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Abstract Synthetic polymers are rarely homogeneous chemical species but have multivariate
distributions in molecular weight, chemical composition, chain architecture, functionality,
and so on. For a precise characterization of synthetic polymers, all the distributions need to be
determined, which is a difficult task, if not impossible. Fortunately in most of the cases it is
sufficient to analyze a limited number of molecular characteristics in order to obtain the in-
formation required for a given purpose. Nonetheless, it is still nontrivial if there exists distri-
butions for more than one molecular characteristic. There have been continuing efforts to
solve the problem. One approach is to find chromatographic methods sensitive to one molec-
ular characteristic only. In favorable cases, the effect of all but one molecular characteristic can
be suppressed to a negligible level. Various interaction chromatographic techniques as well as
size exclusion chromatography are employed for the purpose. Also the multiple detection
methods each sensitive to a specific molecular characteristic can provide additional informa-
tion. Various detection methods developed recently such as FT-IR, FT-NMR, and mass spec-
trometry brought about significant progress in the characterization of complex polymers. This
review presents the recent developments in the analysis of various heterogeneities in synthetic
polymers by a variety of liquid chromatographic separation as well as detection methods.
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List of Symbols and Abbreviations

2D
2D-LC

Two dimension(al)

Two-dimensional liquid chromatography
-block-

Butyl acrylate

Octadecyl

Polymeric phase octadecyl

Chemical composition distribution
Concentration of a solute in the interstitial space
Concentration of a solute in the mobile phase
Concentration of a solute in the pore space
Concentration of a solute in the stationary phase
Deoxyribonucleic acid

Ethyl acrylate

Evaporative light scattering detector
Ethylene-propylene-diene rubber

Electron spray ionization

Full adsorption-desorption

Fourier transform-infrared spectroscopy

Fourier transform-mass spectrometry

Fourier transform-nuclear magnetic resonance spectroscopy
-graft-

2-Hydroxyethyl methacrylate

High performance liquid chromatography
Isotactic

Interaction chromatography

Infrared spectroscopy

Equilibrium constant

Equilibrium constant at interaction chromatography
Equilibrium constant at size exclusion chromatography
Capacity factor

Liquid chromatography
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LC-CAP Liquid chromatography at the critical adsorption point

LCCC Liquid chromatography at the critical condition

LC-LCA Liquid chromatography under limiting conditions of adsorp-
tion

LC-LCD Liquid chromatography under limiting conditions of desorp-
tion

LC-PEAT Liquid chromatography at the point of exclusion-adsorption
transition

LC-TEA Liquid chromatography at the theta exclusion-adsorption con-
dition

M Molecular weight

MA Methyl acrylate

MALDI-TOF MS Matrix assisted laser desorption/ionization time of flight mass
spectrometry

MALS Multi-angle light scattering

MAn Maleic anhydride

MMA Methyl methacrylate

M, Number average molecular weight

M,, Weight average molecular weight

MWD Molecular weight distribution

NMR Nuclear magnetic resonance spectroscopy

NP Normal phase

NPLC Normal phase liquid chromatography

PB Polybutadiene

PBA Poly(butyl acrylate)

PDMA Poly(decyl methacrylate)

PDMS Poly(dimethylsiloxane)

PE Polyethylene

PEMA Poly(ethyl methacrylate)

PEO Poly(ethylene oxide)

PI Polyisoprene

PLMA Poly(lauryl methacrylate)

PMMA Poly(methylmethacrylate)

PnBMA Poly(n-butyl methacrylate)

PPO Poly(propylene oxide)

PS Polystyrene

PtBMA Poly(tert-butyl methacrylate)

R Gas constant

RP Reversed phase

RPLC Reversed phase liquid chromatography

S Styrene

s- Syndiotactic
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SEC Size exclusion chromatography

SI Polystyrene-block-polyisoprene copolymer

T Temperature

TGIC Temperature gradient interaction chromatography

THEF Tetrahydrofuran

TLC Thin layer chromatography

viv Volume/volume

V; Interstitial volume

V. Mobile phase volume

v, Pore volume

v, Retention volume

V, Stationary phase volume

AG° Standard Gibbs free energy change

AG%c Standard Gibbs free energy change in interaction chromato-
graphy

AG g Standard Gibbs free energy change in size exclusion chroma-
tography

AH’ Standard enthalpy change

AH - Standard enthalpy change in interaction chromatography

AH g5 Standard enthalpy change in size exclusion chromatography

AS° Standard entropy change

A8 Standard entropy change in interaction chromatography

AS%spc Standard entropy change in size exclusion chromatography

v Number average degree of polymerization

1

Introduction

Liquid chromatography (LC) is a powerful tool for the characterization of natural
and synthetic macromolecules that are often heterogeneous in molecular weight,
chain architecture, chemical composition, microstructure, and so on. Among nu-
merous variations of LC methods, size exclusion chromatography (SEC) has dom-
inated the area of the molecular weight distribution (MWD) analysis of synthetic
polymers [1-3]. SEC has many advantages over other classical techniques in the
characterization of molecular weight distribution of polydisperse polymers in
speed, effort, required amount of sample, etc.

SEC fractionates polymer molecules by partition equilibrium of polymer chains
between common solvent phases located at the interstitial space and the pores of
the column packing materials, typically in the form of uniform size porous beads.
Therefore the partition equilibrium is mainly governed by the conformational en-
tropy difference of the polymer chains located in two different physical environ-
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ments. The eluent is commonly chosen to minimize the enthalpic interaction be-
tween the polymeric solutes and the stationary phase. In results, SEC separates the
polymer molecules in terms of the size of a polymer chain in the elution solvent. If
there exists a simple relationship between the polymer chain size and its molecular
weight such as for linear and chemically homogeneous polymers, SEC retention
volume is well correlated with the molecular weight of polymers. However, the
same cannot be said for nonlinear chain polymers or copolymers, in which a sim-
ple relationship between the molecular weight and the molecular size does not ex-
ist and SEC is not able to separate them according to their molecular weight.

For the same reason, SEC is not an efficient tool to separate the molecules in
terms of chemical heterogeneity, such as chemical composition differences of co-
polymers, tacticity, and end-group difference. Interaction chromatography (IC) is
suitable for the purpose since its separation mechanism is sensitive to the chemical
nature of the molecules. In contrast to SEC, IC utilizes the enthalpic interaction,
adsorption or partition of solute molecules to the stationary phase and IC has been
employed frequently to separate polymers in terms of their chemical composition
distribution (CCD) or functionality [4]. IC has also been used for the separation
of polymers in terms of molecular weight [5, 6]. In general IC exhibits higher mo-
lecular weight resolution than SEC, but SEC is more universal in a sense that most
of thermodynamically good solvents can be used for the SEC separation unless
there exists specific interaction between the polymer of interest and the porous
packing materials. On the other hand, the enthalpic interaction strength in IC has
to be controlled precisely to achieve a reproducible and high-resolution separa-
tion. Therefore the mobile and stationary phases have to be chosen for individual
polymer system of interest and the gradient elution is often required [7].

Recent development in liquid chromatography analysis of complex polymers
shows a clear trend to combine more than one LC separation mechanism/tech-
nique together with multiple detection techniques. It is a quite natural direction
for the analysis of complex polymers with multivariate distributions in molecular
characteristics. The coupled LC techniques have gained wide attention recently in
the characterization of complex polymers and there are a number of monographs
and reviews on this topic [4, 8—13]. In this chapter, recent advances in LC separa-
tion of polymers are reviewed. References are generally restricted to the works
published after 1995 since most of the works prior to the mid-1990s have been well
summarized already [8, 10, 11, 13].

2
Chromatographic Separation Principles

The retention in SEC, in which the solute partition takes place between the com-
mon eluent phases in two different environments, interstitial and pore space, is ex-
pressed as follows:
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Vi =Vi+KspcVp» KSECZCC_I_) (1)
1

where the subscripts p and i refer to the pore and interstitial spaces, respectively.
The distribution constant Kgj, the ratio of the solute concentration in pore space
(cp) to interstitial space (c;), has a value between 0 (total exclusion) and 1 (total
permeation). Like other equilibrium constants, Kz is related to the standard
Gibbs free energy change (AG?) of the partition process and AG° can be further di-
vided into the enthalpic and entropic contribution of the process:

AG? AS? AH?
Kspc = eXP[— Réfc ]= CXP[—SEC - (2)

R RT

In the SEC separation process, the separation condition is usually chosen to
minimize the enthalpic interaction of polymer solutes with the packing materials.
Therefore in the ideal SEC condition (AH’=0) K is a function of the conforma-
tional entropy loss (AS°<0) of polymer chains when transferred into the restricted
pore space:

AS?
KSEcEeXP[%] (3)

If this condition is fulfilled, SEC separates the polymers exclusively in terms of
the size of polymer chain in the eluent relative to the size of the pores. This condi-
tion constitutes the background of the Cassasa theory of K¢~ [14] and the univer-
sal calibration method [15].

On the other hand, the retention in IC is generally expressed as follows.

Vi =Vin tKicVs, KIC:C_S (4)
Cm
where Kj is the distribution constant of an analyte between the mobile and sta-
tionary phase, and subscripts m and s stand for the mobile and stationary phase,
respectively. In the IC separation process both AS’ and AH? play roles to control
the solute retention, which is generally expressed with the capacity factor (k'):

V.-V, V. AGY, V.
k/E rV m =KICV_S=eXp[_R—7{CJV_S (5)
m m m
AHO [
Ink’= RTIC + ch +lng, p=—>- (6)
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where AH? and AS° are the standard enthalpy and entropy changes associated with
the solute sorption process to the stationary phase, which can be adsorption, par-
tition or others depending on the nature of the chromatographic methods. In
some literatures, it is argued that the AS in the ideal IC can be assumed to be zero,
but it is highly unrealistic since AS° involves the entropy change of various origins.
The sorption of polymer chains dissolved in the mobile phase to the stationary
phase involves the change of polymer chain conformation, redistribution of sol-
vent molecules associated with polymer chains as well as with stationary phase,
and so on. If porous packing materials were used, the conformational entropy
change term due to the size exclusion process also contributes to AS°. In this case,
AH? also becomes complicated since it should be dependent on the accessibility of
polymer chains to the inner surface of the pores. There are some efforts to take all
these contributions into account to devise a universal equation without great suc-
cess.

Therefore both SEC and IC separation mechanisms operate in the chromato-
graphic separation of polymers when porous packing materials is used. Which
mechanism plays a dominant role is a matter of choice of the separation condition.
Figure 1 shows the feature very well for the separation of polystyrene (PS) stand-
ards by use of a C18 silica column and CH,Cl,/CH;CN mixture as stationary and
mobile phase, respectively [5]. Figure 1A shows the solvent effect on the PS reten-
tion at the column temperature of 30.5°C. For PS CH,Cl, is a good solvent and
CH;CN is a poor solvent. The “good” and “poor” in this case stand for the solvent
strength of the eluent and are not necessarily parallel to the thermodynamic qual-
ity of the solvent [16]. In other words, “good” solvent keeps polymers in the mobile
phase more strongly and vice versa. In Fig. 1A, at high CH,Cl, contents, high mo-
lecular weight PS elutes first before the elution of injection solvent at the elution
volume of V;+V,=V,, indicating that the size exclusion separation mechanism
plays a dominant role. As the CH,Cl, content decreases, the retention of PS grad-
ually increases due to the decrease of solvent power. When the eluent composition
reaches a certain value (CH,Cl,/CH;CN=57/43,v/v) all the PS samples elute at the
same elution time. Further decrease of the good solvent composition in the eluent
has the PS samples elute in the IC regime (after the elution of the injection sol-
vent). In the IC regime, the elution sequence is reversed and low molecular weight
PS elutes first. Also the retention of PS increases very steeply with molecular
weight. This behavior is explained by an empirical relationship known as Martin’s
rule [17]. It is based on the additivity of the free energy increments of structural
elements of the solute molecules: AG° in Eq. (5) is proportional to the degree of
polymerization and the retention increases exponentially with molecular weight.

Figure 1B displays the similar effect with temperature variation at the fixed elu-
ent composition (CH,Cl,/CH;CN=57/43, v/v). The overall temperature depend-
ence, i.e., decrease of retention with temperature, indicates that the interaction of
polymer chains with C18 silica stationary phase is exothermic. Provided that the
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Fig. 1A,B. Chromatograms of six PS standards (M,,: (1) 2.5, (2) 12, (3) 29, (4) 165, (5) 502, (6)
1800 kg/mol). Injection samples were made by dissolving PS standards in respective eluents at
the concentration of 1 mg/ml for each standards and the injection volume was 50 pl. Single
RP column (Nucleosil C18; 250x4.6 mm, 100A pore, 5um particle) was used and the flow
rate was 0.5 ml/min: A solvent composition effect — the chromatograms were obtained at a
fixed column temperature of 30.5°C with the mixed eluents of CH,ClL,/CH;CN at different
compositions as labeled in the plot; B temperature effect — the eluent was a mixture of
CH,Cl,/CH;CN at a fixed composition of 57/43 (v/v) for all chromatograms. The isothermal
chromatograms were obtained at different column temperatures as labeled in the plot. Repro-
duced from [5] with permission

thermodynamic variables AH’ and AS° do not change much in the temperature
range shown in Fig. 1B, the temperature effect can be explained by the RT term in
the denominator in Eq. (5). The retention variation with temperature for the sep-
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aration in the SEC regime at high temperatures indicates that the separation con-
dition is certainly not an ideal SEC condition. If the separation in the SEC regime
at the high temperatures is a pure entropic process we do not expect such a signif-
icant retention change with temperature since there is no temperature factor in
Eq. (3).

The separation condition of CH,CL,/CH;CN of 57/43 (v/v) and 30.5°C is a
unique situation where the molecular weight resolution is completely lost. This is
the point of enthalpy-entropy compensation that is known as the chromatograph-
ic critical condition [18]. At this point, PS samples of different molecular weights
elute together. If this characteristics were maintained when different polymer
chains or functional groups are attached to PS chains such as in block copolymers
with PS block(s) or end functional PS chains, it would be possible to separate them
in terms of the additional groups while keeping the PS chain portion from contrib-
uting to the retention. The term of “chromatographic invisibility” was proposed
for this feature and the chromatographic separation utilizing this feature has
gained wide popularity recently for the characterization of complex polymers. The
study on this interesting feature started in the 1970s [18, 19] and has been support-
ed by a number of other experimental studies [9-11] although there remains some
controversy as to whether such a precise co-elution condition indeed exists [20—
24]. Furthermore, other anomalies such as limited recovery for high molecular
weight polymers as well as peak broadening and/or splitting have been reported at
the critical condition [25, 26].

Nevertheless, the critical condition has been successfully employed for the chro-
matographic separation of the components in polymer blends [27-33], and for the
separation of polymers with respect to the functional groups [33—41] as well as for
the characterization of individual block of block copolymers [22, 35, 42—49]. This
technique is variously termed as liquid chromatography at the critical condition
(LCCC), liquid chromatography at the point of exclusion-adsorption transition
(LC-PEAT), or liquid chromatography at the critical adsorption point (LC-CAP).
Berek and coworkers further divided the method depending on the solvent
strength of the injection sample solvent relative to the mobile phase; liquid chro-
matography at the critical adsorption point (LC-CAP), liquid chromatography
under limiting conditions of adsorption (LC-LCA) and liquid chromatography
under limiting conditions of desorption (LC-LCD) (Fig. 2) [50, 51].

Enthalpy and entropy compensation phenomena have been found not only in
the chromatographic analysis of polymers but also in many kinds of kinetic and
equilibrium processes for which a linear relationship exists between AH® and AS°
[52, 53]. In the LCCC analysis of synthetic polymers, it is generally assumed that
the retention of polymers is balanced by unfavorable entropic effect due to the size
exclusion mechanism (AS?<0) and the favorable enthalpic effect due to the solute-
stationary phase interaction (AH’< 0) [54-56]. Consequently, it is expected that a
polymer species at the LCCC condition elutes independent of its molecular weight
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Fig. 2. Schematic representation of LC-CAP, LC-LCA, and LC-LCD. Reprinted from [50] with
permission

at one single retention volume that roughly corresponds to the total mobile phase
volume within the column(s). However, the enthalpy and entropy compensation
point can also be found for a process of both positive AS’ and AH?. For examples,
in the reversed phase LC (RPLC) separation of ethylene oxide, enthalpy and entro-
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py compensation was observed with the opposite entropic and enthalpic effects
(AS°> 0 and AH>0), and the coelution retention volume was far apart from the
total mobile phase volume [57]. In this case the enthalpic and entropic effect of po-
ly(ethylene oxide) (PEO) sorption to the stationary phase is quite different from
the usual LCCC separation condition. Such an enthalpy and entropy compensa-
tion phenomenon is often found in the hydrophobic interaction chromatography,
avery useful LC technique in the separation of biopolymers, such as protein or nu-
cleic acids [58, 59].

The exponential relationship between k' and AG® in Eq. (5) indicates that the
retention in IC varies much if AG® of analytes spans a wide range, which in turn
makes an isocratic elution difficult. The same problem exists in the IC analysis of
synthetic homopolymers as can be seen in Fig. 1. According to the Martin’s rule, K
(also k') increases exponentially with the degree of polymerization of polymer
molecules. Therefore the elution peak of synthetic polymers with a broad molec-
ular weight distribution may become extremely broad and it appears as if isocratic
elution of synthetic polymers is hardly feasible [6, 60]. In order for a polymer sam-
ple with a wide molecular weight distribution to be eluted in a reasonable experi-
mental time period, it is necessary to change K during the elution. One way to con-
trol the retention is to change AG? itself. Solvent gradient elution is a method to
change AG?, thus k', by changing the eluent composition to increase the solvent
strength during the elution [7]. The solvent gradient HPLC fractionation of syn-
thetic polymers works well, but it has a few drawbacks in that it is difficult to use
many useful detection methods for the characterization of polymers such as dif-
ferential refractometry, light scattering, and viscometry due to the background sig-
nal drift. Unlike the analysis of small molecules that are unique chemical species in
general, synthetic polymers are collections of molecules having continuous distri-
butions in various molecular characteristics. In order to characterize such synthet-
ic polymers it is necessary to determine the distribution curve quantitatively with
high reproducibility. The background signal drift makes the quantitative analysis
difficult, if not impossible.

An alternative method to control the retention is to change the temperature as
easily inferred from Eq. (5) and Fig. 1B. It is well known that temperature can alter
the retention behavior of IC. In fact, temperature dependency of k' has been widely
used to study the thermodynamics involved in the LC separation process. Howev-
er, temperature has not been a popular variable to control the retention in practical
IC separations since temperature is not as effective as solvent composition if the
sample is a mixture of the components spanning a large AG° range. It is mainly be-
cause the possible range of temperature variation is limited by the freezing and
boiling of the mobile phase and/or precipitation of the polymeric solutes. Howev-
er, temperature was found to permit a very efficient retention control in the MWD
analysis of homopolymers, in particular for polymers with narrow molecular
weight distribution [5].
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In order to interpret chromatographic separation results correctly, one has to be
aware of the “local polydispersity””. Local polydispersity is the presence of a variety
of different types of molecules in the eluate eluted at the same retention volume.
One source of local polydispersity is the axial dispersion taking place during the
separation process in the column, which causes band broadening of the elution
peak even for a homogeneous chemical species. The extent of the band broadening
depends on the nature of the chromatographic separation mechanism as well as
the various parameters in the operation of the instruments. Even if we assume
“perfect resolution” that the axial dispersion effect is negligible, local polydisper-
sity still exists in the chromatographic separation of complex polymers. For exam-
ple, SEC separates on the basis of molecular size in solution and thus, for complex
polymer molecules, such as copolymers or branched polymers, a variety of com-
binations of molecular weight, composition and chain architecture can have the
same molecular size (Fig. 3). If the local polydispersity effect is not taken into ac-
count appropriately, highly misleading analyses may result [61].

3
Molecular Weight Distribution of Linear Polymers

As mentioned earlier, all synthetic polymers have finite MWD and the measurement
of MWD is usually the first step in the characterization of polymers. SEC has been
the most widely employed method for the MWD measurements of polymers. In the
SEC analysis, the precision of the measurements depends on various factors in the
operation of the instrument and the data reduction [1, 3]. Various efforts including
round robin tests to establish a standardized procedure in the SEC analysis have
been made [62, 63]. However, even for linear homopolymers there is an intrinsic
limitation of SEC to measure the precise MWD due to the band-broadening prob-
lem, in particular for the polymers with narrow molecular weight distribution [64].

The MWD of polymers prepared by living anionic polymerization is a good ex-
ample [65]. According to the early theoretical work of Flory, an “ideal” living ani-
onic polymerization is expected to yield a polymer with Poisson distribution of
chain lengths [66]:

ivl—le—v

where w; stands for the weight fraction of the i-mer. The Poisson distribution has
an asymptotic M,,/M, (weight average molecular weight/number average molec-
ular weight) value of 1+1/v where v is the number average degree of polymeriza-
tion. The typical M,,/M,, value of such polymers measured by SEC is typically 1.01
or larger, where even 1.01 is significantly larger than the value anticipated from the
Poisson distribution for high molecular weight polymers (Fig. 4). This is mainly
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Fig. 3. Schematic representation of local polydispersity that may take place in the LC separa-
tion of polymers



14 Taihyun Chang

w, (a.u.)

. I . T ' T . T . ; .
400 600 800 1000 1200 1400 1600
degree of polymerization
Fig.4. Simulated distribution curves of weight fraction vs degree of polymerization having av-
erage degree of polymerization of 1000 and various M,,/M,, values. All the distribution curves

were calculated assuming Gaussian distributions except for the Poisson distribution curve
(M,,/M,=1.001)

due to the band-broadening effect from which SEC suffers significantly. The wide-
ly used calibration method relative to standard samples cannot provide the correct
MWD of such narrowly dispersed polymers [64]. The band-broadening problem
was recognized from the early developmental stage of SEC. One way to resolve the
problem is to correct the band broadening by deconvolution of the elution peak
with appropriate broadening functions [67-70].

With the advances of new characterization techniques, the validity of the
M,,/M,, values determined by SEC has been questioned: Shimpf et al. found much
lower M,,/M,, values for PS made by anionic polymerization from thermal field
flow fractionation analysis [71]. Development of light scattering detectors allows
on-line determination of the molecular weight of the polymers eluted from the
separation column. In principle, the on-line light scattering detection can allow a
more precise analysis of MWD than the calibration method since it can provide
correct weight average molecular weight for each slice across the elution peak de-
spite the axial dispersion. However, the difficulty is that the analysis relies on the
signals from two detectors, a light scattering detector as well as a concentration de-
tector. Therefore the noise at the low detection signal portions of an elution peak
limits the precision of the analysis and the possible error due to the interdetector
delay volumes or interdetector broadening affects the analysis significantly [72,
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Fig. 5. Comparison of dependences of log M vs elution volume for a PS with narrow MWD
(open squares) and a PS sample with broad MWD (open circles). Molecular weights are deter-
mined by on-line light scattering detection. The flat portion of the narrowly dispersed PS in-
dicates that the fractions eluted at the elution volume range contain similar molecular weight
polymers in contrast to the broad MWD sample. Reproduced from [74] with permission

73]. If the instrumental problems were correctly taken care of, light scattering de-
tection clearly shows a narrower distribution of the polymers prepared by anionic
polymerization (Fig. 5). Recently Netopilik et al. proposed a method to extract the
M,,/M,, values of PS with narrow molecular weight distribution from SEC-light
scattering detection results assuming a log-normal MWD [74].

Shortt [75] and Wyatt and Villalpando [76] used an interesting approach to
measure M, /M, values for PS prepared by anionic polymerization. Instead of mo-
lecular weight, they measured the radius of gyration distribution by SEC coupled
with multi-angle light scattering (MALS) detection. The absolute value of the ra-
dius of gyration can be determined from the angular dependency of the scattered
light measured by MALS independently from any other detectors, which allows the
measurement free from the complication of interdetector delay volumes or inter-
detector broadening effect. Assuming the Gaussian shape of the elution peak, they
obtained much lower M,,/M,, values from the radius of gyration calibration curve.

A more promising experimental approach to measure MWD of polymers with
narrow MWD is to use IC. IC has been employed mostly for copolymer separation
with respect to chemical composition distribution, but IC has also been applied to
separation according to molecular weight. The early IC separations were done by
normal phase (NP) thin-layer chromatography and many of these separations suf-
fered from relatively poor resolution, particularly for high molecular weight poly-
mers [77-79]. The separation efficiency was greatly improved by employing the re-
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Fig.6. TGIC separation of 14 standard PSs. Mobile phase was a mixture of CH,Cl,/CH;CN at
the volume ratio of 57/43. Injection sample concentration was 1 mg/ml of each PS standards
and the injection volume was 50 pl. Single RP column (Nucleosil C18; 250x 4.6 mm; 100 A
pore; 5 um particle size) was used and the flow rate was 0.5 ml/min. Temperature program is
shown in the plot. Each peak is labeled with the M, values determined by TGIC and some of
them are also marked with the M,,/M, values measured by SEC and TGIC. Reproduced from
[91] with permission

versed phase (RP) stationary phases. Armstrong and Bui were the first to separate
PS successfully in terms of molecular weight by RP thin layer as well as column
chromatography [80]. Subsequently a number of reports on the RPLC separation
of high polymers, PS [81-85], poly(methyl methacrylate) (PMMA) [86], po-
ly(ethylene oxide) (PEO) [57] have followed.

Although these works demonstrated the capability of IC to separate the synthet-
ic polymers according to their molecular weight, MWD analysis using IC was first
reported by Lee and Chang for PS standards [87]. They changed the column tem-
perature to control the IC retention. IC shows a much higher resolution than SEC
and the MWD of the PS standards was determined as much smaller than the values
measured by SEC as shown in Fig. 6. Subsequently similar results were found for
other polymers made by anionic polymerization such as PMMA [88] and polyiso-
prene (PI) [89]. Lochmiiller et al. first demonstrated the possibility of IC retention
control by varying the column temperature for the separation of PEO [57]. Chang
and coworkers have utilized the method extensively for the precise characteriza-
tion of complex polymers and named the technique as temperature gradient inter-
action chromatography (TGIC) [5, 90, 91]. Recently Bruheim et al. employed
packed capillary liquid chromatography to reduce the TGIC analysis time. The low
thermal mass of the RP packed capillary columns (0.32 mm internal diameter) al-
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with permission

lowed rapid temperature programming for retention control. By use of tempera-
ture gradients as steep as 40°C/min, rapid separation (11 min) of PS standards (2—
400 kg/mol) was achieved [92].

Lee et al. [93] reported a systematic study to measure the precise MWD of a set
of PS of varying molecular weights synthesized by anionic polymerization under
identical conditions [94]. The polymerization time varying molecular weights and
molecular weight distributions of the PS were analyzed by TGIC as well as SEC.
Figure 7 shows the MWD of the set of PS measured by SEC and TGIC together
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with the Poisson distribution (Eq. 7). The instrumental band broadening of TGIC
was found insignificant compared to the peak dispersion due to MWD. Therefore
the MWD of the PS determined by TGIC was found to be close to the true MWD,
which approaches the Poisson distribution in the late stage of the polymerization,
in accordance with the early prediction of Flory [66].

Even though the MWD of the polymers prepared by anionic polymerization
was found to have a much narrower distribution than commonly referred M,,/M,
values measured by SEC, they are still far from the “monodisperse” polymers as
can be seen in Figs. 4, 6, and 7. It would be interesting to investigate further on how
the finite MWD would affect the various properties using the fractionated samples
of narrower MWD. For example, Busnel et al. reported on the band broadening in
SEC separation using PS samples fractionated by TGIC. Chromatograms were fit-
ted by exponentially modified Gaussian functions and mapping of band broaden-
ing was obtained for different column sets. Interpretation of the skewing of the
chromatograms was proposed with a new model using Brownian motion proper-
ties inside the pores, which could explain why band broadening and tailing be-
come so important near total exclusion volume [70].

4
Chain Architecture

In this section, recent efforts of the chromatographic separation with respect to the
chain architecture are summarized, which include branched polymers and ring
polymers.

4.1
Branched Polymers

Branching sometimes occurs from side reactions of the polymerization process or
is made on purpose. Copolymerization of macromonomers and graft polymeriza-
tion are good examples of the branching made on purpose. For short branching
such as linear low-density polyethylene (PE) or graft copolymers with short grafted
chains, the separation principle is often not much different from CCD analysis of
copolymers. On line IR or NMR detection method coupled with SEC and/or IC
and/or temperature rising elution fractionation can be used efficiently for the pur-
pose. This will be discussed in more detail in the next section. For long chain
branching, the branching frequency is low and the spectroscopic methods are often
not sensitive enough to measure the branching density. For the analysis of randomly
generated long chain branching, the most popular approach is to estimate the aver-
age number of branching according to the formula of Zimm and Stockmayer [95]:

R,
. (8)
¢ [R]
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where g is the branching ratio defined as the ratio of radii of the branched (br) and
linear (lin) polymer chain at the same molecular weight. For randomly branched
polymers, g is related with the average number of branching per molecule, m:

12 -1/2
=|[1+Z +4—m 9)
& 7 97
for 3 functional branching,
12 -1/2
=|[1+2 +4—m (10)
&4 6 3

for 4 functional branching, and

__ 6f
T r+)(F+2)

for f random length arm star.

Therefore the problem boils down to the measurement of molecular weight de-
pendence of the size (radius) distribution of polymer chains. SEC combined with
light scattering and viscometry detection used to be the most popular method to
study chain branching. Light scattering and viscometry detection measure the mo-
lecular weight and the size of the polymers in the SEC fraction, respectively [96].
Recently developed MALS detector can provide the information on the radius of
gyration and molecular weight directly and SEC/MALS combination can be used
for the purpose [97].

Although the SEC combined with the detection methods of molecular weight
and size has been widely used for the branching analysis, the analysis scheme is
based on the assumption that the SEC eluate at one elution time is homogeneous;
i.e., a fraction of the SEC elution peak contains the polymer species of the same
molecular weight as well as the number of the branching. This is generally not true
since SEC only fractionates polymers according to the hydrodynamic volume and
different polymer species can elute at the same retention volume. Therefore it is
important to keep the possible local polydispersity problem in mind in the SEC
analysis [61, 72, 98].

Unlike SEC, IC utilizes the interaction between polymer segments and the sta-
tionary phase and IC is able to separate branched polymers with better sensitivity
to molecular weight (not chain size) than SEC. However, IC has not been used to
characterize the randomly branched polymers since the system is too complicated
to allow precise characterization. On the other hand, IC has shown a great poten-
tial in characterizing model branched polymers with well-defined structures. Such

(11)
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Fig.8 A SEC chromatograms; B TGIC chromatograms of a six-arm star shaped PSs recorded
by a UV/Vis (solid line) and a light scattering (dotted line) detector. In the SEC analysis, four-
to six-arm star PSs are not resolved at all while one and two arm species are resolved. On the
other hand, in TGIC analysis all six species having one to six arms are resolved. Each peak is
labeled with M,, measured by light scattering detection (plain letters) and by calibration rela-
tive to linear PS standards (bold letters). For the SEC analysis four columns (Polymer lab. two
mixed C, one mixed D, and one mixed E) were used with THF eluent. For the TGIC analysis,
one C18 bonded silica column (Nucleosil C18, 250 2.1 mm, 100 A pore, 5 pm particle size)
was used and the eluent was a mixture of CH,ClL,/CH;CN (57/43, v/v) at a flow rate of
0.1 ml/min. Reproduced from [100] with permission

polymers are usually prepared by a controlled polymerization method such as an-
ionic polymerization [99]. Figure 8 shows a good comparison of SEC (A) and
TGIC (B) separation of a six-arm star PS [100]. This star polymer was obtained by
linking living polymer anions (arm polymer) to a hexavalent linking agent, 1,2-
bis(trichlorosilyl)ethane [101]. The SEC chromatogram in Fig. 8A shows a well-
resolved elution peak of the excess arm polymer and a trace of two-arm polymers,
but three- to six-arm star polymers are not resolved. This is because the hydrody-
namic volume of the star polymers with a uniform arm molecular weight does not
change much as the number of arms increases. The molecular weights of the major
peak measured by two methods, calibration relative to linear PS and light scatter-
ing detection, clearly demonstrate the effect. While the light scattering analysis
yields the molecular weight close to six times the arm molecular weight indicating
that the major component is the six-arm star, the molecular weight from the cali-
bration method shows a much lower value equivalent to the molecular weight of
linear chains having the same chain size as the six-arm star polymer.

On the other hand, TGIC separation in Fig. 8B shows a far higher resolution
and all the species having a different number of arms are resolved. Furthermore
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Fig. 9.A SEC chromatogram of H-shaped PB before (fop) and after fractionation (bottom).
Four styragel columns with a porosity range from 10° to 500 A were used with THF eluent. B
TGIC chromatograms of different stages during the H-shaped PB synthesis. From the top, arm,
cross bar, H-shaped PB before and after the fractionation. One RP column (Nucleosil C18,
250X 4.6 mm, 100 A&, 5 pm particle size) was used and the eluent was 1,4-dioxane at a flow rate
of 0.5 ml/min. In contrast to the SEC chromatogram, TGIC chromatogram shows the exist-
ence of side products, two missing arms (100 kg/mol), one missing arm (136 kg/mol), and
higher molecular weight coupled cross-bar products. Reproduced from [103] with permission

the molecular weight determined by light scattering detection and calibration
methods are in much better agreement. It is due to the fact that IC utilizes the in-
teraction of the polymer chains with the stationary phase and the interaction
strength depends on molecular weight, but not significantly on chain architecture.
As the number of arms increases, that chain architecture starts to affect the inter-
action strength and the resolution deteriorates, but it is apparent that IC is more
sensitive to the molecular weight than SEC in resolving branched polymers. Lee et
al. reported on the linking reaction kinetics of the star polymers by TGIC and they
could measure the linking reaction rate constants of the living PS anions to a hex-
avalent linking agent, 1,2-bis(trichlorosilyl)ethane [102].

Perny et al. compared the analysis results of an H-shaped polymer by SEC and
TGIC, which provided an opportunity to examine critically the purity of branched
polymers prepared by anionic polymerization [103]. The H-shaped polybutadiene
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(PB) was prepared by linking linear polybutadienyl anions (arm) to a tetravalent
chlorosilane functional (two at both chain ends) polybutadiene (cross bar). After
purification by a classical fractionation procedure the H-shaped PB appears to
have a high structural uniformity judging from the conventional analysis method
including SEC, membrane osmometry, and NMR. Figure 9A shows the SEC chro-
matogram of the H-shaped polymers before and after the fractionation. TGIC
analysis, however, revealed the presence of a large amount (~30%) of various side
products, missing arm H-polymer and coupled cross bars as displayed in Fig. 9B.
This is a good example to demonstrate the difficulty in the synthesis as well as in
the characterization of model branched polymers. Although SEC coupled with
various detection methods still constitutes a majority of such analyses, satisfactory
SEC analysis results are usually not good enough to endorse the structural intact-
ness. More critical examination with IC is highly desirable for the characterization
of such branched polymers.

4.2
Ring Polymers

Ring polymers are of interest due to the topological influence of the polymer
chains on their physical properties [104]. Various physical properties of ring poly-
mers have been predicted theoretically as well as by computer simulation studies
and have been examined experimentally. Anionic polymerization has been used
most widely to obtain high molecular weight ring polymers with narrow molecu-
lar weight distribution. The basic strategy is to form precursor polymers with two
carbanion chain ends and to have them react intramolecularly, under extreme di-
lution, with a difunctional electrophile to close the ring. However, side reactions
produce linear precursor polymers and intermolecular reactions simultaneously
produce dimeric and higher molecular weight linear polymers. Therefore, it is dif-
ficult to obtain pure ring polymers directly and further fractionation has been nec-
essary in order to obtain ring polymers with high purity.

The hydrodynamic volume of ring polymers is smaller than their linear precur-
sors of the equivalent molecular weight, but the difference is not large enough to
be fully resolved by SEC. For example, Fig. 10 shows SEC chromatograms of ring
PS of various molecular weights and their linear precursors [105]. The ring PS
were prepared by linking two chain ends of the linear precursor PS prepared by an-
ionic polymerization of styrene using Na-naphthalene as an initiator and already
extensively fractionated from linear contaminants by fractional precipitation
[106]. The overlapped SEC elution peaks clearly indicate that the separation by
SEC cannot be complete.

Skvortsov and Gorbunov formulated the theoretical basis for the LCCC separa-
tion of ring polymers from linear contaminants [107, 108]. Recently several re-
search groups have examined the theoretical prediction [105, 109-111]. For exam-
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Fig. 10. SEC chromatograms of ring PSs (solid line) and corresponding linear precursors
(dashed line). Linear polymers elute earlier than rings but the elution peaks are partially over-
lapped. Some elution peaks of ring polymers show small shoulders at lower retention time in-
dicating the contamination of the linear precursors. Two SEC columns (Polymer Lab. mixed
C) were used with THF eluent at a flow rate of 1.0 ml/min. Reproduced from [105] with per-
mission

ple, Lee et al. showed that at the critical condition of linear PS, the same set of ring
PS shown in Fig. 10 could be fully resolved as displayed in Fig. 11 using C18 bond-
ed silica stationary phase and CH,Cl,/CH;CN mixed eluent system [105]. The
chromatograms show that the ring PS still contains a significant amount of con-
taminants and the majority of the contaminants is the linear chains. Subsequent
MALDI-TOF MS analysis clarified the structure of the contaminants [112]. More
recently Lee at al. examined the LCCC separation behavior of the ring polymers in
more detail [20]. They found that the retention of the ring polymers did not follow
the theoretical prediction of Skvortsov and Gorbunov quantitatively and possible
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Fig. 11. LCCC chromatograms of ring PSs (solid line) and corresponding linear precursors
(dotted line) at the chromatographic critical condition of linear PS. Linear precursors elute at
about the same retention time (5.4 min) independent of the molecular weight while the reten-
tion of ring polymer increases with molecular weight. The small peaks appearing near tg=
5 min are the injection solvent peaks. The elution peak of ring polymers is completely sepa-
rated from the linear precursors down to the baseline. The chromatograms of ring PSs show
that most of the samples contain contaminants mostly the linear precursors. Column: Nucle-
osil C18AB; 250X 4.6 mm; 100 A pore; 5 um particle size at 43°C. Eluent: CH,Cl,/CH;CN
(57/43, v/v) at a flow rate of 0.5 ml/min. Reproduced from [105] with permission

reasons including the difficulty to find a rigorous chromatographic critical condi-
tion were discussed.

5
Chemical Composition Distribution

Rigorously speaking, no synthetic polymer is homogeneous either in molecular
weight or in chemical composition. Even a homopolymer would differ in initiator,
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terminal groups, tacticity, regioregularity, etc. Copolymers contain more than one
kind of monomer and also have chemical composition distribution (CCD). Co-
polymers can be further divided into random or statistical copolymers, block co-
polymers, graft copolymers, etc. depending on the monomer sequence and chain
architecture. Therefore copolymers may have heterogeneity in a number of molec-
ular characteristics and their characterization is much more complicated than
homopolymers. In addition, chain terminal groups or functional groups can con-
tribute to the molecular heterogeneity. The contribution of the chain ends is more
important for low molecular weight polymers.

Characterization of polymer mixtures is also of interest due to the wide use of
polymer blend systems. Mixtures of homopolymers are relatively a simple form of
chemical heterogeneity compared to copolymers. Even in this case, precise charac-
terization is often non-trivial since many of polymer blend systems contain vari-
ous additives in addition to polymer resins. In this section, recent progress on the
characterization of synthetic polymers having chemical heterogeneity is reviewed.
For the sake of convenience, the content is divided into mixtures, block copoly-
mers, random copolymers, and functionality distribution.

5.1
Mixtures

Application of conventional SEC to the characterization of polymer mixtures is
straightforward if the polymer chain sizes of the components in a mixture are dif-
ferent enough to be resolved as separate peaks. Otherwise, the species having sim-
ilar chain size would elute together and the eluate has local heterogeneity not only
in molecular weight but also in composition (Fig. 3). There have been several ap-
proaches to get round the problem. One approach is to use multiple detectors and
the chromatograms recorded by different detectors can be decomposed into the
individual contribution of each component [98, 113—116]. This method can be
applied with relative ease but the precision of the method is not high unless the
components of a mixture show large differences in sensitivity in the detection
methods.

One of the popular methods used for the separation of polymer mixtures is the
liquid chromatography at the chromatographic critical condition (LCCC). At the
critical condition of one component, the other component, which is not under
critical condition, can be separated in SEC mode [27-31, 33]. It is necessary to
choose a proper combination of stationary and mobile phase considering the in-
teraction strength to elute the component to be analyzed in the SEC mode. For ex-
ample, Pasch et al. showed in the analysis of mixtures of methacrylate-based poly-
mer blends that, at the critical point of PMMA, less polar methacrylates can be an-
alyzed in the SEC mode using silica gel as the stationary phase and a methyl ethyl
ketone/cyclohexane mixture as the eluent. For the analysis of polar polymethacr-
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Fig. 12A,B. LCCC chromatograms of blends of PMMA and PnBMA under the critical condi-
tion of PMMA. Column: LiChrospher 300 A+1000 A, mobile phase: methyl ethyl ketone/cy-
clohexane (72/28, v/v), detector: A differential refractometer; B capillary viscometer. The large
injection solvent peak is suppressed in the chromatograms recorded by the viscosity detector.
Reproduced from [30] with permission

ylates at the critical point of poly(decyl methacrylate) (PDMA), an RP stationary
phase and THF/CH;CN mixture are a useful combination [29]. The isocratic na-
ture of the LCCC elution allowed employing viscometry detection for the on-line
determination of the molecular weight [30, 31]. In contrast to the refractive index
detection, where a strong solvent peak interferes with the elution peak of the pol-
ymer under critical condition in most cases, the viscosity signal is not affected by
the injection solvent peak (Fig. 12). Yun et al. reported the LCCC separation of PS
homopolymer from poly(S-co-MA) copolymers by use of enhanced-fluidity liquid
mobile phases (THF/CO,) with packed-capillary NPLC. The critical condition for
PS was approached by changing the concentration of CO, in the mixture com-
bined with temperature and pressure variation. Long packed capillaries could be
used in this application because the enhanced-fluidity mobile phases have low vis-
cosities [33].

