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When hope and love has been lost
And you fall to the ground
You must find a way
When the darkness descends
And you're told it’s the end
You must find a way
When God decides to look the other way
And a clown takes the throne
We must find a way
Face the firing squad
Against all the odds
You will find a way

From Dig Down - Simulation Theory
Lyrics by Matt Bellamy
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Between you getting out of bed and reading this thesis, you may not know but you have
touched a multitude of different polymers / macromolecules. Really. The textile covers you
sleep under are dyed and printed using (chemically modified) starch derivatives such as
algin, guar gum and carboxymethylcellulose. Stepping out of bed, depending on which
floor you have in your bedroom, you will touch a topcoat of polyurethane, a UV-curable
polymer or a polyacrylate. The bathroom is also filled with polymers, be it in your shampoo,
hair gel, toothpaste or your polyester/nylon towel. Your morning newspaper (and if you are
reading this thesis as hardcopy) uses pigments which are glued to the paper using - indeed:
polymers. The application area for polymers is endless, and the life as we know it today
would not be possible without polymers. In a more literal sense this is also true: the energy
source for the majority of life (plants, animals, bacteria, fungi) is glycogen - a polysaccharide
polymer. Early man used polymer products such as wool or hemp to stay warm, the Mayans
and Aztecs made balls from natural rubber to play their famous ball game named pokolpok.
In modern Spanish it is known as “pelota maya” and it is still played in certain Mexican
regions. Before 1000 AD, this little polymer ball literally decided over life and death - talk
about losing your head over a ballgame.

The Pelota Maya ball court at Chichén ltzd, Yucatan Peninsula - Mexico (Picture by Ton Brooijmans,
2009)

Similar to coating formulations, where polymers act as the binding ingredient - polymers
are one of the most important classes of materials which keep our society together.






CHAPTER

General Introduction




Chapter 1

1.1 Water-borne polymers

Synthetic polymers have been around for over a hundred years, the first man-made
polymers were celluloid (@ thermoplastic plant-derived polymer, made of a blend of
nitrocellulose and camphor) and Bakelite (the first synthetic polymer, prepared by a
condensation reaction between phenol and formaldehyde). Both polymer types, although
useful for decades, have been outperformed by newer polymer types. A more specific
application for synthetic polymers are coatings, intended to provide certain properties
to the surface of an object. A class of polymers that is rapidly gaining ground in global
applications are the water-borne coatings, which are replacing the traditional solvent-
borne coatings. These solvent-borne coatings release a large amount of volatile organic
compounds (VOCs) upon drying of the coatings. These VOCs originate from the solvent
used in the resins/binders and additives in the coatings. Water-borne coatings use water
as the diluent, which is also released upon drying of the coating - and thus immensely
more friendly for people and environment. The polymers in these coating solutions are
dispersed in water as nanometer- to micrometer-sized particles, using surface-active
species to stabilize the particles. A schematic representation of such a particle is shown
in Figure 1.1.

Continuous phase ——

Slipping plane

Stern layer

Particle surface

Surface potential Particle surface

Stern potential Continuous Phase

~ Zeta-potential ()

Distance from particle surface

Figure 1.1. Schematic representation of the surface of a colloidal polymer particle. Particle surface
shows presence of deprotonated acrylic acid monomer functionality and adsorbed surfactant molecules.
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General Introduction

A multitude of water-borne polymer chemistries have been developed over the
years, including polyolefins, polyamides, polyesters, polyurethanes, polyacrylics and
many hybrids of the aforementioned chemistries. The most frequently used water-
borne particle chemistries in current commercial applications are polyurethanes and
polyacrylics, mostly due to superior dispersion stability, flexible synthesis routes and
end-product performance. Polyacrylics are found in a wide variety of applications,
including wall paints, pressure-sensitive adhesives, paper- and plastic coatings, ink
formulations and joinery applications [1-3], while water-borne polyurethanes are
mostly used in high-end markets such as the automotive industry, tactile coatings and
leather applications due to their great elasticity and flexibility, combined with very
durable coating surfaces [4-6]. Also, the high degree of adhesion to various substrates
makes polyurethanes very suitable for primer applications. Both polyacrylics and
polyurethanes are also increasingly applied in coating and printing of food packaging.

1.1.1 Polyacrylics

Although acrylic acid was first synthesized in 1843, the use of acrylic acid and its esters
in water-borne acrylic emulsions had to wait for commercialization in the 1950's.

Water-borne acrylics are synthesized using emulsion polymerization [7],which is a form of
free-radical polymerization. In contrast to solvent- or bulk polymerization, the continuous
phase during the reaction is water. Next to the significantly reduced environmental
impact upon release of the water during the coating drying process compared to solvent-
borne coatings, another significant advantage is obtained using water as a continuous
phase. During emulsion polymerization, the polymers are formed as droplets within this
continuous phase. The polymers within these droplets may achieve molar masses which
are far beyond the mass range that can be achieved during solvent- or bulk polymerization
processes — mainly due to viscosity limitations of dissolved polymers. In water-borne
polymers, molar mass build-up does not have a significant effect on resin viscosity as
the polymers are not dissolved in the continuous phase. This enables a different range of
polymer properties to be achieved with respect to coating durability as higher molar mass
/ crosslinking result in better chemical- and physical resistances.

Radical polymerization of acrylics takes places in a three-step process, consisting of
initiation (1), propagation (II) and termination (1), which is shown in Figure 1.2. Initiator
(R-R) is thermally dissociated into two radicals (R-), which may react with monomer
units (M). Upon growth of the polymer chain, the polymer radical may lose its reactivity



Chapter 1

by recombination with another polymeric radical chain or a low molar mass radical
R:, proton abstraction from a different chain (disproportionation) or a chain transfer
reaction (X, which may be a monomer, polymer, solvent or a chain transfer agent), which
transfers the radical to a different chemical species.

I: R-R AT, 2R
R-+M —  » RMm

Il: RMp-1)» +M —— 5 R(M)n-

I 2 R(M)n- ——»  R(M)n(M)R
2 R(M)n- —— > R(M)n+R(M)n
RM)- +X ——— >  R(Mh+X:

Figure 1.2. Radical polymerization process, three phases can be discerned: initiation (1),
propagation (l) and termination (11).

In emulsion polymerization, the initiation phase takes place in the water phase, which
contains stabilizing chemicals — most commonly surfactants or pre-formed polar
(acrylic) oligomers capable of micelle formation. Water-soluble radical initiators such
as persulphates and hydrophilic peroxides are commonly used in this process. These
initiators produce radicals through thermal dissociation and rapidly react with acrylic
monomer units which are present in the water phase. After this radical oligomer chain
achieves a certain chain length and thus, a lower water-solubility, these radical monomer
chains transfer into micelles which are formed by the surfactants present in the water
phase above their critical micelle concentration (CMC).Within the micelles, polymerization
continues and is supplied by diffusion of the monomer from the monomer droplets into
the water phase and into the micelles. A schematic representation is shown in Figure
1.3. The hydrophilicity of the monomers used is an important consideration, as a (small)
degree of water-solubility is required to properly perform emulsion polymerization. Many
different monomers with varying acrylic ester lengths and functionalities are available,
including acrylic- and methacrylic acid. These carboxylic acid monomers are specifically
used to impart better particle stability by incorporating them into the polymer backbone
and deprotonating them using (in)organic bases.

More water-soluble monomers, such as the acidic monomers mentioned above,
obviously have a higher chance to undergo radical initiation in the water phase. As
such, these monomer types are likely one of the first to undergo radical propagation.

14



General Introduction

Figure 1.3. Schematic representation of emulsion polymerization.Monomers are indicated by M, initiator
molecules by I. From right to left: a monomer droplet (stabilized in water by adsorbed surfactant), a
monomer-swollen polymer particle and a resulting (fully reacted) polymer particle.

1.1.2 Polyurethanes

The first polyurethanes were made in 1937 by Bayer et al. [8] as a replacement for
rubber, and one of the initial applications for this novel chemistry was the synthesis
of flexible polyurethane foam [9, 10]. Commercial applications were introduced in the
1950’s. To this date, polyurethanes are still widely used in many applications such as
resilient foam, elastomeric wheels and tires. A specific application for polyurethanes was
found in coatings, as this material combines coating durability, flexibility and abrasion
resistance with good adhesion to various substrates — making it widely applicable.

Polyurethanes are synthesized by the reaction of di- or tri-isocyanates with multifunctional
alcohols. This reaction is slow at room temperature but is considerably faster at higher
temperatures and/or upon addition of a catalyst. The nature and structure of the catalyst
has a strong influence on the polyurethane reaction profile, resulting in different selectivity
between monomer units. This different buildup in turn results in polymer with different
properties. Traditionally used catalysts include tertiary amines such as triethylamine

15
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(which is also a common neutralizing base for water-borne carboxylic functionality),
1,8-diazabicyclo(5.4.0)undec-7-ene and organometallic catalysts. This latter class is under
increasing pressure from a regulatory perspective, specifically the organotin catalysts
(which have been one of the most frequently used in the synthesis of polyurethanes) pose
a significant risk for human safety. Less toxic alternatives such as bismuth salts [11] are
finding more and more applications by many resin suppliers.

Viscosity of the alcohol/isocyanate reaction mixture will rapidly build upon formation
of longer chains of so-called prepolymer. In a second reaction step, the isocyanate-
functional prepolymer may be reacted with an extension agent, which is commonly
a diamine. In the case of a water-borne polyurethane system (or more correctly,
a polyurethane-urea) the dispersion step and the extension step are performed
simultaneously [12]. Depending on the desired chemistry, the extension agent may be
added to the water prior to addition of urethane prepolymer (pre-extension) or after
(post-extension). In the latter case, a more significant fraction of the isocyanate groups
will react with water. This results in the formation of primary amine end groups that
may react further with isocyanate end groups attached to other polymer molecules,
resulting in chain extension under formation of a urea group (Figure 1.4).

[e]
P g iR ey EQ e W T
HO SN \C\\O HO OH
HO
Prepolymer formation
Oy OH
Osc N_..O. ﬁ N.o o RN E‘,‘) o A c°
N/\/\/\/ (0% \/\/\/\O’ \N/\/\/\/ Gl oy \/\/\/\N/ ‘O/\/\/\/ ~c” \/\/\/\N’
i H I i} H ]
0 e} 0 o
Neutralization ofCOOH )
HZN/\/NHZ
(6 (o) 0._0
H -0 [oN H
wg/oq\/\/o\ﬁ N~ © c\\N/\/\/\/N\%,O\LOPw
o i o [}
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Figure 1.4. Theoretical representation of the synthesis of a polyurethane-urea polymer, consisting of
hexanediol, hexane diisocyanate and dimethylolpropanoic acid. Extension is performed by addition of
the polyurethane prepolymer to an aqueous solution of ethylenediamine, resulting in particle formation.
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Although the choice of diisocyanate monomers is relatively limited, the polyol types that
can be used are not. Soft segments can be incorporated using polyether polyols such
as polyethylene glycol (PEG), polypropylene glycol (PPG) or polytetramethylene glycol
(PTMG, also known as polytetrahydrofuran - PTHF) or combinations, which are already
polymeric building blocks. Next to these frequently used soft segment types, polyester
polyols or polycarbonate diols can be used. These polyols can be built from a wide range
of diols and dicarbonates. The large variety in monomer types enables polymer scientists
to synthesize and fine-tune polyurethane resins with many different final properties.

1.1.3 Polymer microstructure

As the choices with respect to polymer composition and processing are virtually
endless, the polymer architectures that can be built from these choices are equally
vast. The synthesis of polymers results in the creation of polymer chains which show
heterogeneity, i.e. not all resulting polymer chains or particles are created with equal
chemical and morphological microstructure [13]. Many types of heterogeneity exist in
polymer microstructure, of which the molecular weight distribution (MWD), chemical
composition distribution (CCD), degree-of-branching distribution and functionality-type
distribution (FTD) are well-known examples. A graphical representation of these modes
of heterogeneity is shown in Figure 1.5.

Molecular weighthution Chemical composition distribution / blockiness

Degreeof-brachhing %’stribution End-group / functignality djstribution

@8O8k

Figure 1.5. Schematic representation of different modes of molecular heterogeneity in macromolecules.
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These types of molecular heterogeneity exist simultaneously,so (for instance) a copolymer
- consisting of monomer A, B and C - could have an enriched fraction of A in the low-
or high molar mass, preferentially B as a blocky section, and/or C as a branching unit.
The presence of all these superimposed modes of heterogeneity results in very complex
macromolecules. If information is required on how these materials are built up, analytical
techniques can be applied. Next to spectroscopic techniques such as nuclear magnetic
resonance (NMR) or infrared spectroscopy (IR), these complex systems can be separated
by chromatographic techniques. Depending on the type of separation that is performed, a
certain aspect (or combinations of aspects) of these polymers may be characterized, such
as the molecular weight distribution. Achieving separations which are purely based on a
single aspect of the polymer heterogeneity is not a trivial task, as often one distribution
influences the analysis of another distribution (e.g. the molecular weight distribution of a
polymer has an effect on the chemical composition distribution analysis). The separation of
these complex systems (preferably as a single-parameter separation) can enable detailed
insights in the polymeric microstructure. The chemical microstructure determines the
organization / behavior of molecules in water-borne coating particles (mesostructure)
and the properties of the final coating surface (macrostructure). It is therefore crucial to
understand the microstructure of these polymers, so that this chemical information can
be correlated with meso- and macrostructural properties. This knowledge could enable
the development of tailor-made polymer microstructures. This can result in the creation
of polymers which have superior performance (such as adhesion, durability, flexibility), are
more environmentally friendly and/or have a more cost-efficient profile. The need to obtain
more insights into the polymer microstructure results in many novel chromatographic
optimizations or developments with regard to separating polymer species.

1.1.4 Acid functionality

The incorporation of monomer units with a specific functionality, other than used
to construct the polymer itself, can be utilized to provide polymers with additional
features. Examples of these functional monomers are:

i.  Hydroxy-functional (meth)acrylates, which can provide reactivity towards
isocyanates in two-component systems when incorporated through radical
polymerization [14] or ultraviolet (UV) curing reactivity when incorporated
through reaction with isocyanates in urethane chemistry [15].

ii. Diacetoneacrylamide, which is a frequently used ketone-functional monomer
in radical polymerizations. This monomer type may react with substances like
adipic dihydrazide in a post-application crosslinking reaction [16]. This Schiff-
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base reaction primarily takes place at low pH, which is achieved upon drying
of the coating (by evaporation of neutralizing bases such as ammonia). Similar
functional groups can also be incorporated in polyester- or polyurethane
backbones by ketone-functional dialcohols or diacids such as a-ketoglutaric acid.

iii. (Meth)acrylic acid, which is one of the most frequently used functional
monomers in water-borne acrylic polymers. These acidic monomer types are
the basis of all acrylic monomers as those are prepared from esterification
of alcohols with (meth)acrylic acid, but acid monomers may also be used
unmodified. The pendant acid groups that are obtained in a polymer
backbone are used to provide additional stability of water-borne polymer
particles and to provide more durability and adhesion to certain substrates
[17,18]. Polyurethane polymers almost exclusively use dimethylolpropanoic
acid, an acid-functional dialcohol for similar purposes [19, 20].

The acid functionality in water-borne resins is of importance, as it directly impacts various
aspects of the synthesized polymers, such as colloidal stability and end-product coating
properties. The polymer microstructure with respect to this functional monomer is of crucial
importance, as the way in which it is incorporated (sequence order, block length) directly
influences the polymer properties [21, 22]. By combining data of many chromatographic
and/or spectroscopic techniques, information regarding the polymer microstructure can
be obtained. For instance, fractional monomer conversion measurements can describe the
incorporation of monomer units as a function of the polymerization time [23].Although this
is very useful information, it is unknown where the reacted monomers are incorporated -
we only know these monomers are incorporated somewhere in the polymer. Spectroscopic
techniques such as infrared spectroscopy (IR) and nuclear magnetic resonance spectroscopy
(NMR) are also often applied for the characterization of water-borne polymers [24-27].
Hyphenation of these techniques with separation systems is particularly promising for
revealing polymer microstructure [28].However,the acid monomer is,composition-wise,often
used in the low percentile region in water-borne polymers. This poses sensitivity challenges
for named spectroscopic techniques to accurately characterize the acid functionality. To be
able to prepare water-borne resins with optimized properties and performance, there is a
need to direct these properties towards the desired direction. In order to do so, however, the
polymer microstructure with respect to the acid-functionality must be understood.

In the following paragraphs, a literature review is described on various conventional
polymer analysis techniques which are frequently applied for the characterization of
(water-borne) resins. Next to this,recent developments associated with these techniques

19
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and their possibilities with respect to insights on the polymer microstructure are
discussed. This is by no means a comprehensive list of all research efforts in these
techniques, but it should provide an overview of the main technologies and approaches,
the possibilities and the drawbacks associated with these polymer analysis approaches.
None of the described techniques / published works provides selective information
regarding the incorporated acid groups, which is a gap which was addressed in the
research chapters of this thesis (Chapters 2 to 6).

1.2 Size-exclusion chromatography

A well-established technique often used for polymer analysis is size exclusion
chromatography (SEC), also known as gel permeation chromatography (GPC). SEC can be
applied to obtain molecular weight (MW) averages and/or the molecular weight distribution
of a polymer sample [29]. It is an entropy-based process: polymers are separated according
to their hydrodynamic volume by exclusion from a porous packing material. Small molecules
penetrate the pores in the stationary phase material which will extend the residence time
in the column, larger molecules are more excluded from these pores, meaning larger
molecules will elute earlier [30-37]. This is schematically shown in Figure 1.6.

Total pore

‘\exclusion

4

Injection of
polymer mixture

\
| Total
permeation

Figure 1.6. Schematic representation of the size-exclusion chromatography process using fully porous
stationary phase particles. Polymers of various sizes are separated by their ability to enter particle pores.
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Under perfect SEC-conditions, (no interactions between polymer and stationary phase
and/or other polymer chains, or 0 < K < 1) the behavior of polymers can be described
by the following equation:

V.=V, +KV, (1)

in which V_ is the elution volume, V_ is the interstitial or exclusion volume of the
column and Vp is the total pore volume of the packing. K is the distribution constant,
which is, in liquid chromatography, defined as follows:

.
=1 )

where [(] is the concentration of the polymer in the pore volume (‘stationary phase”)
and [(] is the concentration of the polymer in the interstitial volume (mobile phase)[38].

In SEC, K has limits of 0 < K < 1,meaning the separation mechanism is entirely controlled by
entropy. If K> 1, interactions occur between the analyte and the column, which is unwanted
in SEC. For very large molecules, K will be 0, meaning they do not penetrate the pores and
elute in the exclusion volume (V). Very small molecules which can easily penetrate the
pores have a Kvalue of 1, meaning it will elute in the total column liquid volume [39].

Different molecular weight averages can be obtained using SEC, such as M, M_and
M _.The number-average molecular weight M_is calculated by dividing the sum of the
weight of all fractions divided by the number of molecules:

3V M)
T, ©

M

In this equation, N, corresponds to the number of " molecules with M, as molecular weight.
The weight-average molecular weight M can be calculated using the following equation:
S(NM?)
M == 4
« T YNM) ®)
As can be derived from the formula, the weight-average molecular weight is the sum
of the weight times the molecular weight of all fractions, divided by the total weight.
Finally, M, is calculated via the following equation:
S(NM?)
M,= 3 ()
z YINM?

o
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Stationary phases for SEC are available in a variety of pore sizes. The pore size is chosen
based on the molecular weight of the analytes to be separated. In general, SEC columns
can be either “single” pore size with narrow pore-size distribution or mixed-bed
(“linear”) with a broad pore-size distribution [37]. For columns with a single pore size,
the molecular weight range which can be analyzed is limited, yet the resolution is high.
These columns are often used when the molecular weight range of a sample is known.
Mixed-bed columns provide a larger separation range but with less resolution. These
columns are often used for screening experiments of samples to determine which single
porosity column to use, or to analyze polymer blends of different molecular weights [35,
37]. Also, multiple columns of different pore sizes can be used in series, increasing the
resolution and/or separation range [32, 37].

SEC columns are available in different particle sizes. Plate height and column permeability
decreases with decreasing particle diameter, providing increased resolution. Generally,
particle sizes around 3 ym can be applied for lower MWD polymers. For high-molar-mass
polymers and high viscous solvents (such as dimethyl sulfoxide, trichlorobenzene), 10 to 20
pum particles are applied. For intermediate cases, particle sizes of 5 to 10 um are available
[37].Small beads have higher optimal flow rates, but generate higher backpressures [35].To
withstand these pressures, rigidity of the packing is an important factor [40].

Columns packed with spherical polystyrene-divinylbenzene (PSDVB) copolymer gels
are often used for non-aqueous SEC. Samples which can, for example, be analyzed using
PSDVB columns are polystyrene (PS), polymethyl methacrylate (PMMA), polyolefins
etc. Other common polymer packings used for non-aqueous SEC are acrylate- or
polyester-based. These packings are of medium polarity. Examples of samples which
are commonly analyzed using these columns are polyurethanes and polyimides. In
aqueous SEC, hydrophilic polymer gels are used as column packing. These columns can
be used with aqueous solutions with pH values between 2 and 10 [40]. Any other high-
performance liquid chromatography (HPLC) column of which the pore-size distribution
is appropriate can be used for SEC, regardless of its surface chemistry. However, non-
size-exclusion effects must be absent, and the pore volumes must be large enough
[32, 40]. To meet the first criterium, certain mobile phase compositions and column
temperatures must be chosen to ensure interaction and/or charge exclusion between
the polymer and stationary phase is minimized. When the polarities of stationary phase,
mobile phase and the sample are perfectly balanced, the separation will solely be
governed by exclusion effects, meaning the system will be in SEC mode [30, 36-38]. If
the system is not completely in SEC mode, analytes may interact with the column and
will be retarded, resulting in incorrect lower molecular weight estimations [35].
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In aqueous mobile phases, more parameters (e.g. pH, ionic strength, organic modifier
addition etc.) have to be adjusted to ensure no specific interactions take place.Also, charged
functional groups of polymers in aqueous solutions may interact with the stationary phase
[30, 32]. To prevent interactions between analytes and analytes and stationary phase, salts
or 10 to 20 percent water-miscible organic solvent may be added to the mobile phase.
Aqueous SEC can obviously only be applied to natural and synthetical water-soluble
polymers [40]. For polymers only soluble in organic solvents, non-aqueous SEC must be
applied. Since most industrial polymers are insoluble in aqueous environments (despite
being water-borne), non-aqueous SEC is more commonly applied than aqueous SEC[39,40].

