. I
may be neglected, so tha

S 2 = 6 2 + 6 2 (7) d p 
Thus, certain polymer-solvent combinations might be expected to give 
rise to curved plots. However, as noted above, this has not thusfar 
been found and i t appears that the 'Three Dimensional' approach i s 
not useful for polymer 6 2 values calculated by this method. 

In an attempt to separate the various contributions to the small 
molecule solubility parameters the slopes of the graphs in Figures 2 
to 4 were calculated separately using aromatic and aliphatic probes. 
The latter of these was assumed to account for 6̂  while the d i f f e r 
ence between them was ascribed to 6 . An overall value of 6 was then 
calculated from Equation 7. The procedure i s illustrated in Figure 5 
using NMP as an example. The results for a l l the liquids are 
summarized in Table IV. 

TABLE IV. Two Dimensional Treatment for Solubility Parameters 

SOLUBILITY PARAMETERS, 6(MPa)2 

6, 6 6 Literature 
^ 2 

HEX 15.8 -4.1 16.0 16.0 
SQ 16.2 -5.7 17.0 15.8 
NMP 16.2 15.3 22.3 23.1 
DBE 16.2 6.8 17.6 17.4 
DNP 16.2 3.5 16.6 17.2 
DOP 16.2 2.5 16.8 16.2 

As may be seen, the prediction of 6 for the polar compounds i s 
considerably improved by this procedure, implying that there may well 
be some merit in the separation of the contributions to 6. 
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Figure 5. Calculation of the contributions to the solubility para
meter for N-methyl pyrrolidone. 

(a), slope due to 6^ and 6 ; (b). slope due to 6^ only. 
(Probes as in Figure 1.) ^ 
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However, there remain a number of unanswered questions raised by 
this work. For instance, the "negative 6 " values for SQ and HEX 
cannot be explained by straightforward solubility parameter theory. 
Similarly, the grouping of alkane probes into one 'family 1 and the 
aromatic and chloroalkane probes into another may not be justi f i e d . 
Interpretation in terms of acid-base behaviour could be attempted but 
i t i s d i f f i c u l t to envisage these effects in liquids such as SQ and 
HEX. The treatment i s further complicated since estimates of 6 2 from 
IGC refer to concentrated solutions whereas more traditional methods 
are often applicable to dilute solutions and the relationship, i f 
any, between these values i s unclear. 

Given the theoretical shortcomings of the solubility parameter 
concept, i t i s probably misguided to attempt an explanation of the 
results in s t r i c t thermodynamic terms. However, as previously men
tioned, x has been interpreted as an internal energy parameter and 
Pressure-Volume, or Equation of State, effects which are completely 
ignored in the solubility parameter treatment, w i l l be more s i g n i f i 
cant in small molecule systems where thermal expansion coefficients 
are generally greater. Henc
ributions that are relativel
ever, i t is not clear why such a good linear relation i s obtained for 
a variety of polymers. Further experimental work, especially on small 
molecule systems with more experimental results including more polar 
probes is necessary for a complete understanding of the effects 
involved in these systems. 
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Chapter 6 
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The adsorption data of different gases on various 
polymeric materials were obtained by using inverse 
gas chromatography (IGC) and compared with data 
available in the literature. An attempt was also 
made to obtain adsorption isotherms for a binary gas 
mixture. IGC offers a means to obtain gas adsorption 
data quickly. However, some improvements of the 
technique are necessary. Particularly, a high pressure 
IGC system must be developed to obtain adsorption data 
of gases under high pressures. 
IGC was also applied to generate adsorption data for 
organic vapor on polymeric materials. The vapor
-adsorption phase equilibrium for various binary 
mixtures of organic compounds was further calculated 
on the basis of adsorption data for individual vapors. 
These data are important in understanding vapor 
permeation through polymeric membranes, which occurs 
in the pervaporation process. 

The adsorption of gas and vapor on polymeric materials is one of the 
factors governing gas and vapor permeation through polymeric 
membranes. For this reason, adsorption data have been determined for 
many polymeric films (1-6). 

However, since conventional equilibrium absorption experiments 
can be time-consuming, an easier and simpler method is sought. This 
is particularly important when building a large data bank for the 
adsorption of gases and vapors on different polymeric materials. 
Such data may offer c r i t e r i a for a preliminary screening of polymeric 
materials prior to the preparation of membranes for a given gas or 
vapor separation. Preferential adsorption of solute or solvent from 
the solution on the polymeric surface can be studied by using liquid 
chromatography (7^). Furthermore, other aspects in the interfacial 
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properties of polymers at the polymer-solution interface have been 
studied by liquid chromatography for a variety of polymers, and 
results related to the permeation data of solution components in 
reverse osmosis systems (8-14). 

By analogy to the above technique, gas chromatography is 
considered a useful tool to obtain data for gas and vapor adsorption 
on polymeric surfaces. In contrast to liquid chromatography, the 
general principle of the IGC technique is well established for the 
characterization of polymeric materials; this technique called 
inverse gas chromatography (IGC), enables the study of various poly
meric properties, including interfacial properties (15-18). 

The objective of this work was to demonstrate the fea s i b i l i t y of 
IGC to generate data on the adsorption of gaseous and vaporous 
adsorbates on the surface of polymeric materials. A precise measure
ment of the volume of dead space involved in the IGC system is 
required to acquire adsorption data for weakly adsorbed gas 
molecules. However, this problem is less serious for strongly 
adsorbed vaporous adsorbates. Reflecting the difference in adsorp
tion strength, Henry's la
adsorbates, particularl
multi-layer adsorption isotherm is obtained for organic vapors. The 
adsorption data obtained experimentally are further discussed in 
relation to the gas and vapor permeation through polymeric membranes. 
The drawbacks involved in this technique and the possibility for 
improvement are also discussed. 

Theory 

The method of generating N (moles of adsorbed gas or vapor per unit 
gram of polymer) versus p (partial pressure of gas or vapor) by IGC 
is based on the method described by Mohlin and Gray (16). This 
technique is the same as Elution by Characteristic Point (ECP) Method 
described by Conder and Young (18). 

According to the method N a is given by 
Slocus * N 

N a (1) 
m.S 

where 
alocus - / <da - du> d h <2> o 

The area S-^ocug corresponds to the shadowed area shown in Figure 1. 
Further, p is qiven by 

NRT 
P h (3) 

YSp 
A l l symbols involved in Equations 1, 2 and 3 are defined in the 
nomenclature. 
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The specific surface area of the polymer was determined using 
the BET approach. The BET equation may be written as 

p/prt 1 C - 1 
~ + <P/P0>. (4) 

V 1 " P/P0> Nam C Nam C 
ro 

where p Q is the saturation vapor pressure of the adsorbate vapor, and 
N is the amount adsorbed on the surface at the monolayer coverage. 
The constant C is related to the heat of adsorption. The quantities 
C and N a m can be determined from the slope and the intercept of the 
straight line obtained when (p/p 0)/{N a (1 - p/^)} i s plotted against 
p/p Q in the p/p range 0.05 to 0.35 (16). To obtain the surface area 
of the polymer from the value of N a m, the area that each adsorbate 
molecule covers must be known. This area can be calculated using the 
following equation (16), 

M 2/
Am - 1-091 x ( r , (5) 

P # N o 
where M and p are molecular weight and density of the adsorbate 
molecule, respectively, and N Q is Avogadro's number, assuming that 
the molecular arrangement on the surface is the same as on a plane 
surface within the bulk of liquid. Then, the specific surface area 
of the polymer can be calculated as the product of N f l m and Am* 

Materials and methods 

In the IGC experiment, helium was used as a carrier gas. Pure gases 
of H2, N2, O2, CO, CO2, CHi*, C3H8, and C2R1*; binary mixtures of CO2/ 
CHi*; and organic vapors of ethanol, 2-propanol, 1,4-dioxane, heptane, 
and octane were used as adsorbates. A l l gases were supplied by 
either Air Products, Inc. or by Matheson of Canada, Ltd. with purity 
of more than 99.9%. A l l organic compounds were of reagent grade. 
Cellulose acetate (CA-E398, supplied by Eastman Kodak Chemicals, 
Inc.), cellulose triacetate (CTA, supplied by Eastman Kodak 
Chemicals, Inc.), polyethersulfone (Victrex 200P, supplied by 
Imperial Chemical Industries), and cellulose (CE chromatography 
grade, supplied by Baker Chemical, Inc.) were the polymeric materials 
packed in the chromatography column. CA, CTA and CE were supplied in 
powder form by the manufacturers, while the Victrex was in pellet 
form. Pellets were crushed mechanically and sieved in the 
laboratory. Powders in the sieve range 38 to 53 urn were used as 
packing materials. Stainless steel chromatography columns with an 
inner diameter of 0.2295 cm were used. The column length and weight 
of the packing polymeric material are given in Table I for each 
polymer. Before adsorption experiments were started the column was 
flushed with a dry helium gas stream for approximately 12 hours to 
remove a l l traces of adsorbed gases from the previous experiment. 
Adsorption experiments were performed at a helium flow rate of 5 to 6 
cm3/min and an oven temperature of 35°C for gaseous adsorbates; a 
helium flow rate of 10.92 cm3/min and an oven temperature of 24.3 to 
27.3°C were used for organic vapors. The pressure drop through the 
column was kept below 2 kPa. The amount injected was 0.002 to 0.5 mL 
for gas samples, and 0.1 to 20 yL for organic liquid samples. 
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Table I. Characteristics of Chromatographic 
Columns Used in This Study 

Column Polymer Polymer [<V>]« Polymer Length Weight Volume [<V>]« 
cm g cm3 cm3 

CA-398 90.6 1.237 0.9515 3.5551 
CTA 62.7 1.410 1.0905 2.2619 
Victrex 60.8 1.330 0.9896 2.2842 
Cellulose 69.8 0.772 — 

Organic liquids were vaporize
helium carrier gas strea
chromatography experiments were performed using either a 
Spectraphysics SP 7100 Model or a Varian Aerograph Series 1400, both 
equipped with a thermal conductivity detector. 

Results and Discussion 

Gas Adsorption. The precision in the value of d u, the distance on 
the chart corresponding to retention time (or volume) of the 
unadsorbed gas, affects significantly the results obtained for S^ O C U 8 

and consequently N a, particularly when the adsorbate is in gaseous 
form and only weakly adsorbed on the polymeric material. Therefore, 
a careful measurement of d u values was attempted in this work. The 
retention volume of the unadsorbed gas, [ V R

f ] u , is related to d u by 

which is equal to the sum of a l l dead spaces in the chromatographic 
system. The dead space was obtained as the sum of the dead space I, 
including those originating from the injector, the detector and the 
connecting tube, and the dead space II, which is the space in an 
chromatography column unoccupied by the polymer (Long, V.T.; Minhas, 
B.S.; Matsuura, T.; Sourlrajan, S. J. Colloid Interface Sci., in 
press.)• The dead space I was determined as (the retention volume 
obtained when a chromatography column was replaced by an empty tube -
the volume inside the empty tube). The dead space II was determined 
as (the volume inside an unpacked column - (polymer weight/polymer 
density)). 

Using d values obtained above, S^ Q C u g was determined by the 
method described in the theoretical section and N„ calculated from 

a 
Equation 1. The value for p was calculated from Equation 3. The 
results are shown in Figures 2, 3, and 4 for CA-398, CTA, and 
Victrex, respectively, with regard to different gaseous adsorbates. 
A l l the adsorption isotherms are almost linear with a slight 
curvature in the range of the adsorbate gas pressure studied. The 
only exception is hydrogen adsorption to CTA. The slope of the 
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Figure 2. Adsorption isotherms of different gases on cellulose 
acetate 398 polymer at 35°C. (Reproduced with permission from 
ref. 22. Copyright 1988 Academic Press.) 
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Table II. Henry's Constants for Adsorption of Various 
Pure Gases on CA-398, CTA, and Victrex Polymers at 35°C 

Polymer 
Henry's Constant, H x 10 5 mol/g«kPa 

Adsorbate Gas 
a 

CO 2 C2Hit C3H8 CHi* O2 N 2 CO H 2 

CA-398 
CTA 
Victrex 

0.752 
0.188 
2.855 

0.416 0.871 0.109 0.109 
0.0768 0.0404 0.0257 0.0197 
0.657 0.157 0.0915 0.0742 

0.0763 
0.0164 0.0157 
0.0638 0.0706 

0.0866 
0.0175 
0.0550 

a Gas pressure below 100 kPa 

adsorption isotherm is Henry'
The numerical value for H was determined by applying linear 
regression analysis to the data shown in Figures 2, 3, and 4. The 
results of this analysis, as listed in Table II, show that Henry's 
constant decreases in the following order: 

CO2 > C2Hif > C3H8 > CHi* > O2 > N2, CO, H2 

for the polymers studied, except CA, where the order i s 

C3H8 > CO2 > C2Hit > 

The order in Henry's constant among different polymers, on the 
other hand, depends on the adsorbate. 

Gas Mixtures. Because of the importance of the separation of C02/CH1* 
gas mixtures, i t is interesting to compare the ratio H ^ Q ^ / H ^ ^ . The 
ratios are 31.2, 5.9, and 7.31 for Victrex, CA, and CTA, 
respectively, indicating the superiority of Victrex as membrane 
material for (X^/CHi* gas separation from the perspective of gas 
adsorption isotherms. 

Gas adsorption from the binary C02/CHi* mixture to cellulose 
acetate was studied at different compositions. For this study, 
different volumes of gaseous mixtures of a given composition were 
injected into the column. A chromatogram with two peaks, one for 
CO2 and the other for CHi*, was obtained for each injection and the 
method illustrated in Figure 1 for determining S^ o c u g and h was 
applicable to both peaks. The latter S J L o c u 8 and h values were used 
to calculate N a, p and Henry's constant H=Na/p. As a result of this 
calculation, HQQ 2 and at different gas compositions were 
obtained. In Figure 5, X C 0 2 H ^ , X C R | + H ^ , and X C ( > 2 H C Q 2 + 
XCHit ^̂ CHi* a r e i l l u s t r a t e d as functions of Xqq2» where X^ is the mole 
fraction of component i . If the adsorption is completely ideal, 
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0.8 

Figure 5. Adsorption of methane/C02 gas mixture on cellulose 
acetate 398 polymer at 35°C. (Reproduced with permission from ref. 
22. Copyright 1988 Academic Press.) 
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these correlations should be linear, as illustrated in Figure 5 by 
the broken lines* The real adsorption curve is slightly nonlinear* 
Specifically, when the CO2 mole fraction is less than 50% the amount 
of CO2 adsorbed is less than the amount expected for ideal 
adsorption; however, i t is greater than the amount expected for 
ideality when the mole fraction of CO2 is more than 50%. On the 
other hand, methane adsorption is more than expected for ideality in 
the entire range of gas compositions of the binary mixture. 

Vapor Adsorption. Ethanol and heptane vapor adsorption isotherms on 
cellulose are illustrated in Figure 6 for temperatures of 24.3°C and 
26.5°C. The isotherms indicate multi-layer adsorption, which is 
typical for vapor adsorption on polymeric materials (16). Adsorption 
is sensitive to the temperature of both vapors and is decreased 
significantly by increasing the temperature from 24.3°C to 26.5°C. 
The saturation vapor pressure
temperatures. The figur
the adsorption isotherm is only 67% of the saturation vapor pressure 
for ethanol and 71% for heptane. In both adsorption isotherms, the 
amount of the adsorbed organic vapor increases steeply near the 
maximum vapor pressure included in the isotherm. 

The isotherms for 1,4-dloxane, ethanol, heptane, and octane are 
shown in Figure 7. The temperatures at which the isotherm curves 
were obtained are 24.3°C for 1,4-dioxane, ethanol and heptane, and 
25°C for octane. Though the temperature for octane is slightly 
higher than that for the other organic vapors, the difference in the 
temperature seems to be small enough to make the comparison of these 
adsorption isotherms meaningful. Furthermore, relative pressure 
(vapor pressure/saturation vapor pressure) was used for the pressure 
scale instead of the vapor pressure i t s e l f . The amount of adsorbed 
vapor decreases in the order 1,4-dioxane > ethanol > heptane > 
octane. 

The order (1,4-dioxane > alcohol > hydrocarbon) is in agreement 
with the data reported by Mohlin and Gray (16). The solubility 
parameters (MPa) of cellulose and the organic vapors studied are: 

Cellulose (49.3) > ethanol (26.0) > 1,4-dioxane (20.2) > heptane 
(15.1). 

Therefore, the adsorption strength can be expected to be ethanol 
> 1,4-dioxane > heptane i f the affinity between cellulose and organic 
vapor governs the adsorption strength. However, the experimental 
results show that 1,4-dioxane is more strongly adsorbed than ethanol. 
This is probably due to the higher boiling point of 1,4-dioxane 
(101.5°C) than that of ethanol (78°C) indicating that the 
condensibility of 1,4-dioxane vapor on the polymeric surface is 
higher than that of ethanol vapor. 

Figure 8 shows the plot of (p/p Q)/{N a (1 - p/p^)} versus p/p Q, 
the latter ratio being in the range proposed by Mohlin and Gray (16). 
The only exception is octane vapor for which the range of p/pQ 

extends to 0.39. Excellent straight line relationships were obtained 
for a l l the organic vapors studied. Numerical values of Affl, Nflm, and 
surface area are listed in Table III. A l l the specific surface area 
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P/Po 
Figure 7. Adsorption isotherms of 1,4-dioxane, ethanol, hept 
and octane on cellulose polymer. Temperatures were 24.3°C, 
except for the octane Isotherm, which was obtained at 25 °C. 
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0 0.1 0.2 0.3 0.4 
p/p 0 

Figure 8. BET plot for different organic vapors at different 
temperatures* 
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Table III. Specific Surface Area of Polymer 
Measured for Different Organic Vapors a 

Vapor Temperature 
°C m2 

Nam x 1 0 2 \ molecules* 
kg*polymer 

Surfa 8e 3A 
m2/kg 

Area 

Ethanol 

2-Propanol 
1,4-Dioxane 
Heptane 

Octane 

24.3 
26.5 
27.3 
24.3 
24.3 
26.5 
25.0 

23.09 
23.13 
27.72 
29.46 
42.7 
42.8 
45.76 

4.36 
4.48 
4.10 
4.10 
2.85 
2.91 
2.50 

1.01 
1.04 
1.14 
1.21 
1.21 
1.24 
1.14 

polymer: cellulose 

data are in the range 1.01 to 1.24 m2/g, which are lower than the 
values obtained by Mohlin and Gray (1.6 to 1.7 m2/g). The specific 
surface area data obtained above also indicate that cellulose is not 
swollen significantly by these organic vapors. These surface areas 
are particularly in contrast to 243 m2/g, a value obtained for water 
vapor in previous work (19). Such an enormous increase in surface 
area is thought to be due to swelling of the cellulose in a water 
vapor environment. 

Vapor Mixtures. Phase equilibrium curves correlating the mole 
fraction of component A in the adsorbed phase, X A a d g , and that in 
the gas phase, X A , were estimated for two binary mixtures of 
liquid components*A and B. The equilibrium phase diagram is shown in 
Figure 9 for ethanol/heptane mixtures (9-a) and for 1,4-dioxane/ 
heptane mixtures (9-b) at 24.3°C. The method of generating these 
equilibrium phase diagrams for the binary mixture of ethanol (A) and 
heptane (B) is as follows. The mole fraction, X A a d g , for a given 
mole fraction X A g a g is calculated at a total vapor pressure p. The 
partial vapor pressure of the component A in the vapor phase is 
pX* g a s» **id that for the component B in the vapor phase is pXg^g^g • 
p(f*- X* g a s)« Then, using Figures 6a and 6b, the moles of adsorbed 
vapor of'component A per kilogram of polymer, N^, and that for the 
component B, Nag, can be obtained. Further, by using and N g 
obtained above, X A a d g is calculated as X A a d g - NaA^ NaA + NaB'* 
Similarly, X R a d g » N aB^ NaA + NaB>* This*method is based on the 
assumption that the adsorption of components A and B are completely 
independent and additive, which may not always be true and therefore, 
the phase equilibrium lines obtained above should be confirmed by 
further experiments. However, the above method is effective in 
determining the effect of the total vapor pressure on the phase 
equilibrium diagram. Some interesting results have been obtained in 
this respect. 
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Figure 9-a shows that by increasing the total pressure, 
XA ads ( A i s e t n a n o l ) in the high X A range is increased, while 
the trend is reversed in the low X A * grange. In fact, X A a d g may be 
lower than X A in a low X A range. The same trend is observed 
for the system 1,4-dioxane/heptane (Figure 9-b). The main feature of 
the adsorbed phase-vapor equilibrium depicted above seems reasonable, 
considering the adsorption isotherm curves for ethanol and heptane 
shown in Figure 6-a and 6-b. 

For example, when the total pressure and X^ are high, the 
partial pressure of component A(ethanol) becomes'nigh and, according 
to Figure 6-a, the amount of adsorbed vapor of the component A, 
**aA» * s l a r 8 e f since is found in the range where the curve i s 
steeply increasing. However, the partial pressure of component B is 
low, since Xg^ g a g is low and the amount of the adsorbed vapor of the 
component B is small, since N a B is found in the range where N a B 

increases with vapor pressur
h i 8 h XA,gas v a l u e » a l a r 8 e X

reversed, resulting in a small amount of component A (ethanol) 
adsorption and a large amount of the component B (heptane) adsorption 
and consequently, a small X^ a < j g value. This explains why a high 
total pressure pushes up X A a d g values in the high X A^ g a g range and 
pushes down X A a d g values in the low X A g a g range. ' 

A pervaporation system consists of equilibria at both sides of 
the membrane. One side of the membrane is in contact with the feed 
liquid mixture, while the other side is exposed to the permeate vapor 
at low pressure. It is considered that equilibria are established 
locally at both sides of the membrane. Adsorption equilibrium at the 
liquid-polymer interface must be established on the feed side, while 
an adsorption equilibrium at the vapor-polymer interface must be 
established on the permeate side. Further, both sides of the 
membrane are connected by liquid phase and gas phase diffusions of 
permeant molecules in the polymer. Therefore, adsorption equilibria 
at both liquid-polymer and vapor-polymer interfaces must be studied 
to fully discuss pervaporation phenomena. This aspect is neglected 
in many pervaporation papers. Although adsorption at the 
liquid-polymer interface can be studied by inverse phase liquid 
chromatography (20,21), this paper shows that adsorption at the 
vapor-polymer interface can be studied by IGC. 

Conclusion 

Inverse gas chromatography is a useful tool to study polymer-gas or 
polymer-vapor interfacial properties and, particularly, to generate 
adsorption isotherm data. There are several improvements required in 
this technique. 
1. In this technique, i t is in t r i n s i c a l l y assumed that the presence 
of inert gas, such as helium, does not affect the adsorption of other 
gases and vapors. This assumption must be tested. 
2. By the presently available technique, the upper limit of the gas 
pressure studied is only 100 kPa. In order to generate adsorption 
data at a higher gas pressure, a high pressure gas chromatographic 
technique must be applied. 

pressure. trend i s 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



74 INVERSE GAS CHROMATOGRAPHY 

3. When the vapor adsorption is strong, a large quantity of 
adsorbate liquid must be injected* The time required for injection 
and the subsequent vaporization causes an error in the retention time 
data. Low temperature operations are d i f f i c u l t for the same reason. 
4. It is impossible to study the adsorption of the binary mixtures 
of organic vapors, since chromatograms of both components overlap. 
However, this problem may be solved by applying computer techniques 
for splitting the unresolved peaks. 

Despite the limitations mentioned above, the chromatographic 
method is easy to handle and generates adsorption isotherm data 
quickly for a large number of combinations of polymers and gases or 
vapors. These data are important when membrane gas separation and 
pervaporation data are interpreted, and polymer materials are chosen 
for the preparation of membranes used for the above separation 
processes. 
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Legend of Symbols 

Affl * the area covered by each adsorbate molecule, m2/molecule 
C • constant related to heat of adsorption 
c =» molar concentration of adsorbate in the carrier gas stream, 

mol/m3 

d • distance on the chromatography chart, m 
H - Henry's constant, mol/g polymer«kPa 
h • recorder response, m 
M - molecular weight, kg/k mol 
m =* the amount of polymer packed in the column, kg 
N - the amount of adsorbate gas or vapor injected into the 

column, mol 
N a - the amount of adsorbed gas or vapor on unit weight of 

polymer, mol/kg 
N ^ « N corresponding to a monolayer coverage, mol/kg 
N Q

 3 8 Avogadro's number 
p • gas or vapor pressure, Pa 
p 0 • saturation vapor pressure, Pa 
Q - carrier gas flow rate, m3/s 
q • recorder chart speed, m/s 
R * gas constant 
Sp • the area of the adsorbate peak, m2 

^ locus ** t* i e a r e a bounded by the common curve along the peak height 
maxima, the gas hold-up distance, and a given recorder 
response h, m2 

T • temperature, K 
[V R'] • retention volume, m3 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



6. SHIYAO ET AL. Gas and Vapor Adsorption on Polymeric Materials 75 

Greek Letters 

y - ratio of the volume flow rate of the carrier gas to the 
recorder chart speed, m2 

p • density, kg/m3 
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Chapter 7 

Thermodynamic Study of Water Sorption 
and Water Vapor Diffusion 

in Poly(vinylidene chloride) Copolymers 

P. G. Demertzis and M. G. Kontominas 

Department of Chemistry, University of Ioannina, GR 453 32, 
Ioannina, Greece 

Inverse ga  chromatography, ,
to study water sorption of two poly (vinylidene chloride-
vinyl chloride) and poly (vinylidene chloride-acrylonitrile) 
copolymers, at temperatures between 20 and 50°C 
and low water uptakes. It was found that the specific 
retention volume of water increases with decreasing 
amount of water injected, increases dramatically with 
decreasing temperature and strongly depends on the 
type of copolymer. Thermodynamic parameters of 
sorption namely free energy, entropy, enthalpy of 
sorption and activity coefficient were calculated. 
Values were interpreted on the basis of an active site 
sorption model. Diffusion coefficients and activation 
energies values, calculated from the slopes of the Van 
Deemter curves are in general accordance with 
previously published values. 

The sorption of water by synthetic and biological polymers is an important and 
extensive field (J_). Polymers investigated include polystyrene (2), vinyl 
polymers (3, 4) , cellulose derivatives (4, J3), collagen (6), starch (7), and various 
copolymers (8). 

Sorption of water vapor by polymers is a diffusional process (9). The rate and 
extent of water sorption depends on the diffusion coefficient of water in the 
polymer, on the water/polymer interaction, and on the temperature. 

Most of the available data on diffusion and diffusion coefficients of volatile 
liquids or gases in polymers have been obtained by static sorption experiments 
(10, 11), which are time consuming and require extensive data analysis. In 
recent years, inverse gas chromatography, IGC, was found to have wide 
utility in measuring sorption tendency and diffusion coefficients of gases and 
volatile liquids in molten polymers (12-17). 

IGC enables rapid determination of thermodynamic parameters as well as 
0097-6156/89/0391-0077$06.00A) 
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diffusion coefficients. However, IGC is applicable only to solutes at infinite 
dilution. 

In this paper, the water sorption of two commercially available vinylidene 
chloride copolymers is studied using IGC at low probe concentrations. The 
copolymers are a poly (vinylidene chloride-vinyl chloride) copolymer (Saran B) 
and a poly (vinylidene chloride-acrylonitrile) copolymer (Saran F). These 
copolymers are extensively used in the form of films, coatings, and film 
laminates in various industrial applications (for example, packaging of foods 
and pharmaceuticals) where their diffusion characteristics are of prime 
importance. 

Calculation of Thermodynamic Parameters 

In gas chromatography, the net retention volume, Vn, is given by 

where j is the James and Martin compressibility factor, accounting for pressure 
drop along the chromatographic column; V is the corrected carrier gas flow 
rate (mL/s); tr is the retention time in seconds of the water; and tf is the 
retention time of a non-interacting compound (air). 

The specific retention volume, V°g defined as the net retention volume per unit 
weight of polymer, corrected to 273 K, is given by 

VOg = j.V (tr -tf) J _ 273 (2) 
Ws Tc 

where Ws is the polymer weight (g) and Tc is the column temperature (K). 

The net retention volume can be expressed as 

Vn = Kp.Vs (3) 

where Kp is the partition coefficient (defined as the ratio between the 
concentration of solute in the polymer and in the mobile phase, respectively, 
and Vs is the volume of the polymer. 

Combining equations 1, 2, and 3 results in 

Kp= V°g.Ps.Tc (4) 
273 

where fs is the polymer density. 

The total partial molar enthalpy of sorption ( A H T = A H S ) is related to V°g 
through the Clausius-Clapeyron (18) equation: 

d(l n V°g)= AHg 
dT RT2 

(5) 
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The total partial molar Gibb's free energy of sorption ( A G ° T = AG° S) is 
directly related to Kp by 

AGOs = - R T l n K p (6) 

The total partial molar entropy of sorption ( A S ° T =AS°S) is then calculated 
using 

A S ° S = A H ° S - £G°S (7) 

Finally, the activity coefficient, £, of the polymer/water interaction can be 
calculated using 

AG°  = RT m P° (8) 

where P° is the saturation

Calculation of Diffusion Coefficient 

Van Deemter et al. (19) related peak broadening in a gas chromatographic 
column to column properties through equation 9: 

H = A + B_+ Cu (9) 
u 

where H is the theoretical plate height, u is the linear velocity of the carrier 
gas, and A, B, and C are constants independent of u. 

Whereas A and B are related to instrument performance and gas phase 
spreading, C depends on a number of factors, including the diffusion 
coefficient of the probe molecule in the stationary phase. The constant C 
is given by 

C = (8)(dJ _K_ 0 (10) 
p Dp d+Kr 

where d is the thickness of the stationary phase, Dp is the diffusion coefficient 
of the probe molecule, and K is the partition ratio given by 

K= ( t r - t f ) (11) 
tn 

Tn Ecruation 11, tr and tf are the retention times to peak maximum of the probe 
molecule and a non-interacting material used as a marker, respectively. 

The determination of Dp involves the measurement of H at several relatively 
high flow rates, where the term B/u is negligible. The slope obtained in a 
plot of H versus u enables one to calculate Dp, since K is known in these 
experiments. The plate height, H, is determined from the eluted peaks 
displayed on a chart recorder by 

H = ( _L_) ( Wl/2) 2 (12) 
5.54 tr 
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where L is the column length, W1/2 the peak width at half the peak height, 
and tr is the retention time from injection to peak maximum. 

Braun et al. (13) used these equations to calculate the diffusion coefficients 
of several materials in low density polyethylene. Millen and Hawkes (20), 
following Giddings (21), claimed that a value of 2/3 should be used as the 
constant in Equation 10 instead of 8/ir2. 

In accordance with the theory of activated diffusion, a plot of log diffusion 
coefficient (Dp) versus 1/T should produce a straight line of slope -Ea/2.303R 

Dp = Do-Ea/RT (13) 

where Do is a constant, E a the activation energy for diffusion, and R is the 
gas constant. 

Materials and Methods 

The copolymers investigated in the present study were both supplied by 
Polysciences, Inc., U.S.A. The first was poly(vlnylldene chloride-vinyl chloride, 
80:20% w/w), having an average molecular weight (Mw) of 9xl0 4. The second 
was poly(vinylidene chloride-acrylonitrile, 80:20% w/w) of unknown molecular 
weight. 

A Varian gas chromatograph Model 3700, equipped with a thermal conductivity 
detector, was used in all experiments. 

The column parameters are described in Table I. The chromatographic 
parameters were as follows: 

flow rate (mL/min) :45 
carrier gas ; nitrogen, high purity 
temperature (°C): injection port : 100 

column : 20 to 50 
detector : 220 

The column packing material was prepared as follows (22). The polymers were 
dissolved in tetrahydrofuran and coated onto the inert support by slow 
evaporation of the solvent with gentle stirring and heating. After vacuum 
drying for approximately 48 h at 50°C, the chromatographic supports were 
packed into the columns with the aid of a mechanical vibrator. The thickness 
of the stationary phase (d) was determined by 

d = (l/3) W (Ps/ep)r (14) 
where W is the % loading of the polymer, ?s is the density of inert support, 
pp is the density of polymer and r is the radius of inert support 
particles. The temperature range studied in the present work was above 
the Tg of both copolymers. 

Distilled water was injected into the chromatographic column in volumes 
ranging from 1 to 20 uL. 
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Table I: Stationary Phase and Column Parameters 

Polymer type Inert support Loading Polymer Column dimensions 
(%) mass (g) (length x O.D., cm) 

Poly(vinylidene Chromosorb W A W , 5.55 0.544 200 x 0.63 
chloride- vinyl DMCS, 60/80 
chloride, 80:20%) 

Poly(vinylidene 
chrolide- Chromosorb W A W , 5.55 0.564 200 x 0.63 
acrylonitrile, DMCS, 60/80 
80:20%) 
Results and Discussions 

A sample chromatogram indicating sorption curve shape is given in Figure 1. 
It is clear that as amount of water injected increases the front profile of the 
peak becomes increasingly diffused while the rear profile remains almost 
vertical. This pattern is similar to that previously reported (24) and can be 
explained by some kinetic process such as partial penetration of the probe into 
the bulk of the polymer, a phenomenon which would cause peak broadening. 

The effect of the amount water injected, mp on the specific retention volume 
for the two copolymers at various temperatures is shown in Table n. The above 
effect at T=20°C is characteristically shown in Figure 2. 

Table II and Figure 2 show that V°g increases with decreasing amount of water 
injected; increases dramatically with decreasing temperature; and depends 
strongly on type of copolymer. 

The first two findings are indicative of an active site sorption process. 
Moreover, for a given T and mp, V°g values for the poly(vinylidene-
acrylonitrile) copolymer are significantly higher than those of the poly(vinyli-
dene-/vinyl chloride) copolymer, indicating a stronger polymer/water 
interaction in the first system. This difference between the two copolymers 
can be explained in terms of the higher affinity of the nitrile group for water, 
as compared to the affinity of the chlorine groups. 

Thermodynamic parameter values for both systems are given in Tables HI and 
IV. It is evident that for both systems A G ° s decreases with decreasing 
temperature, indicating a more favorable interaction between polymer and 
water at low temperatures. 

It is also evident that at a given temperature, A G ° S values for the poly(vinyli-
dene-acrylonitrile) copolymer are somewhat lower than those of the poly(viny-
lidene-vinyl chloride) copolymer, indicating a relatively favorable polymer/ 
water interaction in the first case. The explanation for this is analogous to 
that for V°g. 
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Retention time 
Figure 1. Elution chromatogram of 1, 2, 4, 8, 12 and 20 uL water 
injected. ' 

Figure 2. Specific retention volume as a function of the amount of water 
injected for the (4) P(VdC/VC) and (•) P(VdC/AcN) copolymers at 
T=20°C. 
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Table n. Specific Retention Volume as a Function of the Amount of Water 
Injected for the Two P(VdC) Copolymers at Various Temperatures 

a) P(VdC/VC) b) P(VdC/AcN) 
30°C 40OC 50°C 30OC 40°C 50OC 

m p V°g VOg VOg m p V°g V°g V°g 
(mg) (mL/g) (mL/g) (mL/g) (mg) (mL/g) (mL/g) (mL/g) 
1 139.33 74.20 42.44 1 178.85 96.86 57.80 
2 136.83 72.58 40.62 2 176.02 95.00 55.74 
4 135.30 71.26 39.05 4 174.25 93.65 55.30 
5 134.34 70.79 38.32 5 173.50 93.14 53.65 
7 133.50 70.39 37.76 7 172.73 92.40 52.83 
9 133.01 70.22 37.45 9 172.20 92.17 52.41 
10 132.77 70.20 
15 132.51 70.14 
20 132.42 70.14 37.29 20 171.21 91.96 52.09 

Table m. Thermodynamic Parameters of Interaction Between P(VdC/VC) and 
Water at Infinite Dilution (0.01 ug water) 

T(K) P°(atm) K p AG°s(Kcal/mole) AS°s(cal/mole K) jfxlO-2 

293 0.023 406.2 -3.50 -22.87 9.60 
303 0.042 256.7 -3.34 -22.64 9.30 
313 0.073 142.5 -3.08 -22.75 9.64 
323 0.122 88.6 -2.88 -22.66 9.28 

AHOs =-10.20 Kcal/mole 

Table IV. Thermodynamic Parameters of Interaction Between P(VdC/AcN) and 
Water at Infinite Dilution (0.01 p g water) 

T(K) P°(atm) K p AG°s(Kcal/mole) AS° S (cal/mole K) flxlO-2 

293 0.023 510.4 -3.63 -22.76 7.49 
303 0.042 329.7 -3.49 -22.48 7.24 
313 0.073 170.9 -3.20 -22.68 7.50 
323 0.122 113.6 -3.04 -22.48 7.23 

AHO =-10.30 Kcal/mole 

AS° S values for both systems are almost constant, indicating that there is 
probably no change in the degree of randomness of the system within the 
temperature range studied. 

The enthalpy of sorption, a measure of the energy of attachment of sorbed 
molecules to the polymer, increases with increasing amount of water injected 
(Figure 3). 
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Values of AH° S close to -10.0 Kcal/mol (Figure 3) correspond to a strong 
polymer/water interaction and support the active site hypothesis. According 
to this hypothesis the water initially introduced is tightly bound onto certain 
irregularities in the polymer structure (active sites) (AH^-10.2 Kcal/mol). 
Once these active sites are covered, additional water molecules are held more 
loosely by the polymer (AH*-9.5 Kcal/mol). This value is close to the heat of 
condensation of water (-10.5 Kcal/mol) and one can expect sorption on sites as 
well as condensation to take place at higher water uptakes. 

C o 
Both AHs;and AS S values are in agreement with literature values of -7.8 Kcal/ 
mole and -20.4 cal/mole K, respectively (8), and -8.5 Kcal/mole (23) for a 
similar vinyl chloride-vinyl acetate copolymer, P(vc/VAc). 
Finally, $ values (mole fraction) given in Tables IE and IV are indicative of 
strong attractive forces between polymer and water. Although the activity 
coefficients do not change
increase with increasing temperature
interaction. 

Diffusion coefficients and activation energies for the two copolymers 
calculated from the slopes of Figures 4 and 5 are given in Table V. 

Table V. Diffusion Coefficients and Activation Energies for Water in the Two 
P(VdC) Copolymers between 20°C and 50°C 

Polymer Temperature Dp Ea 
(°C) (cm^s"1 x 10~8) (Kcal/mole) 

P(VdC/VC) 20 1.63 
30 2.00 2.75 
40 2.19 
50 2.55 

P(VdC/AcN) 20 0.75 
30 1.20 5.19 
40 1.50 
50 1.75 

Diffusion coefficients are of the same order of magnitude for both copolymers. 
An average value of 2.0 x 10 - 8 cm2/s corresponds well to a value of 2.38 x 10"8 

cm2/s for a PVC homopolymer (3); however, it differs significantly from an 
average value of 17 x 10 - 6 cm2/s ""reported for a P(VC/VAc) copolymer (8) 
at similar temperatures. Differences are probably due to the presence of 
plasticizer, (25% dioctyl phthalate) which causes inter-segmental bond 
weaking and therefore, results in diffusion coefficient increase. Apparently, 
diffusion coefficients increase with temperature increases. Activation 
energy values are in general agreement with those of similar copolymers like 
P(VC/VAc) for which reported values were between 2.2 and 7.7 Kcal/mole 
(8) at same temperatures. 
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Figure 5. Arrhenius plots of diffusion coefficients for water in the two 
copolymers (a) P(VdC/VC) and (b) P(VdC/AcN). 
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In conclusion, IGC has shown to be a powerful tool for the evaluation of the 
thermodynamics of water sorption by polymers at low water uptake levels, as 
well as for the determination of diffusion coefficients. 
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Chapter 8 

Solute Diffusion in Polymers by Capillary 
Column Inverse Gas Chromatography 

Dominique Arnould and Robert L. Laurence 

Department of Chemical Engineering, University of Massachusetts, 
Amherst, MA 01003 

Inverse Gas Chromatography (IGC) has been developed for accurate 
measurement of diffusion coefficients in polymer-solvent systems at 
conditions approaching infinite dilution of the volatile component Re
cently, the technique has been extended to coated capillary columns. In 
this paper, the applicability of capillary columns to IGC measurements 
is reviewed, and results of a study on the effect of penetrant size and 
configuration on diffusion in polymethyl methacrylate are presented. 
Measurements of diffusion coefficients have been made over a range of 
temperatures. The effect of solvent size on the activation energy, ED, 
is examined in the limit of zero mass fraction of solvent. The available 
diffusion data do not allow discrimination between the conflicting 
theories describing the variation of ED with solvent size: the ceiling 
value hypothesis and the hypothesis based on free-volume theory. The 
extent of segmental motion for large and sufficiently flexible solvents 
and its effect on diffusion has also been investigated. Finally, the 
measurement of methanol diffusion coefficients near the glass transi
tion temperature are discussed. 

The mass transfer of low molecular weight molecules in concentrated polymers 
plays an important role in many polymer processing steps. During the forma
tion of the polymer, the rate of polymerization is sometimes influenced by the 
diffusion of low molecular weight species. After the reaction step, a devolatiliza-
tion process is usually used to remove volatile residuals from the polymer via 
solvent diffusion. Many other processes, such as the distribution of additives in 
polymer, involve the diffusion of low molecular weight molecules in concen
trated polymer solutions. 

Diffusivity data are available only for a limited number of polymer-sol
vent systems. This paper describes research that has led to the development of the use 
of capillary column inverse gas chromatography (IGC) for the measurement of diffu
sion coefficients of solute molecules in polymers at infinite dilution. The work has re
sulted in a precise, rapid technique for the diffusion measurements that circumvents the 
many problems attendant to classical sorption methods and packed column IGC meth
ods. Initial results of the program appeared in two recent publications (1,2). Some 
of the material introduced in those papers is discussed here to present background for 
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the discussion, but new data is also presented on polymethyl methacrylate that allows 
careful examination of the merits of a free-volume theory for diffusion. 

Theory ofDiffusion 
The theories that describe diffusion in concentrated polymer solutions are ap
proximate in nature. Among them, only one seems sufficiently developed to 
offer a good description of mass transfer in polymer-solvent systems: the free-
volume theory of diffusion. Though it affords good correlative success, it 
needs further testing. 

A brief review is presented of the theories describing transport processes 
in binary solutions of an amorphous, uncross-linked polymer and low molecular 
weight solutes. At present, there exists no theory capable of describing diffu
sion in polymer-solute systems over the entire concentration range. No general 
theory has been formulated to describe diffusional transport under conditions 
where viscoelastic effects are important. However, methods have been devel
oped to anticipate conditions under which anomalous effects can be expected (3-
2). This brief review is limite
solutions under conditions where the classical diffusion theory holds. 

At present, all these theories are approximate, since all attempts to de
rive them using molecular mechanics have been largely unsuccessful, because 
there is a large number of degrees of freedom in describing concentrated poly
mer solutions. Among these approximate theories, such as those developed by 
Barrer (10). DiBenedetto OLD, and van Krevelen (12), the free-volume theory of 
diffusion is the only theory sufficiently developed to describe transport pro
cesses in concentrated polymer solutions. 

Cohen-Turnbull Free-Volume Theory. The original free-volume work was 
developed to describe transport in liquids (13-15). Bueche (16) considered vol
ume fluctuations to analyze polymer segmental mobility. Cohen and Turnbull 
(17.18) gave the free-volume theory its first theoretical basis by developing an 
expression relating the self-diffusion coefficient to the free volume for a liquid 
of hard spheres. In their free-volume model for molecular transport in dense 
fluids, the voids that allow the molecular transport are represented by a random 
distribution of the free volume in the material. Naghizadeh (19) proposed a 
modified version of the Cohen-Turnbull theory by considering a redistribution 
energy for the voids. Macedo and LitovitzQQ) broadened the Cohen-Turnbull 
theory by taking into account attractive forces in addition to the repulsive 
forces, as well as the availability of free space. Chung (21) placed the Macedo-
Litovitz analysis on a solid theoretical basis by deriving it using statistical-me
chanical arguments. Turnbull and Cohen (22) improved their free-volume model 
by taking into account die variable magnitude of the diffusive displacement. 

Application to Polymer-Solvent Systems. Fujita (22) was the first to use the 
free-volume theory of transport to derive a free-volume theory for self-diffusion 
in polymer-solvent systems. Berry and Fox (24) showed that, for the tem
perature intervals usually considered (smaller than 200°C), the theories that 
consider a redistribution energy for the voids gives results similar to those of 
the theories that assume a zerp energy of redistribution for the free volume 
available for molecular transport. Vrentas and Duda (£,£) re-examined the free-
volume theory of diffusion in polymer-solvent systems and proposed a more 
general version of the theory presented by Fujita. They concluded that the fur
ther restrictions needed for the theory of Fujita are responsible for the failures 
of the Fujita theory in describing the temperature and concentration dependence 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. A R N O U L D & L A U R E N C E Solute Diffusion in Polymers 89 

of diffusion coefficients for binary mixtures of small molecules and amorphous 
polymers. Paul (25) used the Cohen-Turnbull theory to develop a model for 
predicting solvent self-diffusion coefficients in polymer-solvent solutions. A 
major advantage of the Paul model is that it contains only three parameters. In 
contrast to the Vrentas-Duda model, no diffusion data are needed for the 
evaluation of the parameters. Paul's theory is expected to give good predic
tions, however, only for polymer concentrations less than 0.9. Vrentas, Duda, 
and Ling (2,2© compared their free-volume theory for self-diffusion with Paul's, 
both conceptually and experimentally, and concluded that the Vrentas-Duda ver
sion gives better agreement with existing data. 

There are some important considerations in the Duda-Vrentas theory that bear 
some examination; for example, the effect of the solvent size on diffusional be
havior, and the behavior of the diffusion process near the glass transition. 

Effect of the Solvent Size. The effect of solvent size and geometry is reflected 
in the apparent activation energy for diffusion, E D , for diffusion in the limit of 
zero solvent concentration define

Here, Di is the self-diffusion coefficient of the solvent. In the limit of zero solvent 
concentration, it is equal to the mutual-diffusion coefficient D. 

The variation of E D with the solvent size has been described by two 
conflicting theories : 

i ) Kokes (22) and Meares (28) proposed that the activation energy ap
proaches a ceiling value as the molecular size of the solvent increases. For 
solvents larger than a polymeric jumping unit, the activation energy takes the 
ceiling value. The movement of such solvents are controlled by the motion of 
polymer molecules. 

ii) The Vrentas-Duda free-volume theory predicts that the activation energy 
increases indefinitely as the size of die solvent jumping unit increases. How
ever, these authors have indicated that the solvent jumping unit size does not 
necessarily increase when the size of the entire molecule increases, since suffi
ciently large and flexible solvent molecules exhibit segmental motion. In that 
case, the effective size of the solvent molecule is smaller than its total size. 
Vrentas and Duda (&, 22) examined this problem using published data for a va
riety of solvents diffusing in polystyrene and concluded in favor of their inter
pretation of the effect of the solvent size on the activation energy. However, 
though the work of Vrentas and Duda has examined a broad size range for penetrants, 
more data are needed to establish conclusively the influence of the solvent 
molecular size and geometry on its diffusional behavior. 

Glass transition. Vrentas and Duda (2) have shown that the free-volume theory 
predicts a step change in the activation energy at the glass transition tempera
ture. This step change is a function of the solvent size, the glass transition 
temperature, the free-volume characteristics of the polymer, and the change in 
the thermal expansion coefficient at the transition. At present, the paucity of 
data precludes the testing of the theory. A key problem with measuring diffu
sion data below the glass transition temperature is to control the amount of free 
volume that is frozen in the polymer. This free volume is a function of the 
mechanical and thermal history of the polymer as it passes through the glass 
transition. Hence, the thermal history of the polymer must be controlled to al
low comparison of diffusivity data of different solvents. 

(1) 
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Diffusion Measurements. 

Conventionally, diffusion coefficients for solutes in molten polymers are determined 
by gravimetric sorption/desorption experiments. A sample of known weight and 
shape is placed on a sensitive balance and exposed to a constant concentration of so
lute. From the weight gain of the sample versus time, a diffusion coefficient is calcu
lated. Crank and Park (30) and Crank (31) reviewed the method in detail. Disadvan
tages of the technique include the relatively long time required for a single measure
ment, the difficulty of maintaining a constant, simple geometry for the molten sample, 
and the need to use solute concentrations large enough to produce measurable weight 
changes. These constraints limit the precision of measurements at conditions ap
proaching infinite dilution of the solute and for systems where the diffusion coefficient 
is strongly concentration dependent 

Inverse Gas Chromatography. A technique that promises to circumvent many of the 
problems attendant to gravimetric sorption experiments is Inverse Gas Chromatogra
phy (IGC). Until recently, all
fusion coefficients have used packed chromatographic columns in which the stationary 
phase is supported on a granular substrate. Equations similar to those developed by 
van Deemter et al. (22) are used to calculate the stationary phase diffusion coefficient 
from the spreading of the elution profile. The equation developed by van Deemter is 
commonly written as 

H = A + B/V + CV (2) 

where H is the height equivalent to a theoretical plate (HETP), and V is the mean ve
locity of the carrier gas. The constants A, B, and C represent the contributions of axial 
dispersion, gas phase molecular diffusion, and stationary phase mass transfer re
sistances toward broadening of the peak. The equation is only valid for describing the 
elution of symmetric peaks, which requires that mass transfer resistances be small, but 
not negligible. From plate theory, it can be shown that for a column producing Gaus
sian-shaped peaks, the HETP is related to the peak width, or variance, by the follow
i n g ^ : 

H = L {at2/tr2} = L/tr2{W1/2/2.335 }2 (3) 

where L is the column length, at2 is the variance of the peak, tr is the retention time 
of the peak, and W1/2 is the width of the peak at half-height. 

For the case in which all mass transfer resistance is due to diffusion in the sta
tionary phase and the stationary phase is uniformly distributed on the surface of a uni
form spherical packing, the constant C is related to the solute diffusivity (22) by 

C = (8/7c2)(x2/Dp)(K/e)[l + (K/e)]~2 (4) 

where Dp is the diffusion coefficient in the stationary phase, T is the film thickness, 
K is the partition coefficient, and e is the ratio of the stationary phase volume to the 
gas phase volume. 

These results may be used to determine diffusivity from experimental data as 
follows: Solute elution curves are obtained for a range of flow rates. From measure
ments of peak width, a plot of H versus V is prepared. At sufficiently high flow rates, 
the second term on the right side of Equation 2 becomes negligible, and the plot is lin-
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ear. From the measured slope, Dp is calculated using Equation 4. It is presumed in 
the analysis that diffusion in the stationary phase is Fickian and that the diffusion 
coefficient is concentration independent 

This technique is especially suited to the study of solutes with low diffusivi-
ties. When the solute diffusivity is small, diffusion within the stationary phase is the 
dominant process determining the shape of the elution profile, so that the contribution 
of other processes are neglected more readily. 

Clearly, further improvements in the reliability and accuracy of the IGC 
method depend on the development of more suitable columns to support the stationary 
phase. Several authors have speculated that the use of capillary columns, or open tube 
columns would eliminate some of the concerns cited above, and would be advanta
geous for IGC applications (33-35). The principal attraction of a capillary column is 
die possibility of achieving more uniform dispersal of the polymeric phase. Ideally, 
the polymer would cover the wall as a uniform annular film. Such a geometrical con
figuration would simplify modelling of the transport processes within the column, and 
improve the inherent reliabilit

Following the ideas develope
ing Capillary Column Inverse Gas Chromatography (CCIGC) was developed (1,2) 
to measure diffusion coefficients in polymer-solvent systems at conditions 
approaching infinite dilution of the volatile component. 

The polymer is deposited as a uniform annular coating in a glass cap
illary column. A solute is injected into an inert carrier gas that flows through 
the column. The elution curve of the sample is then used with a model to de
termine the solute activity and diffusivity in the stationary phase. A detailed 
description of the equipment and the experimental procedure is given by 
Pawlisch (26). It is of value to present the model used to describe the process. The 
description provided by Pawlisch (26), given below, indicates how the model was 
developed. 

Model. The model used was developed by Macris . The assumptions made are 
the following: 

(1) the column is a straight cylindrical tube; 
(2) the system is isothermal; 
(3) the carrier gas is treated as an incompressible fluid; 
(4) the carrier flow is steady laminar flow with a parabolic ve

locity profile; 
(5) the polymer stationary phase is homogeneous; 
(6) the polymer film is constant in thickness; 
(7) the polymer film thickness is significantly less than the ra

dius of the column; 
(8) the axial diffusion in the stationary phase is negligible; 
(9) the carrier gas is insoluble in the polymer; 

(10) the absorption isotherm is linear, 
(11) no surface adsorption occurs at the polymer-gas interface or 

the polymer-column interface; 
(12) no chemical reaction occurs between the sample gas and the 

polymer, 
(13) diffusion coefficients are concentration independent over the 

range of interest; and 
(14) the inlet concentration profile is modelled as an impulse 

function. 
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A modified version of this model was developed for a nonuniform polymer 
film (2). With these assumptions, the continuity equations for the gas and polymer 
phase may be written as 

£ + 2 V [ l - ( r / R ) 2 ] ^ = D 
i d_(rdc\ a V 

and 

8c' „ (" 13 (r3c'Y| t ~ 

where c and c' are the gas phase and stationary phase solute concentrations, Dg and 
Dp are the gas phase and stationar
are the axial and radial coordinates
propriate initial and boundary conditions for the problem are: 

c(r,z,t) = c'(r,z,t) = 0 at t = 0, z > 0; (7) 
c(r,z,t) = 8(t)c0 at z = 0, (8) 
c(r,z,t) = c'(r,z,t)/K at r = R; (9) 
Dg(3c/3r) = DpOc,/ar) atr = R; (10) 
3c/9r = 0 atr = 0; (11) 
3c73r = 0 atr = R + x; (12) 

where 8 (t) is the Dirac delta function, cQ is the strength of the inlet impulse, K is the 
partition coefficient, R is the radius of the gas-polymer interface, and x is the thickness 
of the polymer film 

The problem stated above is sufficiently complex that a closed-form analytical 
solution in the time domain has not been found. For most purposes, the details of the 
radial distribution of solute are unimportant, and a description of the longitudinal dis
persion of solute in terms of a local mean concentration (that is, radially averaged) will 
suffice. The most mathematically convenient mean concentration is an area-averaged 
concentration, defined as 

• - { f ^ M f ' * } ( i 3 ) 

Application of this definition to Equations 5, 6, and 7, making use of the boundary 
conditions given by Equations 8 to 10, yields the following: 

9c 4V f* , m , 2 v d c , ^ d2c 2 Dp 3c I 

c = c' = 0 at t = 0 ; c = 8(t)c0, at z = 0 (15) 

The equations derived from radial averaging still contain the local concentration 
as a variable. To proceed further, approximations are developed to relate the local 
concentration to the area-averaged concentration. The approach used in earlier models 
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(39,40) was to define a new variable, Ac, which describes the deviation of the local 
concentration from the mean concentration, 

c(r,z,t) = c (z,t) + Ac(r,z,t) (16) 

When the chromatographic peak is dispersed, the radial variation in the gas phase 
concentration is expected to be small, so that Ac « c. This approximation is used 
with Equations 14 to 16 to obtain an approximate solution in terms of c and its 
derivatives. That result may then be used to eliminate the local concentration from 
Equations 8 and 14. 