Another interesting coupled LC method for the characterization of polymer
blends utilizes dual SEC/IC separation mechanisms simultaneously [47, 89, 117—
119]. In this method, one component is separated by the SEC mechanism while
the other is separated by the IC mechanism simultaneously. Figure 13 shows an ex-
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Fig. 13. Chromatogram of a mixture of 11 PS (a-k, in the increasing order of molecular weight,
1.7-2890 kg/mol) and 5 PMMA standards (1-5, in the decreasing order of molecular weight,
1500-2.0 kg/mol) separated simultaneously by dual TGIC and SEC mechanism, respectively. S is
the injection solvent peak. The eluent was 57/43 (v/v) mixture of CH,Cl,/CH;CN and three RP
columns having different pore sizes (Nucleosil C18; 100, 500, 1000 A pore size each;
250x4.6 mm). The temperature of the circulating fluid is programmed to change by five segment
linear ramps from 5°C to 45°C as shown in the figure. Reproduced from [117] with permission

ample of the SEC/IC dual mechanism separation of PS/PMMA binary mixture
[117]. The eluent was 57/43 (v/v) mixture of CH,Cl,/CH;CN and three C18 bond-
ed silica columns having different pore sizes were used to enhance the resolution
of the SEC separation. The solvent power is strong for PMMA to be separated by
the size exclusion mechanism while PS is separated by the interaction mechanism
at the separation condition. In order to control the IC retention of PS, column
temperature was varied during the elution. The retention of PMMA is not affected
much by the temperature change since the size exclusion separation mechanism is
mainly an entropic effect and not sensitive to temperature. Chang and coworkers
also reported successful separations by RP-TGIC of PS/PI and PI/PMMA using
C18 silica column [21, 89]. For these polymer pairs less polar polymers eluted in
the IC regime. The elution sequence can be reversed under NPLC condition [118].
More recently, Molander et al. applied the method to a mixture of high molecular
weight semicrystalline polypropylene and polyphenylene ether grafted to maleic
anhydride (MAn) using a capillary column packed with large-pore silica. Rapid
temperature programming from 110 to 170°C was required in order to resolve the
materials eluting PP by SEC mechanism and polyphenylene ether by NP-TGIC
mechanism [119].
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Fig. 14. Dynamic integral desorption isotherm for a polymer blend containing PS (92 kg/mol),
PLMA (470 kg/mol), PnBMA (57 kg/mol), PEMA (50 kg/mol), PMMA (103 kg/mol), and
PEO (45 kg/mol). The polymers (0.01 mg each) were pre-adsorbed in a FAD column (De-
velosil, 50X 4.6 mm) using toluene eluent and desorbed with the increasing content of ethyl
acetate (EAC). Reproduced from [126] with permission

The other method to separate polymer mixtures utilizes the full adsorption and
desorption of particular components by switching eluent [120-127]. Under ap-
propriate choice of a sorbent and eluent system, one component of the polymer
mixture is separated in terms of molecular weight in the conventional SEC mode
while the other components are fully retained on the surface of the sorbent. In the
next step the eluent is changed so that one of the previously retained polymers is
desorbed and analyzed in the SEC mode [32, 123]. In the favorable case a blend of
more than two components can be fractionated in sequence [124, 126]. Figure 14
shows an example of the separation of a four components blend.

5.2
Block Copolymers

Block copolymer is a type of copolymers, which has a chain structure of homopol-
ymer blocks connected in series by a chemical bond. These block copolymers are
commonly synthesized by either end coupling of two different polymers or grow-
ing different chains in a sequential manner. The precise analysis of diblock copol-
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ymers requires a characterization of two-dimensional distribution in both compo-
sition and molecular weight. For multiblock copolymers it becomes more compli-
cated. However, it is obvious that the analysis of block copolymers is simpler than
random copolymers that can be regarded as multiblock copolymers with numer-
ous block sizes connected in a random sequence.

Major effort has been made on LCCC separation at the critical condition of one
block. It is based on the assumption that a block can be made “chromatographi-
cally invisible” at its critical condition and the retention of the block copolymer is
determined solely by the other block that is not under critical condition [55, 128,
129]. This assumption is only valid if the retention of the homopolymer of the “in-
visible” block is indeed independent of molecular weight at the critical condition
and if the retention of the “visible” block is not affected by the presence of the “in-
visible” block. If these conditions were satisfied, LCCC would undoubtedly be a
powerful tool for the characterization of selected blocks within block copolymers.
The applications of LCCC for the characterization of block copolymers made so
far can be divided into two categories.

One is to elute the block copolymers in the IC regime (thus eluting after the to-
tal mobile phase volume) if the “visible” block is more interactive with the station-
ary phase than the “invisible” block. Since the elution condition needs to be fixed
at the critical condition for the “invisible” block, the application is limited to end
group analysis or to rather short visible block lengths due to the exponential in-
crease of the retention with the chain length. The analysis of end groups with this
method will be discussed later. There are not many reports on the block copolymer
analysis in this LCCC mode. Lee et al. characterized both blocks of a low molecular
weight poly(ethylene oxide)-block-poly(L-lactide) (PEO-b-PLLA) at the critical
condition of PEO [46]. As shown in Fig. 15, at the critical condition of PEO, the
block copolymers were separated well according to the number of lactide units in
the IC regime. At the off-critical condition, PEO block also contributes to the re-
tention and MWD of PEO causes significant peak broadening. MALDI-TOF mass
spectrum of each peaks revealed the MWD of PEO. PLLA-b-PEO-b-PLLA triblock
copolymers were also characterized at the critical condition of PEO [45]. The de-
pendence of the LCCC retention of the diblock and triblock copolymers on the de-
gree of polymerization of PLLA block(s) follows Martin’s rule very well. Unlike the
case of the diblock copolymer, however, splitting of the elution peaks containing
the same number of lactide units was found. The peak splitting was ascribed to the
different length distributions of PLLA blocks at the two ends of the PEO block
(Fig. 16). This result indicated that the interaction of the triblock copolymers with
the stationary phase is affected by the distribution of the interacting blocks at the
two ends of the center PEO block, in addition to the total number of lactide units
in the triblock copolymer.

The other LCCC separation mode is to elute block copolymers in the SEC re-
gime (eluting before injection solvent peak) if the “visible” block is less interactive
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Fig.15A,B.Change of RPLC chromatograms of the PEO-b-PLLA with: A the temperature; B the
eluent composition near the critical condition of poly(ethylene glycol). At the critical condi-
tion (middle chromatograms in A and B) the separation takes place according to the number
of L-lactide units and the elution peaks are sharp while the resolution is poor at the off-critical
conditions. The numbers indicate the number of L-lactide units in the block copolymer. Col-
umn: Luna C18; 100 A; 250x 4.6 mm. Eluent: mixture of CH;CN (ACN) and H,O. Repro-
duced from [46] with permission

with the stationary phase. Most of the LCCC applications to the characterization
of block copolymers have been made in this mode and the determination of the
molecular weight distribution of the “visible” block has been made using the
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Fig. 16. Dependence of capacity factor on total degree of polymerization of PLLA blocks in
PLLA-b-PEO-b-PLLA triblock copolymer at the critical condition of PEO block. Squares, cir-
cles and triangles are assigned to each series of the triblock copolymers with two, four, and six
L-lactide units at one end and a varying block length at the other end of the PEO block, re-
spectively. Column: Luna C18; 250x 4.6 mm; 100 A at 54°C. Eluent: mixture of CH;CN/H,O
(54/46, v/v). Reproduced from [45] with permission

standard calibration method commonly used in SEC [22, 35, 42-44, 47-49].
Gankina et al. demonstrated the possibility of LCCC analysis of block copolymers
by TLC [130] and Zimina et al. applied LCCC to characterize PS-b-PMMA and
PS-b-PBMA diblock copolymers [131, 132]. Subsequently Pasch and coworkers
have done extensive works on the LCCC characterization of various diblock copol-
ymers [10, 11, 49, 133-135].

All of these works appear to support the applicability of LCCC for the charac-
terization of selected block of block copolymers, but the precision of the method
was not tested rigorously. A 10% error in the accuracy of an individual block mo-
lecular weight would not be uncommon in the characterization of block copoly-
mers with conventional characterization methods. Therefore the apparent consist-
ency found with several independent block copolymers would not constitute the
validity of the method. In order to test the method rigorously, it is highly desirable
to use a custom-made set of block copolymers.
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Fig.17 A LCCC chromatograms of PtBMA-b-PMMA. Precursor PMMA (M,,=31.0 kg/mol)
with different PtBMA block lengths (M, =0, 46.3, 85.3 kg/ mol) at the critical condition of Pt-
BMA. Column: two Nucleosil C18; 250x4 mm; 300 A and 1,000 A. Eluent: THF/CH;CN
(49.5/50.5, w/w). B LCCC chromatograms of PMMA-block-PtBMA. Precursor PtBMA (M, =
73.0 kg/mol) with different PMMA block lengths (M,=29.6, 108, 167 kg/mol) at the critical
condition of PMMA. Column: two Nucleosil; 150% 4 mm, 100 A and 250 x4 mm, 300 A. Elu-
ent: THF/n-hexane (82/18, w/w). Reproduced from [44] with permission

Recently Falkenhagen et al. and Lee et al. reported rather contradictory results
on LCCC studies with custom-made sets of block copolymers. These block copol-
ymer sets were prepared by anionic polymerization keeping one block length con-
stant while varying the other block length so that a rigorous examination was pos-
sible. Also they used an RP- and an NP-LCCC methods so that they could examine
both blocks of block copolymers. Falkenhagen et al. reported that LCCC provided
a accurate molecular weight of the visible block of PMMA-b-PtBMA (Fig. 17)
[44], while Lee et al. reported that a block in PS-b-PI was not completely “invisi-
ble” at the critical condition of its homopolymer, and the retention of block copol-
ymers is affected to some extent by the length of the “invisible” block under its
chromatographic critical condition (Fig. 18) [22]. The retention of the “visible”
block eluting in the SEC regime gradually increases and the apparent molecular
weight of the block decreases with the increase of the “invisible” block length.

Lee at al. further extended the study using a single solvent, 1,4-dioxane to estab-
lish the LCCC condition for PI with the C18 bonded silica stationary phases [21].
Employment of single solvent for LCCC experiments is highly desirable. It im-
proves the reproducibility of the LCCC experiments since the polymer retention
changes very sensitively with eluent composition in mixed solvents. Also it elimi-
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Fig.18A,B.LCCC chromatograms of PS-b-PI samples under the critical condition of the block
of varying molecular weight: A fixed PS block series (M, (PS)=12.0 kg/mol, M,, (P1)=3.0, 6.0,
11.1,21.4,34.2 kg/mol from SI-1 to SI-5) at the critical condition of PI. Column: three RP col-
umns (Nucleosil C18; 100A, 500A, and 1000A; 250x4.6 mm) at 47°C. Eluent:
CH,Cl,/CH;CN (78/22,v/v); B fixed PI block series (M,, (PI)=12.5 kg/mol; M,, (PS)=3.3,5.9,
13.5, 26.6, 38.1 kg/mol from IS-1 to IS-5) at the critical condition of PS. Column: three NP
columns (Nucleosil; 100 A, 500 A, and 1000 A; 250x 4.6 mm) at 7°C. Eluent: THF/isooctane
(50/50, v/v). The vertical dashed line indicates the elution time of critical component for each
case. Vertical dotted lines are drawn for visual aid to compare the retention time of the block
copolymers. Reproduced from [22] with permission

nates the preferential sorption of a component in the mixed eluent, which may
cause various complications [136]. As displayed in Fig. 19A, the critical condition
of PI was unambiguously established at 47.7°C at least for the PI samples investi-
gated. A small change of temperature clearly shifts the elution peaks from the co-
elution point. The PS precursor and the two PS-b-PIs having the same PS block
length are supposed to co-elute at the critical condition of PI and may show some
deviation at the off-critical condition. However, as shown in Fig. 19B, the elution
behavior of block copolymers hardly changes. Also a rigorous chromatographic
invisibility was not achieved and the retention of the block copolymers was affect-
ed by the length of the PI block under the critical condition.

Combining these results it can be concluded that the LCCC experiments permit
a reasonable estimation of the individual block length of diblock copolymers but
the feasibility of the precise characterization of block copolymers remains ques-
tionable. A more systematic study with a variety of block copolymers and chroma-
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Fig.19.A Overlapped chromatograms of four PI obtained at three different temperatures near
the critical condition of PI. Column: three RP columns (Nucleosil C18; 100 A, 300 A, and
500 A; 250 x4.6 mm), eluent: 1,4-dioxane. Amplitudes of the elution peaks are rescaled for
visual aid. B Chromatograms of the PS precursor (M,,=12.0 kg/mol) and two PS-block-PI with
fixed PS block length at 12.0 kg/mol (M,, (PI)=6.0 and 21.4 kg/mol for SI-1 and SI-2, respec-
tively) at the same temperatures as in A. Reproduced from [47] with permission

tographic conditions is called for to clarify whether a rigorous characterization of
the individual block length is indeed feasible. In any event, one needs to be aware
of the possible problems associated with the LCCC analysis of block copolymers.
The problem may be related with the difficulty to achieve an unambiguous critical

condition [20, 23-25].
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Fig. 20. 2D-LC (NPLC and RPLC) chromatogram of an alcohol ethoxylate (Neodol 25-12)
with the corresponding chemical structure. For the first dimension NPLC was used. Column:
Zorbax silica, eluent: H,O/CH3;CN; 100/20-20/80 concave gradient in 300 min with a flow
rate of 0.05 ml/min. The second dimension was RPLC. Column: Pecosphere C18; 100 A;
33x4.6 mm. Eluent: CH;0H/H,O (95/5) with a flow rate of 1.5 ml/min. Reproduced from
[137] with permission

Another promising method is 2D-LC, a combination of adequately selected two
different LC separation conditions. If the separation condition of one dimension
separates one block in the IC mode while the other block does not show a strong
interaction with the stationary phase, preferably weak enough to elute in the SEC
mode (like simultaneous SEC/IC separation condition for mixtures), the interact-
ing block can be separated by IC mode nearly independent of the non-interacting
block length and vice versa. Employing the 2D-LC method, Murphy et al. and Jan-
dera et al. separated individual blocks of alcohol ethoxylate and PEO-b-PPO, re-
spectively (Fig. 20) [137-139]. Due to the amphiphilic nature of the block copol-
ymer, the combination of NPLC and RPLC worked well.

Recently Trathnigg et al. characterized fatty acid polyglycol esters using 2D-LC
with LCCC as the first and RPLC as the second dimension [140]. Fractions from
LCCC are transferred to RPLC using the full adsorption-desorption (FAD) tech-
nique [125], by which they are focused and reconcentrated before injection into
the second dimension (Fig. 21). This is achieved by increasing the water content of
the mobile phase behind the LCCC column. Monoester oligomers of up to 20 ox-
yethylene units can be resolved to the baseline.

Such 2D-LC separations had been applied mainly for low molecular weight
block copolymers with a high contrast in polarity of two blocks. Recently Park et
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Fig.21. Experimental set-up for 2D-LC with a combination of LCCC as the first and RPLC as

the second dimension, and a full adsorption-desorption (FAD) column for focusing of frac-
tions. Reproduced from [140] with permission

al. successfully carried out a 2D-NPLC/RPLC fractionation for PS-b-PI diblock co-
polymers prepared by anionic polymerization into fractions, which have narrower
distributions in molecular weight as well as in chemical composition [141]. The
polarity difference of two blocks of PS and PI is subtler than the previous examples
but the 2D-NPLC/RPLC fractionation can fractionate individual blocks of PS-b-
PI well. The working principle of the separation method was confirmed for a low
molecular weight PS-b-PI (Fig. 22). With the aid of MALDI-TOF MS, it was con-
firmed that the separation method could resolve each mer of the PS-b-PI. They ex-
tended the application to a high molecular weight PS-b-PI (24 kg/mol) and suc-
ceeded to further fractionate the block copolymer (Fig. 23). Significant variation
was observed in average molecular weight as well as in composition of the fraction-
ated samples. As displayed in Fig. 24 these variations were large enough to show



Recent Advances in Liquid Chromatography Analysis of Synthetic Polymers 37

A) B)
60
f3
S ® 5
= 3) 1
© o
~ [
8 30
< J-» f7
115
- {0
0 20 40 60 80 0 10 20 30 40
Elution time (min) Elution time (min)

Fig. 22A,B. 2D-LC separation of a low molecular weight PS-b-PI (2.4 kg/mol, 30.4% PI con-
tent): A NP-TGIC chromatograms of the PS-b-PI (top) and a fraction, f6 (bottom), which sep-
arates PS-b-PI in terms of the PS block length only. Temperature program is also shown in the
plot; B RPLC chromatogram of the NP-TGIC fraction, {6, which separates in terms of the PI
block length only. It elutes as a single peak in NP-TGIC, but shows multiple peaks in RPLC
indicating that it contains homogeneous PS block length (eight monomer units) but various
PI block lengths. Reproduced from [141] with permission

different morphologies for the fractions taken from the same mother block copol-
ymer [141].

53
Random Copolymers

Characterization of random copolymers needs to measure at least two distribu-
tions: molecular weight and composition, which are not necessarily independent
of each other. A good example of the bivariate distribution is the high conversion
copolymers that often experience a significant variation in composition as a func-
tion of monomer conversion and CCD may vary with the molecular weights. The
ideal method to characterize such copolymers is to measure the 2-D map of the bi-
variate distributions, i.e., along the horizontal and vertical axes in Fig. 25. Howev-
er, none of the known chromatographic techniques rigorously works in this way
and a chromatographic separation is commonly executed along a not well-defined
pathway that depends on both molecular weight and composition. Several meth-
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Fig. 23A,B. 2D-LC fractionation of high molecular weight PS-b-PI (24 kg/mol, 34.8 wt% PI
content); A RPLC chromatograms of the mother PS-b-PI (solid line) and its three fractions
(dash-dot line); low (I ), middle (Iy;), and high (Ij;) molecular weight portion of the PI block;
B NPLC chromatograms of the middle fraction of RPLC separation (solid line) and its three
fractions (dash-dot line); low (S ), middle (Sy), and high (Sy) molecular weight portion of
the PS block. RPLC fractionates the PI block while NPLC fractionates the PS block. The range
of the fraction collected is indicated with small vertical bars. Reproduced from [141] with per-
mission

ods have been proposed to determine the bivariate distributions of random copol-
ymers.

One approach is the SEC fractionation under the assumption that SEC sepa-
rates random copolymers in terms of molecular weight and the analysis of the frac-
tions using multiple detection methods to measure molecular weight as well as
composition. For example, Montaudo and Montaudo fractionated two copoly-
mers, poly(MMA-co-BA) obtained at high and low conversions by SEC and meas-
ured the molecular weight and composition of the fractions by MALDI-TOF MS
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Fig. 24A-D. Small angle X-ray scattering profiles of the mother PS-b-PI and three fractions: A
Sy fraction showing lamellar morphology; B SyI,, fraction showing gyroid morphology; €
Syl fraction showing hexagonal cylinder morphology; D mother PS-b-PI showing gyroid
morphology. The number on the peak positions represents the scattering vector of the peak
position relative to the first order scattering maximum. Reproduced from [141] with permis-
sion

and NMR, respectively [142]. Bivariate distribution maps were derived by com-
bining SEC/NMR and SEC/MALDI-TOF MS data assuming the Stockmayer’s the-
oretical distribution of comonomers to estimate the composition distribution of
each fraction (Fig. 26). Recently Montaudo extended the application to poly(S-co-
MAn) as well as poly(S-co-MMA) [143].

Mrkvickova investigated PMMA grafted with poly(dimethylsiloxane) (PDMS)
by SEC coupled with refractive index and low-angle laser light scattering detectors
[144, 145]. Using toluene and THF as isorefractive index eluents for PMMA and
PDMS, respectively, a variation in chemical composition and molecular weight of
individual copolymer blocks as a function of hydrodynamic volume were meas-
ured. Kramer et al. characterized poly(S-co-EA) by SEC coupled with NMR [146].
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Using on-line coupled SEC-'H NMR, the chemical composition of eluates was
continuously monitored. It was found that the ethyl acrylate-rich copolymers ex-
hibited a broader molar mass and chemical composition distribution than sty-
rene-rich copolymers. The results indicated that the block character of the copol-
ymers with respect to ethyl acrylate units increased with increasing molar mass.

SEC separations of copolymers inevitably suffer from the local polydispersity to
variable extent depending on systems. On the other hand, IC retention is known
to depend on chemical composition more strongly than molecular weight and 2D-
LC analysis of random copolymer has been extensively carried out by coupling IC
and SEC under the premise that IC and SEC separates exclusively in terms of
chemical composition and molecular weight, respectively. In an ideal case, once IC
separates a copolymer in terms of composition exclusively, subsequent SEC anal-
ysis does not suffer from the local polydispersity problem except for the instru-
mental broadening [147].

Berek proposed that this near independence of IC retention of copolymers on
molecular weight could be ascribed to the “peak compression” effect in the solvent
gradient IC elution [148]. The peak compression effect stands for the focusing ef-
fect of the elution peak in the solvent gradient elution LC. It is due to the eluent
composition gradient along the column and the tendency of polymer chains mov-
ing faster than the eluent due to the size exclusion effect. Since it is a common prac-
tice that the solvent gradient is applied in the increasing solvent power, a copoly-
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Fig. 26. Top: bivariate distribution of chain sizes and compositions for poly(MMA-co-BA) ob-
tained at high conversions. Botfom: corresponding contour map. The random copolymer was
fractionated by SEC and the average molecular weight and average composition of each frac-
tions were determined by MALDI-TOF MS and NMR, respectively. The mol fraction of MMA

was calculated according to the Stockmayer’s theoretical prediction. Reproduced from [142]
with permission

mer species with a given composition travels along the column with a velocity cor-
responding to that of the eluent composition exhibiting a solvent power just strong
enough to prevent the sorption of the polymer chains to the stationary phase
(Fig. 2). Under specific circumstances, retention of polymers at this “barrier” de-
pends almost exclusively on the copolymer composition and not on its molar
mass. This proposition was based on the mechanism of the liquid chromatography
at the limiting conditions of desorption (LC-LCD) [148]. Degoulet et al. also pro-
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posed a simple analytical model for the self-focusing process of elution peaks to
predict optimal conditions of operation and pointed out the uselessness of long
columns [149]. In any event the molecular weight independence of the solvent gra-
dient LC is only valid when the sorption and desorption of polymer chains exclu-
sively depends on its composition and not on molecular weight.

The first separation of random copolymers by gradient LC according to CCD
was reported by Teramachi et al. for poly(S-co-MA) [150]. The subsequent appli-
cations of the gradient LC for the analysis of copolymers are well summarized in
the monograph of Gléckner [4]. Many recent efforts have employed a greater va-
riety of detection methods and correlated the chromatography analysis results
with theoretical predictions and/or other physical properties of the polymers. For
examples, Braun et al. separated poly(MMA-co-EA) and poly(MMA-co-BA) with
respect to chemical composition by gradient NPLC [151]. They found that the
molecular weight did not affect the separation and that for high-conversion sam-
ples the chemical heterogeneity increases with increasing content of ethyl acrylate.
The HPLC separation result was correlated to theoretical predictions and to the
glass transition temperatures of the samples, which show a broadening with in-
creasing chemical heterogeneity. Kramer et al. successfully analyzed poly(S-co-EA)
with respect to CCD by gradient RPLC coupled with on-line 'H NMR detec-
tion.[152] Information on the chemical composition and the chemical heteroge-
neity of copolymers with high conversion was obtained. The experiments have
been carried out using conventional HPLC grade solvents and no deuterium lock.
The results have been correlated with a HPLC procedure based on calibration with
narrow-distributed copolymer standards (Fig. 27).

Murphy et al. reported on the use of LC-particle beam mass spectrometry for
the quantitative analysis of copolymer composition of several high molecular
weight poly(MMA-co-BA) by monitoring the low-mass fragments formed by ther-
mal decomposition and electron impact ionization when using a particle beam in-
terface [153]. The fragment ions produced are proportional to the comonomers
present and are quantitatively related to the copolymer composition. Schoon-
brood et al. examined poly(S-co-HEMA) prepared with free-radical bulk and
emulsion copolymerization at 50°C with gradient LC and with 'H NMR [154]. By
using the CCD obtained from LC and comparing the hydroxyl proton signal from
NMR measurements of emulsion copolymers to that of a bulk copolymer with the
same overall composition, it could be shown that styrene and 2-hydroxyethyl
methacrylate copolymerize during the greater part of the emulsion polymeriza-
tion.

The analysis strategy of graft copolymers is not much different from random
copolymers. Schunk and Long examined graft copolymers prepared by radical po-
lymerization of methyl methacrylate with a macromonomer of PDMS [155]. Sep-
aration emphasizing chemical composition heterogeneity was performed by gra-
dient NPLC combining precipitation and adsorption retention. Comparison of
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Fig. 27. RPLC chromatograms of poly(S-co-EA)s (SEA) of different composition with high
conversion. Styrene contents obtained by HPLC calibration (lines) and on-line HPLC/'H
NMR (circles) experiments match each other very well. Column: Nucleosil C18; 100 A;
250x 4.6 mm. Eluent: THF/CH;CN, gradient elution from 10/90 to 100/0 (v/v) in 25 min. Re-
produced from [152] with permission

FT-IR and evaporative light-scattering detection indicated decreasing PDMS mac-
romonomer incorporation corresponding to increasing retention time for a graft
copolymer. More detailed information was obtained by multidetector SEC of
composition fractions from gradient elution HPLC.

Adrian et al. applied 2D-LC, LCCC in the first dimension and SEC in the second
dimension, to investigate the grafting of butyl acrylate onto PS-b-PB [156]. Sepa-
rating the graft backbone and the graft product by LCCC at the critical condition
of PBA, a 2-D map of the chemical composition and molar mass was obtained with
the aid of quasi on-line FT-IR detection. The graft products could be separated
into the component of graft copolymer, backbone PS-b-PB and PBA homopoly-
mer. It was also found that the grafting reaction results in the formation of a com-
plex product due to the partial degradation of the backbone during the grafting re-
action (Fig. 28).

Siewing et al. investigated the grafting reaction of methyl methacrylate onto
ethylene-propylene-diene rubber (EPDM), which is a complex mixture of non-
grafted EPDM, the graft copolymer EPDM-¢-PMMA, and the PMMA homopol-
ymer [157]. Using LCCC at the critical condition of PMMA, the PMMA homopol-
ymer could be isolated, but a separation of the graft copolymer and EPDM was not
possible. The complete separation of all components was achieved by gradient LC.
Combining gradient HPLC and SEC in a fully automated 2D-LC setup, the com-
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Fig. 28A,B. Contour plot of the 2D separation of the (PS-block-PB)-graft-PBA. 1 — ungrafted
PS-b-PB; 2 — graft polymer; 3 — graft and block copolymers with degraded PB blocks; 4 — ad-
ditive; 5 — PBA; 6 — BA-maleic acid copolymer. The first dimension was LCCC for PBA. Col-
umn: Knauer Si 300+1000 A. Eluent: THF/cyclohexane 15.5/84.5 (v/v). The second dimen-
sion was SEC (PL mixed D and THF). Detection: A ELSD; B UV. Reproduced from [156] with
permission
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plex distributions of chemical composition and molar mass could be fingerprinted
simultaneously.

Tanaka et al. used NPLC and RPLC to determine CCD of PMMA-g-PS with dif-
ferent compositions and conversions synthesized from the copolymerization of
methyl methacrylate and w-p-vinylbenzyl polystyrene macromonomer [158]. The
good agreement between CCD obtained by both HPLC modes showed that the
molecular weight effect on the CCD is negligible. As the macromonomer content
increases, the CCD becomes sharper. These results are in accordance with the the-
oretical predictions. As the conversion increases at the same feed composition, the
CCD becomes broader towards the low macromonomer content side, which is in
contrast to the CCD of the samples obtained previously from w-methacryloyl pol-
ystyrene macromonomer [159]. They also showed that the CCD is broadened as
the graft length increases, in copolymer samples with a similar composition, in ac-
cordance with the theoretical prediction [159].

There also have been a few reports on the IC characterization of random copol-
ymers made by step reaction polymerization. For example, Rissler used gradient
capillary RPLC to characterize commercial polyesters. A good resolution was ob-
tained for low molecular weight samples with respect to MWD, CCD and func-
tionality type distribution [160]. Philipsen et al. studied the MMD, CCD, and the
functionality distribution of low molecular weight aromatic copolyester by gradi-
ent elution LC [161]. By a combination of SEC and NPLC they found a significant
differences in MWD/CCD between strongly resembling copolyesters that can only
be the cause of the relative importance of reaction kinetics in step reaction copol-
ymers. This makes the assumption that a predictable, theoretical statistically deter-
mined CCD is formed in all cases questionable.

Brun has extended the concept of LCCC to the cases of statistical copolymers as
well as porous stationary phases with heterogeneous surfaces (viz., surfaces with
both inert and active groups) [162]. The theory predicted that a statistical copoly-
mer with narrow CCD always possesses a single adsorption-desorption transition
point and behaves like a homopolymer with a single energy of interaction between
the effective monomer units and the active groups at the surface. If copolymer has
a broad CCD, each compositionally homogeneous fraction has its own adsorp-
tion-desorption threshold.

The molecular-statistical theory of polymer solutions in confined media was
also applied to the conventional chromatographic theory of gradient elution
[163]. This approach leads to the prediction of the special mode of interactive pol-
ymer chromatography: gradient elution at critical point of adsorption. It was dem-
onstrated theoretically and experimentally that under appropriate conditions elu-
tion of each compositionally homogeneous fraction of copolymer occurs at the
critical mobile phase composition. This critical mobile phase composition de-
pends only on the local structure of the copolymer chain and is independent of its
molecular weight. As a consequence, gradient elution produces the chemical com-
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position distribution of the copolymer. The theory was experimentally tested by
the isocratic and gradient NPLC elution of chlorinated polyethylene with various
chlorine contents and molecular weights.

Bartkowiak and Hunkeler separated poly(S-co-MMA) according to their chem-
ical composition by LCCC [164]. They also showed the possibility to couple with
SEC for the simultaneous identification of copolymer composition and molecular
weight distributions. Sauzedde and Hunkeler tested the effect of molecular weight
and composition in LCCC retention with two series of poly(S-co-MMA) [165].
The first series varies with respect to the chemical composition in the copolymer,
at a constant molar mass, while the second has molecular weight variation at a
fixed composition. The copolymers were fractionated using SEC and LCCC. The
influence of the molecular weight on the retention was negligible in the studied
range compared to composition effect.

Berek et al. evaluated the applicability of the FAD approach for separation of
random copolymers, which was proven to be powerful in the fractionation of pol-
ymer blends [166]. Dynamic integral desorption isotherms for a series of PMMA
homopolymers and poly(S-co-MMA) were measured. Nonporous silica FAD col-
umn packing and various adsorption-promoting and desorption- promoting lig-
uids were used. The desorption isotherms from FAD columns strongly depended
on both (co)polymer molar mass and copolymer chemical composition. The in-
terference of both parameters prevents the direct use of FAD for fractionation of
the copolymers. Nguyen et al. characterized graft copolymers obtained from rad-
ical dispersion copolymerization of methacryloyl-terminated PEO macromono-
mer and styrene by FAD/SEC and gradient LC [127]. FAD/SEC and gradient LC
allowed separation of homo-PS from graft-copolymer and determination of both
its amount and molar mass. The results indicate that there are at least two or may-
be three polymerization loci, namely the continuous phase, the particle surface
layer, and the particle core. The graft copolymers are produced mainly in the con-
tinuous phase while PS or copolymer rich in styrene units is formed mostly in the
core of monomer-swollen particles.

5.4
Functionality

Functionality refers to the moieties chemically distinct from the repeating units of
polymer chains. It can be the terminal groups at chain ends or the functional
groups deliberately added to a polymer chain. Determination of functionality type
distribution of reactive oligomers (telechelics) is an old problem in polymer char-
acterization. The classical method is the combination of SEC separation and func-
tionality sensitive detection. Recent advances of the detection methods such as FT-
NMR and MALDI-TOF MS have brought about big improvements in the preci-
sion of functionality characterization [12].
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Fig. 29. Experimental setup for SEC coupled to Fourier transform mass spectrometry via an
electron spray ionization source. Reproduced from [169] with permission

Pasch and Gores investigated by SEC with MALDI-TOF MS detection of the
functional heterogeneity of PMMAs prepared by group-transfer polymerization,
which contain oligomers with cyclic end-groups in addition to the expected linear
polymers [167]. For technical products it is shown that oligomers with cyclic end-
groups may be formed in significant amounts and, therefore, have to be accounted
for in structural characterization.

The SEC fractionation/MALDI-TOF MS detection procedure was also applied
to poly(bisphenol-A carbonate) samples [168]. The MALDI-TOF mass spectra of
the SEC fractions allow not only the detection of linear and cyclic oligomers con-
tained in these samples, but also the simultaneous determination of their average
molar masses. From the average mass data of the SEC fractions, they could con-
struct SEC calibration plots of the cyclic and linear oligomers.

Aaserud et al. reported an on-line coupling of SEC to Fourier transform mass
spectrometry (FT-MS) using a modified commercial electron spray ionization
(ESI) interface (Fig. 29) [169]. They analyzed a glycidyl methacrylate/butyl meth-
acrylate copolymer with a broad molecular weight distribution, where fractiona-
tion and high resolving power were required for adequate characterization. The
SEC/ESI/FT-MS also allowed for an unequivocal end-group determination and
characterization of a secondary distribution due to the formation of cyclic reaction
products.

In many cases functionality does not affect the hydrodynamic volume of the
whole polymer chain significantly and SEC can separate them in terms of molec-
ular weight. In order to separate the polymers in terms of functionality, however,
IC has to be used. Pasch and Hiller separated a technical oligo(ethylene oxide) by
isocratic RPLC with respect to degree of polymerization and functional end
groups, and analyzed the chemical structure by on-line 'H-NMR detection [170].
The experiments was conducted under conditions that are common for HPLC
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Fig.30. TGIC separation of PS samples with different end groups (hydrogen terminated vs hy-

droxy terminated) by NP-TGIC. Top — column: Nucleosil; 100 A;250%2.1 mm, eluent: isooc-

tane/THF=55/45 (v/v) and RP-TGIC. Bottom — column: Nucleosil C18; 100 A; 250% 2.1 mm,

eluent: CH,Cl,/CH;CN=57/43 (v/v)). Flow rates are 0.1 ml/min. Temperature programs are
also drawn in each figure. Reproduced from [118] with permission

o i

separations; a sufficiently high flow rate, moderate sample concentration, and on-
flow detection. Lee et al. demonstrate very high sensitivity of NP-TGIC on the po-
lar end group [118]. They showed that hydroxy group terminated PS could be fully
resolved from normally terminated PS of identical molecular weight up to
100 kg/mol, which was impossible either with SEC or with RP-TGIC (Fig. 30).

As mentioned briefly in Sect. 5.2, the analysis of functionality has been carried
out extensively by LCCC method [9]. Adrian et al. analyzed bisphenol A based
epoxy resins by SEC, LCCC and MALDI-TOF MS with respect to molar mass,
functionality, and branching [34]. LCCC yielded quantitative data on different
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Fig. 31. LCCC chromatograms of PS standards (M,,=13.7 kg/mol), w-acetal-PS (M, =
4.0 kg/mol) and «, w-acetal-PS (M,,=5.1 kg/mol) at the critical condition for PS in
CH,Cl,/hexane (63.5/36.5, w/w). Flow rate was 1 ml/min. Column: Nucleosil amino; 100 A;
250% 4.6 mm, Detection: UV (A=261 nm) or RI, T=25°C. Reproduced from [35] with per-
mission

functionality fractions, including fully epoxydized, glycidyl-diol and bisdiol oli-
gomers, which were efficiently identified by MALDI-TOF MS. In addition, these
measurements yielded information on the number of branching points per oli-
gomer molecule. Keil et al. characterized commercial PPO with respect to func-
tionality and molar mass by coupled SEC/LCCC and MALDI-TOF MS [40]. The
analysis of technical PPO triols revealed the presence of diols and mono-ols in ad-
dition to the triols.

Baran et al. fractionated end functional PS and PEO as well as their block co-
polymers by LCCC [35]. Various functional PS (- and/or &, w-alcohol, acetal, al-
dehyde and carboxy) could be readily separated from non-functional PSs under
various LCCC conditions (Fig. 31).

Evreinov et al. fractionated four types of branched polyesters based on adipic
acid, diethylene glycol and trimethylolpropane, pentaerythritol, or glycerol, or on
diethylene glycol, dimethyl adipate, and trimethylolpropane with respect to func-
tionality types (the number and type of end groups) using LCCC [36]. They also
reported on fractionation of oligoesters based on adipic acid and two diols (ethyl-
ene- and butylene glycols) with respect to the number of end functional groups us-
ing LCCC [37].

Gancheva et al. employed LCCC to investigate the cationic polymerization of a
cyclic acetal initiated by mono and bifunctional initiators [38, 39]. Termination
with 9-anthrylmethyl improved the detection of the end functionality and the sep-
aration into functionality fractions. Mengerink et al. separated and identified the
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linear and cyclic polyamide-6 by LCCC and MALDI-TOF MS, respectively [41].
The highest cyclic structure present and detected was the cyclic pentacontamer.
Quantification with evaporative light-scattering detection of the components sep-
arated by LCCC using a universal calibration curve or an iterative procedure was
developed.

6
Microstructures

Tacticity refers to the stereoregularity in the pendant group of the chain backbone,
which is another kind of heterogeneity to affect the physical properties of synthetic
polymers a great deal, in particular for the crystallization behavior of polymers.
Unlike the monomer sequence in copolymers, which is dictated by the reactivity
ratio of the monomers, the microstructures are developed more randomly during
the polymerization. Therefore it is often assumed that the microstructure is devel-
oped in a random manner and the average ads composition is used as the param-
eter to represent the tacticity. Provided that the average ads composition is of only
interest, NMR is the most powerful technique to measure the average microstruc-
ture of such polymers. However, there are many examples of polymerization in
which microstructures are developed by non-Bernoullian or non-Markovian
processes [171].

One way to probe the tacticity heterogeneity is to fractionate the polymer in
question according to the tacticity distribution or the molecular weight distribu-
tion first and measure the remaining molecular characteristics by other means.
However, all the heterogeneities in synthetic polymer systems usually occur to-
gether and it is difficult to isolate the effect of single origin. If one assumes that the
molecular size does not change with tacticity, SEC is an effective method to sepa-
rate the polymer in terms of molecular weight. For example, Kramer et al. charac-
terized by SEC coupled with NMR the microstructure of poly(S-co-EA) prepared
by radical polymerization. Using '>*C NMR, the compositional styrene- and ethyl
acrylate-centered triads was determined and compared to theoretical values. Good
agreement between experimental and calculated triad concentrations was ob-
tained for styrene-rich copolymers. Ethyl acrylate rich copolymers exhibit signifi-
cant deviations from the calculated values in particular for the ethyl acrylate
homo-triads [146].

With the recent development of the polymerization techniques to prepare high-
ly stereoregular polymers, there have been various efforts to isolate the tacticity
distribution from other heterogeneity [172]. Different tactic polymers have slight-
ly different hydrodynamic volumes but not large enough for SEC to distinguish the
difference effectively [173, 174]. On the other hands, IC is able to separate the ster-
eoregular polymers in terms of tacticity. When one considers small molecules, the
polymers with different tacticity are diastereomers. Therefore it is not surprising
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Fig. 32. Diastereomer separation of oligostyrene (n=4) with sec-butyl end group on carbon-
clad zirconia column (two 50X 4.6 mm, 3 um particle size) using a mobile phase of 100%
CH;CN. Reproduced from [180] with permission

that IC can separate them. For example, there have been a number of reports to
separate oligostyrenes according to the number of repeating units and the solvent
selective fine resolution of the stereoisomers of individual oligomers using solvent
and temperature gradient HPLC [92, 175-180]. The separation efficiency of the
diastereomers depends on the choice of mobile and stationary phase very sensi-
tively. A recent report by Sweeney et al. showed a full resolution of all the diaster-
eomers of PS tetramer by use of carbon clad zirconia stationary phase [180].
Figure 32 shows the full separation of PS tetramers.

However, such diastereomeric separation becomes more and more difficult as
the molecular weight increases since the chromatographic retention is determined
by both tacticity and molecular weight, and synthetic polymers have finite distri-
butions in both. Therefore the chromatographic separation of polymers is restrict-
ed to highly stereoregular polymers. Inagaki and coworkers were the first to report
the separation of PMMA according to the tacticity by thin layer chromatography
[181, 182]. Sato et al. showed that stereoregular PMMA eluted in the sequence of
isotactic, atactic and syndiotactic PMMA in the gradient elution of a mixture of
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Fig.33. TGIC chromatograms of three PEMA samples with differing tacticity. (A) (s-, h-, and
i-PEMA: rr triad content=0, 53, and 91%), and TGIC chromatograms of fractions of similar
molecular weight but of different tacticity (B~D). Column: LUNA C18; 100 A; 250x4.6 mm,
Eluent: CH,Cl,/CH;CN (30/70, v/v). Temperature program is also shown in the plot. Repro-
duced from [186] with permission

dichloromethane and n-hexane (or ethyl ether or benzene) when a cross-linked
polyacrylonitrile gel was used as the stationary phase [183]. The elution sequence
was reversed when styrene gel and a mixture of CH,Cl,/CH3;NO, were used as sta-
tionary and mobile phase, respectively.

LCCC was also applied successfully to separate stereoregular PMMA [174, 184]
and poly(ethyl methacrylate) (PEMA) [173, 185]. At the critical condition of syn-
diotactic PEMA (aminopropyl bonded silica and mixed eluent of acetone/cy-
clohexane or THF/cyclohexane), isotactic and atactic PEMAs eluted in the SEC re-
gime. Recently Cho et al. employed TGIC to show a very high resolution fraction-
ation of stereoregular PEMAs [186]. They used C18 silica stationary phase and a
mixture of CH,Cl, and CH;CN as the mobile phase. They were able to show un-
ambiguously that the retention of PEMA depends on both molecular weight and
tacticity and the equivalent molecular weight fractions having very narrow MWD
(fractionated by TGIC) could be fully resolved by the difference in tacticity
(Fig. 33).
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relative detector response

Fig. 34. SEC/LCCC separation of PEMA sample composed of four constituents with similar
molar mass (M,,=12, 8.2, 8.8, and 13.6 kg/mol) but differing in their tacticity (rr content 0,
35,72,91%). A 100-ul sample of the SEC fraction (eluted in the range 6.8—6.9 ml) was sub-
jected into the LCCC column for tacticity separation. A common eluent, THF/cyclohexane
mixture (64/36 w/w) was used for both SEC and LCCC separation at 35°C. Column: PL-gel
mixed D for SEC and Develosil SG-NH, for LCCC. Reproduced from [173] with permission

For the full characterization of such stereoregular polymers, the difficulty is
again in finding the separation mode to resolve the polymers in one parameter
without being affected by the others. The work of Janco et al. is close to the con-
cept, in which they demonstrated a simultaneous discrimination of stereoregular
PEMAs according to their molecular weight and tacticity by 2D coupling of SEC
and LCCC (Fig. 34) [173]. Narrow molecular weight fractions of PEMA eluted
from the SEC column were on-line forwarded into the LCCC column (aminopro-
pyl bonded silica) to be separated according to their tacticity.