One of the limitations of SEC is that the separation is based on hydrodynamic volume.
Hydrodynamic volume does not only depend on molecular weight, but also on polymer
topology and chemical nature in relation to the solvent. This means a calibration curve
is only truly valid for samples with the same chemistry and topology as the reference
materials [34, 35, 37, 41]. The use of an on-line viscometer with universal calibration
can be used to overcome this problem. By applying this detector in combination with a
concentration detector, absolute molecular weight measurements are possible [34, 37]
using the Mark-Houwink equation:

[7] = K,,M* (6)

Here, M is the molecular weight of an analyte. [n] is the intrinsic viscosity of the sample.

aand K, are coefficients for a given polymer dissolved in a specific solvent at a certain
temperature [40, 42]. If the values of K and a are known for both calibration standard
and sample, no viscometer (thus no universal calibration) is needed, assuming the
hydrodynamic volume [n] x M is equal for co-eluting polymers. The molecular weight
for the sample can then be calculated as [42]:

1 & a,+1
logM, = a +1 log K. + o+ 1 logM, (7)

However, when the values of the Mark-Houwink coefficients are not known, an on-

line viscometer must be used to determine the intrinsic viscosity. This is performed for
standards with known molecular weights. A calibration curve is obtained, with which
the molecular weight of the sample can be determined [18].

Light scattering detection is another way of determining a polymer’s molecular weight
by use of incident light of a certain wavelength. M, is measured based on the following
equation [43]:
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In these equations, K’is a constant, ¢ is the angle between the incident and observed light,
R, is the difference in the Rayleigh scattering factor between the polymer solution and the
solvent, ¢ is the polymer concentration, P() is the particle scattering function, A represents
virial coefficients, n is the refractive index, A is the incident light wavelength, N_ represents
Avogadro’s number and dn/dc is the refractive index increment of the polymer solution.
The particle scattering function P@9) is dependent on the geometry and size of polymer
molecules with respect to the wavelength of the incident light. Measuring R, and P() and
extrapolating the data for zero concentration and zero angle will give the absolute M, [43].

Limitations in SEC analysis are band broadening and limited resolution [30]. These
limitations complicate MWD determination, molecular weight average determinations
and separation of polymer blends. The separation efficiency in chromatography can be
described by the plate height H. The lower the plate height, the higher the separation
efficiency. Plate height can be described by the Van Deemter equation [39]:
BD d u
H=Ad +—p"—*C va (10)

m

In this equation, A, B and C are coefficients, dp is the particle diameter of the stationary
phase, u is the interstitial velocity (average velocity in the domain outside the particles)
and D_ is the diffusion coefficient of the polymer in the mobile phase. For comparison
of separation efficiencies between methods, the reduced velocity and reduced plate
height were introduced. ud/Dm is equal to the reduced velocity n, and H/dp is equal to
the reduced plate height h. Incorporating this into the Van Deemter equation results in
the following equation [39, 44]:

h=A +§+ % 11)
A,Band Cdescribe the three factors contributing to band broadening, causing deterioration
of separation efficiency. One source of band broadening is eddy diffusion, the A-term
in the Van Deemter equation [39]. Eddy diffusion occurs within the SEC column, as

24



General Introduction

molecules take different flow pathways through the packed bed towards the detector
[40, 45]. In addition to eddy diffusion, longitudinal diffusion occurs: the B-term. Due to
molecular diffusion, slight dispersion in both directions of the average flow rate occurs.
In SEC, however, longitudinal diffusion is generally regarded as insignificant due to the
slow diffusion of macromolecules in solution [44]. Lastly, band broadening can occur due
to the resistance of an analyte to mass transfer, the C-term in the Van Deemter equation.
This band broadening occurs for both mobile phase and stationary phase. For the mobile
phase, the liquid near the packing material moves slower than the liquid in the center
of the path, causing molecules in the center of the flow path to migrate faster. For the
stationary phase, some analytes penetrate pores, while others move with the solvent.
Large molecules with low diffusion coefficients are more prone to this effect [39, 40, 44].
The C-term is considered to be the largest contributor to band broadening in SEC [40].

The resolution of two adjacent peaks in chromatography is defined as follows:

2V, V)
V being the elution volume and w being the peak width at the baseline. In SEC, it must
be taken into account that the separation is based on molecular size in solution. For
that reason, the resolution for a SEC column can be defined as a specific resolution:
Z(VRZ- VRI) Mz
Rop=+"w +w, 09\ M (13)

1

SEC is considered a technique with limited selectivity and limited resolution. Since
separation in SEC is based on hydrodynamic volume, sample components of the same
hydrodynamic volume cannot be separated. Also, polymer distributions with small
differences in hydrodynamic volume cannot be separated with high resolution [46].
Resolution, however, can be increased by e.g. coupling multiple columns in series,
decreasing stationary phase particle size and increasing temperature.

1.2.1 Non-aqueous SEC

As can be seen in Table 1.1, a great variety of (co)polymers has been analyzed employing
non-aqueous SEC, also with a large variety in solvent systems. Frequently, additives
were added to the mobile phase. For tetrahydrofuran (THF), butylated hydroxytoluene
(BHT) was present in several published methods. This material is added as antioxidant
to prevent autooxidation and polymerization of the solvent. Lithium bromide or lithium
chloride are additives of choice for dimethylacetamide (DMAc), dimethylformamide
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(DMF) and N-methylpyrrolidone (NMP). These lithium salts suppress hydrogen bonding
and polar interactions between charges along the polymer chains and the mobile phase
by neutralizing the ionic groups within the polymer. Additionally, the hydrodynamic
volume of the polymers is decreased, since repulsive forces between the ionic groups
are eliminated by neutralization [34, 47]. Acetic acid was used as additive in non-
aqueous SEC methods for similar reasons [34].

For non-aqueous SEC, a variety of column packings were used. Most methods used a PSDVB-
packed column. Caltabiano et al. [32] used a variety of common RP and HILIC columns for
the separation of PMMA and PS standards. Medium polarity columns, such as fluoro-phenyl
(130A) and cyano (80A), provided elution of PS and PMMA of similar molecular weights at
the same elution volume. The molecular weight of the PS standards ranged from 580 to
51,200 g.mol?, and the molecular weights for the PMMA standards ranged from 550 to
46,890 g.mol ™. For the cyano column,a mobile phase composition of 70/30 THF/acetonitrile
(MeCN) was used. The fluoro-phenyl column was used with 60/40 THF/MeCN as mobile
phase. These mobile phase compositions are different for both columns as the nature of the
stationary phases are different,and as such interactions with the analytes are different.As is
previously discussed, these interactions are unwanted in SEC analysis.

Moyses and Ginzburg [48] separated high molecular weight poly(phenylene ether) using
a Hypercarb porous graphite carbon (PGC) column with trichlorobenzene (TCB) as eluent.
PGC columns are normally used as stationary phase for RPLC-analysis of polar analytes.
The result of the SEC analysis was compared to SEC analysis on a PSS PSDVB High-Speed
linear M column using chloroform as mobile phase. Although the PGC column is not
designed for SEC-analysis, it performed very well in this mode. Four PS standards, ranging
from 575 to 281,700 g.mol™ were separated within two minutes, which is typical of rapid
SEC. The poly(phenylene ether) sample was separated using a two Polypore columns
within 25 minutes. A similar chromatogram was obtained using the PGC column within
5 minutes. Since a single column with increased pore size compared to the Polypore
columns is used, there is an increase in the high molecular weight cutoff and a decrease
in resolution in the low molecular weight range. Despite this, the PGC column provides a
dynamic range of separation, which covers one or two decades in molecular weight.

Pirok et al. [49] used a column packed with core-shell particles, also known as
superficially porous particles, for the SEC analysis of PS standards. Core-shell particles
consist of a solid core and a porous shell. The pore volume is reduced compared to
fully porous particles due to the solid core. Because of the reduced pore volume, core-
shell particles had not been applied for SEC, despite the demonstrated high efficiency
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in LC [50]. From the research of Pirok et al. it can be concluded that SEC analysis can
be performed using a core-shell column packing. In fact, a similar or better resolution
can be obtained more rapidly compared to fully porous particles as stationary phase.
Schure and Moran [51] also demonstrated the possibility of SEC analysis for polystyrene
standards using core-shell particles, comparing the results to separations using fully
porous particles. It was concluded that core-shell particles can perform faster SEC
separations with good resolution. However, fully porous particles outperform core-shell
with respect to specific resolution when time is not critical.

A custom pentaerythritol-based monolithic column is used for polystyrene analysis by
Kurganov et al. [52]. During the production of these columns, monolithic sorbents are
synthesized in the columns, occupying the whole inner space. Advantages of monolithic
columns are high porosity and enhanced permeability to flow. Both advantages could
be beneficial for fast, efficient SEC separations [53, 54]. In the research by Kurganov et
al., the custom-made monolithic columns were compared to PSDVB and poly(ethylene
glycol dimethacrylate) monolithic columns. The custom monolithic columns have
a higher non-flow-through pores fraction compared to the other studied columns,
resulting in a more efficient separation of polymers up to 10° g.mol. As a logical result,
the achieved resolution in this molar mass range is considerably higher [52].

In ultrahigh-pressure UHP-SEC, conventional UHPLC columns with sub-2 pm particles
are used for the size-based separation of macromolecules. Higher flow rates can be used,
decreasing analysis time significantly, yet separation efficiency remains high. UHP-SEC
was first described by Uliyanchenko et al. [55] using a BEH C18 packed column with
average pore size of 130A. Using this packing material, a SEC separation of polystyrene
standards up until 52,400 g.mol? was achieved in less than one minute using THF as
mobile phase. Separation of higher molecular weight polymers is possible, but separation
will then be based on hydrodynamic chromatography (HDC; see section 1.2.4).

The drawback of UHP-SEC is possible deformation of polymeric analytes due to high
(shear) stress. Coiled polymer chains can be transferred into a stretched shape, which
was observed by Uliyanchenko et al. [56]. Also, some studies show indications that
polymer degradation may take place [37, 39]. The Deborah number can be used to
calculate whether deformation of analytes takes place. This number can be calculated
using the following equation:

u\ 6.12¢nr’
De=k,, d | RT (14)
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k., is @ constant which depends on the structure of the packed bed, having a value of
9.1 for a randomly packed bed. u Is the flow rate per unit area of empty column, dp is the
particle diameter, n is the mobile phase viscosity, ¢ the Flory-Fox parameter, r the radius
of gyration of the polymer, R the gas constant and T the absolute temperature.Around De
= 0.5, a gradual transition from a coiled to stretched shape takes place. When polymers
are stretched (De > 0.5), elution takes place in slalom chromatography (SC) mode [56].
The larger stretched molecules will experience more difficulties passing through the
channels between particles because their direction must change frequently. Elution
order is from small to large, opposite to SEC elution [39, 56]. The change between the
three separation mechanisms, SEC, HDC and SC, is visualized in Figure 1.7, in which the
molecular weights of polymer standards are plotted as a function of elution time.As the
molecular weight increases, the separation mechanism changes from SEC to HDC to SC.

Slalom chromatography (SC

Hydrodynamic chromatography (HDC)

Molar mas

Size-Exclusion Chromatography
(SEC)

Elution Volume

Figure 1.7. Schematic representation of a change in separation modes upon increase in polymer molar
mass [84].

Even though slalom chromatography may potentially offer high selectivity separations,
the separation of polydisperse synthetic polymers may cause complications. If the
critical polymer size for which De = 0.5 falls within the MWD, part of the distribution
will be eluted in SEC or HDC mode. The other part will be eluted in SC mode, meaning
small and large particles will elute at the same time. Accurate MWD information cannot
be obtained in this case. In addition to that, when too much stress is applied to the
polymer, covalent bonds in the already stretched polymers can break. This leads to an
increase in low-MW polymers, resulting in inaccurate MWD determinations [39].
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1.2.2 Aqueous SEC

In aqueous SEC, columns with hydrophilic polymer packings were used mainly (Table
1.2). Caltabiano et al. [87] used common RP and hydrophilic interaction chromatography
(HILIC) columns for the SEC analysis of sodium polystyrene sulfonate. The columns
investigated were Luna HILIC and ACE 3 C,,,
HILIC column showed the best performance, with near-ideal SEC elution at 10 to 60°C
using 80/20 0.2 M Na,SO, / THF or 70/30 0.2 M Na,SO,/ MeCN as mobile phase. The
cyano column demonstrates a near-ideal SEC elution with 80/20 0.2 M Na,SO, / THF, but
only at 40 to 60°C. Similarly, the near-ideal SEC elution can be performed using the C
column and 70/30 0.2 M Na,SO,/ MeCN, but only between 20 and 50°C. In this research,
organic solvent was added to the mobile phases to minimize hydrogen bonding of the

C,, phenyl and cyano columns. The Luna

sulfonate groups with non-ionized residual silanol groups of the stationary phase.

Interaction between analytes and stationary phases in aqueous SEC can, beside addition
of organic solvent to the mobile phase, be reduced or eliminated by increasing the ionic
strength. Generally, ionic strengths exceeding 50 mM should be applied to eliminate
interactions between analytes and silica stationary phases [39]. In several of the
selected methods, sodium chloride is added to increase ionic strength [88-90]. Buffers
are sometimes used to regulate ionization of the analytes, simultaneously reducing or
eliminating analyte-stationary phase interactions as a result of buffer concentration
[91-93].
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1.2.3 Gradient SEC

Gradient SEC, a separation mode which combines features of SEC and interaction LC,
was first applied by Schollenberger and Radke [95]. The concept is visualized in Figure
1.8. In gradient SEC, the sample is dissolved in a strong eluent, meaning interaction
of the analytes with the stationary phase is minimized/eliminated and the polymers
elute in SEC-mode. Columns with small pore sizes are used to prevent the polymers
from penetrating the pores. A gradient with increasing eluent strength is applied but is
started before sample introduction. After injection, the polymers will escape from the
solvent band because the solvent molecules are significantly smaller compared to the
polymers. As such, the solvent molecules will penetrate all pores. Since the polymers
migrate through the column at higher velocity, they will experience changing mobile
phase compositions. At a certain eluent composition, the polymer will be adsorbed
onto the stationary phase and cannot continue migrating through the column at higher
velocity than the solvent molecules. This eluent composition is called the adsorption
threshold. The polymers will migrate with the same velocity as the surrounding solvent
molecules and will elute at the adsorption threshold solvent composition.

A) Injection
_____ ~
~N
~N
\\

g S~

3 S Adsorption threshold

= N

~N
5 s
Q. ~N
SN Eluent strength

Eluent strength ~

Figure 1.8. Representation of the SEC-gradient concept: A. After injection, B.At the adsorption threshold/
threshold of solubility.
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In this case, polymers will precipitate at the threshold of solubility, after which they will
move through the column by a precipitation-redissolution mechanism.The polymers will
elute at the threshold of solubility mobile phase composition. The adsorption threshold
or threshold of solubility differs for chemically different molecules. Chemically different
molecules with the same hydrodynamic volume can, thus, be separated by applying a
SEC-gradient.

Gradient SEC was applied for the separation of PS and PMMA of similar hydrodynamic
size by using a chloroform to THF gradient based on adsorption [95]. In another article
[96], Schollenberger and Radke attempted a solubility-based separation of PMMA,
poly(t-butyl acrylate, P-tBA) and poly(n-butyl acrylate, P-nBA) by applying a methanol
(MeOH) to THF gradient. Poly(t-BA) and PMMA were separated successfully, but poly(n-
BA) elutes at a similar elution volume to PMMA. However, the concept of solubility-based
separation by applying a SEC-gradient was proven. Maier et al. [63] separated p(MMA-
stat-MAA) copolymers with different MAA contents using a chloroform to DMAc gradient
based on adsorption. Finally, poly(n-BA-stat-AA)s were separated with respect to the
AA content. For this, a chloroform to DMAc gradient was applied as well, separating on
differences in adsorption.

1.2.4 Hydrodynamic chromatography (HDC)

Where SEC separates polymers based on hydrodynamic volume in solution by means
of porous packing materials, HDC separates polymers either in the interparticle space
between packing material particles or in narrow capillaries. HDC is a solution- or
dispersion-phase separation method, in which separation is governed by the parabolic
flow profile in a narrow channel,as visualized in Figure 1.9.Large molecules are sterically
excluded from the walls and will be driven to the center of the channel. Here, the
particles experience higher average velocities due to the flow profile: faster streamlines
are in the middle of the cylindrical tube [39, 98]. This results in earlier elution of large
molecules or particles compared to small molecules or particles, meaning elution order
is the same as in SEC[99].
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Non-porous particles

Figure 1.9. Schematic representation of separation in HDC mode, governed by the laminar flow profile.

For effective separation, the analytes should be relatively large compared to the
channel. The aspect ratio for a given column is defined as the ratio of the radius of the
analyte (r) to that of the flow channel (r):

A=t (15)

For the HDC-effect to occur, the value of the aspect ratio must be roughly 0.01 - 0.4
[61, 100]. Capillaries with extremely small internal diameters (less than 10 um) can be
used for HDC [39, 101]. Separation can also take place in the interstitial space between
particles in packed columns. The use of non-porous particles or porous particles of pore
size substantially smaller than the analyte size prevents the analytes from penetrating any
pores. Pore penetration by the analytes would lead to SEC-based separations. In addition,
the packing material should be inert, minimizing non-HDC enthalpic interactions [99].

Size determinations by HDC are based on calibration, relating the elution volumes/times
of monodisperse latex dispersions to known particle size. More specifically, a calibration
plot of the retention volume/time versus latex diameter is used to determine the particle
size of latex samples [101]. If elution would be controlled by the hydrodynamic effect
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only,the elution rate of a colloid would be insensitive to the chemical nature and surface
charge. However, electrostatic and van der Waals interactions between stationary phase
and analytes are often present, resulting in non-ideal HDC. These interactions can be
different for each polymer. Calibration of HDC using, for example, polystyrene latexes,
can therefore not always be applied universally [101].

Mobile phases in HDC are chosen based on the surface chemistry of the capillary or
column and on the sample nature. When non-HDC interactions arise between the
analytes and the column/capillary, addition of salts or surfactants to the mobile phase
may be helpful to minimize these effects [101]. Also, the selected buffer determines
the application range. As the ionic strength increases, the electrical double layer of the
analytes and that of the surface will decrease, causing the HDC separation range to shift
to larger particles since electrostatic repulsions are minimized [61].

Many different additives can be added to the mobile phases. Pirok et al. [61, 102] used
purified water with HNa,PO,, sodium lauryl sulfate (SLS), Brij L23 and sodium azide for
polyacrylate and polystyrene nanoparticle analysis. HNa,PO, was added to increase
ionic strength, screening electrostatic repulsion between the analytes and stationary
phase. These electrostatic repulsions originate from the overlap of electrical double
layers around the particles and the stationary phase. Finally, sodium azide was added to
the mobile phase for preventing bacterial growth [61].

Brewer and Striegel [103] used the same mobile phase additives, except sodium azide
was replaced with formaldehyde. Formaldehyde is added for the same reason as sodium
azide, prevention of bacterial growth [61]. Op de Beeck et al. [104] used a sodium borate
buffer as mobile phase, with Triton X-100 added as surfactant.

When dissolved polymers instead of dispersed polyacrylate and polystyrene
nanoparticles were analyzed, organic solvents were used for the mobile phases. Edam
et al. [105] used THF as mobile phase for the analysis of PS and PMMA between 2
kDa and 1.1 MDa. Similar experiments were done by Korolev et al. [106, 107], using
dichloromethane as mobile phase for PS separation by HDC.

Columns have been designed specifically for HDC, such as PL-PSDA cartridges [61, 102]
or PS-1 HDC [103]. Edam et al. [105] performed solvent-based HDC analysis of PMMA
and polystyrene using a custom PSDVB monolithic column. Columns with pore sizes
as small as 75 nm were prepared, which enabled separation via HDC for 0.02 < A <
0.2, corresponding to molecular weights between 20 and 523 kDa. For A < 0.02, SEC
is the main separation mechanism. In the publication by Korolev et al. [106], the use
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of an unmodified quartz capillary for monolithic column preparation was described.
Monolithic microporous polymers based on divinylbenzene were prepared in the
capillary. The advantage of using monolithic columns, is that the size of the channels
is determined by the reaction mixture and the synthesis conditions, providing custom
channel sizes within wide limits [106].

In another publication [79], Korolev et al. used a similar unmodified quartz capillary
with a diameter of 5 pm, but without filling. Separation of a mixture of polystyrene
standards was successfully achieved, but the observed data was not consistent with
the theoretical model. For this reason, additional experiments were needed to fully
understand HDC separation in hollow capillaries.

1.2.5 Limitations of SEC for analysis of acid-functional polymers

The described separation modes are applicable for water-borne polymers (aqueous SEC
obviously for water-soluble polymers only). Non-aqueous SEC is the mode of choice to
obtain the molar mass distribution of non-water-soluble of polymers. The incorporation
of acid monomers does not necessarily influence the separation of acid-functional
polymers, although the presence of functional groups in the polymers may provide
additional challenges in obtaining a purely entropy-based separation process. The
information obtained by SEC does not yield any information regarding the incorporation
of the acid monomer. In gradient SEC, it is possible to obtain a clear separation between
polymers with a difference in content of acid monomer. Gradient SEC has a broad
application range with respect to the relative content of acid monomer, polymers with
up to 50% of acid monomer were eluted with good integrity [97]. This mode of separation
(using the polymer acid content to change the adsorption characteristics) will however
only be applicable for copolymers within the same chosen subset of comonomers. The
change of the comonomer type or the addition of a third monomer type will change the
adsorption/desorption characteristics of the polymer and change the elution behavior.
In such cases, obtaining information regarding the incorporation of the acid monomer
will be challenging.