A variety of models are generated by using different assumptions to obtain an 
approximate solution for Ac(r,z,t). A plug-flow model follows from the simplest ap
proximation for Ac (r,z,t), namely that Ac (r,z,t) = 0. This is equivalent to stating 
that the radial gas phase concentration gradients are sufficiently small that c(r,z,t) = c 
(z,t). Substitution of this approximation into Equation 13, and evaluation of the inte
gral yields a plug-flow model for the gas phase: 

3c 3c 3 2c 2Dp 3c' I 
— +V D K —=- = -=p- — (17) 
3t 3z g 3 z

2 R 3r ln=R 
The interfacial equilibrium boundary condition becomes 

c(z,t) = c'(r,z,t)/K at r = R (18) 

The assumption of plug flow is valid as long as radial transport processes oc
cur more rapidly than those processes that create radial concentration variations. A 
more detailed discussion of the implications of this assumption has been given by Ed
wards and Newman (38). 

The problem is now made dimensionless by introducing the following vari
ables: 

y=(c!Vc 0 V) ; x= (z/L) ; ri=(r-R)/x (19) 
q = CTVCQKV ; 0 = Vt/L 

where L is the length of the column. The transport equations describing the elution 
process then can be expressed in dimensionless form as: 

3y 3y _Y3^y _2_ 3q(0) 
(20) 

T1=0 39 3x2 <xp2 

= i _ ^ i (21) 
3 9 p 2 3n 2 

where a=R/Kx; v=Dg/VL; p2= x 2 V / D p L . (Equation 21 was simplified, 
recognizing x « R.) The initial and boundary conditions that remain, written in di
mensionless form, are 

y = q = 0 at9=0 ; y = 8(G) atx = 0 (22) 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



94 INVERSE GAS CHROMATOGRAPHY 

y = q at Ti = 0 ; dq/drj = 0 at T] = 1 (23) 

This pair of coupled linear equations may be solved using Laplace transforms. 
Solution of Equations 20-23 yields 

Y(s,x) = exp(l/2y) exp [ -(l/2y)( 1 + 4y*F(s))1/2)x] (24) 

where ¥(s ) = s + (2Sl/2/ap) tanhflJs1/2). 
At the exit of the column, where x = 1, the solution can be written as 

Y(s,l) = exp(l/2y) exp [ -(l/2y)( 1 + 4?F(s))l/2] (25) 

While relatively benign in appearance, this transform is difficult to invert ana
lytically. The inversion scheme of Kubin (22) and Kucera (40). which uses a Her-
mite polynomial series expansion, is too cumbersome to be of any practical use. The 
coefficients are difficult to obtai

Parameter Estimation. The model for the chromatographic experiment presented 
above describes a pulse response experiment: the elution curve is the response of the 
system (that is, the chromatogram) to an input disturbance, while the Laplace trans
form given by Equation 25 is the transfer function for the system. Methods for ob
taining transfer function parameters from system response experiments are well de
veloped and generally fall into one of four categories: time domain fitting, method of 
moments, Laplace domain fittting, and Fourier domain fitting (41.42). A discussion of 
the merits of each method for IGC applications is presented by Pawlisch (2©. Each 
technique affords a simpler representation of this model, which can be used to affect 
parameter estimation. 

In determining the partition coefficient and the solute diffusion coefficient 
in the stationary polymer phase, either moment analysis or Fourier domain fit
ting was used. The two techniques are described below. 

Moment analysis. A technique for obtaining analytical information on the elution 
curve described by Equation 25 is to make use of the moment generating property of 
Laplace transforms (41). It is readily shown that the various moments of the real-time 
concentration profile are related to the transform solution by the following: 

H k = (-l)k(L/V)k lim (26) 
s->0 dsk 

where 

Vk = f tkc(t)dt/f c(t)dt (27) 
Jo Jo 

The normalized moments are used to calculate central moments, which are frequently 
more meaningful in characterizing a distribution: 

^k = f ( H i / c(t) dt / f c(t) dt (28) 
Jo Jo 
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The following equations were derived from Equation 30 for the first and second 
central normalized moments (35): 

m = ( l + ! ) c (29) 

The dimensionless mean retention time, |ii/tc, is independent of the car
rier gas velocity and is only a function of the thermodynamic properties of the 
polymer-solute system. The dimensionless variance, H2*Ac2» i s a function of the 
thermodynamic and transport properties of the system. The first term of Equa
tion 30 represents the contribution of die slow stationary phase diffusion to 
peak dispersion. The second term represents the contribution of axial molecular 
diffusion in the gas phase. At high carrier gas velocities, the dimensionless 
second moment is a linear function of velocity with the slope inversely pro
portional to the diffusion coefficient. 

Fourier domain fitting. The Fourier transform of the experimental elution curve 
is calculated. The parameters a and p are then determined using a fitting pro
cedure in the Fourier domain that is equivalent to a least-squares criterion in 
the time domain. With Fourier domain estimation, model parameters are chosen to 
minimize the difference between the Fourier transforms of experimental and theoretical 
elution curves. The Fourier transform of a bounded, time varying response curve, 
f(t), is defined as 

G(co) = J f(t)e"icotdt (33) 

If f(t) = 0 for t < 0, then substitution of s = ico into the above equation yields the defi
nition of the Laplace transform. Thus, the Fourier transform is obtained from the 
Laplace transform solution (Equation 25) by the substitution s = ico. The Fourier 
transform of an experimental elution curve is calculated at discrete values of co by nu
merical integration of Equation 33. 

The best criterion for minimizing the difference between the theoretical and ex
perimental transform is not immediately obvious. In the time domain, a least-squares 
criterion is usually preferred (22V. that is, parameters are selected that minimize the 
least-squares objective function 
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1 = (34) 

where f e (t) is the experimental response curve, and ft (t) is the theoretical response 
curve. 

From Parseval's theorem, a least-squares criterion in the time domain is 
equivalent to the least-squares criterion in die Fourier domain (22): 

where R(co) denotes the real part of the Fourier transform, I(co) denotes the imagi
nary part of the Fourier transform, and the subscript indicates an experimental or theo
retical transform. Mimmizatio
parameters results in the best least-squares approximation of the experimental elution 
curve in the time domain. The details of the procedure were presented by Pawlisch 

Validity of the Method. The feasibility of the method was demonstrated (26) by 
measuring diffusion coefficients and thermodynamic partition coefficients for 
benzene, toluene, and ethylbenzene in polystyrene between 110°C and 140°C. 
The measured values of the activity coefficient and diffusion coefficient were in 
agreement with data collected using other experimental techniques. Morerecendy, 
Pawlisch, Brie, and Laurence (2) further demonstrated the utility of Fourier fitting in 
the analysis of elution data. 

Experimental Prosram 

The current interest is the examination of the consequences of free-volume theory on 
the effect of the solvent size on diffusional behavior, and the behavior of the 
diffusion process near the glass transition. Clearly, these two problems are in
terrelated. The experimental data needed to investigate both are accurate diffu-
sivity-temperature data for a series of solvents that covers a wide range of 
molecular sizes. The series of solvents used should include solvents of large 
molecular size, incapable of segmental motion. Some recent work is reported here 
using polymethyl methacrylate, an amorphous polymer that can be studied over a 
wide temperature range. 

The IGC technique is ideally suited for this study. Its two main advan
tages are its speed and precision of measurement. Once a column is prepared, a 
change of solvent and/or temperature is effected rapidly. The precision of the 
technique is associated with the fact that measurements are conducted at condi
tions approaching infinite dilution. Hence, the structure of the polymeric glass 
is not affected by the solvent. This is particularly important for measurements 
at temperatures close to the glass transition temperature. 

Materials. A commercial grade polymethyl methacrylate (PMMA, PRD-41) was ob
tained from the Rohm and Haas Company. The weight-average molecular weight of 
the polymer and polydispersity, as determined by gel permeation chromatography, 
were 200,000 and 2.35, respectively. The solvents used (methanol, acetone, methyl 

(35) 

(26). 
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acetate, ethyl acetate, propyl acetate, benzene, toluene, and ethylbenzene) were spec
troscopic grade products obtained from Aldrich Chemical Company. 

Column Preparation. PMMA column was prepared using the procedure described 
by Pawlisch (36). The film thickness was inferred from the values of diffusivities 
measured with a second PMMA column whose thickness was measured using a de
structive characterization technique. The column used in this study had an axial length 
of 17.78 m, an inner radius of 367 pm, and a film thickness of 5.3 |im. This column 
was used to measure diffusivities for the PMMA/solvent systems in a tempera
ture interval from 70°C to 160°C. For each temperature, measurements were 
taken at three different carrier gas flow rates. Replicate measurements were made 
at each flow rate, and replicate elution curves were obtained at some of the conditions 
to evaluate reproducibility. 

Procedure. The apparatus and general procedures of the capillary IGC experiment are 
described elsewhere (1.2.36)
carrier gas flow rates (between 2 to 20 cm/s). For each experiment, an estimate of a 
and 6 was obtained using moment analysis and used as an initial guess for the 
Fourier domain fitting. The values of B 2 at the three different carrier gas flow rates 
were plotted versus 1/tc. Using equation (31), x2/D was estimated from the slope of 
B 2 versus 1/tc, using a linear least-squares. 

Data Acquisition. The original Apple II computer used by Pawlisch (26) was re
placed by a Macsym 120 (Analog Devices). The microcomputer was used to record, 
store, and display die detector output signal. The primary improvement was derived 
from the larger memory in the computer (15,000 points in contrast to 1024 in the old 
system). A sampling frequency as rapid as 20 s-1 can be attained in contrast to 5 s"1 

with the Apple II system. This has increased the accuracy and the precision of the 
data analysis. Firsdy, more data points facilitate the determination of the baseline and 
the peak. Secondly, the fitting procedure could be improved as a result of a greater 
density of experimental points in the steep region of the elution curve. The data acqu
isition procedure is discussed in detail by Pawlisch (26). The code was rewritten for 
the Macsym 120 software. A graphics subroutine was added to plot the experi
mental elution curve and the theoretical curve obtained by the Fourier domain 
fitting. 

Data Analysis. After each experiment, the data files were processed in two steps. 
The first step consisted of correcting the raw data for baseline offset and calculating 
the lower order moments of the elution curve. This was achieved with an interactive 
graphics routine that allows estimation of the baseline and the range of the elution 
peak. The second step was determining the Fourier domain estimation of the param
eters (2). The value of a and P determined by the moment analysis were used as 
initial estimates. 

Results and Discussion 

Overview. The capillary column IGC technique was used to determine the partition 
coefficients and diffusion coefficients of a number of solvents (methanol, acetone, 
methyl acetate, ethyl acetate, propyl acetate, benzene, toluene, and ethylbenzene) in 
poly(methyl methacrylate). Measurements below die glass transition temperature 
were obtained for the PMMA/methanol system 
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Diffusion Above the Glass Transition. Diffusivity data are presented in Table I. The 
logarithm of the retention volume, Vg^, for methanol is presented in Figure 1 as a 
function of the reciprocal temperature.The retention volume is related to the partition 
coefficient by the following equation: 

V £ = ^ H * (36) 
g P P

T 

where p p is the density of the polymer. 

Table I. Summary of the Diffusion Data 

Solvent Temperature D 
(K) (m2/s) * 10!2 

Methanol 433.2 12.9 

403.7 2.54 
393.6 1.40 
383.3 0.743 
373.6 0.441 
363.3 0.256 
353.0 0.118 
343.7 0.072 

Acetone 443.5 2.86 
433.3 1.50 
423.2 0.688 
413.0 0.249 
404.0 0.116 

Methyl Acetate 443.0 2.92 Methyl Acetate 
432.8 1.55 
423.7 0.720 
413.5 0.291 

Ethyl Acetate 443.1 1.53 Ethyl Acetate 
432.7 0.790 
423.6 0.337 

Propyl Acetate 443.0 0.899 Propyl Acetate 
432.7 0.395 
423.5 0.167 

Benzene 443.0 0.818 
432.9 0.345 
423.9 0.152 

Toluene 443.2 0.664 
433.0 0.260 
423.8 0.107 

Ethyl Benzene 443.3 0.442 Ethyl Benzene 
432.8 0.164 
423.7 0.070 

As noted above, the mean retention volumes determined from the mean elution 
times measured at three different flow rates and were invariant with flow rate. Linear
ity in the logarithm of Vg-versus-l/T plot is present above and below the glass transi
tion temperature with a change of slope at die glass transition temperature. Using this 
plot, the glass transition temperature appears to be near 111°C. Measured by 
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Figure 1 . Retention volume versus temperature for the PMMA/methanol system. 
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differential scanning calorimetry, the glass transition temperature was 115 to 120°C. 
A glass transition temperature of 115°C is used in the following analysis. 

The diffusivity data were analyzed using the Vrentas-Duda version of the free-
volume theory. The basic equation describing the solvent and temperature dependence 
of the diffusion coefficient in the limit of zero mass fraction above the glass transition 
temperature is given by the expression 

where Doi is a pre-exponential factor, E* is the critical energy per mole needed to 
overcome attractive forces, R is the universal gas constant; T is the absolute tempera-
ture;Tg2 is the glass transition temperature of the polymer, £ is the ratio of the critical 
molar volume of a solvent jumpin
of the polymer, and K22 and y^VK12 are related to the WLF constants of the 
polymer, C&\ and C82, by the following expression 

yty K 1 2 = 2.303 Cf Cf ; K 2 2 = Cf (38) 

The assumptions and restrictions of the free-volume theory, as well as the sig
nificance of its parameters, are discussed in detail by Vrentas and Duda (5.6). For 
temperatures close to the glass transition temperature, the diffusion process is free-
volume dominated and the energy term can be absorbed in the pre-exponential term. 
Equation 36 becomes 

D! = D 0 1 exp 
Y V 2 V K 1 2 

K 2 2 + T - T g 2 j 
(39) 

The apparent activation energy for diffusion in the limit of zero solvent concentration is 
expressed as 

o r a i n ( D 1 ) l R f f y v ^ K ^ ) / x 

E D = R T 2 - j y - L = 2 V

 l\ (40) 
L d T J (K^+T-T^) 2 

In Figures 2 to 4 are presented plots of the logarithm of D versus 
(1/[K22+T-Tg2]), using K22-T*2 = -308°K„ Although the temperature range was lim
ited, it can be concluded that the free-volume theory satisfactorily describes the tem
perature dependence of the diffusivity data except for the PMMA/methanol system. 
For this system, an Arrhenius plot is shown in Figure 5. The activation energy for 
diffusion seems to be independent of the temperature, although a slight curvature can 
be observed. For each PMMA/solvent system, the quantities Doi and (y^2^VK 1 2 

determined using a least-squares regression, are presented in Table II. For the 
PMMA/methanol system, only the first three points above Tg2 were used. 

Following Vrentas and Duda (43) for solvent molecule moving as a single 
unit, the critical amount of hole-free volume per mole necessary for a solvent molecule 
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Figure 4 . Free volume correlation for diffusion as a function of temperature for 
benzene, toluene, and ethyl benzene in PMMA. 
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Table H Size Effects on Diffusion in Poly(Methyl Methacrylate) 

Solvent Molar Volume at 0^ yV*2^/Kl2 D01 % 
(cm /̂mole) (K) (mZ/s) 

Methanol 30.8 510 0.0537 0.19 
Acetone 58 1075 0.782 0.39 
Methyl Acetate 63.3 1122 1.20 0.41 
Ethyl Acetate 77.8 1215 1.28 0.45 
Propyl Acetate 92.3 1346 1.93 0.49 
Benzene 70.4 1377 2.18 0.50 
Toluene 84.4 1473 3.51 0.54 
Ethyl Benzene 98.5 1473 2.30 0.54 

(41) 

to jump can be taken as equal to the occupied volume of the liquid, defined as the 
molar volume of the liquid solven
ten: 

v f e vv; ( v?(Q)' 
K12 K 12 [ v* j 

The parameters y, and K12 are independent of the solvent. Thus, for a molecule 

moving as a single unit, (Yv*2£)/K12 should be a linear function of the molar volume 

of the liquid solvent at 0°K, V?(0). An average value of the solvent molar volume at 

0°K was calculated using the methods of Sudgen and Biltz (Table II). A graph of 
(Yv*2S)/K12 versus the solvent molar volume at 0°K is shown in Figure 6. For sol
vents expected to move as a single unit (methanol, acetone, methyl acetate, benzene, 
toluene), the linear relationship between (Yv*2£)/K12 and V?(0), is reasonably repre
sented by the experimental data. The straight line on figure 6 was obtained by using a 
least-squares method constrained to pass through the origin for the methanol, acetone, 
methyl acetate, benzene, and toluene data (solid squares on figure 6). The data pre
sented in Figure 6 suggest that molecules of ethyl acetate, propyl acetate, and ethyl 
benzene move segmentally in PMMA. These data, obtained with diffusivity-tempera-
ture measurements in a single PMMA sample, reinforce the conclusions drawn by 
Vrentas and Duda (44) for Poly(methyl acrylate) (PMA), and allow the conclusion to 
be in favor of the free-volume interpretation of the effect of solvent size on the acti
vation energy. 

Diffusion Below the Glass Transition. The free-volume theory can also be used to an
alyze the influence of the glass transition temperature on the diffusivity of the 
PMMA/methanol system. The use of the free-volume theory both above and below 
the glass transition is discussed by Vrentas and Duda (2). According to these authors, 
below the glass transition temperature, Equation 39 becomes: 

D!=D 0 i exp (42) 
V K 2 2 A + T - T g 2 J 

The parameter X represents the character of the change, which can be attributed 
to the glass transition. For X = 1, the equilibrium liquid, assumed above T g 2 , is also 
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Figure 5. 
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Arrhenius representation of the dependence with temperature of 
the diffusion coefficients for the PMMA/methanol system. 
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Figure 6. 
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Representation of the dependence of the free-volume parameters with 
molar volume of the solvent in PMMA. 
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realized below Tg2. At the other extreme, if X = 0, the specific hole-free volume at any 
temperature is equal to the specific hole-free volume at Tg2. A rigorous definition of 
X in terms of the free-volume parameters is given in the original paper (2). 

A plot of the logarithm of D(T)/D(Tg2> versus 1/T for the PMMA/methanol . 
system is shown in Figure 7. The data indicate that, for this system, the X is slighdy 
greater than 0.5, Vrentas and Duda predicted that an upper bound for X for PMMA 
was 0.41. Consequentiy, the experimental value obtained for X seems too large. 
However, it is important to note that figure 7 was constructed using 

12 ~ 

510°K, and that the value of this parameter has a great impact on the estimate of the 
value of X. 

10. 

*v A. = 0.0 

^ A . = 0.25 

\ \ N X = 0.50 

\ = 1.0 \ 

1 \ 

\ A. = 0.75 

0.0024 0.0026 0.0028 0.0030 
l/TCK-1) 

Figure 7 . Diffusion of methanol in PMMA through the glass transition. 
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Chapter 9 

Thermodynamics of Polymer Blends 
by Inverse Gas Chromatography 

G. DiPaola-Baranyi 

Xerox Research Centre of Canada, 2660 Speakman Drive, Mississauga, 
Ontario L5K 2L1, Canada 

IGC was used to determine the thermodynamic 
miscibility behavior of several polymer blends: 
polystyrene-poly(n-butyl methacrylate), 
poly(vinylidene fluoride)-poly(methyl methacrylate), 
and polystyrene-poly(2,6-dimethyl-1,4-phenylene 
oxide) blends. Specific retention volumes were 
measured for a variety of probes in pure and mixed 
stationary phases of the molten polymers, and Flory-
Huggins interaction parameters were calculated. A 
generally consistent and r e a l i s t i c measure of the 
polymer-polymer interaction can be obtained with this 
technique. 

The concept of blending two or more polymers to obtain new 
polymer systems is attracting widespread interest and commercial 
ut i l i z a t i o n . Blending provides a simpler and more economical 
alternative for obtaining polymeric systems with desired 
properties, as compared to the synthesis of new homopolymers. 
This growing demand for polymer blends has generated a need for a 
better understanding of the thermodynamics of miscibility and 
phase separation in polymer systems. This in turn has generated 
tremendous interest in techniques that can be used to 
characterize the thermodynamics of polymer-polymer systems. 

The usefulness of inverse gas chromatography for determining 
polymer-small molecule interactions is well established (1,2). 
This method provides a fast and convenient way of obtaining 
thermodynamic data for concentrated polymer systems. However, 
this technique can also be used to measure polymer-polymer 
interaction parameters via a ternary solution approach (2). 
Measurements of specific retention volumes of two binary 
(volatile probe-polymer) and one ternary (volatile probe-polymer 
blend) system are sufficient to calculate Xp3'» t n e Flory-Huggins 
interaction parameter, which is a measure of the thermodynamic 
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miscibility of two polymers. IGC has been used to study a 
variety of blends. Some of these include polystyrene-
poly(dimethyl siloxane) (4), polystyrene-poly(vinyl methyl ether) 
(S>6), poly(methyl acrylate)-poly(epichlorohydrin) (J), 
poly(vinylidene fluoride)- poly(ethyl acrylate) (8), 
poly(e-caprolactone)-poly(vinyl chloride) (2*1Q)> and 
poly(dimethyl siloxane)- polycarbonate (JJ.). 

This paper reviews the application of IGC in determining 
interaction parameters for three polymer blend systems: 
polystyrene-poly(n-butyl methacrylate) (PS-PnBMA), polystyrene-
poly(2,6-dimethyl-1,4-phenylene oxide) (PS-PPO), and 
poly(vinylidene fluoride)-poly(methyl methacrylate) (PVF2-PMMA) 
(12-14). In each case, a generally consistent and r e a l i s t i c 
measure of the polymer-polymer interaction is obtained. 

Materials and Methods 

Materials. A l l solutes were chromatographic quality or reagent 
grade and were used without further purification. The 
polystyrene samples (PS: Mw = 110,000, Mw/Mn <1.06; P S L : Mn = 
1709, Mw/Mn <1.06) were obtained from Polysciences and Pressure 
Chemical Co., respectively. Poly(n-butyl methacrylate) (PnBMA: 
Mw = 320,000, Mn = 73,500) was obtained from Aldrich. The 
poly(2,6-dimethy1-1,4-phenylene oxide) sample was obtained from 
General Electric Co. (Mw = 69,000; Mw/Mn = 2.1). Poly(vinylidene 
fluoride), Kynar 881, was supplied by Pennwalt Corp., and 
poly(methyl methacrylate), Acrylite H-12, was supplied by the 
American Cyanamid Co. 
Columns. Column preparation is described in detail elsewhere 
(12-14). The polymers were coated from solution onto Chromosorb 
G (AW-DMCS treated, 70/80 mesh) at approximately 10 wt-J loading. 
For example, in the case of polystyrene, 2.7 g of polymer were 
dissolved in 150 ml of benzene, 23 g of support were added, and 
then the solvent was slowly evaporated by gently heating the 
slurry(while constantly st i r r i n g ) . The coated support was then 
dried in a vacuum oven (80°C) for 4 days and resieved before use 
(60/80 mesh). The percent loading of polymer on support was 
determined by calcination of 1 to 1.5 g of coating. A correction 
was made for the loss of volatiles from the uncoated support. The 
relative concentration of polymers in the blends was assumed to 
be identical with that in the original solution prior to 
deposition on the support. Columns were prepared from 48 mm 
(internal diameter) copper tubing (typically 152 cm long) that 
was plugged at each end by silanized glass wool . To provide 
even packing, the column was constantly vibrated during f i l l i n g . 
Columns were conditioned under N2 at temperatures above the glass 
transition (usually Tg + 100°C) for a few hours before use. 
Instrumentation. IGC measurements were carried out on a Hewlett-
Packard 5830A gas chromatograph equipped with a dual flame 
ionization detector. The experimental set-up and procedure have 
been described previously (12-14). Very small volumes (<0.01yL) 
of the probe (together with the marker, methane) were injected 
manually with a 10 yL Hamilton syringe in order to approach 
inf i n i t e dilution conditions for the probe. Most of the probes 
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were characterized by symmetrical elution peaks and generally 
exhibited l i t t l e sample size dependence at low injection volumes, 
low carrier gas flow rates (5 to 20 cm3/min), and moderate column 
loading. Galin and Rupprecht (15) have shown that under these 
conditions, the opposing influences of surface adsorption and gas 
flow rate are nearly equivalent, so that the experimental Vg° 
value is close to the bulk Vg° value. 
Data Reduction: Specific retention volumes, Va°(cm3/g), were 
computed in a manner described elsewhere (12-14.16). 

V°g = t NFJ/W L ( 1 ) 

where tw is the net retention time for the probe, F is the 
carrier gas flow rate at 0°C and 1 atm (STP), J is a correction 
factor for gas compressibility, and WL is the weight of polymer 
in the column. 

At temperatures abov
of the solubility of th
Flory-Huggins treatment of solution thermodynamics, one can 
obtain the x parameter, which is a measure of the residual free 
energy of interaction between the probe and the polymer (V£, 1§). 

The relationship between x and Vg° (at T >Tg) is the 
following: 

X 1 2 = In(273.16 Rv^VVV^ - (1 - V/V2)4>2 -p°(B u - V^/RT ( 2 ) 

where v 2, V 2 and <j>2 refer to the specific volume, molar volume, 
and volume fraction of the polymer, V-j and p<|° refer to the probe 
molar volume and saturated vapor pressure respectively, R is the 
gas constant, and T is the column temperature (K). Bn is the 
second v i r i a l coefficient which is used to correct for vapor 
phase non-ideality of the probe. Values of Bn were estimated 
from corresponding equations of state (12, 20). Probe vapor 
pressures were obtained from Dreisbach's compilation (21). Probe 
densities were obtained from various sources, including the 
compilations by Orwoll and Flory (22), Timmermans (22) and 
International C r i t i c a l Tables (24). For high molecular weight 
polymer and in f i n i t e dilution of the probe, the second term of 
Equation 2 [that is (1-Vi/V2)<|>2] approaches 1. 

It has been shown (2) using Scott's ternary solution 
treatment (2f>) of the Flory-Huggins theory, that the overall 
interaction parameter between the volatile probe (1) and the 
binary stationary phase (2,2) is given by 

X1(23) = In([273.16R(w2v2 + w 3v 3)/V 0
gp°V 1]-(l-V 1/V 2) 4, 2 

- d - T O s " P i ( B u " V . ) / R T (3) 
where w2 and wg refer to the weight fractions of each polymer in 
the blend. 

The volumetric data for the blends were determined by 
assuming that the specific volume of the blend is the average of 
the specific volumes of the parent homopolymers (26-29). 
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Results and Discussion 

Polymer-polymer interaction parameters ( x 2 3 ' ) were calculated 
using the following expression: 

X«28) = X12^2 + X134>3 - X23*4>24>3 ( 4 ) 

where 1 refers to the probe, 2 and 3 refer to the polymers in the 
stationary phase, (j>2 and <t>g refer to the volume fraction of each 
of the polymers, and x 2 3 f = X 2 3 V l / V 2 , where V1 and V 2 refer to 
the molar volume of the polymers. The value of x 2 3 f is thus 
normalized to the size of the probe molecule. A negative 
interaction parameter is required in order to ensure miscibility 
of two high molecular weight polymers. 

Polymer-polymer interaction parameters are summarized for 
three systems: 
1. blends of oligomeri

methacrylate) (15 t  P S L )
2. blends of polystyrene and poly(2,6-dimethy1-1,4-phenylene 

oxide) (25 to 85 wt-% PS) at 240°C; and 
3 . blends of semi-crystalline poly(vinylidene fluoride) and 

poly(methyl methacrylate) (25 to 90 wt-Jt P V F 2 ) at 200°C. 
Tables I to III summarize the x 2 3 f values obtained with a 
variety of probes for each of these systems. 

TABLE I. Polymer-Polymer Interaction Parameters ( x 2 3 ! ) for 
Various PSL-PnBMA Blends at 140°C 

Solute 
Wt-%PS L 

Solute 
15 27 30 35 40 58 80 

n-octane -0.11 0. 10 0.42 -0.21 0.01 0. 11 0 07 
2,2,4-trimethylpentane -0.25 0. 09 0.47 -0.21 0.02 0. 19 0 .14 

n-decane -0.22 0. 10 0.40 -0.20 -0.01 0. 06 0 00 

3,4,5-trimethylheptane -0.21 0. 12 0.43 -0.18 0.03 0. 07 0 .06 

cyclohexane -0.25 0. 04 0.44 -0.24 -0.03 0. 07 0 04 

benzene -0.17 0. 11 0.47 -0.20 0.00 0. 05 0 .00 

carbon tetrachloride -0.22 0. 05 0.45 -0.24 -0.02 0. 09 0 .08 

chloroform -0.25 0. 09 0.41 -0.21 -0.03 0. 09 0 .01 

2-pentanone -0.30 0. 08 0.40 -0.25 -0.06 0. 02 -0 .09 
1-butanol -0.41 0. 06 0.35 -0.32 -0.08 -0 .01 -0 .03 
n-butyl acetate -0.25 0. 08 0.43 -0.23 -0.08 0. 04 0 .08 

Source: Reprinted from ref. 12. Copyright 1981 American Chemical 
Society. 
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TABLE II. Polymer-Polymer Interaction Parameters 
(X231) for Various PS/PPO Blends at 240°C 

Solute 
wt-% PS 

Solute 
25 50 75 85 

n-octane 0.46 0.38 -0.52 -0.55 
n-decane 0.38 0.53 -0.36 -0.40 
3,4,5-trimethylheptane 1.32 0.86 -0.03 0.07 
n-butylcyclohexane 0.62 0.60 -0.32 -0.31 
cis-decalin 
toluene 0.4 -0.1
n-butylbenzene 0.54 0.46 -0.34 -0.34 
chlorobenzene 0.48 0.49 -0.31 -0.21 
acetophenone 0.40 0.49 -0.23 -0.05 
cyclohexanol 0.66 0.58 -0.03 0.17 

Source: Reprinted with permission from ref. 13. 
Copyright 1985 Canadian Journal of Chemistry. 

TABLE III. Polymer-Polymer Interaction Parameters 
(X23') f ° r Various PVF2-PMMA Blends at 200°C 

Solute 
wt-% PVF2 

Solute 
25 50 75 90 

acetophenone 0.55 -0.13 -0.51 -0.71 
cyclohexanone 0.24 0.11 -0.33 -0.52 

N,N-dimethylformamide 0.29 -0.20 -0.31 -0.45 
cyclohexanol 0.03 -0.02 -0.46 -0.55 
n-butylbenzene 0.12 0.01 -0.50 -0.59 
o-dichlorobenzene -0.01 -0.09 -0.50 -0.67 
1-chlorooctane 0.06 0.08 -0.33 -0.60 
1-chlorodecane 0.26 0.03 -0.47 -0.54 

Source: Reprinted from ref. 14. Copyright 1982 
American Chemical Society. 
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From these data, two general observations can be made. 
1. As noted in previous chromatographic investigations of 

polymer-polymer miscibility (2, 2, 10), some probe-to-probe 
variations are observed in each of these systems. The work 
of Al-Saigh and Munk (I) and Pottiger (30) indicates that 
this probe-to-probe variability is not intrinsic to the IGC 
technique, but is probably a limitation of the ab i l i t y of 
the modified Flory-Huggins theory to account for a l l 
polymer-probe interactions in ternary solution systems (for 
example, inadequate expression for entropy of mixing which 
does not take into account non-random mixing of components). 
One might speculate that the probe-to-probe variation may 
indeed reflect true changes in interactions between the 
components of the stationary phases, due to the variations 
in force-fields at contact interfaces brought on by non-
random partitionin
technique may be
thermodynamic quantities as viewed from molecular, rather 
than bulk levels. 

2. The X 2 3 ' parameter is clearly dependent on the composition 
of the polymer blend. Examination of the tabulated data 
(Tables I to III) indicates that for each blend, a l l the 
probes yield similar trends. This composition dependence is 
illustrated graphically in Figures 1 to 3, where each point 
represents the average X 2 3 * value for a l l the probes 
investigated for each blend composition. (In the PS-PPO 
system, the probe 3,4,5-trimethylheptane exhibited large 
deviations and was therefore not considered in the averaging 
procedure.) This averaging procedure was employed in order 
to circumvent the variability in the X 2 3 * values and to 
fa c i l i t a t e illustration of the composition dependence. 

IGC studies (12-14) for each of these polymer blends reveal 
single, composition dependent Tg values (Figures 4-6), and in the 
case of PVF2-PMMA blends, melting point depression is also 
observed (Figure 7). These are taken as indicators of polymer 
compatibility. 

Blends of oligomeric polystyrene and poly(n-butyl 
methacrylate) are characterized by a large and unexpected 
variation of X 2 3 1 a s a function of blend composition (at 140°C). 
The large fluctuation in X 2 3 ' between 20 and 40 wt-# P S L is 
d i f f i c u l t to explain. One of the referees has suggested that 
since the trend is the same for a l l the probes, a possible error 
in the measurement of some quantity common to a l l probes, such as 
the determination of the amount of polymer on the column, could 
explain these fluctuations. This remains to be confirmed. Since 
the measured values of x 2 3' a r e generally positive, i t appears 
that there are no strong attractive forces between these two 
polymers which would favor miscibility. However, because of the 
low molecular weight of the polystyrene, miscibility is 
permitted, even in the presence of positive X 2 3 1 interaction 
parameters, due to favorable combinatorial entropy effects. 
Increasing the molecular weight of polystyrene leads to an 
immiscible system (12). 
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WT - % P S L 

100 

Figure 1. Composition dependence of X23* * n PSL~PnBMA blends. 
(Reproduced from ref. 12. Copyright 1981 American 
Chemical Society.) 

40 60 

W T - % PS 

100 

Figure 2. Composition dependence of X23 1 i R PS-PPO blends 
(Reproduced with permission rrom Ref. 13 . Copyright 
1985 Canadian Journal of Chemistry.) 
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100 
W T - % PVF 2 

Figure 3. Composition dependence of X23 1 * N PVF2-PMMA blends. 
(Reproduced from ref. 14. Copyright 1982 American 
Chemical Society.) 

P S L - P n B M A Blends 

0.2 0.4 0.6 0.8 1.0 

W P S L 

Figure 4. Composition dependence of Tg of PSL-PnBMA blends. 
(Reproduced from ref. 12. Copyright 1981 American 
Chemical Society.) 
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Figure 5. Composition dependence of Tg of PS-PPO blends. 
(Reproduced with permission from Ref. 13. Copyright 
1985 Canadian Journal of Chemistry.) 
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Figure 6. Composition dependence of T g of PVF2-PMMA blends. 
(Reproduced from ref. 14. Copyright 1982 American 
Chemical Society.) 

0.4 0 .6 0.8 1.0 

W R V F 2 

Figure 7. Composition dependence of T m of PVF2-PMMA blends. 
(Reproduced from ref. 14. Copyright 1982 American 
Chemical Society.) 
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Polystyrene-poly(2,6-dimethyl-1,4-phenylene oxide) blends 
with a high polystyrene content (>60 wt-J PS) are characterized 
by small negative interaction parameters (approximately -0.2) in 
the molten state. This i s in accordance with the compatibility 
of PS-PPO blends. Small negative interaction parameters (< -0.1) 
have previously been reported for PS-PPO blends from melting 
point depression (31-33) and small-angle neutron scattering 
measurements (34)- In addition, calorimetric studies have 
indicated a small negative enthalpy of mixing for this system at 
room temperature (35). In the present study, blends with low 
polystyrene content (<60 wt-J PS) are characterized by positive 
X 2 3 ' values, indicating some microheterogeneity for these 
compositions. However, Fried and Su (36) have recently reported 
a negative interaction parameter for a 50 wt-J PS-PPO blend at 
260°C from IGC measurements. Further work is required to 
identify specific reason

Poly(vinylidene fluoride)-poly(methy
are characterized by a X 2 3 ' parameter at 200°C which becomes more 
negative with increasing PVF2 content, that i s , from 
approximately 0.1 at 25 wt-S PVF2 to -0.6 at 90 wt-J PVF2. The 
negative X23' values at high PVF2 content, indicating strong 
intermolecular interactions, are consistent with the melting 
point depression data of Nishi and Wang (31). A similar 
composition dependence has been reported by Wendorff (38) from 
small-angle X-ray scattering and melting-point depression studies 
of melt-blended mixtures of PVF2 and PMMA. Small-angle neutron 
scattering experiments by Hadziioannou and Stein have also 
yielded negative interaction parameters for PVF2-PMMA blends 
(32). 

In summary, IGC is an experimentally attractive method for 
obtaining polymer-polymer interaction parameters in polymer 
blends at temperatures above T m for a crystalline blend, and 
above Tg for an amorphous blend. This technique yields 
interaction parameters that are generally consistent with data 
obtained with other techniques such as vapor sorption, melting 
point depression, neutron scattering, and small-angle X-ray 
scattering (40). Advances in IGC of polymer blends w i l l require 
increased experimental precision in order to improve the 
consistency of the data, as well as refinements of thermodynamic 
models to allow better interpretation of interactions in ternary 
solutions. 
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Chap te r 10 

Inverse Gas Chromatography 

of Polymer Blends 

Theory and Practice 

Mohammad J . El-Hibri1, Weizhuang Cheng2, Paul Hattam, and Petr Munk 

Department of Chemistry and Center for Polymer Research  University 
o

With careful experimental design, inverse gas 
chromatography can be a viable method for the 
determination of the polymer-polymer interaction 
coefficient B23. The variation of apparent B23 values 
with the probe is shown to be related to the chemical 
nature of the probe and not due solely to experimental 
error. A method is presented to allow the estimation 
of the 'true' B23 value. Experiments were performed 
on a 50/50 blend of poly(epichloro-hydrin)/poly(Є-
caprolactone) at several temperatures. Polymer and 
blend solubil i ty parameters were determined. 

Probing polymer-polymer interactions in miscible blends i s an 
experimentally d i f f icul t task. Most methods available for this 
purpose are elaborate and limited in their applicabili ty. In 
recent years, research has shown that inverse gas chromatography 
(ICC) offers great promise for the study of polymer-polymer 
interactions. Conceptually, the technique involves the following: 
the elution behavior of volati le organic compounds (probes) i s 
measured for one or more blend columns and compared with the 
retention behavior of two homopolymers studied under identical 
conditions. An excess retention can then be characterized and 
treated as a measure of polymer-polymer interaction strength. This 
polymer-polymer interaction i s the cause of the irascibility 
phenomenon and i s of practical interest. 

Earlier attempts at using IGC to characterize polymer blends 
were unsuccessful. The polymer-polymer interaction parameters 
evaluated were found to vary with the probe used (1-5). For this 
reason, the use of IOC for the study of blends has been severely 
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neglected. Given the importance of polymer interaction data and 
i t s unavailability through other methods, a thorough investigation 
of the technique was undertaken. A refined methodology for 
obtaining the experimental data of interest was implemented. This 
new methodology, i s i n part, the subject of this paper. The system 
poly(€-caprolactone) /poly(epichlorohydrin) (PCL/PBCH), a known 
compatible blend, was studied over the temperature range of 80 to 
120#C. (For the comparison of data, results from an earlier work 
(6) on blends of composition PCL/PBCH 25/75 and PCL/PBCH 75/25 
measured at 80°C have been included). Twenty-five probes, 
representing a number of chemical families, were used to examine 
the chemical contribution of the probe to the apparent value of the 
polymer-polymer interaction parameter derived from the IGC data. 

Theory 

The elution behavior of
described by the specific retention volume Vg , defined as 

V g = ( V r - VQ)/w = Vj/W (1) 

where V r i s the probe elution volume, V Q i s the void volume of the 
column, V n i s the net retention of the column, and w i s the mass of 
the polymer. Combining the Flory-Huggins theory with standard 
chromatographic calculations, the probe-polymer interaction 
parameter Xi2 can be written as (2) 

X 1 2 = In (RTv 2/V gViPi) - 1 + ViA*zV2 ' (%1 " v l J P L / K T (2) 

In Equation 2, Vi and v 2 are the probe molar volume and polymer 
specific volume, respectively; M 2 i s the polymer molecular weight 
and R i s the gas constant. P]* i s the probe vapor pressure and B n 
i s i t s second v i r i a l coefficient i n the gas phase. For work with 
high polymers, the third term of Equation 2 becomes negligible and 
may be omitted. 

Guillet and coworkers (8-10) have determined the solubility 
parameter of polymers from the probe-polymer interaction 
coefficients. They separated the interaction parameter into 
entropic and enthalpic contributions, such that 
X I 2 = X H + X S to yield, i n combination with Hildebrand's solution 
theory, the following expression; 

X 1 2 = vi(6i - 82)2/RT +X S (3) 

where hi and &2 are the solvent and polymer solubility parameters, 
respectively. By expanding the expression i n parentheses, they 
obtained the linear expression 

c^RT -X12 A i = tth2/mZ>i - (C22/RT -Xs/Vl) <4> 

The experimental value of the l e f t of Equation 4 was plotted 
against &[ . A value of 62 and an average value of %s^l ^ r e 

obtained by regression analysis. 
This method can be applied to blends, considering the blend as 
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a single component and having a solubility parameter 823; the 
interaction coefficient being written asX],(23)- 1 x 1 following the 
Guillet approach we did not separate X12 into entropic and 
enthalpic components. Instead, a more general term, CI(23)J was 
introduced to represent a combination of interaction terms. By 
introducing the contact energy per unit volume, B^(23), a simpler 
form of the expression i s obtained; 

B l ( 2 3 ) = K rXl ( 2 3 ) = (5i - 023) 2 + Ci(23) <5) 

Rearrangement and expansion of Equation 5 yields the linear 
expression 

*>1 - ^ ( 2 3 ) = 2S2301 - hl3 - Ci(23) (6) 

Thus, a plot of - 3^23)
and an average value of

When using IGC for the evaluation of the polymer-polymer 
interaction coefficient X23 / the free energy of mixing i s 
routinely expressed by an extension of the Flory-Huggins expression 
(11) to a three component system (12); 

^ Gmix = KTJnxlitfx + n 2ln#2 + r ^ l n ^ + 1^2*12 

+ n^3Ki3 + 1^/^23] ( 7 > 

where , andXij are the number of moles, volume fraction, 
and binary interaction parameter, respectively. An alternate 
parameter X23 \ related to X23 as 

X 2 3 ' = (Vi/V 2)X 2 3 <*> 

i s conventionally used to describe the polymer-polymer interaction 
term as i t removes the rather large value of the molar volume of 
the polymer, V 2. Routine thermodynamic calculations yield the 
expression for X 2 3 » A S 

= (V^3){ln[Vg / b/(W2V2+ V%V3)] - &ln(Vg,2/V2) 

-/rf3ln(%3/Y3>} (9) 

where the subscripts of Vg refer to the blend and to the 
homopolymers. W2 and W3 refer to the weight fractions of the two 
polymers i n the blend. The interaction parameter may be given i n 
terms of the contact energy per unit volume of the blend using the 
quantity B 2 3 , i n which X23 1 i s normalised with respect to the probe 
molar volume V x : 

B 2 3 = RrX 23'/vi do) 

B23 i s expected to be independent of the nature of the probe. 
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Improvements i n the IGC Method 

It was recognized that the levels of precision and reproducibility 
adequate i n IGC studies of homopolymers were inadequate for a 
successful study of blend systems. A column-to-column 
reproducibility of 1% was deemed necessary for this purpose. This 
i s because the quantity of interest i n the case of blends i s the 
difference between the retentions of the blend column and the 
homopolymer columns, which i s usually less than 10% of the observed 
retention for any of the individual columns. Thus, a number of 
experimental and data analysis improvements has been introduced to 
the technique, which have boosted the reproducibility of the data 
considerably. 

Experimental Modifications. Perhaps the most significant change 
introduced i s the mode o
packing. Traditionally
support i n solution, using slow solvent evaporation. This method 
has the disadvantage of preventing precise determination of the 
polymer mass due to losses of polymer on the walls of the 
preparation vessel. Calcination and Soxhlet extraction, performed 
for subsequent mass determination, have been shown to be major 
causes of error (13,14). We used a new coating technique, (partial 
soaking method), which consists of the following steps. The 
polymer i s f i r s t dissolved i n a suitable solvent. The support i s 
then piled on a watch glass and a portion of the solution added to 
the top of the support p i l e . Care i s exercised so that the 
solution does not come i n contact with the watch glass. The 
support i s thoroughly mixed and the process repeated u n t i l a l l the 
solution has been used (including several rinsings of the solution 
flask). Consequently the exact mass of the polymer coated onto the 
support i s known. The procedure has been described i n detail 
elsewhere (15). Two other experimental aspects were modified. The 
precision i n measuring the carrier gas flow rate was enhanced by a 
new soap-bubble flow meter design (16). Also, the resolution of 
the detection of the elution data was improved by implementing a 
custom-configured computer-based data handling system. In this 
scheme, an HP-3478A d i g i t a l voltmeter was interfaced with a 
ndcrocomputer using an IEEE-488 interface board (National 
Instruments) and the detector output monitored. This configuration 
allows elution data to be measured with a signal-to-noise ratio of 
5 x 10 4 i n the detector output reading. Elution times are measured 
with a precision of ±0.1 s. 

Data Analysis. A t a c i t assumption that the support material 
contributes l i t t l e or no retention to the observed retention by the 
polymeric coating i s usually made in the IGC literature. In a 
published work (17), and from a large body of recently gathered 
data, i t has been confirmed that retention by the so-called inert 
support may actually account for up to 10% of the observed 
retention of the column. Furthermore, the support retention was 
found to be a function of the amount of probe injected, especially 
for strongly polar probes. I t became clear that this factor alone 
could undermine the blend analysis i f i t were not handled properly. 
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A procedure was developed i n which the retention by the polymer was 
obtained by subtracting the retention of the support from the 
observed retention of a given column V^03. According to this 
treatment, the specific retention volume i s given by 

Vg = Vg° b S - ̂ UP/W (11) 

where V n
s u P i s the retention volume of the support, as obtained from 

an independent experiment on an uncoated support column under 
identical conditions. The fundamental assumption made i n Equation 
11, the additivity of the support and polymer retentions, i s 
strongly supported by our experimental data. 

The concentration dependence of the support retention for the 
various probes followed the relation 

InV

where A, the peak area, was used as a measure of the amount of 
probe injected, oc and £ are functions of temperature. The 
temperature dependence of ot and £ followed a dependence of the 
Arrhenius type. In the case of alkanes and other non-polar probes, 
\fosupwas essentially independent of probe concentration; that i s 

P was small or zero. This behavior was interpreted as a 
possible result of retention of these probes by the polymer 
polydimethylsiloxane, which can be formed on the support surface 
during i t s treatment with dimethylchloro-silane (DM2S). Polar 
probes retention i s strongly dependent on the probe concentration 
( P = -0.2 to -0.5). This behavior was interpreted as interaction 
of polar probes with the few polar groups on the surface of the 
Chromosorb that were not removed during DMCS treatment. 

The procedure for correcting the observed retention data 
involved the following steps. F i r s t , the area of the peak from a 
polymer-coated column was inserted into Equation 8 to determine the 
support retention corresponding to that particular area. Then the 
computed V n

s uPvalue was subtracted according to Equation 11. This 
procedure was found to yield high reproducibility for Vg data, 
which was unattainable otherwise. 

Another correction i n the retention volume was made to account 
for retention of the methane marker on the column. The retention 
volume of methane, V n

m, was used for computing a corrected column 
void volume, V^ : 

Vc? = \ f - V n
m (13) 

where V r
m i s the marker elution volume. The quantity was 

estimated by an iterative extrapolation of the retention data for 
normal alkanes correlated against alkane carbon number, n (18). A 
linear relationship between the logarithm of retention volume and 
the alkane number has been known for a long time (19), and so far, 
a l l IGC data have followed i t . The marker correction i s not as 
important as that for the support, but i t i s easy to perform and 
does improve the quality of the data, particularily for weakly 
retained probes. 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



126 INVERSE GAS CHROMATOGRAPHY 

Results and Discussion 

Polymer-Polymer Interaction Parameter. Table I l i s t s the probes 
used i n this work and the numbers that correspond to those shown i n 
the Figures. 

Table I. L i s t of Compounds Used and Their Numbers 
Corresponding to Points i n the Figures 

No. Probe No. Probe 
3 Pentane 16 Acetone 
4 Hexane 17 Butanone 
5 Heptane 18 Methyl Acetate 
6 Octane 19 Ethyl Acetate 
7 Nonane 20 Propyl Acetate 
8 Cyclohexane 
9 Benzene 
10 Toluene 23 1,2-Dichloroethane 
11 Methylene Chloride 24 1,1,1-Trichloroethane 
12 Chloroform 25 Butyl Chloride 
13 Carbon Tetrachloride 26 Pentyl Chloride 
14 Tetrahydrofuran 27 Cyclohexene 
15 Dioxane 

The polymer-polymer interaction parameters X^' and B 2 3 are 
presented i n Table II for three blend compositions measured at 80* 
C; included i n Table II are the probe-polymer interaction 
coefficients X 1 2

 a n d %13 f o r ^te homopolymers. For the PCL/PECH 
blends, the measured values of interaction parameters for a given 
probe do not vary with blend composition. The small differences 
(<0.05) can be attributed to experimental error. The values d i f f e r 
for different probes, though to a lesser extent than the values 
reported i n the literature. The general behavior i s that, with 
non-solvents or poor solvents, the interaction parameters have 
relatively high values, whereas the polar probes give much lower 
values. The temperature dependence of the interaction parameters 
for the PCI/PECH 50/50 blend i s presented i n Table III over the 
temperature range 80 to 120*C. Over this temperature range there 
i s , within our experimental error, no change i n the interaction 
parameters. However, the general trend between polar and non-polar 
probes i s retained. 

The differences among B 2 3 values for different probes are 
interpreted as reflecting the inadequacy of the underlying 
expression for A G ^ X , see Equation 7. A more general expression 
for ^ G J J ^ X has been shown to predict that the apparent B ^ value 
calculated from Equations 9 and 10 depends on a l l possible 
interactions i n the ternary system probe-polymer-polymer and not 
only on the polymer-polymer interaction (15). This problem has 
been approached by examining the dependence of B93 on the 
Hildebrand solubility parameter &i of the probe fcalculated from 
the Antoine coefficients). Examples of this dependence are given 
in Figures 1 and 2 for the blend PCL/PECH 50/50 at 80 #C and at 120# 

C, respectively. The curves tend to reach a minimum at a value of 
the probe solubility parameter of approximately 9 (cal/mL)^. 
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Figure 2. Dependence of the polymer-polymer interaction 
coefficient E^o (cal/mL) on the solubility parameter of the 
probe 8, (cal/mL)^ for PCI/PECH 50/50 blend at 120°C. 
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Table II. Polymer-Polymer Interaction Parameters X 2 3 1 and B23 
for PCL/PBCH Blends at Three Compositions and the 
Interaction Coefficients for the Horoopolymers 
Determined at 80*C 

PCL/PBCH P C L / P B C H P C L P B C H 
X23 1 % 3 (cal/mL) X 1 2 X 1 3 

Volume Fraction of PCL 

Probe No. 
.25 .50 .75 .25 .50 .75 1.0 0.0 

3 .10 .08 .00 0.6 0.4 0.0 1.19 1.74 
4 .11 .05 .06 0.6 0.3 0.3 1.24 1.82 
5 .11 .05 .05 0.5 0.2 0.2 1.31 1.92 
6 .12 .05 .06 0.5 0.2 0.2 1.39 2.04 
7 .12 .05 
8 .07 .02 
9 -.19 -.22 -.20 -1.4 -1.6 -1.4 0.04 0.23 
10 -.19 -.22 -.21 -1.2 -1.3 -1.3 0.06 0.03 
11 -.09 -.12 -.06 -0.8 -1.0 -0.5 -0.51 0.22 
12 -.19 -.19 -.19 -1.9 -1.9 -1.9 -0.31 0.20 
13 -.02 -.08 -.05 -0.1 -0.5 -0.3 0.24 0.73 
14 -.12 -.16 -.16 -0.9 -1.3 -1.3 0.12 0.00 
15 -.25 -.29 -.27 -2.0 -2.3 -2.2 0.11 0.00 
16 -.25 -.26 -.24 -2.0 -2.3 -2.1 0.48 0.27 
17 -.20 -.24 -.24 -1.4 -1.7 -1.7 0.35 0.18 
18 -.16 -.25 -.23 -1.3 -2.0 -1.9 0.39 0.36 
19 -.18 -.23 -.22 -1.2 -1.5 -1.5 0.35 0.33 
20 -.18 -.22 -.23 -1.0 -1.3 -1.3 0.32 0.32 
21 -.19 -.21 -.23 -0.5 -1.0 -1.1 0.30 0.34 
22 -.17 -.18 -.15 -1.3 -1.4 -1.2 -0.06 0.36 
23 -.24 -.24 -.21 -1.9 -2.0 -1.7 -0.18 0.19 
24 -.08 -.12 -.09 -0.5 -0.8 -0.6 0.06 0.49 
25 -.13 -.16 -.13 -0.8 -1.0 -0.8 0.35 0.65 
26 -.11 -.15 -.13 -0.6 -0.8 -0.7 0.35 0.70 
27 .00 -.04 -.04 0.0 -0.3 -0.2 0.61 0.92 

As discussed below this value i s close to the blend solubility 
parameter determined from the method initiated by Guillet (19), 
that i s according to Equation 6. 

Two things are evident from the dependencies. One, the 
solub i l i t y parameter allows a reasonable correlation with B23. 
Two, the correlation i s far from perfect; a number of probes 
deviates from the line outside of the experimental error. (In the 
worst case the error i n B23 i s -0.25 cal/mL.) While six points 
deviate considerably from the line, 19 points l i e within 
experimental error. Furthermore, most probes that deviate 
significantly from the line have chemical groups that can interact 
strongly with the chemical groups present i n the blend. Thus this 
deviation appears to be a result of specific interactions rather 
than experimental scatter. 

It i s important to determine how the true interaction 
parameter B23 i s related to the values presented i n Figure 1 and 
Figure 2. We are surmising that the true value would be shown by a 
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hypothetical probe incapable of specific interactions with the two 
polymers and having the same solubility parameter as the blend. In 
other words, the value should be interpolated on the solid line of 
Figures 1 and 2 (this line presumably represents non-interacting 
probes) for a value of coequal to the solubility parameter of the 
blend 623. 