The 2D analysis was based on the assumption that the SEC retention is not af-
fected by tacticity, which is not entirely true although the effect is not large. For
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Fig.35.SEC calibration curves of different stereoregular PEMA samples (filled circles: syndio-
tactic-PEMA, filled squares: moderately syndiotactic-PEMA, filled triangles: isotactic-PEMA)
whose rr triad content are 0, 53, and 91 %, respectively. Dashed line is a calibration curve ob-
tained from three PS standards (open squares), 30.9, 11.6, and 3.3 kg/mol. Column: two mixed
bed columns (Polymer Lab., Mixed C), Eluent: THF at a flow rate of 0.8 ml/min, column tem-
perature: 40°C. Reproduced from [190] with permission

stereoregular PMMA samples, it has been known that i-PMMA is more expanded
than s-PMMA in the unperturbed state and in several good solvents [187, 188].
However, there are few works to discriminate the stereoregular polymers by SEC.
For example, Ute et al. fractionated individual “mers” of stereoregular PMMA by
supercritical fluid chromatography and compared the SEC retention of 25mer and
50mer of isotactic and syndiotactic PMMA. They found that isotactic 50mer elut-
ed a little faster than syndiotactic 50mer, but the difference was negligible for 25
mer [189]. Recently Cho et al. carried out a more systematic study, in which they
fractionated the anionically polymerized PEMA further by RPLC and determined
the accurate molecular weights of the fractions by MALDI-TOF MS. As displayed
in Fig. 35, SEC calibration curves obtained with the fractionated PEMAs show a
small but finite difference between the different stereoregular PEMAs. SEC reten-
tion of the same molecular weight PEMA increases with the rr triad content PE-
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MA. Comparing the molecular weight of PEMA (at around 10 kg/mol) eluted at
the same retention time, isotactic PEMA was about 20% smaller than syndiotactic
PEMA and the deviation appears to increase with molecular weight. Such a mag-
nitude of deviation may be tolerable for the analyses of most synthetic stereoregu-
lar polymers, but it is always important to be aware of the accuracy of an analysis
method [190].

7
Outlook

Recent development in chromatographic separation as well as in detection meth-
ods has made it possible to investigate far more detailed molecular characteristics
of complex polymer systems than ever. SEC is still undoubtedly the most popular
tool for the separation of polymers, but IC and LCCC have enlarged their applica-
tion area in a remarkable speed. In addition, coupling of more than one chroma-
tographic separation mechanism greatly enhances the separation power. Introduc-
tion of efficient detection techniques such as light scattering, viscometry, mass
spectrometry, density detector, evaporative light scattering, FT-IR, FT-NMR and
the development of convenient interfaces to the detectors has made the chromato-
graphic separation techniques more powerful. Yet, the power of those useful detec-
tion methods has not been fully exploited let alone the high cost of the devices. For
example, the high resolution of MALDI-TOF MS is still limited to relatively low
molecular weight polymers and the mass spectrum cannot provide a precise dis-
tribution for the samples with broad MWD. Also the MALDI process is not effec-
tive for highly hydrophobic polymers such as polyolefins. The sensitivity and res-
olution of the interfaced FT-IR detection is still not so satisfactory as to be used as
a routine tool. ELSD shows excellent sensitivity for the polymers lacking chromo-
phores, but it has a problem in quantitative analysis due to the elution peak distor-
tion.

Despite the many progresses made recently, any single or multidimensional LC
separation is only the first step in molecular characterization of complex polymers.
Possible local polydispersity of the fractions obtained in the course of separation
must be understood properly and the detector data have to be processed accord-
ingly. Therefore it is important to understand the limitations of each separa-
tion/detection method as well as the advantages. Furthermore, at the moment no
universal approach does exist and customized procedure must be developed to
solve each particular complex polymer system of interest.

At the same time, analysis speed needs to be improved. The characterization
techniques of biopolymers have made an astonishingly fast progress, which ena-
bled to complete the sequencing of human DNA. Employment of more variety of
LC instrumentation, such as monolithic column, capillary as well as open tubular
column, supercritical fluid mobile phase, capillary electrophoresis, electrochro-
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matography would gain more attention in the analysis of synthetic polymers in the
future. In addition, the coupling with the separation techniques other than classi-
cal HPLC techniques appears to be promising. Field flow fractionation techniques
show high resolution and would supplement classical HPLC methods more in the
future [191]. Phase fluctuation chromatography has shown good potential for
large-scale fractionation [192-195]. Coupling of LC methods with these separa-
tion techniques have been attempted and yielded promising results [196, 197].

Undoubtedly the future development of polymer characterization will depend
on the demand from the synthesis and application area. Requirements on more
tailored properties will increase the need of more complex polymers as well as
more precisely controlled synthesis, which in turn need high precision characteri-
zation. High resolution, selectivity, sensitivity, quantitativeness and speed would
remain as the key words in the future development in chromatography character-
ization of complex polymers.
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Abstract At the interface between the entropic size exclusion separation and the enthalpy-
dominated liquid adsorption chromatography it is possible, experimentally, to identify con-
ditions where polymer samples elute independent of their molar mass. These “critical condi-
tions” function according to theory by compensating the entropy and enthalpy of the separa-
tion. For a series of common and specialty polymers, the mobile phase compositions and tem-
perature which provide the molar mass independent elution behavior, for a given stationary
phase, have been extracted from literature and summarized herein. This collection may help
to select, or forecast, suitable LC systems, when an application of liquid chromatography un-
der critical conditions for a polymer is required. Correlations between properties of solvents,
sorbents and polymers, such as solubility parameters, eluotropic strength and Mark-Houwink
constants have been extracted from the collected data. Specifically, solubity parameters of crit-
ical mobile phases corresponding to a pair polymer-sorbent are in a majority of cases very
similar. The elution strength of the first component of a critical binary eluent correlates line-
arly with the volume percent of the second component, especially, when an identical silica gel
is applied. However, the critical conditions are independent of the thermodynamic quality of
the solvent. Under limiting conditions, the mobile phase may be even a precipitant or a strong
adsorption promoting liquid for an injected polymer. Possibilities for increase of the upper
molar mass separation limit are outlined and influence of sample solvent on elution behavior
is described. Applications of liquid chromatography under conditions of enthalpy-entropy
compensation for separation of homo- and copolymers are also, briefly, summarized.
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List of Symbols and Abbreviations

a
adsorli
A
ACN
CR

D
DAD
DCM
desorli
ELSD
EPDM

FTIR
Inj. in

LAC

Mark-Houwink exponent

solvent supporting adsorption of a polymer on a sorbent

adsorption of polymer supporting liquid, adsorli
acetonitrile

critical range of molar masses (where retention does not de-

pend on molar mass)

desorption of polymer supporting liquid, desorli
diode array detector

dichloromethane

solvent supporting desorption of a polymer on a sorbent

evaporative light scattering detector
ethylene-propylene-dimer

elution strength of mobile phase
Fourier transform infrared

polymer was dissolved and injected in the given solvent

Mark-Houwink constant
liquid adsorption chromatography
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PMMA
PnBMA
PPG
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PPOG
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poly(vinyl chloride)
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SEC size exclusion chromatography

o] solubility parameter

SEC supercritical fluid chromatography

THEF tetrahydrofuran

TGIC temperature gradient interaction chromatography
TLC thin layer chromatography

US molar mass range of all injected polymers
uv ultraviolet detector

VIS viscosity detector

1

Introduction

The chromatographic separation of polymers by liquid chromatography under
critical conditions (LCCC), also referred to as liquid chromatography (LC) at the
critical point of adsorption, LC in the critical range or LC at the point of exclusion-
adsorption transition, has attracted significant attention within polymer commu-
nity. Russian scientists using TLC [1-3] and later LC [4,5] have been the first ex-
perimentally identify critical conditions. At the critical conditions polymers of a
given kind are eluted independently from their molar mass (for example, Fig. 1
[6]).

This implies that these polymers are not separated and elute at constant elution
volume. Pioneers of the critical conditions have recognized the universal character
of this phenomenon in chromatography of polymers and they have experimentally
demonstrated that critical conditions represent a natural connection between the

6,0 |
log M
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Fig.1.Plots of log M vs. retention time for polystyrene standards at various temperatures. Pol-
ystyrene is eluted under critical conditions at a temperature of 95°C, at 115°C in exclusion
mode, and at 85°C in adsorption mode. Mobile phase: Dimethylformamide. Column pack-
ing: Nucleosil C18. Symbols: 115°C (inverted triangles), 95°C (triangles), 85°C (circles), 70°C
(squares) [6]
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adsorption and exclusion modes of polymer separation [1,2,4,5]. They have found
its “critical” sensitivity to variation of experimental variables, such as mobile
phase composition, temperature, pressure and column packing as well as to chem-
ical differences of macromolecules [1-5,7]. Scientists from St. Petersburg have also
elucidated the theoretical foundation of critical phenomenon [5,8-11] for review
see [12]. A second group of Russian investigators, Gorshkov, Evreinov, Entelis et
al.,, has elaborated applications of the critical conditions, which were partly sum-
marized in [13,14]. Independently, over the same period, experimental observa-
tions of transitions from exclusion to adsorption mode in LC polymers were re-
viewed by Klein and Treichel [15]. Balke [16], as well, has reported near critical
elution for polystyrene. The first serie of quantitative measurements under critical
conditions and spectrum of applications of LCCC were elaborated, as it will be lat-
er shown, by German investigators such as Pasch et al., Kriiger, Much and Schulz.
Recently it was experimentally confirmed that molar mass independent retention
of polymers is possible to reach also in supercritical fluid chromatography [17].

According to the generally accepted theory [12], polymers in the course of
movement through the column packing can experience an entropy-enthalpy bal-
ance. Therefore, the critical conditions can be also referred as conditions of entro-
py-enthalpy compensation (CEEC). The term “conditions” seems to be more ap-
propriate than “point” since, indeed, the critical behavior of a polymer is a collec-
tion of specific data, such as mobile phase composition, temperature, pressure and
both sorption and structural characteristics of column packings. A change of only
one of these parameters may dramatically change retention of the polymer. The
term CEEC can include, in addition to adsorption, partition and solubility also
other mechanisms, for example, ionic effects, which can also be compensated
through enthalpy-entropy balance.

Some reviews regarding the CEEC of polymers have been published by Tennik-
ov, Belenkii, Gankina and Nefedov [18-20] as well as by Evreinov, Entelis, Gorshk-
ov on the separation of oligomers [13] and functional polymers [14]. The theoret-
ical development has also recently been presented by Gorbunov and Skvorcov
[12]. An analysis of the problems and queries of the critical conditions was carried
out by Berek [21]. Complementing this, a practical review with a number of sepa-
ration examples was written by Pasch and Trathingg [22]. The usefulness of LCCC
was emphasized in a review about interaction chromatography of polymers [23].
An article discussing the place of the critical conditions between other chromato-
graphic methods for polymer characterization has recently appeared [24]. Anoth-
er, on the use of the critical conditions in combination with other separation
methods, has been recently written by Kilz and Pasch [25]. The presents manu-
script will not repeat the aforementioned efforts. Rather, experimental data where
CEEC were found and utilized, are collected. Such a complete survey of data has
not yet been published and enables the comparison of data. Thus, the goal of this
review is to facilitate the selection of a suitable LC system under critical conditions
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for a polymer of interest. Moreover, the authors have utilized the collected data to
correlate some characteristics of polymer-sorbent-eluent systems under CEEC.

2
Summary of LC Systems under Conditions of Entropy-Enthalpy Compensation

A molar mass independent retention of synthetic polymers has been experimen-
tally identified by a number of investigators using isocratic elution. LC systems for
polymers which are produced industrially in large quantities (commodities) are
summarized in Table 1. Lower volume polymers, and prepared in laboratories
(specialty polymers) are listed in Table 2. At LC, TLC and SFC analysis summa-
rized in Tables 1 and 2, polymer samples were dissolved and injected in the used
mobile phase. A transition from a separation governed by entropy, to separation
directed mainly by enthalpy, including molar mass independent separations, may
be reached also when polymers are dissolved and injected only in one component
of the corresponding mixed mobile phase, as was first demonstrated by Hunkeler
etal. [26]. This approach, which employs CEEC, is named limiting conditions [27]
and will be discussed separately later. The corresponding systems are summarized
in Table 3.

It should be noticed that not all experimental parameters have been published
in the literature. Specifically, the molar mass of samples, the dimensions of col-
umn, the pore diameter of column packing, the flow rate, pressure, temperature or
injected both concentration and volume are ofter not stated and are, therefore,
missing in selected parts of Tables 1-3. The relationship between polymer and sol-
vent (a component of the mixed mobile phase is a solvent or non solvent for a pol-
ymer) and the relationship between solvent and sorbent (adsorli, i.e., adsorption
of polymer supporting liquid; desorli, i.e., a desorption of polymer supporting lig-
uid), when defined in the literature, is noted in Tables 1-3. Measurements, which
require other techniques as LC, are denoted by abbreviation (TLC or SFC). The ab-
breviations employed have been defined separately in list of symbols and abbrevi-
ations.
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3
Correlations

In the general mobile phase-polymer-sorbent system, mutual interactions be-
tween all components are possible. Theoretical calculations for model pores with
attractive or repulsive interactions between model chains and pore walls describe,
qualitatively, the LC separation of macromolecules, to a reasonable extent
[12,14,159-162]. However, the quantitative description, allowing the prediction of
CEEC in a real LC system, is not yet available. Selected relationships between the
aforementioned components are described with experimental parameters such as
a solubility parameter, solvent strength, polarity index, radius of gyration or
Mark-Houwink constants [163—165].

3.1
Polymer - Sorbent versus Solubility Parameter of Mobile Phase

The solubility parameter (o) reflects interactions between the solvent and the pol-
ymer in question. Usually, the polymer is dissolved more easily when the solubility
parameter of a polymer and solvent are similar (o (solvent) — o(polymer) <2 ).
Solubility parameters are based on experimental data and are tabulated for many
of solvents and polymers [163,164]. Philipsen et al. [79] and Baran et al.[70] have
observed, after studying the critical conditions with few different solvent mixtures,
that the solubility parameters were close, indicating that the critical chromatogra-
phy mode could occur at a critical solubility parameter of the eluent. In Fig.
2A,B,C the dependence between solubility parameters of eluents at critical condi-
tions on various type of sorbents are shown.

As is revealed in Fig. 2, data for both a sorbent and a polymer are concentrated
in some regions of g values. It is hypothesized that sorbents of the same type (for
example silica gels) have different adsorptive properties and/or they were used at
different temperatures. This causes variations in the critical compositions of the
mobile phases and, thus, a dispersion of the o values corresponding to one sorbent
type in Fig. 2. Taking this into account, it may be concluded that values of solubil-
ity parameters corresponding to a pair polymer-sorbent are, in the majority of cas-

Fig. 2. A Correlation between the solubility parameters of the mobile phase and the type of
sorbent for polystyrene under critical conditions. The solubility parameter of PS is also
shown. Data inside the figure refer to the number of LC systems (i.e. various mobile phases
for the same sorbent and the polymer) plotted. Symbols: PS (squares), silica gel (circles), silica
gel C18 (triangles), silica gel NH2 (inverted triangles), PS/DVB gel (diamonds). B Correlation
between the solubility parameters of the mobile phase and the type of sorbent for some com-
modity polymers under critical conditions. Symbols: Polymer (squares), silica gel (circles), sil-
ica gel C18 (triangles), silica gel NH2 (inverted triangles). C Correlation between the solubility
parameter of the mobile phase and the type of sorbent for some specialty polymers under crit-
ical conditions. Symbols: polymer (squares), silica gel (circles), silica gel C18 (triangles) »>
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es, concentrated in a narrow range of the o values (average value of 0+3 MPa!/?

for one pair polymer-sorbent in Tab 2A,B; 06 MPal’2 in Tab 2C). Furthermore,
the o values corresponding to silica gels and silica gels NH2 are always smaller
compared to the o value corresponding to silica gels C18. For PB, and partially for
PS, PMMA, the o values for silica gel are even smaller then the o value of corre-
sponding polymer. The o value of mobile phases corresponding to systems with
silica gel C18 are much larger as the o value for PS, PB. It may be concluded, there-
fore, that PS and PB require poorer mobile phases for reaching CEEC with silica
gel C18 then with both silica gel and silica gel NH2. This reflects situation that in
majority cases, mixtures good solvent/precipitant are used for obtaining CEEC.

Interestingly, for PI, i.e. a nonpolar polymer, CEECs have never been identified
using silica gel C18, i.e. nonpolar sorbent. Similarly, for polar polymer PEG, CEEC
with polar sorbent such as silica gel were never published. The authors hypothesize
that the adsorption of these polymers on a sorbent with similar polarity is too
strong.

3.2
Polymer-Sorbent contra Elution Strength and the Polarity Index of Mobile Phase

The extent of interactions between silica gel and solvent is traditionally quantified
with elution strength (€) [165], while the polarity index (P)’ of an mixed eluent
represents its ability to interact by dispersive forces, dipole-dipole interactions and
hydrogen bonds with different molecules. A high value of P’ signifies a solvent
which strongly interacts with others molecules.

The dependence of both elution strength and polarity index (both parameters
were calculated according to the procedure given in [166,167] on solubility param-
eter is shown in Fig. 3a,b for LC systems corresponding to PS, PMMA. The € values
are less dissipated as P’ values, although no clear correlation is observed. An expla-
nation for dispersion of points in Fig. 3 could be that values of € were derived for
a standard silica surface, while adsorptive properties of silica gels may differ. Small
differences in adsorptive properties may have larger impact on retention under
CEEC as under normal conditions [56]. Possibly, other parameters, such as
number of silanol groups on the corresponding silica gels could yield better corre-
lation. In the case of silica gels C18, additionally, number of alkyl groups should be
measured. Unfortunately, the number of silanol groups or carbon coverage is still
not a part of information delivered by manufacturers of sorbents.

In Fig. 4 the dependence between € of pure component of binary eluent and vol-
ume ratio of the second component is shown. The data are dissipated around the
line, although Baran et al. [67] has found perfect linear dependence using the same
column packing (3 points plotted in Fig. 4). Again, difference in adsorptive prop-
erties of silica gels (and/or measurements at different temperatures) may be reason
for dissipation of points. Such linear dependence can be useful at forecasting of
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Fig.3.a The dependence of both elution strength and polarity index of mobile phase on solu-
bility parameter for PS under critical conditions. Stationary phases: Silica gels. Symbols: Elu-
tion strength (squares), polarity parameter (circles). b The dependence of both elution
strength and polarity index on the solubility parameter for PMMA under critical conditions.
Stationary phases: Silica gels. Symbols: Elution strength (squares), polarity parameter (circles)

composition of binary eluents for CEEC. For ensuring the linearity of the plot, the
same silica gel column and temperature should be used.

33
Polymer-Sorbent versus Thermodynamic Quality of Mobile Phase

The thermodynamic quality of solvents for a polymer is represented by values of
the Mark-Houwink constants. Constants a and K, included in Table 4, were deter-
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Fig. 4. Dependence elution strength of the first component of binary eluent on the volume ra-
tio of the second component (n-hexane) of the mixed eluent. Stationary phases: Silica gel

Table 4. Mark-Houwink Constants under Critical Conditions

Mark-Houwink

constants Polymer Mobile phase Sorbent Temperature Ref.
a logK
Toluene / n-hexane Silica gel [67]
0.71 PS 83.9/16.1 wt. 25°C
DCM / n-hexane,
0.77 69.0/ 31.0 wt.
THF / n-hexane
0.53 47.0/ 53.0 wt.
Ethylacetate / n-hexane
a<0.5 37.7162.3 wt.
MEK / n-hexane
a<0.5 37.1/62.9 wt.
THF / n-hexane Silica gel
0.51 50.0 / 50.0 wt. 3°C
THF / n-hexane 13°C
0.50 49.0/51.0 wt.
THF / n-hexane 36°C
0.51 47.0/53.0 wt.
THEF / ACN Silica gel C18 [59]
0.567 —3.388 PDMA 78.5/21.5 vol.
THF / ACN
0.690 -3.879 PnBMA 53.1/46.9 vol.
THF / ACN
0.725 —4.136 PtBMA 49.6 / 50.4 vol.
THF / ACN
0.503 -2.972 PS 49.4 / 50.6 vol.
THF (near critical - [143]

0.663  -1.827 P2VP conditions) Bondagel
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mined by off-line measurement [67], or by employing viscosimetric detector
[59,143]. As shown in Table 4, the critical conditions phenomenon is not related
to a thermodynamic quality of the mobile phase. The Mark-Houwink constants
take on different values depending on the nature of the mobile phase [67].

Similarly, the hydrodynamic size of polymer coils, expressed as the radius of gy-
ration under the critical conditions, also depends on the eluent nature [67]. Thus,
the critical conditions can not be related to a specific molecular conformation of
PS and the hydrodynamic dimensions of macromolecules with the same molar
mass are different in various mixed mobile phases corresponding to CEEC.

3.4
Upper Molar Mass Limit versus Thermodynamic Quality of Mobile Phase

The difference between the applied molar mass range and critical molar mass
range (symbols US and CR in Table 1-3) reflects separation difficulties. For exam-
ple, it has often been reported that the polymer was partially, or fully, retained
within the column. Several authors also indicate a lack of solubility in the eluent
or a molar mass independent retention observed only over a limited range of mo-
lar masses. In several published works, it is also stated that separation range at crit-
ical conditions is limited to 100kD. However, as shown data in Table 5, polymer
samples with much higher molar mass are eluted under critical and limiting con-
ditions.

These results indicate that critical conditions have potential to separate
homopolymers at least up to 2000kD. The highest molar mass limit was reached
in two thermodynamically good solvents of different polarity. One of the solvents

Table 5. The highest Reported Molar Masses of Polymers separated under Critical Conditions

Polymer and Highest Thermodynamic Column

Molar Mass Mobile Phase Quality of Solvents ~ Packing Ref.
PS Chloroform / carbon  polar solvent / Porous glass  [7]
up to 2145kD Tetrachloride non polar solvent

PS THF / n-hexane polar solvent / Silica gel [70]
up to 1200kD non polar nonsolvent

PS THF / n-hexane [28]
up to 1000kD

Chlorinated PE Chloroform / [99]
up to 520kD n-hexane

PMMA THF / n-hexane PS/DVB gel [154]
up to 1000kD

inj. in THF

PMMA Chloroform / polar solvent / Silica gel [45]

up to 400kD methanol polar nonsolvent
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supports adsorption of the analyzed polymer. Such pairs of solvents have been, to
date, rarely selected by investigators, although here seems to be an opportunity for
the reduction of the problems associated with the limited recovery and increase of
the molar mass separation range under critical conditions. The second option for
an increase of the separation range may represent use of a thermodynamically
good solvent for injection of the analyzed polymer. Interenstingly, under limiting
conditions of solubility sometimes high upper molar mass limit may be obtained,
although the mobile phase is nonsolvent for the polymer. For example, Bar-
tkowiak et al. [154] has found elution PMMA 1000kD injected in THF into mobile
phase THF/n-hexane, 58/42 vol. (Table 5), while PMMA was soluble in the mobile
phase only up to 30 vol. % of n-hexane.

Water soluble polymers were studied using classic form of LCCC only up to mo-
lar masses of 40kD [125]. Molar mass independent elution was observed for poly-
acrylamide up to 173kD using limiting conditions approach [157].

4
Mixed Mobile Phases for Critical Conditions

Mixtures of a solvent and a non-solvent (S/N) were used in majority of the cases
for “tuning” of the polymer retention. As shown in Tables 1-3, non solvents are
added in amounts from 0.6 to 70%. A decrease in the thermodynamic quality of
the mobile phase by adding of the precipitant (non-solvent) is occasionally con-
nected with problems of the poor solubility of higher molar mass samples or even
with the inability to reach the critical condition due precipitation of polymer sam-
ples. The precipitation may be supported, not only by the high concentration of
the non solvent in the mobile phase, but also by high concentration of non solvent
adsorbed on the sorbent surface. In mixtures of solvent and precipitant, the extent
of the preferential solvation of the polymer coils may be the reason why both sol-
ubility and movement of the polymer in solvent/precipitant mixtures are possible.
An evaluation of coefficient of preferential solvation requires separate measure-
ments, which have been not performed in connection with CEEC.

The use of a pair of thermodynamically good solvents (adsorli/desorli) results
in the perfect solubility of a selected polymer. One solvent should support adsorp-
tion of the polymer onto the column packing, the second one desorption. Such
mixtures can enable critical behavior up to very high molar masses, as shown in
Table 5. At present only a the small number of solvent/solvent systems is known
(Table 1: PMMA (6 systems), PtBMA (at least 1 system), PS (1 system)). A screen-
ing of solvents, for example, using silica and polymer of interest, could enable to
identify suitable solvents, where the polymer is adsorbed. Specifically, it is known
that PS is adsorbed on porous glass from carbon tetrachloride [7], PMMA is ad-
sorbed on silica gel from DCM [45] and from chloroform [155] or toluene [57]
and PtBMA from DCM [45]. PS, PBMA, PMMA, PTHF are adsorbed on silica



Liquid Chromatography under Critical and Limiting Conditions: A Survey of Experimental... 119

from carbon tetrachloride [168], as well as PVC, PEMA, and PVAc [169]. PEO ad-
sorbs on silica from pure water [168]. PMMA is adsorbed from toluene on some
PS/DVB columns [155].

The use of two good solvents for a polymer as components of a binary mobile
phase, however, can not guarantee the full recovery of the polymer. For example,
employing THEF/toluene for PMMA on silica gel caused limited or no recovery of
PMMA above ca 200kDa, although a molar mass independent elution was con-
firmed [57]. It seems that the adsorption of PMMA on silica gel was too strong.
The problem has been in this case overcome by using pure THF or toluene as sam-
ple solvents for PS injection. On the other hand, the use of two polar good solvents
THF/chloroform for PMMA injected in the mobile phase onto silica gel did not re-
sult in recovery problems [58].

In aqueous mobile phases, a new parameter, pH comes into play, which leads to
ionic effects and thus an ionic exclusion, expulsion and attraction. The variation
of pH enables transition from exclusion to adsorption mode through critical re-
gion [125].

5
Single Mobile Phases

There exist a limited amount of experimental data which indicate that critical con-
ditions in the single eluent are feasible. Inspection of Tables 1-3 reveals that near
critical conditions were observed in single mobile phases by Spychaj [44] (for
PMMA onssilica gel in ethylacetate), Mencer and Grubisic-Gallot [143] (for P2VP
in THF on p-Bondagel), Kriiger et al. [94] (for polyester in acetone on silica gel)
and Berek [156] (for PMMA injected in THF into toluene, PS/DVB). Recently,
Chang and coworkers proposed temperature gradient interaction chromatogra-
phy (TGIC) method for the selective separation of macromolecules. TGIC utilizes
a temperature gradient to control the retention of macromolecules near the system
critical conditions [38]. In addition to mixed mobile phases single component elu-
ents were also used in TGIC [38,170]]. It has been very recently experimentally
confirmed that some from single solvents used for TGIC show critical behavior for
polymers at the constant temperature [6,39], for example, as seen in Fig. 1. For this
reason we have incorporated the single eluents used for TGIC into Table 1.

The use of single eluents for the critical conditions has the potential to improve
CEEC separations since the elimination of both the solvent peaks and the effects
of both preferential solvation and sorption of mobile phase components on LC
separation can be eliminated. Moreover, many detectors are easily applicable with
such eluents. A new generation of column packings, i.e. sorbents grafted with tem-
perature sensitive or pH sensitive polymers which change their retentive properties
in a large extent after relatively small change of temperature or pH in single eluents
[171], could also be suitable for critical conditions in single mobile phases. The use
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Fig.5.Influence of the stereoregularity of PMMA samples on their elution behavior under crit-
ical conditions [6]. Mobile phase: Acetonitrile. Stationary phase: Nucleosil C18. Temperature:
68°C. Symbols: (squares) atactic PMMA, (circles) syndiotactic PMMA, (triangles) isotactic
PMMA

of single eluents for the critical conditions posses an attractive potential which has
not yet been examined. For example, pure ACN on silica gel C18 enables different
elution of izotactic, syndiotactic and atactic PMMA at higher temperature (Fig.5)

[6].

6
Polymer Peaks and Solvent Peaks under Critical Conditions

As arule, in a mixed mobile phase a solvent peak appears near the void volume of
the column. The appearance of the solvent peak may due to one of several effects,
the first of which is the preferential solvation of polymers [172]. After dissolution
in a mixed solvent, the polymer binds into its solvation shell one part of mixture
to a larger extent. After the separation of the solvated polymer from rest of injected
solvent, the solvent peak appears on chromatogram as was demonstrated by SEC
[172] and under suitable condition [173] its area, or height, may be correlated with
coefficient of preferential solvation [172]. An evaporation of one component from
the sample bottle or displacement effects may also lead to appearance of a solvent
peak [173]. The solvent peak represents a local change of composition of the mo-
bile phase. Under critical conditions small changes of the mobile phase composi-
tion (for example, 0.1% wt.) have a large influence on polymer retention, thus the
solvent peak could influence the elution of the macromolecules. If so, this could
imply that a tabulated critical composition is not precisely that, which really cor-
respond to the critical conditions. The real, acting critical composition of eluent
may be, and likely is, the composition somewhere, in the middle, of the solvent
peak. The presence of the solvent peak influences especially pronouncedly the elu-
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Fig.6.Shapes of peaks of PS standards under near critical conditions. Column packing: Porous
glass. Mobile phase: tetrachloromethane/chloroform, 95.5/4.5 vol. Temperature: 30.4°C. De-
tection: UV. Symbols: Mw=0.4kDa (1), 2kDa (2), 5kDa (3), 10.3kDa (4), 19.85kDa (5),
51kDa (6), 98.2kDa (7), 173kDa (8), 411kDa (9), 867kDa (10). (From [7] with permission)

tion of polymer under limiting conditions. In this case is the solvent peak very
large and interactions polymer — sample solvent, polymer — mobile phase have a
contradictory character (for example, polymer - thermodynamically good sample
solvent versus polymer — precipitant).

The disruption of the polymer separation by the solvent peak may be the reason
why broad and narrow polymer standards did not elute under the critical condi-
tions as a very narrow peak, as has been observed by the first critical conditions in-
vestigators and, subsequently, by others [7,21,56,62,79]. Namely, CEEC should
yield a very narrow peaks for polymeric samples of different polydispersity, with
the width of the polymeric peak determined only by the chromatographic efficien-
cy of LC column. Indeed, the width of the polymer peaks, more or less, increases
with the molar mass under critical conditions, as is illustrated in Fig. 6.

An additional reason for peak broadening under the critical conditions may be
the temperature gradient inside of column generated by viscous heat dissipation
[174] and, to a much less extent pressure gradient [175]. As is known, critical con-
ditions are quite sensitive to temperature [7,38,39,79,125] and, in some systems,
to pressure [7,17,92]. Furthermore, another reason for broadening could be differ-
ences in polymer architecture, because isomers may manifest itself under critical
conditions (Table 1). In any case, the question as to why polymer peaks are not sig-
nificantly narrower under critical conditions, remains unanswered and requires
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Fig. 7. Different retention of linear and cyclic PS. Eluent: THF/n-hexane. Column: Silica gel.
(From [69] with permission)

further study. As is the case in microscopy, LCCC requires a very fine preparation
of the sample and adjustment of parameters for obtaining of the very specific sep-
arations (i.e. very narrow peaks).

In the majority of the systems, polymers at the critical conditions elute with the
solvent peak. On the other hand, Pasch et al. [69] have observed that linear PS elut-
ed and cyclic PS eluted independently of molar mass — Fig. 6 — from the same col-
umn and at the same eluent composition. The same effect has been found for zero
and bifunctional polyesters [109]; at TLC of bi- and tri-functional oligomers of
polyoxypropylene glycols [102]; for PEG and PEG mono- or di-methylethers
[126] as well as for various functional PEOs [68]. Similarly, Berek et al. [54] have
observed that st-PMMA eluted at higher retention volume than the total volume
of liquid in the column. This interesting phenomenon has been not explained. If
understood, it could be utilized for elimination of co-elution of the solvent peak
with the polymer peak.

7
Limiting Conditions

The molar mass independent elution of polymers may also be obtained in case
when polymer is injected in only one component of mixed mobile phase [26]
(Fig. 8).

In such cases, the corresponding critical mobile phase may be even precipitant
for the polymer or may cause its full adsorption, if the polymer would be injected
using critical mobile phase as a sample solvent [154]. It has been considered that
in such cases the polymer can not exclude from the solvent peak, since eluent acts
as a barrier, which is unsurpassed for the polymer. The term “limiting conditions”
was coined for this phenomenon since the polymer elutes in a micro-gradient of



Liquid Chromatography under Critical and Limiting Conditions: A Survey of Experimental... 123

6
| »
[ F Y »
| O ] & -
mox @ Y
§°,5- | = 0 Iy
o
| ] = » &
m 58 A *
E s A ¥
4 L L L 1 1 L | I——
3 5 7 9 11

Retention volume [mL]

Fig.8.LC LCA calibration curves for PMMA of low stereoregularity with bare silica gel column
packing. Pure THF (squares) and THF/toluene with various amount of toluene. Composition
in wt. %: 60 (stars), 61.5 (circles), 63 (triangles), 67 (inverted triangles), 69 (diamonds). Sam-
ples were injected in THEF. Limiting conditions of adsorption were maintained between 65 and
69% of toluene. (From [155] with permission)

composition at the limit of its solubility [154]. According to this explanation, lim-
iting conditions of solubility (mobile phase is precipitant, sample solvent is good
solvent for polymer [152,154], limiting conditions of adsorption (mobile phase
supports adsorption of polymer, sample solvent is desorli) [155,157] and limiting
conditions of desorption (mobile phase is desorli for polymer, sample solvent is
adsorli) [57] were differentiated [24]. The family of LC methods utilizing CEEC
is schematically presented in Figs. 9 and 10. The elution behavior under limiting
conditions could be eventually explained considering the initial solvation of poly-
mer coils, when the solvation shell of polymer is quit stabile. In all cases, mutual
interactions between the polymer — the sample solvent and the polymer — eluent
have much more antagonistic character than that is in classical form of LCCC.
When limiting conditions are applied on characterization of copolymers, peaks of
copolymers move outside of the solvent peak.

Limiting conditions have the advantage that polymers are more readily soluble.
Additionally, the molar mass independent elution is observed over a broader range
of compositions of mixed eluents [155]. On the other hand, decreased polymer re-
covery was, at times, identified and mixed mechanism, when adsorption and pre-
cipitation have taken place in the system [157]. LC systems with limiting condi-
tions observed to date are collected in Table 3.
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Fig. 9. Schematic representation of LC methods according to solubility of the analyzed poly-
mer in the mobile phase. The choice of a thermodynamically good solvent for dissolution and
injection of the polymer enables its elution even in a eluent which does dissolve the polymer
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Fig. 10. LC methods based on CEEC represented on chromatograms of PMMA eluted in dif-
ferent modes from silica gel column. Detector: ELSD. The figure is constructed according to

data published by Berek [57]. THF and toluene are thermodynamically good solvents for PM-
MA, herefore LC LCS is not possible in this system

8

Comparison of Molar Masses Calculated from Separation under Critical
Conditions and other Methods

Under critical conditions for one homopolymer, which constitutes a part of a bi-
nary copolymer, a second polymer may be characterized [61-64,80,176]. The mo-
lar mass of a part of copolymer, which is not under critical conditions, however, is
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eluting in SEC mode, may be determined in the column at critical conditions or
after reinjection, in the additional SEC column [22]. Clearly, corresponding
homopolymer standards for SEC calibration should be at the hand. Experimental
reports for the CEEC analysis of block copolymers, which support the feasibility of
the individual block characterization, were published. For example, Zimina et al.
[45] described that block copolymers PS-PMMA eluted under critical conditions
for PMMA according to size of PS blocks. The authors have determined the molar
mass of PS in the block copolymers and compared the chemical composition
based on NMR with obtained from LCCC. The agreement was very good.

Pasch et al. have compared of copolymer molar masses from SEC and from
LCCC for block copolymers PDMA-PMMA [61] and PS-PMMA [80]. From the
molar mass of the individual blocks, which were measured under LCCC, the total
molar masses of the block copolymers were calculated. Moreover, the expected
nominal chemical composition was compared with the chemical composition de-
termined by LCCC. While the molar mass of copolymers from SEC was used for
comparison in some studies [61,80], molar mass of PS precursor used for prepa-
ration of corresponding copolymers has also been selected as reference value in
[47]. Very good agreement of values was found, as documented by data in
Table 6A,B extracted from [47,80].

The average molar masses of components of block copolymers PMMA-PtBMA
estimated by LC under critical conditions (for polymer eluted in SEC mode) agree
very well with values SEC obtained by subtracting the molar mass of the PtBMA
precursor from that of the block (deviation 2-4%) [55]. Agreement up of individ-
ual component ratio of 1:5 was found. On the other hand, Lee et al. [39,78] have
found systematic difference 0-33 % between by critical conditions measured the
molar mass of precursor and expected molar mass of precursor. Differences be-
tween measured, and expected, molar masses increased with the concentration of
the “invisible” part of copolymers (i.e. part of copolymer under critical condi-
tions). Additional studies are needed to generalize this phenomenon.

Table 6A. Comparison of Molar Masses of Block Copolymers determined by various Methods

Sample Expected LCCC®* Precursor LCCC® SECS SECH LCCCe
Block M, M, M, M, M, M, M,,
copolymer PMMA  PMMA PS PS Copolymer Copolymer Copolymer
PS-PMMA [kD] (kD] (kD] kD]  [kD] (kD] (kD]

B1 55 kD 49kD 114kD 119kD 165kD 152kD 168kD

B2 89 kD 97kD 81kD 91kD 182kD 141kD 188kD

B3 133kD 143kD 48kD 61kD 188kD 140kD 204kD

3 Determined under critical condition for PS using PMMA standards[80]
b Determined under critical conditions for PMMA using PS standards[47]
¢ SEC with light scattering detection
d SEC, Styragel, THE, PS calibration
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Table 6B. Comparison of Compositions of Block Copolymers determined by various Methods

Sample Composition Determined LCCC® Determined SEC

Block copolymer expected (dual detection-Density-RI)
PS-PMMA

Bl 67 /33 71729 69 /31

B2 51/49 48 /52 53 /47

B3 29/71 30/70 30/70

¢ Determined from the molar mass of the PS and the PMMA block

We may conclude that the molar masses obtained under critical conditions re-
flect, correctly, homo- and co- polymer characteristics, however deviations may be
observed. These deviations may be caused by the method itself, due to parameters,
who influence is not sufficiently well know, such as preferential solvation of poly-
mer chains, unexpected differences in the structure or composition of the analyzed
samples, or differences in adsorptive properties of column packings. Nevertheless,
the data obtained are valuable due to very limited accessibility to such data by oth-
er analytical methods.

9
Detection

As was mentioned earlier, polymer, solvents or additives are under critical condi-
tions, eluted at the same or near the elution volume. Universal detectors (RI, UV)
monitor all components what may lead to incorrect conclusions since a solvent or
an impurity peak may be considered as a polymer peak. Furthermore, a polymer
peak may be deformed or split as consequence of overlapping of responses for both
the polymer peak and the solvent peak (compare Figs. 11A,C with Figs. 11B,D).
Fig. 11B shows the increase of broadening of polymer peaks under LCCC, while
Fig. 11D illustrates the shape of polymer peaks under limiting conditions.

ELSD does not detect solvents and yields, for macromolecules, a strong signal.
Therefore ELSD is recommended as a detector at looking for critical conditions.
Solvent peak may also be “invisible” to viscosity [50] or LALLS [59] detectors,
however, their application for mixed eluents is more problematic than ELSD. The
connection of LC under critical conditions, on-line or off-line, with the specific
detectors such as DAD, FTIR, MALDI-TOF-MS and NMR helps greatly to identify
the chemical structure of eluted substances. The applicability of these detectors is
widespread with a large amount of useful information’s obtained in such way (for
a review see [25]).
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Fig. 11A-D. Chromatogram of PMMA 280kDa injected in eluent the detected by A RI detector,
B viscosimeter. Mobile phase: MEK/cyclohexane. Column packing: Silica gel. From [50] with
permission. A chromatogram of polystyrene sample injected in dichloromethane detected by
C UV, D ELSD. Mobile phase: Dichloromethane/n-hexane. Column packing: Silica gel [151]
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10
Applications of Liquid Chromatography under Critical Conditions
to Polymer Separation

Applications summarized in Table 1, 2 and 3, document that CEEC may be found
for many individual polymers as well as structural segment of a polymer sample.
The unique sensitivity of LCCC to different characteristics of macromolecules, has
been, to date primarily utilized for analysis of block copolymers (AB or ABA) as
well as analysis of functionality of homopolymers (Fig. 12). Blends of polymers
and structurally different macromolecules, i.e., cyclic versus linear versus
branched and even with different tacticity, have been separated. Graft copolymers
has been studied [43,117] as well as random copolymers [111,153,154] (Fig. 13).

The majority of the applications handle polymers soluble in organic solvents,
while CEEC for water soluble polymers has been less extensively elaborated. Poly-
ethylene and polypropylene, worldwide the most widely produced synthetic poly-
mers, have not been characterized by LC system at CEEG, likely due to the need to
use higher temperatures. The first LC system under limiting conditions for these
polyolefins was just recently identified (Table 3) [149].

SEC  r=1

Ff:(] ——

=24 Lcee  f=1

| L H L ] 1 i J
Yy & 4 12

Fig.12.Samples of polyfenylenesulfones (polymerization degree n=1-6) separated under crit-
ical conditions. Symbols: without hydroxyl groups (f=0), one end hydroxyl group (f=1). A
comparison with the SEC chromatogram illustrates that LCCC separates the samples inde-
pendently of the size of macromolecules (From [130] with permission)
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Fig. 13. Retention volume obtained by liquid chromatography under limiting conditions of
adsorption (squares, diamonds) and by SEC (crosses) for random homopolymers of various
composition. (Adapted from [153] with permission)

The SEC analysis of components separated according to the chemical composi-
tion under critical conditions may be carried out after transferring of effluent from
column under critical conditions into a SEC column. This procedure requires ad-
ditional sample valve with loading loops plus the adjustment of flow velocity and
column dimensions [106]. The procedure is known as two-dimensional separa-
tion (for references see [22,25]). A fully automated chromatographic system for
two-dimensional separation was developed by Kilz et al. [106,177] and is commer-
cially available [178]. On the other hand, a reinjection of analyzed fraction from
column working at critical conditions into the additional SEC column is not nec-
essary, when two different systems under critical conditions are found, i.e. one for
each components of copolymer (using two different columns or two different elu-
ents). Corresponding complementary LCCC systems may be selected from
Table 1-3. In this case, parts of copolymer, which are not under CEEC, should be
eluted in SEC modus. The distribution of molar mass of both components of co-
polymers may be then measured directly under critical conditions, as have been
demonstrated in [47,67,78,80]. If necessary, LCCC may be scaled up to preparative
quantities [71].
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1
Conclusions

All known LC systems under critical and limiting conditions reported over the last
25 years have been summarized. This collection, of over 180 systems, indicates for
approximately 37 homopolymers, the most appropriate systems from the point of
view separation up to high molar mass and with full recovery. It also enables to re-
duce the time which would be necessary for identifying the composition of the
mobile phase. Suitable alternatives for the separation of different parts of a studied
copolymers under conditions of entropy-enthalpy compensation can be identi-
fied. Furthermore, the data have been tested from point of view of correlation’s be-
tween some experimental characteristics of the critical systems.

The solubility parameters of critical mobile phases are concentrated in relatively
narrow windows of values for majority of pairs sorbent—polymer. Taking into ac-
count that sorbents of the same type differ in their adsorptive properties, and that
sigma values are not corrected for influence of temperature, the correlation with
the solubility parameters is very good. Therefore, it is hypothesized that all poten-
tially suitable critical mobile phases for a polymer — sorbent pair should posses sol-
ubility parameter near to value known from previous LCCC experiments. Gener-
ally, the solubility parameter of eluent is not correlated with the solubility param-
eter of the polymer analyzed. Similarly, according to the Mark-Houwink con-
stants, the critical eluents may correspond to thermodynamically poor or very
good solvents. Under limiting conditions the mobile phase may be even precipi-
tant for the analyzed polymer.