1.3 Interaction chromatography (ILC)

Interaction chromatography is a general term for a collection of separation modes which,
contrary to SEC, are driven by a combination of enthalpic and entropic effects. These
separation modes are used to characterize the chemical composition distribution of
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polymer samples. Such characterization techniques are useful in the case that describing
only the molar mass distribution is not sufficient to explain the properties of a polymeric
material. Interaction chromatography is thus most frequently applied in assessing the
heterogeneity of copolymers. Different modes can be discerned, of which several are
discussed below (gradient SEC, which was discussed in the previous paragraph can
also classify as an interaction chromatography method as it uses attributes of both SEC
and interaction chromatography). Techniques such as temperature gradient interaction
chromatography (TGIC) are not discussed in detail, as this is not (yet) applied for the
characterization of water-borne polymer systems but primarily for non-polar species
such as polyolefins [62, 78, 80, 108].

Polymer analysis using interaction chromatography (or gradient polymer elution
chromatography, GPEC) is a HPLC technique for separation mainly based on chemical
composition. The mobile phase consists of a mixture of a weak eluent and a strong
eluent for the sample, with a programmed composition (gradient). At the start of the
separation process, a weak eluent composition is used. After the polymer is injected, it
precipitates onto the column due to low solubility in the non-solvent. Subsequently,
the mobile phase strength is increased, causing the precipitated polymers to slowly
redissolve. Polymer separation is achieved by retention of different polymers, based on
differences in chemical composition (and/or end groups) and molecular weights [109,
110]. The polymer fractions may also physically interact with the stationary phase [29,
109, 110], resulting in a favorable partitioning of the polymers from the mobile phase
to the stationary phase. Thus, retention is not only governed by solubility, but also by
adsorption effects; separation is based on both enthalpic and entropic effects [39, 96,
111-113].

ILC can be applied to determine several types of polymer distributions, such as the
chemical composition distribution (CCD) or functionality type distribution (FTD) of a
polymer sample. Different types of polymer distributions have been discussed in the
Introduction and are topic of many publications [39, 109, 110, 114]. Under certain
solvent compositions, the interaction between the fractions and the stationary phase
is mainly based on adsorption. This means retention depends on chemical composition
and molecular weight. Longer polymer chains possess more interacting units, meaning
they will be more strongly retained than smaller chains. As such, low-MW fractions will
be eluted first [38, 39]. Under gradient conditions, molecular-weight-dependent elution
is stronger for low-MW polymers. For polymers above 100 kg.mol?, molecular weight
independence is often observed [29, 39, 113].
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For CCD determination of copolymers, the ILC behavior of homopolymers or of
copolymers with known compositions must be studied. The difference in retention times
of the homopolymers must be sufficiently high in order to obtain a high resolution for
CCD determination. The CCD of a sample can be calculated from a calibration curve
of standards with known chemical compositions [29]. In several publications, CCD
determination is performed under critical conditions (liquid chromatography at critical
conditions; LCCC), which is further described in paragraph 1.3.3. However, since LCCC
is an isocratic elution technique, a requirement is that all functionality or chemical
composition fractions elute with one eluent composition. Especially for low-MW
polymers, ILC can provide detailed information on FTD or CCD within a polymer sample
[113] although confounding molar mass effects can complicate this analysis.

Conventional HPLC columns, such as C,_, cyano, amino or unmodified silica, are used as

18’
stationary phase in ILC, meaning ILC can be reversed-phase (RP-ILC) or normal phase
(NP-ILC). In NP, adsorption interactions are generally much stronger than in reversed-
phase. Most functional (end) groups are more polar than the polymer backbone. For
this reason, NP-ILC is frequently applied for FTD determinations, and also often for CCD
determinations [115, 116]. Since in RP-ILC, adsorption interactions are weaker, non-
solvents must be applied for the analytes to be retained by the stationary phase. The
use of non-solvents may result in precipitation of the polymeric analytes. Redissolution
of the polymers into the mobile phase and/or desorption from the stationary phase is
molecular weight-dependent, which results in an increased dependence of molecular
weight on retention in RP-ILC [116].

For selection of the mobile phase components, the solubility of the analytes and the
eluent strength must be considered. The mobile phase composition at the start of the
analysis is mainly non-solvent, causing the polymer sample to precipitate and/or interact
with the stationary phase at the top of the column. The mobile phase composition
must be changed to a solvent that is capable of dissolving and/or desorbing all sample
fractions. Some large polymers will be strongly adsorbed on the column and may not
be eluted. When only part of the entire sample elutes from the column, MWD, CCD or
FTD determinations cannot be done accurately [39]. THF, acetonitrile and methanol are
commonly used strong solvents/eluents in RP-ILC of low-molecular-weight analytes.
Many higher-molecular-weight polymers are insoluble in acetonitrile and methanol,
which is why THF is more often used. The non-solvent component of the mobile phase
can be another organic solvent, but water is also frequently applied [113].
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Often in isocratic LC analysis modes, such as SEC, the sample is dissolved in the mobile
phase. In ILC, however, sample precipitation can also occur in the injector because the
initial mobile phase composition consists mainly of non-solvent. For this reason, the
sample is ideally dissolved in a good solvent which is a weak eluent [117]. Alternatively,
a higher percentage of strong eluent can be used for sample dissolution, but this may
lead to breakthrough peaks. Breakthrough peaks appear when part of the sample passes
through the column together with the strong solvent band without interacting with the
stationary phase. In case this effect occurs, accurate analysis is impossible. Therefore,
using a weak eluent as sample solvent is preferred [113,118].

Like in SEC, mass transfer is slow, meaning the Van Deemter C-term dominates band
broadening at room temperature [39,44].In addition to that,diffusion of macromolecules
in solution is minimal, meaning longitudinal diffusion (Van Deemter B-term) is minimal.

Similar to SEC, ILC can be performed at elevated temperatures (HT-ILC). This is often
applied to polymers which are insoluble in any solvent at room temperature, such as
polyolefins. Temperature increase leads to a lower mobile phase viscosity and thus
a higher analyte diffusion coefficient. This causes a decrease in reduced velocity v,
resulting in reduced plate height according to the Van Deemter equation. This means
separation efficiency is improved when performing ILC at elevated temperatures. Also,
flow rates can be increased without considerably increasing backpressure, resulting in
faster separations. Even though the interactions between the analyte and stationary
phase decrease with increasing temperature, HT-ILC allows for more efficient and faster
separation of polymer samples [39, 113].

Anotherwayto reduce analysis time is the use of columns packed with sub-2 um particles
at pressures up to 100 MPa: UHP-ILC. Not only is analysis possible at higher speed,
but resolution also increases, which can be derived from the Van Deemter equation.
This cannot be applied without boundaries, as the attainable plate number (and thus
resolution) decreases at a certain point upon decrease of the maximum column length
due to pressure limitations. Also, several groups have reported on a potential risk of
polymer deformation or even degradation when performing UHP-ILC, although this may
hold true only for very high molar-mass polymers [39, 56]
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. Hydrophobic/hydrophilic B

interactions S ,’[@‘, Desorption

Stationary phase particles

Figure 1.10. Schematic representation of adsorption/desorption processes as found in interaction
chromatography.

C18 columns were often applied for polymer analysis, next to unmodified silica columns.
C18 columns are mainly used for separation based on chemical composition [54, 58,
73, 119]. Molecular weight dependence on elution is often observed, specifically for
polymers below 50 kg.mol. Also, some publications show the separation of polymers
according to degree of branching [74,80,120,121] or to block length [122]. The degree
of branching is observed to be molecular-weight dependent,understandably with higher
degrees of branching in higher-molecular-weight polymers. NP columns are more often
used for block copolymer analysis [74, 81, 82,91, 123] due to their selectivity for polar
functionalities. Separation according to degree of branching on NP columns was not
found in the selected articles. However, chain-end-based separation of polybutadiene
and polystyrene was seen, using an isocratic eluent composition [124].

All published HT-ILC methods found so far used a Hypercarb porous graphite carbon
(PGC) column for polymer separation. PGC columns were developed as an alternative
to octadecyl silyl (ODS) phases. The columns are built up of two-dimensional graphitic
sheets with sp? hybridized carbon atoms in hexagonal arrangement. The sheets are kept
together through van der Waals interactions [125, 126]. Similar to ILC separations using
conventional stationary phases, retention is thought to occur through a combination of
interactions between mobile phase,stationary phase and the analytes.Hydrogen bonding
between the analytes and mobile phase discourage retention. However, hydrophobic

43



Chapter 1

interactions promote retention by ‘pushing’ analytes towards the PGC surface. Dispersive
forces between nonpolar analytes and the PGC contribute to retention. Also, the PGC
surface is polarizable, meaning polar analytes can be retained through charge induction
[126,127]. PGC columns give increased retention of both polar and non-polar analytes
compared to reversed-phase silica-based columns. In addition, an increased selectivity
for structurally similar analytes has been observed. Large planar molecules are strongly
retained, whereas highly branched molecules exhibit limited retention [125].

The reason PGC columns are used in HT-ILC, is their resistance to extreme conditions.
Compared to silica-based stationary phases, PGC columns can be used at a broader
pH value range. Where ODS columns can generally withstand pH values ranging from
2 to 8, PGC columns are compatible with mobile phases from pH 0 to 14. In addition,
PGC is chemically stable in aggressive mobile phases and at high temperatures up to
200°C. In comparison: most silica-based stationary phases (such as ODS) cannot be
used at temperatures exceeding 60°C [126] or extreme pH conditions. In addition, PGC
has high rigidity and mechanical stability, as it can withstand pressures up to 100 MPa
- which is ascribed to the intertwined nature of the material. The intertwined nature
also causes the material to be resistant to swelling or shrinking [128]. In comparison:
ODS stationary phases have similar mechanical stability and also allow use up to
100 MPa. For PSDVB and other polymer packings, however, low mechanical strength
is typically encountered. These packings suffer from excessive shrinkage and swelling
upon changes in eluent composition [129, 130]. The above-mentioned attributes make
PGC an ideal choice for HT-ILC applications. Most HT-ILC methods were applied for
separating copolymers according to their CCD. Ethene and propene homopolymers or
copolymers were the only polymers analyzed with HT-ILC, due to their insolubility in
solvents at room temperature.

Another type of stationary phase used in ILC analysis is @ monolithic disc. Maksimova
et al. [131] used monolithic disks of different surface chemistries for the separation
of PS, PTMBA and PMMA of different molecular weights. Three monolithic disks
were studied: PSDVB, poly(glycidyl methacrylate-co-butyl methacrylate-co-ethylene
dimethacrylate) (C4) and poly(glycidyl methacrylate-co-ethylene dimethacrylate) (GMA-
EDMA). No distinction could be made between the separation retention mechanisms
on the different monolithic disks, which were all based on both a combination of
precipitation-redissolution effects and adsorptive interactions. The latter are enhanced
with increasing monolith polarity. All studied monolithic disks were found to be suitable
as stationary phases for ILC separations of polymers. The influence of monolith surface
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chemistry on peak resolution showed that adsorption was a significant contributor to
the retention mechanism.

The PSDVB monolithic disks were not the only PSDVB stationary phases studied. Cheng
etal. [122] used PSDVB columns (called PLRP-S) for the separation of statistical poly(N-
vinyl pyrrolidone-co-vinyl acetate) (PVPVA) polymers. According to the authors, columns
with a nominal pore size of 1000 A were selected to minimize SEC effects and maximize
interactions between the copolymers and the stationary phase surface. A water/THF
gradient was applied. For the water-soluble PVPVA copolymers, separation was thought
to be mainly based on interactions between the hydrophobic vinyl acetate (VA) units
and the stationary phase. As a result, separation was based on chemical composition.
Indeed, an increase in retention was observed with an increase in VA content. However,
in some cases samples with different VA content eluted at the same elution time.
This was found to be due to differences in the MWD. Therefore, a calibration curve
of copolymer standards with known chemical compositions could not be used for
CCD determination. However, using the developed method, low-concentration (*1.0%)
homo-PVP contaminants in the copolymers could be separated and quantified.

Finally, columns packed with glass beads were studied for polymer separation by
Reingruber et al. [66]. This stationary phase was used for the separation of poly(ethyl
diazoacetate) and poly(benzyl diazoacetate) homopolymers and copolymers based on the
CCD. Separation was first attempted using conventional NP and RP columns, but due
to different concurrent selectivity’s, interpretation of chromatograms was not possible.
The glass-bead column was used under the assumption that the adsorptive interactions
would be minimized, but the samples were still retained on the glass beads. It was not
understood which property dominated the retention. Interpretation of the chromatograms,
however, was easy. The developed LC method could be used for screening purposes only,
since the resolution power did not suffice to accurately quantify the CCD.

Most applications use a mobile phase consisting of only organic solvents. Several used
water or a hydro-organic mixture as one of the mobile phase components [54, 92,122,
132,133] . Most of these methods used a HPLC or UHPLC ODS column for the analysis.
Onlyin the application of Hilbert and Marcus [133],a custom polyethylene terephthalate
(PET) capillary-channeled polymer fiber column was used. For compatibility reasons, no
NP columns were used with aqueous mobile phase components.

At low or moderate temperatures, the most commonly used adsorption and/or
precipitation promoting solvents in one- and two-dimensional gradient LC were found
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to be methanol and acetonitrile. THF is the most popular solvent used as desorption
and/or dissolution promoting agent, followed by chloroform. THF has a high elution
strength and is capable of dissolving many polymers. Also, it is miscible with most
solvents [134]. A gradient from methanol as adsorbent/precipitant to THF as desorbent/
good solvent is most commonly described in the articles.

Thus far,only binary gradients have been discussed. However,sometimes application of a
ternary gradient leads to better separations. Ternary gradient systems are applied when
the analytes show significant solubility differences in different solvents [114]. Li et al.
[135] used ILCfor analysis of copolymers of the enantiomers poly(L-lactic acid) (PLLA) and
poly(D-lactic acid) (PDLA). Pure PLLA and PDLA polymers show semicrystalline behavior.
Poly(D,L-lactic acid) copolymers are known to be amorphous. Also, all semicrystalline
PLAs cannot be dissolved in THF,while the amorphous PLAs can be dissolved. Chloroform
is a good solvent for all samples, but a weak eluent when using a NP column. A gradient
from chloroform to THF was studied, but separation was not successful due to additional
adsorption effects. For this reason, a ternary solvent gradient was developed. n-Hexane
was added to the gradient, which is a non-solvent for all copolymers. Samples were
injected with chloroform as mobile phase, causing retention of all copolymers. Then, a
gradient to n-hexane was applied, resulting in precipitation of all polymers. After that,
the THF fraction was gradually increased, causing redissolution (and thus desorption) of
the amorphous PLAs. Finally, the chloroform fraction was increased again, resulting in
desorption of the semicrystalline PLAs. This led to elution at higher retention volumes
for samples of higher stereochemical purity. All PLAs having an isomeric excess of less
than 80% elute at the same retention volumes and could therefore not be separated.

In HT-ILC, high boiling point solvents must be used as mobile phase [39, 40, 45].
1-Decanol was the most popular solvent used as adsorption/precipitation promoting
agent in these publications. TCB was almost always used as desorbent/strong solvent.
Sometimes, 2-ethyl-1-hexanol was used instead of 1-decanol [136-138]. Chitta et al.
[136] concluded that both 1-decanol and 2-ethyl-1-hexanol as well as 2-octanol can be
used as adsorbent/precipitant for polyethylene/1-alkene copolymers. Retention of the
copolymers in 2-ethyl-1-hexanol and 2-octanol is similar and stronger than retention
in 1-decanol.Also, it was concluded that both TCB and ODCB can be used as desorbent/
strong solvent, with TCB being the strongest eluent. Macko et al. [137] tested 2-ethyl-
1-hexanol and cyclohexanone as adsorbents/precipitants in combination with TCB as
desorbent for separating poly(ethene-co-vinyl acetate) analysis. Similar dependences
between elution volume at peak maximum and peak molecular weight were obtained
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using both adsorption-promoting solvents. Molecular-weight independence was found
for polymers above 20 kDa for both solvent gradients.

Like in SEC, additives can be added to the mobile phase. Wright et al. [82] added 1.2%
methanol to DCM to improve the elution strength of the system. Hilbert and Marcus
[133] added trifluoroacetic acid (TFA) because it had been shown to be an excellent ion-
pairing agent. Simultaneously, the ionic nature of the stationary phase was decreased,
since TFA capped the cationic sites on the fiber surface in this work.

By using a NP stationary phase, both chain-end functionalized PS and polybutadiene
could be analyzed using an isocratic solvent composition. NP columns are often used for
FTD determination, since the polar stationary phase interacts much more strongly to the
functional groups than RP columns [124]. The research from Hutchings et al. featured
two isocratic methods. An NP stationary phase was used for separation of PS with
different chain-end functionalities, namely PS-OX where X is tert-butyl(dimethylsilyl),
PS-OH and PS-Br. A 55/45 (v/v) isooctane/THF mixture was used as mobile phase. All
three PS samples eluted at different retention volumes. In separate runs, a difference
in retention times was observed between PS-Br and PS-OX. When analyzing a mixture,
these two peaks overlap. PS-OH, however, was baseline separated from the other two
samples. PS-OH exhibits hydrogen bonding with the NP stationary phase, causing the
analyte to be retained the strongest, other analytes did not exhibit equally strong
interactions.

Polybutadiene samples of different molecular weights with and without -OH chain-
end functionality were analyzed using the same NP column. Again, an isocratic solvent
composition was used, but the amount of THF was strongly decreased compared to
the PS injections mentioned before. Polybutadiene is very non-polar, and therefore it
requires only a small fraction of strong eluent to overcome the interactions between
the polymer backbone and the stationary phase. A 96/4 (v/v) isooctane/THF mixture
was used. The unfunctionalized polymers elute close to each other and close to the
solvent injection peak. The functionalized polymers of different molecular weights,
however, could be separated from each other.

47



Chapter 1

4HL1:9

lesTl juaipesb Y100} mes HOd9IN 1Y 87D d100n20y VYINWd
4HL:9

[teTl goly HO3IN 'V ASIP GAQ-S IUHOUO YW
4HL:9

[zt (ungory wioyolo1yd 1y BIIS 1IS031INN VYN

4HL:9 _

l¢/] ua1pe.b Y1001 Mes HO3IN 'Y Oe 81D P109 11siadAy VYINIWd
213e400S! 4H1D
v ‘(un) v 03 3 213e100s1 ) “(un) auexaH :g

[s¢T] D 01 goneosi g (un) g oy wlojoio1y) 1y B2I1)1s 11S03)dNN (p12e 2130E7)AT0d

213BI00S1 YV ‘'Y %00T JoueyIBN :g (91€190R0ZEIP

[99] 01V %z ‘onenos! gy 86/ Wwli0J0I01YD iy  uwnod speaq sseb snolod-uou woisn) 1Azuag-02-a1e190e0ZER1p 1AYI8)A10d
21812081 V'Y %00T 0ueYIaN g

[99] 01V %7 “Dnenost /v 86/t wJojololy) iy uwn)od speaq sselb snolod-uou woisn) (s1e190R0ZEIP 1AYIR)A10d
S7/S/ 4H1/su038dY g

loztl (ungoy  §7/S/ HOBW/3U0RDY 1y 8TD 11S031INN 13d
4HL:9

[t¢Tl gory HO3W ¥ ASIP GAQ-S dIUHIOUO (e1e1/10BY39W 1AING-)A10d
21112081 VY %007 10UBYIS N 19

[99] 01V %z oreos! gy 86/ wiojololyd iy  uwn)od speaq ssejb snolod-uou woisnd) (912390R0ZEIp 1AZUBQ)A10d

wJojololy) :g (21e4A2ngAX0IPAY

(8] g0y 06/0T HO¥/WIoj0I01Y] 1Y ZHN 136 eonis o212dng -00-33e191eAMX01pAY-¢)A1od

wJojololy) :g (a1e1/AIngAX0IPAY

[g<] go1v 06/0T HO13/Wiojol01y) 1y 81D lIsewouy -07-91e131eAAX0IPAY-¢)AT0d

213e400S! JHL1:9 (sunozexo-z-(jAua

[¥<l g (un) g 03y Onenos v 121eM 1y 87J-X4qQ asd1)d3 -6-28p-7))-07-(3urjozexo-z-1Auayd-z))A1od
213e120s! 4HL1:9

[¥sl g (un) g 03 v O1enost v 1218 1Y 87D-Xd(@ asdi>3 (unozexo-z-1Auayd-z)A1od
21e120s! 4HL:9

[¥<] g (un) g o1y dOneuosi y 191eM 1Y 812-X4Q asdid>3 (sunozexo-z-(jAus-¢-33p-7))A10d

V41 %90°0 YUM NI 9 EINE]

[ggTl (unN)go1y V41 %9070 UM J31eM 1Y 13qy dd>-) 13d woisn)  1Auayduou-i a3ejhxoyse pioe d110A1H

oy wlpel syuduodwod aseyd aj1qon uwno) aljeuy

suoiedndde )| pa312213s "§°T d1qeL

48



General Introduction

[vzTl - 96/t dUE1200SI/4H 1 B1IS 11S031INN Sd
vzt - §S/S¥ UB00SI/4HL B1IS 1IS091oNN auaipeIngAiod
Ja1em Ul 4H1 %S/ 9
[zl d1eos| g“(un) g oy 121eM Ul 4HL %S 1Y S-dy1d  (21e3928 1AUIA-02-3uopiouAd 1Auin)Aod
1a1em Ul 4H1 %S/ 19
[zt d1e10s) g“(un) g oy 1a1em Ul JH %S 1V S-dy1d (euopnouhd 1huin)hiod
4H1:9g
lesTl ua1pelb Y100} mes HO3IW 1Y 87D 2100N2Y (@pHO1Y 1AuIn)A10d
J31em Ul 4H1 %S/ g
[zz1] d1enost g (un) g oy 191eMm Ul 4H %S Y S-dy1d (3183928 1AUIN)Al0g
J13enost  HOIW %T'T UNM NDA g
[z8] g(un) g 03 v 213e1008! ¥ aueydaH 1y B2)IS 11S0312NN (e1€14108 1AING-U-32019-S)A10d
dH1:g
(18] (ungory auexaH 1y S0 §S glosuayds (suatpeng-0o-S)Atod
dH1:9
lesTl juaipesb Y1003 mes HO3W ¥ 81D 340022y Sd
4HL:9 (2181A10BYBWIP BUSAYIR-02
[teTl (ungoy NDSIW:y  -3iejhuneyiaw 1ApAIB)Atod diyanouoiy Sd
Asip (aejhioeyiawip
4HL:9 aua)Ayle-or-arejAideylaw 1Aing-0o
[teT] (un)goy NDSW:y  -siejhuoeyisw 1AppAiB)Atod diyanouoiy Sd
dH1:g
[teTl (un) gory NDIIN 1 ASIP GAQ-S JIUHOUO Sd
J13e1005] WDQa:4
[08] 9 %06 (un) 9 %06 01V %0S NBEINRY 81D 11S03]INN Sd
4H1:9g _
[e/] ua1pelb Y100} mes HOdIN 'Y Oe 81D P109 11ssadAy Sd
wJojololy) :g
[8¥] J11e100s1 g ‘(un) g o1y ND3 1V gJedJadAy (12y22 auaAuayd)Aiod
4H1:9
[ezTl (ungory WI0J0I01YD 1Y B1IS 11S0919NN (S=1019-yInW)A10d
W10J0101Yd Ul 4H1 %05 ‘9
[s/] (un) 8 %00T 03V %56 WI0joI01YD 1Y B2)IS 11S0312NN (S-Ypsb-yNn)A10d
oy waipels syuduodwod aseyd dj1qon uwno) 9lljeuy

panuiuo) *§°T 31qeL

49



Chapter 1

1.3.1 lon-exchange chromatography (IEX)

Amode of “interactive” LC,in which analytes undergo active electrostatic interaction with
functional groups on the stationary phase is ion-exchange chromatography. Stationary-
phase functionalities and analyte functionalities carry opposite charges.Various modes
of IEX are discerned, with main descriptors being the type of ions that can be separated
(anionic or cationic) and the nature of the stationary phase. The functional group on the
stationary phase may be charged irrespective of the pH of the eluent (such as quaternary
ammonium or sulfonate groups), resulting in a “strong” ion exchanger. The stationary-
phase groups may also be neutral or charged, depending on the eluent pH and the pK
of the ionizable group. lon exchangers which such functionalities are called “weak”.
The analytes characterized using IEX are almost exclusively water-soluble substances,
such as proteins [140, 141] and amino-acids [142]. Synthetic polymers remain a class
of analytes for which IEX is not applied, as it is very difficult to establish suitable
conditions for elution and separation, if only for the fact that most water-borne resins
are not water-soluble.