Table III. Polymer-Polymer Interaction Parameters for 50/50 
PCL/PBCH Blend at Five Temperatures (#C) 

Probe 
80 90 

> 23 
100 110 120 

B23 (cal/mL) 
80 90 100 110 120 

3 .18 -.02 .12 -.07 -.10 1.0 -0.1 0.6 -0.4 -0.6 
4 .10 .03 .07 .02 -.05 0.5 0.2 0.4 0.1 -0.3 
5 .08 .00 .0
6 .04 .03 .0
7 .04 .05 .01 .00 -.07 0.1 0.2 0.0 0.0 -0.3 
8 .01 -.01 -.01 .01 -.09 0.1 -0.1 -0.1 0.1 -0.5 
9 -.23 -.24 -.20 -.21 -.24 -1.7 -1.8 -1.5 -1.6 -1.8 
10 -.17 -.16 -1.7 -.16 -.21 -0.9 -0.9 -0.9 -0.9 -1.2 
11 -.11 -.21 -.15 -.06 -.11 -1.2 -2.2 -1.5 -0.7 -1.2 
12 -.13 -.14 -.12 -.09 -.18 -1.1 -1.2 -1.0 -0.8 -1.6 
13 -.10 -.06 -.05 -.01 -.01 -0.7 -0.4 -0.3 -0.0 -0.1 
14 -.16 -.18 -.17 -.16 -.21 -1.3 -1.4 -1.4 -1.3 -1.7 
15 -.29 -.29 -.28 -.27 -.29 -2.4 -2.4 -2.4 -2.3 -2.5 
16 -.25 -.28 -.17 -.11 -.27 -2.1 -2.4 -1.5 -1.0 -2.5 
17 -.24 -.25 -.24 -.23 -.27 -1.7 -1.8 -1.8 -1.7 -2.1 
18 -.26 -.28 -.22 -.22 -.24 -2.2 -2.3 -1.8 -1.8 -2.1 
19 -.23 -.24 -.24 -.24 -.26 -1.5 -1.6 -1.6 -1.6 -1.8 
20 -.23 -.23 -.23 -.22 -.30 -1.3 -1.3 -1.3 -1.3 -1.8 
21 -.22 -.22 -.23 -.23 -.27 -1.1 -1.1 -1.2 -1.2 -1.4 
22 -.25 -.25 -.25 -.19 -.31 -2.1 -2.1 -2.1 -1.7 -2.7 
23 -.23 -.24 -.23 -.21 -.24 -1.4 -1.5 -1.4 -1.4 -1.6 
24 -.19 -.20 -.19 -.17 -.25 -1.5 -1.5 -1.5 -1.4 -2.0 
25 -.13 -.13 -.14 -.14 -.19 -0.8 -0.9 -0.9 -0.9 -1.3 
26 -.17 -.15 -.17 -.17 -.22 -1.1 -0.9 -1.1 -1.1 -1.5 
27 -.05 -.06 -.08 -.05 -.14 -0.3 -0.4 -0.5 -0.4 -1.0 

The solubility parameters of the homopolymers and those of the 
blends have been determined using the method of Guillet and 
coworkers (8-10) as modified i n Equation 6 above. The values of 823 
and Ci(23) are presented i n Tables IV and V. (A more detailed 
discussion of the Guillet method i s presented i n the next section). 
Using these values of the polymer solubility parameters, the 
polymer-polymer interaction parameter B23 has been determined. 
Since the value of 6 23 i s close to the value of 8̂  at the minimum 
of the curve B23 versus h\, only negligible error i s caused by any 
erroneous estimate of 623. The data are presented i n Table VI. 

Though i t i s expected that the B23 value i s dependent on 
temperature, this was not the case for our blend i n the range of 
temperatures used (80 to 120 #C); nor i s any change observed with 
composition. Overall the value of B 23 was -2.1 cal/mL, which seems 
to be a reasonable value for such a strongly interacting blend. 
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Table IV. Polymer and Blend Solubility Parameters (cal/mL)^ 

T(*C) 

PCL PCL/PBCH 
25/75 

Blend Average 

PCI/PBCH 
50/50 

Blend Average 

PCI/PBCH 
75/25 

Blend Average 

PBCH 

80 
90 
100 
110 
120 

9.31 
9.17 
9.01 
8.87 
8.72 

9.47 9.55 9.34 
9.20 
9.05 
8.81 
8.62 

9.47 
9.32 
9.15 
8.99 
8.87 

9.32 9.39 63 
48 
10 
10 
03 

Table V. Combinatory Interaction Parameter ^(23) (cal/mL) 

PCL PCL/PBC
25/75 

TCC) 
80 0.07 1.09 1.12 0.91 0.95 
r>n 0.14 1.21 1.00 
. >0 0.28 1.24 1.22 
110 0.32 1.75 1.40 
120 0.39 1.52 1.17 

Table VI. Values of the Blend Interaction Parameter E^ 3 (cal/mL) 

PCL/PBCH PCI/PBCH PCI/PBCH 
25/75 50/50 75/25 

T(°C) 
80 -2.05 -2.08 -2.20 
90 - -2.24 -
100 - -2.08 -
110 - -2.08 -
120 - -2.16 -
Polymer Solubility Parameters. In Table IV, the values of 673 
are shown (a) evaluated from the Guillet plot and (b) calculated as 
the volume fraction weighted average of the values for 
homopolymers. Since the solu b i l i t y parameter i s a measure of the 
cohesive forces present i n the material i t would be reasonable to 
assume that the average value would be lower than the value for the 
blend. However, the reverse was observed. We have therefore 
decided that the Guillet method deserves closer examination. To do 
this the equation of the straight line (Equation 6) was recast to 
obtain the Guillet smoothed dependence i n the original coordinates 
Bl(23) a n (* 81. (It i s a quadratic). Figures 3 and 4 shew the 
Guillet straight line for the 50/50 blend at 80#C and 120#C and 
Figures 5 and 6 show the actual data; the line i s the quadratic 
determined from the Guillet approach. There i s considerable 
scatter of points: the apparently good correlation of the Guillet 
plot i s actually quite deceptive. In the B 1 ( 2 3 ) v e r s u s 

dependence, many points deviate from the li n e much more than our 
experimental error (which was estimated to be -0.25 cal/mL). We 
consider these deviations to be a result of non-dispersive 
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Figure 3. Dependence of 8^2 - %(23) o n ^ e solubility 
parameter of the probe used for determining blend 
solubility parameter 8 3̂ of PCL/PBCH 50/50 blend at 80*C. 
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Figure 4. Dependence of c^ 2 - ^(23) o n ^ e solubility 
parameter of the probe 5̂  used for determining blend 
solubility parameter f^3 of PCL/PBCH 50/50 blend at 120*C. 
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Figure 5 . Dependence of 6 ^ ( 2 3 ) o n °i f o r PCVPECH blend 
at 80*C. Solid line i s the transform of the correlation 
line i n Figure 3 . 
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interactions of groups i n the probe and i n the polymer. Only 
dispersive interactions were considered i n the Hildebrand theory of 
solutions that formed the basis for Equation 6. We have concluded 
that the exact position of the Guillet straight line reflects the 
selection of the probes and that the resulting value of 5 2 or 6 2 3 

must be considered only as an approximation. Nevertheless the 
values of 823 are comparable to those obtained by other methods 
(20). 

Conclusions 

Hie following conclusions were drawn from the experiments conducted 
i n this work. 

1. IGC data of sufficient accuracy may be obtained only i f 
certain experimental and acquisition/analysis techniques are 
followed. 

2. With refinement
be used to determine the polymer-polymer interactions i n polymer 
blends. 

3. It i s postulated that a hypothetical probe, that has the 
same solubility parameter (cohesive energy) as the blend and does 
not exhibit any specific interactions with the blend components, 
yields the true polymer-polymer interaction coefficient. 

4. The parameter of the cohesive energy, B 2 3, for the 
polycaprolactone-polyepichlorohydrin blend was found to be -2.1 
cal/mL. Within experimental error, B 2 3 was independent of the 
composition of the blend and of the temperature i n the range 80 to 
120 °C. 

5. Specific interactions between the probe and polymer are 
not entirely accounted for i n current theory, causing a deviation 
of experimental data from that predicted by the theory. 

6. Determination of the polymer solubility parameter using 
the Guillet approach yields deceptively linear dependences compared 
to the scatter inherent i n the experimental data. While the 
technique i s more than adequate, compared with values obtained from 
more time consuming classical methods, one should be aware of the 
limitations of generating the linear dependence. 
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Chapter 11 

Estimation of Free Energy of Polymer Blends 

S. Klotz, H. Gräter, and H.-J. Cantow 
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Freiburg, Hermann-Staudinger-Haus, Stefan-Meier-Strasse 31, D-7800 

Freiburg

Blends of polystyrene/poly(2,6-dimethyl-1,4-
phenylene oxide) and polystyrene/poly(vinyl 
methyl ether) were investigated by IGC over 
wide composition and temperature ranges. 
Flory-Huggins free energy parameters were ob
tained and are discussed as the criterion for 
thermodynamic m i s c i b i l i t y . From the tempera
ture variation of the free energy parameter, 
phase diagrams for both blends were obtained. 
IGC was shown to give a correct thermodynamic 
interpretation of molten polymeric mixtures. 

With the growing interest i n polymer blends, a variety of 
sophisticated experiments are being used to determine 
polymer compatibility (1,2). Only a few techniques can 
give quantitative information about the change i n free 
energy when mixing two polymers. Especially small angle 
neutron scattering (SANS) experiments with mixtures of 
deuterated and undeuterated polymers have been used to 
measure the thermodynamic state of blends. In solution 
thermodynamics, one standard procedure i s to measure the 
sorption of a low molecular weight solvent into a s o l i d 
polymer. The amount of solvent present i n the polymer and 
the solvent vapour pressure are determined by the chemi
c a l potential of the system. Since the vapour pressure of 
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a polymer i s low, there i s no way to get di r e c t informa
tion about the change i n the free energy i n polymeric 
blends with t h i s technique. This problem may be overcome 
by using inverse gas chromatography (IGC), where a vola
t i l e low molecular weight probe i s used. 

Considering a ternary system of two polymers, 2 and 
3, and a solvent, 1, the Flory-Huggins free energy para
meter Xi(23) i n the single l i q u i d approximation i s given 
by (3) 

Xl(23) = *2X12 + *2X1

X n a n ( i Xi(23) represent the free energy parameter of the 
binary systems solvent 1/polymer i (i=2 and 3), and the 
quasi-binary system solvent 1/blend 23. Consequently, 
X23? describes the polymer 2/polymer 3 interaction 
energy, which cannot be d i r e c t l y measured. Yet, Xi(23)' 
Xl2' a n c * X13 are experimentally accessible quantities, and 
X23f may be calculated from Equation 1. 

Unfortunately i t i s often observed that i n a ternary 
solution, the polymer 2/polymer 3 free energy parameter 
X23f i s influenced by the solvent used (4-6). Another 
problem arises with the solvent/polymer x parameters, 
which are usually one order of magnitude larger than 
X 23 f« Thus, great accuracy i s needed to get correct 
information about X23f* A t h i r d disadvantage i s that the 
three independent measurements to get X231 a r e time con
suming. With these problems i n mind, IGC was used to 
investigate the two polymer pairs polysty
rene (PS)/poly(vinyl methyl ether)(PVME) and polysty-
rene(PS)/poly(2,6-dimethyl-l ,4-phenylene oxide)(PPE). 
Both blends are known to be compatible at ambient temper
ature (7,8). PS/PVME shows phase separation at high tem
peratures (Lower C r i t i c a l Solution Temperature, LCST) 
(9), and LCST-behavior was predicted for PS/PPE (10). 

Experimental Materials and Methods 

Materials(PS/PVME). Atactic PS of weight-average molecu-
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l a r weight ^=17,500 and polydispersity index 
was purchased from Pressure Chemical. PVME was obtained 
from Aldrich-Chemie, Steinheim, FRG, and was fractionated 
to give a sample of ̂ =70,000 and The molecu
la r weights were determined by gel permeation chromato
graphy, l i g h t scattering, and osmometry. Reagent grade 
acetone, ethyl acetate, cyclohexane, n-octane, and ethyl 
benzene from Fluka and Roth were used without further 
p u r i f i c a t i o n . 

Materials(PS/PPE). Atactic PS of molecular weight 
Mw=50,000 and Mw/Mn=1.05 d i  th  laborator
PPE was purchased fro
with Mw=46,000 and Mw/Mn=2.4. Reagent grade ethylbenzene, 
toluene, benzene, cyclohexane, and n-octane from Fluka 
and Roth were used without further p u r i f i c a t i o n . 

Column Preparation. A l l stationary phases were coated 
onto Chromosorb W, HP (Supelco, mesh size 80 to 100, 
silane treated) by dissolution i n toluene, s t i r r i n g for 
48 h, and slow evaporation of the solvent at 50°C under 
dry nitrogen. The coated support was dried i n a vacuum 
oven at 100°C for 72 h and packed by a gentle tapping 
procedure into a stainless s t e e l column (inner diameter 2 
mm, length 1.8 m), the end of which was loosely plugged 
with glass wool. The tubing was conditioned for 3 days at 
120°C under dry nitrogen u n t i l the weight of the column 
remained constant. After each experiment, the column 
loading was determined by calcination of the coated sup
port material. Within experimental error, no weight loss 
was detected during a set of measurements. 

Instrumentation. Measurements were carried out on a 
Perkin-Elmer Sigma 3 dual-column gas chromatograph, 
equipped with a thermal conductivity detector. Column 
temperature was controlled within +/-0.1°C. Probes were 
introduced by manual inj e c t i o n or with a heated sampling 
valve. The pressure at the i n l e t and outlet of the column 
were measured by a high performance pressure gauge (Wika, 
FRG). Dry, p u r i f i e d nitrogen was used as the c a r r i e r gas. 
A large range of ca r r i e r gas flow rates (1 to 20mL,min"1) 
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was measured within an error l i m i t of 0.1% using c a l i b r a 
ted soap f i l m flow meters. 

Measurement Procedure. IGC measurements were started 
after the thermal and flow equilibrium i n the column were 
stable (2 to 3 h). To f a c i l i t a t e rapid vaporization of 
the probe (0.01 y L ) , the injector temperature was kept 
30°C above the b o i l i n g point of the probe. Measurements 
were made at f i v e c a r r i e r gas flow rates. The retention 
volumes of six injections for each probe and twenty 
injections of the marker ( H 2 ) at a given flow rate were 
averaged. The values obtained were extrapolated to zero 
flow rate to eliminat
retention data. The net retention time ( t R ) i s defined as 
the time difference between the f i r s t s t a t i s t i c a l moment 
of the solvent peak and that of the marker gas. Thus, t R 

was calculated by an on-line computer s t a t i s t i c a l peak 
analysis rather than the retention time at the peak maxi
mum ( t R , m a x ) . This eliminated inaccuracies a r i s i n g from 
s l i g h t peak asymmetry, which occurs even for inert and 
well-coated supports. The s p e c i f i c retention volumes 
(Vg°) derived from t R and t R m a x d i f f e r e d by as much as 
5% for small retention times and s l i g h t l y skewed peaks 
(11,12). 
Data Treatment. Reduced s p e c i f i c retention volumes (Vg) 
were calculated from the expression (13) 

V g = [ ( 2 7 3 t R * F ) / ( T R * m 2 ) ] * ( 3 / 2 ) * [ ( p i / p 0 ) 2 - l ] / [ ( P i / P o ) 3 - l ] * 

(1-Pw/Pa) (2) 

where t R i s the net retention time, m2 i s the mass of the 
polymer i n the column, F i s the c a r r i e r gas flow rate at 
room temperature and atmospheric pressure ( p a ) , T R i s the 
room temperature, p^ and p 0 are the i n l e t and outlet 
pressures, and p w i s the water vapour pressure at room 
temperature. Values of Vg were measured at fi v e c a r r i e r 
gas flow rates and extrapolated to zero flow rate to 
obtain V Q ° . The weight fr a c t i o n a c t i v i t y c o e f f i c i e n t of 
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the probe, Gi«», at the l i m i t of zero concentration, i s 
related to the s p e c i f i c volume as follows (14): 

Qia, = (273R/V g°p 1°M 1) exp(-p 1°(B 1 1-V 1)/RT) (3) 

where represents the molecular weight of the probe, 
Pl° i s the saturated vapour pressure, i s the molar 
volume, and i s the second v i r i a l c o e f f i c i e n t of the 
probe vapour. The a c t i v i t y c o e f f i c i e n t 0.]™ of the probe 
can be related to the reduced free energy parameter x 
through conventional polyme  solutio  theory  i f th  lim
i t i n g case of polyme
For a homopolymer, 

X n = l n Ql°° - (1-1/ri) + l n ( V i s P / v i s P ) (4) 

where represents the mean number of segments per mole
cule i and v i s P and v i s P respresent the sp e c i f i c volumes 
of the probe and the polymer, respectively. Based on the 
single l i q u i d approximation for a mixed stationary phase 
(3) 

lnGi« = ln(vi sP/(V2 SPw 2+V3 SPw 3))+l 

+*2Xl2 +*3Xl3 +*2+3X23' ( 5 ) 

X231 = X 2 3 v l / v 2 ' where v i and V 2 are the molar volumes of 
the probe and component 2. Combining Equations 3, 4, and 
5 yields 

X23f = (•l*2)" 1* l n( vg,23°/( v2 S P w2 + v3 S P w3)) 

-• 3- 1*ln(Vg / 2°/v 2
sP) - • 2 - 1 * l n ( V g / 3

0 / v 3
s P ) (6) 
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V g ^ and Vgf2 are the s p e c i f i c retention volumes of the 
probe i n the molten homopolymers, and v

g ^ 2 3 ° the s p e c i f i c 
retention volume of the probe i n the blend. The physical 
data of the probes were taken from various sources 
(1,5,16). The densities of PS and PPE at elevated tempera
tures were obtained from Hocker et a l . (17) and Hoehn et 
a l . (18), respectively. The density and the thermal 
expansion c o e f f i c i e n t of PVME were taken from dilatome-
t r i c measurements (Klotz, S., University of Freiburg, 
unpublished data). 

Results and Discussio

It i s known that the column retention behavior of a probe 
depends on bulk absorption and surface adsorption (19). 
When the coated polymer f i l m i s thin, surface adsorption 
phenomena are pronounced. To minimize these e f f e c t s , a 
series of d i f f e r e n t polymer loadings (3.85 wt-%, 6.67 wt-
%, 8.52 wt-%, and 10.85 wt-%) on the same support mate
r i a l (Chromosorb W, HP, 80 to 100 mesh size) were inves
tigated. In the molten state (T>T g), the retention data 
of the column with the lowest loading (3.85 wt-%) s i g n i 
f i c a n t l y d i f f e r e d from the columns with higher polymer 
contents. This behavior may be understood i n terms of a 
considerable surface adsorption i n the case of the 3.85 
wt-% loading. As the f i l m thickness i s increased, the 
rate of d i f f u s i o n i s no longer great enough to assure 
equilibrium during the passage of the probe through the 
column. Thus, to reach equilibrium conditions, the reten
tion volume was measured at f i v e c a r r i e r gas flow rates 
and extrapolated to zero. In order to minimize residual 
uncertainties, the same support material, at a polymer 
loading of approximately 8.5 wt-%, was used for a l l sys
tems . 

Consider a non-cristalline binary polymer system for 
which the glass t r a n s i t i o n temperatures of the pure com
ponents s i g n i f i c a n t l y d i f f e r . A homogenous blend shows 
only one glass t r a n s i t i o n , located between those of the 
pure polymers. Thus, at a given measurement temperature 
T, the distance to the blend glass t r a n s i t i o n T g depends 
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on the homopolymer concentration. If a series of blends 
d i f f e r i n g i n composition are to be compared, care must be 
taken to avoid artefacts resulting from the proximity of 
the various glass t r a n s i t i o n temperatures. 

In Figure 1, In V g ° of ethylbenzene i n PPE i s plot
ted against the reciprocal temperature. Well above and 
below the glass t r a n s i t i o n , the dependence i s linear 
(19), where equilibrium surface adsorption (below T g) and 
equilibrium sorption i n the bulk and on the surface 
(above T g) occur. The f i r s t deviation from l i n e a r i t y 
below T g i s observed at 220°C and i s i d e n t i f i e d with the 
equilibrium glass t r a n s i t i o  temperatur  T  Thi
with the results of
DSC measurements T g=220°C for a fractionated PPE sample 
with Mn=20,000 g/mol. Above the glass t r a n s i t i o n , the 
linear dependence of In V g0 versus 1/T was observed at 
T>T g+30°C. Thus, equilibrium sorption i n PPE occurs at 
temperatures higher than 250°C. Since pure PS i s not sta
ble at these high temperatures, the retention data of the 
probes i n PS measured between 130°C and 230°C were care
f u l l y extrapolated to T=290°C. The retention volumes of 
the corresponding probes i n PPE were extrapolated to 
220°C to get information about the sorption behavior of a 
pure PPE melt i n thi s temperature region. With this tech
nique a wide temperature range, which i s not d i r e c t l y 
accessible, may be covered (Figure 2). 

From 220° to 290°C, blends of diff e r e n t PS/PPE com
positions were investigated. The free energy parameter 
X23f was calculated from Equation 6. The retention v o l 
umes of the probes i n pure PS and PPE were obtained by 
the extrapolation procedure described above. 

In a l l blend/solvent systems, a variation of X23' 
with the low molecular weight probe used was observed. In 
Table I, a representative example of the probe dependence 
i s given. X23* varies i n a 50 wt-% blend of PS and PPE at 
220°C between -0.77 and -2.05. The most negative X23? w a s 

obtained from benzene, which i s the best solvent for both 
polymers, whereas the non-solvent n-octane yielded a less 
negative X231* Despite, this should not be a s i g n i f i c a n t 
e f f e c t because a l l f i v e selected probes are thermodynami-
c a l l y symmetric with regard to the pure polymers. Thus, 
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T(°C) 
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1.7X10"3 1.9x10" 2.1X10" 2.3x10"

Figure 1. Retention diagram In V g ° versus 1/T of ethyl 
benzene i n poly(2,6-dimethyl-1,4-phenylene oxide) (8.52 
wt-% polymer loading). 
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Figure 2. Retention diagram In V g ° versus 1/T of ethyl 
benzene i n poly(2,6-dimethyl-l ,4-phenylene oxide)(8.52 
wt-%) and polystyrene (8.52 wt-%) i n the molten state. 
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the known A x - e f f e c t (21-23) was minimized and should not 
a f f e c t X23 ?- r e s u l t s g i v e n here do not show any s i g 
n i f i c a n t probe dependence. C e r t a i n l y , t h i s may a l s o be 
due t o the l i m i t e d number of probes. For t h i s reason, the 
X23 1 v a l u e s from a l l probes were averaged. 

Table I. Probe Dependence of X23' i R 

50 wt-% of PS/PPE a t 220°C 

Probe X23 ? 

n-Octan
Cyclohexane -1.79 
Benzene -2.05 
Toluene -1.56 
E t h y l benzene -0.95 
Average -1.42 

In Table I I , some of the data are compared w i t h v e r y 
r e c e n t r e s u l t s of F r i e d and Su (24). 

Table I I . Comparision of X23' i n a 5 0 wt-% Blend of 
PS/PPE v i a IGC from F r i e d e t al. a>(24) and 
Present Paper* 3' 

Temperature ( UC) 

Probe 260 270 280 

Benzene a' -0.44 -0.36 -0.29 
Benzene 5 3' -1.48 -1.37 -1.23 
E t h y l benzene a' -0.46 -0.39 -0.32 
E t h y l benzene 1 5' -0.58 -0.52 -0.46 

X23* o b t a i n e d from e t h y l benzene agrees w e l l w i t h the 
p r e s e n t r e s u l t s , whereas X23' from benzene reasonably 
d i f f e r s . D e s p i t e , there i s no e s s e n t i a l d i f f e r e n c e s i n c e 
i n both s t u d i e s , Xj3* i s pronounced negative and 
i n c r e a s e s w i t h i n c r e a s i n g temperature. 
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In Figures 3 and 4, X23 1 o f four PS/PPE blends of 
diff e r e n t compositions are displayed as a function of the 
reciprocal temperature. X23 1 i s negative, indicating 
thermodynamic m i s c i b i l i t y . Nearly concentration indepen
dent straight lines with s i m i l i a r slopes were obtained. 
Such a behavior was measured as well i n mixtures of poly
styrene and poly(styrene-co-p-bromo styrene) with small 
angle X-ray scattering (Koch, T. Diploma Thesis, Univer
s i t y of Freiburg, Freiburg, 1987) and i n blends of poly-
caprolactone and polyepichlorohydrin with IGC (25). Over 
a wide concentration range, an almost concentration inde
pendent x parameter was obtained  Thus  a concentration 
dependence of x i
necessity. 

In Table I I I , results from th i s work and small angle 
neutron scattering data (SANS) of mixtures of d-PS i n PPE 
and d-PPE i n PS are given. Since X23* ( = v l / V 2 * X 2 3 1 ) I S 

probe dependent, X 2 3 ? / V l rather than X23* i s used. Compar-
rison with X / V Q from SANS, where V 0 i s the l a t t i c e s i t e 
volume, shows that x from IGC greatly d i f f e r s from the 
SANS data. 

Table I I I . Comparison of X 2 3 ' / V l v i a I G C a n d 

X/V 0 from SANS i n PS/PPE Blends 

+PS x/v0 
T (°C) 

0.97 -0.24*10"3 250a> 
0.03 -0.30*10"3 g l a s s a ' 
0.90 -0.36*10"3 glass b> 
0.05 -0.18*10"3 g l a s s 0 ' 
0.55 -0.18*10"3 200d> 
0.75+) -5.50*10"3 250e> 
0.50+) -8.20*10"3 250e> 
0.25+> -8.00*10"3 250e> 

a)=Ref.(10); b)=Ref.(26); c)=Ref.(27); d)=Ref.(28); 
e)= this paper; + ) x/V0= X23/ Vl-
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Figure 3. Temperature dependence of X23' i n blends of 
polystyrene/poly(2,6-dimethyl-l,4-phenylene oxide) 
(o 75 wt-% PS/25 wt-% PPE, A 25 wt-% PS/75 wt-% PPE). 
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Figure 4. Temperature dependence of X 2 3 , i n blends of 
polystyrene/poly(2 ,6-dimethyl-l,4-phenylene oxide) 
(* 15 wt-% PS/85 wt-% PPE, V 50 wt-% PS/50 wt-% PPE. 
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This observation agrees with results of Walsh et a l . 
(29) who compared heat of mixing and IGC data. Thus, i t 
turns out that x parameters from IGC may d i f f e r i n more 
than one order of magnitude from those obtained v i a scat
tering techniques and heat of mixing data. This finding 
i s confirmed i n Table IV. IGC data are given for f i f t e e n 
compatible polymer pairs and X23' varies between -3.03 
and +3.40. On the contrary, scattering techniques usually 
yielded x parameters between -0.02 and -0.1. Conse
quently, i t seems to be a cha r a c t e r i s t i c feature of IGC 
i n polymer blends to overestimate the Flory-Huggins free 
energy parameter X23?* 

With r i s i n g temperature
(Figure 3 and 4). Linear extrapolation to X 2 3 ( c r i t i c a l ) , 
where phase separation occurs, 

X 23 f ( c r i t i c a l ) = 0.5• [ ( V ^ V ^ ) 0 • 5 + ( V ; ^ ) 0 - 5 ] 2 (7) 

lead to the phase diagram of the PS/PPE blend (Figure 5). 
The error bars i n Figure 5 indicate the uncertainty i n 
the phase diagram resulting from the extrapolation of 
X23* to X 2 3 1 ( c r i t i c a l ) . As i t can be seen from Equation 7, 
X 2 3 1 ( c r i t i c a l ) i s temperature dependent. Nevertheless, 
since this e f f e c t i s small, the LCST i s not s i g n i f i c a n t l y 
affected. In the present case of high molecular weight 
blends, X 2 3 1 ( c r i t i c a l ) i s approaching zero. The phase 
diagram i n Figure 5 reveals a LCST at approximately 360°C 
and agrees excellently with the prediction of Maconnachie 
et a l . (.10). Another prediction of the LCST i n PS/PPE can 
be made from the data of Kramer et a l . (28). They extrac
ted x = 0.145-78/T via forward r e c o i l spectrometry 
(FRES). For th e i r system, x (critical)= +3.1*10'3, and 
thus from the temperature dependence of x a LCST of 276°C 
i s predicted. This result i s inconsistent with the data 
of Ref.(lj)), (24), and the present paper. 

At the end of th i s section, a comment has to be 
given on the extrapolation procedure (see Figure 2), 
which was applied to get information about a temperature 
range that was not d i r e c t l y accessible. Within the mea-
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Table IV. X23' o f Fifteen Compatible 
Polymer Blends v i a IGC 

Component 1/ 
Component 2 

Temperature 
range (°C) 

Concentration X231 

range (^J 

polystyrene/poly-
(vinyl methyl ether) 

30/50 0.35/0.65 •0.46/ 
-0 .75 a 

135/150 0.15/0.75 +0.16/ 
-1 .64 b 

polys tyrene/poly-
(2,6-dimethyl-1,4-
phenylene oxide) 

240 0.25/0.85 +0.61/ 
- 0 . 1 7 c 

270 0.25/0.85 •1.36/ 
•1.12d 

260/280 0.50 •0.45/ 
-0.26 e 

poly(4-methyl styrene)/ 270 
poly(2 ,6-dimethyl-1 ,4 -
phenylene oxide) 

0.50 -1.21 3 

poly(vinylidene fluo- 200 
ride)/poly(methyl 
methacrylate) 

poly(vinyl chloride)/ 110 
di-n-octyl phtalate 

poly(vinyl chloride)/ 120 
poly(ethyl methacrylate) 

0.25/0.85 

0.82 

0.50 

-0.58/ 
+0.199 

•1.12h 

-3.03 1 

poly(vinyl chloride)/ 
poly(n-propyl meth
acrylate ) 

120 0.50 -1.52 J 

Continued on next page 
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Table IV. Continued 

Component 1/ 
Component 2 

Temperature 
range (°C) 

Concentration X231 

range ( ^J 

poly(vinyl chloride)/ 
poly(n-butyl meth 
acrylate) 

120 

poly(vinyl chloride)/ 120 
poly(n-propyl acrylate) 

0.50 

0.50 +0.381 

poly (viny l c h l o r ide) / 
poly(n-butyl acrylate) 

120 0.50 +0.98

poly(vinyl chloride)/ 
poly(c-caprolactone) 

120 0.10/0.90 -2.60/ 
+0.05^ 

120 0.50 -0.40/ 
+1.16k 

poly(vinyl chloride)/ 80 
poly(ethyl methacrylate) 

polyepichlorohydrin/ 76 
poly(methyl acrylate) 

0.25/0.75 

0.50 

-1.62/ 
-0.90 1 

-0.09/ 
+1.47m 

80/120 0.25/0.75 -0.31/ 
+0.18n 

polystyrene/poly(n-
butyl methacrylate) 

140 0.15/0.30 -0.24/ 
+0.42c 

chlorinated poly-
(ethylene)/ethylene-
v i n y l acetate copolymer 

70/100 0.25/0.75 -1.20/ 
+3.40° 

a=Ref.(30); b=Ref.(31); c=Ref.(32); d=present paper; 
e=Ref.(24); f=Ref.(33); g=Ref.(34); h=Ref.(6);i=Ref.(35); 
j=Ref.(36); k=Ref.(5); l=Ref.(37); m=Ref.(38);n=Ref.(25); 
o=Ref.(29). 
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F i g u r e 5. Phase diagram of po l y s t y r e n e / p o l y ( 2 , 6 -
dimethyl-1,4-phenylene oxide) o b t a i n e d v i a IGC. 
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su r a b l e range, a c o r r e l a t i o n c o e f f i c i e n t u s u a l l y b e t t e r 
than 0.999 f o r In V g ° versus 1/T was c a l c u l a t e d . T h i s 
h i g h c o r r e l a t i o n j u s t i f i e s , a t l e a s t i n a f i r s t a p p r o x i 
mation, the a p p l i e d e x t r a p o l a t i o n . In the case of pure 
PPE, a d d i t i o n a l u n c e r t a i n t i e s may be caused by c h a i n f i s 
s i o n and c r o s s l i n k i n g a t h i g h temperatures. 

In the oth e r PS/PVME system, the complete tempera
t u r e range of i n t e r e s t was a c c e s s i b l e . The t y p i c a l l i n e a r 
b ehavior of In V g ° versus 1/T f o r PS w i t h ^=17,500 g/mol 
was ob t a i n e d between 120°C and 210°C. Thus, a l l blends of 
PS/PVME and the pure PVME were measured i n t h i s tempera
t u r e range. F i v e d i f f e r e n t probe  (acetone  e t h y l
t a t e , cyclohexane, n-octane
to get X23 ?* A s observed i n the PS/PPE blends, X23' s c a t 
t e r e d depending on the probe. Because of the l i m i t e d num
ber of probes and t h e i r d i f f e r e n t chemical nature, no 
s y s t e m a t i c a l probe dependence c o u l d be d e t e c t e d . Thus, 
the d i f f e r e n t X23 ? v a l u e s were averaged. 

In F i g u r e 6, X23 ? o f f o u r PS/PVME blends i s d i s 
p l a y e d as a f u n c t i o n of the r e c i p r o c a l temperature. For 
the b lends, a l i n e a r r e l a t i o n of X23 ? versus 1/T was 
observed. C o n t r a r y t o the PS/PPE system, X23 ? v a r i e s s i g 
n i f i c a n t l y w i t h the homopolymer c o n c e n t r a t i o n i n the 
blen d . The 50 wt-% mixture showed s m a l l p o s i t i v e X23 1/ 
due t o the p r o x i m i t y t o the LCST. Blends of h i g h contents 
of e i t h e r one component were f a r away from t h e i r c o r r e 
sponding demixing temperatures, and thus, showed pro
nounced n e g a t i v e X23'* Since the s l o p e s of X23* versus 1/T 
vary, the e n t h a l p i c c o n t r i b u t i o n t o X23 f m u s t a l s o be a 
f u n c t i o n of the c o n c e n t r a t i o n . 

E x t r a p o l a t i o n of X23 1 t o X 2 3 ? ( c r i t i c a l ) r e s u l t s i n 
the phase diagram of the PS/PVME system ( F i g u r e 7 ) . From 
the c o n c e n t r a t i o n dependence of X23 ? ( F i g u r e 6), the 
c r i t i c a l p o i n t i s <j>(critical)*0.5 and T(critical)*130°C, 
whereas the demixing temperatures of the other b l e n d 
r a t i o s are s h i f t e d toward h i g h e r temperatures. The phase 
diagram of PS/PVME, o b t a i n e d v i a IGC, agrees w i t h t u r b i 
d i t y measurements from l i t e r a t u r e ( 9 ) . 
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F i g u r e 6. Temperature dependence of X23 fi- n blends of 
p o l y s t y r e n e / p o l y ( v i n y l methyl ether) (x 15 wt-% PS/85 
wt-% PVME, V 25 wt-% PS/75 wt-% PVME, A 50 wt-% PS/50 
wt-% PVME, o 75 wt-% PS/25 wt-% PVME). 
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F i g u r e 7. Phase diagram of p o l y s t y r e n e / p o l y ( v i n y l 
methyl ether) o b t a i n e d v i a IGC. 
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C o n c l u s i o n s 

Two polymer blends, PS/PVME and PS/PPE, were i n v e s t i g a 
t e d . For a l l b l e n d compositions, n e g a t i v e X23 ? parameters 
were found, i n d i c a t i n g thermodynamic c o m p a t i b i l i t y . 
Through comparison w i t h s m a l l angle neutron s c a t t e r i n g 
r e s u l t s and IGC l i t e r a t u r e data, i t turned out t h a t IGC 
o f t e n overestimates the X 2 3 1 parameter. D e s p i t e t h i s d i s 
crepancy, a c o r r e c t q u a l i t a t i v e i n t e r p r e t a t i o n of polymer 
blends v i a IGC j a n be g i v e n . X23 ? depends l i n e a r l y on the 
r e c i p r o c a l temperature. From t h i s r e l a t i o n , the phase 
diagrams of both b l e n d systems were obtai n e d  IGC enables 
a c o n s i s t e n t and q u a l i t a t i v
t i o n , and even a q u a n t i t a t i v e d e s c r i p t i o n of phase d i a 
grams i n polymeric b l e n d s . 
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Chapter 12 

Interaction Parameters 
of Poly(2,6-dimethyl-1,4-phenylene oxide) Blends 

A. C. Su1 and J. R. Fried 
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Research Center, University of Cincinnati, Cincinnati, OH 45221 

S p e c i f i c retentio
polystyrene (PS), poly(4-methylstyrene) (P4MS), 
poly(2,6-dimethyl-1,4-phenylene oxide) (PMMPO), 
and 50/50 blends of PMMPO/PS and PMMPO/P4MS 
were determined at temperatures between 200 and 
280°C. Loading determinations were made accord
ing to the soaking method of Al-Saigh and Munk. 
In each case, a correction to the data was made 
for a small contribution to probe retention by 
the uncoated dimethyldichloro-silane (DMCS)-
treated packing. Values of the apparent Flory 
interaction parameter, x, calculated for the 
PMMPO/PS and PMMPO/P4MS blends were both nega
t i v e . In agreement with conclusions from ear
lier thermal analysis and mechanical property 
studies, comparison of r e l a t i v e values indicate 
that the miscibility of the PMMPO/P4MS pair is 
more marginal, that is, x is less negative, 
than that of PMMPO/PS. 

As comprehensively reviewed by Lipson and G u i l l e t (1), 
inverse gas chromatography (IGC) has been used as a 
convenient tool to study the thermodynamic properties of 
polymeric systems. Despite i t s wide usage, a l l experimen
t a l and theoretical factors i n t h i s technique are not 
f u l l y understood. Loading determination, usually done by 
means of extraction or calcination, has been considered 
to be the most s i g n i f i c a n t source of experimental error 
(2.) . Other factors, such as concentration effects associ
ated with large injection sizes, slow d i f f u s i o n of solute 
probe molecules i n the stationary phase, and adsorption 
of probes onto the liquid-support interface, may also af-
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feet the measured retention volume. Typical procedures 
aimed at minimizing errors from the l a t t e r sources i n 
clude, respectively, the use of an a r b i t r a r i l y chosen 
small inj e c t i o n size (or extrapolation of retention v o l 
umes measured using d i f f e r e n t injection sizes to zero i n 
je c t i o n s i z e ) , the use of low loadings or slow c a r r i e r 
gas flow rates, and the extrapolation of s p e c i f i c reten
t i o n volumes obtained i n columns of d i f f e r e n t loadings to 
i n f i n i t e polymer loadings. 

In an e f f o r t to eliminate errors from loading 
determination, Al-Saigh and Munk (2) used a "soaking" 
procedure i n which the stationary phase was loaded onto 
the support by repeatedly dropping a small amount of the 
polymer solution onto the p i l e d support p a r t i c l e s , allow
ing the solvent to evaporate, and then remixing the par
t i c l e s . In t h i s way,
ratel y established.
nation minimized, Munk et a l . (4) were able to show that, 
even after dimethyldichlorosilane (DMCS) treatment, the 
residual adsorption s i t e s on the support surface may 
s t i l l contribute s i g n i f i c a n t l y to the probe retention, 
especially when the injection size i s small. Furthermore, 
they observed a li n e a r contribution to the probe reten
ti o n , which they attributed to a small amount of unex
pected polymer, presumably polydimethylsiloxane (PDMS) 
deposited on the support surface during the DMCS tre a t 
ment. This l i n e a r contribution became more s i g n i f i c a n t 
when the column loading was low. These observations sug
gest that some of the commonly used procedures adopted 
for reducing experimental errors may actually introduce 
further inaccuracies. Assuming that the surface adsorp
t i o n and p a r a l l e l retention contributions to probe reten
t i o n are the same for loaded and unloaded columns, Munk 
et a l . subtracted retention volumes for the uncoated sup
ports from the retention volumes determined for the 
loaded columns. By t h i s method, retention volumes should 
be independent of probe injection size, c a r r i e r gas flow 
rate, and polymer loading. 

A previous communication (5) reported a preliminary 
IGC determination of the Flory interaction parameter, x, 
for blends of poly(2,6-dimethyl-l,4-phenylene oxide) 
(PMMPO) with polystyrene (PS) and with poly(4-methyl-
styrene) (P4MS) at 270°C. Results of e a r l i e r d i f f e r e n t i a l 
scanning calorimetry, density, and mechanical property 
measurements (6) suggested that m i s c i b i l i t y of PMMPO with 
P4MS was s l i g h t l y more marginal than with PS. This was 
not confirmed by our preliminary IGC results, which 
yielded a strongly negative x value for PMMP0/P4MS 
compared to a s l i g h t l y positive value for PMMPO/PS. The 
reason for t h i s discrepancy was not clear at the time. In 
view of the recent work of Munk et a l . (4), experimental 
errors i n the IGC procedures may have been responsible 
for t h i s discrepancy; therefore, the e a r l i e r work was 
repeated and expanded following, i n part, t h e i r 
experimental procedures. 
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Materials and Methods 

Materials used i n t h i s study and de t a i l s of data analysis 
have been described i n an e a r l i e r communication (5). Only 
essential d e t a i l s and differences between the two studies 
are given below. 

As i n the e a r l i e r study, the support was Chromosorb 
P. This packing i s a commercially available (Johns-
Manville), acid-washed, and dimethyldichlorosilane 
(DMCS)-treated calcinated diatomite with a nominal size 
of 60 to 80 mesh. The DMCS treatment i s commonly used to 
minimize s p e c i f i c adsorption of the solute probes on the 
uncoated packing. Instead of the t r a d i t i o n a l s l u r r y pro
cedure used previously, packings were coated by the soak
ing method of Al-Saigh and Munk (3) with a s l i g h t modifi
cation. In place of
and Munk, a piece o
packing during soaking. A small quantity of the polymer 
solution, 5 wt/vol-% i n chloroform, was dropped by 
pipette onto the support material. Typically, the solu
t i o n penetrated 1 to 2 mm into the center of the packing 
material. This was l e f t to dry and then the packing was 
mixed by manually deforming the paper. This wetting pro
cedure was repeated u n t i l a l l the solution was used. This 
procedure took approximately f i v e hours. A blank column, 
containing no polymer support, was s i m i l a r l y prepared for 
the purpose of correcting contributions of probe reten
t i o n from the support. Characteristics of the columns 
used i n the present study are given i n Table I. 

Table I. Column Loading Data 

Column Loading Support Loading Extracted Recovery 
Wt, g Wt, g % Polymer, g % 

Blank 1 0 10.008 0 - -Blank 2 0 10.310 0 0.002 -PS 0.718 9.858 7.29 0.705 98.2 
P4MS 0.635 8.982 7.07 0.116 18.3 
PMMPO 1 0.705 10.044 7.02 0.036 5.1 
PMMPO 2 0.680 9.936 6.84 0.323 47.5 
PMMPO 3 0.749 10.065 7.44 0.755 100.8 
PMMPO/PSa 0.658 9.234 7.12 0.272 41.4 
PMMPO/P4MS b 0.680 9.774 6.96 0.034 4.9 

a. 50.1/49.9 wt/wt 
b. 50.2/49.8 wt/wt 

The c a r r i e r gas was helium; flow rate was approxi
mately 5 mL/min, as measured by a homemade 9 mL bubble 
flow meter. Because of i t s small size, the helium d i f f u -
sional loss, as discussed by Munk et a l . (7), was deter-
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mined to be negligible at t h i s flow rate (8). Solvent 
probes were reagent-grade benzene, toluene, ethylbenzene, 
chlorobenzene, and bromobenzene. Typical i n j e c t i o n sizes 
were 6-15 / i L for a i r and less than 0.06 / i L for solutes. 
At least four injections of dif f e r e n t amounts of the 
probe were made at each temperature. Typically, steady-
state temperature was reached within two hours and mea
surements were completed within four hours. 

To minimize the contribution of adsorption of the 
solute probe onto the support surface of the packing, 
retention times were f i r s t extrapolated to i n f i n i t e i n 
j e c t i o n size by pl o t t i n g retention time against peak 
height. Since injection sizes were small, t h i s procedure 
i s unlikely to introduce s i g n i f i c a n t deviations from the 
ideal l i m i t of i n f i n i t e d i l u t i o n . In the present study, 
the contribution o
umn. This was considere
packing breakage, an , g
soaking procedure. 

IGC data are plotted as log s p e c i f i c retention v o l 
ume versus reciprocal temperature, where the s p e c i f i c re
tention volume (Vg) i s calculated as (1) 

V g = t NFJ/W (la) 

In Equation l a , W i s the weight of the stationary phase 
and t N i s the net retention time defined as 

t N = t R - t M . db) 

where t ^ i s the recorded time for the solute peak and t M 

i s the time for the marker (air) peak. The c a r r i e r flow 
rate, F, i s corrected for water vapor pressure (P w) and 
standardized to 0°C according to 

F = (273.16/T a)Q(P 0-P w)/P Q (lc) 

where Q i s the volumetric flow rate of the c a r r i e r gas 
(helium) measured at the column outlet by a soap bubble 
flow meter at ambient temperature (T a) and 1 atm pres
sure. Pressure drop across the column i s incorporated i n 
the correction factor, J, as 

J = 3[(Pi/P0)2 - l ] / 2 [ ( P i / P Q ) 3 -1] (Id) 

where P^ and P Q are the pressures at the i n l e t and outlet 
of the column. 

Apparent \ values for each blend, x 2 3 app'' a r e 

given as (3.) ' 

*23,app' = X 2 3 ( v l / V 2 > = ' ^ ^ g y ^ + w3"3>] " 
*2 l n( Vg,2/"2> - * 3 l n ( V g f 3 A 3 ) ) / ¥ 3 <2> 
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where V i s molar volume, w i s weight fraction, u i s spe
c i f i c volume at the measurement temperature, and <f> i s 
volume frac t i o n ; subscripts 1, 2, 3, and b refer to the 
solute probe, polymer 2, polymer 3, and the blend, re
spectively. 

Results and Discussion 

Retention diagrams of the solute probes on the unloaded 
columns are shown i n Figure 1. Data were f i t t e d by li n e a r 
regression. Comparison of data for benzene, toluene, and 
ethylbenzene at 120, 140, 160, and 180°C with published 
s p e c i f i c volumes of these probes i n a PDMS stationary 
phase (9) indicates a value of 0.24 ± 0.03 wt-% hydrocar
bon (methyl groups) on the support. This compares favor
ably with a value o
elemental analysis b
packing. By using chloroform i n the Soxhlet extraction of 
the packing, 1.5 mg/g packing or 0.15 wt-% was recovered 
(blank column 2, Table I ) . 

Spe c i f i c retention volumes and calculated * 1 2 values 
for the three sets of polymer-probe pairs are given i n 
Tables II to IV. In a l l cases, s p e c i f i c retention volumes 
were corrected for support retention. Retention diagrams 
for polystyrene and PMMPO are shown i n Figures 2 to 3. 

In the case of PMMPO, i t was observed that V g i n 
creased with time of heating. For example, values that 
were i n i t i a l l y 2.23 and 1.95 mL/g at 270 and 280°C i n 
creased to 4.93 and 3.52, respectively, when the same 
column was used for additional measurements over one 
month's time. The cause of th i s observed increase i s not 
certain; however, PMMPO i s believed to undergo branching 
or crosslinking i n the melt at elevated temperatures 
(10). Poly(4-methylstyrene) has also been reported to un
dergo crosslinking at temperatures above 250^0 by means 
of transfer reactions to the j>-methyl group (11). To min
imize exposure time to high temperatures, two di f f e r e n t 
PMMPO columns (#1 and #2) were used for IGC measurements 
and data at only two temperatures were used for each. 
Agreement between values of V g obtained at 270°C for each 
of the two columns was good a l shown i n Figure 3. 

Comparison of the s p e c i f i c retention volumes for the 
probes - benzene, toluene, and ethylbenzene - that are 
common between the present and e a r l i e r study indicated 
s i g n i f i c a n t differences i n results for the P4MS and PMMPO 
columns. Only values for the PS column were comparable. 
In the previous study, Soxhlet extraction was used to 
determine column loading. Results of Soxhlet chloroform 
extraction of the columns used i n the present study are 
included i n Table I. These results indicate that nearly 
t o t a l recovery of the coating polymer was obtained only 
for PS and for PMMPO, column 3, which was coated but not 
heated i n the chromatograph. The recovery of polymer from 
PMMPO columns 1 and 2, P4MS, and the blend columns was 
incomplete. Since P4MS and PMMPO both have aromatic 
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1.7 1.9 2.1 2.3 2.5 2.7 

1000/T 
Figure 1. Retention plots of probes on the unloaded 
support (blank 1, Table I ) . Speci f i c retention volumes, 
V g, are i n units of mL/g-support. Data points for ben
zene (A) as shown. Data for toluene (•), ethylbenzene 
(•), chlorobenzene (o), and bromobenzene (v) are 
shifte d v e r t i c a l l y along the ordinate by units of 1, 2, 
3, and 4 (log V g ) , respectively, to f a c i l i t a t e compari
son. 

T a b l e I I . S p e c i f i c R e t e n t i o n Volumes, 3 * V a l u e s , and 
L i n e a r R e g r e s s i o n Parameters 1 3 f o r t h e P o l y s t y r e n e Column 

Benzene Toluene E t h y l - C h l o r o  Bromo
benzene benzene benzene 

T,°C 
v g *12 v g *12 v g *12 v g *12 v g *12 

200 4.28 0.379 6.55 0.403 9.59 0.413 11.09 0.358 18.57 0.329 
210 3.65 0.384 5.58 0.393 7.79 0.438 9.21 0.363 15.01 0.347 
220 3.13 0.387 4.66 0.410 6.33 0.469 7.50 0.397 12.33 0.357 
230 2.84 0.343 4.07 0.390 5.50 0.441 6.29 0.409 10.08 0.382 
240 2.38 0.381 3.38 0.426 4.64 0.447 5.42 0.399 8.56 0.377 
250 2.04 0.397 2.87 0.446 3.85 0.479 4.50 0.433 6.99 0.419 
260 2.14 0.258 2.88 0.302 3.74 0.357 4.34 0.321 6.57 0.326 
270 1.82 0.227 2.38 0.356 3.13 0.392 3.68 0.346 5.64 0.329 

A 3. 111 3.689 4. 042 4.045 4.405 
B -5. 151 -5.933 -6. 319 -6.170 -6.417 

a. V„, mL/g-coating 
b. In V = A(1000/T) + B, where T i s i n K 
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T a b l e I I I . S p e c i f i c R e t e n t i o n Volumes 3, x V a l u e s , and L i n e a r 
R e g r e s s i o n Parameters* 5 f o r t h e P o l y ( 4 - m e t h y l s t y r e n e ) Column 

Benzene Toluene E t h y l - C h l o r o - Bromo-
benzene benzene benzene 

T ' ° c v g *12 v g *12 v g *12 v g *12 v g *12 
200 4. 24 0. 423 6.65 0. 423 9.60 0. 448 11. 23 0. 381 18. 57 0. 365 
210 3. 70 0. 405 5.64 0. 418 7.96 0. 451 9. 37 0. 382 15. 08 0. 378 
220 3. 17 0. 411 4.78 0. 421 6.63 0. 460 7. 95 0. 375 12. 63 0. 370 
230 2. 91 0. 354 4.25 0. 382 5.83 0. 419 6. 72 0. 379 10. 50 0. 378 
240 2. 70 0. 292 3.76 
250 2. 14 0. 385 3.17 
260 1. 67 0. 494 2.30 
270 1. 61 0. 386 2.26 0. 448 3.00 0. 474 3. 55 0. 419 5. 52 0. 388 

A 3.664 4.094 4.431 4.335 4.654 
B -6.260 -6.728 -7.085 -6.719 -6.906 

a. V_, mL/g-coating 
b. I n V = A(1000/T) + B, where T i s i n K 

T a b l e IV. S p e c i f i c R e t e n t i o n Volumes 3, x V a l u e s , and L i n e a r 
R e g r e s s i o n Parameters 1 3 f o r t h e P o l y ( 2 , 6 - d i m e t h y l -

1,4-phenylene oxide) Columns 

T,°C 

Benzene 

v g *12 

Toluene 

v g *12 

E t h y l 
benzene 
v g *12 

C h l o r o -
benzene 
v g *12 

Bromo-
benzene 
v g *12 

270^ 
2 7 0 d 

275° 
2 8 0 d 

2.23 -0.030 
2.29 -0.058 
2.13 -0.061 
1.95 -0.061 

2.96 0.088 
2.97 0.084 
2.73 0.101 
2.45 0.143 

3.94 0.111 
3.76 0.158 
3.46 0.170 
3.16 0.194 

4.76 0.036 
4.53 0.086 
4.17 0.100 
3.70 0.154 

7.15 0.041 
6.55 0.127 
6.17 0.116 
5.48 0.163 

A 
B 

4.428 
-7.333 

5.636 
-9.288 

5.964 
-9.634 

6.751 
-10.893 

6.628 
-10.277 

a. Vg, mL/g-coating 
b. In V g = A(1000/T) + B, where T i s i n K 
c. Column 1 (see T a b l e I) 
d. Column 2 (see T a b l e I) 
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3.5 i — 

0 I
1.7 1.8 1.9 2.0 2.1 2.2 

1000/T 
Figure 2. Retention plots of probes on polystyrene. 
Data points are: (A) benzene; (•) toluene; (•) ethylben-
zene; (o) chlorobenzene; and (v) bromobenzene. Data 
points represent actual, unshifted values. Lines repre
sent l i n e a r regression f i t of data. 

2.4 <— 

2.1 — 

0.6 — 

0.3 I I 1 I 1 ' 
1.80 1.81 1.82 1.83 1.84 1.85 

1000/T 
Figure 3. Retention plots of probes on poly(2,6-
dimethyl-l,4-phenylene oxide), columns 1 and 2. Legend 
same as i n Figure 2. 
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methyl groups, i t i s probable that the non-extractable 
portion of the loading may be due to the formation of 
methylene bridges between P4MS or PMMPO with p a r t i a l l y 
reacted DMCS on the packing surface at high temperature. 
The reactive group i s probably S i - C l , which results when 
DMDC reacts with a lone s i l a n o l group on the packing sur
face (12). Similar results for tetramethyl bisphenol-A 
polycarbonate were observed (8). 

S p e c i f i c retention volumes and regression parameters 
for the PMMPO/PS and PMMP0/P4MS blends are given i n Ta
bles V and VI, respectively. Apparent x?3 values calcu
lated for PMMPO/PS and for PMMP0/P4MS blends at 260, 270, 
and 280°C are given i n Table VII. Values used for V g i n 
Equation 2 were obtained by line a r regression (and ex
trapolation when necessary) of the V Q data (Tables II to 
VI). Apparent X03 value
270, and 280°C becaus
of the PMMPO retention data. 

The negative a p p ' values are i n agreement with 
the observed compatibility of these blends. The tempera
ture dependence of *23,app' f o r t h e P M M P 0 / p s blend sug
gests the occurrence o'f a lower c r i t i c a l solution 
temperature (LCST) above 300°C i n agreement with the 
conclusion drawn from small-angle neutron scattering 
measurements (13). In contrast, the temperature 
dependence of X23,app' f o r t h e PMMPO/P4MS blend i s rather 
weak, exhibiting stronger probe-to-probe variations. 
Comparison of x 23 app' b e t w e e n t h e t w o blends indicates a 
s l i g h t l y more favorable interaction in the PMMPO/PS pair 
i n agreement with e a r l i e r glassy state property mea
surements (6) . 