Values of the elution strength and the solubility parameter of critical eluents
corresponding to a polymer are dissipated, however, values of elution strength are
scattered to a smaller extent. A good correlation has been confirmed between elu-
tion strength of a pure eluent component and volume ratio of the corresponding
mixed eluent. It seems that this dependence may be used for prediction of new po-
tentially critical mobile phases when silica gels with identical properties are used.
Namely, silica gels of different origin may have different adsorptive properties
which is reflected, very sensitively, in different CEEC. Currently available sorbents
need to be characterized in respect to their adsorptive properties. Values, such as
the number of silanol groups or the carbon loading could be helpful for a compar-
ison. A deliberate variation of adsorbent activity, either using a column from a se-
ries of columns with defined, standardized, but in small steps different adsorption
properties, would make an adjustment of CEEC in a selected mobile phase much
easier. Furthermore, interesting possibilities connected with the new generation
of column packings, which alter substantially their retentive properties with tem-
perature or pH, also exist.

The properties of mixed eluents which permit CEEC up to high molar masses
have been identified. Mixed mobile phases composed from two thermodynamic
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good solvents, in combination with a not strongly adsorbing sorbent, could elim-
inate problems with non solubility and limited recovery of polymer samples.
Combinations of solvent plus precipitant, but both either polar or non polar liq-
uids, as shown, also enable the elution of high molar mass samples. Therefore, the
authors have, herein, presented some proposals and guidelines based on review
and prospective needs. For example, single mobile phases may eliminate problems
with both presence and influence of solvent peaks. Moreover, an use of absolute
detectors is in single eluents less complicated. Eventually, the role of the solvent
peak and its impact on LC separation could be deliberately increased by using var-
ious sample solvents.

The compilation of data confirms that critical conditions are a generally valid
phenomenon in LC of polymers. Critical conditions are highly sensitive to very
small differences in chemical and structural composition of macromolecules. For
this reason LC under conditions of entropy-enthalpy compensation will likely play
the increasingly important role in the future of polymer separations including for
polyolefins (Fig. 14).
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Abstract Fourier transform infrared (FTIR) spectroscopy is a mature analytical technique
employed to examine polymeric materials. With the coupling of an infrared interferometer to
a microscope equipped with specialized detectors, FTIR spectroscopy has been employed
widely to examine microscopic areas in polymers for the last twenty years. Following the
emergence of instrumentation techniques that employ focal plane array (FPA) detectors, FTIR
microspectroscopy has experienced a recent renaissance in terms of the capability of instru-
mentation and visualization afforded for examining multicomponent polymer systems. We
present an overview of the principles of instrumental configurations used to achieve spatially
resolved spectral information, their relative advantages and limitations. Illustrative examples
are presented that demonstrate the capabilities of FTIR microspectroscopy and the insight this
technique provides into the composition, formation, and behavior of polymeric materials. Fi-
nally, some emerging techniques that may permit microspectroscopic analyses on a different
spatial scale are reviewed.
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Introduction

Most utility polymeric articles available today contain multiphase polymeric sys-
tems comprised of semi-crystalline polymers, copolymers, polymers in solution
with low molar mass compounds, physical laminates or blends. The primary aim
of using multicomponent systems is to mould the properties available from a sin-
gle polymer to another set of desirable material properties. The property develop-
ment process is complex and depends not only on the properties of the polymer(s)
and other components but also on the formation process of the system which de-
termines the developed microstructure, and component interaction after forma-
tion. Moreover, the process of polymer composite formation and the stability of
the composite is a function of environmental parameters, e.g., temperature, pres-
ence of other species etc. The chemical composition and some insight into the mi-
croscopic structure of constituents in a polymer composite can be directly ob-
tained using Infrared (IR) spectroscopy. In addition, a variety of instrumental and
sampling configurations for spectroscopic measurements combine to make infra-
red spectroscopy a versatile characterization technique for the analysis of the for-
mation processes of polymeric systems, their local structure and/or dynamics to
relate to property development under different environmental conditions. In par-
ticular, Fourier transform infrared (FTIR) spectroscopy is a well-established tech-
nique to characterize polymers [1, 2].

While dispersive IR spectroscopic instruments have been less popular for long,
most advances in the last thirty years were confined to FT systems due to their ease
of use, small experimental times, high throughput, and high reproducibility. Ob-
taining FTIR spectra from polymeric samples is usually relatively rapid and
straightforward. Moreover, the technique has attained high precision and accura-
¢y in measurement to be sufficiently reproducible for most industrial, research
and development purposes. Several experimental and post-data collection tech-
niques for specialized applications not amenable to routine IR spectroscopic anal-
ysis have been developed over the years and a vast database of knowledge exists.
However, IR spectroscopy had primarily been a “bulk” examination technique as
obtaining spectral information from microscopic areas was difficult. The last fif-
teen-twenty years have seen considerable activity and development in the capabil-
ity to collect IR spectra from small, specific regions of a sample. These develop-
ments have resulted in the development of a sub-field of considerable research ac-
tivity — IR microspectroscopy. The set of techniques enabling microspectroscopic
examination have demonstrated ability or great potential in examining the chem-
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ical structure to relate it to physical characteristics of materials and their fabricated
products [3].

In this review, we present the current state of technology for infrared microscop-
ic characterizations, illustrative applications, and possible future directions for this
field with respect to characterizations of polymers. Infrared microspectroscopy, or
the infrared spectroscopy of microscopic areas, can be broadly divided into three
approaches based on the instrumentation used. The first class, using a large single
element detector, is also the oldest. Such instrumentation has been commercially
available for almost 15 years. The next approach, using array detectors, has been
employed for a little over 5 years with commercial instrument availability at less
than 5 years. Other approaches to microscopic detection are still being developed
and are available in very few researchers’ laboratories. FTIR microspectroscopy
combines the spatial specificity of microscopy with the powerful chemical specifi-
city of spectroscopy. Hence, any developed instrumentation or experiment is de-
signed to emphasize some aspect of the spatial or chemical aspects of analysis. A
balance between the need for sensitive spectral information essential for molecular
characterization and the need for high spatial resolution visualization essential to
morphological analysis is often achieved by instrumental and temporal limita-
tions. Specific applications usually determine which of the spectral or the spatial
characteristics are to be emphasized and what tradeoffs are tolerated. Hence, in this
review, the three broad classes of infrared microspectroscopy are examined in se-
quence with emphasis on instrumentation capabilities and experimental possibil-
ities. In analyzing applications, we focus primarily on the information-rich and
well-characterized mid-infrared region of the spectrum, particularly suited for
polymer analyses, and refer the reader to reviews on near-infrared applications [4].

2
FTIR Microspectroscopy Using A Single Element Detector

2.1
Introduction

While the first reports of a micro-capability spectrometer appeared 50 years ago
[5], the technique made no major advances in applications to polymers until the
coupling an interferometer and microscope to a digital computer enabled Fourier
transform spectroscopy, time averaging, and mapping. The light throughput is
used more effectively in the FT process and the development of more stable, sen-
sitive, fast-response cryogenic detectors allowing for reproducible measurements
further spurred interest in microspectroscopy. Infrared interferometers coupled to
modern infrared microscopes incorporating sensitive detectors and a digital com-
puter became commercially available in the 1980s and are, to date, popular analy-
sis tools. There are estimated to be ~5000 systems currently in use. Spectral infor-
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mation from a small area of the sample can be obtained by restricting the area il-
luminated by the infrared beam using opaque apertures of pre-defined size. This
allows microspectroscopic examination of small samples and can routinely be
used to examine specimens down to the microgram range. However, single point
examinations are of limited use and statistical viability in examining multicompo-
nent polymers. By moving the sample in a known, pre-determined manner rela-
tive to the aperture, a point-by-point examination of a contiguous area of any size
can be carried out. This technique is termed FTIR Mapping as by plotting the ab-
sorbance magnitude of a specific vibrational mode over the area, a map of that
chemical species’ relative concentration can be obtained. Maps of chemical spe-
cies’ abundance are also termed chemical maps or functional group maps. While
optical microscopes use differences in refractive index, selective phase staining or
polarized light for contrast, the spectral signature of a material provides the con-
trast in FTIR mapping. The non-invasive, non-destructive characteristics of IR
spectroscopy are maintained while adding microscopic examination capabilities.

2.2
Instrumentation

Three major additions to the spectrometer are required for microspectroscopic
mapping to be accomplished. First, the radiation from a modulated source has to
be diverted to a microscope to focus on the desired sample area. A rapid scan inter-
ferometer is generally used as a source of radiation for SNR considerations, though
the technique is not modulator specific. A step-scan interferometer, filter, or dis-
persive system may also be employed. No modifications are required to a standard
interferometer and an attached computer can trigger interferometer scanning at a
particular sample spatial position. Second, radiation reaching the detector is lim-
ited to be only from the area of interest on the sample. This is accomplished by us-
ing opaque masks or apertures, usually equipped with adjustable slit dimensions.
Third, a positioning stage is required to precisely and reproducibly position the
sample many times. Each stage movement is sought to be accomplished in as short
a time period as possible. A computer is used to control the stage, interferometer,
equipped to acquire optical images, and collect and store data. The IR microscope
(shown schematically in Fig. 1) is very similar to the optical microscope. As there
is no means to visualize the infrared image ab-initio, the sample has to be first vis-
ualized using optical methods. To obtain IR spectra from microscopic regions, ap-
ertures are employed first to selectively limit the wide field of view of the optical
signal. IR radiation can then only pass through the slits and spectra are acquired
by measuring this throughput as a function of interferometer retardation. The de-
pendence of the infrared sampling on the optical image requires that the optical
and infrared paths be parfocal and collinear. The major difference between optical
microscopes and the one required for IR use is the incorporation of all-reflecting
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Fig. 1. Schematic diagram of an infrared microscope (left) reproduced from Koenig JL, Micro-
spectroscopy of Polymers. The details of the focusing optics (right) are reproduced from Ref.
(18]
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optics to allow maximal IR transmission and the incorporation of aspherical re-
flecting surfaces in a Cassegrain-type configuration to minimize optical aberra-
tions. Refractive elements, if required for some special needs, are made from IR
transmitting materials that are resistant to moisture (e.g. CaF,). Apertures used are
usually coated with highly absorbing carbon black to eliminate stray radiation. Po-
larizers or any other filters can be inserted into the beam path and polarized infra-
red measurements can be conducted similar to polarized measurements using vis-
ible radiation.

2.2.1
Sampling Techniques

Radiation incident on a sample results in radiation interacting with the sample to
be transmitted, reflected, refracted, absorbed or emitted. Almost any of these
modes [6] (Fig. 2) may be used for examining the absorbance characteristics in a
microscopic configuration. However, microscopy places unique demands and
some techniques have been more popular than others. Transmittance and reflect-
ance techniques remain the most popular due to the ease of sample preparation
and conduct of experiments. Light transmission through the sample allows for
easy sample positioning, good light throughput and yields spectra that require lit-
tle processing effort. However, sample preparation is more involved as most mate-
rials are strongly absorbing at their characteristic frequencies. The samples have to
be thin, usually requiring experience and expertise in sample preparation in addi-
tion to the time and effort required to prepare optimal thickness samples. Micro-
toming a sample is often required and an appropriate embedding medium [7] may
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Fig.2. Major Sampling Techniques for Infrared Spectra Collection in a Microscopic configu-
ration

sometimes be used to handle a small sample before that step. While spectra may be
obtained by flattening a sample [8] or using a diamond cell [9] to press the samples
into thin layers, unwanted side effects of this approach may be manifest in terms
of loss of orientation, interference fringes and distorted polarization. Once a good
sample is obtained, quantification of data obtained from it is straightforward. The
absorbance, A, of a specific vibrational mode is related to the incident, I;, and
transmitted, I, intensities of radiation sample parameters as,

t

A=abc=log10(i—iJ (1)

Where, a is the absorption coefficient, b the path length of radiation through the
sample and ¢ the concentration of the absorbing species.

Reflectance spectroscopy is commonplace for samples that cannot be prepared
for transmittance measurements. However, reflectance measurements must be
carefully conducted as the reflected beam is not only indicative of the composition
of the sample but is also affected by surface conditions at the sample plane. This
makes the reflectance spectra, though indicative of material chemistry, difficult to
interpret and generally less useful for quantitative analysis. Since the polarization
of the beam is maintained for reflectance, especially specular reflectance methods,
examination of orientation at polymer surfaces using reflection techniques is at-
tractive [10]. Reflection-absorption modes involve the transmission of the infra-
red beam through the sample and subsequent reflection to pass through the sam-
ple again. Usually, sample preparation is difficult for such experiments and they
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are useful when samples are thin in their native state and/or supported on a reflect-
ing surface. Specialized accessories have been developed to control the angle of in-
cidence and condense the beam after reflection. Using appropriate equipment,
spectra from films as thin as a few nanometers can be observed. Attenuated total
reflection (ATR) has been combined with the microscope to carry out ATR micro-
spectroscopy [11, 12]. An alternative approach has been developed that uses car-
tridges with hemispherical ATR elements and can be used in any microscope with
reflectance capabilities [13]. Micro-Photoacoustic spectroscopy and time resolved
microspectroscopy have also been reported. Adding to the versatility of the tech-
nique, temperature control may be achieved using a standard microscopy cell with
IR transmitting windows [14]. There are no limitations to employing constant hu-
midity and pressure (and vacuum) cells if the need arises. Special accessories [15,
16] can be readily incorporated by small changes in the optical configuration to ex-
amine different types of samples. FTIR microspectroscopy using polarized light
provides information on the orientation of molecular species, which is especially
useful for examining liquid-crystalline or semi-crystalline polymers and their
composites. Infrared polarizers can be incorporated in microspectroscopic instru-
mentation to allow polarized radiation to impinge on the sample. Usually, two
measurements, between which the polarizer is rotated 90° are carried out to yield
dichroic ratios of specific absorption modes. These can then be related to the rel-
ative orientation of polymer repeat units. However, the calculation of accurate di-
chroic ratios is predicated on the absence of stray radiation, polarization accuracy
through the microscope optical train and focused optics at the sample. These con-
ditions are difficult to maintain in a routine manner and thus, polarization exper-
iments have not been widely carried out.

222
Data Processing

Data processing of mapped areas is mostly spectra based. Baseline correction of in-
dividual spectra, thickness corrections of individual area elements and other such
plotting steps are routinely applied. The size of the data sets depends on the spatial
resolution and area mapped. Given the large mapping time and low spatial resolu-
tion in most cases, the mapping technique is ideally suited to examining samples
that have large spatial features, the discrimination of which does not require high
resolution spectroscopy. Most often, the data sets are of a size smaller than 1 MB.
Data processing is fast and many of the techniques applied to single spectra can be
applied to extract information. Computation speeds and power requirements are
moderate as only a few hundred spectra (at most) are ever processed. More com-
plex data processing may be employed to improve the SNR, spatial resolution and
component extraction. Surface contaminants as small as 10 pm could be profiled
by a data reduction program used to obtain projections about spatial locations. A
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method to co-add spectra from different positions was also suggested to improve
spectral quality [17]. Since spectra collected are so few in number, it is usually
more time effective to simply collect data for a longer time than apply any sophis-
ticated techniques to improve the signal to noise ratio and extract information.

223
Errors in FTIR Mapping

The most glaring source of error comes from the component of the technique that
facilitates microspectroscopy-apertures. Apertures are the largest source of diffrac-
tion in the IR microscope and can lead to the detector sampling light from outside
the apertured region. The detector also samples the secondary lobes of the diffrac-
tion pattern. Thus, spectral information from the delineated area is spread over a
larger area than the aperture. A case study revealed the effects of this stray light
sampling as far as 40 pm away from the sample (Fig. 3) [18]. Consequences of this
stray light on spectra were studied under conditions of different aperturing modes
and sizes. This problem can be circumvented by using a second aperture to delin-
eate the same region (redundant aperturing). The spectral purity is now increased
at a cost to the amount of light allowed through the system. Hence, spectral quality
(SNR) is degraded. This requires very large collection times (loss in temporal res-
olution) or larger apertures (loss in spatial resolution). Thus, the three interde-
pendent errors (stray light, low SNR and low spatial resolution) limit the effective-
ness of the technique as a mapping tool to examine the spatial distribution of
chemical species. Stray light not only compromises spatial fidelity, but may also
lead to errors in determination of absorbance [19].

With dual aperturing in the mid-IR range, the practical resolution limit is close
to 15 um. This lower limit may be further increased to ~10 pum, but at a substantial
time cost. Typical collection time for a spectrum from a region is ~30 s. A further
time of a few seconds is required to collect the data, process it, store it in the correct
sequence, refresh data display and step to the next region before starting the next
scan. Hence, to map a 500 pm X 500 pm region with a resolution of ~15 pm, it will
take this mapping technique approximately 10 hours. Near field acquisition tech-
niques have been suggested to improve spatial resolution and mask stray light. One
such study [20] analyzed the acquisition of a physically masked sample (i.e. no
mapping was possible). Another [21] proposed a near-field aperture turret to al-
low for mapping. Once again, the cost of improved resolution and accuracy is
higher alignment and collection time.

Quantitative analyses require that spectra be measured from samples that are
non-luminous, their absorbance be invariable with changes in concentration, the
absorption coefficient of the species be independent of the intensity of incident ra-
diation, the spectral response be uniform across the radiation cross-section, the
instrument be devoid of stray light and respond in a linear manner to different lev-
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Fig. 3. The effects of aperturing can be seen on spectra collected with the aperture examining
a polymer film (fop) aligned with the film edge (middle) and 40 pm away from the edge. (re-
produced from Ref. [18])

els of light intensity. Some or many of the factors above are violated by sample
non-uniformity, instrumental factors and the behavior of chemical species (inter-
actions) leading to incorrect measurements. The effects of deviations can be theo-
rized, quantified and experimentally verified. While diffraction has been found to
be a major source of frustration, Siedel aberration may also serve to limit mapping
fidelity [22]. In particular, centrally obscured reflecting optics (Fig. 1) are prone to
spherical aberration effectively requiring adjustments to the optics after mapping
small areas on the sample and limit the field of view for wide field analysis if the
sample is not disturbed. In addition, the central obscuration reduces light
throughput, further starving the detector of already scarce radiation. Numerical
apertures of reflecting systems are typically limited (typically to less than 0.7) and
magnification of no more than 50 x. This limitation is not important for routine
FTIR microscopy in the mid-infrared and hence, reflective optics prove to be bet-
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ter suited — scientifically and economically — compared to refractive optics utilizing
complex lens design. If the required wavelength range for infrared analysis allows
for the use of materials (e.g. glass or CaF,) that may prove to be economically fea-
sible, refractive optics that provide higher numerical apertures and spatial resolu-
tions may be readily employed. However, chromatic aberration would have to be
corrected for by appropriate microscope design [23]. Errors may also arise during
use due to improper location of the spot to be mapped, substrate optical effects
that shift the beam focus and loss of accuracy in system alignment over time.

2.3
Applications

A compilation [24] and discussion [25] of the applications of FTIR microspectros-
copy to polymers is available. A concise introduction to the diverse applications
can also be found [26]. Some newer and representative examples of various appli-
cations are presented below to illustrate the possibilities of IR microscopy. We have
included more studies that seek to map an area rather than obtain spectra at dis-
crete points. We believe the true utility of microspectroscopic instrumentation lies
in examining a large area to find localized spectral changes akin to microscopy.

2.3.1
Microsamples, Additives, Contaminants and Degradation

Many polymeric samples are often available in small quantities for analysis. For ex-
ample, new synthetic polymers are usually available in small quantities and foren-
sic specimens may be limited in availability. In many situations, the identification
and/or quantification of such samples are critical. However, samples smaller than
the diameter of the probing beam lead to spectral artifacts, which complicate iden-
tification and quantification. Hence, many of these “microsamples” cannot be ap-
propriately analyzed by conventional wide beam spectroscopy in their native state
and microspectroscopy presents perhaps the only route to obtain artifact free spec-
tra and consequently, the best chance of material identification.

Specially designed sample handling accessories can be used to localize the beam
and/or control sample dimensions for obtaining a spectrum of the microsample.
Hence, the sample does not need to be mixed with/embedded in a matrix. While
small sized samples and concentrated contaminants can be detected, FTIR micro-
spectroscopy can also be used to examine minute quantities of samples. While it
has been claimed that concentrations in the nanogram range [27] can be detected,
we believe that concentration levels down to ~0.1% (w/w) of the volume of the
beam at the sample can usually be quantified routinely. The sample preparation
for such sensitive measurements is of crucial importance. Specifically, it is usually
required that the material be isolated and pressed into a thin film over a spot size
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of ~15 pm to obtain the best spectra. Many specialized sample handling accesso-
ries are available and can be employed to accomplish this task or provide alternate
sampling geometries if pressing the sample into a film is not desirable or viable.
One such microsampling accessory, the Diamond Anvil Cell (DAC), allows for
small sample handling and applies pressure to the sample, which can be employed
to change the dimensions of the sample.

The sensitivity of FTIR spectroscopy to microscopic defects is greatly increased
compared to a macroscopic measurement — if the defective area is examined. As
opposed to single element, wide beam spectroscopy where the spectrum from the
entire sample is obtained, the polymer does not overshadow the contaminant if a
spectrum from a microscopic area of the sample is obtained. The contaminant can
be later identified from a library of known compounds, providing clues to process
control and helping to maintain quality control. This approach has been used to
identify gel inclusions in poly(ethylene) [28, 29], contaminant on the surface of a
semi-conductor device [30], acrylic fiber on a microcircuit die (Fig. 4) [31], con-
taminants in poly(vinyl chloride) (PVC) [32] and a mold release agent on the sur-
face of a polyurethane [33]. An additive (erucamide) in linear low density polyeth-
ylene (LLDPE) that was found to migrate to the surface [34] thereby changing the
surface properties could be readily identified. Various contaminants, whether in a
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Fig.4. The distribution of a contaminant is examined by reconstructing images of an acrylic
fiber contaminant on a microcircuit die using various methods of visualization. Image gener-
ation methods include the use of a absorbance intensity at 2968 cm™, b integrated absorbance
between 2850 and 3000 cm™, ¢ integrated absorbance from 1000 to 4000 cml, and d the
Gram-Schmidt method. (reproduced from Ref. [31])
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film on the surface, as inclusions in the bulk or simply attached to a polymer device
can be identified using appropriate techniques to obtain a sample with the con-
taminant. In a few minutes of experimental time, the presence and identity of the
contaminant can be readily determined.

Contaminants may be identified by two approaches: optical microscopy is first
used to identify an anomaly followed by its isolation in the IR field of view by ap-
ertures. A spectrum is then acquired from the small, delineated area to identify the
contaminant. Clearly, the identification of the small area containing the suspected
contaminant using light microscopy is critical. Optical contrast needs to be suffi-
ciently high to allow such delineation and the question as to the contaminant’s
identity can be resolved by microspectroscopy. Alternately, the whole sample area
is mapped and a contaminant can be identified if an anomalous signal is observed
from a small area in the map. Mapping is especially useful when the optical detec-
tion of contamination is difficult due to the heterogeneous nature of the sample or
little difference in refractive indices between the sample and the contaminant.
General mapping of sample areas has also been known to lead to serendipitous dis-
coveries of contamination or to the discovery of more than one type of contami-
nant/degradation product. For example, the degradation of poly(propylene) (PP)
was studied using FTIR mapping [35] indicating the presence of many different
types of degradation products. Similarly, localized degradation photoxidation of
polymers [36] can also be examined whether on the surface or in the bulk after mi-
crotoming. Other case studies reported have included lubricant in nylon [37], py-
rolysis products from microsamples, inclusions in PVC, inclusions in a rubber
sample and growth of foreign material in a brewery pipe [38]. Process contamina-
tions can be readily examined, for example, anomalous material on a magnetic
disk during manufacture was found to be cellulosic with some kaolin clay, proba-
bly from a coated paper used in the manufacturing process [29]. Another contam-
inant reported in the study was similar in visual appearance; but was found to be
a polyamide that matched the Nylon resin used. Yet another contaminant on the
disks, which could not be distinguished by optical microscopy alone, was found to
be a polyglycol. Thus, different residues due to manufacturing defects can be read-
ily identified and the process step where the contamination occurred can be mon-
itored and/or modified.

The degradation of a polymeric sample often begins at the surface and proceeds
into the bulk. Injection molded samples of polyamide 6,6 [39] were aged at elevat-
ed temperatures and examined to determine changes. Skin-core oxidation was ob-
served and evaluated by infrared spectroscopy and by imaging chemilumines-
cence. The oxidation depth profiles determined by the two techniques using the
carbonyl stretching frequency (FTIR) and the peroxide depth profiles (chemilumi-
nescence) showed good agreement and the results indicated a diffusion-controlled
oxidation process. Thus, not only can a material be monitored for contamination
and/or degradation but also, in some cases, the mechanism and the source of the
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anomaly can be probed to allow characterization of the process which lead to the
appearance of the anomaly or failure of the product.

23.2
Single Polymer Fibers

Single component, multicomponent fibers [40] or fibers with dyes [41] or pig-
ments [42] that have diameters down to 10 pm can be detected and analyzed by
FTIR microspectroscopy. Cotton, wool and acrylic fibers could be readily differen-
tiated by examining their infrared spectra [43]. Fiber blends (cotton/terry vs. cot-
ton/polyester) could also be differentiated. PET fibers [46, 44] and a polysulfone
fiber in an epoxy matrix could be characterized. Groups of fibers classified accord-
ing to size generally require different methods of sample preparation [44]. Fibers
larger than ~30 um in diameter did not require much sample preparation. For
smaller fibers, better results were obtained by effectively increasing the sample
width by flattening the sample using a DAC. ATR microspectroscopy can also be
employed to provide information when transmission experiments are difficult or
surface weighted information is required [45].

While the detection and identification of single fibers can be readily accom-
plished using microspectroscopy, the quantitative analysis of orientation is com-
plex [46]. Polarized intensities obtained from a large film using microscopy and
conventional wide beam illumination were found to agree well. However, a lensing
effect similar to that of using variable path length cells [47] due to the curvature of
fibers is observed when fibers are examined. This lensing effect complicates iden-
tification and severely affects the determination of orientation. To eliminate the
lensing effect, flattening the fiber is suggested to make the surfaces parallel and the
specimen larger. However, this process may result in loss of the original orientation
in the fiber. The effects of polarization scrambling by the system optics, diffraction
effects and stray light can be reduced by proper system design to yield better quan-
tification of orientation. The use of physical masking at the sample plane was
shown to result in high photometric reproducibility. By applying many of these ex-
perimental protocols, high quality spectra and structural information can be ob-
tained reliably for many fibers [48].

233
Polymers in Biological Areas

Polymers are used for biological applications in a variety of situations from drug
carriers to components of artificial limbs. In an instance of replacement of live tis-
sue, PTFE grafts are used to treat lower-extremity ischaemia when autologus
saphenous veins are unavailable. As a step toward understanding the ensuing com-
plications and tissue build-up, a graft was simulated in a flow device [49]. The con-
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centration of lipids within the grafts was monitored by FTIR microspectroscopy.
Lipid uptake was found to be rapid initially and then slowed down over time.
These model studies are important in developing an understanding of the trans-
port in porous vascular prosthesis and FTIR spectroscopy and microscopy present
a sensitive analysis tool to detect composition changes in biomaterials.

The oxidation and subsequent degradation of polymers may lead to a loss of
mechanical properties and product failure for biological devices. One area where
performance is critical and is affected strongly by polymer degradation is the use
of implanted prosthetic devices. Ten new polyethylene prosthetic components
(PEs), sterilized by two different routes were examined using FTIR-ATR and mi-
croscopy [50]. All the samples showed some degradation due to the formation
process. However, by microscopic measurements and derivatization techniques,
the ethylene oxide (EO)-sterilized prosthetic components were shown to be differ-
ent from the gamma-radiation sterilized. EO sterilized devices had low levels of
depth oxidation similar to degradation during preparation of samples. Gamma-
sterilized devices showed higher oxidation levels, variable from sample to sample,
on the surface and in the bulk. The oxidation is described both by carbonyl species
distribution and by hydroperoxide concentration. Not only could differences in
degradation but the scheme of degradation could also be inferred by IR analysis.
Chain scission of gamma-radiated PE, estimated by IR analysis, results in reduc-
tion of molecular weight and lowers its abrasion resistance. Thus, the effects of the
sterilization methods could be observed. The example illustrates the applicability
of FTIR microspectroscopy in product development where FTIR microspectros-
copy is especially attractive given the relatively low cost of instrumentation and the
large amount of information provided in most instances. In a similar vein, the ef-
fects of near-colon activity on a cross-linked polymer were examined in-vitro [51].
A combination of conditions of use and rapid and accurate analysis is a cornerstone
of the development process and FTIR microspectroscopy can often play a role.

234
Semi-Crystalline Polymers

Poly(vinylidene fluoride) is an interesting polymer that has a large number of crys-
tal phases, which determine its performance properties. The crystal structure of
PVDF has been analyzed to identify its various phases [52]. The different types of
spherulites seen optically were assigned to different crystal modifications using
FTIR identification. Blends of PVDF with PMMA were analyzed to determine dif-
ferences in interaction based on PMMA tacticity [53]. On the basis of shifts in the
carbonyl region, it was suggested that i-PMMA had stronger interactions with
PVDF than s-PMMA. The crystalline and amorphous regions of another polymer
with potentially wide application, Nafion [54], were examined by FTIR microsco-
py. The performance of the fuel cell is critically dependent on the water uptake in
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the polymer electrolyte. In the crystalline regions, sulfonic acid groups are present
at the end of the side chains. Thus, the crystalline regions contain no water mole-
cules. In the amorphous regions there is a complete proton transfer from the acid
to the water molecules. As a result, sulfonate groups are obtained and water reten-
tion is facilitated. Such microstructure determinations, which affect performance
properties and are critical for quality control, can be routinely carried out using
FTIR microscopy.

External nucleating agents often facilitate polymer crystallization and a variety
of analytical techniques can be employed to monitor the effects of these agents.
The effect of seeding agents (saccharin, phthalimide and boron nitride (BN)) on
the rate of crystallization of polyhydroxybutyrate (PHB), and its blends with poly
(hydroxybutyrate-co-valerate) (CHB/HV) [55] was investigated using optical mi-
croscopy and DSC. However, most of these techniques are incapable of providing
the distribution of chemical species across the various morphological features
while the chemical constitution in separate local areas can be readily determined
by IR microspectroscopy. It is well known that the interaction of the nucleating
agent with the (crystallizing) polymer can determine the effectiveness of the crys-
tallization method. Thus, in the study described above, the solubility of the nucle-
ating agent in the molten polymer was determined. Saccharin and phthalimide
were found to be poorer nucleating agents compared to BN. They were found to
be soluble in molten PHB, but were rejected from the crystalline PHB. On the oth-
er hand, small crystallites of saccharin and phthalimide developed within the
boundaries of the spherulite, but most material accumulated in the inter-spheru-
litic domains. Thus, not only the interaction but also morphological location of
nucleating agents can be determined. Just as crystal structure heterogeneity can be
detected, the homogeneity can also be determined. Thin Polyimide (PI) films
formed by vapor co-deposition of the precursor molecules pyromellitic dianhy-
dride(PMDA) and 4,4"-oxydianiline(ODA) were examined for spatial homogene-
ity [56]. No evidence for PDMA phase separation or crystallization variation was
found. FTIR microspectroscopy, combined with polarized radiation from the
interferometer, is a powerful means of simultaneously determining local compo-
sition and relative organization in crystalline polymers often providing a comple-
mentary tool to X-ray scattering [57], DSC [58] or microscopy studies [52, 59].

23.5
Phase Separated Polymer Blends

Phase separated blends of poly(vinyl alcohol) [PVA] and poly(vinyl acetate)
[PVAc] were studied and evidence of intra-molecular and inter-molecular specific
interactions was reported to depend on blend composition [59]. Blends with high
PVA content were reported to have large intra-molecular specific interactions
while blends with a high PVAc content showed inter-molecular interactions. The
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morphology was characterized by Fluorescence optical microscopy (FOM). PVA-
rich domains were identified by green fluorescence of fluorescein while PVAc-rich
domains were identified using the blue fluorescence of anthracene. The two poly-
mers did not require any staining or tags to be distinguished by infrared spectros-
copy. However, the FTIR mapping spatial resolution is often insufficient to deter-
mine morphological information like size and shape requiring additional micro-
scopic approaches. A model polymer blend system [60], poly(methyl methacr-
ylate) [PMMA] and poly(styrene-co-acrylonitrile) [PSAN], was studied in an at-
tempt to characterize the phase diagram of the blend system. Poor correlation was
found between the phase diagram determined in this manner and the phase dia-
gram obtained by optical microscopy. The inconsistency probably arises from the
large spot size of the infrared beam and the lack of spatial fidelity of apertured
spectra. Olefinic blends are often used in utility polymeric articles. In a model
blend that was studied, the refractive indices of the two components- isotactic PP
and syndiotactic PP- were close enough for their phase separated blend to be
deemed single phase by optical microscopy. However, chemical mapping of the
sample [52] shows clear phase separation based on spectral differences (see Fig. 5).
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Fig.5. The functional group image a of a region in a polymer blend of i-PP and s-PP. A contour
plot is another visualization useful for the same. b The optical photograph reveals that the
dark portion is s-PP surrounded by i-PP (Ref. [52])
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These examples also illustrate the difference in spatial resolution and contrast
mechanisms between optical and infrared microscopies. While optical microscopy
is capable of higher spatial resolution, its discrimination is limited to a difference
in the average of a property of materials, namely refractive index, unless specially
labeled to detect a property of the label. Infrared microspectroscopy derives its
contrast mechanism from the intrinsic composition of the material but suffers
from a poorer spatial resolution. A judicious use of the two complementary tech-
niques is often required to achieve good characterization. While the example above
illustrated the detection of differences, FTIR microspectroscopy can also be used
to determine homogeneity. For example, compositional differences in a PP-PE
film could not be detected between the surface and up to 500 pm into the bulk of
the sample [61].

2.3.6
Multilayered Polymer Systems

Multilayered polymer films are increasing used in packaging to take advantage of
the properties of individual polymers. Often, the two (or more) polymers used
are incompatible and a tie layer of another polymeric adhesive has to be used be-
tween them. This leads to complicated laminate systems with more layers than re-
quired for simple barrier properties. The analysis of such films has been reported
many times in the literature [37, 62]. A laminate is usually microtomed along the
thickness direction and mapped. A microtomed laminate has often been a popu-
lar one to compare microscopy techniques with other FTIR or microscopic tech-
niques. In one such early comparison using a laminate [63], it was shown that the
spectra obtained by microscopic analysis were much superior to the ones ob-
tained by an ATR-FTIR technique. Additionally, microtoming allowed for exam-
ination of an additional dimension, where sections taken progressively in one di-
rection could be sequentially compared. Poly(urethane) coated on an ethylene-
acrylic acid (EAA) (15 % acrylic acid) was studied in this manner to find that the
polyurethane had penetrated 60 pum into the EAA layer [64]. Dimensions in the
tens of microns are directly accessible by FTIR microscopy. For dimensions
smaller than tens of microns, spectral subtraction may yield qualitative informa-
tion about the identity of a middle layer, the location of which has to be identified
optically. Mathematical analysis methods have also been developed for detection
of such layers. A factor analysis method can be used in cases where the thickness
of the layer is smaller than the resolution of the microscope [65]. The resolution
of a 2-3 um thick inner layer, from a four-layer polymer laminate was achieved
by self-modeling multivariate analysis [66]. Quality control of packaging materi-
als, the performance of which may be critical to the packed materials, can be rou-
tinely carried out to verify local microscopic structure, detect defects and con-
taminants.
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23.7
Diffusion

The approach of forming an interface by laminating films of two polymers, allow-
ing them to diffuse and then microtoming a vertical section to obtain a sample for
IR mapping is a popular one to examine diffusion. Spectral profiles along the dif-
fusion direction can be obtained and the concentration of the diffusing species di-
rectly inferred. This procedure has been used to analyze the interdiffusion of po-
ly(acrylic acid) (PAA) and poly(ethylene glycol) (PEG) [21]. The concentration
profile was found to be consistent with Fickian diffusion. The interdiffusion of po-
ly(ethylene-co-methacrylic acid) [EMAA] and PVME [67] could also be studied in
a similar manner. The diffusion process also affects the adhesion process strongly.
Effects of the diffusing species’ (PEG) molecular weight and contact time on dif-
fusion across the interface between two hydrogels were investigated [68]. Results
indicated that diffusion enhanced the adhesion between the hydrogel layers. How-
ever, the study of diffusion is often hampered by the limited spatial resolution af-
forded by FTIR mapping systems and the large times required to map the diffusion
gradients. Thus, examinations of diffusion have been limited to fast polymer or ol-
igomer pair diffusions. Polymer dissolution by small molecular weight solvents
has been too rapid to examine using mapping techniques and the diffusion profiles
for very limited low molecular mass substances have been mapped. The diffusion
of an anti-oxidant into PE was one of the first reported examples [69]. The diffu-
sion Cryasorb UV531 in PP [70], and Bovine Serum Albumin (BSA) in amylopec-
tin [71] has also been examined. Diffusion of olive oil into polypropylene was in-
vestigated and found to be Fickian with constant diffusivity [72].

The processes of reaction and diffusion occur at the same time in a variety of
systems. These issues are particularly important in the formation of blend systems
and are central issues in the performance property enhancement of such systems.
A study of the competitive effects of the rates of the two processes can be easily car-
ried out using FTIR microspectroscopy. The rate of diffusion can be monitored by
the time evolution of the absorbance (concentration) profiles while the rate of re-
action can be monitored as a time evolution of the reactant (or product) absorb-
ance (concentration). Reaction of a random copolymer of styrene and maleic an-
hydride (SMA) with bis(amine)-terminated poly(tetrahydrofuran) (PTHF) is one
such studied system [73]. Temperature was varied while studying the effects of two
different PTHF molecular weights. The reaction rate constants were obtained from
the initial slope of conversion-time plots. In addition, it was shown that the rate of
diffusion was faster as diffusion of PTHF into the SMA phase occurred prior to the
imide formation. The imide was formed in the SMA phase and quantitatively es-
timated. A corresponding decrease in the carbonyl stretching vibration of the
maleic anhydride peak was seen.
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2.3.8
Local Orientation

4,4-diaminodiphenyl methane (MDA) and 4,4-diphenyl methane diisocyanate
(MDI) were polymerized using vapor deposition to form poly(urea). The dipole
orientation of NH and CO dipolar groups caused by corona poling was analyzed.
In diode corona poling, the dipoles are aligned greatest in the area directly below
the needle electrode while in triode corona poling, a grid electrode is set up be-
tween the needle electrode and planar electrode. Hence, it is expected that orien-
tation is accomplished uniformly over the entire surface. However, using infrared
reflectance microspectroscopy, dipole orientation was found to follow the form of
a net mesh structured like a grid electrode [74]. Orientation due to other forma-
tion processes, for example in extrusion molding, can be analyzed. Sheets of a ther-
motropic liquid crystalline polymer, consisting of 4-hydroxybenzoic acid, phenol
and dicarboxylic acid units were examined [75]. The (relative) orientation of mol-
ecules and sub-molecular species is important for the properties of many novel
optical and electrically responsive devices. Local structure of polymeric materials
can usually be analyzed in the polymers native state or on the device itself. Given
that devices are becoming smaller, the use of microspectroscopy to determine local
structure can be expected to become more relevant.

The local orientation in polymers can also be examined in the context of poly-
mer failure. Two types of polyisoprene samples were stretched until cracking was
initiated and the crack tip was subsequently examined using FTIR mapping [76].
Unfilled polyisoprene samples revealed a uniform infrared spectrum for regions
surrounding the crack tip at the resolution of the FTIR microscope. Silica filled
samples, however, had demonstrated enhanced absorbance levels of the C=C
stretching frequency ahead of the crack tip, the region corresponding to the high-
est stress. Preferential orientation was also observed ahead of the crack tip by em-
ploying dichroic ratio measurements. Hence, the molecular changes induced by
stress close to the failure region could be observed by combining the sub-molecu-
lar sensitivity of FTIR spectroscopic measurements with the spatial discrimination
afforded by the microscope accessory.

The local orientation distribution in polymeric samples due to self-organiza-
tion (e.g., liquid crystalline polymers) or due to processing-induced orientation
can be examined using polarized measurements. A relative measure of the distri-
bution of orientation in a sample, such as comparison of surface orientation to ori-
entation in the polymer bulk [77], can be accomplished by polarized microspec-
troscopy. An examination of extrusion-molded sheets of a liquid-crystalline co-
polyester [77] revealed higher surface orientation compared to the bulk. The ori-
entation function can then be related to processing conditions, for example draw-
down ratios [78]. Since the draw-down ratio can be related to physical properties,
a measure of the orientation function provides a route to relate the microscopic
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chemical organization to macroscopic properties. By suitably changing the
processing conditions, the spatial differences in orientation can be decreased and
processing conditions for making polymers with uniform physical properties can
be determined.

239
Polymer Surfaces and Interfaces

By their very nature, surfaces are usually heterogeneous. Sometimes, the structure
or changes in structure across a surface or at the interface of two surfaces is impor-
tant in determining the properties of the polymer composite. Usually, IR spectral
surface analysis can be carried out using non-spatially resolved IR spectroscopy.
Analyses of surfaces (with respect to depth below the surface) can be carried out
by microtoming the sample. Similarly, microtoming is a useful technique for pol-
ymer interfaces and polymer-metal interfaces if the metal is present as a thin film.
Reflection techniques can also be used to obtain spectra from samples without mi-
crotoming. A spatially resolved method was used to determine effects of different
surface treatments on the same epoxy film [79] and chemical effects of water in-
gress [80]. —SO,OH clusters at the surface and embedded below the surface were
observed as a function of environmental conditions for Nafion-H, silica-support-
ed Nafion-H and two types of Nafion-H silica nanocomposites [81]. Specific in-
teractions were observed, probably arising from the interface, for silica systems as
evident by shifting and splitting of the OH peaks. Biodegradation of thin LDPE
film in soil was studied and found to occur relatively fast [82]. This was attributed
to the synergistic action of oxidative and/or photo-oxidative degradation on bio-
logical activity attributed to the increasing hydrophilicity of the film surface.

2.3.10
Polymer-Liquid Crystal Systems

At this point, it is instructive to examine the contact method (Fig. 6). When a sol-
vent is brought into contact with a polymer film, it diffuses into the polymer. If the
film is constrained between two IR transparent substrates and the liquid is forced
into the gap by capillary action, the contact and subsequent diffusion of the liquid
can be easily monitored by means of chemical imaging using light transmitted in
the perpendicular direction. After contact, diffusion between the two materials
starts. The absorbance (concentration) profile can be measured with accuracy to
yield diffusion profiles [83]. However, for liquids, where capillary action is facili-
tated, the examination of concentration profiles in-situ is difficult. If the concen-
tration profiles developed at higher temperatures are examined at a temperature
that prevents further diffusion, the profiles are frozen-in. The diffusion of E7 into
poly(butyl methacrylate) (PBMA) was studied [84] in this manner and compo-
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Fig. 6. The contact method (a) involves the introduction of two soon-to-be diffusing materials
between substrates. Capillary action brings the liquid and solid in contact. This sets up an area
of varying concentration due to diffusion (b) top. Upon Polymerization or cooling, this some
part of this region may phase separate (b) bottom. The apertures seen in (b) can be sequentially
moved to extract diffusion profiles (¢) or phase diagrams (d) (from Ref. [84])

nents of E7 were shown to diffuse at different rates [85]. The component partition-
ing could be detected based on small spectral differences between the four compo-
nents monitored as a function of time.