1.3.2 Liquid chromatography at critical conditions (LCCC)

When the elution behavior of polymers in a chromatographic system is based on
exclusion, high-molecular-mass fractions/polymers are eluted first. When interaction
occurs between polymer and stationary phase, chromatographic behavior is mainly
based on adsorption. In this case, low-molar-mass fractions are eluted first. Somewhere
in between, conditions may exist where the free energy of transfer between the mobile
phase and the stationary phase becomes negligible for the polymer backbone, these
conditions are called critical’ [31, 38, 109]. LCCC is thus performed in an intermediate
regime between adsorption chromatography and SEC, which is schematically depicted
in Figure 1.11. Under critical conditions, the separation is molar-mass-independent,
with chromatographic retention only based on small differences in chemical structure
of the sample fractions such as the nature and number of functional groups, end-
groups, and perhaps blockiness, grafts or branches. By definition, LCCC is an isocratic
elution technique.

For separations based on functional groups- or end-groups, the critical conditions of
the non-functionalized polymer are applied, so that retention is only based on polymer
functionalities. For copolymer analysis in LCCC, the critical conditions for one of the
homopolymers are used. Under the critical conditions for the A-block of an AB block
copolymer, the separation will be based on the extent of exclusion of block B. The
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length of the A-block does not affect the separation, since all A-homopolymers of
different molecular weights elute at the same elution volume under critical conditions.
The critical conditions are different for each polymer and may vary for different column
packings, since these may give rise to different interactions [38]. The critical conditions
also vary with temperature and possibly with pressure [143]. For functionality-based
separations by LCCC, NP columns are mostly used [29, 116].

Liquid Chromatography at

Critical Conditions (LCCC)

Gradient Interaction
chromatography

Interaction Chromatography

Molar mas
£

Size-Exclusion
Chromatography
(SEC)

Retention Vqumé

Figure 1.11. Dependence of the peak-average molar mass on the elution volume at peak maximum.
The black line marks the LCCC conditions. The red lines describe elution in SEC- and liquid adsorption
modes.

Although theoretically possible, perfect critical conditions are hard to establish and to
maintain. Most LCCC analysis will therefore take place at near-critical conditions [38,
144].Around the critical conditions,small changes in eluent composition or temperature
can significantly affect the mode of polymer separation, causing it to alter from SEC to
adsorption chromatography or vice versa. Polymer retention may vary more strongly for
stationary phase materials with larger surface areas. This can possibly be circumvented
by reducing the surface area. The use of stationary phase material with larger pores will,
thus, eliminate this problem [38].

Although LCCC has numerous advantages for CCD and FTD determinations, achieving
and maintaining the critical conditions can be difficult. Sometimes, the critical mobile
phase composition and temperature must be regulated within 0.1%, or else the critical
conditions are not maintained [145, 146]. Since LCCC is at the borderline between SEC
and interaction chromatography, small changes in eluent composition can cause the
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separation mode to alter. As is previously described, this leads to uncontrollable sample
behavior [38, 147]. Eluents are sometimes pre-mixed in order to maintain a constant
mobile phase composition [148]. In that case, however, temperature changes can still
distort the critical conditions.

Also, determination of the critical conditions of one block in block copolymers is
performed by determining the homopolymer critical conditions. The critical conditions
of the blocks may, however, differ from those of the homopolymers [147]. Furthermore,
high-molecular-weight polymers tend to precipitate as the critical conditions are
approached. This limits the application range to low-molecular-weight polymers [148].

This approach was applied several times. Irfan et al. [68] developed two methods for
poly(EO-block-e-caprolactone) analysis. Both methods characterized di- and tri-block
copolymers with regard to total relative molecular weight, chemical composition,
molecular weight of the individual blocks and homopolymer content in block copolymer
samples.Similar results were obtained by M.l.Malik [147] for poly(EO-block-MMA), Sinha
et al. [148] for poly(EO-block-S), Lee et al. [108] for poly(S-block-butadiene and Schmid
et al. [60] for poly(S-block-THF).

Apel et al. [149] also developed a gradient method, but for branching analysis of
poly(bisphenol A carbonate). This gradient was applied in a narrow range around the
critical conditions of poly(bisphenol A carbonate), meaning it is a solvent gradient
at near-critical conditions (SG-NCC). The SC-NCC allowed separation of branched
and linear poly(bisphenol A carbonate). The chromatographic separation was also
influenced by molecular weight. Another LCCC branching analysis was performed using
isocratic solvent compositions. Linear, partially branched and hyperbranched polyesters
of similar molar masses were separated by AL Samman et al. [120] using acetone/THF
as mobile phase composition on a C18 column.

Separation of poly(bisphenol A carbonate) according to hydroxyl end-groups was
performed by Apel et al. [149]. Critical conditions of poly(bisphenol A carbonate) were
used, so that end-group differences would govern the separation. A Hypercarb column
was used as stationary phase. Separation of the analytes according to end-groups was
successful, as confirmed by matrix assisted laser desorption/ionization - time of flight
mass spectrometry (MALDI-TOF-MS) analysis. Wei et al. [150] developed three methods
for the analysis of non- mono- and bi-functional benzaldehyde-substituted PEGs.
The three methods use different reversed-phase columns, being XB-C18, XB-Phenyl
and UPLC BEH (18, each with a corresponding acetonitrile/water mixture to achieve
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critical conditions. All three methods succeeded in separating the PEGs according to
benzaldehyde end-groups.

Finally, Sinha et al. [151] applied LCCC for separation of polystyrene according to degree
of deuteration. Blends of protonated and deuterated polystyrene were successfully
separated. Depending on the molar masses of the blend components, baseline
separation could be achieved. The LCCC method was coupled with SEC in the second
dimension in order to improve the separation.

As previously mentioned, HT-LCCC was only applied for polyolefin analysis. Like in
previously described HT-SEC and HT-ILC methods, Hypercarb columns are used. Mobile
phases used are mixtures of TCB and n-decane, 2-ethyl-1-hexanol and ODCB and 2-octanol
and ODCB. These solvents are often used in HT-analysis. Similarly, poly(ethylene-block-1-
octene)s were separated according to block length by Mekap et al. [31].

1.3.3 Limitations of interaction chromatography for analysis of acid-functional
polymers

Interaction chromatography is a versatile tool, which may separate a variety of polymers
with high resolution. It is very useful to study differences in the chemical composition
distribution of copolymers, but it must be stressed that separation in interaction
chromatography is not strictly based on enthalpic effects. In these cases, separation is not
performed on a single distribution but always on a mixture of chemical composition and
molar mass - which both influence the polymer adsorption/desorption- and interaction
or redissolution behavior. For polymers with similar molar mass, retention behavior of
copolymers may be a descriptor of the chemical composition distribution. However, this
approach requires preparation of carefully prepared model systems. A change in molar
mass, polymer endgroup, or comonomer content will change the chromatographic
behavior - which renders the use of model systems difficult to be applied in a general
way. This also applies to acid-functional polymers.The incorporated acid groups will have
an influence on the chemical composition distribution, as it is very hydrophilic. ILC-type of
separations are not specifically tailored towards the analysis of acid-functional polymers,
as adsorption/desorption and redissolution effects apply to the complete polymer chain.
As the acid-functional polymers are typically applied in the lower percentile range, the
relative influence of such functionalities on overall interaction in existing ILC methods is
limited. Due to the different chemical nature of the acid-functional monomers compared
to non-functional monomers, there is potential for developments using interaction
chromatography but no developments have taken place in this direction.



Chapter 1

[zsTl §'T6/5'8% duedap-u/gdL wiGHe21adAH (uamo-1-320)9-3)A10d
[¥8l 191BM/4HL 9'TT/¥'88 VSA0-DWA (dH.1=019-S)A10d
[80T1] TT/8L NDAW/WDA 81D 11S03]INN (auaipeIng-y0)g-s)Ak1od
[g01] 8G/T¥ duexay-u/4HL B30I 11S031dNN (duatpeng-y20jg-s)Aiod
[1s1] $S/1% NDBW/HHL 81D 11S03]INN pajesainap pue seinbai ‘sd
lozT] 4H1/3u033%e 9/%6 81D 11S031dNN 13d
(871l STT/S°88 J91em/4H L 81D AswwAs (S-12019-03)A10d

4 %00T 03 g %0/ 10 0§ WOl Judipess

191eM Ul JjoueYylaW %/8 9
[£¥1] 191eMm Ul 3U01De % /G 1Y 8TD-dy Jandnf (03-y0019-0d-¥2019-03)A10d
[£p1] T/¥T/58 V3 L1/191em/3U010Y 8TD-dy Jandny (VIWIW-=12019-03)A10d
[£p1] 1/6/06 Y3L/4HL/NDAW 8TD-dy samdnf (VWIN-12019-03)A10d
losT] GS/St 191eM/ND3IN 1huayd-gx paniisans-apAyapiezuaq ‘93d
losT] 09/0 431eM/NJBIN 87D HIgJ1dN pamnsans-apAyapiezuaq ‘93d
losT] 09/0% 131eM/NJBIN 81D-dX pamnsans-apAyapiezuaq ‘93d
[89] 1/51/58 YAL/4HL/NDOIW 8TD-dy Jandn( (03-¥201g-3uo1dE101dRI)A10d
[89] ST/S1L6 ANA/HHL dN 11513413 (03-1201g-3uo1oei01dEI)AI0d
[zatl g01/WI0j0I01UD §/5°S6 wig1e21adAH (318U0QIED V¥ 0UBYdSIg)AI0d

(un) g 01y 211€100S! / :1UBIPEID

WI0J0I01UY/ILIN §'T/SL6 9
l6¥1] 3UAING-Z-1AYIBW-Z %7000 YUM WI0J0I0NY) Y 11S031INN (318U0QUED V7 0UBYdSIg)AT0d
JEN| aseyd ay1qop uwnjo) alljeuy

suopearjdde )37 pa129195°9°T 31qeL

54



General Introduction

1.4 Two-dimensional liquid chromatography (2D-LC)

Most polymers do not consist of a single molecular or physical distribution, such as
molecular weight distribution, chemical composition distribution, functionality type
distribution etc., but a complex combination of these polymer distributions. To fully
characterize such samples, comprehensive two-dimensional approaches using different
separation mechanisms are very useful [37,39,153].In addition to that,chromatographic
resolution can be increased by applying two-dimensional liquid chromatography
(2D-LC) [37]. For the first chromatographic dimension, highest selectivity and best
adaptability is required, providing a high resolution. This ensures highest purity of the
eluting fractions [37, 132]. The efficiency and flow rate of the second dimension are
also of great importance. The speed of the second-dimension run determines the flow
rate which can be applied in the first dimension. If the speed of the second-dimension
analysis is high, first dimension flow rates can also be increased, ensuring the full first
dimension eluent is injected onto the second dimension separation within acceptable
analysis times [132].

For polymer analysis, ILC x SEC is the most commonly used 2D-LC approach, taking
advantage of the high resolution of ILC in the first dimension and the universality
of SEC in the second dimension [132, 154]. ILC shows better sensitivity on chemical
nature than SEC, but cannot easily be used in the second dimension because gradients
are applied. Also, many ILC conditions (mobile phase, stationary phase, temperature
etc.) can be adjusted to improve separation, which is relatively easy and allows for
more homogeneous fractions [37, 154]. Furthermore, solvents used in SEC are often
strong eluents in ILC. If the eluent in the first dimension is stronger than the eluent
in the second dimension, breakthrough peaks often appear: part of the sample elutes
unretained in the second dimension due to insufficient mixing of the injection plug
with the eluent [113, 154]. Another reason why SEC is primarily used in the second
dimension, is because SEC runs can be fast, using short, wide-bore columns or core-
shell columns [49] or by applying HT-SEC or UHP-SEC [132, 154]. Although SEC runs are
fast, the flow rates in the first ILC dimension are often still below the optimum of the
Van Deemter curve.

By coupling SECto LCCC or TGIC, the relation between the CCD, FTD or other distributions
and the molecular weight distribution can be obtained, which is similar to ILC x SEC.
Like in ILC x SEC,SEC is used in the second dimension for the same reasons as previously
mentioned [38]. By coupling LCCC to ILC or TGIC, the same information can be obtained,
but with a better resolution [155]. Another advantage of TGIC x LCCC, is that similar
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eluents are used in both dimensions, since near-critical solvent compositions are often
used in TGIC. In some cases, it is possible to use the same solvent for both dimensions,
eliminating problems such as the breakthrough effect [155]. Even though similar
mobile phases are used, information on CCD, FTD and/or MWD can be obtained. This is
possible because separation in LCCC is based on differences in chemical composition
and functionality types, whereas TGIC is capable of separating according to MWD and/
or CCD. Like ILC, TGIC is used in the first dimension because a gradient is applied [154].

Two-dimensional separation techniques with HDC as one of the dimensions is not
commonly applied. HDC can be applied instead of SEC, with its high speed as an
important advantage [156].Also, HDC is employed to study molecules that are too large
or too fragile to be analyzed successfully by SEC, HDC can be applied in 2D-LC methods
[157].

SEC is most commonly applied in the second dimension in ILC x SEC methods, as the
possibility to perform overlapping injections and the lack of need for re-equilibration
of the chromatographic system provide significant advantages to the speed of the
(fast) 2D separations. Yang et al.[92], however, used SEC in the first dimension and ILC
in the second dimension for the analysis of water-soluble polymers. For these water-
soluble polymers, the SEC x HPLC setup had some advantages. The first advantage is
that refocusing of the first dimension effluent on top of the second dimension column
can be easily achieved, which leads to improved second dimension separation. Also, SEC
fractions with narrow MWD are transferred to the second dimension, resulting in better
decoupling of MWD and CCD without the need to use LCCC[92, 158, 159].

Most ILC x SEC analyzes were performed to obtain the chemical composition in relation
to the molecular weights of copolymers. This was successfully applied to random
copolymers [54, 66], block copolymers [74, 82], star block copolymers [81] and graft
copolymers [75]. Moyses [160] used narrow PS standards to optimize resolution in
the SEC dimension. ILC separation was based on precipitation/redissolution, meaning
elution is based on composition and molecular weight. For the polystyrene standards,
which have the same chemical composition, retention was only affected by molecular
weight.

In a publication by Uliyanchenko et al. [132], two UHP-ILC methods were described,
which were both used in the first dimension of a 2D-LC analysis. For the second
dimension, UHP-SEC was used. The advantages of UHP-SEC over SEC are faster analysis
and higher separation efficiency. The UHP-ILC x UHP-SEC approach can therefore, as
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confirmed in a theoretical study, provide higher separation power than LC x LC, LC x
UHPLC or UHPLC x LC. One method was developed for the analysis of PMMA/PBMA
homo-and copolymers. In both dimensions, UPLC BEH C18 columns were used, applying
a MeCN/THF gradient in the first dimension and using THF as mobile phase in the
second dimension. During the first five minutes, the mobile phase was kept at (near)
critical conditions for PMMA resulting in a molecular weight-independent elution. Only
a slight molecular weight dependence for elution was found for the copolymers and
PBMA homopolymers, meaning separation was almost exclusively based on chemical
composition. In the second dimension, polymers with similar chemical composition
were efficiently separated by size in the second dimension. The resulting UHP-GPEC
x UHP-SEC plot provided information on CCD, the MWD and their mutual dependence.
Such detailed information cannot be obtained from one-dimensional experiments. Also,
the analysis time was decreased significantly from 4 hours to 22 minutes.

A second method, which was described in the same publication, is a UHP-ILC x UHP-
SEC method for polyurethanes. This is one of few articles published on the analysis of
polyurethanes. The polyurethane prepolymers were synthesized with poly(propylene
glycol) (PPG 2000) and toluene diisocyanate (TDI), with some samples containing
dimethylolpropionic acid (DMPA). In the first dimension, a UPLC BEH C18 column was
used with a gradient from water with 0.1% formic acid to THF. The eluting fractions
contained significant amounts of water and as a result,adsorptive interactions prevented
SEC analysis on the same BEH C18 columns. Separations strictly based on size could
only be performed using a UPLC BEH HILIC column. The mobile phase used in the
second dimension was a 80/20 (v/v) THF/water mixture. With the developed method,
an estimate could be obtained of the ratio of polymers containing an acid functionality
and polymers without acid groups. Also, information on both low-molecular-weight
components (excess TDI) and the polymeric fractions could be obtained, all in a single
analysis with an analysis time of 60 min. Again, this information could not be provided
by one-dimensional experiments.

LCCC x SECand TGIC x SEC have the same aim as ILC x SEC, i.e. obtaining information on
the relation between MWD and another type of distribution . LCCC x SEC was applied for
analyzing block copolymers [60], and branching [149] and for the separation of regular
and deuterated polystyrene [151]. The LCCCseparation in the latter analysis is performed
at the critical conditions of deuterated polystyrene (d-PS), at which regular polystyrene
(h-PS) shows SEC behavior. Separation of the polystyrenes could be improved by slightly
modifying the column temperature.An increase in temperature caused d-PS to show SEC

57



Chapter 1

behavior, whereas h-PS showed LAC behavior. Using the 2D-LC method, a blend of two
h-PS and two d-PS standards of different molar masses could be well-separated. TGIC x
SEC was applied for branching analysis of star-shaped polystyrenes [78, 80] and for the
analysis of polystyrene/polybutadiene block copolymers [108]. In the latter study, Lee et
al. analyzed poly(styrene-block-butadiene) using both NP and reversed-phase stationary
phases. The analyzed copolymer samples were polystyrene/polybutadiene star-shaped
block copolymers synthesized using polystyrene/polybutadiene block precursors with
short and long styrene chains. Star block copolymers with different number of arms and
polystyrene chain lengths were the products of the synthesis.

TGIC was chosen for the first dimension because polymers with various molecular
weights and compositions had to be analyzed. LCCC separated according to the size of
the ‘visible block’ The different block copolymers were successfully separated according
to the number of arms and polystyrene chain lengths. Retention time in LCCC increased
as the number of arms decreased. A clear relation between arm length and retention
time was observed, independent of polystyrene chain lengths. In TGIC the copolymers
with only short polystyrene chains eluted first. Retention time increased according
to increasing number of long chains. Using the 2D-LC method, the various copolymer
species could be located in the chromatogram. TGIC x LCCC was said to be easy to
perform, since TGIC conditions were near the critical conditions used in LCCC.

Pirok et al. [61, 102] published two applications for the characterization of polymer
latexes using HDC x SEC. 2D-LC is not often applied for nanoparticle analysis.
Nanoparticles are conventionally analyzed using one-dimensional HDC or asymmetrical
field field-flow fractionation (AF,) methods [161-163]. Both techniques provide a very
similar, size-based selectivity [61]. No other LC mechanism can be coupled with HDC
or AF, to provide meaningful information on the intact particles, since these are too
large to fully or partly enter pores. HDC x SEC, however, can be applied by performing
HDC in the first dimension on the intact particles and SEC in the second dimension on
dissolved polymer particles.

In the first publication on HDC x SEC [61], polyacrylate and polystyrene latexes were
the analytes of interest. HDC was performed using an aqueous surfactant solution as
mobile phase, THF was added to the eluting fractions, which is a good solvent for
the polymer nanoparticles. The presence of water in the resulting solutions, however,
caused significant adverse adsorption effects in SEC. Also, these sample solutions
were quite dilute. Therefore, two stationary-phase-containing cartridges (‘traps’) were
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installed in the valve used for modulation. Most of the water could be removed, while
the analyte polymers were retained on the traps. The developed 2D-LC method allowed
relating the size distribution of the intact particles to the molecular-weight distribution
of the constituting polymers. The application of stationary-phase materials instead
of sample loops in two-dimensional LC, commonly referred to as stationary-phase-
assisted modulation (SPAM), has lately gained interest [153, 164]. The application of
SPAM may circumvent several inherent problems in conventional loop-based 2D-LC,
such as breakthrough effects, excessive dilution or incompatibility issues between LC
dimensions. As an alternative to SPAM, which may suffer from poor physical stability
of the trapping columns, active solvent modulation (ASM) was developed by Stoll et al.
[165]. With specially designed modulation valves and an extra pump system, refocusing
of the 1D-analytes can be performed with all the advantages of SPAM but without the
disadvantages associated with the column trapping material [166] .