T a b l e V. S p e c i f i c R e t e n t i o n Volumes 3 and L i n e a r R e g r e s s i o n 
Parameters 5 3 f o r t h e (50.1/49.9) PMMPO/PS Bl e n d Column 

Benzene Toluene E t h y l - C h l o r o - Bromo
benzene benzene benzene 

T,°C v g v g v g v g v g 
200 4.57 6.96 9.85 11.68 19.23 
210 3.77 5.64 8.00 9.58 15.63 
220 3.27 4.76 6.42 7.91 12.72 
230 2.77 4.02 5.36 6.70 10.83 
240 2.49 3.51 4.74 5.70 8.94 
250 2.15 3.19 4.12 4.88 7.71 
260 2.06 2.65 3.51 4.23 6.36 
270 1.86 2.42 2.94 3.72 5.59 

A 3.295 3.843 4.303 4.204 4.546 
B -5.488 -6.216 -6.835 -6.444 -6.661 

a. V Q , mL/g-coating 
b. I n V = A(1000/T) + B, where T i s i n K 
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T a b l e V I . S p e c i f i c R e t e n t i o n Volumes 3 and L i n e a r R e g r e s s i o n 
Parameters^ f o r t h e (50.2/49.8) PMMPO/P4MS B l e n d Columns 

Benzene Toluene E t h y l  C h l o r o - Bromo-
benzene benzene benzene 

T,°C v„ v V v v„ g g g g g 
210 4.75 7.94 11.99 13.40 21.85 
220 4.01 6.19 9.36 10.41 16.48 
230 3.26 4.79 7.09 8.09 13.03 
240 2.85 4.15 5.88 6.69 10.58 
250 2.48 3.49 4.73 5.36 8.38 
260 2.18 2.98 3.92 4.57 6.90 
270 1.83 2.55 3.35 3.89 5.24 

A 4.087 4.91
B -6.910 -8.129 -9.160 -8.653 -9.610 

a. V_, mL/g-coating 
b. l n V q = A(1000/T) + B, where T i s i n K 

T a b l e V I I . Apparent I n t e r a c t i o n Parameters, * 23 app'' f o r 

PMMPO/PS and PMMPO/P4MS Blends a ' 

PMMPO/PS 
Probe 260°C 270°C 280°C 

benzene -0.44 -0.36 -0.29 
t o l u e n e -0.42 -0.31 -0.25 
e t h y l b e n z e n e -0.46 -0.39 -0.32 
c h l o r o b e n z e n e -0.50 -0.36 -0.23 
bromobenzene -0.44 -0.33 -0.22 

average x 2 3 D ~ 0 # 45 ± 0.03 -0.35 ± 0.03 -0.26 ± 0.04 

PMMPO/P4 MS 
Probe 260°C 270°C 280°C 

benzene -0.09 -0.10 -0.09 
t o l u e n e -0.08 -0.09 -0.09 
e t h y l b e n z e n e -0.04 -0.08 -0.12 
c h l o r o b e n z e n e -0.23 -0.26 -0.21 
bromobenzene -0.28 -0.33 -0.38 

average x 2 3 D " ° - 15 ± 0.11 -0.17 ± 0.12 -0.18 ± 0.12 

a. N o r m a l i z e d t o a r e p e a t u n i t o f PMMPO. 
b. E r r o r bounds c o r r e s p o n d t o s t a n d a r d d e v i a t i o n s o f t h e mean 
v a l u e f o r d i f f e r e n t probes. 
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Surface property  high-strengt  high
-modulus carbon fibers indicate that they possess 
higher surface free energies than previously 
believed. London dispersion components of the sur
face free energy were calculated from the increment 
per methylene group in the free energy of adsorption 
of n-alkanes at zero coverage. Values typical of 
low-energy surfaces were obtained for both types of 
"as received" carbon fibers. Cleaning of the fibers 
by pretreating at elevated temperatures under nitro
gen caused a significant increase in the London com
ponent. This was attributed to the desorption of 
physically adsorbed species (CO2, H2O) that occupied 
the high energy sites on "as received" fibers. 
Similar results were obtained in the f i n i t e coverage 
region where London components were calculated from 
the spreading pressures of the hydrocarbons. 
Brunauer-Deming-Deming-Teller type II adsorption 
isotherms were measured for n-alkanes on carbon 
fibers. The fibers were pretreated by heating to 
various temperatures under nitrogen. The BET surface 
areas of the fibers increased with increasing pre-
treatment temperatures, because of the presence of 
microporosity. 

Carbon fibers constitute the major load-bearing element of carbon 
fiber reinforced plastics. The a b i l i t y of these composites to use 
effectively the strength and stiffness of carbon fibers depends 
upon the strength of the interfaclal zone, which is closely 
related to the surface free energies of the carbon fibers and 
matrix. 

The values of the surface free energy for the polymer matrix 
can be obtained from classical contact angle measurements. In the 
case of fibers, surface roughness and the presence of surface 
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energy gradients often result In contact angle hysteresis. Some 
results obtained by contact angle measurements are reported in the 
literature O f ^ ) . Schultz et a l . (4) have recently used a new 
method with two immiscible liquid phases that makes i t possible to 
measure f i n i t e contact angles. While the carbon fibers with a 
polymeric coating gave reproducible results typical for the 
polymer, fibers without coating gave poor results. The observed 
hysteresis effect is probably due to surface energy gradients. 

In this paper, an alternative route to estimate the surface 
energy of carbon fibers is presented, based not on contact angle 
measurements, but on inverse gas chromatography (IGC). The method 
i s , in principle, applicable to any polymer, but the practical 
d i f f i c u l t i e s inherent in differentiating between surface adsorp
tion and bulk sorption of vapours have restricted applications to 
substrates in which the probe vapour is essentially insoluble. 
Two distinct sets of IG
approaching "zero coverage"
essentially linear, and at " f i n i t e concentration", where the shape 
of the adsorption isotherm reflects the build-up of multilayers on 
the surface. Results in these two regions are complementary and 
may be combined with wetting experiments to develop a detailed 
picture of the surface properties. 

Zero Coverage. Inverse gas chromatography has been used success
f u l l y in the past decade for studying the surface properties of 
solids by adsorption of vapour at a gas-solid interface. Unlike 
conventional adsorption techniques, IGC allows the measurement of 
adsorption data down to low vapour concentrations where the sur
face coverage approaches zero, adsorbate-adsorbate interactions 
are negligible, and thermodynamic functions depend on only adsor-
bate-adsorbent interactions. 

IGC has been used at zero surface coverage to characterize 
the surfaces of cellulose (5), cellophane (6), and poly(ethylene 
terephthalate) film (7). Surface properties of intact textile 
fibers were also studied by IGC (8). Domingo-Garcia et a l . (9_) 
have recently characterized graphite and graphitized carbon black 
surfaces with this method, and some zero coverage results on 
carbon fibers have appeared (10), 

The fundamental parameter measured in gas chromatography is 
the retention volume, which is the volume of carrier gas required 
to elute a zone of solute vapour. For surface adsorption, 

V N = K a A (1) 

where is the measured net retention volume of the probe correc
ted for pressure drop and column temperature, A is the total sur
face area of the stationary phase, and K g is the surface partition 
c o e f f i c i e n t . From K g and i t s temperature dependence, thermo
dynamic data describing the retention process may be derived. For 
example, the standard free energy change, AGJJ, for the isothermal 
adsorption of 1 mol of adsorbate, from the standard gaseous state 
to a standard state on the surface, Is given by Equation 2: 
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AG° - -RT In (K s • P S ) g/* 8) (2) 

where p g Is the adsorbate vapour pressure In the gaseous stan
dard s t a l e , TTs i s the vapour pressure in equilibrium with the 
standard adsorption state, R is the gas constant, and T Is the 
column temperature. The standard reference states are taken as 
p g = 101 kN»m~ 2 (1 atm) and ir g = 0.338 mN-nT1. The l a t t e r 
value, proposed by de Boer (11), arbitrarily defines the standard 
surface pressure as the pressure at which the average distance of 
separation between molecules in the adsorbed state equals that in 
the standard gas state. 

The d i f f e r e n t i a l heat of adsorption of the probe, q d, may be 
obtained from the temperature dependence of Kg, according to 

d(ln K s) / d(l/T) - qd/R (3) 

Provided that q d is temperatur
linear relationship betwee g

Finite Concentration. In this concentration range, surface 
adsorption results in nonlinear Isotherms in which partition coef
ficients and retention volumes are dependent upon the adsorbate 
concentration in the gas phase. This means that a single parti
tion coefficient, Kg (= r / c ) , is insufficient to characterize the 
process and the differential ( a r/3c) T is required. Here, T Is the 
surface excess of adsorbate expressed In mol«m"2, c Is the gas 
phase adsorbate concentration, and T is the column temperature. 
Nonlinear Isotherms give asymmetric peaks, whose shapes and reten
tion volumes depend on the concentration of the probe. 

The dependence of the retention volume on the adsorbate con
centration in the gas phase has proved to be a useful and rapid 
way to determine adsorption isotherms (12). The adsorption of 
organic molecules and water on glassy polymers (13), cellulose 
fibers, paper (14-16), cellophane (17), glass fibers (18), textile 
fibers (8), and carbons (19) has been measured by IGC. 

The net retention volume V^, corrected for the pressure drop 
across the column by the gas compressibility factor of James and 
Martin (20) Is given by 

V N = (dl7dc)»A - (dq/dc)^w = RT (dq/dp)-w (4) 

where A is the total surface area of adsorbent, q is the surface 
excess of probe expressed In mol»g"A, w Is the total weight of 
adsorbent, p Is the vapour pressure of probe, and R is the gas 
constant. The adsorption isotherm is obtained by integrating Equa
tion 4 so that 

q = (1/w R T )•/ V N dp (5) 

Thermodynamic data may be determined as a function of surface 
coverage from the temperature variation of the adsorption iso
therms. The isosteric heat of adsorption, q t, Is obtained from 

(3 In p/3T) r = q s t/RT 2 (6) 
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When a gas is adsorbed on a solid surface, i t gives rise to a 
spreading pressure, ir, which is defined (21) as 

* - Y S - Y 8 V (7) 

where yQ and Y s v are the surface free energies of the solid at the 
solid-vacuum interface and at the solid-vapour interface. Spread
ing pressure may be calculated from the integrated form of the 
Gibbs' adsorption equation: 

TT = RT/p°s / (q/p)dp (8) 

where R is the gas constant, T is the temperature, q is the amount 
adsorbed, p° i s the saturated vapour pressure of the probe in 
units of raol-g"1, and s is the specific surface area of adsorbent. 
The spreading pressure ma
the area under the curv
pressure at saturated vapour pressure, IT , is of pPirae importance, 
since i t can be related to the London force contribution of the 
surface free energy of the solid. 

Combining the Fowkes (22) equation for the interfacial ten
sion, Y s o , between two phases with Young's equation for the con
tact angle, 6, of a liquid, £, and a solid, s, when only London 
forces operate across the interface, a relationship is obtained 
between the equilibrium contact angle, 8, and the various ten
sions: 

cos 6 - -1 + [ 2 ( Y ^ ) i l / Y J L - ^/yt (9) 

Since the n-alkanes spread on carbon fibers, the contact 
angle, 6, i s zero. In the case of hydrocarbons, 8 8 Y ^ and* 
Equation 9 becomes 

Y ^ - [<w° + 2 Y £ ) 2 ] / 4 Y i l (10) 

Materials and Methods 

The carbon fibers used in this study, supplied by the Union 
Carbide Co., were: 1) T-300 3k (PAN) untreated, unsized; and 2) 
P-55 2k (pitch), untreated, unsized. Fibers were cut into 2 to 3 
mm lengths and packed in 1.2 m glass columns with inner diameters 
of 4.0 • 10"3 m. The adsorption was studied on "as received" (AR) 
and "cleaned" (T) fibers. 

Zero coverage. In order to eliminate physically adsorbed species, 
fibers were cleaned by heating at 160°C in a N 2 (Linde, ultra high 
purity, with C02 content less than 1 ppm) atmosphere unti l con
stant retention volumes were obtained (100 to 120 h). Using 
f i n i t e concentration IGC and n-alkanes as sorbates, the surface 
area of these fibers was determined to be 0.40 rn^g""1 and 0.59 
rn^g"1 for T-300 and P-55, respectively. The n-alkanes octane to 
trldecane (analytical grade) were obtained from Polyscience Corpo
ration (Quantkit). Retention data were measured with a Hewlett-
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Packard 5711A gas chromatograph equipped with dual flame ioniza
tion detectors. The nitrogen carrier gas (Linde, ultra high 
purity) was passed through Linde 4A molecular sieve. Ultra high 
purity nitrogen was used because of i t s C02 low content (< 1 ppm), 
which is readily physically-adsorbed on the carbon fiber surfaces 
(23,24). Flow rates were measured at the column outlet with a 
calibrated soap-bubble flow meter, and were corrected for the 
vapour pressure of the soap solution in the flow meter (25), 
column temperature (26), and pressure drop along the column. 
Column pressures at the outlet were atmospheric and were deter
mined with a barometer. The pressure drops, measured by a d i g i t a l 
pressure gauge (Setra 361) connected to the column inlet, ranged 
from 25 to 37 kN»m"2, depending on flow rate and column. Flow 
rates (~23 to 26 cra3»min"1) were maintained constant to within ± 
1% during the day. Column temperatures, throughout any one set of 
the measurements, were
ing water bath (Lauda K4R)

Hydrocarbon vapours were injected directly into the column 
with a Hamilton (1 yl) syringe. Liquid volumes, equivalent to 
those injected, are approximately 10~8 cm3. The dead volumes of 
the columns were determined by injecting methane, which was not 
retained by the carbon fibers, simultaneously with the n-alkanes. 

Finite Concentration. The carbon fiber samples and the column 
preparation were essentially the same as in the zero coverage 
region. The upper limit of 160°C for cleaning the carbon fiber 
surface was chosen because decomposition of the surface groups 
(for example, chemically-adsorbed oxygen) (27) occurs at higher 
temperatures. It is recognized that when dealing with mlcroporous 
carbons, i t is hopeless to rely on an outgassing temperature of 
160°C because temperatures of 250 to 300°C are required (28). 
This would result in partial removal of the above-mentioned sur
face groups. However, in the case of the untreated fibers used in 
this work, the number of surface groups is relatively small com
pared to surface treated fibers. Hence, a sample of the untreated 
fibers was heat treated at 300°C in N« for 12 h (sample HT). 
n-Nonane has been used for deliberate blocking of the pores in 
mlcroporous carbon (29-31), so a single injection of n-alkane 
would probably render this cleaning useless. In order to prevent 
this effect, the column was heated after each injection for 20 min 
in N2 • The temperatures that were used for this purpose were 
successively higher (100, 150, 200, 250 and 300°C) in different 
experiments. 

The carbon fiber surface areas were previously determined by 
BET krypton adsorption to be 0.62 ± 0.01 ra2^"1 and 0.74 ± 0.01 
rn^g""1 for T-300 and P-55, respectively. The molecular area of 
krypton was taken as 0.195 nm2. Prior to these measurements, the 
fibers were degassed at 300°C for 15 h. The 'elution of a charac
t e r i s t i c point' method of f i n i t e concentration IGC was used to 
determine the isotherms for a series of n-alkanes. Approximately 
15 to 20 injections were used for each isotherm. The hand-drawn 
curve through the peak maxima was digitized for integration and 
subsequent data handling. 
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Adsorption of n-nonane on both types of "as received" (AR) 
fibers was studied at 30 ± 0.05°C. In the case of T-300T fibers, 
the column temperature was maintained constant at 60 ± 0.05°C 
except for n-nonane adsorption, which was also studied at 50 and 
70°C. For P-55T fibers, the column temperature was maintained 
constant at 75 ± 0.05°C except for n-nonane adsorption, which was 
also studied at 50, 60 and 70°C. The temperature was controlled 
with a circulating water bath (Lauda K4R). 

A l l measurements on columns containing HT fibers were made at 
70 ± 0.5°C in an air oven. n-Nonane was the only sorbate used in 
these experiments. 

The n-alkanes nonane to undecane were obtained from Poly-
science (Quantklt) and Aldrich (Gold Label). IGC apparatus used 
to monitor adsorption isotherms is described in the zero coverage 
section. Flow rates in the range 23 to 32 cm3•rain"1 were measured 
at the outlet of the colum
meter and were correcte
flow meter. The pressure drops across the column were in the 
range 27 to 37 kN«m~2. Isotherms for each sorbate were obtained 
from a series of injections (from ~10~8 cm3, for zero coverage, to 
6»10~"3»cm3), made with Hamilton 1 and 10 uL syringes. The dead 
volumes were determined by injecting methane. The retention 
volumes for methane were independent of temperature, thus showing 
no significant adsorption had occurred. 

Resuit8 and Discussion 

Zero Coverage. The peaks at inf i n i t e dilution were slightly 
skewed (skew ratio ~0.8), with virtually no dependence of reten
tion volume on injection size. Instead of the peak maximum 
method, retention volumes were measured by the method proposed by 
Conder and Young (32). To ensure that the adsorption of n-alkanes 
on carbon fibers was taking place under equilibrium conditions, 
the flow rate was varied in the range 20 to 32 cm3»min""1. The net 
retention volumes were essentially independent of flow rate. 

The Henry'8 law constants varied linearly with the tempera
ture. Heats of adsorption (Table I) were calculated from Equation 
3. Standard surface free energies of adsorption (Table I) were 
calculated from Equation 2 using de Boer's standard state for 
spreading pressure. 

Table I shows that the differential heat of adsorption of 
n-alkane on "as received" carbon fibers i s low and closely approx
imates i t s heat of liquefaction. This indicates a low concentra
tion of high energy sites on the "as received" fibers. The 
differential heat of adsorption on "cleaned" fibers, especially 
T-300, is greater than on "as received" fibers, suggesting that 
some of the high energy sites on the carbon fiber surfaces were 
occupied by physically adsorbed species. GC analysis of desorp-
tion products, collected in a liquid nitrogen trap, showed the 
presence of water and carbon dioxide. 

The values of the thermodynamic functions vary linearly with 
the number of carbon atoms, as shown in Table I. The observed 
increments in q d (4.9 ± 0 . 1 kJ-mol" 1 for T-300AR; 6.5 ± 0.1 kJ« 
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mol"1 for T-300T; 5.1 ± 0.3 kJ^mol"1 for P-55AR, and 5.7 ± 0.1 
kJ-mol"1 for P-55T carbon fibers) indicate a f l a t orientation of 
the n-alkanes on the carbon fiber surface. Constant increments 
were similarly obtained for AG? at 50°C (-2.58 ± 0.03 kJ-mol"1 for 
T-300AR; -3.64 ± 0.01 kJ-mol"1^ for T-300T; -2.60 ± 0.01 kJ.mol"1 

for P-55AR, and -3.05 ± 0.07 kJ-mol"1 for P-55T). Although the 
adsorption potential of a methylene group on a surface is usually 
estimated by the heat of adsorption, the free energy of adsorption 
may also reflect this quantity. This holds when the free energy 
and enthalpy changes for a homologous series are linearly related. 
This i9 pl|he case for the adsorption of n-alkanes on carbon fibers, 
and AG£ C H2'/ qV 3^' is 0.53 for T-300AR; 0.56 for T-300T; 0.51 for 
P-55AR; and 0.54 for P-55T at 50°C. According to Belyakova and 
co-workers (33), this linear relationship is characteristic of 
nonspecific adsorption. 

Assuming that the wor
carbon and a second phas
tion per mole of CHg groups, Dorris and Gray (5) proposed the 
equation for the estimation of the London component of the surface 
free energy of the adsorbent: 

- A G ^ / N . a ^ ) = 2 ( y ^ , . Y £ ) * (11) 

where ) i s 0*06 nm2, the cross-sectional area of a methylene 
group; Y(CH ) l s t h e surface tension of a surface comprised of 
only CrL groups (an extrapolation of the surface tension of the 
low molecular weight n-alkanes to inf i n i t e chain length (34) 
yields a value of 34.7 mN^nT1 at 20°C); and N is Avogadro's con
stant. Using the incremental free energy of adsorption obtained 
experimentally at 50°C, the London component of the surface free 
energy of carbon fibers was calculated from Equation 11 to be 38.8 
mN*m"A for T-300AR; 76.8 aNnf"1 for T-300T; 39.4 mN-ra"1 for 
P-55AR, and 54.4 mN«nf1 for P-55T. The value of 0.06 nm2 for the 
cross-sectional area of a methylene group is most widely used, but 
i t is worth mentioning that other values have been suggested. 
Studying the adsorption of hydrocarbons on graphitized carbon 
black, Clint (35) obtained the increment per CHj of 0.055 nm2. 
According to Groszek's model (36), the surface area of a methylene 
group is 0.052 nm2, which is equal to the area of the hexagon in 
the graphite basal plane. Inserting Clint's or Groszek's value in 
Equation 11 results in an increase of the London component of 20 
or 30%, respectively. 

Values for "as received" fibers agree with the values for 
surface tension of Thornel 300 carbon fibers obtained by the 
Wilhelmy and the sol i d i f i c a t i o n front technique (3) (42.4 and 41.8 
mN-nT1). The method proposed by Kaelble (1) yields values (1^2) 
of ~27 mN'm"1 and ~33 mN-ra"1 for "as received" high-strength and 
high-modulus fibers, respectively. These values seem to be too 
low for the surface composed of graphitic basal planes and pris
matic edge surfaces. In fact, these values are lower than the 
London component of most organic polymers. Corresponding data for 
"cleaned" fibers are not available in the literature. 
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Even though carbon fiber surfaces usually contain small 
amounts of hetero-atoms (for example, 0, N), they are composed 
primarily of graphitic basal planes and prismatic edge surfaces, 
and thus their surface properties should be close to those of 
graphites and graphitized carbon black. 

The surface free energy of the prismatic edge surfaces is 
much higher than the surface free energy of basal planes because 
their formation necessitates the breaking of covalent C-C bonds. 
Such a high surface free energy Is rapidly lowered by chemical and 
physical adsorption, and thus i t is d i f f i c u l t to obtain clean 
prismatic surface. 

The London component of the surface free energy of "as 
received" carbon fibers is similar for both types of fibers. The 
increase that followed the cleaning process shows that some of the 
high-energy sites on both types of fibers were occupied by physi
cally adsorbed species
square of the density
fibers are ~1.75 g-mL" for T-300 and ~2 g«mL  for P-55. The 
density of the graphites is higher (~2.2 g^mL"1) and this may be 
responsible for the higher values of the London component. The 
degree of order in the P-55 fibers (high-modulus) Is greater than 
in T-300 (high-strength) because of the higher graphitlzation 
temperature. The P-55 f i b r i l s are well aligned, and the fiber 
surface has more basal planes and fewer edges than the surface of 
the T-300 fibers (37). The dispersion contribution to the surface 
free energy of the prismatic edge surfaces is higher than that of 
the basal planes. This difference explains the higher value of 
the London component for T-300 fibers, even though they have lower 
density than P-55. 

Recently, Schultz et a l . (38), presented an IGC study of 
carbon fiber and epoxy matrix surfaces. Their fiber conditioning 
treatment (105°C in helium for 20 h) was relatively mild compared 
to that used here for "cleaned" fibers; their results for the 
non-polar component of the surface free energy (y^ - 50 ± 4 mN* 
m"1) l i e s between the values reported here for "as received" and 
"cleaned" fibers. They also extended the method to estimate the 
polar component of the surface free energy from gas chromatogra
phic measurements with polar vapours. 

Finite Concentration. The adsorption isotherms for n-nonane, 
n-decane, and n-undecane on T-300T at 60°C are shown in Figure 1. 
Similar isotherm shapes were obtained for the same sorbates on 
P-55T fibers. The reproducibility of the isotherms for a second 
column f i l l e d with the same fibers was found to be ~2%. 

Adsorption at a given p/p° increased with decreasing carbon 
number. Assuming that a l l n-alkanes have the same surface orien
tation, this trend is expected. Interaction with n-alkanes occur
ring through dispersion forces and the amount adsorbed at each 
relative pressure is highly dependent on molecular size. The 
shape of the isotherms Indicate that they belong to type II of the 
Brunauer-Deming-Demlng-Teller classification (39). The experi
mental Isotherms were interpreted according to the BET approach 
(40). The linear form of the BET Isotherm is 
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Table I. Differential Heats and Standard Free Energies of Adsorp
tion at Zero Coverage of n-Alkanes on Carbon Fibers at 50°C 

(kJ mol" ) 

Adsorbent n-C n-C n-C n-C n-C n-C 

T-300AR AO.2 45.3 50.2 55.1 59.9 
T-300T 51.1 57.6 64.2 
P-55AR 41.9 47.0 51.9 56.6 61.8 
P-55T 49.6 55.4 61.1 66.8 72.5 

39.8 44.6 49.4 54.2 58.9 63.7 

GA (kJ mol" ) 

T-300AR 20.8 23.4 26.0 28.6 31.1 
T-300T 23.9 27.6 31.2 
P-55AR 20.7 23.4 26.0 28.6 31.2 
P-55T 22.6 25.6 28.6 31.6 34.8 

* Heat of liquefaction. 

4 

~ • • « • 

0 0 .2 0.4 0 .6 0 .8 1.0 

P/P° 
Figure 1. Adsorption isotherms for; a) n-nonane; b) n-decane; 
and c) n-undecane on T-300T carbon fibers at 60°C. 
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C i s the constant related to the heat of adsorption. If (p/p°)/ 
q(l-p/p°) is plotted against p/p°, slope and intercept allow the 
estimation of q m and C. BET plots are usually linear from 0.05 
to 0.35 relative pressure. The location of the linear portion 
depends on the value of C and therefore on the heat of adsorp
tion. 

The major theoretical criticisms of BET are concerned with 
the assumptions that the surface is energetically uniform and that 
adsorbate-adsorbate interactions are negligible. In case of car
bon fibers, the f i r s t assumption does not apply. Edge effects, 
due to the f i n i t e size of carbon layers and the presence of 
hetero-elements on the surface, are sources of energetic hetero
geneity. The second assumption
interact energetically
Inadequacies, the BET theory is useful in a qualitative sense and 
remains the most widely used method for surface area measure
ments. 

BET plots In the range 0.1 < p/p°< 0.03 gave an excellent 
straight line for each hydrocarbon (correlation coefficients were 
in a l l cases > 0.988, while standard deviations of the slope and 
intercept were < 3%). Adsorption isotherms for n-nonane on 
T-300AR and P-55AR fibers yielded the C values of 2.7 and 2.8, 
respectively. Corresponding monolayer coverages were 1.15«10~° 
raol'g"1 and 1.17»10~ 6 mol-g"1. From the monolayer coverage, q m, 
the specific surface area of adsorbent, s, can be calculated 
according to Equation 13, provided that the area occupied by each 
molecule, a m, is known: 

where N is Avogadro's constant. From studies of the preferential 
adsorption of long chain n-alkanes from n-heptane solution onto 
Graphon and graphite, Groszek (14) suggests that, after slight 
compression of the n-alkanes, there Is a remarkable f i t between 
the hydrogen atoms attached to one side of the zig-zag carbon 
chains of n-alkanes and the centres of the hexagons formed by the 
carbon atoms In the basal plane. The compression needed to pro
duce a perfect lattice f i t requires the expenditure of energy. 
According to the calculations of Kiselev et a l . (42) the inter
action energy for adsorption with CH2 groups located in the 
centres of the hexagons is ~25% higher than for adsorption on 
other sites. The extra energy gained by l a t t i c e matching is of 
the correct order of magnitude to compensate for the compression. 
Using Groszek's molecular areas for hydrocarbons on graphites, the 
surface areas of carbon fibers were calculated to be 0.40 rn^g"1 

and 0.59 \&*g~l for T-300T and P-55T, respectively. These values 
are smaller than those measured with krypton (0.62 m^g"1 and 0.74 
n^'g""1), the reason probably being the conditioning of the 
samples, which was not the same in both cases. 

s • a m • N 
m 

(13) 
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Similar conditioning treatments for the HT fibers were used 
prior to IGC and krypton adsorption measurements. Adsorption 
isotherms for n-nonane on P-55HT at 70°C are shown in Figure 2. 
Corresponding BET parameters and the surface areas, calculated 
using Groszek's molecular area for n-nonane, are given in Table 
II. 

The upward displacement of the adsorption Isotherms after 
heat treatment, and the increase in q and C values may indicate 
the exposure of micropores after removal of adsorbed contaminants. 
The surface areas of these samples (0.61 rn^g"1 for T-300HT and 
0.74 ra^'g"1 for P-55HT) are in excellent agreement with the values 
from krypton adsorption. 

The variation in isosterlc heat of adsorption for n-nonane 
on T-300T fibers with surface coverage i s presented in Figure 3. 
Also included are the values for q 8 t at T • 0, obtained by adding 
RT to the d i f f e r e n t i a
the monolayer capacity
liquefaction for n-nonane at 50°C, -AH^. 

A relatively high i n i t i a l isosterlc heat that decreases with 
increasing surface coverage is characteristic for heterogeneous 
surfaces. High energy sites are the f i r s t to interact with the 
sorbate molecules. As they become occupied, the adsorption takes 
place on other sites and the heat of adsorption slowly decreases. 
Both T-300T and P-55T fibers show such behaviour. Finally, at the 
monolayer coverage, as a result of increasing liquid-like charac
t e r of the adsorbed n-nonane, q g t approaches ~AH^. Similar 
results with graphite, carbon black, and graphitized carbon black 
have been obtained for the heat of adsorption of argon (43), 
krypton (44), and a number of hydrocarbons (45-48). The fact that 
the i n i t i a l decrease for T-300T is spread over a higher surface 
coverage range than for P-55T is probably due to higher concentra
tion of prismatic edge surfaces on these fibers. Such sites 
represent a major source of carbon fiber surface heterogeneity. 
The effect of lateral interactions that should lead to an increase 
in q 8 t at the point of monolayer coverage (49) is barely notice
able in both cases. 

The London components of the surface free energy for T-300T, 
P-55T, T-300HT, and P-55HT fibers are l i s t e d in Table III. Values 
of 57.5 mN-ra"1 and 62.8 mN^nT1 for P-55T and T-300T fibers, res
pectively from Table III, should be compared with values of 54.4 
mN̂ m"1 and 76.8 mN̂ m"1 that were obtained for the same samples at 
zero surface coverage. In zero coverage calculations (Equation 
11), the surface area of a methylene group was taken as 0.06 nm2 , 
while for f i n i t e concentration results (Equation 10 and Table III) 
i t was taken as ~0.052 nm2, according to Groszek's model. That 
means that the zero coverage values should be increased by ~30% 
prior to comparison. Thus, zero coverage values for the London 
components are ~100 mN-m"1 for T-300T and ~70 mN-m"1 for P-55T 
fibers. In both cases, zero coverage values are significantly 
greater than the f i n i t e coverage values. This can be explained by 
the heterogeneous character of the carbon fiber surfaces. Since 
the high energy sites are the f i r s t to Interact with adsorbate 
molecules, zero coverage measurements give rise to the London 
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6 

P / P ° 

Figure 2. Adsorption isotherms for n-nonane on P-55HT fibers 
at 70°C: a) column heated at 70°C prior to each injection; 
b) at 150°C; and c) at 200°C. 

Table II. BET Parameters for n-Nonane Adsorption on (HT) Carbon 
Fibers at 70°C and the Corresponding Specific Surface Areas* 

Adsorbent % • 1 0 
6(mol-g~ 1) °C sdn^g" 1) 

T-300HT-70** 1.50 + 0.06 10.4 + 0.4 0.53 + 0.02 
T-300HT-150** 1.54 + 0.05 11.8 ± 0.3 0.54 + 0.02 
T-300HT-200** 1.69 ± 0.03 14.2 + 0.3 0.59 + 0.01 
T-300HT-250** 1.75 ± 0.05 17.9 + 0.6 0.61 + 0.02 
T-300HT-300** 1.74 ± 0.05 19.9 + 0.6 0.61 + 0.02 

P-55HT-70** 1.87 ± 0.07 12.9 + 0.4 0.65 + 0.03 
P-55HT-150** 2.14 ± 0.09 21.2 + 0.8 0.74 ± 0.02 
P-55HT-200** 2.15 ± 0.09 24.4 + 0.9 0.74 ± 0.02 

* Calculated using Groszek's value for a m of n-nonane (0.575 
nm2). 

** Denotes temperature at which column was heated prior to each 
injection (see Materials and Methods section). 
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• • • • 

0 1 2 ' 3 4 5 
r «106/mol-rrT2 

Figure 3, The isosterlc heat of adsorption of n-nonane as a 
function of the carbon fiber (T-300T) surface coverage at 50°C. 
AH^ i s the enthalpy of liquefaction. r m represents the mono
layer coverage. 

Table III. Equilibrium Spreading Pressures on n-Nonane on Carbon 
Fibers and the London Component of the Carbon Fiber Surface Free 

Energy at 70°C 

Adsorbent TT° (mN-m"1) (mN*nf1) 

T-300T* 30.9 62.8 
T-300HT-70** 38.4 76.9 
T-300HT-150** 39.0 78.2 
T-300HT-200** 40.5 81.2 
T-300HT-250** 41.6 83.6 
T-300HT-300** 42.8 86.2 

P-55T* 27.8 57.5 
P-55HT-70** 34.2 68.5 
P-55HT-150** 41.8 83.9 
P-55HT-200** 42.9 86.4 

60 

| 55 

v 50 

45 

* Measurements at 50°C. 
** Denotes temperature at which the column was heated prior to 

each injection (see Materials and Methods section). 
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component of such sites only. However, the f i n i t e coverage method 
gives an overall value related to the average of a l l sites. 

It is interesting that the London components of "as received" 
fibers calculated from spreading pressures of n-nonane (51 raN-m"1 

and 52 mN-m"1 for T-300AR and P-55AR, respectively) are in good 
agreement with the corresponding values from zero coverage 
measurements (the values of 38.8 mN-m"1 for T-300AR and 39.4 
mN-m"1 for P-55AR fibers have to be increased ~30% to bring them 
to the same area basis for comparison). High energy sites on "as 
received" fibers are occupied by physically adsorbed species (H20, 
C0 2) and as a result, the heterogeneous character of their surface 
i s masked. Thus, zero coverage and f i n i t e coverage measurements 
yield similar values for yz. 

The higher values of y^ for T-300HT and P-55HT on heat-
treated fibers may be attributed to the enhanced dispersion force 
f i e l d that the n-alkane
Gradual increases in treatmen
in the London component, Indicating that the n-alkanes are getting 
deeper into the pores. Unlike the zero coverage values, London 
components of spreading pressures are similar for T-300 and P-55 
fibers. The higher concentration of prismatic edge sites on T-300 
fibers, that was proposed to explain higher value of the London 
component at zero coverage, is opposed by the effect of density. 
The densities of the carbon fibers are ~1.75 g-mL"1 for T-300 and 
~2 g-mL"1 for P-55. Dispersion forces are proportional to the 
square of the density of material. Hence, the higher density of 
P-55 fibers (effective at a l l coverages), compensates for the 
contribution of high-energy sites (effective only at low cover
ages) on T-300 fibers. 

Conclusion 

IGC has been shown to be an effective tool for studying the sur
face properties of carbon fibers. Results for the heat of adsorp
tion indicate that "as received" carbon fibers are low energy sur
faces for the adsorption of n-alkanes. The London component sup
ports this. Desorption of physically adsorbed species (C0 2, H20) 
results in a significant increase in the heat of adsorption and 
the London component of the surface free energy for both high-
strength and high-modulus fibers. This shows that the high energy 
sites were occupied by physically adsorbed gases. The London 
component of the surface free energy is higher for "cleaned" high-
strength fibers (76.8 mN-m"1) than for high-modulus fibers (54.4 
mN-m"1). The reason for this is probably a higher content of high 
energy prismatic edge surfaces on the former. Type II adsorption 
isotherms for hydrocarbons on high-modulus (P-55) and high-
strength (T-300) carbon fibers were calculated from the IGC peaks 
in the f i n i t e concentration region. The isotherms are well des
cribed by the BET equation and monolayer coverages were easily 
determined. 

Increases in q m and C values with the increase in temperature 
of column conditioning indicates the presence of micropores. 
Carbon fiber surface areas, calculated with Groszek's values for 
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the molecular areas of hydrocarbons on graphites, are in excellent 
agreement with those calculated from krypton adsorption. Varia
tion of thermodynamic properties with surface coverage on both 
types of fibers indicates the presence of high-energy surface 
sites. From spreading pressures, the London components of the 
carbon fibers, surface free energy at 50°C are estimated to be 
57.5 mN-m"1 and 62.8 mN-m""1 for P-55T and T-300T, respectively. 
These values are lower than the corresponding zero coverage e s t i 
mates (~70 mN̂ m"1 for P-55T and ~100 mN-m"1 for T-300T). This is 
explained by the heterogeneous character of the carbon fiber 
surfaces. High-energy sites interact f i r s t with the adsorbate 
molecules, and zero coverage measurements reflect the London com
ponent of such sites. However, the f i n i t e coverage method gives 
an overall value related to the average of a l l sites. High-energy 
sites on AR fibers are occupied by the physically adsorbed species 
(H20, C0 2), which mask
zero and f i n i t e coverag
London component. 

Legend of Symbols 
a(CE, ) Surface area occupied by a CH2 segment of an n-alkane 

^ (m2). 
a m Surface area occupied by adsorbate molecule (m2). 
A Surface area stationary phase in column (m2). 
c Mobile phase probe concentration (mol/mL). 
C Constant in BET equation. 
K s Surface partition coefficient (mL/m2). 
N Avogadro's constant. 
p Vapour pressure of probe (kPa). 
p° Saturated vapour pressure of probe (kPa). 
P s > g Vapour pressure in standard gaseous state (101 kPa). 
q ' Surface excess of probe per unit weight of stationary 

phase (mol/g). 
q H Differential heat of adsorption (kJ/mol). 
vCH ) 

q^ 2 Increment in q^ per CH2 for a series of n-alkanes. 
q m Value of q corresponding to monolayer average (mol/g). 
q s t Isosteric heat of adsorption (kJ/mol). 
R Gas constant. 
s Specific surface area of adsorbent (m2/g). 
T Column temperature (K). 
V N Net chromatographic retention volume (mL). 
w Weight of adsorbent stationary phase in column (g). 

(CH ) 
A G A 2 Free energy of adsorption of a CH2 segment of n-alkane. 
A G £ Standard free energy of adsorption (kJ/mol). 
A H ^ Enthalpy of liquefaction of the probe vapour (kJ/mol). 
Yo Surface t e n s i o n or surface f r e e energy of l i q u i d 

(mN/m). 
Y e Surface free energy of solid in vacuo (mN/m). 
Y^ London component of surface free energy of l i q u i d 

(mN/m). 
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Yg London component of surfac e f r e e energy of s o l i d 
(mN/m). 

Y S £ Solid-liquid interfacial tension (mN/m). 
Y s v Surface free energy of solid-vapour interface (mN/m). 
r Surface excess of probe per unit surface area of 

stationary phase (mol/m2). 
IT Spreading pressure of probe on surface (mN/m). 
TT° Spreading pressure of probe at saturated vapour pressure 

(mN/m). 
IT Spreading pressure of de Boer standard adsorbed state 

(0.338 mN/m). 
0 Solid-liquid contact angle. 
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Mulhous

The performance of a composite material depends strongly on the 
quality of the fibre-matrix interface. The interactions developed at 
the carbon fibre-epoxy matrix interface were studied using the 
acid/base or acceptor/donor concept. The surface characteristics of 
the reinforcing fibre and the polymer were determined using a 
tensiometric method and the inverse gas chromatography 
technique at infinite dilution. Following the approach of Gutmann, 
acid/base surface characteristics were obtained, allowing the 
interactions at the interface to be described by a specific interaction 
parameter. It was shown that the shear strength of the interface, 
that is, the capacity of the interface to transfer stress from the 
matrix to the fibre, as measured by a fragmentation test, is 
strongly correlated to this specific interaction parameter, 
demonstrating the great importance of acid/base interactions in 
fibre-matrix adhesion. 

The adhesion between reinforcing fibres and the polymer matrix is one of the 
important parameters governing the performance of a composite material. It is 
generally recognized that the interface or interphase is the third constituent of a 
composite material. However, high adhesive strength at the interface does not 
necessarily lead to optimum properties of the composite. For instance, good impact 
strength would require the formation of reversible physical bonds rather than high 
energy chemical links. In order to understand and predict the mechanical behaviour of 
the composite, it is necessary to gain better knowledge of the nature and level of 
interactions likely to be exchanged at the interface. 

In the case of physical bonds (London dispersion, Keesom orientation, and 
Debye induction forces), the energy of interaction or reversible energy of adhesion 
can be directly calculated from the surface free energies of the solids in contact. 

For years, it was assumed that the surface energy ys of a solid is the surriof two 
terms: a dispersive component Ys and a non-dispersive or polar component 75. 
However, recently, it appears that the non-dispersive term of interaction could be 
better described using the concept of electron acceptor/donor or Lewis acid/base 
characteristics of the solids. 

0097-6156/89/0391-0185$06.00A) 
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Extending work done previously (1 - 2), the purpose of this paper is to examine 
how these characteristics could be determined using inverse gas chromatography 
(IGC) and to what extent these acid/base interactions are relevant to the description of 
the fibre-matrix interface. 

Materials 

Three high-strength PAN (polyacrylonitrile)-based carbon fibres (supplied-by Elf 
Aquitaine France), corresponding to three different stages of manufacturing, were 
used in this study: 
- the untreated fibre 1; 
- the untreated fibre having received a proprietary surface treatment, designated as 
oxidized fibre 2; and 
- the oxidized fibre having received a supplementary sizing treatment, denoted as 
coated fibre 3. 

Two other fibres were also studied, although less extensively: 
- a fibre having been oxidize
fibre 2'; and 
- another commercial coated high strength PAN-based fibre, denoted as coated fibre 
4. 

The matrices were two DGEBA (diglycidyl ether of bisphenol A) epoxy resins. 
The hardeners were either 35 parts by weight of m'arnino diphenyl sulfone (resin I) or 
55 parts of polyamino amide (resin II). The curing conditions were 3 h at 130°C 
followed by 3 h at 180°C for resin I and 24 h at 40°C followed by 6 h at 100°C for 
resin II. 

Methods 

Inverse Gas Chromatography. Chromatographic measurements at infinite dilution 
were carried out with an Intersmat IGC 120 DLF equipped with a flame ionization 
detector of high sensitivity. The chromatograph was coupled with a Shimadzu 
integrator, allowing for automatic analysis of the first moment of the elution peak to 
be made. The fibers or resin particles (obtained by grinding in liquid nitrogen) were 
packed into stainless steel columns of 0.6 m length and 4.4 mm internal diameter. 

The carrier gas was helium. The amount of probe injected corresponds to 10"̂  
to 10~3 ppm, thus ensuring practically infinite dilution or zero surface coverage. 
These conditions allowed the study of only probe-adsorbant interactions, the 
adsorbed molecules being sufficiently far apart to neglect their mutual interaction. 

These optimum working conditions produced symmetrical peaks that followed 
the laws of linearity and ideality required for their interpretation. 

The fundamental quantity of inverse gas chromatography, V N , the net retention 
volume, was determined using: 

VN=JD(t R-to), 

where tR is the retention time of the given probe, to is the zero retention reference time 
measured with a practically non-adsorbing probe such as methane, D is the corrected 
flow rate and j is a correction factor taking into account gas compressibility. 

Before experimentations, the IGC columns were conditioned in helium at 
105°Cfor20 h. 

Wetting. In the case of low surface energy solids, such as polymers, the dispersive 
and polar components of surface energy are easily determined through contact angle 
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measurements. Drops of various liquids of known surface energy are deposited onto 
the solid surface and the contact angles are measured using a Rame-Hart apparatus. 

Dispersive and polar components of the surface energy of the solids are 
deduced from the classical cos 0 = f [(YL)^ /YiJ (4), where YL is the surface energy 
of the wetting liquid and YL its dispersive component 

In the case of high surface energy solids, virtually all liquids spread 
spontaneously on the surface. Therefore, a two phase liquid method was used (4* 5). 
In this method, a drop of a polar liquid, L, is placed on the solid surface, S, the 
surrounding medium being a non-polar hydrocarbon H, immiscible with the contact 
liquid (Figure 1). 

The analysis of the system leads to a general relationship between the measured 
contact angle &SL/H and the different surface and interfacial energies of the three 
constituents of the system: 

7L- YH+ Tin.cos eSL/H = 2 (Ys) 1 / 2 [ (YL ) 1 / 2 - (YH)1/21 + 2(Ys Y L ) 1 / 2 (D 

Y X 
where YH is the surface energy of the hydrocarbon and YHL the interfacial energy 
between the hydrocarbon and the polar liquid. 

By plotting the quantity Y versus the quantity X, a straight line is obtained, 
allowing die determination of Ys fr°m tne slope and Ys fr°m the intersection at the 
origin. 

With carbon fibres, such direct measurements would be extremely difficult 
since cylindrical solids with diameters of 7 to 10 \im are being considered. 

The method used is tensiometric (£) and depends on the fact that a fibre 
immersed in a two phase liquid system results in the formation of a meniscus, leading 
to an apparent increase in the weight of the fibre (Figure 2). 

Experimentally, the single fibre is attached to the arm of an electro-balance and 
immersed first in the hydrocarbon alone, and then in both hydrocarbon and polar 
liquid phases. Weight increases at each stage are measured. Static and dynamic 
experiments, in immersion and emersion, have been conducted. 

Because of the small diameter of the fibre, the buoyancy force can be 
neglected. Thus, at the first stage of immersion, the apparent weight increase, is due 
to the meniscus of hydrocarbon touching the fibre surface, as given by: 

FHA = CYHCOseSH/A (2) 

Because of the low surface energy of the alkane, the contact angle 8 S H / A is zero 
and the circumference C of the fibre is readily evaluated. At the second stage of 
immersion, the apparent weight increase is due to the meniscii alkane/polar liquid 
(water or formamide), as given by: 

F = FHA + FHL = CYk + CYHLCOseSWH (3) 
Since C, YH and YhL are known, the contact angle QSL/H C M calculated. The same 
analysis as that used for flat surfaces may then be applied to carbon fibres. 

Fragmentation Test. The problem of determining fibre-matrix adhesion has received 
considerable attention. The analysis using the fragmentation of a model system is 
considered to constitute the best solution. 

An elementary carbon fibre is embedded in an epoxy matrix and this model 
composite is submitted to an uniaxial tensile load in the direction of fibre orientation. 
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Figure 1: Schematic representation of the two-phase liquid method. 
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Figure 2: Representation of the two-phase liquid technique applied to a carbon 
fibre. 
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This load is transmitted through the interface from the matrix to the fibre and, as 
originally described by Kelly and Tyson (2), the fibre breaks into small fragments 
until a limiting fragment size / c is reached (Figure 3). Knowledge of /c enables one to 
determine the shear resistance of the interface; that is, the capacity of the interface to 
transfer the stress from the matrix to the fiber. This shear resistance of the interface, 
x, is therefore a direct measurement of fibre-matrix adhesion. 

According to the Kelly-Tyson model CD and Cox theory (g), both maximum 
shear strength at the extremities of the fragment and average shear strength % can 
be determined knowing the critical length /c of the fragments and the tensile strength 
of the carbon fibre at this critical length. Fragment length distribution was determined 
using an optical microscope equipped with a micrometer eyepiece. Critical length and 
tensile strength were obtained by means of Weibull statistics (2,10). 

Determination of Surface Properties Using Inverse Gas Chromatography. 

Theory (11Y Simple thermodynamic considerations applied to inverse gas 
chromatography at infinite dilution lead to the following general relationship: 

where A G 0 is the free enthalpy of desorption (or adsorption) of 1 mole of solute from 
a reference adsorption state, defined by the bidimensional spreading pressure n0 of 
the adsorbed film to a reference gas phase state, defined by the partial pressure P 0 of 
the solute, 

S, is the specific surface area of the substrate (in this case, fiber), 
and g, is the weight of fibre substrate in the column. 

Two reference states are generally considered: 
the reference state of Kemball and Rideal (12), where PQ = 1.013-105 Pa and nQ = 
6.08-10"5 N-irr1; and the reference state of De Boer (12), where PQ = 1.013-105 and 
TC0 = 3.38-10"4 N-nr 1 . 

Therefore, AG° can be written as 
AG° = RT Ln V N + K, where (5) 

K is a constant for a given chromatographic column depending on the chosen 
reference states. 

To a first approximation, AG° is related to the energy of adhesion, W A , 
between the probe molecule and the solid, per unit surface area of the solid by 

AG° = N a W A , where (6) 
N is Avogadro's number and a is the surface area of the probe molecule. Combining 
Equations 5 and 6 leads to: 

RT Ln V N = N a W A + Constant (7) 
where this constant, as mentioned previously, depends only on the reference states. 

Dispersive component of surface energy. According to Fowkes (14), when only 
dispersion interactions are being exchanged, for example with n-alkanes probes, the 
energy of adhesion is given by 

Results 

A G D = - A G A = RT Ln 
o o 

(4) 

W A = 2( Y s
D

Y L
D ) 1 / 2 (8) 

Therefore, Equation 7 can be written as 
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1 

Figure 3: Schematic representation of the fragmentation technique. 
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RT Ln V N = 2N ( Y s ) 1 / 2 a (YL ) 1 / 2 + C l (9) 

or, in the case of n-alkanes (where YL = YH>: 

RT Ln V N = 2N (Ys ) 1 / 2 a ( Y H ) 1 / 2 + # (10) 

As shown, for die examples given in Figure 4, RT Ln V N is a linear function of 
the quantity a(Yn) 1' 2. The slope of the straight line leads to the Ys values of the 
carbon fibres and matrices listed in Table I. 

Table I. Dispersive Component of Surface Energy at 25°C (in mJ-m"2) 

I G C 

Ys Ys Ys YI 

Fibres Untreated 1 5 0 ± 4 4 8 ± 4 5 0 ± 8 7 ± 3 
Oxidized 2 49 ± 2 5 0 ± 4 48 ± 1 0 1 5 ± 4 
Oxidized 2' 5 9 ± 2 - - -
Coated 3 3 6 ± 3 33 ± 3 3 4 ± 6 1 3 ± 4 
Coated 4 2 9 ± 3 3 1 ± 4 - -

Matrices Epoxy I 3 9 ± 3 41 ± 3 4 0 ± 3 4 ± 1 
Epoxy II 3 4 ± 7 - 37 ± 3 19 ± 2 

*the Ys values of the fibres were determined using the two/phase liquid technique 
whereas for the matrices the one-liquid techique was employed 

It must be stressed that in our analysis, the YL O R YH value used corresponds 
to a liquid, although the molecules adsorbed at infinite dilution can hardly be 
compared to an adsorbed liquid film. Therefore, in order to check the validity of the 
approximation contained in this intrepretation, the results were compared with those 
obtained using either an analysis developed by Gray (15-17) or the wetting method. 

Gray uses a method for the determination of Ys t n a t considers the 
increment 

o 
A G ( C H 2 ) 

per methylene group in the n-alkanes series with the general formula C n H2 n + 2-
The increment 

o 
A G ( C H 2 ) 

as defined by 
o o 

A G ( C „ + l H 2 „ + 4 ) " AG(CnH2n + 2) 
leads to 
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D 

R T L n
V N ( C n + 1H 2 n + 4) 

VN(C nH 2 n + 2) J 
Ys = —2 ™ 

4 N acHjcHz 
2 

where is the surface area of a CH 2 group; that is, 6 A , and Y C H 2 is the surface energy 

of a CHj group; that is, of a surface constituted of close packed Ct^ groups analogous to 
polyethylene and given by 

-2 <*yCH2 

y C H = 35.6 mJ.m with = 0.058 
2 d

The values of Ys obtained using Gray's method are also presented in Table 
I and agree satisfactorily with those obtained by our analysis. 

The one-liquid method was used to determine the surface energy of the 
polymer matrix, whereas the two-phase liquid method was applied to measure the 
surface properties of the carbon fibres. 

An example of a diagram obtained in the case of the two-phase liquid 
(hydrocarbons H and formamide F) method is shown in Figure 5. As pointecLput in 
the Methods section, the slope of the straight line leads to the value of Ys. The 
surface polarity or polar component of surface energy is determined from the 
intercept. 

The values obtained by the tensiometric wetting method are also given in 
Table I. 

It must be noted that the chromatographic method leads to values of Ys 
that are more precise than the ones obtained by wetting, although they agree well. The 
untreated and oxidized carbon fibres have high values of Ys» whereas the coated 
fibres exhibit somewhat lower values, close to the ones for the polymer matrices. 

The value for the coated fibre is in agreement with the fact that the coating 
is usually made of either epoxy or polyester. 

The value of Ys f ° r m e virgin fibre is in agreement with other published 
values (18-20), but is lower than values obtained for graphite (21). One reason for 
this may be the mild conditions of the fibre treatment in the column (105°C for 20 h). 
However, it must be noted that these conditions can be considered relevant in view of 
the curing conditions applied to the composite. 

Specific interactions. As demonstrated in the previous section, the tensiometric 
method also provides values of the surface polarity of the solids (Table I). The 
surface polarity of the untreated fibre is low whereas that of the oxidized or coated 
fibres is high. Furthermore, Ys is different for the two matrices. 

The purpose of this section is to describe the fibre and matrix surfaces in 
terms of electron acceptor or donor (acid/base) characteristics. According to this 
concept developed by Drago (22-23). Gutmann (24) and extended by Fowkes (25-
27). strong interactions develop only between an acid and a base. Materials of the 
same characteristics, acids or bases even with high surface polarities, exchange nearly 
zero specific interaction. In this work, Gutmann's approach was adopted, rather than 
Drago's because it then becomes possible to consider a liquid or a solid to be both an 
acid and a base. 
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According to Gutmann (24V liquids can be characterized by donor or 
acceptor numbers. The donor number DN, defining the bacisity or electron-donor 
ability, is the molar enthalpy for the reaction of the electron-donor D with a reference 
acceptor SbCl5. The acceptor number AN, characterizing the acidity or electron-
acceptor ability is defined as the NMR chemical shift of ^lp contained in (02*15)3 
PO when reacting with acceptor A. 

In this study, several specific probes were chosen, exhibiting either a 
strong donor (base) trait or a strong acceptor (acid) trait, or both characteristics 
simultaneously (amphoteric). 

Table II shows the main characteristics of some of the probes used in this 
work. The surface area a of the probe molecules was determined by injecting the 
probes onto neutral reference solids (PTFE, polyethylene, etc). The dispersive 
component YL was measured by the contact angle method on reference solids (4). 
The values of DN and AN were taken from tables published by Gutmann (24). 

Table n

(A DN AN Specific (A (mJm-2) Characteristic 

C 6 H 1 4 51.5 18.4 _ _ 

C7H16 57.0 20.3 - - Neutral 
CgHig 62.8 21.3 - -
C9H20 68.9 22.7 - -
T H F 45 22.5 20.0 8.0 

Base Ether 47 15 19.2 3.9 Base 

CHCI3 44 25.0 0 23.1 
CCI4 46 26.8 0 8.6 Acid 
C6H 6 46 26.7 0.1 8.2 

Acetone 42.5 16.5 17.0 12.5 
Amphoteric Ethyl - Acetate 48 19.6 17.1 9.3 Amphoteric 

In order to determine quantitatively these specific interactions, consider, as a 
first approximation, that the specific interactions are simply added to the dispersive 
interactions defined previously. Therefore, the experimental point corresponding to a 

i lies 
the 

1 schematically illustrated in Figure 6. At a given value of a(YL)I/z> the 
difference of ordinates between the point corresponding to the specific probe and the 
reference line leads to the value of the free enthalpy of desorption AG$p 
corresponding to specific acid - base interactions. 

V N 

R T L n — f = A G s p [12] 

V N 

Such experiments were carried out on the carbon fibres and matrices at various 
temperatures. An illustration of the RT LnV N versus. a(YL)^2 diagrams obtained at 
40°C for some carbon fibres is presented in Figure 4. 
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Figure 5: Determination of ^ and of the coated fibre 3 by the wetting 
technique. 

Figure 6: Schematic representation of a general RT Ln V N versus aty?)1/2 

diagram. 
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It can be concluded, on a qualitative basis, that: 
- the untreated fibre 1 has a moderate acid or acceptor characteristic and practically no 
base or donor characteristics; 
- the oxidized fibre 2 has a strong acid characteristic and a rather low base 
characteristic; and 
- the coated fibre 3 could be called amphoteric, since it exhibits a strong acid 
characteristic together with a high base characteristic. 