The contact method in conjunction with FTIR microspectroscopy has also been
used to determine the phase diagram of an LC-cured pre-polymer pair. An LC
mixture (E7) and pre-polymer (NOA65) were allowed to diffuse for some time to
achieve a concentration gradient. The pre-polymer was subsequently polymerized
by UV initiation. Under the optical microscope of the spectrometer, phase separa-
tion was observed in certain regions. The regions on either side of the phase-sep-
arated band are single phase and the highest concentrations in these regions, de-
termined by microscopic FTIR measurements, yields the solubility limit. Repeat-
ing this procedure over different temperatures gave the phase diagram [86].
PDLCs were characterized to obtain spectra from the droplet and matrix regions
as well as examine local LC orientation (see Fig. 7) [87]. The influence of the ma-
trix material on local order and resulting droplet configuration could also be iden-
tified [88]. The time resolved response of microscopic regions in large and small
PDLC droplets could also be obtained [89].
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Fig.7. Infrared Contour Maps of a liquid crystal specific peak (left, bottom) and a matrix
(epoxy) specific peak (right, bottom) of a PDLC droplet, whose polarized optical image is
shown (top, left) with the corresponding orientation visualized (top, right) (from Ref. [87])

23.11
Filled Systems

2.3.11.1
Carbon Black, Silica and Inorganics Filled Systems

Two major fillers used in the rubber industry are silica and carbon black. Carbon
black is black because it absorbs/scatters all radiation, including infrared, imping-
ing on it. Hence, simple transmission spectroscopy of carbon black filled speci-
mens is not straightforward and is usually not possible unless the samples are very
thin. Carbon black filled samples have not been readily examinable using micro-
spectroscopic methods. Silica filled systems are more amenable to microscopic
techniques [76] and can be examined to determine silica-polymer(rubber) inter-
actions. The presence of inorganic materials, e.g., transition metal complexes in
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polymers, can be examined by FTIR mapping. In one such study, the distribution
of the metal complex was found to be homogeneous [90], thus validating the for-
mation procedure.

23.11.2
Fibers and Fillers

Fiber reinforced epoxies can be used to obtain materials with good mechanical
properties. However, a point of failure is the poor adhesion between the fibers and
epoxy. Hence, surface adhesion was sought to be improved using surface modifi-
cation techniques and analyzed using FTIR mapping experiments. The fiber-ma-
trix interphase was examined for chemical reactions in Kevlar-epoxy composites
[91]. The amine groups in Kevlar were shown to accelerate the curing process (see
Fig. 8). The interphase of as-received and modified glass fiber-epoxies could be ob-
tained by least squares and difference analysis of thickness corrected maps [92].
Environmental ageing effects due to humidity on these composites were simulated
and the composites mapped to find preferential water accumulation close to the
fiber-matrix interphase [93]. Using a silane coupling agent decreased the effects
[94]. The effects of environmental conditions on fibers themselves can be readily
examined using FTIR microspectroscopy [95]. Simultaneous reaction and orien-

unreacted  epoxy-reacted

_
10um

Fig.8. FTIR maps of the reacted and unreacted fibers from the NH stretching vibration at
3326 cm™! (from Ref. [91])
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tation information could be obtained in a case where nitrile reaction, conjugated
C=C formation and oxidation occurred at the same time to possibly affect orien-
tation.

24
Summary

The single detector element microspectrometer was demonstrated over 50 years
ago. Systems today employ FTIR spectrometers, sensitive and stable detectors and
high-speed computers with large storage capability, which allows for the mapping
of millimeter size spatial areas. However, due to the sequential nature of the map-
ping process, the experimental time is large. Hence, for spatial distribution infor-
mation of chemical species, FTIR imaging is becoming popular (vide infra). How-
ever, the single detector element systems are not very expensive and remain the
method of choice when discrete measurements from a number of points have to
be made, experimental time is small compared to the time scale of changes in the
sample, high spatial resolution is not important, or a spectrum from a small sam-
ple is required. These qualities have made the single element microscopy spec-
trometer a useful tool for industrial applications while providing unprecedented
information for research activities.

3
FTIR Imaging

3.1
Introduction

The state of the art in FTIR microspectroscopic instrumentation today is the com-
bination of a Focal Plane Array (FPA) detector and a step-scan interferometer [96,
97]. FPA detectors consist of thousands of individual detectors laid out in a grid
pattern. Hence, the interferometer signal is simultaneously sampled by each detec-
tor leading to a multiplexed spectral and multichannel detection advantage. Spec-
tral discrimination is provided by the interferometer and spatial resolution by dis-
crete detector elements on the FPA. Each FPA element corresponds to a specific
spatial region on the sample and no apertures are required to restrict radiation. A
schematic of the setup may be seen in Fig. 9. This configuration allows for spatially
resolved imaging of a wide field of view in a data collection time a little more than
for a single pixel. From the results of the imaging experiment, a spectrum from a
small region may be examined or spectroscopic signal from a spectral feature plot-
ted for the field of view, providing simultaneous examination along spatial and
spectral dimensions. This technique considerably reduces experimental time for
imaging static samples and has enabled the examination of many dynamic proc-
esses [98].
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Fig.9. Schematic Diagram of an FTIR Imaging Spectrometer

3.1.1
Mapping Versus Imaging

A comparison of the mapping and imaging techniques has been carried out [99].
As explained above, the sample is imaged onto the FPA using the magnification of
auxiliary optics such as a microscope. The optics determine magnification and
hence, the nominal spatial resolution afforded by the size of the individual detec-
tors in the array. No apertures are required to limit the sample area examined in
an imaging experiment and the sample does not need to be moved as a given field
of view is imaged in a single collection experiment. It may be immediately seen
that the collection time is decreased by a factor of 1%, where 1 is the number of spa-
tial resolution elements in one direction of a square sample area imaged. Analo-
gously, n is the number of steps in a mapping experiment. Neglecting the effects of
resolution, a mapping step may be considered equivalent to a pixel in the imaging
experiment. However, the practical spatial resolution limit in the mapping tech-
nique is usually ~15 pm X 15 pm and additional time is required to move the sam-
ple from position to position. For imaging, the resolution is essentially wavelength
limited but additional time may be required to process the large data sets that re-
sult.

As an example to compare the two techniques, a 64 X 64 element array imaging
a 500 um x 500 pm area will provide reasonable quality spectral information in less
than a minute. The same measurement at a resolution of ~15 pm will take approx.
10 hours using a point by point mapping approach. FTIR imaging has allowed the
collection of images in faster time with higher resolution. Moreover, no stray light
problems that compromise spatial discrimination are involved (no aperturing),
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the spatial resolution is hardware/wavelength limited and the collection time is de-
coupled from the two for the imaged field of view. Typically, it is tougher to fabri-
cate miniaturized detection systems and due to unique hardware issues, the per-
formance of an FPA pixel typically lags behind single element mapping detectors
that may be ten times larger. Thus, spectral (and image) quality desired usually de-
termines the time for data acquisition.

The optical and infrared microscopic capabilities of an imaging instrument do
not have to be matched. Thus, a major requirement of the mapping spectrometer
that the optical and infrared paths be parfocal and collinear, is not necessary for
imaging. The focusing in the sample plane can be independently carried out using
a real time “bright field” IR image of the FPA. In practice, the optical path is not
even required but an imaging spectrometer equipped with a field of view larger
than the FPA camera helps to localize regions for imaging and examine neighbor-
ing regions before deciding to image them. Hence, most imaging instrumentation
is equipped with a relatively cheap CCD visible camera with a field of view larger
than that afforded by the more expensive FPA.

3.2
Instrumentation

At the core of most FTIR micro-imaging spectrometers is the step-scan interfer-
ometer [100]. The beam from the interferometer is diverted through standard mi-
croscope optics with the FPA at the end of the optical train. Cassegranian optics
are used to focus radiation in the sample plane. Initially, a refractive setup consist-
ing of an (usually ZnSe, BaF, or CaF,) imaging lens was used to form the image
onto the FPA. This has given way to relatively aberration free reflective optics. The
microscope setup is similar to that used in mapping experiments. A diffuser is
sometimes used to increase spatial homogeneity in incident intensity [106]. The
diffuser also reduces total light flux reaching the detector, thus preventing satura-
tion of pixels. A bandpass filter can also be used to restrict wavelengths of light in-
cident on the detector, which limits infrared flux to wavelengths of interest and
eliminates background radiation outside it. An optimally sized cold shield inside
the detector housing can be used to maximize available dynamic range by rejecting
stray radiation arising outside the acceptance angle of the optics [101]. While the
nominal resolution is determined by the system optics and the detector character-
istics, the resolution limit is usually determined by the diffraction limit of the
wavelength of interest.

A step-scan interferometer provides a means to maintain constant optical retar-
dation for an arbitrarily large time. This large time is required when the FPA co-
adds collected frames at each optical retardation point to give reasonable signal to
noise ratio images, which is similar to in-scan co-addition for regular step-scan
spectroscopy. An electric pulse triggers each interferometer step, which may also
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Fig. 10. Spectrometer Steps modulate the IR signal. At each step, the FPA collects frames and
co-adds to yield a single frame for each step. Frames (equal to the number of steps) can be as-
sociated with a unique point on the interferogram. This interferogram data can be Fourier
transformed, ratioed and truncated to yield an absorbance data cube

be used to initiate data acquisition by the FPA. A small delay to allow for mirror
stabilization is allowed at the onset of the step and frames are then collected and
some time is left for signal readout from the FPA and storage to a computer. The
readout format may be sequential (common in MCT arrays) or single-shot (com-
mon in MCT and InSb arrays) in the focal plane. Details about solid state arrays
[102] can be found elsewhere. The signal is integrated for a fraction of the time re-
quired for collection of each frame. The integration time, number of frames co-
added and number of spectrometer steps (spectral resolution) determine the time
required for the experiment and the data quality. This process is schematically
shown in Fig. 10.

Another imaging configuration that utilizes a rapid scan interferometer has
been proposed [103]. This configuration is essentially similar to a fast step-scan
experiment in that the mirror speed is very low. Frames collected by the FPA are in
a small enough time to be as close to instantaneous as possible on the time scale of
the interferogram collection. However, the motion of the moving mirror does not
allow co-addition of frames per interferometer retardation element. Hence, the
process is faster but noisier. To minimize other sources of error contributing sub-
stantially to degrade the signal, the error arising from the deviation in mirror po-
sition during frame collection is sought to be made as small as possible. With cur-
rent state of the art, this positional error is considerably larger than the error due
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to variations in mirror position during step-scan collection. The frame collection
by the FPA (using a time interval based collection protocol) is triggered at the onset
of the forward movement of the mirror. For maximal scanning speeds and to min-
imize positional errors, only one frame is collected. It is envisaged that this collect-
ed image can then be time-averaged with subsequently collected images similar to
that of classical single detector element rapid scan data collection. The advantages
lie in making the instrumentation cheaper than step-scan and when faster detec-
tors are available, making data collection more efficient as the mirror stabilization
time is not required [104].

3.2.1
Sampling Techniques

Sampling requirements and techniques are virtually identical to those for the sin-
gle element spectrometer. However, spatial resolution achieved by using an array
detector can range from less than 10 pm to hundreds of kilometers. Hence, a wide
variety of optical setups may be available for imaging purposes. Most polymeric
materials examined to date have generally been examined using a microscope that
images areas on the order of ~500 pm x 500 pm in transmission mode as this af-
fords spatial resolution sufficient for many polymeric composites, a convenient
optical setup and sufficient field of view for most instances. However, there is no
fundamental reason why other types of optical configurations may not be em-
ployed for other length scales of examination. Some reflection experiments have
been successfully conducted in our laboratories. However, reports on any studies
utilizing reflectance configurations are yet to appear in the literature. Attenuated
total reflection (ATR) imaging [105] and micro-ATR imaging are also being at-
tempted by researchers. Improvements in the SNR attained in short experimental
times by the evolving detector technology will likely benefit applications using
these novel sampling techniques.

3.2.2
Sources of Error

FTIR imaging suffers from low signal to noise compared to other types of FTIR
spectroscopy and microspectroscopy [106, 107]. However, the major sources of er-
ror in an imaging system arise from detector noise and not from optical components
of the imaging system (for example, apertures). The major factors in this regard are:

3.2.2.1
Interferometer Noise

Noise contributions from the interferometer arise for a variety of reasons. Howev-
er, research grade spectrometers usually incorporate interferometers that have ex-



166 Rohit Bhargava, Shi-Qing Wang, Jack L. Koenig

cellent stability and low noise. Thus, the noise from the interferometer is usually
small, especially when compared to noise from the detector. For step scan imaging
instruments, noise due to the interferometer is almost three orders of magnitude
lower than the noise due to the FPA.

3222
Detector Noise

The small size of individual FPA detectors and their relatively early stage of devel-
opment result in higher noise than usually observed in infrared detectors em-
ployed for spectroscopy. Read Noise in an FPA results from random charge move-
ment in the array and its associated electronics. This is independent of the signal
magnitude and hence, can be reduced by increased photon flux by an increase in
signal or integration time. Read noise is usually reduced in detectors by using cor-
related double sampling, multiple pixel reads and binning [102].

Dark current noise usually forms the bulk of the detector noise. It results from
accumulated charge in the detector. Impinging photons are not necessary to ob-
serve this noise and it can be detected as a signal in the FPA when radiation is
blocked. It is usually due to thermal excitation of electrons to the valence band
producing charges. Cooling the detectors considerably reduces this noise. Charge
arising from dark currents increase linearly with time to reduce full well capacity
resulting in poor dynamic range. However, it must be remembered that cooling
also reduces the charge transfer efficiency. Given the desire for short experimental
times and performance of IR sensitive FPAs, interferometer noise is usually orders
of magnitude smaller than FPA noise and the noise arising in an imaging experi-
ment can be considered entirely random.

3223
Failing Bump Bonds

Most IR-sensitive arrays employed to examine the “fingerprint” region of the IR
spectrum of polymers are hybrid arrays — an IR sensitive material is coated on top
of an underlying FPA comprised of sophisticated readout circuitry. The first gener-
ations of IR sensitive arrays were made by attaching an IR sensitive material to a sol-
id state array by conductive bumps. Repeated thermal cycling resulted in the failure
of these bump bonds over time. The delaminating of pixels from their underlying
substrate results in the pixels being inoperable and consequently, delaminated pix-
els appear as black squares on the IR image. Thus, spatial fidelity is compromised
over time if a first generation array is used. Recently, IR sensitive materials have
been grown using chemical techniques such as molecular beam epitaxy (MBE) on
the underlying readout substrate. This has eliminated failing bonds and provided
uniform arrays with a very small number of bad pixels. FPAs featuring bump-bond-
ed substrates are unlikely to be employed for spectroscopic imaging in the future.
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3224
Intensity Distribution, Pixel Saturation and Dynamic Range

Uneven intensity distribution leads to varying signal across the FPA field of view.
While this is not a major concern when images are being ratioed and absorbance
plotted, it is readily remediable. A simple array calibration (also termed flat field-
ing) before data collection is usually sufficient to provide a uniform field of view.
However, individual pixel saturation needs to be avoided by reducing the flux at
the detector, which may limit the signal at pixels with lower intensity. Pixel-to-pix-
el non-uniformity in the detector array is typically ~5 %. Flat fielding prior to data
collection also helps to reduce apparent heterogeneity due to manufacturing dif-
ferences. For absorbance imaging applications, which are typical for polymeric
systems, signal non-uniformity can be compensated for by ratioing against a suit-
able reference. The maximum dynamic range is determined by the A/D converter
and is typically 1416 bits for arrays in use today.

3.2.25
Sample

The source of the most unpredictable (and in most cases, un-correctable) noise
pattern is the sample itself. Differences in refractive index at phase boundaries
contribute to scattering at some pixels. This scattering at the interface results in an
intensity loss at all frequencies leading to an offset in the baseline compared to oth-
er sample areas when sample single beams are ratioed to substrate single beams.
While this deviation of the baseline from zero can be used to locate the interface
without using a component specific absorbance frequency, it may cause problems
in quantification [108]. The sample also reduces signal to noise ratio by reducing
incident infrared intensity on the detector.

3.23
Post-Collection Operations

The major difference between all other forms of FTIR spectroscopy and imaging
is the large volume of data generated in a short time period. Thousands of spectra
with a specific location relative to each other need to be handled. This large
amount of information may be organized in the form of a data cuboid, i.e., a three-
dimensional matrix. The first two dimensions denote the spatial location (i.e., spe-
cific pixel) while the third dimension stores the infrared spectrum of the sample
imaged onto that pixel. Since the spectrum is digitized, the data cube may also be
imaged to be a stack of two-dimensional arrays. The image corresponding to a par-
ticular data point (wavenumber), z;, may then be extracted and the spatial distri-
bution of the species with specific absorbance at that data point may be seen in the
spatial area denoted by E(x, y, z;). The extracted spectrum from a pixel at (x;, y;)
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Fig. 11. Various visualizations possible with data extracted from the image data cube

may then be denoted as E(x;, y;, z). The absorbance at a particular wavenumber at
that pixel, z;, can then be represented by E(x;, y;, z;).

The extraction of the image plane corresponding to a component specific wav-
enumber is the most popular method to visualize data. Images may be thresholded
for maximum contrast between phases or between values for comparison across a
set of images. Simple thresholding is affected by non-uniform thickness effects,
which may lead to erroneous conclusions about a species’ distribution. Peak height
(or area) ratios are used to normalize thickness effects and relate the observed ab-
sorbance to species’ concentration. The relative concentration of two species may
be further seen using 2d plots of the absorbance of one component against the oth-
er. The various visualizations possible are shown in Fig. 11. Clearly, the simplest
form of representation to comprehend is a single number (zero dimensions) or a
simple distribution plot (1 dimension). However, the information content is also
reduced in such representations. Further, the whole image cube clearly contains all
the informational content but is extremely difficult to visualize in its entirety and
such a representation may not be completely relevant to the task. Hence, some
form of trade-off between loss of relevant data and ease of representation is usually
found in the analyses of an imaging experiment. The chart in Fig. 11 serves as a
useful guide to some of the possibilities in such an endeavor.

The low SNR in FTIR images has been a major concern since the inception of
the technique. The first effective approach had been to co-add as many frames as
possible during the available experimental time. While this approach results in sig-
nificant gains initially, the SNR as a function of co-added frames achieves a plateau
[106]. Thus, after a number of frames, the benefits are relatively minor compared
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Fig. 12. Noise reduction by co-addition as applied to a polymer dispersed liquid crystal sample.
Co-addition results in a reduction of random salt and pepper noise allowing for better mor-
phology visualization

to the large increase in experimental time. An optimum number may be derived
based on the SNR as a function of co-added frames. Once the optimum number
of co-added frames is determined, other techniques may be used to increase the
SNR. One such technique has been to co-add single beam images of the sample
and ratio them to similarly co-added single beam images used for background
[106]. The SNR scales as Y, where # is the number of sample single beam images
co-added and ratioed against n co-added background single beam images. The ef-
fects of this noise reduction procedure can be seen in Fig. 12. Random salt and
pepper noise is vastly reduced allowing for better morphology visualization.
While image co-addition results in improved SNR characteristics, the process
involves a 2n? increase in collection time for a SNR improvement factor of 7. How-
ever, image co-addition is not suitable for application to real-time phenomena or
fast examination of large numbers of samples. Another proposed idea was to ratio
a single sample single beam image to multiple background images [109]. The re-
sultant absorbance images are then co-added. This method, termed pseudo co-ad-
dition, is also limited in the benefits achievable, presumably because noise from
the sample single beam starts to dominate the resultant. In many cases, the sample
geometry will allow for the co-addition of many pixels with the same true absorb-
ance [109]. This may be termed geometric co-addition (when co-added regions
can be reproduced geometrically on the image) or phase co-addition (when pixels
from a phase are selected with regard to the sample morphology). Spectra from
these pixels can be extracted and co-added to yield a lower noise spectrum. The
improvement in SNR scales as \n, where 1 is the number of co-added pixels.
The benefits of pseudo co-addition are limited and the phase and geometric co-
additions do not result in improved image quality. Mathematical noise reduction



170 Rohit Bhargava, Shi-Qing Wang, Jack L. Koenig

Pre-Noise
Reduction

Post-Naise
Reduction

a
N 407 (=3 prewnr ;o
EZ Post-MNF 35 Post-MNF P
20 ]
g 154 g
g 2
g 1] g
firng firms
.
P S 3
0 5 30 45 60 75 90 105 06 07 08 09 1.0
Size (um) Aspect Ratio
Measure Pre-MNF Post-MNF
Total Number of Domains 85 75
Number of Complete Domains 64 55
Average Major Axis (Hm) 39.8 42.0
Average Minor Axis (Hm) 34.0 4.5
Average Aspect Ratio 0.82(0.09) 0.96 (0.02)
b Total Fractional Droplet Area 37.7 41.8

Fig.13. (a) Binarized Images (right) for image analysis derived from (fop, left) the original da-
ta, and (bottom, left) noise reduced data after application of the MNF transform to reduce
noise (from Bhargava R, Wang S-Q, Koenig JL (2000) Appl. Spectrosc. 54: 486). (b) Morphol-
ogy characteristic quantities derived from the binarized images for after image analysis (from
Bhargava R, Wang S-Q, Koenig JL (2000) Appl. Spectrosc. 54: 486)

is an alternate pathway to higher fidelity images [110]. Mathematical techniques
operating on the entire data set are computationally intensive but do not result in
loss of the image or spectral content and do not affect collection time. A mathe-
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matical transform (the Minimum Noise Fraction [MNF] transform) that re-or-
ders spectral data points into decreasing order of SNR was employed to transform
images. Re-transforming the ordered data set using only a few relevant data points
reduced noise. This approach is shown to result in significant gains in terms of im-
age SNR (see Fig. 13). The actual gains were found to depend on the SNR charac-
teristics of the original data. Noise is reduced by a factor greater than 5 if the noise
in the initial data is sufficiently low. For a moderate absorbance level of 0.5 a.u., the
achievable SNR by reducing noise is greater than 100 for a collection time of ~3.5
minutes. This noise reduction was shown to provide high quality images for accu-
rate morphological analysis. The careful coupling of mathematical transformation
techniques with spectroscopic FTIR imaging has tremendous potential to obtain
high fidelity images without increasing collection time or drastically modifying
hardware.

33
Applications

3341
Contaminants/Defects in Polymers

The generally poor SNR characteristics of FTIR imaging limit its sensitivity to
small concentrations. Recently, the SNR levels achievable for data collected in a
matter of minutes have reached close to 1000 in a few minutes, implying quantifi-
cation levels of a percent and detection levels down to a fraction of a percent in the
same experiment. With the application of other co-addition and post-collection
techniques, FTIR Imaging has the potential of being even more sensitive. Defects
(such as air bubbles) in thin films may be easily visualized. An area where this tech-
nique is expected to be popular is the analysis of polymer inclusions and defects in
the semi-conductor processing industry. The imaging of products will help deter-
mine the presence of contaminants and help in optimization of the process. With
wide field imaging, even defects that have similar refractive indices with the exam-
ine material can be readily detected and separate visible imaging is not required.
There has been considerable controversy over the failure of breast implants and
the subsequent contamination of breast tissue. Implants typically consist of an
elastomeric shell with a soft filling inside. Over time and due to mechanical failure,
the implant filling leaks into the breast tissue. This contamination may lead to var-
ious complications including capsular contracture, calcification, and some con-
nective tissue disorders. Controversial aspects of the results of malfunction have
not prevented numerous lawsuits. However, to assess any histopathological chang-
es, it is first necessary to confirm the presence of material from the implant in tis-
sue. The presence of silicone could be readily detected [111] in a tissue section us-
ing FTIR imaging. Si-CHj characteristic vibrations were used to provide chemical
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contrast between the tissue and silicone inclusions as small as ~10 pm. Inclusions
could be readily found even in cases where optical microscopy contrast was poor.

3.3.2
Amorphous Polymer Blends

PVC is a useful polymer that is becoming less popular due to its degradation be-
havior. However, blends of PVC with some other polymers have the capability to
yield composites with greater stability. In one such case, images of phase separated
PVC/PMMA blends are reported [112]. Phase separation and concentration quan-
tification can be carried out as a function of starting polymer properties and proc-
ess conditions. However, the dispersion sizes examinable by infrared imaging are
limited to tens of microns. In many polymeric systems, the dispersed phase is
smaller than this dimension and the composites are not amenable to FTIR imaging
analyses. Analyzing scattering [113] and relative concentrations of species in a pix-
el may yield qualitative clues to the morphology of phase separated material but
probably cannot be used to obtain quantitative morphological information. We
anticipate that spatial distribution of specific interactions in phase separated pol-
ymeric systems could also lead to such information and studies examining these
aspects could appear in the near future.

333
Semi-Crystalline Polymers and Their Blends

FTIR imaging allows for the examination of semi-crystalline polymers via their di-
chroism [98, 114] The spherulitic structure, as visible in polarized optical micros-
copy, can be reproduced based on the orientation of transition dipole moments of
functional groups in the sample. With an infrared polarizer in the beam path, the
degree of orientation for each vibrational mode was determined by the generation
of spatially resolved dichroic ratio images. When a melt-miscible polymer system
is analyzed at temperatures lower than the crystallization temperature of one con-
stituent, a phase separated or single crystalline phase structure might result. When
the T, of the non-crystalline component is lower than the crystallization temper-
ature, the component phase separates as it is rejected from the crystal structure.
The extent of phase separation may be easily visualized using IR imaging.
PVAc/PEO and High M,,/Low M, PEO blends have been imaged to examine the
degree of segregation (Fig. 14) [114].

334
Polymer Laminate Films

The first reported application of FTIR imaging to polymeric materials was the im-
aging of a cross-section of a laminated polymer film. The adhesive layer between
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Fig. 14. Infrared images of spherulites using perpendicular (left, top) and parallel (right, top)
polarized radiation obtained from PEG (M,=35 K), quenched from 100°C to room tempera-
ture. The images were obtained by plotting the 1343 cm™': CH, wag vibrational mode of the
PEG chain. The image at the bottom is a dichroic ratio image obtained by pixel-by-pixel divi-
sion of the upper two. (reproduced from Snively CM, Koenig JL (1999) Spectroscopy)

two polymers was identified. Thin layers of PET, EVA and LDPE could be readily
identified based on absorbance images from their characteristic vibrational peaks
[115]. Since many properties (for example, barrier properties) of polymeric lami-
nates depend on the structure of the composite, FTIR imaging presents a unique
method to simultaneously examine the morphology and chemical composition of
laminates for quality control. The morphology, composition and chemical inter-
action in the interphases can also be employed to correlate to properties and de-
sign better composite materials. High throughput chemical imaging as provided
by FTIR imaging will considerably speed up quality checks and the characteriza-
tion component of polymer engineering.
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335
Polymer-Liquid Systems

The dissolution of polymer films by liquids has been a subject of much investiga-
tion in polymer science. FTIR imaging presents a method to determine both spa-
tial and spectral content of a polymer-solvent interphase. By monitoring the spa-
tial distribution of concentration as a function of time from an initially known
state, the diffusion of polymer and solvents as well as the dissolution rate can be
determined. This experiment was among the first reported applications of FTIR
imaging to real-time phenomena. The dissolution of a PMMA film was monitored
and the polymer-solvent diffusion coefficient calculated [116]. In another study, it
was shown that faster dissolution processes could also be monitored in real time
using a combination of smaller collection times and co-addition processes [109].
The dissolution rate of the polymer film could then be obtained using its concen-
tration profile as a function of time. The nature of the diffusion profiles can pro-
vide clues to the nature of the diffusion process. For example, a Case II behavior
was found for MIBK diffusing into poly(a-methyl styrene) (PAMS) [109].

Not only can dynamic phenomena in time but changes in liquid-polymer sys-
tems due to reaction can be measured readily. A polymer-liquid system consisting
of phase-separated mixtures of uncured poly(Butadiene) and diallyl phthalate
were studied to characterize morphology differences before and after the curing
process [117]. Optical microscopy of these systems is particularly challenging as
the resultant phases have similar refractive indices. However, good image contrast
was achieved by FTIR imaging due to the inherent chemical differences manifest
in their infrared spectra. The morphological changes were characterized over a pe-
riod of time and the post-cure sample exhibited homogeneity at the resolution lev-
el of the instrument.

3.3.6
Embedded Polymer Systems

An area of interest for polymer applications is in the encapsulation of biologically
active proteins in sustained release devices. Among these, microparticles com-
posed of poly(lactic-co-glycolic acid)(PLGA) have been studied extensively [118].
As the capsule of biologic containing polymer is prepared, it is subjected to a
number of manufacturing processes that may denature the biological molecule. In
such a case, it is advantageous to have a method available to perform a spectro-
scopic analysis on the final product without the need to extract the biologic. In one
such case, PLGA containing egg-lysozyme was analyzed using FTIR imaging [119].
Protein (Fig. 15) was found to be present inside the microspheres and distributed
evenly on the scale of examination. Little protein was found on the surface and this
result was confirmed by subsequent ATR and PAS measurements. This helped sug-
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Fig. 15. False color infrared images of sliced lysozyme-loaded microspheres: blue indicates low
intensity, green intermediate intensity, red high intensity. Intensity distribution of A embed-
ding material, 1720 cm™1; B PLGA, 1756 cm™; € protein Amide I, 1650 cm ;D protein Amide
II, 1550 cm™". (reproduced from Ref. [119])

gest that an alternative mechanism of release from that proposed earlier [120, 121]
may be at work. The formation and subsequent characterization of such compos-
ites can be carried out to not only examine the spatial distribution of chemical spe-
cies afforded by examining but also obtain all the structurally sensitive informa-
tion afforded by infrared spectroscopy. The structural changes and/or morphology
development can then be characterized to the formation process providing a rapid
analysis of the efficacy of the process.

337
Polymer-Liquid Crystal Systems

Polymer Dispersed Liquid Crystals (PDLCs) are widely researched materials of
commercial importance in the electro-optical device industry as their light trans-
mission can be changed by the application of an electric field. The refractive index
of these rod-shaped liquid crystals along and perpendicular to their major axis is
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Fig. 16. The increase in droplet size can be seen as a function of time for a poly(butadiene) -
liquid crystal composite (fop). The distribution of the polymer and the liquid crystal can be
seen in the first two images (bottom), segregated as before. The surfactant (siddle, right) can
be seen to be distributed around the droplets and segregated from the matrix. A sample with-
out surfactant

different. One of the refractive indices is chosen to correspond to that of the poly-
meric matrix in which they are to be imbedded. The preferred method for PDLC
formation is to induce phase separation between the (growing) polymer and liquid
crystal from their homogeneous solution. This method results in a liquid crystal
phase with some matrix solubility and a matrix phase with high liquid crystal sol-
ubility. FTIR imaging of samples from a method used to lower this mutual solu-
bility was carried out [122]. Since liquid crystals display phase sensitive IR re-
sponses [113], a calibration curve corresponding to the achieved concentrations
was first constructed and the imaging data was subsequently used to determine
concentrations. The concentration of each component in the other was calculated
to a high degree of accuracy and the error estimated using statistical methods. The
results from the imaging experiment agreed well with those from DSC and optical
examination. FTIR imaging can also be used to visualize the distribution of sur-
factants in such systems [123]. The addition of surfactant was shown to retard
droplet growth and was found to be close to the dispersed phase (liquid crystal) in
the sample (Fig. 16).

The diffusion of liquid crystals into polymers is particularly intriguing given
that the liquid crystal may be in an organized state or an isotropic state depending
on the temperature. The diffusion of a liquid crystal (5CB) into a PBMA matrix
was studied by using the contact method to prepare a gradient [114]. Concentra-
tion profiles were obtained as a function of time and temperature. The presence of
an anomalous diffusion process was detected. It was shown that fast FTIR was able
to correctly identify the diffusion process as anomalous. As opposed to this, a bulk
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mass uptake analysis would have led to the conclusion that the process proceeded
according to Fick’s second law. An abrupt change in the diffusion behavior was ob-
served as a function of temperature. This change corresponded to the Ty of the
LC.

3338
Phase Separation in Polymers

A tedious process is currently used to determine the phase diagram of binary pol-
ymeric systems. A single concentration is cycled through a temperature range and
the onset of a refractive index difference (scattering or microscopy) is observed.
Hence, a number of measurements are required at small temperature differences
and accuracy depends on time spent at the experiment. This procedure is then re-
peated for many different concentrations to determine the phase diagram. Small
refractive index (which may be temperature dependent) differences between the
components may complicate analysis. Finally, the phase diagram may correspond
to transitions in one (or both) components leading to a complicated situation. The
basic issue in characterizing the phase separation behavior of a system is the deter-
mination of phase composition as a function of temperature. Any starting compo-
sition in the single phase region is capable of yielding information about two phas-
es in the two-phase region if it phase separates upon changing the temperature to
aregion where the blend is non-homogeneous. If the chemical composition of the
phases is directly determined, say by FTIR imaging, then the phase diagram can be
obtained.

FTIR imaging coupled to thermal control of the sample [124] has been em-
ployed to determine phase compositions. We next report a study where the phase
diagram of a liquid crystal mixture, E7, in a polymer (PBMA) was obtained. A sin-
gle composition (80% LC) is held in the single phase region and quenched to dif-
ferent temperatures in the two phase region. Once hydrodynamic and coarsening
equilibrium is attained, the sample is imaged (Fig. 17a). We acquired images con-
tinuously over time and used data from an image only when the spatial features
were larger than ~20 pm and the structures of two consecutive images were found
to not change. The characteristics absorbances are determined and phase compo-
sition obtained from a previously determined calibration curve. Thus, the two
points of the co-existence curve at the temperature of quench are simultaneously
determined. In this manner, the compositions at each temperature are deter-
mined. The phase diagram (Fig. 17b) obtained corresponds well with the phase di-
agram obtained using optical microscopy following the classical methods of ob-
taining phase diagrams. Using the described approach, phase diagrams may be
readily obtained in a fast, straightforward manner that is decoupled from the ki-
netics of the phase separation process. However, there is a discrepancy between the
optical and infrared predictions, which needs to be further explored.
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Fig.17. (a) A liquid crystal mixture, E7, dispersed in PBMA (80% liquid crystal by weight) im-
aged after quenching from the single phase to various temperatures. The figures in parenthesis
indicate the low and high limits the images are plotted between as shown by the color bar on
the right. The characteristics infrared spectroscopic absorbance from the two phases can be
determined to yield concentrations from a previously obtained calibration curve (not shown).
(b) The phase diagram of the liquid crystal mixture, E7, dispersed in PBMA imaged in

Fig. 16(a) compared to the phase diagram obtained by optical microscopy reported in Ref.
(84]

3.4
Summary

FTIR imaging using an FPA coupled to an interferometer has been demonstrated
as an excellent technique to achieve non-invasive spatially specific information. It
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combines the benefits of an IR spectrometer with those of an optical microscope
providing unprecedented amount of information and level of detail in both the
spectral and spatial domains. Some unique considerations are required in the col-
lection and processing of the large amount of data from an imaging spectrometer.
In a short time, FTIR imaging has been applied to a number of multicomponent
polymer samples with good results. The techniques used for and applications to
multicomponent polymers are expected to increase exponentially in the foreseea-
ble future as the cost of instrumentation reduces and the SNR characteristics of
available detectors improve.

4
Other Infrared Microspectroscopy Approaches

4.1
Hadamard Transform Infrared Microscopy

Hadamard transform infrared microscopy involves the use of encoding masks
[125] to achieve selective light throughput from the optical train. By using masks
of known patterns or encoding, a large spatial area could be mapped to provide an
effective multichannel advantage. Spatial multiplexing of the field of view can also
be accomplished by the use of masks while retaining the advantages of the Fourier
transform [126]. The process is schematically shown in Fig. 18. While this tech-
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Image of Mask
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or QTH Bulb

Power
Supply

Fig.18.Schematic of the chemical mapping instrumentation in the Mid- and Near-IR Spectral
Regions by Hadamard Transform/FT-IR Spectrometry. (Reproduced from [126])
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nique is not new, it has also not achieved as widespread applicability as the single
aperture microscopy technique. The primary limitation of the technique arises
from its need for opaque masks, which need to be reproducibly and rapidly posi-
tioned. Recently, programmable micro-mirror arrays have been used to achieve
large multichannel advantages compared to raster scan approaches [127]. Wide
applicability of this route to conduct microspectroscopy will determine on the ad-
vances in optical masking that will probably evolve from optical communications
applications in the future.

4.2
Synchrotron Infrared Microscopy

The large collection times and poor SNR for high spatial resolutions in IR micro-
scopy are largely a result of relatively weak light intensity. A synchrotron source
provides for very high throughput and it’s coupling to an infrared microscope re-
sults in high quality data. Not only is the spatial resolution of an infrared micro-
scope using a synchrotron source superior and SNR higher (~100 times) com-
pared to a standard globar source, it also provides an extended spectral range.
Hence, data collection over wide spectral ranges is considerably faster and sensi-
tivity for thin samples is excellent. Apertures as low as 3X 3 um? have been used
[128]. However, the major drawback arises from the unique component of the
technique: a synchrotron source is required. Thus, reports in literature examining
polymeric materials have been limited [129] as the instrument is not widely avail-
able.

43
Solid State Focal Plane Array Imaging

It is also possible to use infrared acousto-optic tunable Filters (AOTFs) [130] to re-
strict radiation on the array to be of a certain wavelength and sequentially sample
different wavelengths using multichannel detection by employing array detectors
[131]. Fig. 19 demonstrates an application [132], in which plastic waste was clas-
sified using numerical methods from data collected using remote and on-line
near-infrared measurements on a macroscopic scale using a focal plane array. In a
variation of the approach of using filters in conjunction with array detectors [133],
an acousto-optic tunable filter (AOTF) was employed to diffract unpolarized inci-
dent light into two diffracted beams with orthogonal polarization. One of the
beams was directed to an array detector sensitive in the visible region (a silicon
camera) while the other is detected to an infrared sensitive FPA. Near-IR spectros-
copy could be carried out while the visible image was simultaneously observed. A
curing epoxy-amine system was found to exhibit spatial inhomogeneities when ex-
amined by the instrument. Such an arrangement, however, introduces polariza-
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Fig.19. (a) Schematic view of the measurement principles. Reflected radiation from an object
is measured for several wavelength regions. Each individual detector pixel integrates possible
reflected photons in the particular wavelength range. (b) Schematic representation of the LDA
classification procedure. The three-dimensional calibration dataset X is unfolded to a two-di-
mensional matrix Z, which is used to calculate weight matrix W. Next, matrix Z is transformed
to Y where for each class (nc) the covariance matrix and corresponding means are calculated,
according to the Mahalanobis measure. An unknown image Z* is transformed to Y* and clas-
sified to d* with the use of the calculated covariance and mean data. (Reproduced from Ref.
[132]). (c) Visualization of the calibration dataset using two linear discriminant components
for three classes: plastic, nonplastic, and background mini-spectra. The ellipses indicate the
classes modeled by LDA. In this manner, waste is discriminated
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tion effects in the spectra. In many oriented polymer systems, these polarization
effects may be useful to determined relative organization of sub-molecular species,
especially for thick polymer films.

Yet another approach to spatially resolved infrared spectroscopy using a focal
plane array can be visualized where one of the dimensions of the focal plane is em-
ployed to detect spectrally discriminated data. The combination of a device that
disperses different wavelengths to different spatial locations and an FPA can be
employed to image a line perpendicular to the wavelength dispersion direction
[134]. Alternately, the same can be achieved by means of a linear variable filter
(LVF). In either case, the spatial position and wavelength discrimination are
linked. Hence, an integrated system needs to be designed where the sample is
moved such that every pixel samples a different set of a wavelength and a spatial
component to yield the entire imaging data set. These approaches have not been
employed for imaging yet, but can be expected to be available in the near future for
at least some special analysis cases. While the optical components in these config-
urations are fixed, resulting in a cheaper and more robust system, the sample
would need to be moved.

Clearly, solid state approaches such as these provide an alternative where high
spatial fidelity is required, a high rate of data acquisition is desirable and a rugged
system required. The optical arrangement determines the spatial resolution of the
system, which can range from the usual “macroscopic” configuration where the
FPA is employed for multichannel detection or a combination of the optical system
with a sophisticated data analysis protocol is for spatially resolved data collection.
While solid state approaches are useful in such settings and provide flexibility and
rapid data acquisition, interferometer based systems provide much higher sensitiv-
ity, broad spectral coverage, and make possible much higher spectral resolutions.

4.4
Scanning Probe Microspectroscopy or Photothermal Imaging

A new technique is under development combining scanning probe microscopy at
sub-micron spatial resolution with FTIR spectroscopy. The idea springs from a re-
cently developed technique termed Micro-Thermal Analysis [135, 136]. This tech-
nique allows localized thermal analysis to be combined with surface and sub-surface
imaging by means of scanning thermal microscopy. Chemical fingerprinting is there-
by achieved, giving a microscopic version of two well-known thermal analysis tech-
niques, TMA and modulated-temperature DSC. It also provides for combining the
advantages of the thermal characterization techniques with infrared spectroscopy.
Modulated radiation from a standard spectrometer is directed onto a sample
and detected by a microprobe (see Fig. 20) [137, 138]. The IR imager’s thermal
probe is the same as used in micro-thermal techniques. It detects photo-thermal
response of a region on the specimen heated by exposure to the beam from a FTIR



FTIR Microspectroscopy of Polymeric Systems 183

Wollaston wires, xtranslator sample

75 pum diameter - ellipsoidal mirror

Strengthening

probe <
bead

* Electrical A
Xyz translator

S
IR beam

connections

s
Pt/10% Rh core,
5 um diameter

" Mirror (part of force feedback system for flat mirror - flat mirror
measuring deflection of Wollaston wires,

when probe is being used for imaging)

(@) (b)

chamber window

Fig. 20. a Schematic Diagram for a thermal probe and b schematic diagram of the probe and
sample arrangement layout inside the spectrometer. (Reproduced from Ref. [137])

spectrometer. The signal from this probe measures the resulting temperature fluc-
tuations, thus provides an interferogram that replaces the interferogram normally
obtained by means of direct detection of the IR transmitted by a sample. This en-
ables IR microscopy at a spatial resolution below diffraction limits as the resolu-
tion now depends on the probe and not system optics. This resolution could be as
low as tens of nanometers. However, the interaction of the probe with the sample
may not be desirable and may limit the actual resolution achieved.