In another article, Pirok et al. [102] described a method for on-line comprehensive
HDC = SEC with automated data processing. Charged MMA/BA/MAA latexes were used
as analytes. THF was again used as mobile phase in SEC. Again, the eluting aqueous
HDC fractions were mixed with THF by the use of traps in the modulation valves. An
algorithm was developed to correct for band broadening in HDC. The corrected data
were used to obtain the two-dimensional relation between particle size and polymer
molecular weight. This relation can be used to study particle formation during emulsion
polymerization.

The development and combination of various types of chromatographic separations
potentially unlocks a whole new level of detail in which complex matrices, such as
polymers, can be studied. Specifically, when life can be made significantly easier by
alleviating the aforementioned limitations (breakthrough, dilution, incompatibility
between dimensions), the application of two-dimensional LC will increasingly expand
from the traditional academic setting to many industrial laboratories.
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1.5 Capillary electrophoresis (CE)

A technique less intensively used for the characterization of polymers is capillary
electrophoresis (CE). CE is an analytical technique which separates charged analytes in
a narrow-bore (25-100 um ID) capillary filled with electrolytes. Separation is obtained
by the application of a high electric field across the capillary. Positively charged analytes
will be attracted towards the end of the capillary where the negatively charged electrode
is present (cathode), and negatively charged analytes will be attracted towards the
positively charged electrode (anode). Meanwhile, neutral species are not affected by
the electrical charge. Due to the described electrostatic attraction, the charged analytes
start to migrate. This driving force is described by

F,=q"E (16)

In the above equation, F, equals the driving force (Im™), g is the charge of the analyte
(C) and E is the applied field strength (Vm™).

Next to the driving force, there is also a friction force present which counteracts the
driving force

F=6m*n*r,"V, (17)

In this equation, F_depicts the friction force (Jm™), n the mobile phase viscosity (Pa.s), ,,
the analyte radius (m) and v, the electrophoretic migration velocity (ms™).

Within milliseconds after a voltage is applied, an equilibrium is reached in which the
friction force (F) becomes equal to the driving force (F ). Thus, a constant or maximum
electrophoretic mobility is obtained. By rewriting the formulas in the equilibrium, it is
possible to obtain an equation for the electrophoretic migration velocity:

q *
V.= 1 N, (18)
More commonly used is the electrophoretic mobility independent of the field strength,
known as y. This can be easily obtained by dividing the equation for the electrophoretic

migration velocity (ms?) by the field strength E.

m.<

q
M, = 6 * n* r, (19)
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From this equation, the parameters which influence the electrophoretic mobility can
be derived. Both g and r,; are compound-specific parameters while n is a mobile-phase
parameter. Even though charge and hydrodynamic radius are compound specific, they
partly depend on the mobile phase composition. The charge of the analyte will change
depending on the pH of the mobile phase, and the analyte radius will depend on the
solvation characteristics of the solvent. y_ Is constant (after a few milliseconds) and
characteristic for a given charged analyte in the specific medium.

Apart from the electrophoretic mobility another type of “mobility” is often influencing
the separation, i.e. electro-osmosis. The origin of electro-osmosis is found in the bare
fused-silica capillaries, which are commonly used in CE. At the wall of the capillary
silanol groups are present, which have a pK, value of about 6 (in agueous solutions).
Thus, depending on the pH of the buffer, the silanol groups can be negatively charged.
If cations are present in the buffer they are attracted to the negatively charged wall of
the capillary, which results in the formation of an electrical double layer, composed of
a Stern layer and a diffuse layer. When a voltage is applied, the cations in the diffuse
layer will start to migrate towards the cathode. The entire bulk liquid is dragged along
creating an electro-osmotic flow (EOF) towards the cathode. An advantage of the EOF
compared to a pressure driven flow is the (almost) flat flow profile, whereas a pressure
driven flow shows a parabolic (“Poiseuille”) flow profile. The flat flow profile does not
induce additional peak broadening, so that resolution is maintained. However, the
presence of the EOF influences analyte mobilities. The mobilities that are measured
during an analysis are the apparent mobilities, u, which defined as

H,= Heor* U, (20)

)From this equation it can be derived that neutrals will move at a velocity equal to
the EOF. Cations, which move in the same direction as the EOF by definition, will elute
before the neutrals and anions will elute after the neutrals. The latter is only true if

-ue,anion < 'UEOF (21)

If not, the anion will move towards the inlet vial, where commonly no detectors are
located. These anions can still be measured by simply reversing the polarity of the
power source. Alternatively, an additional pressure can be applied to force the anionic
species towards the detectors. This will affect the shape of the flow profile,and introduce
additional band broadening. An overview of the electrophoretic process is depicted in
Figure 1.12:
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Figure 1.12. Schematic representation of the possible mobilities (electrophoretic, electro-osmosis and
external pressure) during electrophoresis. Top: conditions with a positive voltage. Bottom: conditions
with a negative voltage.

A CE-separation is based on (constant) velocity differences between the analytes. The
EOF can have both a positive as well as a negative influence on the separation. For the
analysis of cations, the EOF would have a negative influence on the relative differences
in apparent mobilities of the cations. The opposite is true for anions. However, if anions
have a mobility close to the EOF, the migration times increase dramatically. Still, the
EOF can offer some advantages. Both cations and anions can be measured in one
analysis and the analysis times can be reduced in some instances.

Polymer latexes and other nanoparticles have been analyzed by capillary electrophoresis.

CE was performed for polystyrene nanosphere analysis by Van Orman and Mclntire
[174].The analyzed nanospheres possessed sulfate or carboxyl surface groups,and were
thus negatively charged. The fused-silica capillaries were pretreated with a cationic
surfactant, cetyltrimethylammoniumbromide (CTAB), followed by flushing with KOH and
then with the background electrolyte (BGE). The BGE was either 1 mM N-[2-acetamido]-
2-aminoethane sulfonic acid pH 5.80 or 6.46 or 10 mM boric acid solution adjusted to
pH 7.5. No correlation was found between the migration velocities and surface charge
or charge-to-mass ratio. In contrast, a good correlation was found between migration
time and particle size.
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In another publication by Van Orman Huff and Mclntire [175], the electrophoretic
mobilities of carboxy modified, sulfonated and amine latexes were determined by CE.
In this study, the capillary was not pretreated, but only flushed with NaOH in between
runs. The BGE was a 10 mM phosphate buffer, pH 7.4. Again, a size-related increase in
electrophoretic mobility magnitude was observed.

Jones and Ballou [176] applied CE for separating particles with different numbers of
attached carboxylate or sulfate groups. The number of functional groups per particle
increased with increasing particle diameter. Surface charge densities were, however, not
the same and also increased with increasing particle diameter. Fused-silica capillaries
were used without dynamic coating, contrary to the research of Van Orman and Mclintire
[174]. Particles of different sizes with the same functional groups eluted from small to
large.Electrophoretic behavior depended on both the size and the chemical composition
of the particle surface, as also observed by Anik et al. [177]

The electrophoretic mobilities of 0.6 ym amidine-modified and 0.22 pm carboxylate-
modified polystyrene latex microspheres and 0.24 ym PMMA microspheres were
determined using CE by Glynn et al. [178]. In accordance with Jones and Bailou [176],
they found that the type of functional group at the surface of the particles affected
particle migration. However, since only one size of each type of microsphere was
analyzed, nothing could be said about the relation between particle size and number of
functional groups per particle on the electrophoretic mobilities.

Vanhoenacker et al. [179] analyzed acrylic-styrene-copolymer emulsion particles of
the same size, but with difference in chemical composition and particles of the same
chemistry, but with different sizes. A fused-silica capillary without coating was used
for analysis. The particles studied were styrene/2-ethyl-hexyl acrylate/acrylic acid
and styrene/2-ethyl-hexyl acrylate/methacrylic acid copolymers. Also, a styrene/2-
ethyl-hexyl acrylate polymer was studied. The values obtained for the zeta potentials
in separate measurements were in accordance with the observed electrophoretic
mobilities. For particles of the same chemistry, but with different sizes, the migration
order correlated with the measured zeta potentials, but no linear relationship was
observed.The use of a high electric field and a low ionic strength BGE led to a relaxation
effect, i.e. the electric double layer around the particles was thought to be deformed
and moving towards the electrode of opposite charge. The analyte particle would then
be dragged with the deformed double layer. At low ionic strength, the thickness of the
electric double layer is maximized, and therefore the relaxation effect is strongest at
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low ionic strengths [180]. The relaxation effect increases with increasing particle size,
which is why larger particles migrate faster than smaller ones if this effect occurs [179,
181].

A similar study was performed by Hwang et al. [182], but with polystyrene and gold
nanoparticles. An uncoated fused-silica capillary was used with 50 mM Tris buffer
at pH 9.2 as BGE. Polystyrene standards with diameters of 20, 50, 155 and 300 nm
were successfully separated. Also, gold and polystyrene nanoparticles of the same size
were separated. Like in the previously mentioned studies, these particles were again
separated based on particle surface chemistry.

Anik et al. [177] separated latexes containing a polystyrene core and poly-ethyl
acrylate-acrylic acid shell. The particles were stabilized with sodium lauryl sulphate
(SLS). Acrylic acid functionality in the polymer was obtained by partial hydrolysis of
polyethyl-acrylate. The polymers were separated according to the rate of hydrolysis. A
fused-silica capillary was used in combination with a 53 mM borate buffer with 10 mM
Brij 78. Addition of the latter constituent resulted in reduced electrophoretic mobilities,
most likely due to replacement of SLS molecules on the particle surface by the non-
ionic surfactant. Copolymer particles with hydrolysis rates between 40 and 90 percent
were successfully separated.

Oukacine et al. [183] analyzed polystyrene/poly methacrylic acid (MAA) latexes of similar
sizes, but with different acid contents. Similar to the work of Anik et al. [177] the latexes
were stabilized with SLS. Uncoated fused-silica capillaries were used. The nonionic
surfactant (Brij 35) was found to replace the anionic surfactant adsorbed on the particle
surface. This resulted in an increase of the surface-charge density with increasing MAA
content,opposite to when no surfactant was added to the electrolyte.A change in surface
charge density is observed above and below the critical micelle concentration (CMC) of
Brij 35. The electrophoretic mobilities of the Brij 35-modified latexes were measured
using CE, and were found to increase with increasing MAA content. Finally, Riley et al.
[184] reported a method for size-based separation of polystyrene particles with various
surface modifications. Carboxylate particles of 0.2, 0.5, 1.0 and 3.0 um were baseline
separated. Also, 1.0 um sized amino, carboxylate and sulfate modifications could be
separated, but electrostatic interactions between the carboxylate-functionalized and
amino-functionalized particles were observed.
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1.6 Scope of the thesis

The research chapters in this thesis deal with various chromatographic methods which
have been developed for the separation- and detection of acid-functional polymers. As
adding acid functionality is the most frequently used mechanism to stabilize water-borne
polymers, understanding of the polymer microstructure with respect to such functional
groups is critical. The possibilities for polymer characterization techniques that are
specifically tailored towards this functionality are limited. The approaches developed
and described in this thesis expand the possibilities for the characterization of acid-
functional polymers, providing an alternative to conventional polymer-characterization
techniques. These characterization approaches are new and they provide unique
information on the incorporation of acid-functional monomers in complex polymers.

Pyrolysis of polymers bearing functionalities with active hydrogens (such as carboxylic
acids) results in thermal rearrangements of these functional groups. Essentially all
information regarding these groups is lost in the pyrolysis process. Chapter 2 describes
the selective derivatization of carboxylic-acid groups in water-borne polymer systems,
based on a reaction with phenacylbromide. The resulting derivatized polymers could
be characterized by pyrolysis-gas chromatography (PyGC), and the presence of the
derivatized acid monomer could be clearly established.

InChapter 3,the derivatization protocol established in Chapter 2 was applied to determine
the heterogeneity of carboxylic-acid functionalization of polymers as a function of
molecular weight. This analysis was performed using size-exclusion chromatography
coupled with both refractive-index detection and ultraviolet-absorbance detection.The
latter was used as a concentration detector for the UV-active phenacyl groups bonded
to the carboxylic acid functionalities.

Specific chromatographic separation of carboxylic acid-functional polymers is described
in Chapter 4. This separation was established by employing non-aqueous ion-exchange
chromatography with N-methylpyrrolidone as mobile phase. This is a polar aprotic
solvent capable of dissolving polymers, while still enabling ion dissociation. The latter
aspect is essential to perform ion-exchange chromatography. The developed approach
showed specific separation based solely on the number of incorporated acid groups.
The retention behavior was compared to that of traditional interaction-LC approaches.

An alternative separation method was established using capillary electrophoresis
(Chapter 5), separating analytes based on charge/size ratio. High-pH background
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electrolytes were shown to yield a separation based on acid content for polymers with
comparable molar mass. However, these conditions were found to be detrimental to
the fused-silica capillary. Carboxylate anions in the background electrolyte were shown
to specifically coordinate with the carboxylic-acid functionality in the polymers. It was
shown that both background electrolytes yielded essentially the same information on
the polymer microstructure from a carboxylic-acid point of view.

Chapter 6 describes the coupling of the non-aqueous ion-exchange chromatography
approach developed in Chapter 4 with size exclusion chromatography in on-line two-
dimensional liquid chromatography. The coupling of these orthogonal separation
methods provided more detailed information regarding the polymer microstructure
and several stages of the polymerization process could be identified with the obtained
information.
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Chapter 2

Abstract

Pyrolysis - gas chromatography - (PyGC) is a common method to analyze the
composition of natural and synthetic resins. The analysis of acid functionality in, for
example, waterborne polyacrylates and polyurethanes polymers has proven to be
difficult due to solubility issues, inter- and intramolecular interaction effects, lack of
detectability in chromatographic analysis, and lack of thermal stability. Conventional
analytical techniques, such as PyGC, cannot be used for the direct detection and
identification of acidic monomers, due to thermal rearrangements that take place during
pyrolysis. To circumvent this, the carboxylic acid groups are protected prior to thermal
treatment by reaction with 2-bromoacetophenone. Reaction conditions are investigated
and optimized wrt. conversion measurements. The approach is applied to waterborne
polyacryalates and the results are discussed. This approach enables identification and
(semi)quantitative analysis of different acid functionalities in waterborne polymers by
PyGC.



Acid monomer analysis in waterborne polymer systems by targeted labeling
of carboxylic acid functionality, followed by pyrolysis - gas chromatography

2.1 Introduction

The variety of applications of waterborne polymeric dispersions is broad and ranges
from uses in paints, adhesives, paper coatings, floor polishes, printing inks and textile
finishes to pharmaceuticals, including sustained- and controlled-release formulations.
The application range for these waterborne polymers will continue to expand, due to
stricter requirements for emissions of organic compounds, such as used in traditional
solvent-borne coating systems.

The variation in the chemical composition of synthetic resins can be very large, with
combinations of monomers tailored to specific application needs. Most often resins
are prepared using functional monomers, such as hydroxy-, ketone- and carboxylic-
acid-functional groups. These monomers allow specific applications, such as cross-
linking in two-component systems or stabilization of polymer particles in aqueous
environments. In waterborne polyacrylate dispersions, the two most common acidic
compounds that are incorporated in the acrylic polymer backbone are acrylic acid (AA)
and methacrylic acid (MAA), while waterborne polyurethane dispersions are created
using dimethylolpropanoic acid (DMPA) monomer.

To determine the overall chemical polymer composition,several approaches can be used.
Nuclear-magnetic-resonance (NMR) spectroscopy and Fourier-transform infrared (FTIR)
spectroscopy are frequently used to obtain an average composition of the polymer. FTIR
is not applicable to detect acid content in polymers, because the sensitivity is limited
and because the technique cannot discern between acrylic and methacrylic acids. NMR
may in principle be used, but it is a complex technique that requires significant expertise
to obtain the required information.

Besides NMR and FT-IR,a common way to determine the average chemical composition
is pyrolysis gas chromatography (PyGC). With this technique the polymer is heated to
elevated temperatures (500-1400°C) in the presence of an inert gas, which results in
thermal decomposition of the polymer chains [1-5]. Performing pyrolysis on polymers
results in the formation of reproducible decomposition products,which are characteristic
for the original (co)polymer composition. The volatile fraction of these decomposition
products are chromatographically separated by gas chromatography (GC) and detected
by mass spectrometry (MS) and/or flame-ionization detection (FID). PyGC-FID/MS
analysis of polyacrylates allows determination of the original starting monomeric units
as decomposition products. Especially, non-functional (meth)acrylic ester groups show
reproducible thermal decomposition to their original monomeric structures [3], such
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as methyl-methacrylate (MMA), methyl acrylate (MA), butyl methacrylate (BMA), butyl
acrylate (BA), 2-ethylhexyl acrylate (2-EHA) and 2-ethylhexyl methacrylate (2-EHMA).
In general, due to inter- and intramolecular thermal rearrangements, the polymer
composition has an influence on the nature of the observed thermal decomposition
products. Specifically, in the case of (meth)acrylic esters it is known that side products
(alcohol and alkene degradation products) are formed during pyrolysis (Figure 2.1). The
resulting volatile products of the pyrolysis of (meth)acrylic esters can be identified and
quantified with reasonable accuracy, due to the high precision of the analysis.
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Figure 2.1. Schematic pyrolysis reaction pathway for a copolymer of (meth)acrylic acid and alkyl (meth)
acrylate. Alkene release was exemplified using R'= (CH,),CH..

However, in PyGC analysis of polyacrylates containing acid-functional acrylic monomers,
the accuracy (recovery) and precision (repeatability) of the acid-functional monomers
are often not satisfactory [6]. Moreover, it is not possible to distinguish between the
presence of incorporated acrylic- or methacrylic acid in acrylic copolymers, because
thermal decomposition of other (meth)acrylic monomer esters (such as BA or BMA)
results in the formation of (meth)acrylic acid [5]. The selectivity of direct pyrolysis of
(meth)acrylates is, therefore, limited.
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At pyrolysis temperatures, acrylic acid monomers segments may rearrange to anhydrides
with the loss of water (Figure 2.1). The anhydrides formed are thermally unstable,undergoing
decarboxylation and subsequent reactions [6]. The resulting compounds are commonly
non-volatile and cannot easily be related to the starting (meth)acrylic monomer.

Direct analysis of acid functionality with PyGC is, therefore, generally problematic to
perform. Even if the incorporated (meth)acrylic acid is thermally decomposed to the intact
monomer, difficulties will be encountered with both separation and detection. Common
GC columns used in PyGC are not suitable for the analysis of carboxylic acids, as broad
and asymmetrical peaks are typically observed. Due to the relatively low amount of carbon
present in (meth)acrylic acid compared to other (meth)acrylic monomers, there is also a
relatively low sensitivity in FID detection. The poor separation and detection of the (meth)
acrylic acid monomers can be negated using pyrolysis-liquid chromatography (PyLC) as
described by Van der Horst et al. [7]. Collecting the (meth)acrylate pyrolyzate in a cryogenic
trap enables analysis with liquid chromatography (LC) combined with photodiode-array
detection (PDA). The main advantage of using this type of setup is that detection is based
on the molar response of the C=C carbon unsaturations in (meth)acrylic monomers. Another
approach to improve the separation and detection of acrylic acids, has been described by
Osete-Cortina et al. [8] and Van der Peyl et al. [9]. They show that the (meth)acrylic-acid
degradation products from (meth)acrylic-ester monomers in pyrolysis can be reacted with
a trimethylsilyl reagent to obtain better peak shapes for (meth)acrylic acid. Due to the fact
that (meth)acrylic acid can also be present as a degradation product of (meth)acrylic esters,
the direct pyrolysis in the presence of silylation reagents (or any other derivatization reagent
used) is not representative for the acid type or total concentration of incorporated acid.

Both approaches described [7-9], focus on improvement of the separation and
detection of (meth)acrylic pyrolyzates using direct pyrolysis of the sample, while the
main problem in the pyrolytic characterization of (meth)acrylic resins is the formation
of rearrangement products during the pyrolysis. A double-shot pyrolysis method, in
which the reagent and solvent are evaporated first, followed by a pyrolysis step of the
derivatized polymer residue deposited in the liner, yields a better representation of the
type and amount of acid present, since no side reaction of pyrolytically degraded (meth)
acrylic acid with derivatization reagent can occur.