In order to get at least a semi-quantitative approach to the acid-base surface 
properties of the solids, the enthalpy of desorption, AH Sp, corresponding to the 
specific interactions was determined by studying the variation of AG Sp with 
temperature T according to: 

A G s p = A H s p - T A S s p (13) 

Following Papirer's approach (28), it was assumed that 
A H s p = K A • DN + K D • AN (14) 

where DN and AN are Gutmann's numbers for the probes, and K  and K  are 
numbers describing the acid

Equation 14 can be written as 

AH DN 
= K A — + K D (15) 

AN AN 

Figure 7 shows that a plot of versus — is actually linear. 
AN AN 

Therefore, K A and K D can be determined from the slope and intercept at the origin of 
this straight line. 

Table HI gives the values of K A and K D calculated for the carbon fibres and 
the matrices. This quantitative approach leads to the same conclusions as those drawn 
from the qualitative examination. 

Table EH. Acid/Base (Acceptor/Donor) Characteristics (in Arbitrary Units) 

K A KD 
Untreated 1 6.5 ± 0 . 5 1.5 ± 0 . 5 
Oxidized 2 10.0± 0.7 3.2 ± 0 . 2 

Fibres Oxidized 2' 9 .7±0.7 3.6 ± 0 . 3 
Coated 3 8.6 ± 0.7 13.0 ± 1.2 
Coated 4 9.1 ± 0 . 3 9.3 ± 0.3 

Matrices Epoxy I 7.6± 0.6 6.2 ± 0 . 5 Matrices 
Epoxy II 10.1 ±0 .8 7.6 ± 0 . 6 

Knowing the K A and K B values for the fibres and matrices and by analogy 
with Equation 14, it is possible to define a specific interaction parameter A, describing 
the acid/base interaction between the fibre (f) and the matrix (m) as 

A = K A K n + K A K n (16) 
A(f) D(m) A(m) D(fl 

The calculated values of A are shown in Table IV. The specific interaction 
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Figure 7: Determination of K A and K D values of the carbon fibres. (Reproduced 
with permission from ref. 3. Copyright 1987 Gordon and Breach.) 
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increases from the untreated fibre to the coated fibres. As expected, the amphoteric 
coated fibres lead to the highest acid/base interaction with the amphoteric epoxy 
matrices. 

Table IV. Specific Interaction Parameter A Between Carbon Fibre and 
Epoxy Matrix (in Arbitrary Units) 

Matrix 
Fibre 

Epoxy I Epoxy II 

Untreated 52 61 
Oxidized 2 86 104 
Oxidized 2* 88 -
Coated 3 152 188 
Coated 4 127 -

Determination of Fibre-Matrix Adhesion. The average shear strength  and maximum 
shear strength T m a x at the fibre-matrix interface (2, &, 22) are given by 

x = - of(/c) (17) 
21. 

and 

^max 
4 

sinh (P —) 
dp 2 

cosh (p —) -1 
2 

[18] 

with 

d 2r 
( l+V m ) ( E f - E m ) L n ( ^ ) 

d -

1/2 

[19] 

where d is the fibre diameter, r m is the width of the single fibre-resin composite 
sample, E m and Ef are the elastic moduli of the matrix and the fibre respectively , 
v m is the Poisson's ratio of the matrix, and O f (/c) is the tensile strength of the fibre at 
the critical length /c. 

All these quantities are readily determined. However, the determination of / c 

and O f (/c) necessitates a statistical analysis using the Weibull model. Cf (lc\ cannot be 
measured directly, since / c is usually less than 0.5 mm. Therefore, it is aetermined 
from the tensile strength G f (/) at higher gauge lengths using Equation 20 

( l/m 

(20) af(/c) = <7f(/) 

where m is Weibull's shape parameter. 
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An example of results obtained with carbon fibres 1, 2, and 3 and resin I is 
shown in Table V. 

Table V. Critical Length / c of the Fibre in Matrix I and 
Tensile Strengths of the Fibre 

k Of (28 mm) OfCc) 
Fibre (mm) (GPa) (GPa) 

Untreated 1 0.50 3.02 5.9 
Oxidized 2 0.41 3.19 5.9 
Coated 3 0.36 2.89 6.3 

The values of the average and the maximum shear strengths x and x m a x of the 
interface, as calculated from Equations 17 and 18, are presented in Table VI. 

Table VI. Shea
Specific Interaction Parameter - Reversible Energy of Adhesion (W & + W A ) 

X 
(MPa) 

%iax 
(MPa) 

A 
(au) (mJ.nr2) 

Untreated 1 42 101 52 100 
Oxidized 2 50 113 86 103 

Resin I Oxidized 2' 47 110 88 -
Coated 3 61 135 152 88 
Coated 4 54 128 127 -
Untreated 1 18 37.5 61 109 

Resin II Oxidized 2 25 51.5 104 118 
Coated 3 32 65 188 111 

It is observed that the fibre-matrix adhesion increases, whatever the nature of 
the epoxy, from the untreated to the oxidized and coated fibers. For instance, in the 
case of resin II, the increase is 70 to 80% when the coated fiber 3 is used. 

PiScussiQh, 

In previous work (2Q-22), it has been suggested that the adhesion between a carbon 
fibre and an epoxy matrix is essentially the result of physical bonds, either dispersive 
or polar. It is clear from the results in the last column of Table VI that there is no 
correlation between x and the reversible energy of adhesion W A , calculated as the sum 
of the dispersive and polar interactions at the fibre-matrix interface. 

In contrast, as shown in Figures 8 and 9, there is a very good correlation 
between the interfacial shear strength x (average or maximum) and the specific 
interaction parameter A, expressing the acid/base interactions exchanged at the 
interface. 

The linear relationships obtained could mean that the interfacial adhesion 
results principally from acid/base or acceptor/donor interactions, assuming that the 
dispersive interactions are of the same magnitude. The meaning of the value of x 
obtained by the intercept at the origin of the straight lines is not clear. It was first 
considered to be the contribution of dispersive interactions to the shear resistance of 
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Figure 8: Interfacial shear strength x versus specific interaction parameter A for the 
composites based on resin I. 
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Figure 9: Interfacial shear strength x versus specific interaction parameter A for the 
composites based on resin n. 
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the interface. However, it is now indicated that it is related to the mechanical 
properties of the epoxy matrix (22). 

Although the correlation is quite convincing, acid/base interactions are not 
claimed to be the only explanation for the increased adhesion since many other 
mechanisms and phenomena, such as formation of an interphase, co-crosslinking, 
interdiffusion, mechanical anchoring and interfacial shrinkage could intervene. 

Conclusion 

Inverse gas chromatography at infinite dilution appears to be a powerful tool for 
studying the surface properties of carbon fibres and polymer matrices. The use of 
alkane probes and acid/base probes allows the characterization of the surfaces in terms 
of their London dispersive component of surface energy and their acid/base or 
acceptor/donor characteristics. A strong correlation was obtained between fibre-matrix 
adhesion, measured by a destructive fragmentation technique, and the level of acid 
base interactions calculated fro

The concept of acid/bas
universal, approach to a better understanding of the interfacial properties of composite 
materials and could constitute a basis for a better choice of surface treatments applied 
to the fibres. 
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Chapter 15 

Surface Energetics of Plasma-Treated 
Carbon Fiber 
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2PDA Engineering, Materials Development Department, 3754 Hawkins NE, 

Albuquerque, NM 87109 

Carbon fiber surfaces were analyzed by inverse gas 
chromatography, usin
to determine the effect of radio frequency glow discharge plasma 
treatments on carbon surface energetics. Adsorption isotherms 
computed from chromatograms were analyzed with the 
CAEDMON algorithm (Computed Adsorption Energy 
Distribution in the MONolayer) to obtain histograms of surface 
area fraction versus adsorption energy. Changes in surface 
heterogeneity revealed by adsorptive energy distributions were 
correlated with wetting data, and surface chemical composition 
deduced from high resolution x-ray photoelectron spectroscopy. 

Impetus to study the surface energetics of carbon fiber arises from efforts to 
improve physical properties of high performance composites by manipulating 
the nature and extent of interfacial interaction between the reinforcement and 
the matrix polymer. Examination of changes in surface energetics that result 
when carbon fiber is subjected to chemical or thermal treatment provides a 
useful intermediate response between reinforcement processing and composite 
testing: surface energetics analysis can be used to screen treatment recipes for a 
variety of reinforcement/matrix combinations. 

A more vital application is to discern how reinforcement surface 
treatments improve adhesion to thermoplastic matrices. Since the nonreactive 
nature of thermoplastics normally precludes interfacial covalent bond 
formation, secondary bonding forces, such as London dispersion interactions and 
Lewis acid/base interactions, may play a major role in these circumstances. 
These secondary binding forces are subject to surface energetics analysis. 

Most surfaces are not energetically uniform; they feature sites with 
differing modes of interaction with other molecules. Surface heterogeneity, in 
the present context, indicates a range in the nature and magnitude of attraction 
at these sites. This attribute can be studied via measurements of solid/gas or 
solid/liquid interaction. Surface heterogeneity can be assessed from wetting 
hysteresis, for example, but the analysis is not quantitative except under 
carefully contrived circumstances. A liquid meniscus wetting a fiber perimeter 
interacts simultaneously with all of the sites on the three—phase boundary; 
therefore, one measurement of adhesion tension obtained at any position is the 
average of many values. 
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Gas molecules are not so constrained, interacting preferentially with 
portions of the surface that present relatively strong attractive forces. 
Adsorbate molecules cover these sites at lower equilibrium pressures than those 
required for sites that present weaker attractions. The adsorption isotherm 
(moles adsorbed per cram of solid versus adsorbate pressure) can be analyzed to 
obtain a histogram of surface area fraction versus adsorptive energy. 

The objectives of this paper are to demonstrate how monolayer 
adsorption isotherms can be obtained on carbon fiber surfaces by inverse gas 
chromatography (IGC), and to compare results of solid/gas adsorption with 
those of solid/liquid wetting. This information is correlated with independent 
assessments of surface chemical functionality provided by wet chemical 
titrations and x-ray photoelectron spectroscopy (XPS). 

Three carbon fiber surfaces are compared in this study: Amoco 
Thornel-300 graphitized at 2500° C, Hercules IM6 carbon fiber subjected to 
surface oxidation but with no subsequent deposition of size (oils, surfactants, or 
polymer films applied to facilitate manufacture and processing), and unsized 
IM6 treated with a radio frequenc

Background 

Whereas conventional chromatographic methods manipulate the surface 
energetics of sorbents to separate fluid mixtures, inverse gas chromatography 
uses known properties of fluids to characterize surface properties of solids. 
Specifically, Lewis acids and bases are used, in this study, as probes to deduce 
the nature and extent of solid/gas attraction from the shape of chromatograms, 
which are transformed adsorption isotherms. IGC can determine the specific, 
surface (m2/g) of the substrate, whether the surface is acidic, basic, amphoteric, 
or neutral, and whether the surface is homogeneous or heterogeneous. 

This analysis is based on the relationship between the retention time of 
the probe vapor in the column and the Henry's law constant (vapor partition 
coefficient) that relates mole fraction adsorbed with equilibrium pressure (1). 
The connection between retention time, a term that evokes kinetic properties, 
and an equilibrium constant is not necessarily obvious, but the following 
analysis shows the retention time to be the Henry's law constant / multiplied 
by calibration factors (2). At low equilibrium pressures, 

n 
f = - (1) 

P 

where n is the moles adsorbed per gram of solid g, and p is the adsorbate 
gas pressure. If nads is the total moles adsorbed, n g a s is the moles in the gas 
phase, and F c oi is the dead volume in the chromatographic column, 

Hads/g ^ds Pcol 
/ = - = (2) 

Hgasff/Pcol ngas g ^ 

so that / is proportional to the ratio of moles adsorbed to moles in the vapor 
phase at equilibrium. Let tT be the time for the adsorbate to pass through the 
column, and let tm be the time of passage for an inert molecule. 
Then tT is tm divided by the fraction of solute molecules in the gas phase: a 
molecule that spends half its time in the mobile phase takes twice as long to 
traverse the column as one that spends all of its time there. 
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to 

•gas 
= t. 1 + 

«ads 
(3) 

rigasj 

and 

Wads ~~ â 

r'gas tm 
(4) 

The adjusted retention time tfa is proportional to the Henry's law constant, as 
shown by substituting Equation 4 into Equation 2: 

1 = = *a 

glT tm giT 

where F, the carrier gas flow rate, is substituted for VCo\/im 

(5) 

Isotherms from Chromatograms. Consider the process of injecting a column 
with Hinj moles of vapor that are reversibly adsorbed. The determination of 
adsorbate pressure from the chromatogram requires a linear detector 
response v to / , the rate at which adsorbate enters the detector: 

v = xf (6) 

In the absence of irreversible adsorption, the moles of adsorbate that enter the 
detector during time t are given by 

Hinj = ffdt (7) 

and the calibration factor x is found by measuring the peak area A: 

A = f v dt = fxfdt = XHinj (8) 

The concentration c of adsorbate in the carrier gas is expressed in terms of the 
detector response and the carrier flow rate by substituting Equation 8 into 
Equation 6: 

_ ^_ n i n j 

/ IF 

If ideal gas behavior is assumed, the adsorbate pressure is given by 

»injir 
p = v 

AF 

(9) 

(10) 
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The moles adsorbed per gram of solid is obtained from Equation 1 by 
substituting Equation 5 for / and Equation 10 for p : 

n = lp = tav (11) 

This analysis is used with a method for determining an isotherm from one 
injection of adsorbate, termed "Elution by Characteristic Point" (3). The 
method requires that chromatograms from a series of injections of varying 
adsorbate volume be in registry along the diffuse profile (the portion of the 
chromatogram after peak maximum), and that there be no inflection point in 
the relevant portion of the isotherm (4). If the diffuse profiles are congruent and 
the peak fronts are sharp (the chromatograms begin abruptly), showing that 
maximum coverage is below any inflection point, the isotherm can be 
determined by computing n and p at many points along the diffuse profile of 
the largest peak (5). 

Analysis of Heterogeneity. The monolayer analysis consists of three elements: 
an adsorption isotherm equation, a model for heterogeneous surfaces, and an 
algorithm such as CAEDMON, which uses the first two elements to extract the 
adsorptive energy distribution and the specific surface from isotherm data. 
Morrison and Ross developed a virial isotherm equation for a mobile film of 
adsorbed gas at submonolayer coverage (6): 

n 2nB* 3n*C* 
Inp = l n - + + + . . . + ln Jif (12) 

E E 2E 2 

where K is an integration constant, and B* and C* are reduced virial 
coefficients that describe adsorbate—adsorbate interaction in two dimensions. 
The specific surface E is given by 

E = nuh(r* (13) 

where nm is moles adsorbed per gram at full monolayer coverage, is 
Avogadro's number, and a is the Lennard—Jones distance of closest approach 
for the adsorbate molecule. The integration constant in Equation 12 is 
equivalent to E/r, and can be expressed in terms of Uo, the adsorptive 
potential of the solid surface: 

-h/iT 
K— i°e (14) 

where A0 describes the difference in degrees of freedom between adsorbate 
molecules in the bulk gas and the adsorbed film. i° is not evaluated in the 
present analysis. Ross and Morrison treat the heterogeneous surface as a 
collection of monoenergetic patches, with different adsorptive energies (7). 
Patches are filled simultaneously, though not to the same density, subject to the 
condition that the adsorbed phase on each patch has the same chemical 
potential. An arbitrary range of relative adsorption energies —ST ln K\ 
(kJ/mole) is selected in a systematic manner (8), where K\ is the Henry's law 
constant for a given patch. The number of moles adsorbed per gram at each 
pressure is obtained by summing the individual values of the number of moles 
per gram adsorbed on each patch m, over all the patches (9). 
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«0») = X n i 00 = h v ^ ^ i f W K ) (15) 

i i 

where rimi is the moles adsorbed per gram at full monolayer coverage on a 
given patch, and the function f{p/K\) is found by solving Equation 12 
iteratively for fli/Ei. A linear operations algorithm provides a set of 
non—negative 72mi that minimizes the relative deviation between the model 
isotherm and experimental data (10). The sum of the specific surface areas of 
all the patches is the specific surface of the solid, and the adsorptive energy 
histogram is obtained as a plot of Ei versus —£T ln K\. 

Materials and Methods. 

XPS. X-ray photoelectron spectra were obtained by Rocky Mountain 
Laboratories, Inc., Golden
with an Al Ka source. High resolution C i  peaks were averaged over 10 to 15 
scans using a spot size of 300 /mi2 with no flood gun. Oi s peaks were averaged 
over 30 scans. A Gaussian curve fitting routine was used to resolve high 
resolution photopeaks into components based on binding energy references from 
model compounds (11). 

Titrations. Carbon fiber specimens were dried under vacuum (5 kPa) for one 
hour at 50° C prior to titration in benzene with 1,2-diphenylguanidine for acid 
groups, and diphenyl phosphate for basic groups (12). Fibers were reacted for 
15 to 30 minutes with the appropriate acid or base solution prior to back 
titration. The indicator range of bromophthalein Magenta E (pH 3.0 to 4.2) 
was corrected with blank titrations. 

Wetting. Fiber wettability was measured by the Wilhelmy technique (13) using 
methylene iodide (nonpolar oil), formamide (Lewis base), and ethylene glycol 
(Lewis acid). Carbon monofilaments were glued to metal hooks and suspended 
vertically from the working arm of a Cahn 2000 microbalance, while a precision 
elevator raised and lowered a liquid surface along 15 mm of fiber. A computer 
periodically recorded the change in apparent mass caused by wetting forces at 
the three-phase boundary. Advancing work of adhesion is computed for each 
value of apparent mass M as 

where 71 is the liquid surface tension, d is the fiber diameter computed from 
the known adhesion tension in a low energy liquid, and g is the acceleration 
due to gravity. Surface tension was measured at 50.1 mN/m for methylene 
iodide, and is taken as 58.2 mN/m for formamide (14), and 47.7 mN/m for 
ethylene glycol (15). The dispersion force component of the solid surface energy 
is computed from the advancing wettability in methylene iodide JK0ii as 

(16) 

(17) 
4 7 0 i i 
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The dispersion force component of the advancing work of adhesion is found as 

^ = 2(7^7? ) 1 / 2 (18) 

where the dispersion force component of liquid surface tension is 39.5 mN/m for 
formamide (14), and 30.1 mN/m for ethylene glycol (15). The acid/base 
component of the work of adhesion is given by 

]p/b= jK- F d (19) 

Inverse Gas Chromatography. Columns were constructed from 1/4—inch 
stainless steel tubing (5.2 mm inner diameter) with passivated inner walls 
supplied by Supelco Corp. Sections 55 cm long were fitted with Swagelok nuts 
and ferrules, and then weighed. Fiber yarns were wound into 60 cm loops that 
were drawn into the tubes
weighed again. Sample weight

A Hewlett-Packard 5880A gas chromatograph fitted with a flame 
ionization detector and a D/A output board was connected to a 20 MHz 
80386/80387 Micronics computer containing a 16 bit Data Translation Series 
2801 A/D conversion card. Routines written in ASYST programming language 
collected detector voltages at frequencies between 1 and 10 Hz. 

Injector and detector temperatures were maintained at 150° C. Nitrogen 
carrier flow rates were measured with a Gasmet flow meter and were 
maintained between 22 and 24 ml/min. Measured flow rates F were corrected 
for column temperature using 

hoi t 

F=F (20) 
âmb 

There was no pressure drop across these columns, obviating the need for the 
James/Martin correction (16). Gas holdup times were measured with 10 fA 
injections of methane. Hamilton 7101NCH syringes were used to inject 2 fA 
volumes of pentane (neutral probe) and t—butylamine (Lewis base); injections of 
J-butanol (Lewis acid) were restricted to 0.5 fA in order to obtain sharp peak 
fronts. Three chromatograms were obtained on each column with each probe at 
30° C after conditioning the column overnight at 50° C. 

Chromatograms were obtained at the minimum attenuation a required 
to maintain the detector signal below saturation at peak maximum; zero 
attenuation was implemented after the signal fell below 1/a of saturation, 
permitting desorption at low coverage to be measured with maximum 
resolution. Chromatograms using pentane, t—butylamine and t—butanol were 
collected over periods of 1000, 6000, and 2000 seconds, respectively. An 
additional two hours elapsed between measurements with ^-butylamine to allow 
chemisorbed probe to clear from the column. 

Results and Discussion. 

XPS. Surface concentrations of carbon, oxygen, and nitrogen for the three fiber 
specimens are listed in Table I. Results are normalized to C + O + N = 100 
atom percent. Trace concentrations of Si and Al present on the IM6 samples 
are not tabulated. 
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Table I. Surface Composition of Carbon and Graphite Fibers 

Substrate at% C at% 0 at%N 

Graphitized Thornel-300 98.4 1.6 nd* 
Unsized IM6 89.9 7.9 2.2 
Unsized IM6, acid plasma 83.4 13.8 2.8 

tnot detected 

These survey spectra show that the graphitized Thornel-300 surface is 
composed of carbon and a small amount of oxygen. IM6 fiber surfaces contain 
larger quantities of oxygen and small amounts of nitrogen (probably residual 
species fronvthe polyacrylonitrile fiber precursor). IM6 fiber surfaces acquire a 
significant oxygen concentratio
increases the surface oxygen concentration by augmenting the oxygen species 
present at crystallite edges and defects (17, 18), and possibly by attacking the 
graphite basal plane. Components of high resolution C i s and O i s envelopes are 
presented in Table II. 

Table II. Components of C i s and Oi s Photopeaks 

Binding 
Energy, eV Species 

Graphitized 
Thornel-300 

Unsized 
IM6 

Unsized IM6, 
acid plasma 

percent of Ci g photopeak 

284.6 primary carbon 67.8 59.9 56.5 
285.3 /?-carbon in 

conjugated systems 14.4 16.6 18.4 
286.4 hydroxyl, ether, ester 

single bond 7.1 10.9 9.4 
287.6 ketone, amide 3.6 2.7 5.2 
288.7 carboxyl, ester 

double bond nd 2.6 6.5 
290.7 aromatic shakeup, 

nd 

carbonate 7.1 7.3 4.0 

O i s : 

531.6 
532.8 

533.8 

ketone, amide 
carboxyl, ester 
double bond; 
hydroxyl, ether 
single bond 

carboxyl, ester 
single bond 

percent of Oi« photopeak 

55.5 

44.5 

52.0 

rt 48.0 

38.8 

45.5 

15.7 

n̂ot resolved 
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Analysis of C i s photopeak components at 286.4 eV and 287.6 eV indicates that 
the small amount of oxygen on graphitized Thornel—300 is present primarily as 
hydroxyl, ether, and ketone groups. A strong shakeup peak from the highly 
graphitic structure is present at 290.7 eV. Unsized IM6 fiber is less graphitic 
than the Thornel—300 specimen and should show a smaller shakeup peak; the 
substantial peak at 290.7 eV is partially attributed to carbonate functionality, 
which also contributes to the peak at 286.4 eV. The appearance of a peak 
component at 288.7 eV on unsized IM6 shows that oxidation during fiber 
manufacture implants some carboxyl functionality (19). The component at 
288.7 eV is substantially larger on plasma treated surfaces; this observation, 
together with the appearance of an Oi s peak component at 533.8 eV, shows that 
additional oxygen implanted by plasma treatment is present primarily as 
carboxyl groups. The peak at 290.7 eV is substantially diminished, but the 
component at 286.4 eV is unchanged, suggesting that acid plasma converts 
carbonate structures to hydroxyl as well as carboxyl functionality. The main 
inference is that graphitized Thornel-300, unsized IM6, and plasma treated IM6 
substrates constitute a grade

Titrations. Values for surface site concentration listed in Table III are averages 
of titrations performed in triplicate. 

Table III. Surface Site Titrations 

Substrate Acid Sites/nm2 Basic Sites/nm2 

Graphitized Thornel-300 0.4 0.8 
Unsized IM6 1.3 0.5 
Unsized IM6, acid plasma 2.1 nd 

Graphitized Thornel-300 fiber shows minimal surface acid concentration. 
Plasma treatment increases the acidity of unsized IM6 fiber substantially, and 
diminishes its basicity below detectable levels. These results corroborate the 
central inference from XPS analysis, i.e., that the oxygen added by plasma 
treatment is present primarily as hydroxyl and carboxyl functionalities. 

Wetting. Advancing work of adhesion for methylene iodide, formamide, and 
ethylene glycol on the three carbon fiber specimens is presented in Table IV. 

Table IV. Carbon Fiber Wettability, mN/m 

C H 2 I 2 H C O N H 2 HOCH 2 !CH2OH 

Substrate ¥ 7sd ¥ ya/b ¥ jra/b 

Graphitized Thornel-300 8 8 . 6 39.1 80.8 2.2 75.6 7.0 
Unsized I M 6 84.4 35.5 90.6 15.7 83.7 18.3 
Unsized I M 6 , acid plasma 86 .7 37.4 113.8 36.8 85.3 18.2 
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Values of ¥ are the average of 180 measurements per fiber using three to seven 
fibers for each solid/liquid combination; the maximum 95% confidence interval 
is 2 mN/m. ¥ for wetting with methylene iodide is equivalent for the three 
fiber specimens. Values of 7 d are in accord with literature values for similar 
substrates from wetting measurements (20—23). and are less than some 
determinations obtained by IGC (24, 25). All oi these values are significantly 
lower than 113 mN/m obtained for heptane on dean graphite (26). Low values 
of 7 d from wetting carbon fibers may be caused by polar groups on the 
surface, organic surface contaminants, surface rugosity, or 7re , the mitigation of 
surface energy by adsorption of ambient vapor (27, 28). 

JPa/b for wetting with formamide (the Lewis base) is negligible for 
graphitized Thornel—300. Unsized IM6 shows significant acid/base interaction 
with formamide; the acid plasma treated surface shows the highest level of 
acid/base attraction with the basic probe. This trend is in accord with the XPS 
analysis and titration results. Graphitized Thornel-300 shows a low but 
significant level of acid/bas
IM6 fibers show significantl
acid, an observation that is not predicted by XPS or titration data. (Ethylene 
glycol and formamide spread on many of the IM6 fibers in the receding mode, 
obviating an evaluation of wetting hysteresis.) 

Inverse Gas Chromatography. Diffuse profiles of chromatograms were 
transformed to isotherms by using Equation 11 to find n for each v and t& , 
and Equation 10 to find p for each v , at every point on the chromatogram 
between peak maximum and the end of the tail. Points near peak maximum 
were discarded as being influenced by diffusion and other extraneous effects. 
Isotherms in Figure 1 are displayed in log/log format to emphasize differences 
at low pressure and coverage. The geometric specific surface E g e o = 4/pd was 
computed for each carbon fiber sample using the density p supplied by the 
manufacturer, and the diameter found from wetting measurements, as listed in 
Table V. Adsorption volumes are expressed as n/lgeo (/mioles/m2) to 
normalize the isotherms for all experimental conditions except differences in 
adsorption energetics. 10 ^moles/m2 is approximately one monolayer for these 
adsorbates. Equilibrium pressure is given in kiloPascals. 

Table V. Properties of Graphite and Carbon Fiber 

P d Egeo 
Substrate (g/cm3) (pm) (m'/g) 

Graphitized Thornel-300 1.76 6.8 0.33 
Unsized IM6 1.73 5.3 0.44 

The shapes of these isotherms are controlled by surface heterogeneity, 
and thus provide a means of deducing the various modes of interfacial attraction 
presented by the substrates. Isotherms of pentane on unsized IM6 before and 
after plasma treatment are congruent. Pentane interacts only by dispersion 
force attraction, as does methylene iodide; the registry of these isotherms is 
predicted by the similarity in 7^ obtained from wetting measurements. 
Pentane isotherms serve as a reference with which to assess the effect of 
additional modes of solid/vapor interaction with acidic and basic probes. 
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Isotherms for adsorption of *-butanol (the Lewis acid) on both IM6 
substrates are in registry within experimental precision. The adsorptive 
capacity of carbon fiber for the Lewis acid is greater than for pentane across the 
entire pressure range, indicating that dispersion force interaction is augmented 
with weak attraction to basic sites on the substrate. These observations 
corroborate trends evinced by wetting with ethylene glycol. Isotherms for 
t-butylamine adsorption are in registry above 10"4 kPa; the plasma treated 
surface has a greater adsorptive capacity for the basic probe at lower pressures. 
The adsorptive capacity of both specimens for the Lewis base is more than an 
order of magnitude greater than for acidic or neutral probes at pressures below 
10 " 4 kPa. The main inferences are that both IM6 surfaces are acidic, and 
plasma treatment increases the acid site concentration imparted during 
manufacture, which is in accord with the preceding analysis of XPS spectra, 
titrations, and wetting measurements. 

Observations about surface energetics can be quantified by applying the 
CAEDMON algorithm to adsorption data. Isotherms for ^-butylamine on 
graphitized Thornel-300, unsize
treatment were analyzed to obtain adsorption energy profiles. Parameters used 
in the CAEDMON analysis are presented in Table VI. 

Table VI. Parameters for Gas Adsorption Analysis 

Adsorbate 
e/k 
(•K) 

a 
(nm) 

pentane 345 (29) 0.5769 (29} 
t—butylamine 310 (30) 0.5701 31 
t—butanol 450 est 0.5950 (31) 

The histograms displayed in Figure 2 are generated as follows: compute 
the reduced temperature T* = kT/e using the Lennard—Jones force constant foi 
t—butylamine listed in Table VI; use T* to interpolate for reduced viria. 
coefficients B* and C* from values calculated by Morrison and Ross (6); 
submit the virial coefficients, a vector of adsorptive energies, and a vector of 
specific moles adsorbed from the isotherm to the CAEDMON algorithm; then 
compute Ei for each nmi in the vector returned by CAEDMON, using a 
from Table VI in Equation 13. The histogram from adsorption of t-butylamine 
on graphitized Thornel-300 shows a narrow range of low energy sites; more 
than half of the surface comprises one patch (small boxes on the abcissa are 
energy values submitted to the CAEDMON algorithm). 

Oxidation during manufacture creates heterogeneity, manifested as a 
broader range of low to medium energy sites on the unsized IM6 surface. These 
weak acid sites increase the adsorptive capacity of IM6 for the basic probe at 
pressures above 10 " 4 kPa, compared with the reference for dispersion force 
interaction denoted by pentane isotherms (see Figure 1). The most important 
phenomenon is the appearance of a patch with a very high adsorptive energy, 
constituting less than 5% of the specific surface. Plasma treatment does not 
change the distribution of weak acid sites appreciably (̂ —butylamine isotherms 
are congruent above 10"4 kPa), but increases the surface concentration of high 
energy sites to about 7% of the specific surface. These high energy patches are 
similar in magnitude and proportion to C i 8 peak components at 288.7 eV. 
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Figure 1. Pentane (lines), *-butanol (dashes), and £-butylamine (dots), on 
unsized IM6 fiber at 30° C. Arrows denote the acid plasma treated surface. 
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Figure 2. Adsorptive energy histograms for t-butylamine isotherms at 30° C. 
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The range of adsorptive energies supplied to the algorithm affects the 
shape of the histogram and the computed value of specific surface. S is 
sensitive to the position of the lowest energy patch; the low energy bound is 
adjusted to bring S to within 10% of S^o in the present analysis. (An 
empirical procedure is used when E g e o is not known (8), a mechanism 
employed in lieu of viable theory for computing the monolayer/multilayer 
transition on heterogeneous substrates.) The exact location of the nighest site 
energy is unimportant when the low pressure sector of the isotherm corresponds 
to the Henry's law region of coverage on the highest energy patch. This is the 
case for adsorption on graphitized Thornel—300, as shown by the assignment of 
zero specific surface to the highest site energies. 

The last increment of ^—butylamine takes several hours to traverse the 
column when IM6 surfaces are eluted. This is evidence of very strong 
solid/vapor interaction: in these circumstances the highest site energy is 
indeterminate in principle, because this patch saturates at pressures much lower 
than the operating range of the detector. The position of the highest energy 
patch is arbitrarily assigne
into registry with the low pressure sector of the isotherm. The patch area thus 
obtained is an upper limit, and a good approximation because it will not vary 
much if its energy assignment is modified slightly. (The fit will fall out of 
registry with the data if the energy assignment is too high.) 

The analysis of chemisorptive patches lies within the scope of the 
CAEDMON procedure, since a model for localized adsorption such as the 
Fowler—Guggenheim equation (32) can be used to compute the high energy 
sector of the distribution. Isotnerms for the Lewis base on IM6 surfaces show 
zero slope at pressures below 10"5 kPa, however, indicating that the adsorbate 
complexes with chemisorptive sites on the substrate. No benefit is achieved by 
refining the model unless the stoichiometry of complex formation is determined. 
This can be assessed by programmed thermal desorption, which can also provide 
an independent estimate of effective bond strength if multiple measurements are 
obtained at varying rates of heating (33). 

The present analysis attributes skew in chromatograms only to 
heterogeneity. Adsorptive energy distributions presented above are distorted by 
processes that skew chromatograms but are unrelated to surface energetics. 
Residual acid sites on the inner walls of steel columns will distort diffuse 
profiles of chromatograms obtained with basic probes. This effect is small when 
the tubing is passivated by organosilane deposition, but it can be eliminated 
entirely by using nickel tubing for column construction. 

Diffusion and related phenomena that cause peak broadening have their 
greatest impact on chromatograms near peak maximum, and therefore on 
isotherms for relatively homogeneous substrates. The assumption that effects of 
diffusion at the front and back of the peak are equivalent permits subtracting 
each point on the peak front from the corresponding detector response on the 
diffuse branch (34)- Skewed chromatograms often show sharp peak fronts, 
however; in these circumstances, diffusion effects can be corrected only by 
modeling the chromatographic process (35—37). 

Boudreau and Cooper showed that adsorptive energy distributions can be 
computed directly from chromatograms (38)- Their method is similar in 
principle to the present analysis, except for the use of an adsorption isotherm 
equation that provides an analytical solution for Equation 15. This 
simplification, which describes all adsorption isotherms as if they occur below 
the two—dimensional critical temperature T*c = 0.60 (6), speeds computation of 
the histogram. Its practical effect is to broaden the energy scale artificially, 
however, particularly when light vapors are used to characterize low energy, 
homogeneous substrates. 
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Conclusions. Results of XPS analysis, surface titration, wetting, and 
CAEDMON analysis of adsorption isotherms are summarized in Table VII. 

Table VII. Surface Properties of Graphite and Carbon Fiber 

Graphitized Unsized Unsized IM6, 
Measurement Thornel-300 IM6 acid plasma 

surface 0 (at%) 1.6 7.9 13.8 

Cis: 288.7 eV nd 2.6 6.5 

acid sites/nm2 0.4 1.3 2.1 

JPa/bHCONH2 (mN/m

Echemisorption (%) nd 4.7 6.4 

Trends in surface composition, functionality, and energetics shown in 
Table VII are in good qualitative accord. It is apparent, however, that these 
techniques are sensitive to different aspects of surface acidity. A stoichiometry 
of 1:1 for chemisorptive complex formation with 2.1 acid sites/nm2 on plasma 
treated IM6 corresponds to a coverage of 60% with t—butylamine, an order of 
magnitude greater than Echemisorption = 6-4% from IGC measurements. This 
suggests that titration is sensitive to a range of weak acid functionality in 
addition to high energy sites, as is wetting with formamide, since both 
measurements vary almost quantitatively with surface oxygen concentration. 

The most important inference is that Echemisorption is a direct response 
to carboxyl group concentration indicated by the XPS photopeak component at 
288.7 eV. It seems likely that weak acid functionality is of minor import to 
applications for surface treatments, while interfacial phenomena such as 
practical adhesion may be sensitive to small concentrations of very high site 
energies. Interphase modification in epoxy resins, for example, can occur by 
direct reaction of epoxide groups with surface carboxyls (17), or by accelerated 
cure chemistry near the surface (39). Carboxyl groups on carbon surfaces may 
interact with basic moieties in polymers such as polycarbonate or 
poly(ethylene)oxide (40=42), or promote interfacial crystallinity that improves 
impact strength and other aspects of composite performance (43, 44)-
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Chapter 16 

Determination of Fiber—Matrix Adhesion and 
Acid—Base Interactions 

A. E. Bolvari and Thomas Carl Ward1 

Department of Chemistry and Adhesion Science Center, Virginia 
Polytechnic Institute and State University, Blacksburg, VA 24061 

Inverse gas chromatography (IGC) was used to determine 
the dispersive an
energies of carbon fibers. Further investigations were 
carried out on thermoplastic polymers using capillary 
column IGC. Substantiating information concerning the 
chemical composition of the fibers was obtained using 
X-ray photoelectron spectroscopy (XPS). A single fiber 
critical length test was used to correlate the 
interfacial adhesion of the fiber and polymer matrix to 
the nature of their surfaces. 

Thermoplastic polymers that have the necessary requirements to 
q u a l i f y as a matrix i n composite s t r u c t u r a l components ( f o r 
example, solvent r e s i s t a n c e , high modulus, high glass t r a n s i t i o n , 
and good f r a c t u r e energy) tend to e x h i b i t poor adhesion to carbon 
f i b e r s . The weakness of t h i s f i b e r - m a t r i x i n t e r f a c e r e s u l t s i n a 
composite that may be unacceptable i n i t s f i n a l performance. The 
question of why t h i s bond i s weak and concern f o r q u a n t i f y i n g the 
r e l a t i o n s h i p with respect to adhesion l e d to the current 
i n v e s t i g a t i o n . 

There are four general models f o r of adhesion (1,2); These 
invoke d i f f u s i o n , e l e c t r o s t a t i c s , mechanical i n t e r l o c k i n g , or 
adsorption processes. The adsorptive theory i s the one that best 
a p p l i e s to the carbon f i b e r / t h e r m o p l a s t i c physics. According to 
the model, f o r maximum adhesion to occur, the adhesive roust come 
in t o intimate contact with the substrate. One can then use 
thermodynamic p r i n c i p l e s to define the work of adhesion, Ŵ , as the 
work required to separate a u n i t area of the two materials i n order 
to create two new surfaces. Fowkes {3) has championed the 
importance of acid/base i n t e r a c t i o n s i n adhesion and i n W . He 
postulated that the work of adhesion, and therefore the f i n a l 
performance of an adhesive bond, i s dominated only by acid/base and 
d i s p e r s i v e energies. Thus, i t becomes d e s i r a b l e to quantify these 
d i s p e r s i v e and non-dispersive (acid/base) i n t e r a c t i o n s as a means 
1Address correspondence to this author. 
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of i n v e s t i g a t i n g and p r e d i c t i n g the strength of an i n t e r f a c e * 
O v e r a l l , a s a t i s f a c t o r y f i n a l performance of a composite created 
from f i b e r s and thermoplastics must i n some way, at l e a s t 
p a r t i a l l y , r e f l e c t V?A and, therefore, a favorable matching of the 
two types of c o n t r i b u t i n g intermolecular energies* By lumping 
various d i p o l a r , hydrogen bonding and other types of po s s i b l e 
s p e c i f i c i n t e r a c t i o n s i n t o the acid/base category, a great 
s i m p l i f i c a t i o n r e s u l t s and numerical r e s u l t s emerge. 

The technique of inverse gas chromatography (IGC) has been 
prev i o u s l y used to study the nature of carbon f i b e r surfaces (4); 
g r a t e f u l l y , the current authors acknowledge the important e a r l i e r 
i n v e s t i g a t i o n s and followed t h e i r techniques (See a l s o Schultz, e t . 
a l * i n t h i s book). X-ray Photoelectron Spectroscopy (XPS) was used 
to e l u c i d a t e confirming information on the chemical composition on 
the carbon f i b e r surfaces (5)• However, new methodology had to be 
developed to study th
which involved using c a p i l l a r
(CIGC). Once the surface energies and surface chemical components 
of various f i b e r s and matrices were i n v e s t i g a t e d , the adhesion of 
these f i b e r s to the thermoplastic r e s i n s were evaluated. These 
data were obtained by performing a f i b e r c r i t i c a l length t e s t (6)• 
A c o r r e l a t i o n between d i s p e r s i v e and acid/base p r o p e r t i e s of the 
f i b e r s and the q u a l i t y of the f i b e r matrix adhesion was then 
p o s s i b l e . 

M a t e r i a l s and Methods 

M a t e r i a l s . Several precursor materials e x i s t f o r the production of 
carbon f i b e r s (7). However, most of the presently a v a i l a b l e carbon 
f i b e r s are synthesized from p o l y a c r y l o n i t r i l e (PAN) since these 
f i b e r s have the best mechanical p r o p e r t i e s . Five PAN based carbon 
f i b e r s were used i n t h i s study: 

1. AU-4, untreated f i b e r from Hercules, 
2. AS-4, surface t r e a t e d f i b e r from Hercules, 
3. XAS, surface treated f i b e r from Dexter Hysol, 
4. AU-4 treated with Z-6040, and 
5. AS-4 tre a t e d with Z-6040. 

The Z-6040 i s a Dow Corning s i l a n e coupling agent,3-
glycidoxypropyltrimethoxysilane: 

(CH 30) 3SiCH 2CH 2CH 2OCH 2CH-CH 2 

\) 
The Z-6040 treatment procedure i s o u t l i n e d below. AS-4 and XAS 
f i b e r s were commercial samples having a p r o p r i e t a r y surface 
treatment which was not a v a i l a b l e f o r t h i s study. These f i b e r s 
were not coated. 

The thermoplastic r e s i n s that were used f o r the adhesion 
studies are considered to be tough, not e a s i l y c r y s t a l l i z a b l e 
polymers. They are as follows, with designated l a b e l s assigned to 
each s t r u c t u r e : 
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Tg«190°C, obtained from S c i e n t i f i c Polymer Products,referred to as 

Tg»150°C, obtained from S c i e n t i f i c Polymer Products, r e f e r r e d to as 

Tg«210°C, obtained from General E l e c t r i c (ULTEM R1000), i d e n t i f i e d 
below as polyetherimide. 

The organic molecules or "probes" used to i n v e s t i g a t e the 
di s p e r s i v e surface energies of the f i b e r surfaces were a s e r i e s of 
n-alkanes. The probes used to study the non-dispersive forces were 
chosen based on t h e i r a c i d i c or basic character as determined by 
Gutmann (8). Gutmann has p r a c t i c a l l y defined b a s i c i t y as the donor 
number, DN, or electron-donor c a p a b i l i t y i n the Lewis sense. The 
donor s c a l e i s based on the value of the molar enthalpy f o r the 
reac t i o n of the e l e c t r o n donor with a reference acceptor, SbCl^. 
On the other hand, the acceptor number, AN, ch a r a c t e r i z e s the 
a c i d i t y or el e c t r o n acceptor c a p a b i l i t y of a m a t e r i a l . I t i s based 
on the NMR chemical s h i f t of P contained i n (C^H^J^PO when 
re a c t i n g with the acceptor. Each probe selected had a known AN and 
DN i n order to q u a n t i t a t i v e l y "sample" the res p e c t i v e surfaces 
involved i n the composite. Three probes were used to study the 
f i b e r s urfaces. Chloroform (CHC1 ) was used as the a c i d i c probe 
and had an AN equal to 23.1 and DN equal to 0. Tetrahydrofuran 
(THF) was used as the bas i c probe with AN equal to 8.0 and DN equal 
to 20.0. E t h y l acetate (EA) i s considered to be amphoteric with an 
AN equal to 9.3 and DN equal to 17.1. For the f i b e r i n v e s t i g a t i o n s 
CHC1-, THF and EA proved to be s a t i s f a c t o r y from a chromatographic 
standpoint. 

The thermoplastics were i n v e s t i g a t e d by CIGC well below t h e i r 
glass t r a n s i t i o n s so that surface thermodynamics were dominant. 
Column temperatures were v a r i e d over a 40C range i n order to f i n d 
enthalpies and entropies of i n t e r a c t i o n . When i n j e c t e d i n t o the 
c a p i l l a r y columns coated with the thermoplastic polymers, the three 
probes l i s t e d above exhibited peaks which t a i l e d continuously even 
at the lowest p o s s i b l e concentrations. For t h i s reason, weaker 
acids and bases which eluted as symmetric peaks were used to study 
the polymer surfaces. S p e c i f i c a l l y , methylene c h l o r i d e (CH 2C1 ) 
with an AN of 20.4 and i t s DN i s equal to 0, and nitromethane TN02-
CH3> having an AN equal to 20.5 and DN equal to 2.7 were chosen. 
These chemicals were g o l d - l a b e l grade from A l d r i c h Chemical and 
stored over 4 A molecular sieves before use. 

"polysulfone"; 

Pretreatment with Z-6040. A d i l u t e aqueous s o l u t i o n (0.5 wt% 
s i l a n e concentration) was prepared. The pH of the water was 
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adjusted to 3.0 to 4*5 with 0.1% a c e t i c a c i d , and the s i l a n e was 
then added. The carbon f i b e r s were dipped i n t h i s s o l u t i o n f o r 
approximately 5 min. and then d r i e d at 115°C to remove traces of 
methanol that r e s u l t e d from the h y d r o l y s i s of the methoxysilane. 

X-ray Photoelectron Spectroscopy. XPS spectra of the carbon f i b e r s 
were recorded on a Perkin Elmer PHI 5300 el e c t r o n spectrophotometer 
with a magnesium Ka_^ource operating at 250 mW. The operating 
pressure was 4 x 10 t o r r . The samples were prepared by mounting 
the f i b e r s across gaps i n metal holders. 

F i b e r C r i t i c a l Length Experiment. The aluminum coupon f i b e r 
c r i t i c a l length t e s t (9) was used to obtain the c r i t i c a l length 
data. Coupons of annealed A1100 aluminum measuring 2.5 x 15.2 cm 
were prepared by wet sanding with 400 g r i t sand paper. The coupons 
were coated with approximatel
methylene c h l o r i d e solvent
at room temperature f o r 24 hours. Single f i b e r s (3 or 4 per 
coupon) were placed on the polymer f i l m p a r a l l e l to the long a x i s 
of the coupon. The f i b e r s were then coated with another 3 mL of 
the polymer s o l u t i o n and again the solvent was allowed to 
evaporate. The coupons were annealed a t 10°C above the Tg of the 
polymer followed by 265°C f o r 8 hours. A f t e r c o o l i n g , the samples 
were placed i n an Instron t e s t i n g machine and p u l l e d i n tension to 
30% s t r a i n at 25% per minute s t r a i n r a t e . The lengths of broken 
f i b e r s were measured on a microscope with a micrometer stage. 

Chromatographic Conditions. IGC measurements were c a r r i e d out 
using a Hewlett-Packard 5890 gas chromatograph equipped with a 
flame i o n i z a t i o n detector. A 1.0 m s t a i n l e s s s t e e l column with an 
i n t e r n a l diameter of 4.4 mm was packed with 8 to 9 g of carbon 
f i b e r by p u l l i n g approximately ten 1.0 m long tows of f i b e r through 
the column. Helium was used as the c a r r i e r gas and methane as the 
non-interacting marker. The flow rate was 13.5 mL/minute. The 
i n j e c t o r temperature was 200°C and the detector temperature was 
250°C. The CIGC was performed with 60 m fused s i l i c a columns with 
an i n t e r n a l diameter of 0.53 mm. Columns, supplied by Hewlett-
Packard Avondale D i v i s i o n , were s t a t i c a l l y coated (10) with a 
r e s u l t i n g f i l m thickness of 2 to 3 ym. The c a r r i e r gas was 
hydrogen at a flow rate of 5 to 10 mL/minute. This a n a l y s i s was 
automated by the use of a Hewlett-Packard 19395A headspace sampler. 
A l l columns were conditioned overnight at 110°C p r i o r to use. For 
greater d e t a i l about the experimental techniques and procedures, 
see the chapter by B o l v a r i , Ward, Koning, and Sheehy i n t h i s book. 

Inverse Gas Chromatography. The IGC r e s u l t s followed from 
measuring the r e t e n t i o n times of the probe molecules i n j e c t e d i n t o 
the columns packed with the f i b e r or coated with the polymer. To 
measure the d i s p e r s i v e i n t e r a c t i o n s , the non-polar n-alkane probes 
were used. For the acid/base (or non-dispersive) i n t e r a c t i o n s of 
the f i b e r s , CHCl^, THF, and EA were used. On the other hand, 
CH 2C1 2 and nitromethane were the nondispersive probes f o r the 
thermoplastics f o r reasons discussed above. 
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The net r e t e n t i o n volume, V^, was c a l c u l a t e d from (11 ) : 

where t i s the r e t e n t i o n time of the probe, t i s the r e t e n t i o n 
time o f r t h e non-interacting marker (methane), 8 i s the flow r a t e , 
and j i s a c o r r e c t i o n f a c t o r f o r gas c o m p r e s s i b i l i t y . 

The f o l l o w i n g r e l a t i o n s h i p was used to c a l c u l a t e the 
d i s p e r s i v e component of the surface f r e e energy, y^ , f o r the 
f i b e r s (4): 

RTInV « 2 N ( y e
D ) * a < Y T

D ) ^ f (2) 
N O L i 

where N i s Avogagro's number, a i s the surface area of the probe 
molecule, and y i s th  d i s p e r s i v t f th  surfac  f r e
energy of the l i q u i d (probe)
l i n e i n a p l o t of RTInV  a f y ^ ) ,  equa  2
(Y q ) • The s p e c i f i c free energy corresponding to the s p e c i f i c 
acid/base i n t e r a c t i o n , AG°sp, was c a l c u l a t e d using (4): 

AG;p - RTin CV/V/-*> (3) 

From a gr a p h i c a l point of view, equation 3 reveals that data points 
from probes that f a l l above the n-alkane l i n e do so because of non-
d i s p e r s i v e or acid/base i n t e r a c t i o n s . AG° was obtained from a 
r a t i o of the data point of the a c i d i c og | § 5 i c probe to that on the 
reference l i n e at a given value of a ( Y L ) • The s p e c i f i c 
enthalpy, AH° , and s p e c i f i c entropy, AS°sp, were obtained by sp 
analyzing the IGC experiment at various temperatures. A p l o t of 
AG° versus T had a slope of AS° and an i n t e r c e p t of AH° , as 
i n l f c a t e d by: s p 8 p 

AG° - AH° - TAS° (4) sp sp sp 
Results and Discussion 

X-ray Photoelectron Spectroscopy (XPS). In XPS, the sample i s 
bombarded with s o f t x-rays and the photoelectrons emitted are 
analyzed i n terms of t h e i r k i n e t i c energy, E R . The r e s u l t i n g core 
l e v e l peaks such as the C Is are due to photoelectrons emitted from 
the atomic (core) o r b i t a l s of the atoms i n the surface l a y e r s 
present. The binding energies, E f i, of these e l e c t r o n s were 
obtained from: 

where hy i s the x-ray energy and <J> i s the sample work fun c t i o n 
(12)• The binding energies are hi g h l y c h a r a c t e r i s t i c and allow 
i d e n t i f i c a t i o n of a l l elements except hydrogen. The peak 
i n t e n s i t i e s at these c h a r a c t e r i s t i c binding energies are 
prop o r t i o n a l to the number of atoms sampled and atomic compositions 
can therefore by c a l c u l a t e d . The XPS data shown i n Table I which 
l i s t s the concentration i n atomic % and binding energies of four 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



222 INVERSE GAS CHROMATOGRAPHY 

Table I. Atomic Percentages (%) and Binding Energies (BE) 
i n ev of Carbon, Oxygen , Nitrogen, and S i l i c o n 

C Is 0 Is N Is S i 2p 
% BE % BE % BE % BE 

AU-4 89.58 285.0 8.46 533.1 1.96 400.2 

AS-4 79.66 285.0 14.52 533.1 5.82 400.5 

XAS 76.92 284.9 15.95 532.4 7.13 400.1 

AU-4+ 77.19 285.6 18.03 533.1 1.25 400.8 3.52 102.8 
Z-6040 
AS-4+ 63.88 285.2 
Z-6040 

elements of i n t e r e s t . The commercially treated f i b e r s (XAS and AS-
4) have almost double the oxygen content of the untreated AU-4 
f i b e r i n t h e i r upper 50 A° of surface. This i n d i c a t e s that the XAS 
and AS-4 f i b e r s have oxygen containing f u n c t i o n a l i t i e s which were 
introduced as a r e s u l t of surface pretreatment. Thus, these f i b e r s 
have groups on t h e i r surface which are p o t e n t i a l l y able to i n t e r a c t 
with the polymer matrix. More information concerning the a c i d i t y 
or b a s i c i t y of these f u n c t i o n a l groups were obtained by IGC (see 
below)• 

Two f i b e r s were treated with the s i l a n e coupling agent. The 
AS-4 f i b e r treated with Z-6040 shows a higher concentration of S i 
and 0 than does the untreated AU-4 f i b e r as shown i n Table I . 
C l e a r l y , more of the coupling agent has been added to the AS-4 
f i b e r . Although a s i l a n e coupling agent would normally form a S i -
O-Si bond with a Si-OH containing glass surface, here the bond that 
i s most l i k e l y to be formed i s C-O-Si. The Z-6040 tre a t e d AS-4 
f i b e r , which has more oxygen containing f u n c t i o n a l i t y on i t s 
surface, would l o g i c a l l y form more of these bonds, r e s u l t i n g i n a 
higher concentration of O and S i . A l l four t r e a t e d f i b e r s (AS-4, 
XAS, and the two f i b e r s t r e ated with Z-6040) are expected to have 
greater p o t e n t i a l f o r non-dispersive i n t e r a c t i o n s based on t h e i r 
higher content of oxygen and nitrogen when compared to the 
untreated AU-4 f i b e r . 

D i s p e r s i v e I n t e r a c t i o n s . IGC was used to obtain the d i s p e r s i v e 
component of the surface free energy of the carbon f i b e r s and of 
the polymers (Equation 2 ) . These r e s u l t s are shown i n Table I I . 
The d i s p e r s i v e component r e f l e c t s the g r a p h i t i c nature of the 
f i b e r . Indeed, a more g r a p h i t i c s t r u c t u r e has more conduction 
e l e c t r o n s ; and, thus, has more p o l a r i z a b l e electrons to contribute 
to the d i s p e r s i v e force i n t e r a c t i o n . Pure graphite has a 
di s p e r s i v e surface energy component of 150 mJ/mD (13). I t should 
be noted that the AU-4 f i b e r has the highest g g , with the surface 
treated AS-4 and XAS having s l i g h t l y lower y g values. Therefore 
the surface treatment seems to decrease the g r a p h i t i c nature of the 
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Table I I . Summary of D i s p e r s i v e Components of Carbon F i b e r s and 
Thermoplastic Polymers Obtained by IGC 

F i b e r s Y s
D(mJ/m 2) Polymers ,/ 2, Y g (mJ/m ) 

AU-4 65.1 Polysulfone 42.8 

AS-4 47.5 Polycarbonate 36.2 

XAS 39.3 Polyetherimide 45.5 

AU-4+ 
Z-6040 
AU-4+ 
Z-6040 

26.6 

23.3 

f i b e r . The treatment with the s i l a n e coupling agent lowers the 
d i s p e r s i v e component of surface energy considerably. 