4.5
Near Field Infrared Mapping

Near-field infrared microscopy allows examination of spatial regions at a spatial
resolution better than the diffraction limit imposed by the wavelength of the prob-
ing light. One approach employs the use of a standard FTIR interferometer-micro-
scope combination [21]. The experimental setup was such that near-field condi-
tions were possible but the effective spatial resolution attained was not clear. The
In another implementation, the diffraction limit is overcome by employing spe-
cialized radiation collection optics for the infrared region [139] that permit partial
conversion of the evanescent fields into propagating waves. The amount of light
propagating from a sub-wavelength aperture through a flat substrate strongly in-
creases, as the distance between the light collection tip and the sample is decreased.
Hence, for a sample, topographic artifacts often dominate near-field images, which
are sought to be eliminated by flat sample preparation techniques [140]. In addi-
tion, the transmitted power is dependent on the refraction index of the sample, re-
sulting in deviations between the near-field and far-field spectra. The most useful
applications for the apertureless near-field IR spectroscopic techniques will involve
ideal sample preparation, multiplexing of signal, complementary information
from mathematical modeling and better probe design [141]. Near-field systems are
expected to be especially useful for imaging phase-separated high polymer blends,
sub-microscopic self-organization, thin films and aqueous polymer systems.
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4.6
Infrared Diode-Based Imaging

An alternative approach to using interferometers for imaging is to use another
source that provides spectral discrimination directly. One such source is an infra-
red diode laser. A laser coupled to an infrared microscope provides a means to rap-
idly obtain spatial resolution approaching the diffraction limit [142]. A multi-layer
polymer composite contaminated by migration of a volatile additive from an ex-
ogenous source was imaged using this system. The distribution of this additive in
the layered structure was shown to correlate with specific layers (Fig. 21). A con-

Fig.21. Diode laser false-color images of an NP-exposed sample: a absorbance at 1568 cm™, b
absorbance at 1530 cm™, and ¢ difference between (a) and (b). A white-light image is shown
in (d). The absorbance intensity maps to the color scale adjacent to each image. Each image is
300 pm_500 pm (Reproduced from Ref. [142])
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Fig.22. Absorbance profiles from diode laser images in Fig. 21.a 100 pm from left edge of im-
age (perpendicular to layer structure); b 100 pm from top edge of image (parallel to layer
structure following an epoxy-binder layer)

centration gradient suggesting a diffusive mechanism of additive migration paral-
lel to the layered structure was observed (Fig. 22). A coupling of the laser to a focal
plane array could provide a multichannel advantage, considerably increasing the
scope of such instrumentation.

4.7
Summary

There are a number of approaches to allow infrared microspectroscopic investiga-
tions of polymers. While interferometer based approaches dominate the instru-
mentation in general, other approaches may be effective in specific cases or when
dedicated instrumentation examining a limited range of problems is desired. FPAs,
employed to achieve spatial discrimination as in FTIR imaging or spatial and spec-
tral discrimination as in dispersive and filter approaches, provide flexibility and
faster spectroscopy due to their multichannel detection advantage. Many new ap-
proaches to microspectroscopy are dedicated to achieving spatial resolution better
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than limited by diffraction. While the progress to that end is remarkable, most
techniques are far from developed to a mature enough level to be routinely ap-
plied. It is expected that the maturation of these technologies and the resulting in-
strumentation will be particularly useful for examining the interfacial regions in
polymeric samples or cases where domains are smaller than the resolution limit of
current techniques. However, the SNR characteristics would probably require
large collection times for a single image and may result in the instruments being
used for specialized cases where current imaging methods are inapplicable. The
development of new imaging capabilities can only mean greater progress for the
scientist studying multicomponent polymers.

5
Concluding Remarks

5.1
Instrumental Directions

The trend towards more stable spectroscopic systems with high spatial resolution
and lower spectral noise data acquired in smaller time periods is going to be a fea-
ture of instrumental development for many years to come. This new generation of
instruments awaits the development of more sensitive, faster response and lower
noise detectors as well as better miniaturized electronics. As problems in polymer
science become more sophisticated, the need to analyze samples with greater pre-
cision, track changes in a sample more minutely and carry these out faster is going
to be a primary need for the spectroscopist. New accessories continue to be devel-
oped for old techniques and several specialized accessories will no doubt be avail-
able for the emerging techniques in the near future. New instrumentation consist-
ing of motionless spectrometers, ultrafast spectrometers and sub-micron resolu-
tion imaging spectrometers will probably develop in the foreseeable future. In par-
ticular, FTIR imaging techniques have reached maturity levels where they can be
used for routine analysis and we expect to see a large increase in the applications
reported. Development of larger format arrays with expanded wavelength sensitiv-
ity and higher efficiency is one direction, which will spur such growth. Emergence
of faster and more sophisticated computers continues to help in data acquisition
and analysis.

5.2
Applications

We believe that much growth in applications will be spurred on by the desire of sci-
entist to observe dynamic phenomena and to analyze large numbers of samples in
a short time period. Static, spatially resolved measurements have been routinely
carried out for over 30 years. The last decade has seen a major initiative towards
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examining dynamic phenomena ranging from simple changes like polymerization
to complicated spatially resolved interactions. Even physical phenomena ranging
from orientation to phase separation to temperature rise continue to be explored.
Such demanding/specialized needs will contribute to further development. A ma-
jor area where spatially resolved methods will become popular is in the analysis of
combinatorial libraries [143]. The multichannel detection advantage of the imag-
ing techniques available today is well suited to the analysis of high throughput re-
action sequences and is expected to be widely applied in this field in the future.

53
Processing Techniques and Strategies

FTIR spectroscopy has been applied to identify many multicomponent systems us-
ing techniques such as spectral subtraction and factor analysis. The high degree of
reproducibility and accuracy of IR measurements have made this possible. One of
the largest reasons for that has been the use of digital computers. Indeed the devel-
opment of spectroscopy has gone hand in hand with that of faster, cheaper and
better computing power. High spectrometer fidelity and reproducibility is possible
not only because of better hardware but numerous checks and control loops for
fine corrections that can be made using sophisticated computers. The very exist-
ence of mapping and imaging technologies is due to the ability to handle large data
sets made possible by computers.

It may be envisioned that, in the coming years, appropriate software will play an
increasing role in the collection, post-collection data extraction and manipulation,
identification of species and processing of results. Multivariate analysis coupled to
automated detection schemes and fuzzy logic identification protocols based on
spectroscopic data will be increasingly used. Automated Artificial Neural Net-
works coupled to FTIR instrumentation [144] can then be used to monitor and
control the formation and properties of multicomponent polymers. To make that
aim possible, numerical methods for the analysis and characterization of polymers
[145] are becoming increasingly important. The use of imaging techniques in syn-
thesis, processing and quality control applications is expected to grow with the de-
velopment of stable and ruggedly usable instrumentation.

5.4
Summary

FTIR microspectroscopy has made remarkable progress in understanding multi-
component polymer systems. A range of issues — from static morphology to sub-
molecular molecular dynamics can now be analyzed by the versatile set of tools
this technique affords. The last 5-10 years have been a period of intense develop-
ment on both instrumental and data interpretation fronts. For applications to pol-
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ymers, a lot of effort has been devoted to understand interactions between poly-
mers, dynamics of polymers and microscopic characterization of polymers. These
analyses have been carried out faster and with greater accuracy than ever before.
The future holds good promise for the development in spatially resolved infrared
spectroscopic techniques, especially imaging, which will greatly assist polymer sci-
entists in structure-property relationship elucidations.
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Abstract The purpose of this review is to provide useful details concerning the application of
microwave irradiation to polymer chemistry. Research in this area has shown some potential
advantages of microwaves in the ability not only to drive chemical processes but to perform
them in reduced time scale. In some cases the afforded products exhibited properties that may
not be possible using conventional thermal treatments. This chapter exposes and discusses the
microwave-assisted polymer syntheses, crosslinking, and processing with the stress on chem-
istry of those processes. A short description of the nature of microwaves as well as their inter-
actions with different matter, in particular with organic substances, is given to provide a brief
review of those topics. Then the equipment necessary to carry out microwave experiments is
described with links to commercially available systems. Eventually, the free-radical polymeri-
zation reaction of various unsaturated compounds is presented together with dental applica-
tions followed by step-growth polymerization reactions (i.e., polyamides, polyimides, polyes-
ters, polyethers, epoxy resins, and polyurethanes), polymer modification, reaction on poly-
mer matrices, and recycling.
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List of Symbols and Abbreviations

2-MI 2-Methylimidazole

3,4-ODA 3,4’-Oxydianiline

3DCM 4,4’-Diamino-3,3’-dimethyldicyclohexylmethane

ACA e-Aminocapronic amid

AIBN 2,2’-Azobis(2-methylpropanenitrile)

BCMO 3,3-Bis(chloromethyl)oxetane

Bis-GMA 2,2-Bis[4-(3-methacryloyloxy-2-hydroxypropoxy)phenyl]
BTDA 3,3’,4,4’-Benzophenonetetracarboxylic acid dianhydride
BTDE 3,3’,4,4’-Benzophenonetetracarboxylic acid methyl ester
BWT Backward wave tubes

CF Carbon fiber

CTBN Carboxy terminated butadiene-acrylonitrile random copolymer
DBTM Dibutyltin maleate

DCM Methylene dichloride

DDM 4,4’-Methylenedianiline

DDS 4,4’-Diaminodiphenyl sulfone

DDSA 2-Dodecen-1-ylsuccinic acid

DEG Diethylene glycol

DGEBA Diglycidyl ether of bisphenol A

DGEBF Diglycidyl ether of bisphenol F

DMA Dynamical mechanical analysis

DME Ethylene glycol dimethyl ether

EDA Ethylenediamine

ELNR Epoxidized liquid natural rubber

E-M Elevated-molecular-weight epoxy resins

ERL-4221 3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexanoate
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ERL-4234

ERL-4299
ETBN

GF
HDPE
HEMA
HHPA
ICP

KPS

LA

LDPE
LLS

L-M
1-MDI
MA
MDA
Me-HHPA
MMA
MMT
MORE
mPDA
NAA

NE

NMP
NVC
PA-6
PANI

PE
PEPA-3,4’-ODA
PET
PETI-5
PETI-5/IM7

PG
PGE
PMDA
PMMA
PS

PTC
PTFE
pPVC

2-(3,4-Epoxycyclohexyl-5,5-spiro-3,4-epoxy)cyclohexane-1,3-
dioxane

Bis-(3,4-epoxycyclohexyl)adipate

Epoxy terminated butadiene-acrylonitrile random copolymer
Glass fiber

High density polyethylene

2-Hydroxyethyl methacrylate

Hexahydrophthalic anhydride

Inherently conductive polymers

Potassium persulfate

D,L-Lactic acid

Low density polyethylene

Laser light scattering

Low molecular weight epoxy resins

Liquid mixture of bis(isocyanatophenyl)methane isomers
Methyl acrylate

Methylene dianiline

4-Methyl-hexahydrophthalic anhydride

Methyl methacrylate

Microwave Materials Technologies

Microwave-organic reaction enhancement
m-Phenylenediamine

o-Naphthyl acetic acid

5-Norbornene-2,3-dicarboxylic acid monomethyl ester
N-Methyl-2-pyrrolidone

N-Vinylcarbazole

Polyamide-6

Polyaniline

Polyethylene
3,4"-Bis[(4-phenylethynyl)phthalimido]diphenyl ether
Poly(ethylene terephthalate)

Phenylethynyl-terminated imide oligomer

Carbon fiber reinforced phenylethynyl-terminated polyimide
composites

Propylene glycol

Phenyl glycidyl ether

Pyromellitic acid dianhydride

Poly(methyl methacrylate)

Polystyrene

Phase-transfer catalysis

Polytetrafluoroethylene

Poly(vinyl chloride)
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PVK Poly(N-vinylcarbazole)

RP-46 Polyimide resin

RTM Resin transfer molding

SA Succinic anhydride

SEP Poly(styrene)-block-poly(ethene-alt-propene)
SPOS Solid-phase organic synthesis
TBAB Tetrabutylammonium bromide
TBAI Tetrabutylammonium iodide

TE Transverse electric wave

TEBA Triethylbenzylammonium chloride
TEGDMA Triethylene glycol dimethacrylate
TEM Transverse electromagnetic wave
™ Transverse magnetic

TPP Triphenyl phosphate

TWT Traveling wave tube

VEM Variable frequency microwave

1

Introduction

Microwave irradiation is a rapid way of heating materials for domestic, industrial
and medical purposes. Microwaves offer a number of advantages over convention-
al heating such as non-contact heating (reduction of overheating of material sur-
faces), energy transfer instead of heat transfer (penetrative radiation), material se-
lective and volumetric heating, fast start-up and stopping, and, last but not least,
reverse thermal effect, i.e., heat starts from the interior of material body.

In the last decade, microwaves have attracted the attention of chemists who
have begun to apply this unconventional technique of material heating as a routine
in their practice. The reduced time of processing under microwave conditions
found for a great number of chemical reactions was the main reason that micro-
wave techniques became so attractive for chemists. Increase of productivity, im-
proved product characteristics, uniform processing, less manufacturing space re-
quired, and controllability of the process are the advantages that microwave
processing of material can provide. Microwave processing seems to be easily scaled
up from a small scale batch process to a continuous process employing a conveyor.

Besides ceramic processing, polymer chemistry is probably the largest single
discipline in microwave technology, and the methods and procedures used therein
are certainly among the most developed. Although a great number of papers have
been published on the processing and curing of polymers and polymeric materials
under microwave irradiation and the application of microwaves to the organic
synthesis is still growing; there exists only a limited number of reports on the mi-
crowave-assisted polymer synthesis.
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The purpose of this chapter is to provide useful details concerning the applica-
tion of microwave irradiation to polymer chemistry and technology. A survey of
the past achievements in polymer synthesis and polymer composites can be found
in review papers [1-5]. However, in this chapter a short description of the nature
of microwaves as well as their interactions with matter, in particular with organic
substances, is given to provide a brief review of those topics; the most extensive ex-
planation can be found in the cited books and papers [6-9].

Fundamentals of electromagnetic heating and processing of polymers, resins,
and related composites were summarized by Parodi [10]. An overview of applica-
tion of microwaves in organic synthesis together with reactions applied in polymer
preparation can be found in recently published reviews [11-16] and in a compre-
hensive review with over 600 references cited in a tabular format [17]. The influ-
ence of microwave irradiation on the rate of chemical reactions is still under debate
and some researchers have mentioned the existence of so-called non-thermal mi-
crowave effect, i.e., an effect that seems to be inadequate to the observed reaction
temperatures in sudden acceleration of reaction rates. A useful review summariz-
ing and evaluating the latest theories on the existence of non-thermal or specific
microwave effects according to the reaction medium and reaction mechanism was
recently published by Perreux and Loupy [18].

2
Nature of Microwave Irradiation

Microwaves are the electromagnetic radiation which can be placed between infra-
red radiation and radio frequencies with wavelengths of 1 mm to 1 m, which cor-
responds to the frequencies of 300 GHz to 300 MHz, respectively. The extensive
application of microwaves in the field of telecommunication has resulted in only
specially assigned frequencies being allowed to be allocated for industrial, scientif-
ic or medical applications (e.g., most of the wavelengths between 1 and 25 cm is
used for mobile phones, radar, and radio-line transmissions). Currently, in order
to avoid interferences with telecommunication devices, household and industrial
microwave ovens (applicators) are operated at either 12.2 cm (2.45 GHz) or
33.3 cm (900 MHz). However, some other frequencies are also available for heat-
ing [5]. Most common domestic microwave ovens utilize the frequency of
2.45 GHz, and this may be one reason why almost all commercially available mi-
crowave reactors for chemical use operate at the same frequency.

When a piece of material is exposed to microwave irradiation, microwaves can
be reflected from its surface (when the surface is conducting as in metals, graphite,
etc.), can penetrate the material without absorption (in the case of good insula-
tors), and can be absorbed by the material (lossy dielectrics). Thus, heating in mi-
crowave ovens is based upon the ability of some liquids and solids to absorb and
to transform electromagnetic energy into heat. Microwave radiation — as every ra-
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diation of electromagnetic nature — consists of two components: magnetic and
electric fields. The electric field component is responsible for dielectric heating
mechanisms since it can cause molecular motion either by migration of ionic spe-
cies (conduction mechanism) or rotation of dipolar species (dipolar polarization
mechanism). In a microwave field, the electric field component oscillates very
quickly (at 2.45 GHz the field oscillates 4.9 X 10° times per second), and the strong
agitation, provided by cyclic reorientation of molecules, can result in an intense in-
ternal heating which can lead to heating rates in excess of 10 °C per second when
microwave radiation of a 1 kW-capacity source are used [6].

From the point of view of microwave processing, the material is characterized
by dielectric properties among which of greatest importance are electric permit-
tivity sometimes called dielectric constant (¢) and the loss tangent (tand). The
complex permittivity (e=¢’—je”’) is a measure of the ability of dielectric materials
to absorb and to store electric potential energy, with the real permittivity, €, char-
acterizing the propagation of microwaves into the material and the loss factor, €7,
indicating ability of the material to dissipate the energy. The most important prop-
erty in microwave processing is tan d=¢"/¢’, indicating the ability of the material to
convert the absorbed energy into heat. For optimum coupling, a balanced combi-
nation of moderate €', to permit adequate penetration, and high loss (high € and
tand) are required [19].

2.1
Equipment for Microwave Experiments

In general, microwave systems consist of a microwave source (generator), a section
of transmission line which delivers microwaves from the generator into applicator,
and microwave applicator which can efficiently transfer the energy to heated ma-
terials. Also a reliable measuring system is necessary to monitor temperature of the
process. For processes running at elevated pressures appropriate pressure and tem-
perature control may be required.

2.1.1
Microwave Generators

Magnetrons are the most widely applied generators for laboratory and industrial
microwave processing such as those currently used in domestic microwave ovens.
Magnetrons are mass produced and the cheapest available sources of microwaves.
They are classified as diodes having an anode and cathode. The anode is kept at
high potential compared to the cathode. As the cathode is heated, electrons are re-
moved from the cathode and are accelerated toward the anode by the electric field.
However, there is a constant magnetic field superimposed orthogonal to the elec-
tric field between anode and cathode. External magnets mounted around the mag-



Microwave Assisted Synthesis, Crosslinking, and Processing of Polymeric Materials 199
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Fig. 1. Schematic diagram of a magnetron shown in cross-section. Reprinted from Microwave
Processing of Materials (1994), National Academy Press, Washington DC [19] with permission

netron or a coil wound around the anode block create the magnetic field which is
always parallel to the axis of the cathode. The magnetic field enforces the electrons
to rotate in the magnetron before they can reach the anode. The anode consists of
even number of small cavities that form a series of microwave circuits which are
tuned to oscillate at specified frequency. The frequency of the oscillations depends
on the size of the cavities. The rotating electrons form a rotor moving around the
cathode synchronously in a way that they decelerate and thus transform their en-
ergy into microwave oscillations in the cavities. The electromagnetic energy is
transferred from one of the resonant cavities to the output transmission line, usu-
ally terminated with an antenna (Fig. 1).

In fact, the magnetron belongs to a wider class of microwave vacuum devices
which are called traveling wave tubes (TWT) with such a difference that in the
magnetron there is no input for microwave energy and therefore the magnetron
can only be used as a generator while a TWT can also be used as an amplifier. It is
so because in TWT the electron beam is moving straight along the so-called slow
wave or traveling wave structure which can retard propagation of electromagnetic
waves so that they can conveniently (from the point of view of energy exchange)
interact with and gain energy from the electrons moving in the same direction.
Consequently, there can be yet another type of microwave amplifier in which the
electrons and the wave travel in opposite directions. These are called Backward
Wave Tubes (BWT) which can be even more energy efficient as power sources in
the sub-millimeter range of microwaves.

The extensive description of microwave sources like traveling wave tubes
(TWT), klystrons, disk-seal triodes, and power grid tubes can be found in a
number of books on industrial microwave applications [19].
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(TM), and transverse electric (TE) waves. Reprinted from Microwave Processing of Materials
(1994), National Academy Press, Washington DC [19] with permission

Microwaves can be transmitted through various media without much loss.
Therefore, an applicator can be remote from the power source. Various types of
transmission lines can efficiently couple the energy of the microwave source to the
applicator. Within transmission lines the microwaves can propagate using three
modes. For the so-called transverse electromagnetic wave (TEM), all the compo-
nents (magnetic and electric) are transverse which is an approximation of the ra-
diation in free space. Both electric and magnetic components in the propagation
direction (z) are missing. TEM waves can propagate between two parallel wires,
two parallel plates, or in a coaxial line (Fig. 2), and they are applied in general to
low power systems (<10 kW).

The transverse electric (TE) and transverse magnetic (TM) are typical modes
propagating inside metallic waveguides, which are basically hollow conducting
pipes having either a rectangular or a circular cross section. In the TE wave and TM
wave, the component of the electric field and the component of the magnetic field
in the propagation direction are missing, respectively. In general, every electro-
magnetic wave in rectangular or cylindrical waveguides can be described as a linear
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Fig.3. Development of standing waves: TE,; resonant cavity electric field pattern. Reprinted
from Industrial Microwave Heating, Peter Perigrinus, London (1983) [6] with permission

combination of the TE and TM modes. The indexes in propagation modes (e.g.,
TE,,) describe particular eigenvalues and define wave variation in a given direc-
tion. For example, a TE,, mode in rectangular waveguide specifies fundamental
TE mode with one half-wavelength in the x-direction and zero half-wavelengths in
the y-direction [6]. If the waveguide section forms a cavity a third index describes
how many of half-wavelengths would fit along this section. For instance, TE; is
a cavity having one half-wavelength along the x-direction, three half-wavelengths
along the z-direction, and zero variation of electric field in the y-direction (Fig. 3).

2.1.2
Microwave Applicators

Microwave applicators may appear in many different shapes and dimensions and
in fact their design is critical to microwave processing since within applicators mi-
crowave energy is transferred (coupled) to processed material. Most common mi-
crowave applicators belong to three main types: multi-mode cavity, single-mode
cavity including TEM structures, and traveling wave applicators.
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It is worth stressing that an important criterion characterizing applicators is the
electrical field strength attainable in the sample. While it is possible to map the
field strength distribution within an oven by moving, for example, a small water
load around it and recording the rate of temperature rise, the results of such an ex-
ercise apply only to water. Once the target material is placed in the oven, the field
distribution is changed self-consistently.

The simplest applicator is a rectangular metal box that can accommodate the
target load. When microwaves are launched into such a box via a waveguide
launcher, the waves undergo multiple reflections from the walls. The reflected
waves interfere and establish a distribution of electrical field within the internal
space (including the load) which, within the band of frequencies, correspond to
many different stable modes of oscillations. And for this reason it is called a multi-
mode applicator. The most common example of such a device is a cavity in domes-
tic microwave oven.

The field distribution within the load which is contained in a multi-mode ap-
plicator depends not only on dielectric permeability or dielectric loss, but also on
size and location of the load within the applicator. In this respect, a multi-mode
device is best suited to very lossy loads occupying relatively large volumes (more
than 50%) of the applicator. For low and medium loss materials occupying less
than about 20 % of the applicator’s volume, the temperature rise in the material, at
best, will be a non-uniform one and, at worst, potentially damaging “hotspots”
will occur as the result of extremely high local fields.

By incorporating a mode stirrer (a rotating reflector) and by continuously ro-
tating the load placed on a turntable, temperature uniformity within the load can
readily be improved. A major criticism of the use of a multi-mode oven for scien-
tific studies is that, since the spatial distribution of field strength is unknown, the
feasibility to generalize the results from a particular investigation is compromised,
making it very difficult to attempt reliable scaling-up.

By far the most efficient applicator, particularly for filamentary materials, is a
single mode resonant cavity. Within such a cavity, only one mode of propagation
is permitted and hence the field pattern is defined in space and the target load can
be positioned accordingly to it. A single mode cavity may be both cylindrical or
rectangular. The simplest (and physically smallest) single mode cavity operates in
the TM,);, mode, in which the electrical field strength is constant along the main
axis without variation of angle and is only a function of radius. The radius of the
loaded cavity can be determined by solving the electric and magnetic field equa-
tions within the cavity under assumption of dimensions and particular boundary
conditions. The resonance condition so derived defines radius in terms of the die-
lectric constants of the load.

A rectangular single-mode cavity consists of a section of waveguide which is ter-
minated with a non-contact plunger which can tune the effective cavity length
(resonant frequency). The mode of operation of such a device is, typically, TE,
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with the target load positioned in a region of high field strength. The major limi-
tation of this device is that the length of the load must be less than half a wave-
length, otherwise the wave standing along the load would release heat in a periodic
manner leading to periodic heating pattern along the target. This can be overcome
by moving the plunger in a reciprocating fashion, so that the time-averaged field
seen by the load is smoothed.

A traveling wave applicator consists of a section of a slow-wave structure with
traveling wave propagating along it and coupled to the load in a spatially distrib-
uted manner. The wave is traveling which makes possible efficient coupling also to
loads having bigger volumes or large surfaces. As microwaves pass along the slow-
wave structure they are absorbed by the load exponentially with distance and ac-
cording to the dielectric properties and size of load. As a precaution of proper op-
eration, a dummy water load is attached to the load-end of the waveguide to ab-
sorb residue of microwave energy which was not absorbed by the load. Provided
that the load can move at a constant speed along the structure, each part of it
would experience the same total field strength once steady state conditions were
achieved, i.e., after at least one length of material has already passed throughout
the structure.

213
Microwave Reactors

Most microwave-assisted reactions in organic and polymer synthesis have been
carried out in multi-mode household microwave ovens; however, more recently,
the use of microwave reactors for chemical syntheses has become more advocated.
The main advantage of household microwave ovens is their low cost and possibil-
ity to adjust such ovens to chemical synthesis by drilling shielded outlets in the
oven walls for assembling appropriate elements like an upright condenser, stirrer,
dropping funnel, etc. The disadvantage is a pulsating-mode duty cycle — adjustable
power regulation in such cheap microwave ovens in which variable power is always
obtained by switching the magnetron off and on.

Specialized microwave reactors for chemical synthesis are commercially availa-
ble from such companies as CEM [20], Lambda Technologies [21], Microwave
Materials Technologies (MMT), Milestone [22], PersonalChemistry [23], and
Plazmatronika [24] which are mostly adjusted from microwave systems for diges-
tion and ashing of analytical samples [25]. They are equipped with built-in mag-
netic stirrers and direct temperature control by means of an IR pyrometer, shield-
ed thermocouple or fiber-optical temperature sensor, and continuous power feed-
back control, which enable one to heat reaction mixture to a desired temperature
without thermal runaways. In some cases, it is possible to work under reduced
pressure or in pressurized conditions within cavity or reaction vessels.
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214
Temperature Measurement

Measurement of reaction temperature during microwave irradiation is a major
problem one faces during microwave-enhanced processing of materials. Fiber-op-
tic thermometers can be applied up to 300 °C, but are too fragile for industrial ap-
plication. In turn, optical pyrometers and thermocouples can be used, but pyrom-
eters only measure surface temperature that can be lower than the interior temper-
ature of the material, while application of thermocouples which are metallic
probes can results in arcing between the thermocouple shields and cavity walls
leading to failures in thermocouple performances. The temperature of microwave
irradiated samples can also be measured by inserting either a thermocouple or
thermometer into the hot material immediately after turning off the microwave
power.

2.2
Microwave Techniques Applied to Chemical Transformations

The simplest method for conducting microwave-assisted reactions involves irradi-
ation of reactants in an open vessel. Such a method, termed “microwave-organic
reaction enhancement (MORE)”, was developed by Bose at al. [26]. During the re-
action, reactants are heated by microwave irradiation in polar, high-boiling solvent
so that the temperature of reaction mixture does not reach the boiling point of a
solvent. Despite the convenience, a disadvantage of the MORE technique consists
in limitation to high-boiling polar solvents such as DMSO, DMF, N-methylmor-
pholine, diglyme, etc. The approach has been adapted to lower-boiling solvents
(e.g., toluene) [27], but it generates a potentially serious fire hazard.

For reactions at reflux, domestic microwave ovens have been modified by mak-
ing a shielded opening to prevent leakage, and through which the reaction vessel
has been connected to a condenser [8].

The pressurized conditions for microwave reactions first reported by the groups
of Gedye [28] and Giguere [29] have also been developed. Gedye et al. used a do-
mestic microwave oven, and commercially available screw-up pressure vessels
made of PET and PTFE (both being microwave transparent). The “bomb” strategy
has been successfully applied to a number of syntheses, but it always generates a
risk of hazardous explosions. Recently, Majetich and Hicks [30] reported 45 differ-
ent reactions with a commercial microwave oven and PET vessels designed for acid
digestion.

Microwave heating has been proven to be of benefit particularly for the reac-
tions under “dry” media in open vessel systems (i.e., in the absence of a solvent, on
solid support with or without catalysts) [31]. Reactions under “dry” conditions
were originally developed in the late 1980s [32], but solventless systems under mi-
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crowave irradiation offer several advantages. The absence of solvent reduces the
risk of explosions when the reaction takes place in a closed vessel. Moreover, apro-
tic dipolar solvents with high boiling points are expensive and difficult to remove
from the reaction mixtures. During microwave induction of reactions under dry
conditions, the reactants adsorbed on the surface of alumina, silica gel, clay, and
other mineral supports absorb microwaves whereas the support does not, and
transmission of microwaves is not restricted. Consequently, such supported rea-
gents efficiently induce reactions under safe and simple conditions with domestic
microwave ovens instead of expensive specialized commercial microwave systems.

Finally, the mixture of neat reagents in an open vessel can lead to a reaction un-
der microwave conditions provided that one of the reagents is liquid or a low melt-
ing solid that couples well with microwaves.

3
Synthesis and Processing of Polymers Under Microwave Conditions

The effect of microwave irradiation on chemical reactions is generally evaluated by
comparing the time needed to obtain a desired yield of final products with respect
to conventional thermal heating. Research in the area of chemical synthesis has
shown some potential advantages in the ability not only to drive chemical reac-
tions but to perform them in reduced time scale. In some cases the products ex-
hibited properties that may not be possible using conventional thermal treat-
ments. In this chapter the microwave-assisted polymer syntheses, crosslinking,
and processing with the stress on chemistry of those processes is discussed. For this
purpose, syntheses run under microwave conditions were compared with conven-
tional heating methods. In most examples reported in the literature, the amount
of reagents varied from a few milligrams to several grams. Moreover, the shape and
size of the reaction vessel are important factors for the processing of material un-
der microwave irradiation as well as applied microwave system (i.e., applicator and
temperature detection). Therefore, in each case we have tried to describe briefly
microwave systems that were used by different research groups together with
amounts of reagents to give readers a deeper feeling about the microwave experi-
ments.

3.1
Free-Radical Polymerization

Microwave irradiation has been applied to free-radical polymerization and copo-
lymerization reactions of various unsaturated monomers.

In 1983, Teffal and Gourdene investigated the bulk polymerization of 2-
hydroxyethyl methacrylate (HEMA) under conventional and microwave condi-
tions [33]. Since HEMA bears ester as well as alcohol functions, it is a polar species
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Fig.4. Thermal profiles and conversions for conventional and microwave polymerization of
methyl methacrylate (MMA). Reprinted from (1995) ] Mat Proc Techn 48:445 [35] with per-
mission

capable of interacting and absorbing microwaves. Therefore, the reactions were
carried out without any radical initiator, and the liquid monomer polymerized to
form a solid material that was insoluble in all usual solvents but swelled in water.
Thus, it was demonstrated that the radical polymerization can be achieved by mi-
crowave irradiation of neat reagents. In a similar example, Palacios et al. showed
that in the case of bulk copolymerization of HEMA with methyl methacrylate
(MMA), microwave-assisted polymerizations gave copolymers with molecular
weight twice as high and of narrower molecular weight distribution in comparison
with copolymers obtained under conventional thermal conditions [34].

Using variable power of microwave irradiation, Boey et al. showed that bulk po-
lymerization of methyl methacrylate (MMA) was faster by ca. 130-150% com-
pared with the conventional methods (Fig. 4) [35]. Also, the limiting conversion
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of the reaction varied for the thermal and microwave polymerization. The thermal
polymerization of MMA at temperatures of 69, 78, and 88 °C showed a limiting
conversion of about 90 %, while limiting conversion of microwave polymerization
decreased in following series: 200 W, 88%>300 W, 84%>500 W, 78% [36]. The
reactions were run in a sample vial with a narrow tube of 10 mm diameter and
2 ml capacity, in which 4 mg of AIBN was placed together with 0.5 ml of MMA.
The microwave polymerization was conducted in a multimode cavity equipped
with a rotating platform to prevent formation of hotspots due to non-uniform
heating. NMR analysis showed that the tacticity of the polymers for thermal and
microwave polymerization are similar, suggesting that the polymerization mecha-
nisms are the same.

Under similar conditions, polymerization of methyl acrylate (MA) with AIBN
as an initiator under microwave irradiation was carried out by Chia et al. [36]. To
prepare samples for polymerization, 4.1 mg of AIBN (0.85 wt%) was taken in a 4-
ml sample vial of 15 mm diameter together with 0.5 ml (478 mg) of MA. The re-
action rate enhancement of microwave polymerization compared to thermal
method was found to be as follows: 500 W, 275 %; 300 W, 220%; and 200 W 138 %.
Even though the comparable temperature at variable power was the same, 52 °C,
the reaction rate enhancement increased with increase in microwave power indi-
cating a significant correlation between the reaction rate enhancements and the
level of microwave power used [36].

On the other hand, by free radical suspension polymerization of MMA in #n-
heptane solution in the presence of poly(styrene)-block-poly(ethene-alt-propene)
(SEP) as a dispersing agent, PMMA samples were prepared with similar molecular
weights and polydispersity under both conventional and microwave conditions
[37]. The reactions were run for 1 h at 70 °C with different monomer (9.0—
28.3vol.%), SEP (21.7-5.4 wt%), and AIBN (1.0-0.27 wt%) concentrations
(Table 1).In a typical experiment, 30 ml of the reaction mixture was fed into a 50-

Table 1. Thermal (A) and microwave-induced (MW) non-aqueous free-radical dispersion po-
lymerization of MMA in the presence of SEP dispersing agent. Reprinted from (1996) Acta
Polym 47:74 [37] with permission

Method of n-Heptane MMA SEP? AIBN? Conversion Diameter®
activation  [vol.%] [vol.%] [vol.%] [wt%] [%] [nm]

A 91 9 21.7 1 42 67x16
MW 91 9 21.7 1 50 92453
A 83.5 16.5 10.8 0.53 73 144423
MW 83.5 16.5 10.8 0.53 71 134142
A 71.7 28.3 5.4 0.27 75 1330133
MW 71.7 28.3 5.4 0.27 73 1370+£107

2 Wt% with respect to MMA
b Average diameter of the particles with standard deviation
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ml reaction vessel that was equipped with a stirrer (200 rpm), fiber-optic ther-
mometer, and gas inlet tube to avoid air in the reaction mixture. Then the reaction
vessel was placed into a microwave cavity equipped with a waveguide with TE,,
mode. Under such conditions, no significant effect of microwave irradiation was
detected, and molecular weights, polydispersities, stereoregularities, particle size
and their distribution were similar for both activation methods.

The bulk polymerization of styrene at two different power levels — 300 and 500 W
— conducted in a multimode microwave cavity was investigated by Chia et al. [38].
The reactions were run in 2-ml sample vials of 10 mm diameter, in which 23.0 mg
of AIBN was placed together with 455 mg of styrene. The conversion profiles of the
microwave polymerization were significantly different from that of the thermal cure
at the same temperature of 80 °C. The thermal cure was characteristic of a gradual
gel effect at 30-50% conversion while, with the microwave cure at 300 W and
500 W, a sharp and large gel effect was recorded at conversions 20-69% and 20—
65 %, respectively (Fig. 5). Moreover, the comparison of thermal and microwave po-
lymerization under similar conditions showed a reaction rate enhancement of
190% for 500 W and 120% for 300 W. Similar to the microwave polymerization of
MMA [35], the limiting conversion of styrene decreased from 72 % for conventional
thermal conditions down to 69% at 300 W and 65% at 500 W of microwave irradi-
ation power. Finally, it was stated that comparison of kinetic results of microwave
induced reactions should consider the temperature as well as the power of micro-
wave irradiation due to different energy supplied to the reaction system [38].

Emulsion polymerization of styrene under microwave irradiation in the pres-
ence of potassium persulfate (KPS) as an initiator was reported by Palacios and
Velverde [39]. The reactions were carried out in glass tubes of 20 ml volume while
15ml of the reaction mixture with different initiator concentration (0.2—
31.1 mmol/l) (Table 2) was added. During the experiments, each tube was placed
in a 2-1 glass beaker filled with vermiculite. The beakers were irradiated in a multi-
mode microwave with 389 W power in the magnetron, which was turned on and
off twice per minute to maintain a constant temperature (50 °C).

In order to reach a conversion of styrene of 70 %, constant heating in an oil bath
for as long as 6 h was required in comparison with only 8.3 min in the microwave
oven. Calculated values of R, (mol/l's) for both processes showed that the rate of
microwave-assisted emulsion polymerization of styrene was higher by a factor of
26 than the reaction activated by conventional heating (Fig. 6) [39]. Molecular
weight distribution and polydispersities of the polystyrene samples obtained un-
der microwave and conventional conditions were similar for both activation meth-
ods and depended on the initiator concentration.

More recently, using a bench-scale microwave polymerization reactor (Fig. 7),
Correa et al. reported that emulsion polymerization of styrene could be carried out
more rapidly with significant saving of energy and time when compared to con-
ventional methods [40]. For all the experiments, the concentration range of mate-
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Fig.5. Thermal profiles and conversions for conventional and microwave polymerization of
styrene. Reprinted from (1996) J Polym Sci A, Polym Chem 34:2087 [38] with permission

rials was as follows: KPS (initiator) 0.04—0.16 wt%, sodium lauryl sulfate (emulsi-
fier) 1.24%, and monomer to water ratiol:3, 1:16, and 2:3. The reaction tempera-
ture for both methods was 70 °C while two power levels — 175 W and 800 W — of
microwave irradiation were applied.

The reaction time for the conventional heating method was longer by a factor
of 70 than for the microwave irradiation method. Moreover, it was observed that
the molecular weight of polystyrene samples prepared by microwave irradiation
(M,,=350,000) was higher by a factor of 1.2 than that of polystyrene obtained by
conventional heating. As it could be expected, the requested period of time under
microwave irradiation depended on the applied microwave power and was longer
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Table 2. Emulsion polymerization of styrene initiated by microwaves. Reprinted from (1996)
New Polym Mat 5:93 [39] with permission

Experiment KPS initiator Polymer M, x107 M,/M, R, (mol/Ixs) Time

P
no. concentration yield (%) (g/gmol) x 103 required for
(mol/l) x 10* conversion of
50% (s)
1 0 5.0 0
2 2.90 52.0 385.1 3.23 3.57 1100
3 9.70 73.0 6.20 800
4 31.15 80.0 131.0 2.51 7.88 830
5 124.6 91.0 79.7 3.35 9.65 350
6 192.6 97.0 74.4 2.38 13.63 240
7 269.6 95.0 10.8 3.52 13.65 245
8 311.5 66.0 13.75 550
92 192.6 69.0 70.1 2.41 51.84 18500
2 6 h, conductive heating. T=50 °C
b Time=33 min. R, — polymerization rate
100 1117/ T v 1
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Fig.6. Comparison between conventional and microwave initiated emulsion polymerization
of styrene. Reprinted from (1996) New Polym Mat 5:93 [39] with permission
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Fig.7. Experimental set-up for discontinuous operation of the microwave reactor system. Re-
printed from (1998) Polymer 39:1471 [40] with permission

for lower power level [40]. In fact, microwave power was used in turn on/off cycles
of 20 and 600 s, respectively, while the reaction time was recorded only during
turn-on cycles. In our opinion, both turn-on and turn-off cycles had to be count-
ed, which means that the total reaction time under microwave irradiation was
comparable with the reaction time under conventional conditions.

Wau et al. reported that surfactant-free stable polystyrene nanoparticles could be
prepared by applying microwave irradiation with KPS as an initiator in water so-
lutions [41]. In comparison with conventional heating, this method can shorten
the reaction time by a factor of 20, results in narrowly distributed nanoparticles,
and leads to moderately distributed polymer chains inside the nanoparticles
(Table 3). The reactions were conducted in a multimode microwave cavity with
maximum output of 900 W, wherein a reaction flask equipped with a stirrer and
reflux condenser and charged with 250 ml of the reaction mixture was irradiated.
Typically, under reduced microwave irradiation power (80 W), the reaction tem-
perature was maintained at 70 °C, which led to 98 % conversion of styrene within
40 min [42].

Even in the absence of surfactant, the resultant nanoparticles were still narrowly
distributed and stable for months. The application of conventional heating meth-



212 Dariusz Bogdal, Piotr Penczek, Jan Pielichowski, Aleksander Prociak

Table 3. Summary of LLS results of the polystyrene nanospheres in water and the polystyrene
chains in toluene at 25°C. Reprinted from (1997) Macromolecules 30:6388 [42] with permis-
sion

Sample C,, (g/ml)x 10> C; (g/ml)x10* Polystyrene Polymer
no. nanospheres chains
R, (nm) 1+4py/D?> M, x107 g/mol) M, /M,

1 0.0544 3.02 35.2 1.10

2 0.181 3.02 39.2 1.10

3 0.362 3.02 56.6 1.01

4 1.13 3.02 82.1 1.01 1.06 1.8

5 1.45 3.02 87.9 1.03

6 2.26 3.02 105 1.01 2.11 1.6

7 3.04 3.02 113 1.01

8 1.13 1.39 73.4 1.01

9 1.13 6.08 91.2 1.01 1.01 1.6
10 1.13 11.7 117 1.01 0.71 2.0

C,, — monomer concentration, C; — initiator concentration, Rj, — hydrodynamic radius of the nanoparti-
cles, 1+1,/D? — the small values of this coefficient indicate that the nanospheres are narrowly distributed

4.00F
—o—— microwave radiation
3.00F —o— conventional heating

o 2.00

1.00

0.00 .
101 102 103 104
Rh /nm

Fig.8. Comparison of the typical hydrodynamic radius distribution f(R;,) of the polystyrene
nanospheres prepared microwave irradiation and conventional heating method. Reprinted
from (1997) Macromolecules 30:6388 [42] with permission

od to polymerize the same reaction mixture under similar conditions resulted in
broader particles size distribution and took a much longer time (10 h) to reach the
same extent of conversion (Fig. 8) [42].
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Eventually, it was reported that it was possible to prepare a very concentrated
(up to 40 wt%) uniform polystyrene nanoparticles (down to 60 nm) in the pres-
ence of only 1.82 wt% of anionic surfactant, sodium dodecyl sulfate [41], if micro-
wave irradiation was applied.

Applying microwave irradiation, Cai et al. demonstrated that N-vinylcarbazole
(NVC) could be polymerized in bulk in the presence of fullerene-C60 as a charge-
transfer initiator [43]. Microwave polymerizations were carried out in sealed ar-
gon-filled thick-walled Pyrex tubes filled with NVC (from 0.19 to 3.22 g) together
with C60 (0.02 g) and placed in a commercially available multimode microwave
oven for 10 min. In comparison with polymerization under conventional condi-
tions (water bath, 70 °C), microwave polymerization was found to be advanta-
geous due to decrease in the reaction time and considerable improvement of yield
of poly(N-vinylcarbazole) (PVK) — 70% as opposed to 8 % after 10 min of conven-
tional heating. In fact, during microwave experiments, temperature was neither
measured nor evaluated, so that it is hard to make any yield comparison between
these two techniques. In spite of different heating methods, the molecular weights
and polydispersities of the resultant polymers were similar.