Apart from trimethylsilylation using reagents such as BSTFA (N,O-bis(trimethylsilyl)
acetamide) or MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamide), other common
derivatization reagents used in the small molecule analysis of carboxylic acids are
chloroformates [10, 11] and bromo-acetophenone compounds [12, 13].
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Derivatization of polymers prior to analysis may be a useful tool to obtain information
which is not readily obtainable in another way, such as the incorporation of acid
functionalities in acrylic polymers. Specifically, applying derivatization of specific
functional groups in combination with chromatography and selective detection
techniques, such as ultraviolet (UV) or fluorescence spectroscopy or MS, may vyield
valuable information on molecular architecture. The challenges for the derivatization
of polymers include their limited solubility, possible steric hindrance and inter- and
intramolecular hydrogen bonding. All these factors reduce the derivatization efficiency.
Nevertheless, several approaches to derivatize polymer functionalities have been
described. For instance, Thompson et al. derivatized polyacrylic acid with amines using
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as the
reagent [14]. This condensing agent was reported to efficiently activate carboxylic-acid
groups [15, 16]. The resulting activated acid group can be displaced by using alcohols
or amines, resulting in the formation of esters or amides, respectively. Broersen et al.
described the analysis of primary-amine containing functional polymers by a pre-column
derivatization with o-phthalic aldehyde in combination with SEC and fluorescence/UV
detection [17]. The work done by Borisov et al. [18] focuses on MS applications using
derivatization of polymers, including acylation of hydroxy-functional ethoxylates with
phthalic anhydrides or 2-fluoro-1-methylpyridinium p-toluenesulfonate. Techniques
used to characterize the materials were fast-atom-bombardment MS (FAB-MS), matrix-
assisted laser-desorption/ionization MS (MALDI-MS) and time-of-flight secondary-ion
MS (TOF-SIMS). Straessler et al.[19] described the determination of the carboxylic-end-
group distribution of polybutadiene polymers based on activation of carboxylic acids
with oxalyl chloride. The obtained acid chloride is very reactive towards alcohols and
amines, resulting in ester or amide groups, respectively. Drawback of this reaction is
the water-sensitivity of oxalyl chloride, which might hamper analysis of waterborne
polymer systems. Similar water sensitivity is observed when using dimethylformamide
dipropyl acetal as a propylation agent [20] and extensive drying of the sample is
required prior to analysis. Flash pyrolyzation using tetramethylammonium hydroxide
or tetramethylammonium acetate [21] is also a viable way of derivatizing polymers.
However, products of the reaction of (meth)acrylic acid with tetramethyl ammonium
hydroxide are methyl acrylate and methyl methacrylate, which are also common
monomers encountered in acrylic polymers. Identical reasoning applies for the
alternative reagent tetraethylammonium hydroxide, which would provide ethyl esters
after reaction with (meth)acrylic acid. As (meth)acrylic acid and its methyl- or ethyl
ester may both be used in the same polymer, the (m)ethylation reaction of (meth)acrylic
acid with tetramethylammonium hydroxide is not selective.
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In the present study, we have established a sample-preparation method, which - in
combination with PyGC- is able to identify unambiguously the acid (as phenacyl ester)
incorporated in the polymer backbone, without time-consuming sample-preparation
steps, such as freeze-drying. (Meth)acrylate-ester degradation, yielding (meth)acrylic
acid, was clearly discerned from the incorporated acid.

2.2 Experimental
2.2.1 Materials

Model acrylate emulsion polymers were synthesized using radical emulsion
polymerization of methyl methacrylate (MMA, Sigma Aldrich), n-butyl acrylate (BA,
Sigma Aldrich), n-butyl methacrylate (BMA, Sigma Aldrich) and acrylic or methacrylic
acid (AA or MAA, Sigma Aldrich), as outlined in Table 2.1. Sodium lauryl sulphate (32%
in water, VWR, Amsterdam, The Netherlands) was used as emulsifier and ammonium
persulphate (Evonik, Marl, Germany) as initiator. The samples are dispersed in water to
approximately 30% by weight. Ammonia (25% in water, VWR) was used in a stoichiometric
equivalent of 0.7 to partly neutralize the acid groups.

Table 2.1. Model acrylate emulsion polymer compositions. Acid content is measured using
titration with KOH (see Experimental section).

Polymer Acrylicacid Methacrylic = Methyl Butyl Butyl Solids
[Yew/w] acid [%w/w] Methacrylate  Acrylate Methacrylate [%w/win

[Yow/w] [Yow/w]  [Y%w/w] H,0]

MP1 2.7 - 48 25 25 29.6

MP2 11 - 40 25 25 28.9

MP3 21 - 30 25 25 28.1

MP4 - 2.9 48 25 25 29.7

MP5 - 12 40 25 25 294

MP6 - 22 30 25 25 28.7

N-Methylpyrrolidone (NMP, peptide synthesis grade) and tetrahydrofuran (THF, uLCMS
grade) were purchased from Biosolve (Valkenswaard, The Netherlands). Triethylamine
(TEA, 99.5%), hydrochloric acid (HCL, 37%), N-methylmorpholine (NMM, >99%), chloro-
dimethoxytriazine (CDMT,>98%), ethyl chloroformate (ECF,>99%), propyl chloroformate
(PCF, >99%), 3-nitrobenzyl chloroformate (NBCF, >96%), p-bromophenacyl bromide
(pBPB, 99.8%), p-nitrophenacyl bromide (pNPB, >98%) and 2-bromoacetophenone (PB,
99%) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).

91



Chapter 2

2.2.2 Instrumentation

PyGCMS analyzes were performed on a Thermo2000 GC equipped with a DSQ-I MS
detector and a TraceGC FID (Interscience, Breda, The Netherlands). The system uses a
Combipal autosampler (Interscience) and an OPTIC-4 GC injector (ATAS GL, Veldhoven,
The Netherlands) to enable so-called “double-shot” pyrolysis analysis. The SGE column
used was 30 m x 0.25 mm i.d., with a 5% phenyl/95% dimethylpolysiloxane stationary
phase of 0.25 pm film thickness (VWR).

To determine volatiles in the “double-shot” analysis, 1 pl of sample was injected at 50°C
into the GCinjector, which was subsequently heated to 172°C at a rate of 20°Cs-1. After
reaching this temperature, the GC inlet was cooled down to 50°C in 8 min. The carrier-
gas flow was 2 mL/min helium, while the split flow was kept at 15 mL/min. The oven
was kept at 50°C for 0.5 min and then heated to 100°C at a rate of 5°C/min. After this
step, the oven temperature was increased to 300°C at a rate of 22°C/min and kept at
300°C for 2 min. To protect the MS filament, the current was disabled for 3.5 minutes
after injection. After determining the volatiles, the polymer has remained in the GC liner.
The second shot was started by heating the OPTIC GC injector from 50°C to 550°C at
a rate of 50°C s-1. This temperature was kept constant for 2 minutes, after which the
injector was cooled down to 50°C. The column flow for the second shot was also 2 mL/
min helium. The initial split flow was 50 mL/min, which was increased to 100 mL/min
when the pyrolysis temperature of 550°C was reached. The oven-temperature program
for the second shot was identical to that for the first shot.

Fast size-exclusion chromatography (SEC) was performed on a Waters (Etten-Leur, The
Netherlands) Alliance 2695 system with a W410 differential-refractive-index (dRI)
detector and a W2998 photo-diode-array (PDA) detector. The eluent was NMP with 0.01
M LiBr at 1 mL/min and a column temperature of 70°C. A 300 mm x 8 mm i.d. GRAM
column (PSS, Mainz, Germany) was used, with 10 pym particle diameter and 100 A pore
diameter.A 50 mm x 8 mm i.d. GRAM guard column was used (10 um particle diameter).

Acid titrations were performed using a Titrino instrument from Metrohm (Schiedam, The
Netherlands). Samples were dissolved in THF (uLCMS grade, Biosolve), in a ratio of 1 to 50
by volume. The titration solvent is 0.1 M potassium hydroxide in methanol (VWR).

2.2.3 Procedures

DMTMM was prepared by reacting 1 equivalent of CDMT with 1.1 equivalent of NMM in
THF, as described by Kunushima et al. CDMT and NMM are both soluble in THF, whereas

92



Acid monomer analysis in waterborne polymer systems by targeted labeling
of carboxylic acid functionality, followed by pyrolysis - gas chromatography

DMTMM forms a white precipitate, which is filtrated and dried under nitrogen flow prior
to use in acid-activation experiments.

Acid-activation experiments using DMTMM were performed by diluting 200 mg of acid-
functional polymer, with a known amount of incorporated acid, in 8 mL NMP. After dissolving
the polymer, DMTMM was added to the solution in varying stoichiometric amounts).After 1 h
at room temperature, benzylamine was added to the solution (also in varying stoichiometric
amounts). Samples were precipitated through the addition of 8 mL H,0.The precipitate was
separated from the liquid phase, washed with water and dried in an oven at 70°C.

When using chloroformates as activating agents, the following procedure was used: 200
mg of acid-functional polymer,with a known amount of incorporated acid, was dissolved
in 8 mL of THF. A catalyst was added (100 uyL of TEA, NMM or pyridine in varying
stoichiometric amounts) and alkylchloroformate was added. The reaction mixture was
stirred for 1 h at room temperature prior to the addition of 1 mL of displacing alcohol.

Derivatization with phenacyl bromides was performed by dissolving 200 mg of acid-
functional polymer, with a known amount of incorporated acid, in 8 mL NMP. Varying
stoichiometric amounts of TEA were added to the solution as catalyst. Phenacyl bromide in
varying stoichiometric amounts was dissolved in NMP and this solution was added to the
polymer mixture. After reacting for 30 minutes, polymer was precipitated by the addition
of 5 mL solution of 1% HCl in H,0. Polymers were washed with water and methanol and
dried in an oven at 70°C. Dried sample was redissolved in THF prior to PyGCMS analysis.

2.2.4 Quantification of monomers using the effective carbon number (ECN)

The area (A) of each component is divided by its theoretical ECN.Values are normalized
to 100% by obtaining the sum of all corrected monomer areas , components which
originate from the same base component (e.g. 1-butene from butyl acrylate) are summed
toyield a single content value (¢,). General formula of ¢, calculation is displayed below:

A ECN

Monomer 1 / Monomer 1

@, Monomer 1 =

A A
Z ( < Monomer 1 ) + (M) +)
ECNMonomer 1 ECNMOHOMEV 2

Methacrylic-acid content is calculated by dividing the observed FID area % of phenacyl
methacrylate by the ECN of phenacyl methacrylate and multiplying this with the ECN
of methacrylic acid. This is based on the assumption that 1-butene and 1-butanol are
formed through thermal rearrangements from butyl acrylate (as depicted in Figure 2.1).
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2.3 Results and discussion

PyGC analysis of underivatized polyacrylates provides information on the monomer
composition. In the PyGCMS chromatograms (Figure 2.2) the non-acid functional
monomers MMA, BA and BMA are clearly visible.No (meth)acrylic acid could be identified
in both model polymeric systems MP2 and MP5 (compositions are depicted in Table 2.1).
Due to the thermal rearrangements of other (meth)acrylic ester monomers outlined
in the introduction in Figure 2.1, methacrylic acid is visible in the pyrogram in MP 2
(Table 2.1). Since there is no methacrylic acid used in the polymerization process of this
sample, this could result in false positive identification of the acid type in a polymer.
Furthermore, apart from a very minor difference in the intensity of the methacrylic-acid
peak, no significant difference is observed between the pyrograms of MP 2 and 5.
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Figure 2.2. PyGCMS chromatograms of model polymers MP2, with an overall chemical composition of
AA/MMA/BA/BMA (A) and MP5, with an overall chemical composition of MAA/MMA/BA/BMA (B) without
sample derivatization.
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2.3.1 DMTMM protocol

Functionalization of acid-functionality in acrylic copolymers was studied with several
derivatizationreagents.First,the model polyacrylate samples (Table 2.1) were derivatized
using DMTMM activation. The transamidation of the activated ester was achieved with
primary and secondary amines, according to the reaction scheme outlined in Figure
2.3. Several amines were used as transamidation reagents, including propylamine,
butylamine and N,N-methylbenzylamine. Conversion was determined using acid
titration. By measuring the acid number of derivatized polymers and dividing this by
the starting acid number, conversion of acid can be calculated. After derivatization with
the various amines, all samples showed a significant reduction of the acid functionality
(as shown in Table 2.2 for benzylamine) by approximately 90%. PyGCMS analysis of the
derivatized samples showed that only transamidation with benzylamine resulted in an
additional peak in PyGCMS chromatograms (see Figure 2.4). Therefore, benzylamine
was chosen for further research.
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Figure 2.3. Activation of carboxylic-acid groups by DMTMM followed by amine displacement.

The above reaction protocol was performed with different equivalents of DMTMM and
benzylamine. MP 2 (composed of 10% AA, 40% MMA, 25% BA, 25% BMA by weight) was
used for these experiments. Based on titration, model polymer 2 has an acid number of
84 mg KOH/g sample, which corresponds with 11% (w/w) of AA. The acid conversions
using different equivalents of DMTMM and benzylamine are given in Table 2.2.
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Table 2.2. Conversion of acid-derivatization reaction with DMTMM activation.

Experiment Equivalents DMTMM Equivalents Benzylamine Conversion [%]
1 3 3 89.0
Z.duplicate of 1. _7) 3 885
3. 5 5 90.8
4.duplicate of 3. 5 5 910
5. 7 7 924
6.duplicate of 5. 7 7 905
7 triplo of 5. 7 7 91.5
8. 9 9 922
g duplicate of 8. 9 9 91.2
10. 11 11 92.6
11 duplicate of 10. 11 11 914

Different amounts of reagent and displacing benzylamine were used. The use of higher
relative ratios of reagents appeared to have a small positive effect on the conversion.In
all cases approximately 90% the acid is converted to the benzylacrylamide derivate. If
triazine-activated acid groups are still present in the titration mixture, the OH-ions in
the methanolic KOH are likely to act as a nucleophilic agent, which results in the starting
acid being re-formed (see Figure 2.4). This may explain the remaining carboxylic acid
functionality.

Using the DMTMM/benzylamine derivatization protocol, it appears to be possible to
discern the acid type in acrylate polymers by PyGCMS analysis. However, peak areas
of the benzyl(meth)acrylamide are lower compared to the other acrylester monomers.
Figure 2.4 shows pyrograms of model polymers after DMTMM activation and subsequent
amine derivatization.

MMA, BA and BMA are detectable after pyrolysis, along with a not entirely convincing
peak for N-benzylacrylamide or benzylmethacrylamide, indicated with an asterisk in
Figure 2.4.There is a difference in the intensity of 1-butanol (pyrolysis reaction product
of BA) in the two samples, which could not be explained. Several other peaks are visible
at higher retention times, which were identified as dimeric structures from the acrylate
monomers, and several components, which strongly resemble triazine derivatives, such
as trimethoxytriazine. The presence of these components suggests that side products
are not removed efficiently from the polymer precipitate or that transamidation of the
triazine activation group by the amine is incomplete. Apart from these side products,
the polymer bound N-benzyl(meth)acrylamide is also prone to dehydration and

96



Acid monomer analysis in waterborne polymer systems by targeted labeling
of carboxylic acid functionality, followed by pyrolysis - gas chromatography

cyclisation reactions, due to the presence of an active hydrogen on the amide bond.
The use of alcohols to displace the triazine activating group did not result in detectable
ester formation. Since quantitative conversion of carboxylic-acid functional groups and
subsequent pyrolysis are likely not feasible using this method, activation with DMTMM
was abandoned.
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Figure 2.4. PyGCMS chromatograms of model polymer MPZ, with an overall chemical composition
of AA/MMA/BA/BMA polymer (A) and MP5, with an overall chemcial composition of MAA/MMA/BA/
BMA (B) after activation with DMTMM and reaction with benzylamine. The benzyl(meth)acrylamide
(derivate of acrylic and methacrylic acid) is indicated with an asterisk.

2.3.2 Chloroformate procedure

Polyacrylate samples were derivatized using chloroformate activation followed by
reaction of the formed anhydride with alcohol (see Figure 2.5). The esters created from
(meth)acrylic acid do not have an active proton and will behave similarly in PyGCMS to
the already present (meth)acrylic esters such as MMA and BA.

A common side reaction is the decarboxylation of the mixed anhydride. This results in
formation of an ester with the alkyl group from the chloroformate and the release of
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carbon dioxide. In the experiments with polymeric carboxylic acids it was found that
very small amounts of such esters are formed.

A limited conversion of carboxylic acids to esters was found for all variations tested.
These variations included the use of different solvents (NMP, THF, acetonitrile,
dimethylsulfoxide), different basic catalysts (TEA, tris-2-ethylhexylamine, pyridine),
different chloroformates (ethyl chloroformate, propyl chloroformate), different reaction
temperatures (0, 25, 50°C), different alcohol reactants (methanol, ethanol, n-propanol)
and reaction protocols (adding sample to chloroformate reagent or adding chloroformate
reagent to the sample).
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Figure 2.5. Reaction of carboxylic acid with chloroformate. The mixed anhydride that results from this
reaction can be displaced by alcohols, forming esters with the release of carbon dioxide and an alcohol
corresponding to the alkyl group from the chloroformate.

As with the DMTMM procedure, it was possible to discern between the acid type in
polymers, but quantitative analysis was not possible. Possible causes of this limited
reactivity are the steric hindrance of the active center of the mixed anhydride and
stabilization of the mixed anhydride by the attached polymer chain.

2.3.3 Phenacylbromide procedure

Functionalization of acid-functionality in acrylic copolymers was focused on the use
of several acetophenone-type molecules. The reagents used were phenacyl bromide,
p-bromophenacyl bromide and p-nitrophenacyl bromide. These phenacyl bromide
compounds were chosen so as to provide sufficient volatility of the monomer-acid
reaction products. The reaction of acetophenone reagents with polymer bound (meth)
acrylic acid molecules is shown in Figure 2.6.
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Figure 2.6. Reaction of carboxylic acid with acetophenone reagent. TEA is used as catalyst / neutralizing
agent.

The chosen acetophenone reagents have different side groups (R,). The PyGC-MS
chromatograms of the derivatized model polymers MP2 and MP5 are shown in Figure
2.7 (TEA and acetophenone used in 10-fold excess).
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Figure 2.7. PyGC-MS chromatograms of AA model polymer MP2 (A, B, C) and MAA model polymer MP5 (D, E,
F). Chromatograms A and D correspond to p-nitrophenacyl bromide as reagent (reaction products indicated
by A, chromatograms B and E correspond to p-bromophenacylbromide (reaction products indicated by o,
chromatograms C and F correspond to phenacyl bromide (reaction products indicated by o).

The (meth)acrylic esters MMA, BA and BMA present in the model polymers elutes between
3 to 8 minutes. All samples show extra peaks at retention times above 8 minutes (the
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higher boiling point region). In the case of chromatogram 2.7A, 2 extra peaks are formed.
The largest peak was found to be p-nitrophenacylacrylate, while the minor peak is the
alcohol pyrolysis degradation product of p-nitrophenacylacrylate, ie. p-nitrophenacyl
alcohol. This component is also present in chromatogram D, but in significantly smaller
concentrations. As described by Ozlem et al. [22], alcohol by-products from pyrolysis are
more abundant in case of acrylic components than for methacrylic components, which
explains the presence of this peak in chromatogram A (polymer MP2). A similar pattern is
observed in chromatograms B and E, with the peaks of interest shifted to slightly lower
boiling points. This is expected, since p-bromophenacyl esters formed in these samples
contain a Br atom instead of the p-nitro group in p-nitrophenacyl esters, which decreases
the boiling point of the reaction products. Chromatograms 2.7C and 2.7F show two peaks
in the region of interest, which were identified as phenacyl(meth)acrylate and phenacyl
alcohol. The choice was made to continue optimization experiments with phenacyl
bromide, as the formed phenacyl esters are more volatile than p-bromophenacyl esters
and do not suffer from chromatographic interferences from higher-boiling dimeric
structures (Figure 2.1), which result from the pyrolysis of (meth)acrylic ester copolymers.

In Figure 2.8, the mass spectra of the observed reaction products of the carboxylic acid
functionality with phenacyl bromide (phenacyl acrylate and phenacyl methacrylate)
are shown. Typical masses for acrylate- and methacrylate monomers are m/z 55 and
69, respectively, which is in agreement with the observed mass spectra for phenacyl
acrylate and phenacyl methacrylate.
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Figure 2.8. Observed mass spectra of phenacyl acrylate (Figure 2.7c, retention time 11.1 min) and
phenacyl methacrylate (Figure 2.7f, retention time 12.2 min).

Acrylic-copolymer solubility varies strongly between solvents. A common solvent used
for these types of copolymers is THF. Sample solubility in THF decreases with increasing
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molecular weight and increasing acid content. For functional polymers, a factor
complicating our understanding of the solubility is inter- and intramolecular hydrogen
bonding.When the acid content in the polymer increases, solubility will decrease. It is of
importance to select a solvent which is able to dissolve the polymers, so that selective
solubilization and functionalization of carboxylic groups is avoided. The solvent should
also be non-reactive towards the polymer/functional groups and should also be a good
reaction medium for the preparation of phenacyl esters.

To determine the influence of the solvent (THF and NMP, which are both regarded as
good solvents for acrylate polymers) on the derivatization reaction, SEC analyzes were
performed (Figure 2.9). The eluted polymers were detected using UV absorption at
280 nm for both THF and NMP, using MP2 with phenacyl bromide and TEA as reaction
system (both added at room temperature in 8-fold excess with respect to acid content):
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Figure 2.9. Peak area (UV absorption at 280 nm) of MP2 in THF and NMP as solvent systems.

NMP appears to be the more suitable reaction medium, since the polymer peak area
is already at its maximum at the first measurement (within 30 min), which is shown
in Figure 2.9. The reaction in THF needs at least 20 hours at room temperature to
reach a comparable level of UV absorption. NMP, however, is difficult to remove from
a GC injector, even at high temperatures and split flows. For this reason, THF is more
favorable, even though phenacyl ester formation rate is significantly slower.
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To quantify the concentration of derivatized carboxylic acid groups, the UV absorption
of the polymeric part of the fast-SEC separation was compared to the molar response
curve of acetoxyacetophenone. To this end, an external-standard calibration curve of
acetoxyacetophenone was constructed (linear fit,y = 5267.3 x + 128428; R? = 0.9993).
It was assumed that the UV absorbance of polymers, after reaction of carboxylic acid
functionalities, is solely dependent on the concentration of phenacyl groups. Model
copolymers MP2 and MP5 (Table 2.1) were subjected to this analysis and showed
conversion degrees of 85% MP2) and 88% (MP5). It proved not possible to increase the
conversion degree significantly by increasing the reaction temperature (60-80°C), the
reaction time (4 hours) or the amount of reagent added.

Table 2.3. PyGC-FID area percentages of phenacyl esters of acrylic MP2 (Table 2.1) with variation
in equivalents of TEA and phenacyl bromide reagent.

Equivalents of base

Equivalents 2 4 6 8 10
phenacylbromide

2 6.62 9.12 9.25 10.81 10.94
4 8.22 12.39 13.03 13.93 13.28
6 10.24 12.19 13.75 14.09 13.69
8 11.42 13.53 14.12 14.14 14.25
10 12.69 13.97 13.84 14.14 13.76

Table 2.4. Pyr-GC-FID area percentages of phenacyl esters of acrylic model polymer 5 with
variation in equivalents of TEA and phenacyl bromide reagent.