Non-dispersive I n t e r a c t i o n s . Figure l a and l b are i l l u s t r a t i v e 
D lA p l o t s of RTInV versus a(y T )* f o r the AS-4 f i b e r and the N L 

polysulfone. The n-alkane data based l i n e has a slope r e l a t e d to 
Y g f o r the m a t e r i a l . The points corresponding to the a c i d i c , 
b a s i c , and amphoteric probes c l e a r l y l i e above the n-alkane 
reference l i n e i n d i c a t i n g that non-dispersive i n t e r a c t i o n s are 
coming i n t o play. The s p e c i f i c f r e e energy was c a l c u l a t e d f o r 
these probes using Equation 3. S p e c i f i c free energy as a f u n c t i o n 
of temperature f o r AS-4 i s shown i n Figure 2. The s p e c i f i c 
enthalpies and entropies were a l s o c a l c u l a t e d . These heats or 
enthalpies of i n t e r a c t i o n are shown i n Table I I I . The s p e c i f i c 
enthalpy was negative i n a l l cases, i n d i c a t i n g a favorable, 
exothermic, i n t e r a c t i o n . For each f i b e r the heat of i n t e r a c t i o n 
was greater f o r the b a s i c probe (THF) and amphoteric probe (EA) 
than f o r the a c i d i c probe (CHC1 3). Although CHCL and THF do not 
have the same r e l a t i v e a c i d and base strengths (CuCl^ i s a stronger 
a c i d than THF i s a base) the i n t e r a c t i o n s were s t i l l l e s s favorable 
f o r the a c i d i n d i c a t i n g that the f i b e r surface of AS-4 i s 
predominantly a c i d i c . The heat of i n t e r a c t i o n f o r the treated 
f i b e r s XAS and AS-4 were greater than f o r the untreated f i b e r AU-4. 
Thus, these p r o p r i e t a r y surface treatments must have r e s u l t e d i n 
the a d d i t i o n of f u n c t i o n a l groups p o t e n t i a l l y able to i n t e r a c t with 
the matrix. The XAS f i b e r was s l i g h t l y more b a s i c i n nature than 
the AS-4 f i b e r , since i t s i n t e r a c t i o n with CHCl^ was greater and 
i t s i n t e r a c t i o n with THF was l e s s . 

In the case of the f i b e r s t r e ated with the s i l a n e coupling 
agent, there was a dramatic lowering i n the heats of i n t e r a c t i o n of 
a l l probes. Since the Z-6040 coupling agent has introduced the 
b a s i c epoxy group, i t follows that the a c i d i c probe had a heat of 
i n t e r a c t i o n comparable to that of the b a s i c probe (THF); that i s , 
the s p e c i f i c f r e e enthalpy gap between a c i d i c and b a s i c i n t e r a c t i o n 
was narrowed by the coupling agent. 
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200.0 220.0 240.0 260.0 280.0 300.0 

a(7LD) 1 / 2(A 2mJ 1 / 2m- 1) 

Figure l a . AS-4 Fiber. 

-10.0 -J • 1 1 1 • — — • ' 
150.0 200.0 250.0 300.0 350.0 400.0 

a(7LD) 1 / 2(A 2mJ 1 / 2m- 1) 
Figure lb. Polysulfone. 
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Table I I I . Summary of S p e c i f i c Heats f o r F i b e r s and Polymers 

M a t e r i a l -AH° (kJ/mol) sp 
EA THF CHC1 3 

AU-4 47.7 45.7 35.8 

AS-4 63.8 62.4 44.9 

XAS 60.9 58.2 46.3 

CH 2C1 2 N0 2-CH 3 

Polycarbonate 

Polysulfone 60.8 54.7 

O v e r a l l the polymers i n v e s t i g a t e d were predominantly b a s i c 
since they i n t e r a c t e d most strongly with the a c i d i c probes. 
Nitromethane, which i s s l i g h t l y b asic but has the same a c i d 
strength as methylene c h l o r i d e , had an enthalpy of i n t e r a c t i o n 
lower than that f o r the methylene c h l o r i d e . This i n d i c a t e d that 
the b a s i c i t y of nitromethane r e s u l t e d i n a le s s favorable 
i n t e r a c t i o n with the basi c polymer surfaces. The non-dispersive 
i n t e r a c t i o n s were not determined f o r polyetherimide since a l l of 
these probes r e s u l t e d i n nonsyroetric, t a i l i n g peaks. Perhaps the 
polyetherimide i s quite a strong base and a t t r a c t e d the a c i d i c 
probes s u f f i c i e n t l y to prevent e q u i l i b r i u m thermodynamic 
measurements. 

Fiber-Matrix Adhesion. When the aluminum specimen described i n the 
Mate r i a l s and Method s e c t i o n was p u l l e d i n tension, the f i b e r , 
which i s or i e n t e d a x i a l l y w i t h i n the t e s t coupon, breaks as shown 
i n Figure 3. Under t e n s i l e loading, shear forces are t r a n s f e r r e d 
from the matrix to the f i b e r at the i n t e r f a c e . The t r a n s f e r causes 
a build-up of t e n s i l e forces i n the f i b e r u n t i l the l o c a l t e n s i l e 
strength of the f i b e r i s exceeded. The f i b e r then f r a c t u r e s w i t h i n 
the polymer. This process accumulates u n t i l the fragments 
remaining are no longer l a r g e enough to support s u f f i c i e n t shearing 
forces to exceed the f i b e r t e n s i l e strength. The average length of 
the broken f i b e r fragments i s r e f e r r e d to as the f i b e r c r i t i c a l 
length (Lc). The Lc i s an i n d i c a t i o n of the a b i l i t y of the 
polymeric matrix to t r a n s f e r s t r e s s to the f i b e r ; t h e r e f o r e , i t i s 
also an i n d i c a t i o n of the q u a l i t y of the f i b e r - m a t r i x adhesion, 
smaller Lc meaning stronger i n t e r f a c i a l strength. 

The c r i t i c a l f i b e r length f o r the f i b e r s i n the three d i f f e r 
ent polymer matrices are shown i n Table IV. Based on these c r i t i 
c a l lengths, both commercially treated f i b e r s (XAS and AS-4) showed 
bett e r adhesion to the polymer matrices than d i d the untreated 
f i b e r (AU-4). This can be explained i n terms of the greater 
acid/base i n t e r a c t i o n s of these two f i b e r s with the matrices. 
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310.0 320.0 330.0 340.0 350.0 360.0 

T(K) 
Figure 2. Specific Free Energy Versus 

Temperature for AS-4 Fiber. 

Figure 3. Schematic Diagram of a Fib e r C r i t i c a l Length 
Experiment Using an Aluminum Substrate. 
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Table IV. F i b e r C r i t i c a l Lengths (Lc, ram) and Standard Deviations 
(SD) of F i b e r s Embedded i n Polysulfone (PS), Polycarbonate 

(PC) and Polyetherimide (PEI) 

POLYMER 

PS PC PEI 

Lc S.D. Lc S.D. Lc S.D. 

FIBER 

AU-4 0.59 0.18 0.65 0.20 0.68 0.21 

AS-4 0.44 

XAS 0.33 0.10 0.26 0.06 0.25 0.05 

AU-4+ 0.46 0.28 0.45 0.30 0.46 0.32 
Z-6040 
AS-4+ 0.39 0.24 0.36 0.16 0.27 0.11 
Z-6040 

The XAS f i b e r was found to have the best adhesion to the 
polymers. This i s d i f f i c u l t to r a t i o n a l i z e on the e x c l u s i v e b a s i s 
of acid/base i n t e r a c t i o n s . On the other hand, r e c a l l that the AS-4 
f i b e r was determined to have a more g r a p h i t i g s t r u c t u r e than the 
XAS f i b e r ( t h i s was also confirmed by the y measurement). Bascom 
(15) and coworkers have suggested that h i g h l y g r a p h i t i z e d surfaces 
(large d i s p e r s i o n component of surface energy) may bind water 
t i g h t l y . This water may not be f u l l y s t r i p p e d i n the column 
co n d i t i o n i n g process and would lead to lower i n t e r f a c i a l shear 
strengths. Thus, the l e a s t g r a p h i t i c XAS f i b e r may overcome i t s 
s l i g h t l y lower predicted enthalpy of i n t e r a c t i o n (compared to AS-4) 
with the thermoplastic matrices and adhere quite w e l l . The f i b e r 
s t r u c t u r e may be a f a c t o r i n the q u a l i t y of the i n t e r f a c e as w e l l . 
This w i l l be i n v e s t i g a t e d i n future experiments. 

The f i b e r s treated with Z-6040 showed some i n t e r e s t i n g 
r e s u l t s . When viewing under the microscope, two modes of f a i l u r e 
were observed at d i f f e r e n t areas across the f i b e r (14); these are 
f r i c t i o n a l s t r e s s t r a n s f e r ( i n t e r f a c e unbonding) depicted below, 

m 

and shear stress transfer shown as follows: 
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?5* i 

In order to i n t e r p r e t the two types of f a i l u r e , i t i s reasonable 
that i n t e r f a c e debonding predominates when the f i b e r matrix 
adhesion i s poor. In contrast, i f a d u c t i l e matrix i s used and the 
adhesion i s high, the matrix w i l l f a i l more by the shear dominated 
process. For several m i l l i m e t e r s along the treated f i b e r shear 
bands were observed and the Lc was small (comparable to the XAS 
f i b e r ) . However, f u r t h e r along the f i b e r , i n t e r f a c e unbonding was 
seen. At these areas, th
f i b e r ) . This i s the reaso
i n Table IV f o r the s i l a n
to poor coating technique; that i s , the f i b e r was not completely i n 
contact with the coupling agent. Also the coupling agent may have 
f a i l e d to bond to the f i b e r even though they were i n contact. A 
t h i r d p o s s i b i l i t y i s that the C-O-Si bond was formed but was 
unstable under the t e s t i n g c o n d i t i o n s . 

Conclusions 

The nature of carbon f i b e r surfaces were i n v e s t i g a t e d by IGC i n 
terms of d i s p e r s i v e and non-dispersive c o n t r i b u t i o n s to t o t a l 
surface energy. The a c i d i c or ba s i c p r o p e r t i e s of the 
thermoplastic polymers was q u a n t i f i e d by CIGC. 

Si n g l e f i b e r t e s t s were used to evaluate the f i b e r - m a t r i x 
adhesion. Acid/base i n t e r a c t i o n s do play a r o l e i n t h i s adhesion 
but are not e x c l u s i v e l y responsible f o r improvements at the 
i n t e r f a c e . Treatment with a siloxane coupling agent was proven to 
be e f f e c t i v e i n lowering the d i s p e r s i v e component of the carbon 
f i b e r s and a l t e r i n g t h e i r acid/base p r o p e r t i e s , producing poorer 
adhesion. 
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E-glass fibe y
silane coupling agents. Using homologous series 
of alcohol (acid) and amine (base) vapor 
probes, the acid/base interaction characteris
tics of the fibers were measured from 30 to 
90°C. Unmodified E-glass was found to be 
amphipatic, significantly bonding with both 
acid and base vapors. Strong surface acidity 
was produced by a chloro-silane agent (CPTMS), 
while surface treatments with hexyldimethoxysi-
lane (HDMS) and an aminosilane (APS) generated 
increasing degrees of basicity. The temperature 
dependence of these surface properties was 
established. Adsorption from solution of 
polyvinyl chloride (PVC) and of PMMA, respecti
vely known to be an acid and a base from IGC 
measurements, showed the existence of selective 
sorption effects. PVC was strongly sorbed on 
basic glasses, while PMMA sorbed more readily 
on the acidic, CPTMS-treated glass. These fin
dings are an origin for more extensive stu
dies of the role played by interfaces in 
composites reinforced by the various fibers. 

S i n c e i t s i n t r o d u c t i o n some y e a r s ago, i n v e r s e gas c h r o m a t o g r a p h y 
(IGC) has been r e c o g n i z e d as a c o n v e n i e n t r o u t e t o the d e t e r m i n a 
t i o n o f thermodynamic i n t e r a c t i o n p a r a m e t e r s f o r p o l y m e r i c or 
o t h e r n o n - v o l a t i l e s t a t i o n a r y p h ases i n c o n t a c t w i t h s e l e c t e d 
v a por p r o b e s (1,2). The p r i n c i p l e s of IGC e x p e r i m e n t s have a l s o 
been e x t e n d e d t o two-component s t a t i o n a r y p h a s e s ( 3 ) , t h e r e b y 
m a k i n g i t p o s s i b l e t o s p e c i f y thermodynamic i n t e r a c t i o n p a r a m e t e r s 
f o r t he components of polymer b l e n d s (4,5), as w e l l as f o r f i l l e d 
p o l y m e r s and o t h e r muIti-component s y s t e m s . D e s p i t e t h e s e 
a t t r a c t i v e f e a t u r e s , l i m i t a t i o n s must by r e c o g n i z e d on the g e n e r a l 
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a p p l i c a b i l i t y of IGC t o the measurement of i n t e r a c t i o n 
thermodynamics ( 6 ) . T h i s i s due i n p a r t , i n some c a s e s , t o the 
p r e f e r e n t i a l p a r t i t i o n i n g of the p r o b e m o l e c u l e t o one of the 
components i n a mix e d s t a t i o n a r y p hase. F u r t h e r , t he c a l c u l a t i o n 
of thermodynamic f u n c t i o n s depends on the e x i s t e n c e of e q u i l i b r i a 
between v o l a t i l e and s t a t i o n a r y p h a s e s . F a i l u r e t o a t t a i n 
e q u i l i b r i u m compromises the v a l i d i t y of thermodynamic computa
t i o n s , even when o n l y a s i n g l e s t a t i o n a r y phase i s p r e s e n t . 
E q u i l i b r i u m c o n d i t i o n s a r e r e a d i l y a t t a i n e d when o n l y n o n - p o l a r 
m a t e r i a l s a r e i n v o l v e d , but ten d t o b r e a k down when the m a t e r i a l s 
u s e d i n the IGC e x p e r i m e n t can i n t e r a c t by n o n - d i s p e r s i v e f o r c e s . 

The above l i m i t a t i o n s a r e p a r t i c u l a r l y r e s t r i c t i n g to the many 
a p p l i c a t i o n s of muIti-component s y s t e m s i n w h i c h h i g h I y p o I a r 
m a t e r i a l s a r e used and t h e r e f o r e prompted r e c e n t m o d i f i c a t i o n s of 
the IGC method ( 7 . 8 ) . These m o d i f i c a t i o n s r e s u l t i n the g e n e r a t i o n 
of c o m p a r a t i v e , i n t e r n a l l
f u n c t i o n a l i t y f o r a w i d
f o r polymer s y s t e m s . A l t h o u g h the f o r m a l i t y of thermodynamic 
f u n c t i o n s i s l o s t , the a c i d / b a s e i n t e r a c t i o n i n d e x e s p r o m i s e to be 
u s e f u l i n r a t i o n a l i z i n g s u c h i m p o r t a n t a s p e c t s of b e h a v i o r as the 
d i s p e r s i o n of p a r t i c u l a t e s i n p o l y m e r i c f l u i d s , t he development of 
m e c h a n i c a l p r o p e r t i e s i n c o m p o s i t e s , and the d i f f u s i o n of v a p o r s 
t h r o u g h p o l y m e r i c membranes ( 9 ) . The p r e s e n t paper c o n s i d e r s the 
a c i d / b a s e i n t e r a c t i o n p o t e n t i a l of g l a s s f i b e r s . Of p a r t i c u l a r 
i n t e r e s t i s the range of t h e s e i n t e r a c t i o n p o t e n t i a l s t h a t can be 
d e s i g n e d t h r o u g h s u r f a c e m o d i f i c a t i o n of f i b e r s by v a r i o u s s i l a n e 
c o u p l i n g a g e n t s . The con s e q u e n c e s of d i v e r s e a c i d / b a s e p o t e n t i a l s 
a r e i l l u s t r a t e d by the a d s o r p t i o n o n t o the f i b e r s of p o l y m e r s 
known t o be a c i d i c or b a s i c . The work adds t o the r e c e n t 
l i t e r a t u r e ( 1 0 , 1 1 ) on the use of IGC f o r the s u r f a c e c h a r a c t e r i z a 
t i o n of gI a s s f i b e r s . 

E x p e r i m e n t a l S e c t i o n . 
i . M a ter i a I s . Four g l a s s f i b e r s p e c i m e n s were u s e d . One was an 
u n s i z e d E - g l a s s , the o t h e r s were s u r f a c e t r e a t e d w i t h s i l a n e 
c o u p l i n g a g e n t s as f o l l o w s : 
CPTMS ( 3 - c h l o r o p r o p y I t r i m e t h o x y s i l a n e ) was a p p l i e d from 
i s o p r o p a n o l / w a t e r m i x t u r e s a t pH 4 ( a c i d i f i c a t i o n by g l a c i a l 
a c e t i c a c i d ) . 
HDMS ( H e x y I d i m e t h y l e t h o x y s i l a n e ) was a p p l i e d from a c e t o n e 
s o l u t i o n . 
APS ( 4 - a m i n o b u t y I d i m e t h y l e t h o x y s i l a n e ) was a l s o a p p l i e d from 
a c e t o n e s o l u t i o n s . 

For e a s e of p a c k i n g c h r o m a t o g r a p h i c c o l u m n s , the f i b e r s were 
s c r e e n e d , w i t h 325 to 400 mesh p a r t i c l e s r e t a i n e d f o r the s t u d y . 
Columns 1.5 m l o n g were c o n s t r u c t e d of s t a i n l e s s s t e e l t u b i n g t h a t 
had been d e g r e a s e d , washed, and d r i e d . The columns were used f o r 
IGC work w i t h a P e r k i n - E l m e r Sigma II c h r o m a t o g r a p h , f i t t e d w i t h 
d u a l f l a m e i o n i z a t i o n d e t e c t o r s . The vapor p r o b e s were r e a g e n t 
g r a d e n - o c t a n e , e t h a n o l , n - p r o p a n o l , n - b u t a n o l , p r o p y l a m i n e , 
b u t y l a m i n e , and e t h y l e n e d i a m i n e . The o c t a n e was used as a p r o b e 
c a p a b l e of i n t e r a c t i n g w i t h s u b s t r a t e s t h r o u g h van der Waals 
f o r c e s o n l y . The a l c o h o l s r e p r e s e n t e d L e w i s a c i d s and the amines 
r e p r e s e n t e d L e w i s b a s e s ( 1 2 . 1 3 ) . 
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In a d s o r p t i o n measurements, PMMA and PVC were the a d s o r b i n g 
m o l e c u l e s , the former from s o l u t i o n s i n t o l u e n e , t he l a t t e r from 
THF s o l u t i o n s . E a r l i e r work had shown PVC t o be a s t r o n g a c i d 
(Z.fi)» w h i l e Fowkes (14) r e p o r t s PMMA t o be a L e w i s b a s e . The 
p o l y m e r s were c o m m e r c i a l s a m p l e s , t he PMMA w i t h Mw = 1.13 x 1 0 5 and 
the PVC w i t h Mw about 6.5 x 1 0 4 . A d s o r p t i o n measurements were 
u n i f o r m l y a t 30 ± 1°C. 

i i P r o c e d u r e s In IGC d e t e r m i n a t i o n s , columns were swept w i t h d r y 
n i t r o g e n a t 140°C f o r a p p r o x i m a t e l y 1h p r i o r t o the i n t r o d u c t i o n 
of vapor p r o b e s . V a p o r s were i n j e c t e d a t ext r e m e d i l u t i o n by 
m i c r o s y r i n g e s , and e x p e r i m e n t a l t e m p e r a t u r e s ranged from 30 to 
90°C. I n l e t p r e s s u r e s were i n the v i c i n i t y o f 20 p s i g . and He 
c a r r i e r gas f l o w r a t e s were c o n t r o l l e d a t 15 ± 1 ml/min. O c t a n e 
p r o b e s g e n e r a t e d s y m m e t r i c a l e l u t i o n p e a k s , l e a d i n g t o s t a n d a r d 

c a l c u l a t i o n s o f r e t e n t i o
( 1 . 2 ) . P o l a r p r o b e s g e n e r a t e d skewed p e a k s , n e c e s s i t a t i n g 
measurement c o n v e n t i o n s d e s c r i b e d i n d e t a i l i n R e f e r e n c e 7. A l l 
d a t a q u o t e d h e r e a r e a v e r a g e s of 5 s e p a r a t e vapor i n j e c t i o n s . The 
o 

V g d a t a bear t he f o l l o w i n g e r r o r s : F o r n - o c t a n e , ± 2% ov e r the 
e n t i r e t e m p e r a t u r e range; f o r p o l a r p r o b e s , ± 5% at T<50°C, and ± 
8% a t T>50. The i n c r e a s e d h i g h t e m p e r a t u r e u n c e r t a i n t y i s due to 

o 
the d i m i n i s h e d v a l u e s o f V g at h i g h e r e x p e r i m e n t a l t e m p e r a t u r e s . 

F o r a d s o r p t i o n s t u d i e s , a polymer s o l u t i o n was p r e p a r e d at an 
i n i t i a l s o l u t e c o n c e n t r a t i o n i n t h e span 0.5 t o 2.5 wt-%. A 
c a r e f u l l y w e i g h e d sample of g l a s s f i b e r was i n t r o d u c e d i n t o a 
100-ml or 250-ml a l i q u o t and shaken f o r 24 h at the e x p e r i m e n t a l 
t e m p e r a t u r e . F o l l o w i n g an a d d i t i o n a l 24 to 48 h. p e r i o d f o r 
s e d i m e n t a t i o n , the s u p e r n a t a n t f l u i d was f i l t e r e d t h r o u g h a c o a r s e 
g l a s s p l u g . An a l i q u o t of the c l e a r l i q u i d was e v a p o r a t e d to 
d r y n e s s under vacuum a t 60°C. Pumping was c o n t i n u e d f o r s e v e r a l 
h o u r s f o l l o w i n g t he a t t a i n m e n t o f i n v a r i a n t s o l i d s w e i g h t , u s i n g a 
S a r t o r i u s m i c r o b a l a n c e f o r the l a t t e r p u r p o s e . Polymer a d s o r b e d , 
C a d s . , was c a l c u l a t e d from t he d i f f e r e n c e i n i n i t i a l and f i n a l 
s o l u t i o n c o n c e n t r a t i o n s and e x p r e s s e d as w e i g h t a d s o r b e d / u n i t a r e a 
of g l a s s s u r f a c e . F o r t h i s p u r p o s e , an a p p a r e n t s u r f a c e a r e a of 
0. 22 m2/gm was u s e d , b a s e d on m i c r o s c o p i c e v a l u a t i o n of f i b e r 
g eometry. The c a l c u l a t i o n assumes t h a t t he f i b e r s were non-porous 
and t h a t s a m p l e s v i e w e d by m i c r o s c o p y were r e p r e s e n t a t i v e of the 
b u l k . D a t a r e p r o d u c i b i l i t y was from ± 7 t o ± 9% i n a l l c a s e s . 

R e s u l t s and D i s c u s s i o n 
1. IGC R e s u I t s T a b l e I summarizes the c o m p o s i t i o n of columns used 
i n t h i s work. The r e l a t i v e l y h i g h s o l i d l o a d i n g s were 
n e c e s s i t a t e d by the low r e t e n t i o n volumes r e s u l t i n g from low 
s p e c i f i c s u r f a c e a r e a s . S p e c i f i c r e t e n t i o n volumes and a c i d / b a s e 
i n t e r a c t i o n p a r a m e t e r s a r e g i v e n i n T a b l e I I ; a l l d a t a a r e 
r e f e r r e d t o a r e f e r e n c e t e m p e r a t u r e of 30°C. The i n t e r a c t i o n 
p a r a m e t e r , ft, was c a l c u l a t e d from the r e t e n t i o n volumes f o r 
n - b u t a n o l and b u t y l a m i n e , f o l l o w i n g t he p r e c e d e n t s of R e f e r e n c e s 7 
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o 
and 8. A c c o r d i n g l y , f o r a c i d i c s u b s t r a t e s , where the [ V g ] b a s e 

e x c e e d s t h a t f o r t h e a c i d i c a l c o h o l , 

n = 1 - ( V g ) b / ( V g ) a < 0 (1) 
o 

For b a s i c s t a t i o n a r y p h a s e s , where the [ V g ] a c i d e x c e e d s t h a t f o r 
the b a s i c b u t y l a m i n e , 

ft = ( V g ) a / ( V g ) b -1 > 0 (2) 

On t h i s b a s i s , u n s i z e d E - g l a s s i s a m i l d a c i d , i t s n v a l u e 
f a l l i n g o u t s i d e t he band of v a l u e s near 0, t h a t i s g e n e r a l l y 
a s s o c i a t e d w i t h a m p h i p a t i c s o l i d s or w i t h m a t e r i a l s a b l e to 
i n t e r a c t t h r o u g h d i s p e r s i o
t r e a t m e n t a r e q u i t e d i s t i n c
i n t r o d u c e d by CPTMS c o a t i n g s (column 2), and moderate b a s i c i t y by 
APS (column 4). HMDS s i z i n g p r o d u c e s r e l a t i v e l y m i l d changes i n 
s u r f a c e c o n d i t i o n , the net e f f e c t b e i n g a weak s u r f a c e b a s i c i t y . 
T a b l e II r e p o r t s the ft v a l u e s f o r PVC and PMMA, as d e t e r m i n e d 
e a r l i e r . The former i s a s t r o n g a c i d and the l a t t e r i s d i s t i n c t l y 
b a s i c , i n agreement w i t h t he f i n d i n g s of Fowkes and c o w o r k e r s 
( 1 4 ) . 

T a b l e I. Column D e s c r i p t i o n f o r IGC E x p e r i m e n t s 

Column Number: 1 2 3 4 

S t a t i o n a r y Phase E - g l a s s E - g l a s s E - g l a s s E - g l a s s 
S u r f a c e T r e a t m e n t N i l CPTMS HDMS APS 
Wt. of s t a t i o n a r y 5.27 4.43 5.06 5.82 
phase (g) 

CPTMS = 3 - c h l o r o p r o p y l t r i m e t h o x y s i l a n e 
HDMS = h e x y I d i m e t h o x y s i l a n e 
APS = a m i n o p r o p y I t r i m e t h o x y s i l a n e 

o 
The low V g i n T a b l e II w a r r a n t comment. P r i s t i n e g l a s s i s 

known t o have h i g h l y r e a c t i v e s u r f a c e s ( 1 5 ) , so t h a t l a r g e 
r e t e n t i o n volumes might be e x p e c t e d . However, as shown by S h a f r i n 
and Z i s m a n ( 1 5 ) , s u r f a c e a c t i v i t y i n aged g l a s s s u r f a c e s i s 
g r e a t l y r e d u c e d t h r o u g h t he p r e s e n c e , o f t e n t h r o u g h c h e m i c a l 
a d s o r p t i o n , of l a y e r s a b l e t o p r o d u c e e i t h e r a c i d or base s u r f a c e 
c h a r a c t e r i s t i c s . The p r e c o n d i t i o n i n g i n our e x p e r i m e n t s was 
i n s u f f i c i e n t t o f r e e t h e s u r f a c e s of s t r o n g l y bonded s p e c i e s ; 
t h e r e f o r e , t he d a t a f o r the u n s i z e d s u r f a c e s c a n n o t be a s c r i b e d t o 
the p r o p e r t i e s of t r u l y b a r e g l a s s . A n o t h e r c o n t r i b u t i o n t o the 

0 
low V g v a l u e s a r i s e s from the c o n v e n t i o n o f c o m p u t i n g c h r o m a t o g r a 
p h i c r e s u l t s on the b a s i s of w e i g h t of s t a t i o n a r y p h a s e . When 
s o l i d s w i t h low s u r f a c e a r e a s a r e i n v o l v e d , t h i s l e a d s t o an 
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T a b l e I I . C o m p a r i s o n of R e t e n t i o n Volumes a t 30°C 
( R e t e n t i o n volumes i n m l . g" 1 ) 

Column Number: 1 2 3 4 

P r o b e : 

nC8 1.77 2.46 1.81 3.11 

B u t a n o l 6.08 5.25 4.07 7.44 
>0. .8 >2. , 1 >0. .7 >0. ,5 

P r o p a n o l 5.27 3.14 3.25 6.91 
>1. . 1 >0. 5 >0. .5 >0. .6 

E t h a n o l 4.06 2.58 2.69 6.34 

B u t y l a m i n e 6.93 17.48 3.51 4.07 
>1 .2 >1, .3 >1, .2 >1 , .3 

P r o p y l a m i n e 5.74 16.14 2.26 2.69 

E t h y l e n e 8.83 17.51 3.59 2.26 
d i am i ne 

ft* -0.14 -2.33 0.16 0.83 

* C a l c u l a t e d from V g ° f o r b u t a n o l and b u t y l amine. 

F o r p o l y m e r s used i n t h i s work; ftpVC= -1.33; ftpMMA= 0.91, 
b o t h at 30°C. 
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a p p a r e n t r e d u c t i o n i n V g , w h i c h i s somewhat m i s l e a d i n g . For 
example, r e c e n t work w i t h r u t i l e ( T i 0 2 ) s t a t i o n a r y p h a s e s ( 7 ) , has 
g i v e n o c t a n e r e t e n t i o n volumes i n the v i c i n i t y o f 100 m l . g " 1 . 
S p e c i f i c s u r f a c e s i n t h e s e c a s e s were a p p r o x i m a t e l y 8 m 2/g, w h i c h 
i s about 30 t i m e s g r e a t e r than i n the p r e s e n t work. By 
r e c a l c u l a t i n g the p r e s e n t d a t a on a b a s i s of u n i t s u r f a c e a r e a , i t 

o , 
l e a d s t o V g i n the range of 50 to 100 m l . g " 1 , and not g r e a t l y out 
of l i n e w i t h o t h e r p a r t i c u l a t e s t a t i o n a r y p h a s e s used i n IGC 
e x p e r i m e n t s . 

A f i n a l comment i n c o n n e c t i o n w i t h T a b l e II p e r t a i n s t o the 
o o 

p r o b e - t o - p r o b e v a r i a t i o n i n V . A g e n e r a l d e c r e a s e i n V g w i t h 
d e c r e a s i n g p r o b e c h a i n l e n g t h i s i n d i c a t e d by the o f f s e t numbers 
i n T a b l e I I . On a p e r c e n t b a s i s  t he v a r i a t i o n i s s m a l l when 
a c i d / b a s e i n t e r a c t i o n s
becomes c o n s i d e r a b l y l a r g e
i n c o n t a c t . At c o n s t a n t T, the i n c r e a s i n g v o l a t i l i t y of 
s h o r t e r - c h a i n p r o b e s may be e x p e c t e d t o p r o d u c e v a r i a t i o n s , s u ch 
as t h o s e e x e m p l i f i e d by (-0H) p r o b e s i n column 2, and by (-NH2) 
p r o b e s i n column 4. That i s , changes of 20 to 4 0 % per C H 2 - g r o u p 
a r e o b s e r v e d , when o n l y d i s p e r s i o n f o r c e s a r e a c t i v e . The 

o 
v a r i a t i o n s of V g per amino group i n column 2 and per h y d r o x y l 
g r o u p i n column 4, amounting t o l e s s than 10% per CH 2 g r o u p , 
s u g g e s t t h a t t he s t r e n g t h of a c i d / b a s e i n t e r a c t i o n s d e c r e a s e s w i t h 
i n c r e a s i n g a l k y l c h a i n l e n g t h . The i n c r e a s i n g i m p o r t a n c e of 
weake r , d i s p e r s i o n f o r c e c o n t r i b u t i o n s t o the o v e r a l l b o n d i n g 
e n e r g y may be r e s p o n s i b l e f o r the o b s e r v a t i o n . F i n a l l y , though 
the r e t e n t i o n volume f o r the d i a m i n e p r o b e i n c o n t a c t w i t h 
C P T M S - t r e a t e d g l a s s i s a p p r e c i a b l e , i t i s i n l i n e w i t h v a l u e s f o r 
o t h e r b a s i c p r o b e s used i n t h i s work. The r e s u l t , i n d i c a t i v e of 
an a p p a r e n t h e a d - t o - t a i l o r i e n t a t i o n of the p r o b e m o l e c u l e on the 
g l a s s s u r f a c e , d i s p l a y s a n o t h e r f a c e t of the a p p l i c a t i o n s t o w h i c h 
t h e IGC method may be p u t . 

The t e m p e r a t u r e dependence of i n t e r a c t i o n v a r i a b l e s f o r 
components of r e i n f o r c e d polymer s y s t e m s i s of g r e a t i m p o r t a n c e , 
g i v e n t he range of t e m p e r a t u r e s o v e r w h i c h s u c h s y s t e m s a r e 
p r o c e s s e d and us e d . S i n c e the thermodynamic b a s i s of IGC 
p a r a m e t e r s l i n k s t h e s e w i t h i n t e r a c t i o n e n t h a l p i e s (1,2), 
i n t e r a c t i o n d a t a o r i g i n a t i n g from IGC w i l l f o l l o w the t r e n d s s e t 
by the f o r m a l thermodynamic d a t a . In t h i s r e g a r d , the IGC method 
has a c o n s i d e r a b l e a d v a n t a g e o v e r a l t e r n a t i v e methods f o r 
e v a l u a t i n g i n t e r a c t i o n s among the components of n o n - v o l a t i l e 
m a t e r i a l s . S i n c e IGC e x p e r i m e n t s a r e r e a d i l y c a r r i e d out ov e r 
w i d e t e m p e r a t u r e r a n g e s , they overcome d i f f i c u l t i e s i n h e r e n t i n 
the use of o t h e r p a r a m e t e r s , s u c h as the s o l u b i l i t y p a r a m e t e r , 
w h i c h i s g e n e r a l l y e s t i m a t e d a t f i x e d t e m p e r a t u r e s , or ov e r narrow 
r a n g e s of the v a r i a b l e , l e a v i n g u n d e t e c t e d p o s s i b l e changes i n the 
m i s c i b i l i t y of components. The t e m p e r a t u r e s c a n i n t h i s work was 
l i m i t e d p r i m a r i l y by i n c r e a s i n g e x p e r i m e n t a l u n c e r t a i n t i e s as 
r e t e n t i o n t i m e s d e c r e a s e d w i t h r i s i n g t e m p e r a t u r e . N e v e r t h e l e s s , 
u s e f u l r e s u l t s were o b t a i n e d t o a maximum of 90°C. These r e s u l t s 
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a r e d i s p l a y e d i n F i g u r e s 1,2, and 3 i n terms of A r r h e n i u s - t y p e 
o 

p l o t s s h o w i n g In V g as a f u n c t i o n o f r e c i p r o c a l a b s o l u t e 
t e m p e r a t u r e . F i g u r e 1 g i v e s the t e m p e r a t u r e dependence f o r the 
o c t a n e p r o b e , F i g u r e 2 g i v e s the a c i d i c b u t a n o l , and F i g u r e 3 
g i v e s t h e r e s u l t s f o r the b u t y l a m i n e p r o b e . 

The r e p r e s e n t a t i o n i n F i g u r e 1 l e a d s t o l i n e a r and r o u g h l y 
p a r a l l e l r e l a t i o n s h i p s i n a l l c a s e s . Thus, a l t h o u g h the a b s o l u t e 
r e t e n t i o n c a p a c i t i e s o f the g l a s s s u b s t r a t e s v a r y w i t h the 
a p p l i e d s u r f a c e s i z i n g , t h e b o n d i n g e n e r g i e s w i t h n - o c t a n e a r e 
c o n s t a n t . In o t h e r w o r d s , the number o f i n t e r a c t i o n s i t e s f o r 
o c t a n e may be c o n s i d e r e d g r e a t e r on APS- and CPTMS- t r e a t e d f i b e r s 
t h a n on HMDS and u n t r e a t e d v e r s i o n s o f the f i b e r ; however, the 
f o r c e s i n v o l v e d a t the p r o b e / s u b s t r a t e c o n t a c t a r e the same. T h i s 
i s not u n e x p e c t e d , g i v e n the n o n - p o l a r n a t u r e of the p r o b e  The 
p a t t e r n o f r e s u l t s i
a c i d i c b u t a n o l i s th
g e n e r a t e d w i t h the s t r o n g l y a c i d i c C P T M S - s i z e d g l a s s s u b s t r a t e , 
but i n c r e a s i n g n o n - l i n e a r i t y i s o b s e r v e d when g o i n g i n the 
d i r e c t i o n o f i n c r e a s e d s u b s t r a t e b a s i c i t y , t h a t i s , i n the 
sequence HMDS, u n s i z e d , and A P S - t r e a t e d g l a s s . C o n v e r s e l y , when 
u s i n g t h e amine p r o b e , n o n - l i n e a r i t y i s p r o d u c e d w i t h the a c i d i c , 
C P T M S - s i z e d g l a s s , and t o a l e s s e r d e g r e e w i t h u n s i z e d g l a s s , but 
e s s e n t i a l l y l i n e a r p l o t s a r e o b t a i n e d w i t h the b a s i c s u r f a c e s . 

The s y s t e m a t i c d i f f e r e n c e s i n t e m p e r a t u r e dependence d i s c u s s e d 
above a r e r e l a t e d t o t h e p r e s e n c e or absen c e of a c i d / b a s e 
f u n c t i o n a l i t y a t i n t e r f a c i a l c o n t a c t s . I n s p e c t i o n of F i g u r e s 1, 2 
and 3 shows t h a t the p r e d o m i n a n c e of d i s p e r s i o n f o r c e s r e s u l t s i n 
what seem t o be r o u g h l y c o n s t a n t s l o p e s i n a l l c a s e s . S i g n i f i c a n t 
s l o p e r e d u c t i o n s a r e n o t e d i n F i g u r e s 2 and 3 f o r t h o s e c a s e s 
where a c i d / b a s e f o r c e s a r e e x p e c t e d t o be s i g n i f i c a n t f a c t o r s . In 
t h o s e i n s t a n c e s , ( f o r example b u t a n o l / A P S - t r e a t e d g l a s s i n F i g u r e 
2 or b u t y I a m i n e / C P T M S - t r e a t e d g l a s s i n F i g u r e 3) t h e r e a r e s h i f t s 
from l e s s e r t o g r e a t e r s l o p e s as t e m p e r a t u r e s r i s e i n t o the 50 to 

o 
-70°C range. At the same t i m e , a p r o n o u n c e d r e d u c t i o n i n the V 
v a l u e s i s a p p a r e n t . A t e n t a t i v e i n t e r p r e t a t i o n c a l l s t o r 
m o l e c u l a r c r o w d i n g of t h o s e p r o b e v a p o r s c a p a b l e o f i n t e r a c t i n g 
w i t h t h e s u b s t r a t e s t h r o u g h n o n - d i s p e r s i v e f o r c e s . These f o r c e s 
weaken a t i n c r e a s i n g t e m p e r a t u r e s u n t i l the p r o b e m o l e c u l e s , 
w hether p o l a r or n o t , adopt s u r f a c e o r i e n t a t i o n s s i m i l a r t o t h o s e 
t a k e n on by o c t a n e . T h e r e u p o n , they i n t e r a c t w i t h the s u r f a c e 
m a i n l y t h r o u g h van der Waals f o r c e s . 

P a r t i a l j u s t i f i c a t i o n of t h e s e s p e c u l a t i o n s f o l l o w from 
a c t i v a t i o n e n e r g i e s computed from F i g u r e s 1 t o 3, and r e p o r t e d i n 
T a b l e I I I . In a d d i t i o n T a b l e I I I c o n t a i n s a c t i v a t i o n e n e r g i e s f o r 
t h e r e t e n t i o n o f the d i a m i n e p r o b e , not i n c l u d e d i n the p r e c e d i n g 
f i g u r e s . The d a t a a r e c a l c u l a t e d o n l y f o r l i n e a r p o r t i o n s of the 
A r r h e n i u s r e p r e s e n t a t i o n s . A r o u g h l y c o n s t a n t v a l u e near 2.5 
K c a l / m o l i s o b t a i n e d when d i s p e r s i o n f o r c e s a r e d o m i n a n t . T h i s 
a p p l i e s not o n l y t o the o c t a n e p r o b e , but t o a c i d / a c i d and 
ba s e / b a s e p a i r s as w e l l . The s t r o n g e s t a c i d / b a s e c o n t r i b u t i o n s 
a r e p r o d u c e d by -OH/APS, diamine/CPTMS, and to a l e s s e r d e g r e e 
-NH 2/CPTMS i n t e r a c t i o n s . T h i s f o l l o w s the sequence of i n t e r a c t i o n 
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p o t e n t i a l s i n d i c a t e d by the r e s p e c t i v e n p a r a m e t e r s , as shown i n 
F i g u r e 4. 

T a b l e I I I . A c t i v a t i o n E n e r g i e s f o r P r o b e / S u b s t r a t e I n t e r a c t i o n s 
( E + i n K c a l . m o l " 1 ) 

S u b s t r a t e : P r o b e : n-Octane B u t a n o l B u t y l a m i n e E t h y l e n e D i a m i n e 

E - g l a s s 2. .4 2. .7 1. .2 1. , 1 
C P T M S - s i z e d 2. 8 2, .6 0, .44 0. 23 
HDMS-sized 2. .0 2, .3 2, . 1 2. .0 
A P S - s i z e d 2. .4 0, .25 2 .7 3. . 1 

A f i n a l r e f l e c t i o
phenomena i s seen i n F i g u r , g
I n t e r e s t i n g l y , t h e pr o n o u n c e d a c i d and base c h a r a c t e r i s t i c s 
p r o d u c e d by CPTMS and APS t r e a t m e n t s , r e s p e c t i v e l y , i n c r e a s e as 
the t e m p e r a t u r e r i s e s above the r e f e r e n c e 30°C, r e a c h i n g a b r o a d 
peak a t a p p r o x i m a t e l y 60°C. At h i g h e r t e m p e r a t u r e s , a c i d and base 
s t r e n g t h s d e c r e a s e . T h i s p e r m i t s an e l a b o r a t i o n t o be made on the 
i d e a s advanced above. In the c a s e s s t u d i e d , a c i d / b a s e and d i s p e r 
s i v e f o r c e i n t e r a c t i o n s c o e x i s t , the l a t t e r b e i n g more 
t h e r m o l a b i l e a t lower t e m p e r a t u r e s . As a r e s u l t , i n h e r e n t s u r f a c e 
a c i d i t y or b a s i c i t y i n c r e a s e s at f i r s t w i t h r i s i n g t e m p e r a t u r e s , 
and d e c r e a s e s s u b s t a n t i a l l y once a s p e c i f i c t e m p e r a t u r e i s 
ex c e e d e d . T h i s t e m p e r a t u r e overcomes the e n e r g y b a r r i e r f o r the 
detachment of m o l e c u l e s r e t a i n e d by the o p e r a t i v e a c i d / b a s e 
f o r c e s . An a d d i t i o n a l o b s e r v a t i o n a r i s i n g from F i g u r e 5, p e r 
t a i n s t o polymer p r o c e s s i n g . The d a t a i s such t h a t at p r o c e s s i n g 
t e m p e r a t u r e s , t y p i c a l l y above a p p r o x i m a t e l y 150°C, a l l of the 
g l a s s s u r f a c e s appear t o be a m p h i p a t i c , w i t h ft near 0. From t h e s e 
v a r i o u s a r g u m e n t s , i t i s r e a s o n a b l e t o c o n c l u d e t h a t : 

- S i l a n e c o u p l i n g a g e n t s e x e r t p o w e r f u l e f f e c t s on the 
i n t e r a c t i o n p o t e n t i a l of g l a s s f i b e r s u r f a c e s , e n a b l i n g the us e r 
to d e s i g n e i t h e r a c i d i c o r b a s i c f u n c t i o n a l i t y i n t o t h e s e 
r e i n f o r c i n g s t r u c t u r e s f o r polymer c o m p o s i t e s . 

- The e x i s t e n c e of a c i d / b a s e i n t e r a c t i o n s r e s u l t s i n d i s t i n c t 
o r i e n t a t i o n s of a d s o r b i n g m o i e t i e s a t the s u b s t r a t e s u r f a c e and 
a l l o w s f o r g r e a t e r c o n c e n t r a t i o n s of s o r b e d s p e c i e s than i s the 
c a s e when o n l y d i s p e r s i o n f o r c e s a r e a c t i v e . 

- S t r o n g n o n - d i s p e r s i v e i n t e r a c t i o n s a r e t e m p e r a t u r e 
dependent and t h e i r i m p o r t a n c e i n the c a s e s s t u d i e d h e r e 
d i m i n i s h e s g r e a t l y above a p p r o x i m a t e l y 70°C. 

- D i f f e r e n t i n t e r a c t i o n s may e x i s t between r e i n f o r c i n g 
m o i e t i e s and polymer m a t r i x e s at p r o c e s s i n g , as opposed t o use 
t e m p e r a t u r e s . G e n e r a l t r e n d s s u g g e s t t h a t s u r f a c e m o d i f i c a t i o n s 
e x e r t g r e a t e r i n f l u e n c e on use p r o p e r t i e s than on p r o c e s s i n g 
behav i o r . 

i i . S o r p t i o n R e s u l t s : A c i d / b a s e i n t e r a c t i o n s a r e e x p e c t e d to 
pr o d u c e p r e f e r e n t i a l a s s o c i a t i o n s among the a f f e c t e d components of 
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E'(K cal) 

F I G U R E 4. D e p e n d e n c e o f r e t e n t i o n v o l u m e a c t i v a t i o n e n e r g i e s 
o n a c i d / b a s e i n t e r a c t i o n s . P r o b e s : 

Q o c t a n e ; # b u t a n o l ) A b u t y l a m i n e ; a n d 
^ d i a m i n e . 
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2J0-I 

-3.CH 

F I G U R E 5. T e m p e r a t u r e d e p e n d e n c e o f i n t e r a c t i o n p a r a m e t e r 
f o r g l a s s f i b e r s : 

<S> E - g l a s s i # C P T M S - t r e a t j H D M S - t r e a t j a n d 
Q A P S - t r e a t . 
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a polymer s y s t e m . L o c a l c o m p o s i t i o n a l h e t e r o g e n e i t y i s a 
cons e q u e n c e of t h e s e a s s o c i a t i o n s , t h e r e b y l e n d i n g s u p p o r t t o 
c o n t e n t i o n s t h a t , as a g e n e r a l r u l e , m u I t i - c o m p o n e n t polymer 
s y s t e m s a r e c o n s i d e r e d as h e t e r o g e n e o u s ( 8 , 1 6 ) . P r e f e r e n t i a l 
a d s o r p t i o n , d r i v e n by a c i d / b a s e f o r c e s , was d e m o n s t r a t e d r e c e n t l y 
by Fowkes ( 1 7 ) , f o r p o l y m e r s i n t e r a c t i n g w i t h f i l l e r p a r t i c l e s . 
The b e h a v i o r of the v a r i o u s l y s i z e d g l a s s f i b e r s as a d s o r b e n t s f o r 
m a c r o m o l e c u l e s s e l e c t e d f o r p r e s e n t p u r p o s e s , i s summarized i n 
F i g u r e s 6 and 7. The former shows t h e s o r p t i o n of a c i d i c PVC; the 
l a t t e r shows t h e a d s o r p t i o n of b a s i c PMMA. 

B o t h s o r p t i o n s e q u e n c e s d i s p l a y t he e x p e c t e d s e l e c t i v i t y . The 
a d s o r p t i o n o f PVC i s f a v o r e d on A P S - t r e a t e d g l a s s , w h i l e PMMA i s 
a d s o r b e d most v o l u m i n o u s l y on CP T M S - s i z e d g l a s s . The a d s o r p t i o n 
p r o c e s s e s i n b o t h c a s e s a r e a f f e c t e d by the s o l v e n t s u s e d . B o t h 
THF and t o l u e n e a r e c o n s i d e r e d t o be b a s e s ( 1 7 ) , e s p e c i a l l y the 
f o r m e r . T h e r e f o r e , t h e s
s i t e s , p a r t i c u l a r l y on
the a d s o r p t i o n of PMMA; i t may a l s o f a v o r the s o r p t i o n of PVC on 
b a s i c s u b s t r a t e s . F u r t h e r , w i t h r e g a r d t o the a d s o r p t i o n d a t a , 
b o t h p o l y m e r s p r o d u c e Langmuir- t y p e i s o t h e r m s when g l a s s 
s u b s t r a t e s a r e a m p h i p a t i c ( E - g l a s s and HMD S - t r e a t m e n t ) , or a r e of 
l i k e a c i d / b a s e f u n c t i o n a l i t y as t h e p o l y m e r . The p l a t e a u s 
c h a r a c t e r i s t i c o f Langmuir i s o t h e r m s a r e not p r o d u c e d when s t r o n g 
a c i d / b a s e i n t e r a c t i o n s a r e i m p l i e d ( t h a t i s , PVC on A P S - t r e a t e d 
g l a s s and PMMA on C P T M S - t r e a t e d g l a s s ) . Q u a l i t a t i v e l y , t h i s 
i n d i c a t e s t h e f o r m a t i o n of p o l y m e r i c m o n o l a y e r s i n the former 
c a s e s and the development of m u l t i l a y e r s i n the l a t t e r , n o t a b l y i n 
r e g i o n s of the s u r f a c e marked by the p r e s e n c e of s t r o n g a c i d or 
ba s e s i t e s . F u r t h e r s u r f a c e d i a g n o s t i c s a r e r e q u i r e d t o e l a b o r a t e 
on t h e s e h y p o t h e s e s . 

F i n a l l y , t o s u p p o r t t he q u a l i t a t i v e c o n t e n t i o n of a c i d / b a s e 
d r i v i n g f o r c e s f o r the s e l e c t i v e s o r p t i o n d i s p l a y e d above, the 
a d s o r p t i o n d a t a were p l o t t e d a g a i n s t t he ft v a l u e of the v a r i o u s 
g l a s s s u b s t r a t e s . The r e s u l t s o f t h i s p r o c e d u r e a r e shown i n 
F i g u r e 8. To a v o i d e x c e s s i v e c r o w d i n g , F i g u r e 8 i s r e s t r i c t e d t o 
a d s o r p t i o n d a t a from s o l u t i o n s w i t h i n i t i a l p olymer c o n c e n t r a t i o n s 
at n o m i n a l l y 1.0 and 1.5 wt-%. The p a t t e r n of r e s u l t s i s 
r e p r e s e n t a t i v e of the e n t i r e a d s o r p t i o n s e q u e n c e . The s t r o n g 
c o r r e l a t i o n between a c i d / b a s e d r i v i n g f o r c e s and a d s o r p t i o n 
b e h a v i o r i s u n m i s t a k e a b l e . W h i l e i s o t h e r m s were c o n d u c t e d a t 30°C 
o n l y , t he t r e n d s i n F i g u r e 8 s h o u l d p e r s i s t and become a c c e n t u a t e d 
to a p p r o x i m a t e l y 60°C, j u d g i n g from t he t e m p e r a t u r e v a r i a t i o n of 0 
documented i n F i g u r e 5. At h i g h e r t e m p e r a t u r e s , t he tend e n c y 
s h o u l d d i m i n i s h and under p r o c e s s i n g c o n d i t i o n s , no p r e f e r e n t i a l 
s o r p t i o n e f f e c t s s h o u l d r e m a i n . 

Some s e r i o u s c o n s e q u e n c e s appear t o a r i s e from t he p r e s e n t 
r e s u l t s . In m a t e r i a l c o m p o s i t e s i n v o l v i n g g l a s s f i b e r s , p r o p e r 
t i e s s t r o n g l y a f f e c t e d by i n t e r f a c i a l c o n d i t i o n s s h o u l d be 
p a r t i c u l a r l y s e n s i t i v e t o the s e l e c t i o n of s u r f a c e m o d i f y i n g 
a g e n t s . A d h e s i o n a t m a t r i x / f i b e r i n t e r f a c e s i s an o b v i o u s c a s e i n 
p o i n t , as a r e the m e c h a n i c a l p r o p e r t i e s of the s y s t e m at h i g h 
l o a d ; t h a t i s , i n the r e g i o n of n o n - l i n e a r r e s p o n s e . The IGC 
method, and n o t a b l y i t s a b i l i t y t o o f f e r c o m p a r a t i v e i n d e x e s of 
a c i d / b a s e a c t i v i t y , i s u s e f u l as a g u i d e t o p r e f e r r e d s u r f a c e 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



244 INVERSE GAS CHROMATOGRAPHY 

c ads. (mg / m2) 
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Cads, (mg / m2) 
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F I G U R E 8. P o l v m e r a d s o r p t i o n o n g l a s s f i b e r s , a s f u n c t i o n o f 
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t r e a t m e n t s f o r r e i n f o r c i n g f i b e r s . Thus, t r e a t m e n t s l e a d i n g t o 
s t r o n g l y b a s i c s u r f a c e s may be p r e f e r e n t i a l l y s e l e c t e d f o r 
m a t r i x e s , s u c h as PVC, w h i c h r e g i s t e r as L e w i s a c i d s . However, 
b a s i c m a t r i x e s may b e n e f i t from s u r f a c e t r e a t m e n t s r e n d e r i n g g l a s s 
f i b e r s a c i d i c . S t r o n g a c i d / b a s e c o u p l i n g , t h e r e b y d e s i g n e d i n t o 
c o m p o s i t e s t r u c t u r e s , s h o u l d b e n e f i t p r o p e r t y r e t e n t i o n d u r i n g use 
of t h e a r t i c l e s . F i n a l l y , t h e s t r o n g t e m p e r a t u r e dependence of 
i n t e r a c t i o n s i s a g a i n n o t e d : t h e a g i n g o r p r o p e r t y l o s s of polymer 
s y s t e m s may be t h e r e s u l t , a t l e a s t i n p a r t , o f t e m p e r a t u r e 
f l u c t u a t i o n s , w h i c h n e c e s s i t a t e c o m p o s i t i o n a d j u s t m e n t s a t 
m o l e c u l a r or domain l e v e l s . 
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Inverse gas chromatograph
surface energy characteristics of silicas before and after modification by 
heat treatment or by grafting onto their surface alkyl, poly(ethylene 
glycol) and alcohol chains. Because of its high sensitivity, IGC reveals 
the nature of the grafted molecules, which may then be confirmed by 
independent methods. 

The addition of finely divided solids to rubber matrices is commonly practiced to 
increase the performance and service life of these materials. Indeed, without an active 
filler, a synthetic elastomer like Styrene Butadiene Rubber (SBR )would not be of 
much use. For instance, a tire made of pure vulcanized SBR would not last more than 
a few hundred miles. The introduction of coarse filler particles, such as milled quartz 
or clays, improves the situation so that the tire lasts thousands of miles. However, 
using active fillers like special grades of carbon black or silica has produced modern 
tires that operate satisfactorily for tens of thousands of miles. 

The reinforcement of rubber by the presence of active fillers is a complex 
phenomenon that depends on the characteristics of the elastomer network and the 
properties of the fillers. The influential properties are the particle size, the morphology 
of particle aggregates, and the surface properties. The role of the geometrical 
characteristics of the filler is well understood, whereas the significance of the surface 
properties is more difficult to analyze. This situation stems essentially from the lack of 
adequate methods to analyze the surface of such small particles and from the fact that 
fillers differ from each other and need to be considered individually. 

It is usually not necessary to change the surface activity of carbon blacks, 
whereas silicas demand special attention. For instance, it is necessary to treat silica 
before its use in SBR. Coupling agents like y-mercapto propyl triethoxy silanes allow 
the formation of strong bonds between silica and the polymer. However, strong 
chemical bonds are not always desirable. This is typically the case for silica/silicone 
rubber mixes where strong and unavoidable links lead to a hardening of the mix, 
which becomes brittle and cannot be reworked. In this case, a surface deactivation 
treatment of the silica is essential. 

The examples given above indicate the necessity of having a better understanding 
of the surface properties of divided solids that have received a surface treatment. The 
objective of this paper is to demonstrate how advantageous inverse gas 
chromatography (IGC) is in achieving this goal. 