The copolymerization reactions of maleic anhydride with allylthiourea [44] and
dibenzyl maleate [45] were studied by Lu at al. The reactions were carried out in
the solid state without any initiator in 10-ml vials, which were irradiated in a do-
mestic microwave oven for 20-70 s. In the case of allylthiourea, the conversion of
monomers reached ca. 20% after 70 s at 430 W, while yield of the copolymer ob-
tained from dibenzyl maleate was 94% after 32 s of irradiation at 700 W. Under
conventional conditions, the copolymer was produced with 89% yield after 2 h at
45 °C [45]. The copolymers were used as a metal complexing agent [44] and sus-
pending agent for the synthesis of superabsorbent oil resins [45].

More recently, the microwave copolymerization of dibutyltin maleate (DBTM)
and allyl thiourea was investigated, under conditions specified above to produce
organo-tin copolymers [46]. Under microwave irradiation, the copolymers could
be synthesized without and in the presence of free radical initiator; however, in the
presence of initiator the conversion of monomers was slightly higher to reach ca.
35%. Without using any initiator, the monomers did not copolymerize by conven-
tional heating within 7 h at all. The copolymers were applied for thermal stabiliza-
tion of PVC. The thermal stability was increased from 180 °C for neat PVC to
above 240 °C for PVC modified with the organo-tin copolymers [46].

Methathesis polymerization of phenylacetylenes under microwave irradiation
was achieved by Sundararajan and Dhanalakshmi [47], applying in situ generated
(arene)M(CO); complexes (Fig. 9).

Microwave irradiation was carried out in a domestic microwave oven under ox-
ygen free dry nitrogen atmosphere in a specially designed long-necked round bot-
tom flask which could withstand elevated pressure. The catalyst/monomer ratio
was kept at a 1:50 level. For example, W(CO)4 (0.199 mmol) was taken together
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mv
M(CO), + nPh—= -
@ + M(CO) + nPh 60 min

R *

n

Fig.9. Polymerization of phenylacetylenes under microwave conditions (M=Cr, Mo, and W).
Reprinted from (2000) Polymer 41:7877 [47] with permission

with phenylacetylene (5.975 mmol) and toluene (0.5 ml) in a 1,2-dichloroethylene
solution and irradiated for 5 min at time intervals of 10 min to cool down the re-
action mixture. The reaction time was reduced to 1 h in contrast to refluxing con-
ditions of 24 h. Among the group VIB metal carbonyl, W(CO), was found to be
the best catalyst precursor, while phenol showed the highest activity among arenes.
Under such conditions, poly(phenylacetylene) was obtained in 67—75% yield.

3.1.1
Preparation of Dental Materials

In the preparation of dental base material, poly(methyl methacrylate) (PMMA) is
the most commonly used acrylic resin. It is well-mixed with the second compo-
nent, liquid methyl methacrylate (MMA), prior to use [48]. The prepared in such
a way polymer dough is placed in a mould and polymerized in a water bath. The
initiator (e.g., benzoyl peroxide) that is usually added to the PMMA powder by a
manufacturer decomposed at an elevated temperature and started polymerization
and crosslinking.

The use of microwave irradiation to polymerize dental materials was reported
by Nishii [49], who was able to obtain porosity-free acrylic resin specimens of sim-
ilar physical and mechanical properties to the water bath cured specimens. Recent-
ly, research in this area was continued by Kimura [50, 51] as well as Reitz et al. [52,
53]. It was shown that specimens of 2.5 mm thick processing for 2.5 min on each
side at 400 W of microwave irradiation were not statistically different in respect of
porosity, hardness, or strength from those specimens cured in a water bath at 74 °C
for 8 h. However, in thicker sections of specimen (i.e., ca. 10 mm) it was difficult
to eliminate porosity even by increasing the exposure time to microwaves.

More recently, Al Doori et al. studied microwave and conventional polymeriza-
tion of denture base acrylic materials in respect of their molecular weights, conver-
sion of monomer and porosity [54]. For this purpose, four commercially available
resins that contained benzoyl peroxide as an initiator were compared while a
household microwave oven was applied as a microwave source. It was found that
molecular weight values of polymerized materials cured under microwave irradi-
ation and in a water bath were essentially the same. Moreover, the conversion of
monomer under microwave conditions was substantial, but minimum residue



Microwave Assisted Synthesis, Crosslinking, and Processing of Polymeric Materials 215

Table 4. Viscosity-average molecular weight of cured PMMA samples prepared under micro-
wave and conventional conditions. Reprinted from (1999) ] Appl Polym Sci 74:2971 [55] with
permission

Curing method Curing period (min) Average viscosity [n] Molecular weight
(g/mol)x 107

MW 1 2.9174 0.88
MW 2 4.3253 1.4
MW 3 7.2927 2.7
A 5 4.3798 1.4
A 10 3.9662 1.2
A 15 3.0972 0.94
A 20 3.3594 1.0
A 25 3.5871 1.1
A 30 3.9808 1.2

monomer levels attainable with the water bath systems were not achieved. How-
ever, microwave curing at 70 W for 25 min minimized porosity problems associ-
ated with rapid heating of dough; porosity-free material was guaranteed in speci-
mens not thicker that 3 mm.

In a similar study, Usanmaz et al. polymerized commercially available acrylic
resins under both conventional (water bath) and microwave conditions (multi-
mode cavity) [55]. In a typical experiment, 100 g of PMMA powder was mixed to-
gether with 43 ml of liquid monomer (MMA) to make homogenous dough that
was then placed into a mould and polymerized at 70 °C for 30 min. The curing was
done in boiling water for 5-35 min or under microwave irradiation for 1-3 min.
It was found that viscosity-average molecular weight values were larger for micro-
wave curing and increased with curing time (Table 4), which is an important ad-
vantage of microwave curing in dental applications.

As could be expected, the glass transition temperature of different samples in-
creased with curing periods. However, the values were close to each other for both
curing methods. Dynamical mechanical analysis (DMA) showed that crosslinking
density of the samples increased with an increase in cure time but the changes were
more noticeable under microwave irradiation compared to conventional thermal
curing [55].

On the other hand, a comparison of some properties of denture base polymers
done by Blagojevic et al. under both microwave and water bath conditions dem-
onstrated that water bath polymerization with a long curing cycle (14 h at 70 °C)
and a terminal boil (3 h) could produce, in general, superior properties [56]. Al-
though all the tested materials did not behave uniformly, the general trend suggest-
ed that the water bath method enhanced the degree of polymerization resulting in
a lower level of residual monomer and increased glass transition temperature,
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which was attributed to the long curing time and boil period. Similarly, denture
materials processed with a new polymerization system in which a pressure of
about 3.5 MPa was applied until the polymerization was complete exhibited sig-
nificantly smaller discrepancies compared with dentures obtained by microwave
Method [57]. The dentures were prepared from commercially available resins by
mixing 20 g of powder with 30 ml of liquid monomer. Thus, under microwave
conditions, the samples were irradiated in a multi-mode microwave oven for
3 min, whereas under pressurized conditions the samples were kept for 5 min. It
was found that the level of water absorption of the resins disks processed in the
pressurized system was less than of the disks made by microwaves, and the former
exhibited significantly better adaptation to the cast [57].

Urabe et al. [58] used microwave polymerization methods to make composite
resin inlays, applying standard light-curing posterior teeth composition such as
2,2-bis[4-(3-methacryloyloxy-2-hydroxypropoxy)phenyl] propane (Bis-GMA)
and triethylene glycol dimethacrylate (TEGDMA) [59]. The monomers were
mixed in the weight ratio of 6:4 (Bis-GMA:TEGDMA) together with benzoyl per-
oxide as an initiator in the amount of 0.1-0.9 wt%. The samples of 6 X3 mm and
3x6 mm were irradiated in Teflon molds in a conventional microwave oven for
5 min. The results showed that the degree of conversion increased with increasing
concentration of benzoyl peroxide and reached its maximum of 75% at 0.5 wt%
of initiator concentration. Then there were no significant differences at the level of
0.5-0.9 wt%. Compression strength, diametral strength, and the Knoop hardness
showed a similar tendency as the degree of conversion. No significant differences
were recorded in hardness between the top and bottom surfaces of the samples,
which suggested that more Uniform polymerization in the cured samples oc-
curred compared with light curing [58]. In fact, at the present stage of investiga-
tions, it is a little difficult to imagine a direct application of microwaves in an oral
cavity.

In conclusion, the porosity, hardness, and strength of microwave cured acrylic
resins that are processed for less than 5 min exhibited no significant differences in
properties when compared with conventionally polymerized resins [60-63]. How-
ever, the investigation of color stability of several commercially available heat-
cured, quick heat-cured denture and microwave cured denture base resins (tested
exclusively under microwave conditions) revealed that the materials demonstrated
differences in color stability, but the standard heat-cured materials treated under
microwave irradiation exhibited color changes that were negligible [64].

The influence of microwave irradiation on the polymerization process of sili-
cone rubber denture soft lining material to PMMA, and its properties were studied
by Wright et al. [65]. Three groups of specimens were polymerized under micro-
wave irradiation at 650 W for 3, 5, and 10 min in a household microwave oven.
The fourth group of specimens was polymerized using conventional thermal
methods, i.e., by boiling in a water bath for 2 h. The study demonstrated that mi-
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crowave energy activation of polymerization did not compromise the adhesion of
a silicone soft liner to PMMA. Control and test groups exhibited cohesive rather
than adhesive failure in the peeling test. Both groups polymerized by microwave
and conventional methods tore instead of peeling from the PMMA. That study
also suggested the use of 3 min of irradiation at 650 W power level for processing
a silicone soft lining material [65].

3.2
Step-Growth Polymerization

3.2.1
Polyamides and Polyimides

The kinetic study of solution imidization under microwave irradiation of polyam-
ic acid prepared from 3,3’,4,4’-benzophenonetetracarboxylic acid dianhydride
(BTDA) and DDS was performed by Lewis et al. (Fig. 10) [66].

0 0 0 HN NH,
ST+ O
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HO 1 | OH SOZ—]H—*

Thermal
Solution
Microwave
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Fig.10. Chemical structures and reaction scheme for 3,3",4,4’-benzophenontetracarboxylic
acid dianhydride (BTDA) and 4,4’-diaminodiphenyl sulfone (DDS) polyamic acid. Reprinted
from (1992) J Polym Sci A Polym Chem 30:1647 [66] with permission
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The microwave equipment consisted of a microwave generator (85 W) and a
tunable cavity operating in the TE,;; mode, while temperature was monitored us-
ing a fiber-optic temperature sensor. The samples were maintained in a Teflon ves-
sel of 1.5 cm diameter hole and 1.5 cm deep. During a typical run, 25 W of micro-
wave power was required to heat the sample to the desired temperature over 80—
200 s. It was demonstrated that microwave irradiation increased the rate of solu-
tion imidization over that obtained for conventional treatment by a factor of 20—
34, depending on the reaction temperature. The apparent activation energy for
this imidization, determined from an Arrhenius analysis, was reduced from 105 to
55 kJ/mol when microwave activation was utilized rather than conventional ther-
mal processing.

In the series of papers, synthesis of aliphatic polyamides and polyimides under
microwave irradiation was described by Imai et al. [67-71]. The reactions were
carried out in a modified domestic microwave oven with a small hole on the top
of the oven so that nitrogen was introduced to a 30 ml wide-mouth vial adapted as
a reaction vessel. In the case of polyamides synthesis, they were prepared of both
®-amino acids and nylon salt type monomers while polyimides were obtained
from the salt form of monomers composed of aliphatic diamines and pyromellitic
acid or its diethyl ester in the presence of a small amount of a polar organic medi-
um (Fig. 11).

In a typical experiment, a monomer or its salt (2 g) in a polar high boiling sol-
vent (1-2 ml) was irradiated under nitrogen atmosphere. The microwave assisted
polycondensation proceeded rapidly and was completed within 5 min (inherent
viscosity around 0.5 dL/g) for the polyamide synthesis [68] and within 2 min for
the polyimides (inherent viscosity above 0.5 dL/g) [69]. The rate of polycondensa-
tion of the salt monomers under various conditions decreased in the following se-
ries: the microwave induced polycondensation>solid-state thermal polymeriza-
tion>high-pressure thermal polycondensation [71].
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Fig. 11. Microwave-assisted synthesis of various polyamides from @w-amino acids and nylon
salts. Reprinted from (1996) React Funct Polym 30:3 [70] with permission
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In a similar way, the synthesis of aromatic polyamides from aromatic diamines
m-phenylenediamine, p-phenylenediamine, bis(4-aminophenyl)methane, and
bis(4-aminophenyl)ether and dicarboxylic acids such as isophthalic and tereph-
thalic acid was performed in a household microwave oven [72]. The polyconden-
sation was carried out in an N-methyl-2-pyrrolidone (NMP) solution in the pres-
ence of triphenyl phosphite (TPP), pyridine, and lithium chloride as condensing
agents to produce a series of polyamides with moderate inherent viscosities of
0.21-0.92 dL/g within 30-50s. However, no marked differences in molecular
weight distribution and inherent viscosities between the polyamides produced by
conventional (60 s, 220 °C) and microwave methods were found [72].

The polyether-ester polyamic acid imidization process in a solid state under mi-
crowave irradiation was studied by Yu et al. [73]. The prepolymer, polyether-ester
polyamic acid, was prepared by the polycondensation of poly(tetramethylene
ether)glycol di-p-aminobenzoate (Polyamine-650, Polaroid, Co.) and pyromellitic
acid dianhydride (PMDA) at room temperature in DMF solution. Later, the pre-
polymer solution was cast on polytetrafluoroethylene plates to form 200 pum thin
films that were imidized under microwave irradiation in a household microwave
oven at 60 °C. The temperature was measured by means of a thermocouple applied
to the film surface immediately after the intervals of microwave turn off. It was
found that microwave irradiation reduced both the reaction temperature and
time. For example, during the solid phase thermal polymerization 68.3% polyam-
ic acid was converted to polyimide at 155 °C, while under microwave irradiation
65% of polyamic acid was reacted at 60 °C within 3 h [73].

More recently, the synthesis of partially aromatic polyamides from linear non-
aromatic dicarboxylic acids (i.e., adipic, suberic, sebacic, and fumaric acid) and ar-
omatic diamines such as p-phenylenediamine or 2,5-bis(4-aminophenyl)-3,4-
diphenylthiophene (Fig. 12) under microwave conditions was presented by Pour-
javadi et al. [74].

P(OPh),, LiCl o o
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X:  (CHy)4es ; trans, CH=CH
Y: * *
< > |\
U

Fig. 12. Microwave-assisted preparation of polyamides via phosphorylation reaction. Reprint-
ed from (1999) Angew Makromol Chem 269:54 [74] with permission
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Fig. 13. Polymerization reaction of [N,N’-(4,4’-carbonyldiphthaloyl)] bisalanine diacid chlo-
ride (B) and 4,4’-(hexafluoroisopropylidene)-N,N’-bis(phthaloyl-L-leucine) diacid chloride
(A) with certain aromatic amines. Reprinted from (2001) Eur Polym J 37:119(75] and (2000)
J Polym Sci A Polym Chem 38:1154 [79] with permission

The reactions were carried out in a 50-ml polyethylene (HDPE) screw-capped
cylinder vessel, in which aromatic acid (1.25 mmol) together with aliphatic di-
amine (1.25 mmol) in an NMP (3 ml) solution were irradiated in a domestic mi-
crowave oven (30—40 s) in the presence of TPP (3.123 mmol), pyridine (0.75 ml)
and lithium chloride (3.123 ml). The polyamides with inherent viscosity in the
range of 0.1 to 0.8 dL/g were obtained in medium to high yield (60-100%) [74].
Temperature was not detected during these microwave experiments. The polya-
mides were characterized by thermal methods (TGA, DSC). However, no compar-
ison to the polymers prepared by a conventional method was made.

Applying microwave irradiation, Mallakpour et al. presented a rapid method
for the polycondensation of a number of diacid chlorides such as [N,N’-(4,4"-car-
bonyldiphthaloyl)] bisalanine diacid chloride [75-77] and 4,4’-(hexafluoroiso-
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Table 5.Inherent viscosity (n;,;,) of the polymers (differences between the solution® and mi-
crowave methods). Reprinted from (2000) J Polym Sci Part A: Polym Chem 38:1154 [79] with
permission

Reagent Solution n;,p, Microwave n;,p,
Benzidine 0.22 1.22
4,4’-Diaminodiphenylmethane 0.29 1.32
1,5-Diaminoantraquinone 0.09 1.73
4,4’-Sulfonyldianiline 0.09 0.50
3,3’-Diaminobenzophenone 0.22 1.26
p-Phenylenediamine 0.15 1.04
2,6-Diaminopyridine 0.12 1.44

2 One equimolar of diacid chloride and diamines was refluxed for 12 h in CHCl; and then heated for 12 h
at 120 °C in dimethylacetamide

propylidene)-N,N’-bis(phthaloyl-L-leucine) diacid chloride [78, 79] with certain
aromatic amines [75, 76, 79] and diphenols (Fig. 13) [77, 78].

The reactions were performed in an unmodified microwave oven. Prior to the
microwave irradiation, 0.1 g of diacid chloride was ground with equimolar
amount of an aromatic amine or diphenol and a small amount of a polar high boil-
ing solvent (e.g., o-cresol, 0.05-0.45 ml) that acted as a primary microwave ab-
sorber. Under microwave irradiation, the polycondensation reactions proceeded
rapidly (612 min) while compared with a conventional solution polymerization
(reflux for 12 h in chloroform then for another 12 h in dimethylacetamide solu-
tions [79]) to give polymers with higher inherent viscosities in the range of 0.36 to
1.93 dL/g (Table 5).

In the case of the polycondensation of 4,4’-(hexafluoroisopropylidene)-N,N’-
bis(phthaloyl-L-leucine) diacid chloride with aromatic amines, the thermal stabil-
ity of the resulted polymers showed no significant difference from the polymers
obtained in conventional solution polymerization, but higher glass-transition
temperature (by ca. 19-82 °C ) were reported [79]. However, in this case, it is dif-
ficult to make a direct comparison of reactions rates for both conventional and mi-
crowave methods since the reactions were run under different reaction conditions.
Moreover, the temperatures for microwave methods were not given.

The studies of the crosslinking reaction of a nadic end-capped imide, N,N’-(ox-
ydi-3,4’-phenylene)bis(5-norbornene-2,3-dicarboximide) in thermal and micro-
wave processes were performed by Scola at al. (Fig. 14) [80]. The investigated start-
ing resin (RP-46) consisted of polyimide precursors, 3,3",4,4’-benzophenonetet-
racarboxylic acid methyl ester (BTDE), 3,4"-oxydianiline (3,4"-ODA), and end cap-
ping reagent, 5-norbornene-2,3-dicarboxylic acid monomethyl ester (NE). The
cure process proceeds in two steps: imidization (1) and a thermally induced (retro-
diene Diels-Alder) decomposition-recombination crosslinking step (2) (Fig. 14).
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Fig. 14. Synthesis of crosslinked polyimide RP-46 under microwave conditions. Reprinted
from (1998) J Polym Sci A Polym Chem 36:2653 [80] with permission
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Bisnadimide

Fig. 15. Structure of the model compound, bisnadimide. Reprinted from (1998) J Polym Sci A
Polym Chem 36:2653 [80] with permission

At the same time, kinetic studies of a model compound, 'bisnadimide' (Fig. 15),
in thermal and microwave processes were carried out in order to simulate the
crosslinking reaction of polyimide RP-46.

The reactions were run in a microwave oven (Model 10) provided by MMT,
while the temperature was controlled by a thermocouple covered with a ceramic
tube to avoid the influence of microwaves. The microwave cure was carried out in
the temperature range of 230-325 °C, and runs at 230-280 °C were used to deter-
mine the kinetics of the reaction. At these temperatures, the microwave cure was
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Table 6. Rate constants for the thermal and microwave cure processes. Reprinted from (1998)
J Polym Sci Part A: Polym Chem 36:2653 [80] with permission

Temperature (°C) A MW

k (min™) k (min™)
230 0.003 0.028
280 0.011 0.140
300 0.030
325 0.128
Activation energy (kJ/mol) 94 84

rapid with both isomers; conversions to crosslinked structure were about ten times
faster than in case of a conventional thermal process (Table 6). The apparent acti-
vation energy for the thermal cure was estimated to be 94 kJ/mol, whereas for the
microwave cure the value of activation energy fell to 74-84 kJ/mol, which suggests
that the microwave process is a more efficient energy process [80].

In the next stage, microwave irradiation was investigated to cure and process
nadic-end capped polyimide precursor (RP-46 resin) and glass-graphite-RP-46
composites [81]. Processing of thick section by conventional thermal processes re-
quires slow ramp rates and a long processing time. Therefore, the composite ma-
terials containing conducting fibers could be heated by the microwave process to
achieve inside to outside heating patterns and quick heat ramp rate. Additionally,
microwave processes may enhance the bonding strength between resin and fiber
matrix.

Both neat resin and composite with glass and graphite cloth were obtained and
the effects of various parameters such as power level, mold material, and pressure
were studied using a Cober Electronics microwave oven at a frequency of
2.45 GHz. It was shown that the sample size and geometry were important factors
in microwave processes. For example, changing the sample size from 5 to 15¢g
caused an increase in temperature of 32 °C in 10 min at the same power level as
shown in Fig. 16. Essentially, no coupling occurred between a sample of 5 g poly-
imide resin and microwave energy, proving that a critical mass was required to ab-
sorb the microwave energy with a high efficiency.

Depending on the conditions, microwave cure of glass and glass-graphite hy-
brid composites was accomplished in 0.6-2.16 h and the imidization of neat resin
and composites was complete. Resin specimens containing only 0.057 wt%
chopped graphite fibers resulted in complete imidization in 6 min. Glass and glass-
graphite composites were fabricated by microwave irradiation with flexural
strength and moduli equivalent from 50 to 80% of the properties of composites
fabricated by conventional thermal processes [81].

The kinetic studies of the microwave cure of phenylethynyl-terminated imide
oligomer (PETI-5, M, 5000 g/mol) and a model compound, 3,4’-bis[(4-phe-
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Fig.16. The effect of sample size on the microwave absorption of undried RP-46 resin. Re-
printed from (1999) J Appl Polym Sci 73:2391 [81] with permission
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Fig. 17. Chemical structures of 3,4’-bis[ (4-phenylethynyl)phthalimido]diphenyl ether (PEPA-
3,4-ODA) and phenylethynyl-terminated imide oligomer (PETI-5). Reprinted from (2000) ]
Polym Sci A Polym Chem 38:2526 [82] with permission

nylethynyl)phthalimido]diphenyl ether (PEPA-3,4-ODA) were carried out
(Fig. 17) by Scola et al. as well [82].

The microwave cure of PEPA-3,4’-ODA and PETI-5 oligomer was performed in
a variable frequency (4.19-5.19 GHz) microwave oven LT 502 X (Lambda Tech-
nologies) in the temperature range of 300-330 °C and 350-380 °C, respectively.
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Table 7. Comparison of activation energies of microwave and thermal cure reactions. Reprint-
ed from (2000) J Polym Sci Part A: Polym Chem 38:2526 [82] with permission

Sample MW A

PEPA-3,4-ODA 27.6 £2.3 (kcal/mol) 40.7 +2.7 (kcal/mol)
1.20%0.10 (eV) 1.77%0.12 (eV)

PETI-5 17.1 £0.7 (kcal/mol) 33.8 2.0 (kcal/mol)
0.74%0.03 (eV) 1.4740.09 (eV)

Comparing with thermal kinetic curing rate studies of PEPA-3,4’-ODA and PETI-
5, microwave cure gave much higher rate constants for both. For PEPA-3,4"-ODA,
the reaction followed first-order kinetics, yielding an activation energy of
27.6 kcal/mol, which was 68% that of the thermal cure. For PETI-5, the reaction
followed 1.5-order, yielding an activation energy of 17.1 kcal/mol, which was 51%
that of the thermal cure for PETI-5 (Table 7) [82]. The kinetic data showed that
maintaining the same temperature with microwave irradiation could provide a
faster cure relative to conventional thermal heating.

In the next step, the application of microwave irradiation to the processing of
carbon fiber reinforced phenylethynyl-terminated polyimide composites (PETI-
5/IM7) was investigated and evaluated. Six different microwave cure cycles and
three thermal processes were investigated. It was found that the polyimide prepreg
showed no obvious difference in coupling with microwaves within a range 2.4—
7.0 GHz. Higher glass transition temperatures were observed in the microwave
cured composites. Thermally cured composites, fabricated from the same time-
temperature cure cycles as the microwave processes, showed incomplete cure and
much lower glass transition temperatures. Compared with the standard thermally
cured composites, microwave cured samples exhibited higher flexural strengths
and moduli and shear strength values. A microwave process was demonstrated
that fabricated unidirectional polyimide-(carbon fiber) composites with superior
thermal and mechanical properties relative to the thermal process in half the time
required for the thermal process (Fig. 18) [83].

Microwave irradiation was also applied by Scola et al. to synthesize poly(e-
caprolactam-co-e-caprolactone) directly from the two cyclic monomers, e-caprol-
actam and e-caprolactone, by anionic catalyzed ring opening Copolymerization
[84]. The reactions were carried out using a variable frequency (0.4-3 GHz) mi-
crowave oven, programmed to set a temperature and controlled by a pulsed power
on-off system. During microwave experiments, e-caprolactam and e-caprolactone
in the molar ratio of 2 to 1 were mixed together with solid LiAl[OC(CH;);];H (1-
3 mol% of total reactants), and the mixture 5-10 g was irradiated for 0.5-1 hin a
Teflon vessel under a nitrogen blanket. The copolymerization temperature inside
the sample (140-180 °C) was measured and control via a grounded thermocouple,
which was calibrated against a fiber-optic temperature probe. The same ratio of re-
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Fig. 18a—-c. Comparison of processing conditions and properties between microwave and ther-
mally cured carbon fiber reinforced phenylethynyl-terminated polyimide composites (PETI-
5/IM7) composites. Reprinted from (1999) J Polym Sci A Polym Chem 37:4616 [83] with per-
mission

actants and catalyst used in the microwave methods were used for the conventional
thermal synthesis in an oil bath. Compared with the corresponding thermal prod-
ucts, microwave synthesized copolymers were obtained in higher yield, amide
composition, glass transition temperature, and equivalent molecular weights
(Table 8) [84].

3.2.2
Polyesters and Polyethers

Synthesis of a polyether by phase-transfer catalysis (PTC) under microwave irra-
diation was investigated by Hurduc et al. [85], who applied 3,3-bis(chlorome-
thyl)oxetane (BCMO) and various bisphenols (i.e., bisphenol A, 4,4’-dihydroxya-
zobenzene, 4,4’-dihydroxybiphenyl, 4,4’dihydroxybenzophenone, and 4,4’-thi-
odiphenyl) to the synthesis (Fig. 19).
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Table 8. Comparison of microwave and thermal activation in copolymerization reactions. Re-
printed from (2000) J Polym Sci A Polym Chem 38:1379 [84] with permission

Sample A-PAE, 1%* A-PAE,2% A-PAE,3% MW-PAE, MW-PAE, MW-PAE,
1% 2% 3%
160°C-0.5h 160°C-0.5h 160°C-0.5h 160°C-0.5h 160°C-0.5h 160°C-0.5h

Starting 1:2 1:2 1:2 1:2 1:2 1:2
materials —
ester:amide

Yield (%) 51.2 52.7 57.0 61.9 70.1 78.2

T, (°C), -25.0 -18.5 -14.5 -14.0 -7.5 6.0
(tan ),

DMTA

(1 Hz)

T, (°C), 29 12 9 15 8 4
from Fox
equation

M,, 25.4 19.8 17.1 22.0 21.3 16.2
(kg/mol),
GPC

M,/M, 1.4 1.5 1.6 2.1 2.0 1.5

2 Catalyst level

NaOH
Ho—©—k-—©—ou + CICH, CHQl ———
Z S -N2C1
[0}
—— +0-©-R—©—O-CH; ‘ZYCHZ‘J’
[¢)

Fig.19. Synthesis of polyethers from 3,3-bis(chloromethyl)oxetane (BCMO) and various bi-
sphenols. Reprinted from (1997) Eur Polym J (1997) 33: 187 [85] with permission

In a typical reaction, a mixture of bisphenol (1.3 mmol), water (5 ml), NaOH
(3 g), nitrobenzene (5 ml), BCMO (1.3 mmol), and TBAB (0.2 mmol) was placed
in a 50-ml flask and irradiated for 1.5 h in a microwave waveguide (60 W), while
temperature (95-100 °C) was monitored by a thermovision IR camera. Under
conventional conditions, the reaction was carried out for 5 h at 90 °C. It was found
that for semi-crystalline polymers the yields were higher under microwave condi-
tions, whereas in the case of amorphous polymer the yields were approximately
equal besides of shorter reaction time (Table 9).
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Table 9. Polymer yields under classical PTC and MW conditions. Reprinted from (1997) Eur
Polym J 33: 187 [85] with permission

Polymer Yields (%)

Classical PTC
Sample no. Bisphenol structure A B Under MW
1 HO on 85.3 44.3 89.7
2 HO-@—N=N—©—OH 649 201 71.7

W
e o
o

56 6

¢ —@-—ou 774 617 83.9
Chs

9

¢ —@—on 501 40 72.3

5 HO (o] 76.7 13.5 70.7

A - 5 hr. with stirring.
B — 1.5 hr. without stirring.

HO HQ HQ
) ) (IO)
0~ o 0~
OH OH OH
A B c

Fig.20. A Isosorbide (1,4:3,6-dianhydro-D-sorbitol). B Isomannide (1,4:3,6-dianhydro-D-
mannitol). CIsoidide 1,4:3,6-dianhydro-L-iditol (isoidide). Reprinted from (2002) Eur Polym
] 38:1851 [87] with permission

The synthesis of linear polyethers either from isosorbide [86] or isoidide [87]
and disubstituted alkyl bromides or methanesulfates by using microwave irradia-
tion under solid-liquid PTC conditions was described by Loupy et al. (Fig. 20) 86,
871].

Isosorbide and isoidide are by-products of biomass obtained from sugar indus-
try by double dehydration of starch [88]. The reactions were carried out in a sin-
gle-mode microwave reactor Synthwave 402 (Prolabo) with temperature infrared
detector. The reaction mixtures consisting of isosorbide or isoidide (5 mmol),
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Table 10. Influence of reaction time on the yields of high molecular weight fraction (FP Me-
OH) and low molecular weight fraction (FP Hex) of polyethers. Reprinted from [87] with per-
mission

Time Mode of activation® FP MeOH (%)  FP Hex (%) Total yield (%)
30 min MW 67 18 85
60 min MW 71 19 90
30 min A 12 81 93
1 day A 64 25 89
1 week A 83 5 88
1 month A 91 0 91

2 MW — microwave irradiation
A — conventional thermal heating

alkyl dibromide/methane disulfate (5 mmol), tetrabutylammonium bromide
(TBAB, 1.25 mmol), and powdered KOH (12.5 mmol) were irradiated for 30 min
to get polyethers with 70-90% yields. It was found that the use of a small amount
of solvent was necessary to ensure a good temperature control and decrease in vis-
cosity of the reaction medium.

In the case of isosorbide, the microwave-assisted synthesis proceeded more rap-
idly compared with conventional heating (30 min; yield 69—-78%). Under conven-
tional conditions, the polyethers were obtained with 28—30% yield within 30 min.
Similar yields of the polyethers were obtained while the reaction time was extend-
ed to 24 h. These yields remained practically unchanged even though the synthesis
was carried out for another seven days (Table 10)

The analysis of properties of the synthesized polyethers revealed that the struc-
ture of the products strictly depended on the activation mode (i.e., microwave or
conventional activation). Under microwave conditions, the polyethers had high-
er molecular weight and better homogeneity. For example, within 30 min under
conventional heating, the polyethers of higher molecular weight were not ob-
served at all. Moreover, it was found that the mechanism of chain termination is
different under microwave and conventional conditions. The polyethers pre-
pared by conventional heating have shorter chains with terminal hydroxyl ends,
whereas under microwave irradiation the polymer chains were longer with ter-
minal ethylenic ends. Under microwave irradiation, terminal ethylenic ends were
formed rapidly and set up a hindrance to further polymer growth. Under con-
ventional conditions, chains were terminated essentially by hydroxyl functions
(86].

The enhancement of solid state polymerization for poly(ethylene terephthalate)
(PET) as well as polyamide 66 in a fluidized bed was reported by Mallon and Ray
etal. [89]. For each polymerization, the reactor charged with PET or polyamide 66
pellets was placed in a multi-mode microwave cavity, purged with nitrogen, and
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Fig.21. Microwave reactor setup for solid state polymerization of PET and Nylon 66. Reprint-
ed from (1998) J Appl Polym Sci 69:1203 [89] with permission

irradiated for 6-7 h (Fig. 21). The temperature was controlled by manipulating the
inlet gas temperature.

It was found that the increase in polymerization rate was not due to an increase
in polymerization temperature, but the effect was consistent with direct heating of
the condensate leading to enhanced diffusion rates (Table 11) [89]. In the case of
microwave PET polymerization, it was noticed that an increase in polymerization
rate for hydroxyl and carboxyl functional groups was not monotonous; it was
higher for hydroxyl end groups. In general, the increase in the solid-state reaction
rate due to microwaves was about equivalent to an increase in reaction tempera-
ture of 10-15 °C.
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Table 11.Influence of microwave irradiation on PET polymerization in solid state. Reprinted
from (1998) J Appl Polym Sci 69:1203 [89] with permission

Conditions Diffusion coefficient at 220°C. Activation energy
Both ethylene glycol and water (cm?/s) X 10° (cal/mol)

A 1.19 16.672

MW 3.55 12.197

More recently, the bulk polycondensation of D,L-lactic acid (LA) to poly(lactic
acid) under microwave irradiation was described by Zsuga et al. [90]. The reaction
was carried out in a domestic microwave oven, in which 5 g of LA acid was placed
in a 20-ml beaker and irradiated at 650 W power. The reaction time was varied be-
tween 10, 20 and 30 min to afford poly(lactic acid) with 96, 84 and 63 % vyield, re-
spectively. The yield of polycondensation decreased with increasing irradiation
time probably due to the loss of oligomers of lower polymerization degree during
the polycondensation. Under conventional thermal conditions, the polymer was
obtained in 94% yield after 24 h at 100 °C. According to MALDI MS analysis only
linear oligomers were formed. After 20 min of microwave irradiation, oligomers
with nearly the same molecular weight were obtained like those produced upon
conventional heating (i.e., 100 °C, 24 h). Thus, the reaction time for preparing po-
ly(lactic acid) could be considerably reduced. On increasing reaction time under
microwave conditions, the fraction of cyclic oligomers tended to appear besides
linear ones [90].

Processing of neat unsaturated polyester resins (diallyl phthalate diluted with
vinyltoluene) and composites with glass fiber under microwave irradiation were
studied by Hawley et al. [91]. As a microwave source, a single mode resonant cavity
operated in 2.45 GHz in TE, ;; mode with constant input power of 60 W was used.
An allyl phthalate polyester was chosen for the neat resin studies, vinyltoluene
(30 wt%) was used as the crosslinking monomer, and benzoyl peroxide (1%) was
added as an initiator. Glass fiber (70 wt%) composites with diallyl phthalate poly-
ester as matrix material were used in the composites investigation, and the prepreg
was in the form of 1.6 cm wide and 0.3 cm thick tape. A thin film technique was
applied in the reaction kinetics study to avoid large temperature gradients. Sam-
ples prepared on KBr disks were isothermally microwave cured at 85, 100 and
115 °C, while the extent of cure of the samples was monitored by means of FT-IR
spectroscopy. It was found that microwaves could initiate the reaction at a lower
bulk temperature and shorter time than thermal heating. As the result, higher re-
action rates were observed in microwave curing as compared to thermal curing. At
lower polymerization temperatures, such as 85 °C, the ultimate extent of cure was
higher under microwave than conventional thermal conditions.

Microwave assisted resin transfer molding was described by Rudd et al. [92, 93],
who developed a specialized in-line microwave resin preheating system for such a
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purpose. Resin transfer molding (RTM) was limited to low volume production
due to protracted component cycle times. The principal cause of extended cycle
time is the thermal quench near the injection gate. It occurs when cold resin enters
the heated mold. The period required for the mould and resin to recover the lost
heat lengthens the cycle time. One method to decrease thermal quench and to re-
duce the cycle time is to preheat the resin prior to injection. For this purpose, a
small volume of resin, having a low thermal inertia, passes through the in-line sys-
tem, affording a rapid heating response to variations in the input of microwave
power. The heating profile of the TM,),, mode cylindrical applicator is analogous
to the laminar flow profile, producing zero heat at the PTFE pipe wall where the
resin is stagnant, and maximum heat along the pipe axis where the velocity is the
highest (Fig. 22)
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Using this system, the resin can be heated accurately to a constant, pre-defined
temperature. Furthermore, prescribing an analytical heating function allows pro-
filing of the resin temperature during the injection phase. The cure sequence can
be controlled using a ramping profile, with the additional benefit of a lower resin
viscosity for improved flow through the mold. The molding was made with un-
saturated polyester resin (Synolac 6345). As a result, impregnation and cycle times
are reduced considerably. The increase in the resin temperature from 22 to 40 °C
caused a 70% decrease in resin viscosity and reduced the impregnation time by
41% and the cycle time by 24% (mold temperature 60 °C).

3.23
Epoxy Resins

Microwave-assisted curing of epoxy resin systems was one of the first applications
in polymer chemistry. It represents the most widely studied area in polymer chem-
istry under both continuous and pulse microwave conditions [94-97]. The epoxy-
amine formulations were investigated in terms of structure, dielectric properties,
toughness, mechanical strength, percentage of cure and glass transition tempera-
ture.

In the early works, it was found that the pulse method could lead to the fastest
heating of epoxy resins [98] and improve their mechanical properties [99]. For ex-
ample, it was shown that a computer controlled pulsed microwave processing of
epoxy systems that consisted of diglycidyl ether of bisphenol A (DER 332) and 4,4’-
diaminodiphenyl sulfone (DDS) in a cavity operated in TM,;;, mode could be suc-
cessfully applied to eliminate the exothermic temperature peak and maintain the
same cure temperature at the end of the reaction [100]. The epoxy systems under
pulsed microwave irradiation were cured faster, and it was possible to cure them at
higher temperatures when compared with a continuous microwave or conven-
tional thermal processing.

Dielectric parameters, i.e., the dielectric behavior of epoxy system consisting of
diglycidyl ether of bisphenol A (EPON 828 EL) and ethylenediamine (EDA) dur-
ing the crosslinking process at frequency interval of 10°~10'" Hz was described by
Rolla et al. [101, 102]. However, these studies that confirmed the possibility to uti-
lize dielectric quantities to obtain information on relevant parameters such as con-
version, viscosity change, sol-gel transition, and glass transition temperatures were
not concerned with microwave processing of epoxy systems, the basic parameters
such as static dielectric constant (g;) and dielectric permittivity (e=€’—je”’) being
important for microwave processing can be found in these works [101, 102]. The
loss factor (¢”) and permittivity (¢”) increase with the reaction temperature and
decrease with extent of cure, which can be attributed to the higher and lower mo-
bility of molecular dipoles during heating and crosslinking, respectively [103,
104].
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Lately, applying radio frequency (RF) radiation at the frequency range of 30—
99 MHz, Whittaker et al. managed to cure an epoxy resin system consisting of dig-
lycidyl ether of bisphenol A (DGEBA) (Araldite GY260) and diaminodiphenyl sul-
fone (DDS) [105]. The samples were placed in thin-walled 5- or 10-mm Pyrex
tubes and cured in solenoid coils with 5 to 10 turns and diameters of 5-10 mm in
the temperature range of 160—190 °C. The epoxy resin was cured rapidly (60 min)
at low power levels. However, comparison of the kinetics of the RF curing with
thermal curing while maintaining the same temperature revealed no differences. It
was stressed that the main advantages of RF curing were much lower power levels
required to achieve rapid heating, superior penetration, and possibility of design
of RF coils with highly homogenous fields [96].

The microwave curing of diglycidyl ether of bisphenol A (DGEBA) with differ-
ent curing agents (i.e., diaminodiphenyl sulfone (DDS) and m-phenylenediamine
(mPDA)) in thin films were studied by DeLong et al. [106]. The samples were pre-
pared by casting stoichiometric mixtures of DGEBA/DDS and DGEBA/mPDA
onto 13 mm diameter and 1 mm thick potassium bromide disks to form approxi-
mately 10 micron thick films that were protected by other potassium bromide
discs placed on the top of samples. The thin film samples were cured under micro-
wave irradiation in a center of a cylindrical resonant cavity operating in a TE;;
mode, while the temperature was monitored by means of fiber-optic thermometer
and measured directly from the thin epoxy films.

It was found that the effects of microwave irradiation on the cure of epoxy sys-
tems depended on curing agents. Microwaves had a stronger effect on epoxy/DDS
than epoxy/mPDA systems and, consequently, the magnitude of increases in glass
transition temperatures was much larger for DGEBA/DDS than for DGEBA/mP-
DA. Similar values of glass transition temperature were obtained for microwave
and thermal cure at low extents of cure while higher values were observed in mi-
crowave cure at the extents of cure after gelation. Moreover, significantly higher ul-
timate extents of cure and faster reaction rate were observed in the microwave cure
when compared to thermal cure (Figs. 23 and 24) [106].

In contrast, Galy et al. investigated the effect of a microwave cure on the mixture
of epoxy prepolymer with a cycloaliphatic diamine and compared it with a stand-
ard thermal cure [107]. The applied epoxy prepolymer was diglycidyl ether of bi-
sphenol A (DGEBA) DER 332 from Dow, while 4,4"-diamino-3,3"-dimethyldicy-
clohexyl methane (3DCM, Laromin C260) from BASF was chosen as the curing
agent (Fig. 25).

The epoxy prepolymer and the curing agent were mixed together prior to use,
then the epoxy mixture (13 g) was poured into moulds (inside dimension
96 mmx 16 mm x 8 mm), which were irradiated in a microwave applicator with
TE,; propagation mode. The sample temperature was measured continuously by
means of an infrared pyrometer that gave the surface temperature and fiber-optic
thermometer that recorded the bulk temperature. Samples cured by both thermal
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Fig.24. Comparison of glass transition temperatures (T,) of microwave and thermally cured
epoxy resins (DGEBA/mPDA). Reprinted from (1993) Polym Eng Sci 33:113 [106] with per-
mission

and microwave processing were characterized by dynamic and static mechanical
properties and then compared with those of fully crosslinked networks. It was
found that microwaves did not have direct influence on the mechanical processing
of the polymer network, and the only parameter that influenced the mechanical
properties is the extent of the reaction. Moreover, under microwave processing
conditions, it was not possible to obtained a fully cured DGEBA/3DCM network.
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Fig. 25. Structure of the epoxy prepolymer and the diamine (3DCM) used for the synthesis of
the epoxy networks. Reprinted from (1995) Polym Eng Sci 35:233 [107] with permission

Table 12. The comparison of epoxy compositions cured under both microwave and micro-
wave/conventional conditions. Reprinted from (1995) Polym Eng Sci 35:233 [107] with per-
mission

Curing cycle MW MW+A
Power (W) 200 200
Temperature (°C) 190

Time 15 min 15 min+14 h
Compression modulus (GPa) 3.15 2.9
Poisson’s ratio 0.36 0.36

Glass transition temperature (°C) 131 186

Extent of reaction (%) 89 100

The fully cured samples were obtained either by thermal (140 °C, 1 h+190 °C,
14 h) or combined processing (microwave 200 W, 15 min+thermal 190 °C, 14 h)
(Table 12) [107].