Equivalents of base

Equivalents 2 4 6 8 10
phenacylbromide

2 8.83 8.00 8.74 9.63 10.51
4 14.2 17.90 17.56 19.29 18.44
6 15.86 21.10 21.65 21.26 21.96
8 19.39 20.78 22.2 21.77 2141
10 18.78 22.50 22.53 22.05 21.42

A possible explanation for the high, but not complete conversion could be the presence
of homo-(M)AA segments within the polymers. In emulsion polymerization, the initiation
reaction is typically performed in the water phase, using water-soluble redox or radical
initiators, such as hydrogen peroxide or ammonium persulphate. When radicals form
in the water phase, rapid reaction with (meth)acrylic monomers can take place. The
monomers most likely to react first with the water-soluble initiator clearly are the most
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polar (most water soluble) monomers, in this case (M)AA[23].Other, less polar monomers
will be present almost exclusively in the emulsifier-stabilized monomer droplets. When
the initiation and propagation phases have resulted in a sufficiently large oligomer, the
growing radical chain will enter the monomer droplets, where it will react further with
the monomers present there. It is, therefore, likely that multiple carboxylic acid groups
will be adjacent at the initiator end of the polymer chain. If one of these carboxylic acid
groups is functionalized with phenacyl bromide, a significant degree of steric hindrance
will hamper the reaction of the adjacent carboxylic acid groups with phenacyl bromide.

Acrylic model copolymers MP2 and MP5 (containing 11%(w/w) acid) were subjected to
reaction with phenacyl bromide with TEA as catalyst and THF as solvent. Between two-
and ten-fold the stoichiometric amounts (reagent to acid) were used. Samples were
reacted for 20 h prior to analysis with PyGC-MS/FID.

Based on the data as outlined in Tables 2.3 and 2.4, the largest area percentages of
derivatized acid are obtained at higher stoichiometric amounts of phenacyl bromide
and TEA (6 and higher). However, the observed percentages are based on phenacyl
esters, not on the originally present (meth)acrylic acid. To convert relative FID areas
to acid content effective carbon numbers (ECN) can be used [24]. In PyGC-FID the
conversion can be performed in two ways, viz. (i) addition of a reference component,
which only volatilizes during the pyrolysis run (ii) comparing the individual pyrolyzed
components using relative peak areas and their individual ECN values. For these
experiments, monomer contents were calculated through the latter option, as described
in the Procedures section.

Table 2.5. Main components detected in the pyrolysis of model polymers MP4, MP5 and MP6
together with theoretical ECN values, FID areas, experimental monomer content (¢w) and
theoretical monomer content (¢c).

FID area % Experimental Theoretical
content (¢,) content (@)
Component Theoretical MP4 MP5 MP6 MP4 MP5 MP6 MP4 MP5 MP6
ECN
Methyl methacrylate 39 431 310 201 529 434 317 48.0 40.0 30.0
1-Butene 3.9 83 60 49
1-Butanol 35 21 14 13 266 241 232 250 250 250
Butyl acrylate 5.9 16.7 146 126
Butyl methacrylate 6.9 283 248 215 196 19.6 192 250 250 250
Phenacyl alcohol 6.5 02 25 37 08 129 259 2.0 10.0 200
Phenacyl methacrylate 9.9 13 19.7 359
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Several conclusions can be drawn from the data as outlined in Table 2.5. The weight
fraction of butyl methacrylate in the polymer is systematically underestimated, which
may be explained by the formation of 1-butene and 1-butanol from both butyl acrylate
and butyl methacrylate. There is a significant difference between calculated and
theoretical methacrylic acid content. However, it was shown to be possible to determine
the approximate composition of polyacrylates, even when acid-functionalities
were present. The fraction of acid monomer can be estimated using the developed
derivatization method. The accuracy of the analysis may yet be improved by determining
pyrolysis response factors, but this is considered to be beyond the scope of the present
research.

2.4 Conclusions

A specific derivatization protocol was developed for the characterization of carboxylic-
acid functional copolymers,based on TEAand phenacyl-bromide reagent.One of the main
advantages of this approach is that the phenacyl esters produced during the precolumn-
derivatization protocol do not give rise to the dehydration and decarboxylation effects,
which are common if (meth)acrylic-acid containing polymers are subjected directly to
pyrolysis. Reasonable estimate of the polymer composition can be obtained, which is
typically within ten percentage points. Although calculated acid content shows more
deviation compared to the underivatized monomers, confirmation of the presence and
identification of the type of acid can be achieved rapidly and easily.
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Chapter 3

Abstract

Water-borne polymers are increasingly applied in our society, replacing traditional
solvent-borne coatings and thus reducing environmental impact of coatings. The majority
of waterborne dispersions are stabilized by the incorporation of neutralizable carboxylic
acid functionality. The characterization of synthetic waterborne polymer systems can be
performed by a wide variety of chromatographic and spectroscopic techniques. However,
none of these approaches is able to determine the acid functionality distribution over
the molecular-weight distribution directly. In this research, an innovative approach
is developed which enables this analysis. The approach is based on the specific and
complete derivatization of carboxylic acid functionality with phenacylbromide. Size
exclusion chromatography (SEC) analysis of the derivatized polymers is performed
followed by ultraviolet- (UV) and refractive index (RI) detection,enabling the quantitative
determination of the acid content per molecular weight fraction. The applicability of
the developed protocol is shown for various polymer systems.
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3.1.Introduction

Waterborne polymer systems are sustainable alternatives to solvent-borne polymers
and thus are becoming increasingly more important. Their use results in a significantly
decreased release of volatile organic compounds to the atmosphere. Waterborne
polymers are used for a wide variety of applications, such as coatings for packaging,
printing, decorative and industrial use. These polymers can be synthesized using
different polymerization methods, including emulsion radical polymerization [1-7],
step-growth polyurethane polymerization [8-10] or hybrids of these mechanisms [11-
15]. The obtained polymers are dispersed in water and yield particles of nanometer to
micrometer size. The most common method to achieve aqueous dispersibility of these
non-water-soluble polymers is incorporation of acidic groups, such as (meth)acrylic
acid in the case of polyacrylic emulsion polymers or dimethylolpropanoic acid (DMPA)
in waterborne polyurethanes. These acidic groups may be neutralized by the addition
of water-soluble base, such as ammonia, triethylamine (TEA) or potassium hydroxide
which results in water-soluble ionic domains within a polymer chain thus stabilizing
the polymer particles in aqueous environments.

The distribution of these incorporated hydrophilic acidic monomers over the molecular-
weight distribution (MWD) plays a crucial role in polymer particle formation and
colloidal stability. Presence of hydrophilic domains in a coating however may severely
impact coating application properties, such as durability and adhesion [7, 16, 17]. To
ensure that the coating properties meet the application-specific requirements, it is
important that the acid distribution throughout the MWD can be determined [18]. The
analysis of ionic groups in synthetic polymers is complicated, as commercial polymer
systems are comprised from a large number and variety of comonomers [19]. Also, the
presence of multiple distributions, such as molecular-weight, end-group, sequence and/
or functionality-type distributions complicate the chemical characterization of these
polymers. Established techniques such as gradient size-exclusion chromatography
[20, 21] and gradient polymer-elution chromatography [22-27] are valuable for the
analysis of ionic groups in simple acid-functionalized copolymers. However, application
of these techniques to contemporary, highly complex polymers, which often contain
many different comonomers next to the acid monomer, is less suitable as retention
and elution behavior are strongly related to the overall polymer composition. From a
synthesis-, application- and commercial perspective, there is a strong need to obtain
more information about the incorporation of these ionic groups over the molecular-
weight distribution.
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In our previous study (Chapter 2 of this thesis, [28]), we have demonstrated the
applicability of a carboxylic-acid selective derivatization protocol for the unambiguous
identification of the type of acid used during the synthesis of waterborne acrylic
polymers. This derivatization protocol may be further exploited to investigate the
heterogenic incorporation of the anionic groups over the MWD. By selectively reacting
the anionic groups with a UV-absorbing group, the acid distribution can be made visible
by employing UV detection.

In this work, an analysis method for the rapid quantification and characterization of
acidic monomer groups in synthetic polymers by SEC-dRI-UV is described. Quantitative
aspects of the protocol are investigated, as well as the application of the developed
method to characterize commercial waterborne polymer types.

3.2.Experimental

3.2.1 Materials

N-Methylpyrrolidone (NMP, peptide synthesis grade), triethylamine (>99.5%),
phenacylbromide (PB, >99%), phenacyl acetate (PA, >98%), lithium bromide (LiBr, >99%),
butyl methacrylate (BMA,>99%), methyl methacrylate (MMA, >99%), methacrylic acid (MAA,
>99%), sodium lauryl sulfonate (32% (w/w) in water) and ammonia (25% in water) were
purchased from VWR (Amsterdam, The Netherlands). 1-Dodecane thiol (<100%),ammonium
persulphate (>98%) were purchased from Merck (Amsterdam, The Netherlands).

3.2.2 Synthesis of waterborne polymers

Copolymers were synthesized by reacting butyl methacrylate, methyl methacrylate
and methacrylic acid in various weight ratios (¢, see Table 3.1) using emulsion
polymerization. Water containing 2.3% (w/w) sodium lauryl sulfonate was heated to
80°C prior to addition of the monomer seed, which consists of 5% (w/w) of the total
monomer feed. Targeted total concentration of polymer is 30% (w/w) in water, further to
be named solid content. Directly after addition of the monomer feed, 0.5% (on monomer)
of ammonium persulphate was added to the mixture over 3 minutes to initiate the
reaction. Remaining monomer feed (containing 0.5% (w/w) of 1-dodecane thiol as chain
transfer agent) was added for 90 minutes while maintaining reaction temperature at
85°C. Reaction temperature was kept at 85°C for 60 minutes after completion of the
monomer feed, after this time the batch is cooled to 30°C. At this stage, the neutralizing
agent (ammonia) is added until a pH between 7.5 and 8.5 is obtained. Solid content
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was measured by making a mass balance of 1 g of polymer before and after drying in a
120°C oven for 2 hours.

3.2.3 Instrumentation

Size-exclusion chromatography (SEC) was performed on a modular Agilent 1260 HPLC
system, equipped with autosampler, pump, column compartment, multi wavelength UV
detector and a 1260 multi-detector system (Amstelveen, The Netherlands) consisting
of a RI detector, viscosity detector and 2 light scattering detectors which utilize
different angles. The eluent was N-methylpyrrolidone with 0.01 M lithium bromide at
0.75 mL-min® and a column temperature of 60°C. Three 300 mm = 7.5 mm i.d. PLgel
Mixed-B columns packed with 10 um particles (Agilent, Amstelveen, The Netherlands)
were used in series. A 50 mm x 7.5 mm i.d. PLgel guard column was used (packed with
5-pm particles). The injection volume was 100 uL. The UV wavelength used for selective
detection of functionalized acid groups was 280 nm. System control was performed
using Agilent GPC/SEC software, version A.02.01, data processing was performed using
home-built macros in Microsoft Excel (2016 Edition).

3.2.4 Procedures

Derivatization of acid-functional polymers with phenacylbromide was performed by
dissolving 200 mg of acid-functionalized polymer, with a known fraction of incorporated
acid and solid content, in 8 mL NMP, thus resulting in a known dilution factor. TEA was
added in 4-fold stoichiometric excess with respect to absolute acid amount. After 1
hour of stirring, a similar stoichiometric excess of phenacyl bromide was added to the
mixture and mixed for 10 minutes. This solution was used for SEC analysis without
any further sample preparation. For samples with an unknown acid content, 100 mg
of phenacylbromide and 100 uL of TEA were added using the described procedure. A
schematic of this reaction is shown in Figure 3.1.

fo) Ry 0 R
. TEA
+
. oH N
1 Ry
Br o
HBr

Figure 3.1.Reaction of carboxylic acid with acetophenone reagent. TEA is used as catalyst / neutralizing
agent.
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Calculation of incorporated-acid content by selective derivatization of the acid
functionality was performed by preparing a stock solution of PA in NMP. A 10-point
calibration curve (concentration range 14 mg-kg? to 600 mg-kg?) was prepared from
this stock solution. To obtain the acid concentration from the PA calibration curve, the
PA concentrations were corrected for molar mass:

_ Target acid
ConCTarget acid MW CO”CPA
pa

In this equation, Conc is the calculated concentration of target acid present in the

Target acid

calibration point, MWTarg@t .o IS the molecular weight of the acid (72.1 g/mol for acrylic
acid, 86.1 g/mol for methacrylic acid and 134.1 g/mol for DMPA), MWpa is the molecular
weight of phenacylacetate (178.2 g/mol) and Conc,, is the calculated phenacylacetate

concentration in the calibration point.

These standards are analyzed using the described SEC setup, integrating the low
molecular weight PA peak in the UV trace. The UV peak area of the polymeric fraction
(see Figure 1b, dotted line between t 23-32 minutes) was integrated and corrected for
the solids content and the dilution factor which was calculated for each polymer.

3.3.Results and discussion
3.3.1 Total acid content determination by SEC-UV-RI

To detect the presence of acids in a polymer, the phenacyl bromide functionalization
protocol will result in a distinct UV signal at 280 nm which is visible during elution of
the polymer. This is illustrated in Figure 3.2. Figure 3.2A shows the chromatograms of
both refractive index- and UV 280 nm trace of sample MMA 2 without derivatization,
while Figure 3.2B is the same sample after derivatization with phenacylbromide.

The polymer sample without derivatization shows no significant UV absorbance at
polymer elution times (tr24-32 min), whereas a clear elution band can be observed
for the derivatized polymer. Remaining derivatization agent and catalyst elute around
t, and are shown as positive peaks on both RI-and UV traces. It can also be noted that
the elution time, and thus the hydrodynamic volume, of the polymer (refractive index
signal) did not change significantly as a result of the derivatization. Peak intensity in
refractive index signal was found to increase, which can be explained by the more
favourable detector response increment (dn/dc) of the aromatic functionality compared
to the bare incorporated carboxylic acid monomer [29].
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Figure 3.2. Refractive index- and UV chromatograms at 280 nm of model polymer MMA 2 (2% (w/W)
MAA). a) sample MMA 2 without derivatization, and b) sample MMA 2 after derivatization.

The UV peak of the polymer was integrated (as shown in Figure 3.2b) and compared
to the phenacyl acetate calibration curve (linear fit, R?= 0.99998, y=104.11x+470.28),
as described in the Procedures section 3.2.4. In Table 3.1, results from the SEC-dRI-UV

analysis are displayed.
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Table 3.1. Acid content (weight fractions) in model polymer systems. Theoretical values compared
with the SEC protocol.

MMA-MAA copolymers BMA-MAA copolymers
Sample ¢ MAA Synthesis Average ¢ MAA Sample ¢ MAA Synthesis Average ¢ MAA
%(W/W) SEC %(w/w)? %(W/w) SEC %(w/w)?

MMA 1 0.0 - BMA 1 0.0 -

MMA 2 2.0 1.9 BMA 2 2.0 2.0

MMA 3 4.0 4.0 BMA 3 4.0 3.7

MMA 4 6.0 6.1 BMA 4 6.0 5.5

MMA 5 8.0 8.5 BMA 5 8.0 8.1

MMA 6 10.0 10.3 BMA 6 10.0 10.0

@ Samples are analyzed in 6-fold, relative standard deviations below 2%.

From the obtained results, it can be concluded that the derivatization protocol
performs well for the detection and quantification of acid functionality. Results using
this protocol are in good agreement with the theoretical acid content values (which
are established gravimetrically during the synthesis of the polymers) with a relative
deviation between 0 and 10%. We did not find significant reactivity of phenacylbromide
with other possible functional groups in waterborne polymers (e.g. hydroxyl, amine,
urethane, urea and sulfonic acid), but as this is considered out of scope of this study it
should be investigated in more detail in further research.

3.3.2 Acid distribution analysis

Additional information about distribution of carboxylic acid groups from SEC analysis
may be obtained by the addition of an additional concentration detector next to the UV
detector. In this research, a refractive index detector was used to detect the polymer
concentration. The assumption is made that refractive-index response for a single
polymer across the polymer molecular weight is constant. Significant deviations of the
refractive index of a certain polymer fraction slice compared to the polymer bulk are
only expected in the low molecular weight region [30], as molecular weight build-up
will rapidly average out the composition and thus the polymer refractive index. More
generic SEC solvents with lower refractive indices, such as tetrahydrofuran (THF) may
be used in the derivatization protocol,yet would be accompanied by drastically different
reaction kinetics of anionic groups [28], easily requiring several days before complete
derivatization is obtained. For practical reasons, the decision was made to perform the
derivatization and analysis in NMP.
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Both Rl and UV signals are aligned by correcting the elution time for the interdetector
delay, after which the peak area under the polymer is determined for both detectors. For
every fraction of the molecular weight distribution, the area of the UV signal is divided
by the total UV peak area, which in turn in divided by the area of the Rl signal divided by
the total Rl peak area. The result is multiplied by the acid content (¢, ) as determined
by the external standard UV calibration using phenacylacetate (see section 3.1).

A
280 nm
i = /Z A280 nme
stce A Protal
RI /ZARI

The output for this calculation is the acid content per data slice, an example of this

®

output is shown in Figure 3.3.
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Figure 3.3. Acid distribution as a function of molecular weight of model polymer BMA6 (10 % w/w acid
monomer. Refractive index signal (blue trace) is displayed to show polymer elution profile.

The polymer appears to contain an evenly distributed acid content over the molecular
weight, which means that every polymer chain contains the same relative concentration
of acid. There is an increase in apparent acid content visible in the low molecular weight
(M, ~2000 kDa), which is mainly caused by the presence of excess derivatization agent.
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This could be counteracted by using an optimized SEC column setup for increased low
molecular weight resolution between reagent and polymer or by sample clean-up prior
to SEC analysis. It must be mentioned that also the non-derivatized sample (Figure
3.2a) displays some UV absorption in the low molecular weight region. Towards the
higher molecular weight region, scattering of data points is observed. This indicates
that accuracy of the acid content determination is lower compared to the bulk of the

polymer.This is caused by the relatively low signals for both Rl and UV detectors in this
molecular weight region.

All model systems were analyzed using the derivatization protocol and SEC-dRI-UV,
resulting in the acid distribution plots shown in Figure 3.4 (MMA-MAA copolymers) and
Figure 3.5 (BMA-MAA copolymers). All polymers show a homogeneous acid distribution
over the molecular weight with the clear difference of a different acid content.
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Figure 3.4.Acid distribution overlay of model polymers MMA 1 to 6.
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Figure 3.5. Acid distribution overlay of model polymers BMA 1 to 6.

3.3.3 Industrial sample analysis

Using the developed protocol, an unidentified commercially available resin and a
polyurethane prepolymer were analyzed. Results for the commercially available
resin are shown in Figure 3.6, which shows the sample being based on the oligomer-
polymer concept [18] with respective molecular weights of the oligomer and polymer
of approximately 10 kDa and 100 kDa . Using the UV-signal and the phenacyl acetate
calibration together with confirmed acid identity (acrylic acid) from our previously
published pyrolysis method [28], the total polymer acid content was calculated to be
6.7% (w/w). Calculation of the acid distribution shows a relatively acid-rich oligomer
containing roughly 9% (w/w) of acrylic acid, and a polymer which also contains acrylic
acid in approximately 4.5% (w/w) content. Presence of an acid-rich oligomer is common
for oligomer-polymer systems, but the presence of acid in the polymer is encountered
less often. This crucial information about polymer architecture helps explain polymer
properties and performance,and would not be available without the developed protocol.
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Figure 3.6. Acid distribution of commercial resin A. Bimodal molecular weight distribution with an
acid-rich oligomer indicates an oligomer-polymer system.

Applicability of the developed protocol is not limited to acrylate polymers, but may
also be used for the characterization of other carboxylic acid-containing polymers.
An example is shown in Figure 3.7 which shows the analysis of a polyurethane
prepolymer. This prepolymer was prepared in-house and consists of the reaction
product of isophorone diisocyanate, polytetrahydrofuran (pTHF) 1000 and DMPA. The
UV trace shows acid content to be approximately 2% (w/w), which was consistent with
the polymerization recipe. Also, a homogeneous incorporation of acid with respect to
molecular weight was observed.
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Figure 3.7. Acid distribution of a polyurethane prepolymer, consisting of Isophorone diisocyanate,
pTHF1000 and DMPA.

3.4. Discussion and conclusion

A specific derivatization protocol was established and used for the quantitative
determination of acid content in waterborne polymers. Obtained results correspond
well to the theoretical acid content of the polymers. Sample preparation is simple and
yields quantitative information, and only requires addition of reagent and catalyst to
the dissolved polymer in excess amounts. A possible drawback could be that the SEC
analysis requires the polymer sample to be fully soluble to obtain repeatable and
accurate results whereas titration requires at least swelling of the polymer. The SEC
analysis cannot be applied for (pre)crosslinked polymers as these will not dissolve in
any solvent.

By incorporation of a concentration detector such as a Rl next to a UV detector which
specifically detects presence of acid, the acid distribution across the molecular weight
can be determined. The compositional influence on Rl signal is a drawback of the use of
Rl in combination with high-refractive index solvents such as NMP. The model polymer
systems used in this research were prepared in such a way, that a homogeneous
composition over molecular weight is obtained. Polymers prepared in a different way,
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may exhibit a variation in acid distribution and/or a compositional variation of the
comonomers. This will have an effect on both RI-and UV detector signals, but it must
be noted that UV-signal differences between derivatized and non-derivatized acid
functionality will be significantly larger than any difference in refractive index caused
by compositional drift. Detection techniques such as high-temperature evaporative light
scattering detection (HT-ELSD) are theoretically better suited as concentration detector
compared to Rl detection, as there is no significant influence of polymer composition
on the detector signal [31, 32] and detector signal can be linearized.