0097-6156/89/0391-0248S06.00/0 
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Materials and Methods 

Silicas produced by two processes have been investigated: three samples are 
representative of the hydropyrogenation process (Aerosil 130, Aerosil 200 and 
Aerosil 300 from Degussa and referred to as Silica A130, A200 and A300 ), two 
samples were prepared by a wet, precipitation process (Z 130 and Z 175 from Rhone 
Poulenc and referred to as PI and P2). These silicas have surface areas of 130,200, 
300,130 and 175 m2/g respectively, and have a particle size too small to be used in a 
IGC experiment. Hence, they were agglomerated in an infrared die, crushed, and 
sieved (100 to 250 p.m). Approximately 0.5 g of silica were introduced into stainless 
steel columns 50 cm long and 2.17 mm in diameter. Helium was used as the carrier 
gas at a flow rate of 20 ml/min. Before each measurement, the columns are 
conditioned at 150°C for 24 h. Symmetrical retention peaks were observed with 
alkanes. For other peaks, an integrator was used to determine the first order moment. 

The silicas were modified by grafting alkyl chains, diols, or poly(ethylene 
glycols) (PEG). Since the hydroxyl groups of the silica are weakly acidic, the grafting 
reaction corresponds to an esterification

Si -OH + ROH > Si-OR + H 2 0 

Since esterification is an equilibrium reaction, the treatment was performed using 
an excess of alcohol. The grafting of alcohols or diols was performed in an autoclave 
at 150°C. For PEG, special care was taken to avoid oxidation (outgassing of the 
silica/PEG mix and treatment under N 2 in a sealed tube at 150°C). In each case, the 
excess reagent was eh'minated either by heat treatment under vacuum (volatile alcohols 
and diols), or by solvent extraction (THF) in a Soxhlet extractor. 

Grafting ratios were calculated either from weight loss of grated silicas when heat 
treated in air at 750°C or from elemental analysis of the modified silica. The two 
methods give concordant results. 

Results and Discussion 

The surface chemistry of silica is, at first sight, relatively simple. Only two types 
of surface groups are possible: the hydroxyl or silanol groups and the oxygen double 
bridges or siloxane groups. However, free silanols (either isolated or geminal when 
two hydroxyls are located on the same silicon atom) and associated silanols (adjacent 
silanols bridged by H-bonding) have different chemical reactivities resulting in 
different contributions to the surface properties of the oxide. 

London Component of the Surface Energy of Heated Treated Silicas. Surface energy 
is usually considered as the sum of two components: the London component (Ys), 
steming from London forces, and the specific component (y|p), originating from all 
other types of forces (polar, H-bonding, metallic, etc). Two methods are commonly 
used for the measurement of surface energies: wettability and adsorption techniques. 

The first method, wettability, can be evaluated from the contact angle of a drop of 
liquid deposited on the flat surface of the solid. This method hardly applies to 
powders like silicas because special care must be taken to control the surface porosity 
of a silica disk made from compressed silica particles. For a chromatographic silica, 
Kessaissia et al. (1) determined a Ys value close to 100 mJ/m2, whereas the polar 
component of the surface energy was found to be 46 mJ/m .̂ Hence, the silica 
exhibits a large surface energy. 

The second method of Ys determination is based on the interpretation of 
adsorption isotherms of either the total isotherm (calculation of the spreading 
pressure) or the initial or linear part of the isotherm. IGC readily provides the 
necessary information (2). 
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An IGC method for the analysis of divided solids and fibers has been initiated by 
Gray et al. (2). It is illustrated here by the results obtained from the precipitated silica 
sample (PI). Injecting a series of n -alkanes at infinite dilution (at the limit of 
detection by the flame ionization detector) usually results in a linear variation of the 
logarithm of the net retention volumes (VN) with the number of carbon atoms in the 
n-alkanes. This is illustrated in Figure 1 for measurements performed between 71 and 
130°C. Thermodynamic considerations show that and the standard free energy of 
adsorption of the alkanes are related by 

where B is a constant, depending on the choice of reference states of the alkanes in 
the gaseous and adsorbed states. Thus, experimental observation allows the 
calculation of an incremental value corresponding to the A G C H 2 of adsorption of one 
- C H 2 - group. Further, when measuring AG n as a function of temperature, A H A 

values are calculated. 
Assuming that AG R an

and taking into account the relation of Fowkes ( 4 ) for the calculation of the 
interaction energy through London forces Gray et al. (2) established the following 
equation : 

N.a transforms free energy units into surface energy units, N being Avogadro's 
number and "a" being the area of an adsorbed - C H 2 - group.yCH ^is the surface 
energy of a solid made only of -CH 2 - groups; that is polyethylene (PE). Hence, all 
terms are either known (N, a, YCH 2 ) or measurable ( AGCH * ) » e x c e P t the quantity 
of interest: Ys. 

This method was first applied to follow the surface energy characteristics of 
silica samples prepared by heating, up 700°C, A200 and P2, that is silicas of different 
origins but comparable surface areas. 

Gravimetric measurements of the weight losses during heat treatment indicated a 
smooth evolution of the weight: silica P2 lost much more water than silica A200. 
Nevertheless, the y£ measurements via IGC at 60°C indicated (Fig.2) a more 
complex variation with heat treatment. y|f increases dramatically when increasing the 
temperature up 500°C and then decreases. Both silicas follow similar trends, but 
significant differences show up between silicas A200 and P2. Surface silanol content 
measurements, made either by esteriflcation with 1 4 CH 3 OH or using alkyl aluminium 
derivatives, point to a progressive elimination of the hydroxyl groups. However 
silanol groups (approximately 1.5 group/nm2) are still present despite the 700°C heat 
treatment. Therefore the variation of y£ cannot be justified only by the total 
concentration of surface hydroxyl groups. 
In fact Maciel et al. (5.) have shown using solid state NMR that variation of total 
silanol and geminal silanol contents are not at all connected. The fraction of gerninal 
silanol groups changes during heat treatment in the same complex way as do y| 
values. The change in ys values of silica heated above 500°C is possibily related to 
reorganization ability of silica surface ( £ ) . Indeed, at temperatures above 500°C, 
sufficient thermal energy is provided to the silica network to allow relaxation of the 
highest strained siloxane bridges created by condensation of the silanol groups below 
500°C.This relaxation is accompanied by variations in surface properties of silicas 
as demonstrated by IGC.Finally, it is seen that even though IGC is not able to reveal 

AGfl = - R T L n V N + B 
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Figure 1. Variation of the net retention volume (VN) of n-alkanes with number of 

carbon atoms, measured at different temperatures (column containing 
precipitated silica PI). 
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Figure 2. Variation of the London Component (y|) of precipitated (P) and fumed 
(A 200) silicas upon heat treatment 
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the exact mechanisms of the chemical surface processes induced by thermal treatment, 
it appears as a most sensitive method to detect changes in the surface properties which 
are associated with these processes. 

London Component of the Surface Energy of Silicas Having Alkvl Grafts.Some 
results pertaining to samples obtained by esterification of silica PI are presented as an 
example in Figure 3.The data indicate that for these samples, the linear relationship 
between AG° and AH is accurate.Consequendy, the Ys values may be determinated 
according to the method oudined earlier. Table I compares the Ys of silicas before and 
after esterification either with short chains (methyl: C\) or long chains (hexadecyl: 
CIG), A and P corresponding to the fumed( A130) and precipitated (PI) silicas, 
respectively. 

Table I: London Component of the Surface Energy of Silica (PI and A130) 
Before and After Methyl (Cj) and Hexadecyl (C^) Esterification 

p PC! 

Chains 
nm2 10.5 2.2 - 3.4 1.5 -

yk (mJ/m2) 98 87 47 75 70 38 35-40 

The reaction with CH 3 OH also allows the measurement of the silanol amounts. 
Silicas P and A have different contents. In fact, the content of P is so great that it 
exceeds the optimum surface coverage capacity (monolayer of - OCH 3 groups). Two 
hypothesis may be proposed to explain this result. Either the surface of the P silica is 
rugged, or non-condensed polysilicic acids chains are still present on silica P. Such 
pendant chains could react efficiently with methanol indicating an apparent excessive 
value of silanol surface coverage. 

Grafting methyl chains onto the silicas decreased only slightly the Y£ values, a 
result accounted for by the small size of the - CH 3 group, which is unable to screen 
efficiently the silica surface. However, when attaching longer alkyl chains, Ys is 
greatly decreased and approaches values close to that of polyethylene. 

An interesting observation can be made when studying silica (A 130) samples 
modified by grafting alkyl chains of increasing number of C atoms (Figure 4). A 
striking variation of Ys is recorded with grafts having 7 or 11 carbon atoms. These 
results are beyond experimental errors, since the Ys measurement is reproducible to 
within ± 0.5 mJ/m2. In Figure 5, Ys is plotted against the number of - C H 2 - groups 
per unit surface area (nm2). The minima now correspond to approximately 15 
CH2/nm2 and 23 CH2/nm2. Taking 0.06 nm2 as the mean area of a - C H 2 - groups, it 
becomes obvious that minima are observed when the surface is covered by one 
and two monolayers of - C H 2 - groups, respectively. 
Cross polarization, magic angle spinning solid state 1 3 C NMR measurements were 
performed (7) on the series of samples, examining more precisely the mobility of the 
end methyl group of the alkyl graft. NMR indicates that the mobility of this group is 
most restrained when either the monolayer or the second layer of -CH 2 - groups are 
completed on the silica surface. 

These results suggest that on silica A130, the grafted alkyl chains organize 
themselves so as to form a dense and regular array of -CH 2 - groups having optimum 
interaction capacity both with the silioca surface and with neighbouring -CH 2 -
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Figure 3. Relation between AH° and AG° of adsorption of n-alkanes on precipitated 
silicas (PI), methylated (PCj) and hexadecylated (PC16) silica samples. 
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groups. Clearly then, under these conditions, the interaction potential of the grafted 
chains with alkanes, used for IGC, are also reduced. Thus the observed minima in 
y|f values are explainable. 

London Component of the Surface Energy of Silicas Modified with Diols. These 
samples were prepared to compare alkyl grafts, formed during the reaction of silica 
with alcohols, and similar grafts having a hydroxyl group at their free end. Figure 6 
agrees with the results exhibited in Figure 5; that is, Ys passes through a minimum 
value when a monolayer of -CH 2 - groups is completed on the silica surface. The 
second rriinimum, approximately at 26-CH2-/nm2» is less obvious than the previous 
one. This result is explained by the same considerations as those presented for silicas 
having alkyl grafts, considerations which also supported by NMR measurements 

London Component of the Surface Energy of Silicas Having PEG Grafts. The 
dependence of the surface properties of grafted silica on the number of monomer units 
is also evidenced with silica
Table H presents the y£ values, measured by IGC at 60°C. The other quantities listed 
are: the molecular weight (Mw) of PEG graft; T, the grafting ratio (weight percent of 
PEG on silica); and nĵ U» the number of monomer units per unit surface area (nm2). 

Table n: y£ Values Measured at 60°C on Silica A 300 Modified by Grafting of PEG 

Mw Y J (mJ/m2) n M U 

0 0 76 0 
2,000 5 43 2.6 
4,000 7 36 3.7 
2,000 17 38 8.9 
2,000 23 36 12.1 
2,000 56 30 29.5 

10,000 57 30 30.0 
4,000 72 30 37.9 

10,000 75 32 39.5 

The value of Ys drops significantly from 76 approximately to 30 to 38 mJ/m2 

when going from the untreated silica to a sample modified by 7 % PEG having a 
molecular weight of 4.000. This amount corresponds to 3.7 monomer units (- C H 2 -
C H 2 - O -) nm2; that is, a value sufficient to form a monolayer. A limit value of 
30 mJ/m2 is reached for higher surface coverage. Hence the pertinent factor, when 
considering grafting PEG onto silica is, not the molecular weight of the graft but 
rather, as previously outlined with the alkyl grafts, the surface coverage by the 
monomer units. 

Specific Component of the Surface Energy of Silica having Alkvl Grafts. So far, the 
focus has been on measuring the y£ values of silicas by IGC. The remainder part of 
this paper is devoted to the determination of the specific component of the surface 
energy. A simple method for the determination of the specific component of the 
surface energy, starting from IGC results, does not exist. However, several attemps 
have been made (&,9,10 ) to evaluate, through IGC, specific interaction parameters 
of polar probes with polar surfaces. 
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Figure 5. Variation of y£ with the number of -CH 2 - groups/nm2 grafted on the 
surface of Aerosil 130 using alcohols as reactants. 
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For instance, a possible method to evaluate the contribution of specific 
interactions consists of the comparison of the chromatographic behaviour of two 
solutes having similar sizes (cyclohexane and benzene), yet differerg interaction 
capacities. Figure 7 illustrates this concept where the difference in AG q of benzene 
and cyclohexane are plotted for three silica (PI) samples at various temperatures. 

The reference state of the adsorbed molecules is the same as that used by de Boer 
(11). As expected, the difference is greatest with the untreated silica. Yet, on PC 15, 
there persists a small possibility of specific interactions. 

The previous method is essentially qualitative and does not allow prediction of 
the specific interaction potential of the silicas with other solutes. For a more 
quantitative approach, a semi-empiric method was developed to extract from the 
single chromatographic peak (or AG £) : the contribution of either London or specific 
interactions to the net retention volume V N . The proposed method is illustrated by the 
following three figures corresponding respectivily to silica PI and PI samples having 
methyl and hexadecyl grafts. The first figure relates AG £ to the vapor pressure of the 
injected solutes (Figure 8). This variable was chosen because it is pertinent 
thermodynamically. All n-alkan
the deviation from this line is taken as an estimation of the specific interaction 
parameter ISp. A comparison of Figures 8 and 9 does not indicate any major 
differences, which confirms the fact that the methyl graft is too small in size to shield 
the silica surface. However, an examination of the results in Figure 10 shows 
significant differences, since die points corresponding to polar probes are close to the 
alkane line. 

When comparing with the results obtained with hexadecylated silica A130 a 
major difference in behaviour is noted. For silica A C 1 6 , all experimental points fit this 
alkane line. This result, reinforced by others (2,11) using techniques such as NMR 
and IR, is explained by assuming that the alkyl chains on A and P silicas are 
distributed differently. A regular array, which restricts the approach of the polar 
solutes to the solid's surface, is postulated for silica A. A patchwork type of 
organization, which allows polar parts of the surface access to the polar solutes, is 
postulated for silica P. 

Specific Component of the Surface Energy of Silicas having PEG Grafts It is possible 
to take a step further for a more quantitative description of the specific interactions, a 
solid and a polar probe are able to exchange. It is based on the use of acid/base scales 
and an equation, which has been proposed earlier by Saint-Flour and Papirer (9) 

I s p = (AN)C + (DN) C , 

where I s p is the specific energy of interaction defined earlier, (AN) and (DN) are the 
acceptor and donor number of the probes injected in the GC, and C and C are the 
capacities of the solid to exchange base or acid type of interactions. When applied for 
example to PEG grafted silica, this concept demonstrates the influence of the grafting 
ratio on the surface properties of grafted silica. Initially acidic, the silica acquires more 
base-like character (due to the ether links of PEG) as the grafting ratio is 
increased( 12). 

The results of IGC presented so far demonstrate its ability to determine and 
evidence minor changes in surfaces properties of solids submitted to various 
treatments. The last section of this paper will show the potential of IGC for the 
detection of unexpected molecular arrangements of the grafts on the silica surface. 

Enthalpies of Interaction of Polar Probes with Silicas modified with Diols. Whereas 
the treatment of silicas with alcohols leads to fixation of alkyl grafts, their 
modification with diols results in the grafting of hydrocarbon chains still having a 
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Figure 7. Comparison between the free energies of adsorption of benzene and 
cyclohexane on precipitated silice (PI), methylated (PCi), and 
hexadecylated (PCig) silica samples. 
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Figure 8. Variation of AG j? with logarithm of vapor pressure P G of probes 
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Figure 12. Schematic representation of the position of grafted diol chain on a flat 
silica surface. 
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terminal hydroxyl group. Hence, silica samples with different adsorption properties 
are possibily obtained and the study of their interaction capacity with hydrogene 
bonding probes should be most appropriate to evidence such differences. 

Considering closely (Figure 11) the variation of the enthalpies of adsorption of 
alcohol probes on the surface of silica A130, which has been modified with diols of 
increasing chain length, a striking observation is made that seems to be related to the 
number of carbon atoms in the grafted diol. An explanation is proposed in Figure 12 
which compares, in a schematic way, the configuration of grafted odd and even diol 
chains. 
Several hypotheses are made: 

- the surface of the silica is planar, on the molecular level; 
- a diesterification is possible; and 
- chains adopt a trans-trans configuration. 
With these hypotheses, it is possible to understand the preferential diesterification 

reaction that occurs with diols having an odd number of carbons, since the terminal 
hydroxyl group of the odd diol is in a most favourable position. In fact NMR 
measurements (7 ) support th
diols. The necessity of considering a flat surface is also demonstrated when 
comparing the results given by silicas A 130 and PI. Indeed, silica P has a more 
irregular surface, as can be shown by independent methods ( H ). Finally, the 
variations illustrated by Figure 11 are not observed with silica PI. Moreover for PI, 
NMR indicates essentially diesterification . All these facts are in favour of the 
proposed model. 

According to this model, the variation of AH on mono and diesterified silica 
surfaces is accounted for by the greater capacity for H-bonding on the diesterified 
sample. On a mono-esterified silica, H-bonds already exists between the silanol and 
the terminal hydroxyl of the graft and does not facilitate the interaction with the 
alcohol probes. 

Conclusion 
IGC appears to be a useful and powerful method for the characterization of divided or 
fibrous solid surfaces. Because of its extreme sensitivity to small variations in the 
surface properties of the solid, IGC reveals interesting phenomena to be eventually 
confirmed by independent analytical methods. 

This study shows that small and well defined molecules behave in a complex 
manner when chemically linked to the surface of a solid. Their behaviour is strongly 
dependent on the characteristics of the graft and the surface, and on geometrical 
factors like the fractality of the surface. Obviously, the grafting ratio, which 
determines the intensity of interactions that adjacent grafted molecules experience is 
also important. 

It can be expected that the behaviour of a grafted macromolecule will be more 
complex to analyze. In addition to the aspects considered in this paper, one has to take 
into account the eventual modifications of the dynamics of the chains located above 
the polymer layer that is in direct contact with the solid. 
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Chapter 19 

Characterization of Siloxane Polymer Solvents 
by Family Regression of Gas Chromatographic 

Retentions of Aliphatic and 
Aromatic Probe-Solutes 

R. J. Laub and O. S. Tyagi1 

Department of Chemistry
CA 92182 

The " family-plot" retention data o f 5 solutes with a series o f 
poly(methylphenylsiloxane) stationary phases have been exam
ined in terms o f the saturation vapor pressure p°A o f the solute, 
the methyl/phenyl ratio of the solvent, and the temperature. 
Plots o f ln V°g against ln p°A for a given solute over a range o f 
temperature were found to be linear, as were the "isothermals", 
that is, the retention/vapor-pressure plots for an homologous 
series of solutes at a constant temperature. The family-plot 
slopes exhibited by the n-alkane probe-solutes were also found 
to be very sensitive to the aromatic content of the polymers. 
Thus, it appears that the " f a m i l y " technique of GC data reduc
tion can be a useful tool for characterizing the physicochemical 
properties o f (polymer) stationary phases. 

A conceptual difficulty arises in characterizing polymer stationary phases 
with gas-liquid chromatographic probe-solute specific retention volumes (1), 
namely, since it is a matter of experience that V° remains finite, the mole 
fraction-based solute activity coefficient x >£ must asymptotically approach 
zero as the molecular weight of the polymer stationary phase Mg becomes 
large: 

V ° = 2 7 3 R / X y £ f J M B (1) 

where the subscripts A and B designate probe-solute and stationary solvent, 
respectively; and where f £ is the bulk-solute fugacity. Patterson, Tewari, 
Schreiber, and Guillet (2) and Covitz and King (3) circumvented this problem 
by employing weight-fraction based activity coefficients: 
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such that: 

V° = 273R/WV£ f ° M A (3) 

where wyj£ for a given solute approaches a constant as Mg tends to infinity. 
However, and while Equation 3 is certainly a useful innovation, there is then 
incurred the drawback that, since values of wyj? can range from zero to 
infinity depending upon the values of M A and M B , tneir interpretation, even in 
the instance of ideal solutions, let alone in those cases where there are subtle 
deviations from ideality, is rendered somewhat ambiguous. Much the same 
can also be said of other forms of activity coefficient (4-6) irrespective of the 
standard state chosen for the solute (7-11). 

THEORY 

An alternative method o
of gas chromatography by Hoare and Purnell (12-15; see refs. 16,17 for recent 
applications), who considered the dependence oTfne specific retention volume 
on the solute saturation vapor pressure p?. Thus, taking the view [now 
recognized to be naive (18); see later], that ihe observed mole fraction-based 
solute activity coefficient" can be decomposed into "athermal" and "thermal" 
co mponents (19-22): 

X y * = X ^ ( 4 ) 

followed by substitution of this relation for x y£ in Equation 1, produces the 
expression: 

V£ = 273R/Xv- ^ P ^ B « ) 

where, for convenience, the approximation has been made at this point that 
the solute fugacity f ? can be replaced by its vapor pressure p£ without 
serious error (see also later). Recall next the Clausius-Clapeyron relation in 
exponential form: 

p° = exp(- AH /RT) exp(C) (6) 

where A H V is the molar heat of vaporization of the solute, which is assumed 
to be independent of temperature; and where C is a constant of integration. 
Now, since the excess Gibbs free energy, enthalpy, and entropy of mixing are 
related to the activity coefficient by: 

ln x y £ = (HE/RT) - (SE/RT) (7) 

we can write that: 

exp(HE/RT) (8) 
and that: 

xy"= exp(-SE/R) (9) 

Multiplying Equation 8 by 6 then produces the result: 

*>£ p° = exp(C) exp [(HE - AHV)/RT] (10) 
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In addition, the heats of solution AH and vaporization A H Y are related by: 

A H S + A H V = H E (11) 

Thus, when H E = 0, A H S = - A H V . Moreover, in instances where H E + 0, A H S = 
E V 

H - A H V . Substituting this result into Equation 10 thereby yields: 

X ) £ p ° = exp(C) exp(AHS/RT) (12) 

We now define a constant a such that: 

a = A H S / A H v (13) 
where, for H E = 0, a = - l . [Note that Purnell (15) defined a asAH|/ A H , 
where A H | is the molar hea
Evidently, AH| = - A H S in all cases. Also, when H E = 0, A H | / A H V = - A H S / 
A H V = 1. This results in the sign of a being reversed in ref 15.1 We next 
substitute the product [(aXAHV)l for A H S in Equation 12, and then multiply 
both sides by unity, chosen as [exp(aC) exp(-aC)], followed by rearrangements: 

x y*p° = exp [C(l + a)] exp{-a[(- AHV/RT) + C] \ (14) 

Comparing the second exponential in Equation 14 with that in 6 leads to the 
expression: 

X > f p A = ( p A f a e x P [ C ( 1 + a ) 1 ( 1 5 ) 

Upon further substitution of this result into Equation 5, followed by taking 
logs, . 

ln = a ln p£ + ln[(273R/x>£ MB)1 - C(l + a) (16) 

Equation 16 is conveniently abbreviated to the form: 

ln V° = a ln p° + k (17) 
where k is defined by: 

k = ln[(273R/xyJ MB)1 - C(l + a) (18) 

_I. Ideal Solutions. In this case xyj[ = x £ = 'Sf = 1 and, hence, A H S = -
A H V . Plots of ln v2 against ln p£ will therefore have slopes a of -1, whence 
Equation 16 reduces*o: 

ln V® = -In p£ + ln(273R/MB) (19) 

H. Athermal Solutions. Here *y* = 1 and, hence, a = -1; however, x>£ 11 
and, thus, xy£ * 1. Plots of ln V°. against ln p£ wiU therefore still have 
slopes equal to -1. Also, Equation 16 reduces to the expression: 

ln V° = -in p° + ln(273R/x>£ MB) (20) 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



19. IAUB & TYAGI Characterization of Siloxane Polymer Solvents 267 

Parenthetically, the intercepts of family plots for athermal solutions differ 
from Equation 19 only in such that: 

V°( ideal) 273 R/p° Mp 
_g = A J B _ = x y . ( 2 1 ) 

V ° ( a t h e r ) 273 R/ X y^ p° Mg a 

x y" is also often calculated from the relation: 'a 

ln x y % in (r*1) + (1 - r"1) (22) 

where r = Vg/V A , the ratio of the solvent and solute molar volumes. (Thus, 
whenr=l,x>J=l.) 

JJI. Thermal Solutions. In these instances, since y  1, a, cannot be 
equal to -1 unless, as is highl
to be unity. The slopes of plots of ln V° against ln p£ thus will likely differ 
from, -1, since they must in any event correspond to the ratio of A H S to 
AH . In addition, the intercept will be given by ln[(273R/xy* Mg)] - C(l + 
a). Further, since a = -1, the term, C(l + a), will approximate zero, and the 
intercept hence will be invariant in a. 

In all of the above, the weigh t^rraction based activity coefficient can be 
substituted for that derived with mole-fraction units by replacing Mg with 
M A . Also, fugacity effects can be taken into account by substituting f£ for 
p£, where: 

f A = p A e x p [ p A ( B A A ' V / R T 1 ( 2 3 ) 

and where B* A is the bulk-solute second-interaction virial coefficient (23,24). 
Since the capacity factor kf of a solute is related to V° via several 

constants, plots of ln kf against ln p£ should also be effective in gauging 
solution ideality (16). Moreover, there is then presented the considerable 
advantage of obviating measurement of the column content of stationary 
phase (whether volume or mass), all the requisite data being available directly 
from stripchart tracings. The methodology thus has immediate practical 
appeal in the study of polymer solutions, for which determination of the 
stationary-phase weight, w§, required in any event for the calculation of 
specific retention volumes, poses considerable difficulties (25-27). 

However, it is not immediately clear what other advantages, if any, the 
mode of data analysis represented by Equation 16 might have over those 
founded upon x >£ or w y£ . We have therefore assessed in this work the family-
plot behavior of several solutes with the Ohio Valley (OV) series of 
poly(methylphenylsiloxane) stationary phases, for which retention data of high 
accuracy are available for a variety of solutes (28-33). 

R E S U L T S A N D DISCUSSION 

Table I presents the slopes, a, and intercepts, k, of n-pentane, n-hexane, n-
heptane, benzene, and toluene probe-solutes with the methylphenylsiloxane 
polymer solvents: OV-1 (0 mol % phenyl), OV-3 (10%), OV-7 (20%), OV-11 
(35%), OV-17 (50%), OV-22 (65%) and OV-25 (75%) (28-33). Table H then 
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L n p° 

Figure 1. Family plots (cf. Equation 16) for n-pentane (O), n-hexane (•), 
n-heptane (A), benzene (O), and toluene (v) solutes with OV-1 
stationary phase at 30-80°C. 

Figure 2. As in Figure 1; OV-11 stationary phase. 
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Figure 4. Plots of family-regression slopes a_ against % phenyl content 
for n-hexane (filled circles) and benzene (open circles) with OV 
stationary phases at 30-80°C. 
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provides the slopes and intercepts of the isothermal plots, that is, 
ln V? against ln p£, for the n-alkane probes at 30-80°C. The linear least-
squaTes correlation coefficients r were in all instances greater than 0.9995. 
Typical family plots obtained with OV-1, OV-11, and OV-25 are shown in 
Figures 1-3, respectively. 

From the standpoint of physicochemical measurements, family and 
isothermal plots are useful for the determination of vapor pressures (and, in 
addition, recalling Equations 13 and 16, heats of vaporization as well) from 
the retention data obtained from just a few chromatographic runs (33). 
Furthermore, the GC technique is ideally suited to instances in which the 
solutes are available only in minute quantities or are substantially impure, 
where each of these constraints ordinarily precludes bulk vapor-pressure 
measurements by conventional static procedures. For example, Heath and 
Tumlinson (34) employed log(retention) plots to determine the vapor pressures 
of trace aceTate ingredients used in pheromone formulations. An important 
aspect of their work was that family correlations were obtained with a chiral-
nematic stationary phase, cholestery

Table I also shows that the a data for the aromatic hydrocarbons become 
more negative on passing from OV-1 through OV-17, and fluctuate about -0.99 
thereafter. That is, the retentions of benzene and toluene (weakly) reflect 
the aromatic character of the stationary phase up to a phenyl content of 
roughly 50%. In contrast, the values of a for the n-alkane probe-solutes are 
very sensitive to the aromatic content of the OV solvents, and increase 
sharply (become more positive) on passing from OV-1 to OV-25. 

Plots of against phenyl content for n-hexane and benzene probe-
solutes, provided in Figure 4, emphasize the dependency of the family-plot 
slopes of aliphatic and aromatic compounds (particularly those of the former) 
on the aromatic content of the OV solvents. The aromatic character of these 
stationary phases can therefore be gauged simply with the retentions of a few 
hydrocarbons. Presumably, with judicious choice of the probe-solute, other 
properties of polymer GC phases could be deduced from the slopes a of 
Equation 16 in a similar way. Family plots have also been shown recently to 
reflect discontinuities in retentions due to phase changes in mesomorphic 
polymers (16). 

However, the derivation of Equation 16 failed to take into account the 
free-volume ("structural") contribution to xy"(35), nor is the effect negligible 
with some polymer phases (36). In addition, there remains considerable doubt 
even as to what constitutes a "family" set of data e.g., with polymers that are 
liquid-crystalline. The characterization of polymer stationary phases via 
family-plot regressions of "inverse" gas-chromatographic retentions therefore 
invites further and comprehensive study. 
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Deuterated tracer puls
to characterize th
four polyimide-based sorbent materials. Deuterated 
n-hexane, ethanol, 2-butanone, nitromethane, and 
benzene were used as compounds to probe five types of 
chemical interactions of the compounds with the 
polymers. Retention properties were investigated with 
dry and humidified helium carriers both with and 
without the incorporation of non-deuterated test 
compounds. Analyte competition was shown to occur on 
all of the sorbents. Humidity affected the retention 
of the probe compounds on the polyimides to a much 
greater extent than on Tenax-GC. The technique was 
shown to elucidate subtle differences in sorbent 
behavior. 

The identification and quantification of organic compounds in 
ambient air are problems that are complicated by the wide range of 
molecular weights and polarities of these compounds, and by the 
trace levels at which these compounds are present. One of the most 
useful methods to overcome the problem of low analyte (target 
compound) concentration is using a chromatographic pre-concentration 
technique with an adsorbent such as Tenax-GC [porous poly(2,6-
diphenyl-p-phenylene oxide)] (1,2). In such an analysis, an air 
stream is drawn through a cartridge packed with the adsorbent 
material, and the organic compounds are selectively retained. The 
trapped compounds are subsequently thermally desorbed and 
cryogenically focused onto the head of a gas chromatographic column 
for analysis. Recently, several groups have reported the use of 
supercritical fluids for extraction of adsorbents or environmental 
solids (3-7); some of these methods (6,7) describe the direct 
introduction and focusing of the extracted compounds into a gas 
chromatographic column. Although a further discussion of procedures 
that use supercritical fluids is beyond the scope of this paper, the 
investigation of such methods is indicative of the importance of 
adsorbent-based analytical methods for environmental analysis. 
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One limitation of adsorbent-based preconcentration, which 
manifests i t s e l f during the sample collection step, is the poor 
retention of certain compounds on the adsorbent i t s e l f . For 
example, Tenax-GC retains nonpolar compounds more effectively than 
polar compounds, such as methanol or vinyl chloride ( 2 ) , making the 
quantification of such poorly retained, polar materials d i f f i c u l t . 
Adsorbents that have higher a f f i n i t i e s for polar compounds can help 
overcome this limitation. 

The development of more polar, polyimide-based adsorbents was 
the goal of an earlier research project at Research Triangle 
Institute (8). Of the many polymers synthesized, the four depicted 
in Figure 1 were shown to provide good retention of polar compounds, 
good thermal st a b i l i t y (necessary for use with thermal desorption), 
and low background. Low background is used here to mean that few 
chromatographic peaks were detected during GC analysis of the 
compounds thermally desorbe
current work was to evaluat
use in air sampling, and to compare the results with those for 
Tenax-GC, one of the standard adsorbents. 

In actual f i e l d operations, the air to be sampled can contain 
widely varying amounts of water and organic compounds. As air 
containing some constant level of organic compound is drawn through 
the adsorbent cartridge, this compound begins to accumulate and 
migrate through the adsorbent bed as in frontal chromatography. The 
volume of sampled air necessary to cause the migration of the front 
out of the end of the adsorbent bed is called the breakthrough 
volume (BV). It is extremely important that the volume of air 
sampled not exceed the breakthrough volume of the target compounds 
because the calculated levels in the air w i l l be inaccurate. 
Breakthrough volumes can be affected by, among other things, the 
mass of a particular analyte and the presence of other analytes. 
High concentrations of analyte in the incoming air stream can cause 
the retention of the analyte to decrease from that observed at lower 
concentrations. Humidity is also expected to greatly affect 
retention when dealing with a polymeric material having a relatively 
high a f f i n i t y for water. Therefore, the dependence of BV on 
humidity and the presence of large quantities of certain compounds, 
which might or might not be of interest, should be studied carefully 
before a given adsorbent can be used reliably in the f i e l d . 
Relevant considerations in the present study include the effects of 
humidity on the retention of analytes and competition among the 
analytes for sites on the adsorbent surface. It was desirable to 
gain insight into the mechanisms of adsorption, and to discern 
whether the adsorption process is related to a particular class of 
chemicals. 

Two concerns dictated the choice of test analytes and 
experimental methods. The f i r s t concern was to choose compounds 
that would probe four types of molecular interactions that might 
occur during adsorption. In addition to water (to probe strong 
hydrogen bonding), the probe compounds used were ethanol (electron 
donor properties and weaker hydrogen bonding), 2-butanone and 
nitromethane (electron donor properties and no active hydrogen 
bonding), and benzene (pi-pi or induced dipoles forces and no active 
hydrogen bonding). n-Hexane was used as representative of aliphatic 
hydrocarbons, where London dispersion forces predominate in the 
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adsorption process, because such compounds are often present as 
high-level background components in air. The second concern was to 
accurately mimic f i e l d sampling conditions where the adsorbent is 
i n i t i a l l y "clean" and accumulates increasing amounts of material 
with time, thus, possibly giving rise to variable competition 
effects. A deuterated tracer pulse technique with mass 
spectrometric detection, which is a modification of the method of 
Parcher (9,10), was used in this study. The polymer was packed into 
a gas chromatographic column, and thus defined this as an inverse 
gas chromatography (IGC) experiment. 

The use of Tracer Pulse Chromatography (TPC) is depicted in 
Figure 2 for a single deuterated compound (probe) and i t s non-
deuterated analogue added as a front, that i s , added at a known 
level to the carrier gas. Figure 2A shows the case for duplicate 
injections (pulses) of the deuterated probe with pure helium 
carrier. The resulting
as the controls. Figur
introduced (second arrow) slightly after the injection of the 
deuterated compound. For purposes of illu s t r a t i o n , the front and 
the pulse are the same chemical compound. In Figure 2B, the time t} 
is the same as t} of Figure 2A, indicating the reproducible 
migration of the compound with pure carrier. Notice that the second 
injection of deuterated compound at t£ results in the elution of the 
component at t3 which is less than t\* That i s , t3»t2 is less than 
t i indicating a reduced retention. The dotted peak of Figure 2B 
indicates the elution time i f the front were absent as in Figure 2A. 
The difference in elution times, At, represents the effect of 
additional mass of the compound in question. More information is 
obtained when the front and the probe are not the same compound. 
Changes in retention in this case most li k e l y represent competition 
of the probe molecule and the front compound for similar sites on 
the adsorbent surface. As changes in retention are observed for the 
different probe compounds as various components of the front 
accumulate on the column, information can be gleaned about 
competition for adsorbent sites and, indirectly, about the sites 
themselves. A matrix of experiments was performed for each 
polymer, as described in the next section. The resulting 
information provides the basis for defining the actual sampling 
conditions. 

Materials and Methods 

A diagram of the apparatus used to study the polymers is shown in 
Figure 3. The polymer (40 to 60 mesh) was packed into a 2 mm i.d. x 
80 cm glass gas chromatographic column and held at a constant 
temperature in a Varian 3700 Gas Chromatograph (Varian Associates, 
Walnut Creek, CA). Tenax-GC was purchased from Alltech Associates, 
Applied Science Labs. A temperature was chosen that would allow 
elution of a l l probe molecules within 30 minutes. The use of 
different temperatures was assumed not to affect the adsorbent 
properties. Based on our earlier study, these polyimide materials 
have high glass transition temperatures (in excess of 280*C) and so 
should be in approximately the same physical state at 135*C as at 
ambient temperature. Detection was accomplished using an LKB 2091 
mass spectrometer (LKB, Bromma, Sweden) operated in the multiple ion 
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B) With organic front 
(same compound) 

Figure 2. 

J I 

t = 0 

Schematic Description of Dynamic Tracer Pulse 
Chromatography. Arrows at t=0 and t2 indicate 
injections of deuterated "pulse" compounds. The 
additional arrow in B indicates the in i t i a t i o n of the 
organic front. 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Pr
es

su
re

 
C
on

st
an

t 
Te

m
pe

ra
tu

re
 

R
eg

ul
at

or
 

H
um

id
if

ie
r 

—
) 

Fi
gu

re
 3

. 
Ex

pe
ri

me
nt

al
 
co

nf
ig

ur
at

io
n.

 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



280 INVERSE GAS CHROMATOGRAPHY 

detection mode. The carrier gas was helium and was used untreated 
for control experiments, humidified using a constant temperature 
humidifier to study the effects of moisture on retention, or passed 
through a bubbler to introduce a front of the non-deuterated organic 
probe compounds (approximately 100 nmoles/min) in the absence and 
presence of 90% relative humidity. Discrete pulses of the 
corresponding deuterated chemicals (approximately 5 fig each) were 
injected into the carrier stream at 0, 10, 20, 30, and 40 minutes. 
The frontal stream was begun at 10 minutes. Frontal streams 
containing a 10-fold increase in the concentration of one compound 
in the mixture were also used to isolate the effects of a particular 
compound on the retentions of the probe molecules. Each compound 
was elevated in turn. Frontal streams containing 10 and AO 
nmoles/min of each compound were also used to ensure that changes in 
retention measured with the high frontal levels were not 
manifestations of adsorben  capacity  Change  i  retentio  lowe
levels that are not see
clues to competitions tha
each pulse compound was chosen based on a plot of retention volume 
versus mass of each compound injected into a pure carrier gas stream 
as illustrated in Figure 4. A mass corresponding to the point on 
the curve where retention volume begins to decrease rapidly with 
increasing mass (arrow in Figure 4), should most readily show 
changes in retention because of competitions. The percent change in 
BV of the deuterated chemical was determined relative to an unspiked 
frontal stream, that i s , pure helium and no humidity. This 
technique was effective in demonstrating relative changes in BV of * 
5%. 

Results and Discussion 

When the outlined matrix of experiments was performed for each 
polymer, massive quantities of data were produced. For brevity and 
cla r i t y , the behavior of 2-butanone on Tenax-GC and PI-119 is 
detailed, and the behavior of the other compounds on these two 
polymers is summarized. The results for the other polymers are then 
summarized. The results provided information relevant to the 
questions posed at the beginning of this work: (a) does humidity 
alter the BV of analytes on polyimides and Tenax-GC; (b) is BV for 
an individual analyte altered by competition among analytes in a 
mixture for the adsorption sites; and (c) is there a variety of 
adsorption mechanisms and are these chemical-class related? 

Figures 5 and 6 show data for 2-butanone on Tenax-GC and PI-
119, respectively. In the figures, "% Deviation" refers to the 
change in BV as compared with the control (pure, dry helium). 
Therefore, a deviation of -10% means that the BV was decreased by 
10%, relative to the corresponding control pulse, as a result of the 
change in the system for that particular experiment. This method of 
reporting the data elucidates the time-dependence of the retentions 
of the probe compounds as compounds present in the front accumulate 
on the adsorbent thus helping to model the environmental sampling 
process. As an example, consider three compounds that, in any given 
pulse, elute in the order A, B, and C. The fronts would break 
through in the same order. For purposes of discussion, the 
retention of compound B w i l l be followed. Assume that an 
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Figure 4. Retention time as a function of mass for n-hexane on 
PI-119. Arrow indicates approximate level of compound 
chosen for use in the pulse. 
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Effects of Chemicals without Humidity 
10 -i — 

-50 -

A B C D E F G 

Effects of Chemicals with Humidity 
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Q -30-

-40-

-50-

-60-1 , , • . • ' ' 
A' B' C D' E' F' G' 

Experimental Conditions 

I 0 min 10 min Mffl 20 min 
I . I 30 min E£2 40 min 

Figure 5. Retention data for 2-butanone on Tenax-GC without (A) 
and with (B) humidity. Definition of letters on x-
axis: A- no organic fronts; B- equimolar fronts at 80 
to 100 nanomoles each/min; C- elevated ethanol; D-
elevated nitromethane; E- elevated n-hexane; F-
elevated 2-butanone; G- elevated benzene. 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



20. RAYMERETAL. Analyte Competition on Polyimide Adsorbents 283 

Effects of Chemicals without Humidity 

A B C D E F G 

Effects of Chemicals with Humidity 
10 H 

-60-> 1 1 1 1 1 1 — r 
A ' B' tf D' E' F' G ' 

Experimental Conditions 

IX I Omin 10 min ffiSKI 20 min 

I I 30 min E53 40 min 

Figure 6. Retention data for 2-butanone on PI-119 without (A) 
and with (B) humidity. Definition of letters on x-
axis: A and B as in Figure 5. C- elevated n-hexane; 
D- elevated benzene; E- elevated ethanol; F- elevated 
nitromethane; G- elevated 2-butanone. 
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increasingly negative X deviation, as determined by comparing the 
retention to the corresponding pulse in the absence of frontal 
compounds (control), is observed for B un t i l C breaks through the 
adsorbent bed. Subsequent pulses for B show no further decreases in 
retention. This suggests that compound C has a higher a f f i n i t y for 
the adsorbent than B and thus competes with B for surface sites. If 
there were no overlap in sites of interaction for B and C, the 
retention of B should be unaffected by C. Any competition of A with 
B can only be elucidated by raising the level of A in the front and 
repeating the experiment. Larger negative deviations for B in this 
case would suggest competitions with A also. In reality, B is more 
lik e l y to displace A from the adsorbent because B has a higher 
a f f i n i t y for the surface as reflected by i t s longer retention. 
Elution orders of the probe molecules were different on each 
adsorbent• 

Tenax-GC. For Tenax-G
order was: ethanol (1.
n-hexane (12.1 minutes), 2-butanone (13.9 minutes), and benzene 
(17.7 minutes). Referring to Figure 5A, only elevated levels of 
ethanol and benzene affect the retention of 2-butanone more than 
102. The observation that ethanol seems to compete to a small 
extent with 2-butanone is reasonable because they both are electron 
donors. The magnitude of this difference suggests that there is 
only a small overlap in preferred adsorption sites. However, notice 
that benzene competes strongly with 2-butanone, which suggests that 
ethanol and benzene interact with different portions of the sorbent 
molecule based on the magnitudes of the competitions with 2-
butanone. 2-Butanone tends to interact more with sites preferred by 
benzene than with sites preferred by ethanol. An increased level of 
2-butanone in the carrier stream (F in Figure 5A) affects the 
retention of 2-butanone to a lesser extent than either ethanol or 
benzene indicating that these interactions are chemical-class 
related and not simply a result of the increased mass of 2-butanone. 

Figure 5B indicates that the addition of water vapor to the 
carrier does not change the retention of 2-butanone to a large 
extent relative to the dry carrier. This is consistent with the 
known low aff i n i t y of water for Tenax-GC (2). Note that with 
applied humidity, the affect on the retention of 2-butanone 
associated with ethanol is no longer observed, and the effect of 
benzene on the retention of 2-butanone is somewhat less than when no 
humidity is present. This is consistent with the existence of a 
small overlap in sorptive sites for ethanol and benzene, and with 
the fact that water competes more effectively than either of these 
two compounds. The overall results suggest that, when sampling for 
2-butanone, high levels of a compound that experiences pi-pi 
interactions can reduce the BV for 2-butanone, and that water vapor 
has a relatively small effect. 

The retentions of n-hexane and benzene on Tenax-GC were also 
affected (reduced BV) by the presence of organic compounds in the 
carrier gas stream. n-Hexane appeared to be affected by increased 
levels of every component and was more affected by components with 
longer retentions; that i s , compounds with more a f f i n i t y for the 
adsorbent. This result suggests that n-hexane undergoes a 
relatively non-specific association with the surface. The mass of 
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adsorbed compound seems more Important than the type of compound. 
Humidity did not affect the retention of n-hexane and benzene to a 
significant degree. The behavior of benzene was essentially the 
same as that of n-hexane, only to a lesser extent; that i s , changes 
in retention were not as large as for n-hexane. It is logical that 
benzene would be less affected than n-hexane because of benzene's 
greater similarity to the structure of Tenax-GC (Figure 1). 

PI-119. The elution order of the probes on PI-119 at 135*C and 10 
mL/min carrier flow was: n-hexane (2.8 minutes), benzene (9.9 
minutes), ethanol (10.8 minutes), nitromethane (16.7 minutes), and 
2-butanone (13.3 minutes). Data for the retention of 2-butanone on 
PI-119 are shown in Figure 6. The presence of the organic compounds 
in the front greatly reduces the retention of 2-butanone, and this 
effect grows as more material accumulates on the adsorbent. 
Elevated levels of benzen
butanone (G) reduce the
compound-specific interactions. Figure 6B shows how humidity alone 
(A) reduces the retention of 2-butanone; the addition of organics in 
the front reduces retention more. Only elevated levels of ethanol 
(E) and 2-butanone (G) cause the retention of 2-butanone to decrease 
further (another 10%). The competition with benzene (D, Figure 6A) 
has been masked by humidity (D, Figure 6B). Through the comparison 
of Figures 5 and 6, i t is evident that water vapor is an important 
consideration in a sampling strategy u t i l i z i n g a polar adsorbent. 

The results for the other probes are not as dramatic. In the 
absence of humidity, the retention of ethanol was reduced 
approximately 10% more than the reduction observed for low level 
organics when benzene, nitromethane, and 2-butanone were elevated. 
The presence of water vapor masked these differences and resulted in 
retention volumes 30 to 40% lower relative to the control. The 
retention of n-hexane seemed more affected by the total amount of 
organics adsorbed, as was the case for Tenax-GC, than by increased 
levels of individual organic compounds. Water vapor only affected 
the retention of n-hexane approximately -10%. The behavior of 
n-hexane with and without water vapor suggests an interaction of 
n-hexane with the surface of the polyimide unhindered by the 
adsorption of water. Benzene showed a decrease (approximately 10% 
relative to organics alone) when benzene and 2-butanone were 
elevated. The addition of humidity caused a slight reduction 
(approximately 5%) in the retention of benzene and the addition of 
the organics caused further (5 to 10%) reductions. In this case, 
ethanol caused a reduction in benzene retention, whereas none was 
seen in the absence of humidity. This suggests that water modified 
the adsorbent surface such that ethanol then competed with benzene. 
Although the retention of nitromethane was reduced approximately 10% 
upon the introduction of water vapor, no dramatic effects on the 
retention of nitromethane were induced by any of the other probe 
molecules• 

PI-109. The elution order of the probe molecules on PI-109 at 135*C 
and 10 mL/min carrier flow was: n-hexane (4.8 minutes), ethanol 
(9.9 minutes), benzene (15.7 minutes), nitromethane (17.6 minutes), 
and 2-butanone (26.8 minutes). For n-hexane, humidity caused a 10% 
reduction in retention volume and none of the compounds, when 
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elevated, indicated any compound-dependent change. In the absence 
of humidity, the retention of ethanol was decreased approximately 
10%, relative to the fronts alone, when elevated levels of ethanol, 
benzene, nitromethane, or 2-butanone were in the front. The 
addition of water vapor caused a generalized decrease in the BV of 
ethanol between 20% and 30%. For benzene in the absence of 
humidity, small decreases in retention volume were seen as a result 
of elevated levels of the individual probe molecules, with the most 
pronounced decrease associated with 2-butanone. Upon the 
introduction of humidity, there was a generalized decrease in 
retention with no particular probe causing a change larger than any 
of the others. In this experiment, the retention volume of benzene 
was smaller (large negative % deviation) when only water vapor was 
introduced into the system than was seen when humidity plus organics 
was introduced. A possible explanation is that the adsorbent 
surface is modified substantiall
and that the compounds fro
surface and interact with the benzene as yet another modified phase. 
It is also possible that the compounds in the front displace water 
from some of the sites and mask the effect of only water. 

Deviations of 10 to 15% were observed in the retention of 
nitromethane when elevated levels of nitromethane and 2-butanone 
were introduced into the fronts with dry carrier. Similar effects 
were observed for the retention of 2-butanone with elevated levels 
of ethanol and nitromethane. The introduction of water vapor caused 
a 10 to 15% decrease in the retention volumes of nitromethane and 2-
butanone for a l l organic front configurations. The greatest effects 
on 2-butanone were induced by ethanol and 2-butanone, whereas there 
were no clear compound-induced changes in the retention of 
nitromethane. An i n i t i a l l y large decrease in retention for 
nitromethane and 2-butanone was measured when humidity alone was 
added to the carrier; as was the case with benzene, this decrease 
was less when the organic fronts were introduced. 

PI-149. The elution order of the probes on PI-149 at 120*C and 10 
mL/min carrier flow was: n-hexane (0.7 minutes), ethanol (7.7 
minutes), benzene (13.1 minutes), 2-butanone (19.4 minutes), and 
nitromethane (29.6 minutes). The investigation of retentions on PI-
149 indicated, as is the case for a l l polyimides, that water vapor 
causes a reduction in retention volumes relative to the no humidity 
situation. The only evident changes in retention, as a result of 
the elevation of one compound in the front, was observed with 
benzene after the elevation of benzene, 2-butanone, or nitromethane. 

PI-115. The elution order on PI-115 at 90*C and 10 mL/min carrier 
flow was: n-hexane (0.9 minutes), benzene (5.1 minutes), ethanol 
(16.5 minutes), 2-butanone (10.7 minutes), and nitromethane (30.8 
minutes). PI-115 showed large changes in i t s behavior with the 
introduction of humidity. The behavior of benzene is interesting in 
that the retention increased (positive % deviation) from the pulses 
at 0 and 10 minutes, then decreased. This behavior is reproducible 
because the same trend was observed in each experiment. Benzene, 
ethanol, and 2-butanone caused the largest negative % deviation 
values with 2-butanone, causing a maximum negative deviation at 40% 
for the pulse at 40 minutes. This increasing then decreasing 
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retention trend was observed for humidity alone and in conjunction 
with the organic fronts, which suggests that benzene can displace 
water, and is thus retained longer. When a polar, longer retained 
compound migrates through the adsorbent bed, i t displaces water and 
benzene, resulting in the reduced retention volume from subsequent 
pulses. The fact that this was not observed with PI-149 indicates 
the power of this technique to elucidate subtle aspects of the 
polymeric materials. The BVs for ethanol were decreased 50 to 60% 
and the largest effect was seen as a result of an increased ethanol 
level. For 2-butanone, the retention volumes decreased u n t i l a l l 
values were decreased by the 40 minute pulse. Benzene, ethanol, and 
2-butanone caused the largest decreases in retention (-45% to -50% 
relative to the no-humidity case). Elevated levels of ethanol, 2-
butanone, and nitromethane caused 35% to 40% reductions in the 
retention volume of nitromethane. 

Conclusions 

The dynamic tracer pulse technique used in this work facilitates the 
study of BV and how BV might be altered because of high levels of 
organic compounds or humidity. Based on competitions of the 
various, selected probes, cursory information about surface sites 
can be obtained for a prospective adsorbent; such information is 
especially useful for multifunctional polymers. This technique can 
also permit the fine tuning of the environmental collection strategy 
through the examination of retentions on mixed adsorbents or 
multiple adsorbent beds. The use of dynamic TPC with the polyimides 
demonstrated that these materials are more sensitive, in terms of BV 
of the tested probe molecules, to the effects of humidity than is 
Tenax-GC. 
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Chapter 21 

Inverse Gas Chromatography of Coals and 
Oxidized Coals 

P. H. Neill and R. E. Winans 

Chemistry Division, Argonne National Laboratory, 9700 South Cass 
Avenue

Inverse gas chromatography using methane as a probe is 
used to determine the physical and chemical alterations 
that coals and oxidized coals undergo as they are 
heated from 50 to 450°C. At temperatures less than 
120°C retention is dominated by water in the pore 
structure of the sample. In the intermediate temper
ature region between 120°C and 350°C pyrolysis high 
resolution mass spectrometry is used to assign the 
small transitions that are observed to the loss of 
small amounts of volatile matter. Giesler plastometry 
and microdilatometry results are used to show that 
massive disruption of the coal structure occurs at 
temperatures above 350°C. The starting temperature and 
the sorption enthalpy are found to vary in a linear 
manner with the carbon content and degree of oxidation 
of the coals in this region. 

Previous papers (1-4) have documented results relating to the 
application of inverse gas chromatography (IGC) to coals and air 
oxidized coals. This paper summarizes results pertaining to the 
reproducibility of this IGC application, documents the use of IGC 
in monitoring the effect of air oxidation on coal f l u i d i t y , and 
compares the results via those obtained with pyrolysis mass 
spectrometry and Giesler plastometry. 

The objective of this study is to develop IGC as a method of 
elucidating the chemical and physical changes that coals undergo in 
varying storage environments. It is known that minor changes in 
the structure of coal can affect changes in pl a s t i c i t y when a coal 
is heated. However, the techniques traditionally used to measure 
plasticity, such as Giesler plastometry and dilatometry, do not 
yield information that can be used to understand the underlying 
chemical and physical changes in the coal structure. It is 
believed that IGC shows promise in providing missing information. 

0097-6156/89/0391-0290$06.00/0 
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Two general categories of change are of special interest. The 
f i r s t category is the effect of weathering on high temperature 
f l u i d i t y . It is known that minor oxidation of the coal drastically 
decreases i t ' s a b i l i t y to undergo a f l u i d transition (5.6). The 
reason for this is not known. One widely held belief is that the 
oxidation process significantly increases the cross-link density 
and simultaneously removes labile hydrogen, which is needed to 
stabilize the free radicals formed in the fluidization process. 
The second category includes the possible non-oxidative changes 
that may occur when a coal is stored for a long time in an inert 
atmosphere. Since pristine samples were unavailable in the past, 
there is no direct evidence that these changes occur. However, one 
could speculate that since coal is a viscoelastic material that was 
formed and stored for millions of years under great physical 
stress, the release of this stress would allow a slow migration to 
a lower energy configuration
may be observable in th

In contrast to classical GC, IGC probes the stationary phase, 
in this case a coal, by determining the retention volume of known 
compounds. The term inverse chromatography was f i r s t applied by 
Davis and Peterson (7), who u t i l i z e d IGC to determine of the degree 
of oxidation of asphalt. In later work, the experiments were 
extended to include measurements of thermodynamic properties (8). 
Because of their results with oxidized asphalt, IGC may be a good 
candidate for investigating coals. 