In a more recent paper, the reaction kinetics of a neat and rubber-modified
epoxy formulation cured under microwave and thermal conditions were investi-
gated [108]. The epoxy formulation consisted of DGEBA and DDS as a curing
agent. The applied rubber was an epoxy terminated butadiene-acrylonitrile ran-
dom copolymer (ETBN), which was prepared from CTBN with an excess of DGE-
BA (Fig. 26). The weight percentage of rubber introduced into the modified epoxy
component amounts to 15% with respect to the total amount of the mixture. Un-
der microwave conditions, the samples (12.5 g) were cured in a microwave appli-
cator with the propagation mode TE; at 170-190 °C for 0-3 h.

The same kinetic behavior of the epoxy-amine DGEBA-DDS and the ETBN-
modified systems was observed whatever the curing process (conventional or mi-
crowave) was employed. The determined conversion volumes of the samples cured
by microwave irradiation were compared with the model predictions derived for the
thermal curing and found to be independent of the curing method (Fig. 27) [108].
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Fig. 26. Chemical structures of the components used in the formulation of modified epoxy res-
ins. Reprinted from (1998) J Appl Polym Sci 68:543 [108] with permission
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Fig.27. Conversion vs time for DGEBA-DDS (crosses) and DGEBA-DDS-ETBN (filled circles)
samples cured by microwave heating; lines represent the models prediction. Reprinted from
(1998) J Appl Polym Sci 68:543 [108] with permission

The recent paper by Mijovic et al. [109] summarized their studies conducted on
the mechanism and rate of chemical reactions in thermal and microwave fields. A
number of nonpolymer-forming and polymer-forming mixtures of different func-
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Fig.28. Chemical structures of formulation components for cure of epoxy resins. Reprinted
from (1998) Polym Adv Technol 9:231 [109] with permission

tionality and molecular architecture were investigated. In the case of epoxy sys-
tems, the reaction of phenyl glycidyl ether(PGE) and aniline as a control reference
was investigated, whereas for epoxy crosslinking systems the reactions of diglycidyl
ether of bisphenol F (DGEBF) with DDS and 4,4’-methylenedianiline (DDM)
were chosen (Fig. 28).

The samples of reaction mixtures were held in cylindrical sample holders
(10 mm diameter and 25 mm depth), which were placed in a waveguide operated
under TE;; mode for microwave experiments. The sample temperature during
cure was monitored by a fiber-optic thermometer while placing the fiber optic
probe in the center of the sample. The temperature range investigated at this study
was 70-120 °C and 140-190 °C for DGEBF-DDA and DGEBF-DDS, respectively.
Similarly to the previous report on the rate and mechanisms of epoxy-amine reac-
tions in thermal and microwave fields [110], it was found that the cure kinetics of
the multifunctional epoxy formulation were identical under both thermal and mi-
crowave conditions (Figs. 29 and 30).

The reproducibility and reliability of data were verified by repeated runs, and
the claims of accelerated kinetics due to the so-called microwave effect were un-
founded; however, an important scientific research is still the issue of heat transfer
in thermal and microwave fields [109].

More recently, Boey et al. reported the rate enhancement under microwave ir-
radiation during investigation of the cure process of epoxy resins (DGEBA —
Araldite GY6010) in the presence of three different types of crosslinking agents
such as DDS, DDM, and mPDA [111]. Microwave curing of epoxy systems was
carried out in a multi-mode cavity (300 mm X298 mm X202 mm) coupled
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Fig. 29. Extent of reaction as a function of time in thermal and microwave fields for DGEBF-
MDA reaction at different temperatures. Reprinted from (1998) Polym Adv Technol 9:231
[109] with permission

through a waveguide with a variable power generator. The results indicated that in
all three cases the curing time was considerably shortened in contrast to thermal
curing, where the DDS system took a longer time to completely cure. Under mi-
crowave conditions, at a low power level (i.e., 200 W), the DDM and mPDA sys-
tems appeared to give shorter curing times of 10—8 min, respectively, in compari-
son with the DDS system, which cured after 15 min. However, at higher power lev-
els (i.e., 400 and 600 W), the curing time was almost the same: 2.5 min for mPDA
and 3 min for both DDS and DDM systems (Tables 13 and 14) [111].

According to the next report, the observed rate enhancement was the result of
the decrease in the lag time prior to incitation of crosslinking as well as the decrease
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in the effective cure time [112]. Since a shortening of cure time is not different
from a shortening achieved by a higher curing temperature, it is possible to obtain
temperature equivalent values for the microwave cure, which are only virtual ones
and are prepared for the purpose of analysis of the cure kinetics. The results are
presented in Table 15. It is of interest to note that the equivalent temperatures ob-
tained in all the cases were consistent and significantly higher than the maximum
temperature measured in the samples, providing further support that the micro-

wave curing is not merely thermally based [112].
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Table 13. Maximum of specimen temperature (T, ) of thermally treated epoxy/amine sys-
tems. Reprinted from (1999) Polym Test 18:93 [111] with permission

Thermal curing temperature ( °C) Topec (°C) Cure time (min)
DGEBA/DDS

130 108 60
150 131 60
170 143 30
180 156 30
DGEBA/DDM

110 102 20
130 135 15
150 137 5
DGEBA/mPDA

100 110 20
120 138 12.5
150 139 5

Table 14. Maximum of specimen temperature (T,..) of microwave treated epoxy/amine sys-
tems Reprinted from (1999) Polym Test 18:93 [111] with permission

Microwave curing temperature ( °C) Typec (°C) Cure time (min)
DGEBA/DDS

200 141 15
300 165 10
400 184 5
500 225 5
600 235 3
DGEBA/DDM

200 111 10
400 137 5
600 174 3
DGEBA/mPDA

200 135

400 150

600 212 2.5

A comparison of thermal and microwave cure assumes a new dimension when
the temperature distribution inside the sample is considered, and that is where the
scientific challenge lies. The fundamental difference in the heat transfer during re-
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Table 15. Equivalent cure temperature for microwave processing of epoxy/amine systems. Re-
printed from (2000) Adv Polym Techn 19:194 [112] with permission

Microwave Maximum Lag time Effective cure Total cure
power (W) temperature (°C)  (s) time (s) time (s)
DGEBA/DDM system

200 120 144 163 154

400 130 170 179 173

600 162 181 196 190
DGEBA/mPDA system

200 135 150 153 152

400 151 171 172 170

600 178 193 190 191

active processing in thermal and microwave fields is that microwave energy, in
contrast to thermal heating, is supplied directly to a large volume, thus avoiding
the thermal lags associated with conduction and/or convection. Consequently,
temperature gradients and the excessive heat build-up during thermal processing
could be reduced by a microwave power control [109]. In large polymer composite
structures high temperatures caused by exothermic resin cure can degrade the me-
chanical properties of the composites

For example, microwave heating was examined numerically and experimentally
as an alternative to conventional thermal processing techniques and investigated
by Thostenson and Chou for a glass/epoxy laminate [113]. A numerical simulation
has been developed to predict the one-dimensional transient temperature profile
of the composite during both microwave irradiation and conventional heating.
Numerical and experimental results were presented for a glass/epoxy laminate
with a thickness of 25 mm. The raw materials used for the experimental investiga-
tion were a bisphenol-F/epichlorohydrin epoxy resin (Shell Epon 862) and an ar-
omatic diamine (Shell Epi-Cure W) as a curing agent. The microwave applicator
was a cylindrical multi-mode cavity with an internal volume of 500 1. The large
cavity was equipped with a mode stirrer and multiple microwave inputs to en-
hance the uniformity of the microwave field. The output power of the microwave
source was varied continuously from 0 to 6 kW. The results showed that it was pos-
sible to cure thick glass/epoxy composites uniformly and eliminate temperature
excursions due to chemical reactions during the cure cycle. In addition, through
continuous wave feedback control of the microwave power, it was possible to mon-
itor the cure behavior of the composite. In conclusion, microwave processing has
the potential to increase the quality of thick-section composites and reduce the
manufacturing costs through more efficient transfer of energy [113].

In the later stage, a calorimetric analysis (DSC) of the cure kinetics of the same
glass/epoxy composite was conducted for both thermal and microwave curing
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[114]. To develop a kinetic model for conventional thermal cure, isothermal ex-
periments were conducted in the range of 135-175 °C, and the degree of cure as a
function of time was calculated. A different approach was required to examine the
cure kinetics under microwave conditions because the cure behavior was hard to
be monitored in situ within a microwave cavity. Therefore, samples that were
placed in a microwave cavity were heated rapidly to the desired cure temperature,
and the cure was stopped at a specified time by removing the sample from the cav-
ity and quenching it. Then the samples were analyzed by means of DSC to obtain
the residual heat of reaction. It was found that the reaction rate was accelerated by
the application of microwave irradiation. The results of the numerical simulation
showed that it was possible to decrease the cycle time for processing of thick-sec-
tion composites because microwave heating allowed for a better control of the spa-
tial solidification of the laminate, which resulted in significantly reduced process-
ing times and enhanced quality [114].

Finally, that work was summarized by Thostenson and Chou , who showed that
both numerical and experimental results indicated that volumetric heating due to
microwaves promoted an inside-out cure of the thick laminates and dramatically
reduced the overall processing time [115]. Under conventional thermal condi-
tions, to reduce thermal gradients, thick laminates were processed at lower cure
temperature and heated with slow heating rates, resulting in excessive cure times.
Outside-in curing of the autoclave processed composite resulted in visible matrix
cracks, while cracks could not be seen in the microwave-processed composite. The
formation of cure gradients within the two composites cured under both micro-
wave and conventional conditions are presented in Fig. 31.

Although cure gradients exist in both composites treated under microwave and
thermal conditions, the differences in the solidification behavior are seen. In the
conventionally processed composite, the outside-in cure gradients are most signif-
icant during the early stages of the cure cycle, and the maximum cure rate for this
epoxy resin system occurs at the beginning of cure. Therefore, it is critically impor-
tant to initiate an inside-out cure at the beginning of the cure cycle. Reduced ther-
mal gradients during the early stages of microwave curing allow for better control
over solidification behavior of the resin. In conventional processing, very slow
heating rates are required to reduce the thermal lag and heat the composite up to
the temperature where additional heat is generated by the chemical reaction. Once
additional heat is generated, it will help to promote the desired inside-out cure. To
obtain an inside-out cure in conventional processing, the required cycle time was
almost three times longer than in the case of microwave processing. Thus, the
processing time can be drastically reduced to achieve the desired inside-out cure
through the use of microwaves [115].

In another example, the fiber-glass/epoxy (Dow-Derakane 411-350) composite
panels with 15 layers of glass fiber mats were cured under microwave irradiation
[116]. The final panels (approximately 1.5 cm thick) were placed perpendicularly
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Fig.31a,b. Formation of cure gradients with two laminates during: a conventional cures; b mi-
crowave cures. Reprinted from (2001) Polym Compos 22:197 [115] with permission

between a microwave source (1 W at 9 GHz) and receiver used to monitor the mi-
crowave energy absorption by the composite during the cure cycle. Temperature
profiles at various locations across the surface were probed using thermocouples
so that the resin cure temperature data could be collected during microwave
processing. Using that temperature information, the potential for localized micro-
wave-accelerated cure to reduce the occurrence of material degradation from resin
over-temperature was evaluated. Consequently, it was demonstrated that the ap-
plication of microwave-assisted cure techniques reduced material degradation and
residual stress in the composite. In addition, to elucidate the influence of micro-
wave irradiation on the temperature profiles, a theoretical model was presented.
The synthesis of elevated-molecular-weight (E-M) epoxy resins (solid epoxy
resins) based on polyaddition of bisphenol-A and lower-molecular-weight (L-M)
epoxy resin under microwave irradiation was recently described [117]. Usually, E-
M epoxy resins are manufactured by the melt process in which liquid epoxy resins
and organic compounds that contain two active hydrogen atoms (e.g., bisphenol
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A) are combined in a reactor and heated for a couple of hours. The reaction is car-
ried out at the temperature range of 140—180 °C under a nitrogen 'blanket' to min-
imize oxidative degradative reactions. In the reaction, known catalysts such as ter-
tiary amines or phosphines, quaternary ammonium or phosphonium salts, and
imidazoles are applied [118].

In the present chapter, all the syntheses were performed in a multi-mode micro-
wave reactor (Plazmatronika) with the microwave frequency at 2.45 GHz and
maximum power of 300 W. Bisphenol-A (11.649¢g) and L-M epoxy resin
(25.000 g) were mixed thoroughly with a catalyst, 2-methylimidazole (2-MI), and
were irradiated for 16-90 min (Table 16).

The reaction temperature range of 140-180 °C was chosen because below
140 °C the viscosity of the reaction mixture, which increases during the process,
was too high to stir the mixture. Above 180 °C, degradation of the resin resulted in
strong darkening. Finally, it was found that the optimum conditions for the micro-
wave process were 40 min at 160 °C with the catalyst content of 0.001 mol N in 2-
MI/mol OH in bisphenol A, and microwave irradiation power of 90 W. Shortening

Table 16. Synthesis of E-M epoxy resins based on L-M epoxy resin (EV=0.57 mol/100 g), bi-
sphenol-A and in the presence of 2-methylimidazole as a catalyst. Reprinted from [117] with
permission

Reaction Temp. Time Catalyst, EV® M;; Ms M,,/M,
conditions (°C) (min) content®  (mol/100 g)

MW 180 65 0.5 0.109 2380; 4340; 1.85
A 80 0.101 2180; 40005 1.84
MW 160 65 0.5 0.110 2140; 37805 1.77
A 120 0.106 17905 3130; 1.75
MW 140 150 0.5 0.114 18105 3260; 1.80
A 280 0.114 1380; 2860; 2.08
MW 180 30 1 0.109 21805 3990; 1.83
A 50 0.105 2250; 42505 1.89
MW 160 40 1 0.113 2150; 39305 1.83
A 80 0.111 2180; 4000; 1.84
MW 140 90 1 0.112 1470; 2580; 1.75
A 150 0.114 20205 3760; 1.84
MW 180 16 5 0.105 2420; 4580; 1.89
A 35 0.100 2320; 44205 1.91
MW 160 20 5 0.104 24705 33905 1.83
A 35 0.100 2380; 5010; 2.10
MW 140 25 5 0.110 1950; 3780; 1.94
A 55 0.113 21705 3640; 1.68

21073 mol N/mol OH bisphenol-A;
b BV — epoxy value
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of the reaction time for all the processes performed in the microwave reactor in
comparison to conventional heating was observed.

The characterization of the final product shows that the resins prepared by the
microwave and conventional methods have comparable properties. In particular,
GPC analysis showed that all the E-M epoxy resins have a similar molecular weight
and molecular weight distribution. The main advantage of such a process per-
formed in the microwave reactor was the reduction of the reaction time under mi-
crowave conditions (40 min, 160 °C) in comparison to thermal heating (80 min,
160 °C) [117].

In turn, Palumbo and Tempesti found that the morphology of a syntactic foam
(hollow microspheres in a polymeric matrix) could be differently affected when
cured under thermal and microwave conditions [119]. The prepolymer used in
this study was DGEBA (DER 332) hardened with DDM. The glass microspheres
(30 wt%) were given no special surface treatment and had wall thickness between
1 and 3 pum, with particle diameters ranging from 50 to 70 pm. The samples cured
thermally were placed in an oven at 60 °C for 24 h. The microwave cure was con-
ducted in a microwave circuit (TE;; mode) with 2.45 GHz frequency during a
three-step cycle: preheating 2 h at 20 W, curing 1 h at 25 W and 1 h at 30 W. Under
microwave irradiation, due to faster energy transfer, more efficient crosslinking ef-
fects were observed at the interface, leading to higher internodular crosslink den-
sity at the particle interface. As a consequence, slight but observable differences of
mechanical behavior arise when curing the hollow glass microsphere filled epoxy
resin composites in thermal and microwave conditions. The microwave-cured
syntactic composites were found less ductile and a little more rigid due to a greater
homogeneity [119].

3.24
Polyurethanes

In the middle of the 1980s the study of crosslinking of polyurethane resins by
means of pulsed microwave irradiation was made by Jullien and Valot [120]. They
investigated the behavior of a polyisocyanate-polyol mixture, i.e. 75% ethyl acetate
solution of two prepolymers: triisocyanate (Desmodur L75) and polyester-polyal-
cohol (Desmophen 800) which were taken in stoichiometric amounts. The forma-
tion of polyurethane coatings from the same mixture and film hardness as a func-
tion of different pulse regimes were examined. In order to avoid the substrate ef-
fect, the prepolymer solution (1.4 g) was poured in hollowed PTFE plates that
were same in size so the microwave cavity filling factor only varied as a function of
the complex dielectric constant in the evolved material. The experimental set-up
included a microwave generator (2.45 GHz, 3 kW), provided with an auxiliary
pulse generator and a d.c. generator for the power level adjustment. During the
polyurethane formation, the microwave average power was 30 W and the peak
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pulse power was varied from 200 to 2500 W. The pulse period was varied from 2
to 200 ms so that the pulse time was varied from 50 ps to 30 ms. It was found that
the energy transfer by pulsed microwaves is more efficient than by an energy
equivalent continuous wave value. Finally, it was concluded that thermal kinetics,
film hardness and thus macromolecular networks were influenced by microwave
pulse irradiation. Microwave cured polyurethane films were much harder than
oven cured materials [120].

Later, the effect of microwave irradiation on the crosslinking of polyurethane
resin, including diisocyanate and polyethertriol prepolymers, was investigated by
Gourdenne et al. [121]. The resin mixtures consisted of two components, i.e., di-
isocyanate derived from 4,4’-diisocyanate diphenylmethane and a low viscosity
polyethertriol, while no catalyst was used. All the samples of polyurethane resin
were crosslinked inside a waveguide with TE; propagation mode. The curing of
the polyurethane resin samples irradiated at power values from 10 to 60 W led to
final networks with mechanical properties of quality at least equivalent to those
prepared under conventional thermal conditions. For example, the average elastic-
ity modulus determined from uniaxial compression with samples (25 mm of
height and 12.5 mm of diameter) was equal to 3120 MPa for curing under micro-
wave conditions (1 h at 20 W level) and 2810 MPa for a thermal curing (8 h at
60 °C) [121].

The application of microwave irradiation to cure isocyanate/epoxy resins in the
presence of N-(2-hydroxyalkyl)trialkylammonium halides was claimed to impart
accelerations to both curing and post-curing kinetics with respect to conventional
hot-air heating [122]. More recently, Parodi et al. presented further development
of new class of catalysts that endow aromatic isocyanate/epoxy and aliphatic or cy-
cloaliphatic epoxy/anhydride systems with a particular efficiency for microwave
processability [123]. The catalysts belong to the family of N-(cyano-alkoxy-
alkyl)trialkylammonium halides, of the general formula:

NC-R-O-R’-N ) R1IR2R3 X*) and evaluation of the microwave enhancements
was performed via isothermal comparative curing experiments under hot-air and
microwave heating, respectively. All curing runs were performed on 3 g samples of
various liquid resins that were placed in 5 ml PTFE (microwave transparent) beak-
ers. Microwave irradiation was carried out in a cylindrical (diameter 18.5 cm) sin-
gle-mode tunable microwave cavity. In both the thermal and microwave experi-
ments, the sample temperature was monitored by a fiber-optic probe that was im-
mersed at the center of samples (Table 17).

The data of Table 17 show the strong reaction enhancements of the specific cat-
alysts impart under microwave heating to all of reactive systems examined. The ge-
lation and vitrification times were lowered to one-eighth to one-tenth of those un-
der hot-air heating with the same catalyst and its concentration. An ion-hopping
conduction mechanism was recognized as the dominant source of the microwave
absorption capacities of these catalysts [2].
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Table 17.Isothermal curing times of aromatic isocyanate/epoxy and aliphatic epoxy/anhydride
resin systems under conventional and microwave heating. Reprinted from (1999) Microwave
heating and the acceleration of polymerization processes. In: Wlochowicz (ed) Polymers and
liquid crystals Proceedings of SPIE — The International Society for Optical Engineering, vol 2
[2] with permission

Resin system, Catalyst and Curing time
curing type (temperature) concentration
(mmol/100 g) Gelation Vitrification

System A: 1-MDI/DGEBA 70:30 w/w I-1#
Conventional (66°C) 1.90 40 min >80 min
Microwave (66°C) 1.90 ? 15-20 min
System B: ERL-4299/(SA/Me-HHPA) 1:1 w/w -2
Conventional (90°C) 1.08 420 min 870 min
Microwave (90°C) 1.08 50 min 110 min
System C: ERL-4234/DDSA -3¢
Conventional (70°C) 1.09 25.5h 63h
Microwave (70°C) 1.09 3h 6h
System C: ERL-4234/DDSA 1-44
Conventional (85°C) 1.14 270 min 450 min
Microwave (85°C) 1.14 30 min 60 min
Microwave (85°C) TBAI®
1.52 210 min ?

2 N-[3-(2-Cyanoethoxy)propyl]-N,N-dimethyldecylammonium iodide
b 4-[3-(2-Cyano-ethoxy)ethyl]-4-butylmorpholinium iodide

¢ N-[2-(2-Cyanoethoxy)propyl]-N,N-dimethyl-decylammonium iodide
dg. [3-(2-Cyanoethoxy)ethyl]-4-butylmorpholinium iodide

¢ Tetrabutylammonium iodide

33
Polymer Modification

The modification of oxetane based polymers with 4-(2-aminoethyl)morpholine
(Fig. 32) under microwave irradiation was investigated by Hurduc et al. [124]. In
a typical experiment, 0.1 g of the polymer together with 0.1-0.4 g of 4-(2-aminoe-
thyl)morpholine in a DMF solution (10 ml) were exposed to microwave irradia-
tion for 1-3 h in a stereo-mode applicator while temperature was monitored by a
thermovision camera.

The highest degree of conversion under microwave irradiation reached 27 %
while in several syntheses under conventional conditions the conversions of oxe-
tane rings were always lower and achieved maximum value of 18%.

The ring opening reaction of naphthyl acetic acid with epoxidized liquid natu-
ral rubber (ELNR) (Fig. 33) under microwave irradiation was studied by Huy et al.
[125]. The reactions were carried out in a chlorobenzene solution (1.2 ml) in a
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Fig. 32. Modification of oxetane based polymers with 4-(2-amino-ethyl)morpholine. Reprint-
ed from (1996) Polym J 28:550 [124] with permission
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Fig. 33. Fixation of a-naphthyl acetic acid (NAA) onto epoxidized liquid natural rubber. Re-
printed from (1996) ] Mater Sci Pure Appl Chem A33:1957 [125] with permission

OH

0 g talyst
o ot MC(CH—C-C e LI

HO
OH

n

Cellulose Dodecanoy! chloride Cellulosic ester
R = CH;3(CHz)yo

Fig. 34. Esterification of cellulose with dodecanoyl chloride under microwave conditions. Re-
printed from (1999) C R Acad Sci Paris 2:75 [126] with permission

monomode Maxidigest Mx-3500 microwave reactor, in which the mixtures of
naphthylacetic acid (2.5-10.2 mmol), ELNR (2.5-10.2 mmol), and TEBA (0.083—
0.34 mmol) were irradiated for 5-15 min.

The conversion of epoxy groups under microwave irradiation at 110 °C was
44% (10 min), whereas under similar conventional conditions the conversion
reached 33 % after 24 h of heating.

Applying dodecanoyl chloride under microwave conditions, Krausz et al. dem-
onstrated that the esterification of cellulose can be achieved within 6-9 min
(Fig. 34) [126]. In a general procedure, a mixture of cellulose, acid chloride and
catalyst (4-dimethylaminopyridine) was irradiated in an open vessel placed in a
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domestic microwave oven. Prior to the reaction, the homogeneity of the mixture
was ensured by sonification.

The best results under microwave irradiation (i.e., yield of 17-30% and 2.1-2.5
degree of substitution) were obtained when the reaction mixture was adsorbed on
inorganic supports such as K,CO; or Al,Os. It was shown that within the same re-
action time, under similar conventional conditions, no reaction occurred.

The surface oxidation of polyethylene (PE) under solid-state conditions with
potassium permanganate was studied by Mallakpour et al. [127]. The oxidations
were performed in a domestic microwave oven. The mixtures of 2.0 g (0.071 ml)
of PE powder ground with 3.76 g (0.024 mol) of KMnO, were irradiated for 90 s.
After the reaction, FT-IR analysis revealed the presence of hydroxyl as well as vi-
nylic functional groups on the polymer surface whereas hydroperoxy groups were
not detected.

34
Reactions on Polymer Matrices (Immobilized Reagents)

One of the most developed methods used in combinatorial chemistry libraries
preparation is solid-phase organic synthesis (SPOS) based on the Merrifield meth-
od for peptide synthesis [128]. A great number of such libraries have been pre-
pared on a solid support, generally a functionalized polystyrene resin cross-linked
with a small amount of divinylbenzene. Recently, it was demonstrated that micro-
wave irradiation can be applied to solid-phase immobilized reagents to reduce sig-
nificantly the reaction time. Those readers who are interested in such processes we
would like to refer to more extensive reviews published by Chamberlin et al. [129]
and Kappe [130], while in this chapter we are giving most common examples.

Applying the original Merrifield method, Yu et al. demonstrated that under mi-
crowave irradiation a number of symmetrical anhydride or activated amino acids
could be coupled onto functionalized resin in a DMF solution (6 min, 55 °C)
[131]. It was demonstrated that no racemization occurred during the reaction,
while all the reaction went to completion. The authors managed to synthesize hep-
tapeptides and decapeptides with 99—100% completion, applying microwave irra-
diation for 4 min in each coupling. Under conventional conditions, the coupling
yields were about 80% for every step (Fig. 35).

Suzuki coupling reaction of polymer-bound aryl halides with arylboronic acids
and a palladium catalyst was described by Larhed et al. [132]. The reagents in a
mixture of ethylene glycol dimethyl ether (DME) and water were irradiated (ca.
4 min) in a heavy-walled Pyrex tube (Fig. 36) placed in a single-mode microwave
reactor.

Ugi four-component coupling reaction, in which an amine, aldehyde or ketone,
carboxylic acid and isocyanide react to yield an a-acylamino amide, was per-
formed by Nielsen et al. on a solid polymer support under microwave irradiation
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Fig.35. Peptide synthesis on Merrifield resin under microwave conditions. Reprinted from
(2002) J Comb Chem 4:95 [129] with permission
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Fig.36. Suzuki coupling reaction of polymer-bound aryl halides with arylboronic acids and a
palladium catalyst. Reprinted from (2002) ] Comb Chem 4:95 [129] with permission
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Fig.37. General reaction for microwave-assisted Ugi Four Component Condensation. Re-
printed from (1999) Tetrahedron Lett 40:3941 [133] with permission

[133]. The mixture of aldehydes, carboxylic acids, and isocyanides in a methylene
dichloride (DCM) and methanol solution together with amine-bound resins were
irradiated (5 min) in a single-mode reactor (Microwell 10) in 10-ml Teflon screw-
capped vials to give 18 a-acylamino amides in 24-96 % yield (Fig. 37). Usually, un-
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Fig. 38. Knoevenagel condensation between aldehydes and the Wang resin bound nitroacetic
acid. Reprinted from (2000) Tetrahedron Lett 41:515 [134] with permission

der conventional thermal conditions reaction times for solid-phase Ugi reactions
extend from 24 h to several days [133].

The preparation of resin-bound nitroalkenes via microwave-assisted Knoeve-
nagel condensation of resin-bound nitroacetic acid with alkyl and aryl substituted
aldehydes was described by Kustner and Scheeren [134]. The condensation reac-
tions under microwave irradiation were achieved in 20 min at 350 W, whereas un-
der conventional conditions they needed 17 h at room temperature. The potential
of the resin-bound nitroalkenes for application in combinatorial chemistry was
demonstrated by Diels-Alder reaction with 2,3-dimethylbutadiene and tandem re-
action with ethyl vinyl ether and styrene (Fig. 38).

Claisen rearrangement of Merrifield resin derivatized with O-allyl phenolic
ethers into ortho-allylic phenols under microwave irradiation was performed by
Kumar et al. [135]. The reactions were carried out in a household microwave oven,
in which samples were irradiated in an open Erlenmeyer flask for 4-6 min (600 W)
to afford products in 84-92% yield. In comparison, under thermal conditions,
similar yields were obtained after 10-16 h at 140 °C (Fig. 39).

Esterification reaction of polymer-supported alcohol with benzoic acid under
microwave irradiation was investigated by Stadler and Kappe [136]. Activation of
the carboxylic acid was carried out using diisopropylcarboimide either via the O-
acylisourea or symmetrical protocols (Fig. 40). The reactions were carried out in a
Milestone MLS ETHOS 1600 microwave reactor applying either open or sealed
vessel systems. Significant rate enhancement was observed while the coupling of
benzoic anhydride to resin was performed in 1-methyl-2-pyrrolidone as a solvent.
Reaction times were reduced from 2-3 days using conventional conditions (at
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Fig.39.Claisen rearrangement of Merrifield resin derivatized with O-allyl phenolic ethers into
ortho-allylic phenols under microwave conditions. Reprinted from (2000) Synlett 1129 [135]
with permission
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Fig. 40. Esterification reaction of polymer-supported alcohol with benzoic acid under micro-
wave conditions. Reprinted from (2001) Tetrahedron 57:3915 [136] with permission

room temperature, >99% yield) down to 10 min by microwave irradiation (at
200 °C, 9% yield) [136].

In another paper, a development of the microwave-assisted parallel solid-phase
synthesis of a collection of 21 polymer-bound enones was described. The two-step
protocol involves initial high-speed acetoacetylation of polystyrene resins with a
selection of seven common f-ketoesters. When microwave irradiation at 170 °C
was employed, complete conversions were achieved within 1-10 min, a significant
improvement over the conventional thermal method, which takes several hours
for completion. Significant rate enhancements were also observed for the subse-
quent microwave-heated Knoevenagel condensations. Reaction times were re-
duced to 30-60 min at 125 °C in the microwave protocol compared to 1-2 days us-
ing conventional thermal conditions. Kinetic comparative studies indicate that the
observed rate enhancements can be attributed to the rapid direct heating of the
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Fig.41. Acetoacetylation of polystyrene resins with f-ketoesters under microwave conditions.
Reprinted from (2002) ] Comb Chem 4:154 [137] with permission
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Fig.42. Knoevenagel condensation with piperidinium acetate under microwave conditions.
Reprinted from (2002) ] Comb Chem 4:154 [137] with permission

solvent (1,2-dichlorobenzene) by microwaves rather than to any specific micro-
wave effect. All the reactions were carried out in commercially available parallel re-
actors with on-line temperature measurement, designed specifically for use in
multimode microwave cavities (Figs. 41 and 42) [137].

Poly(styrene-co-allyl alcohol) can be esterified under microwave solventless
conditions to give the polymers that are effective precursors for the preparation of
various nitrogen and oxygen heterocycles. The reaction were carried out in an
open vessels that were placed in a domestic microwave oven and irradiated for 10—
20 min. In some cases, it was possible to scale-up the microwave procedure from 1
to 10 g scale. Under conventional thermal conditions, most of these experiments
were run for 4 h in refluxing toluene solutions (Fig. 43) [138].

3.5
Rubber Vulcanization

Vulcanization of rubber in the tire industry is the first industrial application of mi-
crowave irradiation for the processing of polymeric materials [139]. Improved
product uniformity, reduced extrusion-line length, reduced scrap, improved
cleanliness, enhanced process control and automation accomplished through the
use of an appropriate combination of microwave, hot air, and/or infrared heating
technologies are the main advantages of microwave carbon black-filled rubber
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Fig.43. Derivatization of poly(styrene-co-allyl alcohol) under microwave conditions. Reprint-
ed from (1999) Tetrahedron 55:2687 [138] with permission

manufacturing [19]. As the result, microwave vulcanization extrusion lines are ap-
plied world-wide in the automotive and construction industries [140].

Unlike the black rubber materials, in the absence of conductive black fillers, the
white and colored rubber compounds cannot be heated suitably and vulcanized
under microwave irradiation. For this reason, only a small fraction of white and
colored rubber compounds are processed by means of microwaves. The novel, spe-
cialty microwave heating sensitizers for microwave vulcanization of white and
colored rubber compounds, their use, costs and benefits were recently discussed by
Parodi [141].
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3.6
Recycling

Solvolysis by glycols and alcohols is an established method for the chemical recy-
cling of PET. Krzan investigated the use of microwave irradiation as the energy
source in PET solvolysis reactions and the conditions that govern its effectiveness
[142]. PET was obtained from washed used beverage bottles that were chopped
into flakes varied from 1 to 15 mm. Solvolysis reagents used were reagent grade
methanol, propylene glycol and polyethylene glycol. Zinc acetate was used as a cat-
alyst. Degradation experiments were performed in a Milestone mLS 1200 micro-
wave oven. A typical sample containing 0.75 g PET flakes, 0.1 g zinc acetate and
10.0 g of the solvolysis reagent was mixed in the PTFE vessel. Finally, the charac-
terization of resulting solution was performed by gel permeation chromatography.
It was found that complete PET degradation-solubilization was achieved in short-
est time (4 min) in methanol, while more than 8 min are required in polyethylene
glycol. The presented paper shows that the use of microwave radiation as the en-
ergy source in PET solvolysis resulted in the short reaction times (a few minutes)
needed for complete PET degradation, compared with conventional heating
methods (a few hours) [142].

In another paper, the glycolysis reactions of PET in diethylene glycol (DEG) and
propylene glycol (PG) were monitored in terms of temperature and pressure
[143]. A number of basic inorganic compounds (NaHCO;, K,CO3, CaO, KH,PO,,
NaOCH;) were examined as potential catalysts. The reactions were carried out in
a Milestone mLS Mega 1200 microwave oven equipped with temperature and
pressure sensors inserted directly into the reaction vessel. For both DEG and PG,
temperature and pressure in the reaction vessel were measured during the expo-
sure of reaction mixtures to microwave irradiation (500 W) for 5 min. Maximum
temperatures of about 240 and 200 °C and maximum pressures of about 1.0 and
1.6 X 10° Pa were detected for DEG and PG, respectively. The results appeared to be
in agreement with average molecular weight of 556 g/mol reported for polyols ob-
tained by depolymerization of PET with DEG under conventional heating. The
method was compatible with the use of a wide range of glycol reagents as well as a
variety of basic catalysts. The application of microwave irradiation was not limited
to using only zinc acetate or other acetates as catalysts. With many other com-
pounds, comparable effectiveness can be achieved. The main advantage of micro-
wave application was a short reaction time for complete alcoholysis and glycolysis,
in which PET degradation was achieved [143].

In a similar paper, the depolymerization of polyamide-6 (PA-6) was performed
using microwave irradiation with phosphoric acid as a catalyst [144]. Besides its
catalytic activity, phosphoric acid has a very high dipole moment, which makes it
an excellent microwave absorbent. Reaction mixtures consisted of 10 g PA-6,10 g
water and 1-10 g concentrated H;PO,. Commercial PA-6 was ground to 0.5—
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1 mm particle size and used without further preparation. Microwave irradiation
of 200 W was applied for 23 min to the reaction mixture in a sealed reaction vessel
in a Milestone Mega 1200 laboratory oven. After 15 min of irradiation, PA-6 was
completely solubilized, and the solubilization efficiency increased linearly up to 6 g
of added acid. However, the acidolysis was most effective with 7 g of the acid. The
resulting product mixture consisted of more than 90% e-aminocaproic acid
(ACA) and its linear oligomers together with the minor part consisting of cyclic
products. With longer irradiation time or more acid, there was a shift toward high-
er concentration of ACA and its dimer, as well as a decrease in the concentration
of higher oligomers.

3.7
Other Applications

The application of inherently conducting polymers (ICPs) to welding thermoplas-
tics was reported by Kathirgamanathan [145]; however, the use of ICPs as micro-
wave absorbers for welding was suggested earlier by Epstein and MacDiarmid
[146]. In a typical experiment, a small amount of ICP either as powder (20 mg) or
tape (two strips with dimensions 20 mm x 2 mm x40 pm) was placed onto the up-
per surface of the plastic (10 cmXx2 cmx 0.1 cm). The second piece was placed on
the top and clamped. The clamp assembly was then placed in a household micro-
wave oven with a total power of 500 W for 2-120 s. The results are summarized in
Table 18. The method can be applied to any thermoplastic.

Microwave irradiation was examined as an alternative to conventional heating
for joining of composite structures [147]. Through proper material selection, mi-
crowaves are able to penetrate the substrate materials and cure the adhesives in-
situ. Selective heating with microwave is achieved by incorporating interlayer ma-
terials that have high dielectric loss properties relative to the substrate materials. A
processing window for elevated temperature curing of an epoxy paste adhesive sys-
tem was developed and composite joint systems were manufactured using conven-
tional and microwave techniques and tested in shear. Joint systems were allowed to
cure: C1 — at room temperature for ten days, C2 — at room temperature for five
months, and C3 —at 90 °C for 1 h. Another joint system — M1 — was processed us-
ing microwaves (2.45 GHz, 6 kW) and was subjected to rapid heating 20 °C/min
to a final temperature of 90 °C. Microwave curing resulted in enhanced shear
strength samples M1 (10% higher than C1, 70% higher than C3) and less scattered
experimental data [147].

Intrinsically conductive polyaniline (PANI) composite gaskets were used to mi-
crowave (2.45 GHz) weld high density polyethylene (HDPE) bars [148]. Two com-
posite gaskets were made from a mixture of HDPE and PANI (50 and 60 wt%)
powders in different proportions. The mixtures were compression molded in a hot
(180 °C) press. Adiabatic heating experiments were used to estimate the internal
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Table 18. Microwave welding of thermoplastics using inherently conducting polymers. Re-
printed from (1993) Polymer 34:3105 [148] with permission

Substrate to welded ~ Conducting polymer*  Conductivity (Scm™)  Time to weld (s)

Polycarbonate PPPTS(p) 22.0£2.0 100+10
Polycarbonate PAPTS(p) 9.0£1.0 120£5
Polycarbonate A(t) 1.0£0.1 5+1
Polycarbonate B(t) 12.0%+3.0 2+1
Polycarbonate C(t) (5.7+0.3)x 1072 40+2
Polypropylene A(t) 1.0£0.1 5+1
Polypropylene B(t) 12.0+3.0 2+1
Polypropylene C(t) (5.7+0.3)x 1072 60£5
Polyethylene PPPTS(p) 22.0+2.0 5+2
Polyethylene PAPTS(p) 9.0£1.0 15+2
Polyethylene A(t) 1.0£0.1 30+5
Polyethylene B(t) 12.0£3.0 2+1

2 PPPTS=polypyrrole p-toluenesulfonate, PAPTS=polyaniline p-toluenesulfonate, p=powder (thickness
of powder on the weld 100 um), t=tape, A(t)=non-woven polyester tape impregnated with PPPTS
(thickness 110 um), B(t)=microporous polyethylene impregnated with PPPTS (thickness 40 pm),
C(t)=non-woven polyester impregnated with carbon black (110 pm)

heat generation. It was observed that the temperature rise rate (heat generation
rate) decreased with increasing temperature. The decrease in heat generation rate
was probably due to a reduction of the electrical conductivity of PANI at elevated
temperatures. During microwave welding, the increase in the heating time resulted
in the development of a thicker molten layer in the parts, which improved the joint
strength. The maximum tensile joint strength was achieved using a 60 wt% PANI
gasket with a heating time of 60 s and a welding pressure of 0.9 MPa. This resulted
in a tensile weld strength of about 25 MPa, which equals the tensile strength of the
bulk HDPE [148].

Ku et al. applied variable frequency microwave (VFM) facilities (2-18 GHz) for
joining parts made of thermoplastic composites and found that a selective heating
over a large volume at a high energy coupling efficiency could be obtained [149].
Five different thermoplastic polymer matrix composites were processed, including
33 wt% random carbon fiber (CF) or glass fiber (GF) reinforced polystyrene (PS-
CE, PS-GF), low density polyethylene (LDPE-CF, LDPE-GF) and polyamide 66-
GF. Bond strengths of lap joints of the composites were tested in shear, and the re-
sults were compared with those obtained using fixed frequency (2.45 GHz). The
coupling agent used was a two part adhesive, i.e., 100% liquid epoxy resins and 8%
amine hardener. Considering the quality of bond brought about by processing us-
ing different microwaves facilities, hot spots were found on the joint of LDPE-CF
bound using a fixed frequency of 2.5 GHz. The joint of PS-CF processed by varia-
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ble frequency was perfect. It could therefore be argued that VFM produces strong-
er bonds for the two materials, PS and LDPE, with excellent quality of joint prop-
erties [150].

4
Conclusions

In conclusion, polymer synthesis as well as processing can greatly benefit from the
unique feature offered by modern microwave technology, which was demonstrat-
ed in many successful laboratory-scale applications. These can include such tech-
nical issues as shorter processing time, increased process yield, and temperature
uniformity during polymerization and crosslinking. Although microwave energy
is more expensive than electrical energy due to the low conversion efficiency from
electrical energy (50% for 2.45 GHz and 85% for 915 MHz), efficiency of micro-
wave heating is often much higher than conventional heating and more than com-
pensates for the higher energy cost.

From the present paper it can be seen that a lot of factors have influence on
polymer synthesis and processing under microwave conditions. Not all materials
are suitable for microwave applications, and a special characteristic of every
process has to be matched. Therefore, a real cross-disciplinary approach has to
be considered to understand fully all the limitations and advantages of micro-
wave processing. Improper application of microwave irradiation will usually
lead to disappointments, while proper understanding and use of microwave
power can bring greater benefits than would be expected. For example, three
typical temperature-time stages can be observed during polymerization reac-
tions. First, initial temperature rise by direct heating of monomer(s) where the
temperature rises slowly. Second, a significant temperature peak with maximum
temperature due to the exothermic reaction. Third, free convective cooling to an
ambient temperature indicating the end of the exothermic reaction processes.
Fast exothermic reaction heating usually accelerates the temperature rise and
gradient inside the samples. Neither continuous microwave nor thermal
processing can be effectively controlled in order to maintain constant tempera-
ture/time profile through the entire process. However, pulsed microwave heat-
ing can be used to control temperature and eliminate the exothermic tempera-
ture peak, maintaining the same temperature at the end of reaction [100]. Fur-
thermore, fundamental difference in the heat transfer during material process-
ing in thermal and microwave fields is that microwave energy, in contrast to
thermal heating, is supplied directly to a large volume, thus avoiding the thermal
lags associated with conduction and/or convection. Consequently, temperature
gradients and the excessive heat build-up during thermal processing could be re-
duced by a microwave power control. Thus, a comparison of thermal and micro-
wave processing assumes a new dimension when the temperature distribution
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inside the sample is considered, and that is where the scientific challenge lies
[109].

The action of microwave irradiation on chemical reactions is still under debate,
and some research groups have mentioned the existence of so-called non-thermal
microwave effects, i.e. inadequate to the observed reaction temperatures’ sudden
acceleration of reaction rates [18]. Regardless of the type of activation (thermal)
or kind of microwave effects (non-thermal), microwave energy has its own ad-
vantages which are still waiting to be understood fully and applied to chemical
processes.
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