IGC, although a relatively new method, has been widely applied 
in the characterization of polymers (9-13). Specific applications 
include measurement of glass transition temperatures (14), the 
degree of c r y s t a l l i n i t y (15), melting point (16), thermodynamics of 
solution (12) and chemical composition (7.8). IGC has also been 
applied to dried coals at temperatures less than 85°C to determine 
the enthalpy for sorption of methane and oxygen (18). Methane 
sorption enthalpies ranged from 4.4 to 0.9 Kcal/mole for 
Czechoslovakian coals containing 90.7 to 83.3% carbon on a dry, 
ash-free basis. 

Two types of information are provided by the IGC experiment. 
The slope of a plot of the log of the retention time versus the 
inverse of the temperature is proportional to the enthalpy of 
retention for the probe molecule on the coal. This is a thermo
dynamic measure of the strength of the interaction between the 
probe molecule and the coal. The temperatures at which major 
changes in slope are observed represent the points where the 
mechanism of retention has changed, indicating that a significant 
change in the chemical or physical structure of the coal has 
occurred. 

Materials and Methods 

The compositions of each coal used in this study is shown in Table 
I. The conditions under which these pristine samples were 
collected and prepared have been reported previously (19). The 
weathered Upper Freeport sample was exposed to air and sunlight at 
room temperature for four weeks, while the oxidized coal was heated 
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at 1 0 0°C for 9 0 h. A l l of the - 1 0 0 mesh samples were thoroughly 
mixed with non-porous - 6 0 to - 4 0 0 mesh glass beads to give a mix
ture approximately of 1 0 wt-% coal. A blank experiment u t i l i z i n g 
only glass beads yielded an effective slope of zero, indicating 
that adsorption of methane on the non-porous glass beads was min
imal. The six foot by 1 / 4 inch glass columns were packed with 
approximately 3 0 grams of the mixture. A l l transfers and weighings 
were performed in a glove box under a nitrogen atmosphere. 

Table I. Composition of Coals Studied 

Coal 

Upper Freeport mv Bituminous (APCS # 1 ) 8 5 . 5 ^100^66^1 . 5^0 . 3^6 .6 

I l l i n o i s Herrin seam hvC Bit. (APCS # 3 ) 7 7 . 7 C 1 0 0 H 7 7 N 1 . 5 S 1 . 2 ° 1 3 . 0 

Pocahontas l v Bituminous (APCS # 5 ) 9 1 . 0 C I O O H S Q N I . Z S O . Z O Z . O 

Bruceton hvA Bituminous 8 2 . 3 ^100^78^1 . 6^0. 3O9.3 

Oxidized Upper Freeport 7 2 . 9 C 1 0 0 H 7 3 N 1 . 5 S 1 . 2 ° 2 0 . 0 

Dry, Mineral-Matter-Free Basis 

A diagram of the experimental apparatus is provided in Figure 
1 . The Perkin-Elmer GC was equipped with a single flame ionization 
detector and was capable of operating at temperatures below 4 5 0 ° C . 
The injector was a computer controlled Carle gas sampling valve in 
a thermostated box. Flow control was provided by two flow con
trollers the f i r s t with a 0 to 5 mL/min element and the second with 
a 0 to 6 0 mL/min element. The second controller was connected to 
the injector through a computer-controlled solenoid. A l l facets of 
the experiment were controlled and the data analyzed, using an IBM 
PC computer. 

A flow diagram of the IGC experiment is shown in Figure 2 . 
The experiment began with an i n i t i a l equilibration period of at 
least 2 4 h, during which the flow rate of the helium carrier gas 
was cycled between i t ' s chromatographic rate of 1 mL/min and the 
higher rate ( 3 0 mL/min). The higher flow rate was used to speed 
the removal of volatile matter from the column after each temper
ature increment. The probe, 10% methane in argon, was injected 
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Methane/Argon Probe Gas 

Flow Controller 1 Carle Injector Valve 

FID Detector 

Coal Packed 
Column 

Figure 1. Experimental apparatus for inverse gas chroma
tography experiment. 

Equilibrate Column 
I 

Inject Sample 
Oollect Data 

Increment Temperature 

Check Baseline -

High/Low Flow Sequence 

Data 

Figure 2. Flow diagram of inverse gas chromatography experi
ment. 
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into the column and i t s retention time determined at a specific 
temperature. In the experiment, duplicate chromatograms were 
obtained in four degree increments between 50 and 450°C. After 
each temperature increment, the baseline signal was determined and 
compared to the baseline at the previous temperature. If i t had 
increased more than 10%, the solenoid isolating the second flow 
controller was opened, thereby increasing the rate at which the 
coal volatile matter was purged from the column. Even with 
increased flow rate, an IGC experiment could take up to a month. 
The injector was held at 100°C and the detector at 400°C. 

The pyrolysis high resolution mass spectrometry (PyHRMS) 
technique has been described in detail previously (20). Briefly, 
the coal sample was placed on a platinum rhodium mesh on the end of 
a probe as a slurry. After the solvent had evaporated, the probe 
was inserted into the mass spectrometer and positioned within 5 mm 
of the source. The probe  which had bee  previousl  calibrated 
with an infra-red thermometer
temperature profile beginnin
to 800°C. The precise masses were matched to their corresponding 
chemical structures by computer programs developed in-house. This 
technique results in the relatively slow vacuum pyrolysis of the 
coal sample. 

Giesler p l a s t i c i t y measurements on the coals were obtained 
using the ASTM procedure D2639-74. 

Results and Discussion 

The results from the IGC experiment on Upper Freeport Coal (APCS 
No. 1) are presented in Figure 3. There are three retention mech
anisms li k e l y to affect the IGC results. These mechanisms include 
molecular sieving, surface adsorption, and the dissolution of the 
probe in the stationary phase. The observed retention behavior 
results from the combination of the effects operating under the 
given conditions. The specific retention volume, Vg, is given by 
the sum of the retention terms in Equation 1: 

where Kd, KG, and Ks are the partition coefficients for gas-pore, 
gas-solid, and gas-liquid partition, respectively; VL is the 
accessible pore volume; AL is the accessible surface area; and WL 

is the accessible mass of the stationary phase. It is primarily 
the physical state of the stationary phase that determines the 
retention mechanism. The retention volume is related to the free 
energy or enthalpy of adsorption as follows: 

Thus, plot of log V r e t versus 1/T gives a slope proportional to Ha. 
Changes in the thermodynamics of retention result in the discontin
uities in the curve in Figure 3. 

The plot of the log of the retention time versus the inverse of 
the temperature in Kelvin is divided into three general regions 

Vg - KdVL + K0AL + KSWL, (1) 

AHa cc 51nVg/5(l/T), (2) 
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based on the slope of the curve. The f i r s t major transition indi
cated by the significant change in slope is normally found between 
100 and 120°C. It is believed that this transition is caused by 
the dehydration of the pore structure of the coal. This change in 
slope indicates that the way the methane probe molecule interacts 
with the wet coal, or the mechanism of retention, is different 
enough from that of the dry coal to produce the observed deviation 
in the curve. In the intermediate temperature region (approxi
mately 115° to 350°C) a relatively constant slope is observed, 
indicating that the retention mechanism for the methane probe 
molecule does not change significantly. However, above 200°C, a 
large number of small transitions are encountered that do not 
result in a major deviation from the prevailing slope. It is 
believed that these deviations are due to the loss of volatile 
matter occluded within the coal structure. The loss of relatively 
minor amounts of materia
retention time, which ar
modify the overall mechanism of retention significantly. At 
temperatures greater than 350°C, there is a marked change in the 
slope, indicating a major change in the mechanism by which the 
methane probe is retained by the coal. 

Other researchers using a variety of methods have observed 
transitions. For example, differential scanning calorimetry 
studies by Mahajan et a l . (21) showed two endotherms in the 300 to 
400°C range that appear at increasing temperatures with increasing 
coal rank. Patrick, Reynolds, and Shaw (22) observed a transition 
to completely anisotropic material in the temperature range between 
370 and 420°C in optical anisotropy experiments using vitrains with 
carbon contents <89%. In addition, several researchers (23) have 
reported that, after heat treatment, both the amount of pyridine-
soluble material and the average molecular weight of the material 
reach a maximum between 300 and 350°C. This also corresponds to 
the temperature range in which Giesler Plastometer results indicate 
that the coal is in a f l u i d state. 

The reproducibility of the IGC technique is shown in Figure 4, 
where the results from duplicate experiments using I l l i n o i s Herrin 
Seam hvcB are presented. The results from the two experiments are 
similar. Not only do the major transitions occur at the same tem
peratures, but many of the minor transitions are reproduced as 
well. The two curves appear to be most dissimilar in the low tem
perature region. The low temperature region is where i t is 
believed that changes in retention are dominated by water in the 
coal; thus, the results are most sensitive to variation in sample 
handling. The minor transitions in the intermediate temperature 
region (120 to 300°C) are reproduced accurately. Both curves show 
minor transitions at approximately 190, 230, and 285°C. The 
temperature of the major transition appears to be similar for the 
two experiments. An exact assignment of the temperature of this 
transition in experiment two is impossible because of a problem 
with the data system, which resulted in the loss of data between 
300 and 326°C. In the higher temperature region (>326°C), repro
ducible transitions occurred near 380 and 420°C. The enthalpies 
of sorption were very similar and within the calculated precision 
of the data, as shown in Table II. 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



296 INVERSE GAS CHROMATOGRAPHY 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



21. NEILL & WINANS IGC ofCoals and Oxidized Coals 297 

TABLE II. Enthalpies of Sorption in Kcal/mole for the Three 
Temperature Regions* 

50 to 100°C 100 to 300°C 350 to 450°C 
Coal Very Low Temp. Low Temp. High Temp. 

Region Region Region 

Upper Freeport mv 2. 9±0. .5 1.93±.07 2.510.4 

Upper Freeport 
(weathered) 

4. 0±0. .2 1.971.04 7.710.4 

Upper Freeport 
(oxidized) 

3. 5±0. .2 1.98±.02 4.910.2 

Pocahontas l v Pocahontas l v 

Bruceton hvA 1. 6±0. .2 1.96±.04 7.710.4 

I l l i n o i s Herrin (1) 4. 010. .3 2.00±.16 4.910.5 

I l l i n o i s Herrin (2) 4. 3±0. .3 1.901.15 5.110.5 

+ Temperatures indicated are approximate; the actual boundaries 
were determined by the temperature of the actual transitions in 
the specific experiment. 

* Pocahontas coal exhibited a negative slope in this region for 
some unknown reason. 

The temperature at which the major transition peak occurs for 
each of the coals is plotted against the percent carbon in Figure 
5. This peak marks the start of the high temperature region in 
each of the experiments. This transition can be seen i n Figure 3 
just above 350°C for the Upper Freeport coal; in Figure 4, just 
below 326°C for I l l i n o i s Herrin seam hvcB; and in Figure 7 at 
approximately 370°C for the Pocahontas coal. The limited number of 
samples studied precludes stating that a correlation exists; how
ever one is safe in assuming that a trend is indicated. 

The enthalpy of sorption for each of the coals plotted versus 
carbon content is presented in Figure 6. The data were derived 
from a least squares linear regression of the IGC data taken above 
the temperature of the major transition. As with the temperature 
of the major transition, a trend is definitely indicated. However, 
several of the enthalpies are unrealistically high. This is prob
ably due to loss of volatile matter from the coal in this tempera
ture region. Since the actual mass of coal in the column at each 
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Figure 6. The enthalpy for the high temperature region (350 to 
450°C) versus carbon content (dry mineral matter free basis). 
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injection temperature could not be determined, Vg could not be 
calculated, leading to the erroneously high value of AH. 

Figure 7 compares the results from the IGC experiment with 
results obtained from PyHRMS for Pocahontas coal. Although the 
pyrolysis was started at 100°C, the total ion current signal (TIC) 
below 208°C was dominated by an internal standard added to the 
coal. Other experiments indicate that l i t t l e material of molecular 
mass >31 amu is released below this temperature. Above 208°C 
minor transitions in the IGC curve become numerous. This indicates 
that these minor transitions in the IGC are represent losses of 
volatile material. The maximum TIC is observed at a temperature 
close to that of the major transition, in the IGC experiment. At 
temperatures above the major transition the TIC curve indicates 
that the release of volatile material begins to decrease 
significantly. 

A comparison betwee
with results obtained vi
Figure 8. The marked increase in retention volume that indicates 
the start of the third region correlates well with the i n i t i a l 
softening temperature. For the coals investigated thus far, the 
transition is observed in the IGC 10 to 15°C before the i n i t i a l 
softening temperature. 

Microdilatometer results can also be correlated with a non-
pristine coal, Bruceton hvA bituminous (24). As shown in Figure 9. 
the softening temperature (T8) corresponds to a second minor trans
i t i o n within the high temperature region. Contraction temperature 
(T c) occurs at the steepest part of the high temperature transition 
curve in the IGC. 

Figure 10 illustrates the effect of air oxidation on the IGC 
pattern for Upper Freeport coal. Weathering and high temperature 
oxidation do not seem to have much effect on the lowest temperature 
transition, although i t may be reduced in intensity by the action 
of the two processes. This is understandable i f one considers the 
fact that both the oxidized and weathered samples have been exposed 
to significantly less humidity for varying periods of time. The 
intermediate temperature region is similar for each of the four 
samples, as evidenced by the heat of adsorption data presented in 
Table II. For a l l practical purposes, the heat data reported are 
the same for a l l the samples in this temperature range. The main 
differences in the IGC for these three samples are in the high 
temperature region where the most drastic chemical changes are 
expected to occur. This region is expanded in Figure 11. The 
unoxidized sample shows a pattern similar to that observed with 
other non-oxidized samples, which indicates that the coal has 
become fl u i d . The weathered sample seems to undergo the same 
transition. However, the heat of interaction between the probe 
molecule and the coal is reduced significantly. Thus, one can 
conclude that the degree to which the transition occurs has been 
reduced by weathering. This conclusion agrees with the generally 
held belief that even minor oxidation of the coal increases the 
degree of cross-linking in the coal structure, reducing the coal's 
a b i l i t y to become fl u i d . 

The most drastic change in this region is observed in the 
oxidized sample. There is l i t t l e change in the heat of interaction 
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Figure 7. Comparison of inverse gas chromatography and pyroly
sis high resolution mass spectrometry experiments for Pochontas 
lv bituminous coal. 
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Figure 8. Inverse gas chromatography of Upper Freeport Mv coal 
compared with the Geisler plastometer results from the same 
coal ( IGC Geisler). 
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Figure 9. Comparison of inverse gas chromatography data from 
the Bruceton coal with microdilatometer measurements of a coal 
from the same seam (data from ref. 24). 
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Figure 10. Comparison of inverse gas chromatography experi
ments on the Upper Freeport coals that have undergone various 
oxidative treatments. 
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Figure 11. Expanded view of the high temperature region in 
Figure 10. 
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between the intermediate temperature region and the high temper
ature region (3 kcal/mole). This result indicates that the cross
link density was raised high enough that the coal no longer under
goes a f l u i d transition. 

Overall, IGC appears to be a reproducible method for following 
the chemical and physical changes that occur when coals are heated 
in an inert atmosphere. Differences in the transition temperature 
and enthalpies of sorption can be observed for coals of various 
rank. PyHRMS results indicate that the minor transitions observed 
in the intermediate temperature region are a result of the loss of 
volatile matter from the coal. 
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Chapter 22 

Modified Frontal Chromatographic Method 
for Water Sorption Isotherms 
of Biological Macromolecules 

Seymour G. Gilbert 

Food Science Department, Cook College, Rutgers, The State University, 
New Brunswick, NJ 08903 

The conventional invers
based on equation  equilibriu
ed during the course of the chromatograph. Consequent
l y , those stationary phases that exhibit marked hystere
sis in sorption/desorption give IGC sorption data at 
considerable variance with long-term gravimetric 
methods. A modified frontal procedure was developed 
that avoids the assumption of equilibrium to enable 
studies of interaction kinetics of gas phase components 
with a stationary phase, such as a biopolymer, having 
entropic as well as enthalpic relations affected by 
concentration shifts and time dependent parameters. 

Methods for determining sorption isotherms by gas chromatography 
have been published by various authors(.1-5.). The methods used have 
been elution and frontal chromatography. The f i r s t combines 
sorption and desorption so that any hysteresis in the equilibrium 
transport from gas to stationary phase and back to the gas phase 
can produce corresponding errors. The Kiselev-Yashin equation, as 
shown in Figure 1, 

A = (Mp/m)(x/y) (1) 
A = partition in g/g solute/solvent 
Mp = mass solute input 
m • mass solvent 
x = prepeak area 
y • peak area 

does not necessarily correct for non-linear, non-equilibrium 
chromatography, despite the partial cancellation of errors in 
desorption by use of prepeak area ratio to peak area ratio. Since 
time is part of the area calculation, any diffusional or other 
kinetic factors may induce errors (6.). 

The use of frontal chromatography would appear to avoid the 
errors produced by hysteresis in that the sorption and desorption 
processes can be separated in time. An extensive study of this 
method for water sorption, using freeze-dried coffee as a 

0097-6156/89/0391-0306$06.00/0 
• 1989 American Chemical Society 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



22. GILBERT Water Sorption Isotherms of Biological Macromolecules 307 

where: 

A • point ol injection 
B • point of emergence of unsorbed peak (air) 
C • point of emergence of probe peak 
X = prepeak area 
Y « peak area 
h «• height of peak 

Figure 1. I l l u s t r a t i o n of Pulse Analysis. 
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stationary substrate, was conducted by Apostolopolous and Gilbert 
(7.)* and a study on desorption on starch and sugars was conducted 
by Paik and Gilbert (&). 

Paik and Gilbert found discrepancies between frontal IGC for 
sorption compared to a static method that used a long-term water 
sorption from saturated salt solutions (Figure 2 ) . They also showed 
that i f a sufficiently high temperature rise was used, following 
apparent complete desorption, the area formed from the temperature 
pulse adds the strongly bound water to the eluate to provide a 
correction factor for the difference between water sorption by the 
static weighing and dynamic IGC frontal methods (Figure 3 ) . 
Apostolopolous and Gilbert (7.) showed that the divergence was great
est at the lowest temperatures and lowest mass absorbed (maximum 
bound water conditions), and least divergent at high temperature 
and high mass sorbed. Gilbert (9.) designated the high water content 
region at low temperature as the clustered water region i d e n t i f i
able with free water
of low molecular weigh

In this case, the cluster integral of Zimm and Lundberg (10) 
for water-water interactions is high enough to approach the vapor 
pressure of pure water as a limit and fugacity equal to 1. 

At lower water contents, the water vapor pressure is the sum 
of the fugacities of water at a l l sites. This sum includes d i f f e r 
ing enthalpies of the f i r s t water molecule sorbed and that of any 
clusters of water at such sites. The same fugacity average can be 
obtained from a number of combinations of the degree of hetero
geneity, the frequency distribution of such enthalpies and total 
number of such sites per unit of solid phase. 

Desorption w i l l differ from sorption in proportion to the 
degree and distribution of such heterogeneity of enthalpies since 
the entropic relations are different in a solid, depending on the 
direction of the concentration gradient as i t affects the kinetic 
factors of density and diffusivity within the matrix. 

These considerations are particularly important for non-linear 
or concentration dependent relations and non-equilibrium condi
tions, such as those found in chromatographic systems showing 
markedly skewed peaks (6.). As these authors have shown, there is no 
identifiable solution to the problem of the thermodynamic propert
ies of the highly skewed chromatogram peak. Thus, the elution 
method is only valid for equilibrium chromatography. 

Biologically derived macromolecules are highly heterogeneous 
in site distribution from composition differences in monomers and 
where amorphous/crystalline regions are present. The differences 
previously found in sorption are related to the difference in 
equilibrium time for static and chromatographic methods ( 8 ) . 

A method to circumvent this dilemma was sought by Ferng (11). 
An extensive and detailed study of static sorption methodology was 
f i r s t conducted to provide a basis of reproducible data for starch
es of different macromolecuiar structure. This was followed by stud
ies of sorption isotherms by IGC with different GC conditions 
including zero loads with empty and supposedly inert support 
material (diatomaceous earth). The data showed that the response of 
the thermal conductivity detector (TCD) to controlled chromatograph
ic conditions of temperature, flow rate, and partial water vapor 
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Figure 2. Sorption Isotherm of Corn Starch Determined at 25°C by 
St a t i c Method. 
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Figure 3. Sorption Isotherm of Starch Determined at 25°C by 

Modified Frontal Analysis and Frontal Method. 

In Inverse Gas Chromatography; Lloyd, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



310 INVERSE GAS CHROMATOGRAPHY 

concentration was highly reproducible and linear with mass and 
temperature. Thus, the area response discrepancies were produced by 
incomplete elution. This conclusion was reinforced by using a pulse 
of high temperature to desorb the water from sites of high negative 
enthalpy of binding (Figure 4). Under these conditions, the mass/ 
area ratio (Ka) of eluted solute of empty, blank and substrate 
loaded columns were equal (Figure 5)• 

When coated or highly dispersed starch substrates were used to 
reduce diffusivity effects, the mass/area ratio of the prepeak 
region of the chromatogram was equal to that of the peak area in 
the low mass region, reaching a plateau with no change in area as 
the substrate became saturated for a highly dispersed, freeze 
dried high amylose starch. 

When three dimensional particles were used instead of coat
ings, the diffusional and structural kinetics showed marked d i f f e r 
ences in the rates o
regions of partitio
sorbed). Thus, the fundamental assumption of the Kisele  Yashin 
equation that the mass/area ratio was equal for prepeak and peak 
regions was not met, and agreement with static data was fortuitous 
at best. 

The same considerations apply to the prepeak area of the 
frontal method. The eluted peak represents the unabsorbed mass, 
which is proportional to the integration of the advancing front 
over elution time. However, there is an error from incomplete elu
tion reducing the prepeak area, since the response height was 
asssumed to be equal to the water vapor pressure in equilibrium 
with a specific amount of water in the solid phase in the deriva
tion of equation (1). The error then is proportional to the hystere
s i s , since the water in the solid phase is equivalent to a higher 
vapor pressure i f equilibrium has been attained. A mass balance 
approach was developed that used a defined input mass with the non 
sorbed water mass calculated from the front peak area and sorption 
by difference (12). This produced agreement at the lower concentra
tion stage of the isotherm since the uneluted mass was accounted 
for. The d i f f i c u l t y was that a large number of mass increments was 
required to determine a strong non-linear (for example, sigmoid) 
isotherm. This increased the operating time and complexity of the 
method, as did the Paik and Gilbert procedure (.8). 

Since the product of flow rate, time and concentration equal 
the input mass, a constant input concentration permits the calcula
tion of mass from either time or retention volume. Empty columns 
provide an essentially constant ratio of input mass to time at 
constant flow rate with the concentration of water vapor fixed by 
the temperature of the carrier gas saturated with water vapor (100% 
RH or Aw of 1 see Figure 6). This state can be achieved with 
substrates that do not dissolve in water when saturated (for 
example, starches and many proteins), or when the relative humidity 
is constant but insufficient to allow uptake to produce a highly 
multilayered or clustered water state in the substrate equivalent 
to a continuous water phase or solution. This condition requires a 
source of humidified gas as in (7.)* The sorption isotherm equation 
is then given by 

A - (tcKt - Yc Ka)/m (2) 
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Figure 4. Concentration P r o f i l e Formed During Operation of 

Modified Frontal IGC. 
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Pc = (hc/ho)Po or (he/ho) = Aw 
where: Ka » (mass/area) constant 

Kt = (mass/time) constant 
t c • time at defined height he • f ( P l ) 
Yc = area of peak at t c 
Pc - water vapor pressure at t c 
ho • maximum height at s a t u r a t i o n = f(Po) 
Po • s a t u r a t i o n vapor pressure of water 
PI = e q u i l i b r i u m vapor pressure at a s p e c i f i c water 

content i n the s o l i d phase 
he = response height at a s p e c i f i c f r o n t a l time, t c , and 

peak area, Yc. 
A = mass of sorbed s o l u t e (water) i n s t a t i o n a r y phase at 

time, t c . 
When h y s t e r e s i s produces a water vapor pressure (Pd) f o r 

desorption at a s p e c i f i
ed Pc, the peak area c a l c u l a t e
area d i f f e r e n c e p r o p o r t i o n a l to (Pd-Pc)tc. The t o t a l mass entered 
i n t o the column at t c i s the product t c K t , which increases to the 
saturated s t a t e response at s a t u r a t i o n or Aw=l. The d i f f e r e n c e 
between t h i s t o t a l mass and that r e l a t e d to the e l u t e d peak area i s 
given above as the mass of water sorbed at Pc. 

The a c q u i s i t i o n and manipulation of the modified f r o n t a l 
chromatogram i s f a c i l i t a t e d by i n t e r f a c i n g the GC system response 
to an appropriate computer system that provides high speed storage 
and i n t e g r a t i o n of data from the d e t e c t o r . An appropriate set of 
algorithms a l l o w f o r conversion of the raw data i n t o s o r p t i o n 
isotherms w i t h f u r t h e r c a l c u l a t i o n of the appropriate thermodyna
mics and c l u s t e r d i s t r i b u t i o n f u n c t i o n s (Figure 7 ) . C a l c u l a t i o n of 
c u r v e - f i t t i n g constants permit s t a t i s t i c a l e v a l u a t i o n of complex 
isotherms by determining the variance of such constants (11 and 
12). 

A complete s o r p t i o n isotherm i s obtained w i t h i n two hours w i t h 
t h i s combination of GC and microprocessor. I f the substrate i s 
st a b l e under the GC c o n d i t i o n s , a f a m i l y of isotherms can be produc
ed w i t h i n two days or w i t h i n one i f automated to operate on a 
24-hour day. A r e p r e s e n - t a t i v e chromatogram i s shown i n Figure 8. 

K i n e t i c f a c t o r s can be present and dominate s o r p t i o n r a t e 
(desorption of c r y s t a l s t r u c t u r e , chain f o l d i n g or u n f o l d i n g , and 
s t r u c t u r a l s h i f t s on s w e l l i n g ) . In such cases the dis c r e p a n c i e s 
between s t a t i c and IGC methods r e f l e c t the t i m e - r e l a t e d d i f f e r e n c e 
and not concentration dependency of the isotherm (13). The suggest
ed procedure w i l l not r e s o l v e such d i f f e r e n c e s unless s u f f i c i e n t l y 
low flow r a t e s are used. These d i s c r e p a n c i e s are of great impor
tance i n t i m e - r e l a t e d s t u d i e s , i n c l u d i n g storage l i f e s t a b i l i t y 
under d i f f e r e n t environments, as provided by packaging systems of 
d i f f e r e n t p e r m e a b i l i t y to water vapor. Some of the p o s s i b l e a p p l i c a 
t i o n s of t h i s new method were discussed i n another study (14). 
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interaction parameter, 199,200/ 
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Composite materials—Continued 
parameters of performance, 185 
structures of thermoplastic resin used for 

adhesion studies, 218-219 
Computer simulation of processes during 

inverse gas chromatography 
analysis of peak asymmetry, 42 
characteristic parameters, 37 
comparison of simulation and experiment, 

39-44 
conclusions, 44 
demonstration of instant equilibrium, 39 
demonstration of nonequilibrium, 40 
dependence of peak behavior on flow 

rate, 39/ 
determination of probe partition at 

equilibrium at various flow rates, 41 
determination of statistical moments

41-42,43/ 
determination of width ratios, 39/ 
elution time, 36 
experiments with acetone on uncoated 

supports, 42,43/44 
gaseous diffusion, 35 
input variables for chromatographic 

processes, 35 
materials and methods, 37 
measure of peak asymmetry, 35 
partitioning of probe between phases, 35 
ratio of half widths, 36 
reduced values of peak parameters, 40/ 
results, 36-37 
retention caused by surface adsorption 

dependence on probe mass for various 
values of distribution coefficient, 38/ 

equations for infinite dilution, 37 
Conventional gas chromatography 

activity coefficient of a component, 22 
applications, 20 
excess enthalpy of mixing, 23 
excess free energy of mixing, 22 
gas-liquid chromatography, 21 
gas-solid chromatography, 21 
mechanisms of gas-solid interaction, 21 
specific retention volume, 21—22 
theory, 21-23 
typical gas chromatogram, 24/ 

CPTMS, See 3-Chloropropyltrimcthoxysilanc 

Decane, retention diagram, 27/ 
Diffusion above glass transition 

analysis of diffusivity data for poly(mcthyl 
methacrylate)-methanol system, 100 

apparent activation energy, 100 
diffusion coefficients of solvents in 

poly(methyl methacrylate) at various 
temperatures, 98/ 

Diffusion above glass transition—Continued 
glass transition temperature of 

poly(methyl methacrylate), 98,100 
parameters for diffusion of various solvents 

in poly(methyl methacrylate), 100/ 
retention volume vs. temperature for 

poly(methyl methacrylate)-methanol 
system, 98,99/ 

solvent and temperature dependence of 
diffusion coefficient, 100 

Diffusion below glass transition 
methanol in poly(methyl methacrylate), 105/ 
use of free-volume theory, 103 

Diffusion coefficient(s) 
Arrhenius representation of dependence on 

temperature, 103,105/ 
calculation, 79-80 

molar volume of solvent, 103,104/ 
determination from experimental data, 90-91 
disadvantage of measurement by conventional 

method, 90 
measurement by capillary column IGC, 

87-105 
measurement for solutes with low 

diffusivities, 91 
Donor number, 194,219 

Elution behavior 
computer simulation, 33-44 
theory, 122-123 

Elution curves 
analysis based on statistical moments, 34-35 
asymmetry, 42 
center of gravity of peak, 34-35 
determination of elution time, 34 
equation for radical diffusion, 34 
time at position of peak maximum, 34 
traditional analysis, 34—35 
van Deemter equation, 34 

Elution peak 
asymmetry, 36 
equations for traditional analysis, 36 
information from analysis of shape and 

position, 33 
Ethylbenzene column retention behavior 

in poly(2,6-dimethyl-l,4-phenylene 
oxide), 141,142/ 

in polystyrene-poly(2,6-dimethyI-
1,4-phenylene oxide), 141,142/" 

Experimental techniques for inverse gas 
chromatography, 12—19 

measurement of retention time, 18 
preparation of capillary columns, 15-17 
preparation of fiber columns, 15 
preparation of packed columns, 13-15 
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F 

Family plot regression, 264-272 
Family retention plots, 267,268/,270/-271/ 

applications, 272 
effect of aromatic content of solvents, 272 

Fiber columns 
application, 15 
conditioning, 15 
construction, 15 
packing, 15 

Fiber critical length 
determination, 220 
diagram, 22ty" 
significance, 225 
values for fibers in thermoplastic polymers, 

225,227/ 
Fiber-matrix adhesion 

analysis by fragmentation test, 187-189,190
average shear strength, 198,199/ 
comparison of commercial fibers, 225,227 
correlation between adhesion and 

acid-base properties, 199,201 
critical lengths of fibers, 199/ 
determination, 198 
determination of critical length by Weibull 

method, 198 
effect of fiber treatment, 199 
effect of graphitic structure, 227 
energy of adhesion, 199 
failure in fibers treated with silane coupling 

agent, 227-228 
maximum shear strength, 198,199/ 
relation to fiber critical length, 225 
role of acid-base interactions, 225,228 
specific interaction parameter, 199/ 
tensile strengths of fibers, 199/ 

Fiber-matrix interactions 
acid-base characteristics of fibers and 

matrices, 1% 
acid-base characteristics of various 

probes, 194/ 
description in terms of acid-base 

properties, 193-198 
determination of free enthalpy of 

acid-base interactions, 194,195/ 
dispersive components of various probes, 194/ 
specific interaction parameter, 196,198/ 
surface areas of various probes, 194/ 

Flory-Huggins parameter 
single-liquid approximation, 136 
ternary-solution approach to determination 

of polymer—polymer interaction, 108 
See also Interaction parameter 

Fourier domain fitting 
Fourier transform of bounded, time-varying 

response curve, 95 
least-square criterion in Fourier domain, 96 

Fourier domain fitting—Continued 
least-square objective function, 95-96 
minimizing difference between theoretical 

and experimental transforms, 95 
Free energy parameter 

activity coefficient of probe, 138-139 
analysis of data, 138-140 
comparison of values, 146 
critical value leading to phase separation, 

146,150 
dependence on probe, 141,143/,150 
determination, 136-138 
effect of probe, 141,143/,150 
effect of temperature 

PS-PPE blend, 144,145/146 
PS-PVME blend, 150,151/ 

equation for polymer-polymer interaction, 

reduced specific retention volume, 138 
values for compatible polymer blends, 

147/-148/ 
Free-volume correlation for diffusion as a 

function of temperature 
aromatic solvents in poly(methyl 

methacrylate), 10̂ ,103 
esters in poly(methyl methacrylate), 102/103 
methanol and acetone, 101/103 

Free-volume theory 
application to polymer-solvent systems, 

88-89 
description of transport processes in 

concentrated polymer solutions, 88 
determination of diffusion behavior at 

glass transition, 96-97 
determination of effect of solvent size on 

diffusion, 96-97 
effect of solvent size on apparent activation 

energy, 89 
glass transition temperature, 89 
temperature dependence of diffusivity 

data, 103 
Frictional stress transfer, 227-228 
Frontal inverse gas chromatography 
concentration profile, 310,311/ 
errors from incomplete elution, 310 
highly dispersed starch substrate, 310 
injected amount vs. peak area, 312/ 
interfacing with computers, 314/-315/316 
partial pressure vs. peak height, 313/ 
three-dimensional particles, 310 
vs. static method of determining 

sorption isotherms, 308,316 

G 
Gas adsorption on polymeric materials 

adsorption isotherms 
Henry's constants, 62 
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Gas adsorption on polymeric 
materials—Continued 

on cellulose acetate, 62,63/,65 
on cellulose triacetate, 62,64/,65 
on poly(cther sulfone), 62,64/,65 
relation between retention volume and 

retention time, 62 
determination of dead space, 62 

Gas chromatography, relation of peak width 
to column properties, 79 

Gas-liquid chromatography, relation between 
probe retention volume and polymer 
molecular weight, 264 

Gas mixtures 
analysis by IGC, 65,66/,67 
C 0 2 - C H 4 partitioning in various 

polymers, 65,66/ 
Gas viscosity, 17 
Glass fibers 

acid-base forces driving preferential 
adsorption, 243,246/ 

activation energies for probe-substrate 
interactions, 236,240/ 

adsorption selectivity, 243 
behavior as adsorbents for macromolecules, 

243,244/-245/ 
bonding with acidic and basic probes, 236 
bonding with n-octane, 236 
correlation between adsorption behavior 

and acid-base driving forces, 243 
dependence of activation energy on 

acid-base interactions, 236,240,241/ 
effect of coating on acidity, 233 
effect of CPTMS and APS treatment on 

acid-base characteristics, 236,240 
explanation of low retention volumes, 

233,235 
factors affecting interaction potentials, 240 
study of surface characteristics by IGC, 

231-247 
temperature dependence of interaction 

parameter, 240,242/* 
temperature dependence of probe retention 

volume, 236,237/-239/ 
Graphite, dispersive component of surface 

free energy, 222 

H 

HDMS, See Hexyldimethoxysilane 
Height equivalent to a theoretical plate 

(HETP) 
equation, 90 
relation to peak width, 90 

Henry's constant 
determination, 65 
values for adsorption of pure gases on 

various polymers, 65/ 

Hexyldimethoxysilane, coating for glass 
fibers, 231,233 

Hildebrand solubility parameter 
application, 49 
determination from interaction parameter, 49 
equation, 49 

Instrumentation 
automation, 18 
carrier gases, 17 
detectors, 17 
flow meters, 17-18 
measurement of retention time, 18 

Interaction parameter(s) 
blend interaction parameter, 130/ 

combinatory interaction parameter, 130/ 
concentration dependence of support 

retention, 125 
contribution of solubility parameter of 

solvent and stationary phase, 49 
correction for retention of inert support, 

124-125 
correction for retention of marker, 125 
correlation with solubility parameters, 

128-129 
definition for interaction between volatile 

probe and binary stationary phase, 110 
dependence on composition of polymer 

blends, 113,114/-115/126,128/ 
dependence on nature of probe, 121-123 
dependence on probe-polymer interactions, 

126,127/ 
DiPaola-Baranyi-Guillet method of 

determination, 49-50 
enthalpic and en tropic contributions, 49 
expression of free energy of mixing, 123 
for acidic substrates, 233 
for basic stationary phases, 233 
improvement of determination by IGC, 

124-125 
in terms of contact energy per unit volume 

of blend, 123 
polymer-polymer interaction, 111 
relation to specific retention volume, 110 
temperature dependence, 126,129/ 
temperature dependence for glass fibers, 

240,242/ 
theory of determination by IGC, 122-123 
values for various polymers, 234/ 
values for various probes 

poly(2,6-dimethyl-1,4-phenylene oxide) 
column, 161/ 

poly(4-methylstyrene) column, 161/ 
polymer blend columns, 164/ 
polystyrene column 160/ 
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Interface characterization, 5-6 
Inverse gas chromatography 
advantages, 1,235 
apparatus, 292,293/ 
applications, 1,2,7,291 

carbon fiber surfaces, 168-182,218 
coals, 290-304 
estimation of free energy parameter, 

135-152 
interaction parameter of polymer blends, 

158-159 
measurement of diffusion coefficients, 

90-105 
polymer blend characterization, 3-5, 

121-133 
polymer physical chemistry, 1-2 
polymer sorption and diffusion, 3 
polymer stationary phases by famil

regressions, 264-272 
polymers in the bulk phase, 21 
solid-surface modification, 248-260 
surface characteristics of glass fibers, 

231-247 
surface properties, 189,191-199 
surfaces and interfaces, 5-6 

automation of IGC techniques, 18,25 
calculation of solubility parameters, 48-57 
columns for study of glass fibers, 231,233/ 
comparison of simulation and experiment, 

39-44 
comparison with small-angle neutron 

scattering, 144,146 
computer simulation of elution behavior, 

33-44 
definition, 1,20 
determination of adsorption data for gaseous 

adsorbates on polymer materials, 59 
determination of amount of polymer in 

column, 23 
development, 1 
equipment 

capillary columns, 15-17 
chromatographic column, 13 
fiber columns, 15 
packed columns, 13-15 

error in determination of loading, 155 
experimental techniques, 12-19 
flow diagram of experiment, 292,293/294 
gas mixture, 65,66/67 
important processes, 35 
improvement of data analysis for 

determination of interaction 
parameter, 124-128 

information from IGC data, 291 
instrumentation, 17-18 
limitations in studies of interaction 

thermodynamics, 230-231 
modification of procedure for determination 

of interaction parameter, 124 
net retention volume, 186 

Inverse gas chromatography—Continued 
overview, 1—7 
polymer blend characterization, 3-5 
preparation of columns, 25 
principle, 12,23 
probe-to-probe variability, 113 
procedure to eliminate errors, 156 
relation of column type to retention 

times, 25 
reproducibility of technique for coal 

analysis, 295,296/ 
required improvements for study of gas and 

vapor adsorption on polymeric 
materials, 73-74 

retention diagram for semicrystalline 
polymer, 23,24/ 

soaking method to coat supports, 25 

special applications, 7 
surface and interface characterization, 5-6 
surface experiments, 169-171 
ternary-solution approach to determination 

of polymer-polymer interaction, 108 
tool for materials science, 2 
tool for surface diagnosis, 6 
trends in methodology and instrumentation 

automation, 2 
computerized data processing, 2 
mathematical modeling, 2 
preparation of stationary phase, 2 
use of capillary chromatography, 2 

vapor adsorption, 67—71 
vapor mixtures, 71-73 
water sorption by polymers, 78-86 
water vapor diffusion in polymers, 78—86 

Isothermal plots, 269/,272 

K 

Kiselev-Yashin equation, 306,307/ 

Loading determination 
procedure to eliminate error, 156 
source of error in IGC, 155 

M 

Measurements by inverse gas chromatography, 
12-13 

Molecular probe technique, See Inverse gas 
chromatography, 20 

Moment analysis 
central moments, 94-95 
central normalized moments, 95 
moments of real-time concentration 

profile, 94-95 
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Net retention volume, 28,78,221 

Packed columns 
applications, 13 
determination of load, 14-15 
optimum loading, 15 
preparation, 14-15 
stationary phase, 14 

Partition coefficients 
w-decane on poly(methyl methacrylate), 31/ 
determination from isotherms, 28,31 
equation, 78 

Partition ratio, equation, 79 
Poly(epichlorohydrin)-poly(c-caprolactone

blends 
blend interaction parameters, 128/,130/ 
combinatory interaction parameters, 130/ 
determination of interaction parameters, 

121-133 
interaction parameters, 128/,129/,130/ 

Poly(methyl methacrylate), size effects on 
diffusion, 100/ 

Poly(vinylidene chloride-acetonitrile) 
copolymer 

analysis of water sorption by IGC, 78-86 
uses, 78 

Poly(vinylidene chloride-vinyl chloride) 
copolymer 

analysis of water sorption by IGC, 78 
uses, 78 

Polyimide-based adsorbents 
desirable characteristics, 275 
structures, 276/ 

Polymer blends 
calculation of interaction parameter, 158-159 
characterization by IGC, 3-5 

interaction among nonvolatile components 
of complex polymer-containing 
systems, 3 

limitation imposed by volatile-phase 
dependencies, 5 

measurement of polymer-polymer 
interactions, 4 

miscibility of solvent-polymer systems, 3 
probe variation problem, 4 
thermodynamics of polymer-polymer 

interactions, 4 
dependence of glass transition temperature 

on composition, 113,115/—117 
dependence of interaction parameter on 

composition, 113,114/-115/ 
dependence of melting point on 

composition, 117/ 

Polymer blends—Continued 
determination of thermodynamic miscibility 

behavior by IGC, 108-118 
effect of poly(vinylidene fluoride) 

content on interaction parameter, 118 
effect of polystyrene content, 113,118 
effect of probe on free energy parameter, 

141,143/,150 
effect of solvent on polymer-polymer 

interaction, 136 
estimation of free energy parameter by 

IGC, 135-152 
examples, 109 
indicators of compatibility, 113,117/ 
interaction parameters by IGC, 109-110 
noncrystalline binary polymer system, 

140-141 

techniques to determine free energy change 
during mixing, 135-136 

temperature dependence of free energy 
parameter 

PS-PPE blend, 144,145/146 
PS-PVME blend, 144,145/146 

thermodynamic compatibility, 152,163 
Polymer crystallinity 

crystallization as a function of time for 
high-density polyethylene, 29/ 

determination by automated IGC, 25-26 
assumptions, 25 
equation for percent crystallinity, 26 

determination of isothermal rate of 
crystallization, 26,29/ 

Polymer-polymer interaction parameters 
oligomeric polystyrene-poly(n-butyl 

methacrylate), 111/ 
poly(2,6-dimethyl-l,4-phenylene oxide), 112 
poly(vinylidene fluoride)-poly(methyl 

methacrylate), 112/ 
Polymer solubility parameters 

dependence on solubility parameter of 
blend, 130,131/ 

determination from probe-polymer 
interaction coefficients, 122 

use in determination of interaction 
parameter, 129,130 

values, 130/ 
Polymer sorption and diffusion 

limitations of IGC techniques, 3 
use of IGC to obtain diffusion coefficients 

and thermodynamic parameters, 3 
use of IGC to obtain solubility 

parameters, 3 
use of IGC to study adsorption phenomena, 3 

Polymer surface area 
determination by automated IGC, 28,31 

advantages over classical procedures, 31 
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Polymer surface area—Continued 
computer-interfaced system, 28,30/ 
determination of retention volume, 28 
elution peak shapes for n-decane on 

poly(methyl methacrylate), 29/ 
equation for solute concentration on 

polymer, 28 
Polystyrene 

effect on interaction parameter of polymer 
blends, 113,118 

effect on miscibility of polymer blends, 113 
Polystyrene-poly(2,6-dimethyl-1,4-phenyIene 

oxide) blend 
characteristic, 136 
free energy parameters with various probes, 

143/ 
lower critical solution temperature, 146 
phase diagram, 146,149/ 
temperature dependence of free energ

parameters, 144,145/146 
Polystyrene-poly(vinyl methyl ether) blend 
characteristic, 136 
effect of homopolymer concentration on 

free energy parameter, 150 
effect of probe on free energy parameter, 150 
phase diagram, 150,151/ 
temperature dependence of free energy 

parameter, 150,151/ 
Probe(s) 

column retention behavior, 140 
contributing factors to retention in 

column, 156,158 
effect of temperature on column retention, 

141,142/ 
effect on free energy parameter, 141,143/, 150 
effect on polymer-polymer interaction 

coefficient, 121-133 
interaction with polymers in IGC, 122-123 
retention on poly(2,6-dimethyl-l,4-phcnylene 

oxide), 159 
retention on polystyrene, 162/ 
retention on unloaded support,159,160/ 
theory of elution behavior, 122-123 

Probe-polymer interaction parameter 
entropic and enthalpic contributions, 122 
equations, 122-123 
relation to polymer-polymer interaction 

parameter, 123 
relation to solvent and polymer solubility 

parameter, 122 
PS-PPE blend, See Polystyrene-

poly(2,6-dimethyl-l,4-phenylenc oxide) blend 
PS-PVME blend, See Polystyrene-poly(vinyl 

methyl ether) blend 
Pulse response experiment for transfer 

function parameters, 94-96 
PyHRMS, See Pyrolysis high-resolution mass 

spectrometry 

Pyrolysis high-resolution mass spectrometry 
comparison with IGC, 299,300/ 
description of technique for coal, 294 

Ratio of half widths, equation, 36 
Reduced specific retention volume, 138 
Residual free energy function, See 

Interaction parameter(s) 
Retention data 
athermal solutions, 266-267 
ideal solutions, 266 
solute saturation vapor pressures, 265-267 
thermal solutions, 267 

Retention diagram 

semicrystalline polymer, 23,24/ 
significance of slope reversal, 23 

Retention mechanisms, 294 
Retention time, determination for decane, 26 
Retention volume(s) 

Arrhenius plots 
butanol probes on glass, 236,238/ 
butylamine probes on glass, 236,239/ 
octane probes on glass, 236,237/ 

comparison for various probes and glass 
fibers in columns, 234/ 

dependence on solute saturation vapor 
pressure, 265 

effect of acid-base interactions between 
probe and glass fibers, 235 

equation, 98 
expression in terms of weight-fraction-bascd 

activity coefficients, 264-265 
for surface adsorption, 169,170 
probe-to-probe variations in columns with 

glass fibers, 235 
Rubber matrices, reinforcement by fillers, 248 

Shear stress transfer, 227-228 
Silica 

adsorption of «-alkanes, 250-251/ 
adsorption of benzene and cyclohexane 

256,257/ 
comparison of silanol contents, 252 
effect of alkyl grafts on surface energy, 

252,253/255/ 
effect of poly (ethylene glycol) grafts on 

surface energy, 254 
heat treatment 

effect on /i-alkane adsorption, 250 
effect on surface silanol content, 250 
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Silica—Continued 
interaction with polar probes, 256,259/,260 
London component of surface energy, 

249-254 
mobility of methyl and methylene groups on 

surface, 252,254 
modification, 249 
modification with diols 

effect on surface energy, 254,255/ 
effect on surface properties, 256,259/260 

specific component of surface energy 
silicas with alkyl grafts, 254,256,257/-258/ 
silicas with poly(ethylene glycol) grafts, 256 

surface chemistry, 249 
Siloxane polymer solvents, family plot 

regression of IGC retention data, 264-272 
Small-angle neutron scattering, comparison 

with IGC, 144,146 
Solubility parameter(s) 

advantage of determination by IGC, 50 
calculation 

by IGC, 48-57 
for small molecules, 52,53/-54/ 
for various polymers, 53/ 

comparison of curvatures of alkane systems 
and polar compounds, 55 

comparison of results for alkanes, polar 
molecules and aromatic molecules, 52 

concept 
applications to polymers, 49-51 
practical applications, 49 
theoretical shortcomings, 57 

contributing factors to cohesive energy 
density, 55 

effect of polymer polarity and solvent, 51 
Flory-Huggins interaction parameter, 49 
involatile compounds, 52/ 
JV-methylpyrrolidone, 56/" 
significance of entropic contribution, 51 
systems with small molecules, 51-52 
two-dimensional treatment, 55/ 
use, 49 
values 

by IGC, 50r 
comparison, 51/ 
for some organic vapors, 67 

Solute diffusion in polymers 
analysis by capillary column IGC, 87-105 
effect of solvent size, 89 
equation for apparent activation energy, 89 
free-volume theory, 88-89 
role in polymer processing, 87 
variation of apparent activation energy 

with solvent size, 89 
Sorption isotherm(s) 

area response discrepancies, 310 
corn starch by frontal chromatography, 

308,309/ 
corn starch by static method, 308,309/ 

Sorption isotherm(s)—Continued 
determination by frontal chromatography, 

306,307 
equation, 310,316 
methods of determination, 306 

Specific interaction parameter, 256 
Specific retention volume 

data for various probes on unloaded 
support, 160/ 

determination, 22,110 
equation, 13,78,122,158 
expression in terms of retentions of 

polymer and support, 125 
relation to interaction parameter, 110 
values for various probes 

on poly(2,6-dimethyl-l,4-phenylene 
oxide) column, 161/ 

on polystyrene column, 160/ 
Surface adsorption 

adsorption isotherm, 170 
dependence of retention volume on 

adsorbate concentration, 170 
differential heat of adsorption of probe, 170 
finite concentration 

adsorption isotherms for «-alkanes, 175,17̂ /" 
adsorption isotherms for /i-nonane, 178,17Sy* 
application of BET theory, 177 
BET parameters for n-nonane, 179/ 
calculated specific surface areas of 

carbon fibers, 179/ 
comparison between treated and untreated 

fibers, 181 
effect of alkane chain length on 

adsorption, 175 
equilibrium spreading pressures of 

/t-nonane on carbon fibers, 180/ 
isosteric heat of adsorption of 

n-nonane as a function of fiber 
surface coverage, 178,18Qf 

London component of fiber surface free 
energy, 180/ 

study of carbon fiber surface properties 
by IGC, 181-182 

Gibbs* adsorption equation, 171 
interfacial tension, 171 
isosteric heat of adsorption, 170 
nonlinear isotherms, 170 
relation between equilibrium contact angle 

and various tensions, 171 
retention volume, 169,170 
spreading pressure, 171 
standard free energy change, 169-170 
zero coverage 

comparison of thermodynamic properties 
of treated and untreated fibers, 173 

effect of alkane chain length on 
thermodynamic functions, 173,176/ 
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Surface adsorption, zero coverage—Continued 
estimation of adsorption potential of 

methylene group, 174 
heats of adsorption of n-alkanes on 

carbon fibers, 173,176/ 
heats of liquefaction of n-alkanes, 176/ 
London component of surface free energy 

of adsorbent, 174,175 
nonspecific adsorption, 174 
standard free energies of adsorption of 

n-alkanes on carbon fibers, 173,176/ 
Surface characterization by IGC, 5-6 
Surface energetics 
analysis by IGC, 203-205 
analysis of heterogeneity, 206-207 
determination of isotherm by elution by 

characteristic point, 206 
heterogeneous-surface analysis, 206-20
impetus to study, 203 
isotherms from chromatograms, 205-206 
monolayer analysis 

specific surface, 206 
virial isotherm equation, 206 

quantification by CAEDMON algorithm, 
212,213/ 

relation between probe retention time and 
Henry's law constant, 204-205 

Surface energy of CH 2 group, 193 
Surface energy of solids 

advancing work of adhesion, 207-208 
analysis by two-phase liquid method, 187,188/ 
analysis of wetting, 186-187 
comparison of dispersive components 

determined by various methods, 191 
components, 185-186,249 
determination by contact-angle 

measurements, 186-187 
determination of components by wetting 

technique, 195/ 
dispersive component, 189,191-193,207 
effect of esterification on London 

component, 252/ 
effect of surface modification on London 

component, 254,255/ 
energy of adhesion, 189 
London component for alkyl-grafted silicas, 

252,253/,254,255/ 
London component for heated silicas, 

249-250 
methods of measurement, 249-250 
one-liquid method of determining surface 

energy of polymer matrix, 193 
principle of determination by adsorption 

techniques, 250 
relation between free energy and surface 

energy, 250 
relation between free enthalpy and energy 

of adhesion, 189 

Surface energy of solids—Continued 
wetting method of determining the 

dispersive component, 191,193 
Surface experiments by inverse gas 

chromatography 
finite concentration 

procedure, 172-173 
theory, 170-171 

zero coverage 
procedure, 171-172 
theory, 169-170 

Surface free energy 
calculation of dispersive component, 221 
contact-angle hysteresis in fiber 

surfaces, 169 
contribution of dispersion, 175 
determination 

for fibers, 168-169 
IGC, 169 

dispersive components of carbon fibers and 
thermoplastic polymers, 223/ 

prismatic edge surfaces vs. basal 
planes, 175 

Surface heterogeneity, 203 
T 

Thermodynamic parameters 
activity coefficient, 79 
calculation, 78-79 
enthalpy of sorption, 78 
entropy of sorption, 79 
equations, 78-79 
free energy of sorption, 79 
measurement by IGC, 48 
partition coefficient, 78 
partition ratio, 79 
procedures for determination, 80,81/ 
retention volume, 78 
technique of measurement, 48 

Thermogravimetric analysis, procedure, 14-15 
Thermoplastic polymers 

acidity or basicity, 225 
characteristics of desirable matrix, 217 
dispersive components of surface free 

energy, 223/ 
dispersive interactions, 222-223 
nondispersive interactions, 223,224/225 

Tracer pulse chromatography 
apparatus, 279/ 
description, 277,278/" 
determination of mass of pulse compound, 

280,281/ 
experimental procedure, 277,280 
retention analysis, 277 
retention of 2-butanone on polymers, 

282f-283/ 
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V 

Vapor adsorption 
adsorption isotherms for organic vapors on 

cellulose, 67,68/*-69/ 
analysis by IGC, 67-71 
BET plots for various organic vapors at 

different temperatures, 67,7Qf 
specific surface area of polymer for 

different organic vapors, 67,71/ 
Vapor mixtures 

analysis by IGC, 71-73 
equilibrium phase diagrams, 71,72/",73 
pervaporation system, 73 

W 

Water sorption by macromolecules
308,310316 

Water sorption by poly(vinylidene chloride) 
copolymers 

activation energies, 84* 
activity coefficients, 83/,84 
analysis by IGC, 78-86 
Arrhenius plots of diffusion coefficients, 85/ 
comparison of polymer-water interactions, 81 
effect of amount of water injected on 

specific retention volume, 81,82/",83/ 

Water sorption by poly (vinylidene chloride) 
copolymers—Continued 

elution chromatogram, 81,82/* 
enthalpy of sorption, 83,84,85/ 
entropy of sorption, 83,84,85/ 
stationary phase and column parameters, 81; 
thermodynamic parameters, 81,83/ 
van Deemter curves, 85/ 

Water sorption by polymers, factors, 77 
Water vapor diffusion in poly(vinylidene 

chloride) copolymers 
analysis by IGC, 78-86 
calculation of diffusion coefficient, 79-80 
diffusion coefficients, 84/ 

X 

determination for carbon fibers, 207,209-210 
effect of fiber treatment, 209-210 

X-ray photoelectron spectroscopy 
C, O, N, and Si content of carbon fibers, 222/ 
confirmation of composition of carbon 

fibers, 218 
principle, 221 

XPS, See X-ray photoelectron spectroscopy 
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