The described protocol is able to provide molecular weight, acid content and acid
distribution of a polymer sample in a single analysis run. This combined information
is not readily obtainable using other methods of instrumental analysis. The reported
protocol provides more information on the chemical heterogeneity of the incorporated
acid monomers, and may be utilized regardless of type, number and polarity of
comonomers which makes it a valuable addition to polymer analysis laboratories.
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Chapter 4

Abstract

Traditional polymer-separation methods, such as size-exclusion chromatography
and (gradient) liquid adsorption chromatography, cannot provide separations
exclusively based on the number of deprotonated carboxylic-acid groups along the
backbone chain of polymers. A novel separation method, based on non-aqueous ion-
exchange chromatography (NAIEX), was developed, which allows such a separation
of acid-functional polymers that are soluble in organic solvents. The polar, aprotic
N-methylpyrrolidone was found to be a suitable solvent. It features a high relative
permittivity (favoring dissociation of ion pairs into free ions) and it is a good solvent
for polymers and organic salts, such as triethyl-ammonium formate. A negative charge
is established on these polymers by deprotonation of the carboxylic-acid groups in the
presence of an organic superbase (tetramethyl guanidine). Traditional potent organic
bases, such as triethylamine, do not possess the base strength to compensate for
the increase in pKa of polymeric carboxylic acid groups in non-aqueous conditions.
Triethyl-ammonium formate is proposed as an alternative to traditional salts used for
elution in aqueous ion-exchange chromatography. Separation was performed on an
industry-standard strong-anion-exchange column and (near-)universal detection of the
polymers was performed by high-temperature evaporative-light-scattering detection.
The NAIEX method yielded a separation based on the acid-functionality distribution of
the polymer. NAIEX was compared with traditional normal- and reversed-phase liquid-
chromatography approaches for the separation of acid-functional copolymers.

128



Charge-based separation of synthetic macromolecules by non-aqueous ion exchange chromatography

4.1. Introduction

Certain synthetic macromolecules resemble biological polymers, as these are comprised of a
wide variety of monomeric units,and, depending on their environment, will assume a three-
dimensional structure. The incorporation of polar monomers in synthetic macromolecules
may induce dispersibility of polymers in water in the form of nano-sized particles. The most-
commonly applied polar monomers are acrylic acid or methacrylic acid in acrylic polymers
and dimethylol-propanoic acid (DMPA) in polyurethane polymers. These acidic monomers
are incorporated in a polymer backbone and may be neutralized by a wide variety of bases
(e.g. ammonia, triethylamine, alkali hydroxides), resulting in a water-soluble acid salt, which
provides stability for the polymer particle in aqueous environments. This route is commonly
followed in many industrial production processes for water-borne resins, enabling the
production of environmentally friendly water-based coatings.

To monitor and improve the industrial processes as well as improving end-product
properties,there is a need for characterization of the acid incorporation in polymers,as is
it responsible for the stabilization of the polymer particles. Analysis of the average-acid
content in copolymers can be performed with titration [1], nuclear-magnetic-resonance
(NMR) spectroscopy, liquid-chromatographic (LC) separation techniques in either
reversed- or normal-phase modes [2-7] and gradient-size-exclusion chromatography
(gradient-SEC) [8-11]. Although the described separation methodologies have a broad
application window, specifically for copolymers, the currently available separation
methodologies yield no direct correlation between retention behaviour and presence
or distribution of acid groups for samples with compositional differences, because
retention also depends on the overall polymer polarity. Unravelling the composition
distribution becomes increasingly complex when three or more types of monomers are
used within a polymer, creating an enormous number of possible copolymers.

lon-exchange chromatography (IEX) is a well-established liquid-chromatographic
technique for the separation of ions according to their charge-to-size ratio. IEX is
often used to separate water-soluble ions, such as peptides and proteins [12]. One of
the advantages of this technique is that separation occurs under non-denaturation
conditions,so as to keep biological molecules in their native state.Proteins are composed
of a number of amino acids and they have a specific charge at a certain pH due to
the presence of many different carboxylic acid, amide, amine, and other functionalities.
Separation in IEX can be established by applying a pH gradient or a salt gradient. By
altering the pH of the eluent, the surface charge of the molecule may be changed to the
point where there is no interaction with the IEX stationary phase [13]. Alternatively, a
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salt gradient can be used to compete for available sites on the stationary-phase surface
for interaction with the ionogenic analytes, which effectively negates analyte/column
interactions [14-16].

In principle, IEX is a viable approach for the separation of synthetic polymers solely
based on their charge. Yet, to our knowledge, such separations of water-borne
polyacrylates have not been reported to date. Important considerations in developing
such single-parameter separations are (/) the selected solvent, which should be capable
of dissolving neutral and charged polymers, as well as salts, (i/) the neutralizing agent,
which should be capable of causing deprotonation in non-aqueous environments,
and (ii)) the desorption of the adsorbed polymer from the stationary phase. If the
carboxylic-acid moieties in the polymers are deprotonated using (in)organic bases,
water-borne polymers may be regarded as charged species, which could render them
suitable for analysis with IEX and, thus, for separation exclusively based on the number
of deprotonated carboxylic-acid groups of the polymer. Contrary to common analytes
studied with IEX, such as inorganic ions, peptides, etc., most industrial polymers do
not dissolve in water. Instead, they may be dissolved in (often exotic) organic solvents.
However, the presence of organic solvents has a strong effect on the dissociation
constant (pka) of acids (A), as the activity (a) of the proton changes dramatically upon
the use of a different solvent (s) compared to water [17-19]:

— .. G(SH*) ™ a(A-)
PK, logW

Based on the above literature, the pka of carboxylic acids can be 6 or 7 units higher
in an organic solvent than their pka in water. Consequently, the organic bases that are
commonly used to deprotonate the acid groups in aqueous dispersions (triethylamine,
ammonia) are often not strong enough to provide deprotonation in non-aqueous
environments. Moreover, certain bases, such as alkali hydroxides, are not soluble in non-
aqueous environments. Traditional IEX methods also employ a salt gradient to compete
for active ion-exchange sites with analyte species adsorbed on the stationary phase.
Solubility of traditional salts (such as sodium chloride) in organic media is limited,
which limits their applicability in non-aqueous IEX.

In this research, we have developed a separation of non-water soluble, carboxylic-acid-
containing polymers based solely on their charge. Charge is obtained by deprotonating
the acid functionalities of the polymer using an organic superbase, 1,1,3,3-tetramethyl
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guanidine (TMG), the conjugated acid of which has a high enough pka to achieve
deprotonation of the carboxylic-acid functionalities in non-aqueous conditions [20].
The chosen solvent is N-methylpyrrolidone (NMP), as it is capable of dissolving a wide
range of polymers. NMP also has a relative permittivity (or dielectric constant, €) of
32.0, which is high in comparison with common organic solvents, such as hexafluoro
isopropanol (e = 15.7) and tetrahydrofuran (g = 7.6), thus favouring the dissociation of ion
pairs into free (solvated) ions [17]. The developed non-aqueous IEX (NAIEX) separation
is compared to more traditional reversed- and normal-phase LC approaches, and NAIEX
is shown to have outstanding potential for separating acid-functional polymers based
solely on the number of carboxylic-acid groups in the polymer.

4.2 Experimental
4.2.1 Materials

All material purity percentages are by weight, except when otherwise indicated.
N-Methylpyrrolidone (NMP, peptide-synthesis grade), triethylamine (>99.5%), butyl
acrylate (BA, >99%), methyl methacrylate (MMA >99%), ethyl acrylate (EA, >99%),
ethyl methacrylate (EMA, >99%) methacrylic acid (MAA, >99%), acrylic acid (AA, >99%),
2,2, 4-trimethylpentane (>99.5%), sodium lauryl sulfonate (32% in water) and ammonia
(25% in water) were purchased from VWR (Amsterdam, The Netherlands). 1-Dodecane
thiol (99.8%), ammonium persulphate (>98%) were purchased from Merck (Amsterdam,
The Netherlands). 1,1,3,3-tetramethylguanidine (99%), N-methyl-d,-2-pyrrolidinone-d,
and formic acid (98-100%) were purchased from Sigma-Aldrich (Zwijndrecht, The
Netherlands). Triethylammonium formate was synthesized in-house from formic acid
and triethylamine according to the procedure of Attri et al. [21].

4.2.2 Synthesis of model polymers

Copolymers were synthesized by reacting either BA, MMA, EA or EMA, with AA or MAA
in various weight ratios (¢, see Table 4.1) using emulsion polymerization [22, 23]. Water
containing 2.3% by weight sodium lauryl sulfonate was heated to 80°C prior to addition
of the monomer seed (i.e. a preformed polymer dispersion), which contains 5% by weight
of total monomer. The targeted total concentration of polymer is 30% by weight in water.
Directly after addition of the monomer feed, 0.5% (based on the weight of monomer) of
ammonium persulphate was slowly added to the mixture during three minutes to initiate
the reaction. The remaining 95% of the monomer feed (containing 0.5 % by weight of
1-dodecane thiol as chain transfer agent) was added during 90 minutes, while maintaining
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the reaction temperature at 85°C. The same temperature was maintained for 60 minutes
after completion of the monomer feed. Thereafter, the batch was cooled to 30°C. At this
stage, neutralizing agent (25% by weight of ammonia in water) was added until a pH
between 7.5-8.5 was obtained. Model polymers MMA 7-12 were synthesized by preparing
a stock solution of MMA (20.6 g) and MAA (1.2 g) which was mixed well. 2.5 mL of this
mixture was transferred into a 20 mL headspace tube, after which 10.0 mL butylglycol
was added. Reaction was initiated by the addition of 0.5 - 8.0 % (w/w) of 2,2-Azodi-2-
methylbutyronitrile (AMBN).Vials were tightly capped, and placed in a 6-position headspace
GC agitator, which was operated at 75° C using consecutive 500 rpm mixing for 5 seconds
and a stop time of 2 seconds. The mixtures were reacted for 18 hours.

Table 4.1. Overall theoretical composition of model polymer systems.

Sample P, % (W/W) Qa2 (W/W) M_(kDa) M _(kDa)*  #acids/chain®
EA1 100.0 0.0 31 81 0.0

EA 2 97.7 2.3 30 77 9.7

EA3 95.4 4.6 30 78 19.1

EA 4 92.0 8.0 32 86 35.5
EAS 89.6 10.4 31 83 45.0
EA6 87.5 12.5 34 84 59.1
Sample Oua 2 (W/W) @, % (W/W) M_(kDa)? M (kDa)*  #acids/chain®
MMA 1 100.0 0.0 26 44 0.0
MMA 2 98.1 1.9 27 50 71
MMA 3 96.0 4.0 29 59 16.1
MMA 4 93.9 6.1 27 49 22.9
MMA 5 91.5 8.5 27 50 31.9
MMA 6 89.7 10.3 25 60 35.8
MMA 7 94.5 5.5 40 93 30.3
MMA 8 94.5 5.5 25 65 19.4
MMA 9 94.5 5.5 15 45 114
MMA 10 94.5 5.5 11 33 8.4
MMA 11 94.5 5.5 8.3 26 6.4
MMA 12 94.5 5.5 71 22 5.5
Sample Pgn % (W/W) Qun % (W/W) M_(kDa) M (kDa)*  #acids/chain®
BA1 100.0 0.0 29 75 0.0

BA 2 97.8 2.2 29 72 8.9

BA3 95.3 4.7 30 69 19.6

BA 4 93.0 7.0 27 65 26.2
BAS 90.8 9.2 26 72 33.1
BA6 87.8 12.2 28 82 45.6
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Table 4.1. Continued

Sample Pepn 6 (W/W) @0 % (W/W) M_(kDa) M (kDa)*  #acids/chain®
EMA 1 100.0 0 47 89 0.0
EMA 2 98.0 0.99 46 90 5.3
EMA 3 95.8 2.11 48 93 11.8
EMA 4 93.5 3.26 46 89 17.4
EMA5 92.0 3.99 48 95 22.3
EMA 6 89.2 5.40 50 92 314

@ Molecular weight determined by SEC (see Section 4.2.3.2 for conditions).
® Determined by multiplying M_ with ¢, and divide by molecular weight of the acid used.

Samples were prepared for chromatographic injection by dissolving 50 mg of polymer
dispersion (approximately 30% by weight polymer in water) in 1.5 mL of NMP. These
samples were dissolved at ambient temperature for one hour using a vial shaker
(VWR, Amsterdam, The Netherlands) operated at 1000 rpm, prior to injection onto the
chromatographic systems.

4.2.3 Instrumentation

4.2.3.1 Reversed-phase and normal-phase liquid chromatography

Separations were performed on an Acquity H-Class separation system (Waters, Milford,
MA, USA) using an Acquity ELSD (Waters) for detection purposes. In the case of reversed-
phase (RP) LC, the column used was a BEH Shield C18,100x2.1mm i.d., 1.8-um particles
RPLC column (Waters). Column temperature was kept at 40°C throughout the analysis.
Injection volume of the prepared samples (see paragraph 2.3) was 2 uL. Flow rate was
0.4 mL-min. Starting mobile phase (A) was 70% (v/v) acetonitrile and 30% (v/v) water
containing 0.1% (v/v) trifluoroacetic acid, which was held constant for 0.2 min. A linear
10-minute gradient was applied to mobile phase B, which was 100% tetrahydrofuran.
The final composition was maintained for an additional two minutes. A 2-min linear
gradient brought the mobile-phase composition back to initial conditions, which were
maintained for two minutes before the next injection.

In case of normal-phase (NP) LC, two Xselect Cyano columns, 100x2.1mm i.d., 2.5-uym
particles (Waters) were used, connected in series. Column temperature was kept at
40°C throughout the analysis. Injection volume of the prepared sample (see paragraph
2.3) was 2 pL. Flow rate was 0.5 mL-min?. Starting mobile phase (A) was 100%
(v/v) 2,2,4-trimethylpentane, which was held for 0.2 minutes. A linear gradient was
applied to mobile phase B, which was 100% (v/v) tetrahydrofuran, in ten minutes. This
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composition was maintained for two minutes, before a gradient returned the mobile-
phase composition to the initial conditions in two minutes. The initial conditions were
maintained for two minutes before the next injection.

4.2.3.2 Size exclusion chromatography

SEC measurements involving the 1260 HT-ELSD G7826A (Agilent technologies) were
performed on a LC Waters Alliance 2695 separations module using a column set
consisting of three PL gel Mixed-B styrene-divinylbenzene columns. Eluent was NMP,
containing 10 mM ammonium acetate, flow rate is 1 mL-min"* and injection volume was
100 L. This setup was also used for the molecular weight determination of the model
polymers used in this research, but by using a Waters 2410 refractive index detector
instead of the HT-ELSD module. Narrow polystyrene standards ranging from 400 Da - 1
MDa were used to construct a conventional calibration curve.

4.2.3.3 lon-exchange chromatography

Separations were performed on a 2695 Alliance separation system (Waters), using an
Agilent 1260 HT-ELSD (Agilent, Waldbronn, Germany) for detection. A 150x2.1mm i.d.,
8-um particles, PL-SAX strong-anion-exchange column (Agilent, Waldbronn, Germany)
was used, which contained styrene-divinylbenzene-based particles with a quaternized
polyethyleneimine coating. The column temperature was kept at 40°C throughout the
experiments. Initial column equilibration from aqueous conditions to non-aqueous
conditions was performed by running a linear gradient from 1% (v/v) methanol in water
to 100% methanol in 60 minutes. A second equilibration step was performed by running
a 60-minute gradient from methanol to pure NMP. Injection volume of the prepared
sample (see paragraph 2.3) was 5 pL. Depending on the experiment, the starting mobile
phase (A) was 50 mM tetramethyl guanidine in NMP and the eluting mobile phase
(B) was 200 mM triethylammonium formate in NMP, containing 50 mM tetramethyl
guanidine. Starting conditions for IEX gradient elution were 100% A at a flow rate of 0.3
mL-min. The eluent composition was maintained at 100% A for 1 minute, after which
the composition was changed linearly to 100% B in 20 minutes. This final composition
was maintained for 1 minute, after which the initial conditions (100% A) were re-
established in 2 minutes using a linear gradient. To fully re-equilibrate the system, the
composition was held at 100% A for 5 minutes prior to the following injection. The
ELSD was operated at 110°C for transfer line, evaporator and nebulizer. Detector gas
flow was set to 0.5 standard L N,/min with a lamp power of 100%.
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4.2.4 Data processing

The detector signal was imported into Waters Empower 3 software using an SATIN A/D
convertor (Waters) with a sampling rate of 5 Hz. The recorded raw data were processed
using the solver function in a home-built Microsoft Excel program to obtain the solvent-
specific linearization factor [24, 25], which was established at 1.75 (corrected output =
(elsdsignal - baselinesignal)®>’"). Linear and uniform detector response was validated
using homopolymers of polyethylene glycol, polystyrene, poly(methyl methacrylate)
and poly(ethyl methacrylate).

4.2.5 Nuclear magnetic resonance spectroscopy

'H-NMR spectra are recorded on a Bruker 400 MHz (Bruker, Rheinstetten, Germany)
using a 30° pulse width and relaxation delay d1 of 2 seconds at 25°C. Acrylic acid was
dissolved in NMP (containing 5% by volume of NMP-d9 (N-methyl-d,-2-pyrrolidinone-d,)
for locking) to a concentration of approximately 0.6% by weight. Samples were prepared
with an increasing molar ratio of TMG/AA ranging from 0,12 to 10. 'H-shift of the
double-bond trans-proton was used for assessing the degree of deprotonation of the
carboxylic acid group.

4.3 Results and discussion
4.3.1 Reversed-phase liquid chromatography

The samples described in the experimental section were analyzed by RPLC.The prepared
polymers showed expected elution behaviour, a decrease of retention is observed upon
an increase of the acid content in the polymer samples. An example of these elution
profiles (EA-AA copolymers) is shown in Figure 4.1.

Similar behaviour is observed for all polymer systems. The most-polar copolymer (MMA-
MAA) eluted first (Figure 4.2). When the length of the acrylate alkyl chain increases or
when an acrylic backbone is replaced for a methacrylic one, the retention increases. In
all cases, the incorporation of increasing concentrations of (meth)acrylic acid resulted
in shorter retention times. Incorporation of multiple comonomers next to the (meth)
acrylic acid monomers complicates this picture. Retention in this chromatographic
mode is sensitive to changes in acid incorporation, but is not otherwise selective for
the acid functionality itself, as various copolymers with varying concentrations of acid
co-elute. As expected, the polarity of the comonomer also plays a significant role in
retention behaviour. This can be seen in Figure 4.2 (compare, for example, EA with 12%
AA and MMA without acid or EMA with 11% methacrylic acid and EA without acid).
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Figure 4.1. Reversed-phase elution profile of copolymers of acrylic acid with ethyl acrylate. Retention
decreases upon increase of acrylic acid content. Gradient-elution conditions as specified in section

4.2.3.1.
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Figure 4.2. Reversed-phase retention volumes of copolymers of (meth)acrylic acid with comonomers
varying in polarity. Retention increases in the order MMA < EA < EMA < BA. Gradient-elution conditions
as specified in section 4.2.3.1.
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4.3.2 Normal-phase liquid chromatography

As expected, in comparison with the RPLC retention patterns, NPLC yields opposite
retention behaviour (see Figure 4.3 and Figure 4.4).
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2
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-
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Figure 4.3. Normal-phase elution profile of copolymers of acrylic acid with ethyl acrylate. Retention
increases upon increase of acrylic acid content. Gradient-elution conditions as specified in section 4.2.3.1.

In this case, the least-polar copolymer (with BA as comonomer) eluted first, followed
by increasingly polar copolymers (elution order BA < EMA < EA < MMA). An increasing
fraction of (meth)acrylic acid incorporated in the copolymers now resulted in an increase
in retention, as expected due to the increased interaction of these polar monomers with
the stationary phase. While, as in RPLC, retention was influenced by the presence of
acidic monomers, the polarity of the polymer backbone was found to play a comparable
role in the retention behaviour.
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varying in polarity. Retention increases in the order BA < EMA < EA < MMA. Gradient-elution conditions

as specified in section 4.2.3.1.

4.3.3 Nuclear magnetic resonance spectroscopy
Titration-NMR is a common way to measure pKa values in aqueous and non-aqueous
conditions [26, 27]. To verify the dissociation of the carboxylic acids in NMP by the TMG
base, 'H-NMR experiments were performed using AA monomer as a model compound.
Chemical shift of the trans-proton (average of two doublets) of the double bond
without added base was 6.0 ppm (spectrum shown in Figure 4.5), this clearly shifted
to lower chemical shifts upon addition of TMG in increasing molar ratios. A peak with
a broad chemical shift was also observed in the *H-NMR region of interest, which is an

interference from the protonated TMG.
Using the Henderson-Hasselbalch equation [28] together with the known pK, of TMG
(12.8,[20]), the molar ratio of TMG/acid could be translated to a non-aqueous pH, which
is commonly noted as pH* A clear sigmoidal curve of the selected proton chemical
shift is obtained upon increase of the TMG/AA ratio, which shows an equivalence point
around a pH* of 12.4. This approximation for the pK_ of AA in NMP corresponds very
well with pK_ values of other, similar acids in NMP [20]. The obtained data shows that
intended mobile phase conditions for NAIEX (50 mM TMG in NMP, which is a significant
molar excess (>100) even for polymers with a high acid content) are more than sufficient
to provide full dissociation (>99%) of the carboxylic-acid functional polymers in NMP.
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We have assumed that any changes in acid pK_ due to radical polymerization of the acid
monomer or the influence of neighbouring acid-groups in the polymer are negligable.
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Figure 4.5.*H-NMR chemical shift of the trans-proton of AA (4a as indicated in the Figure inset) as a
function of pH*. Molar ratio of TMG to acid is shown on the right axis. Chemical shift indicated in blue
circles, molar ratio in black squares. Figure insert shows the chemical structure of tetramethylguanidine.

4.3.4 High-Temperature ELSD optimization

The ELSD peak areas of the polymer peaks were corrected by linearization of each data
point using the following formula:

Corrected Output = (ELSD,; - Baseline )"

In which a is the power factor which can be approximated by optimizing the R? value of
a linear correlation of the concentration-peak area calibration curves of several polymer
concentrations. Key aspect in this calculation is that each point in the chromatogram
is corrected for the power dependency, followed by peak area determination rather
than direct peak area correction. The solver function in excel may be used to vary the
a factor so that an optimally approximated linear calibration curve is obtained (Figure
4.6A through 4.6D).
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Supplier data, stating that the power factor is solely dependent on solvent composition,
appears to be true as different types of polymers all show a near-linear response using
a power factor of 1.75 (Figure 4.7). The only deviating polymer is pMMA 645 Da, which
shows approximately 50% peak area compared to higher molecular weight polymers
at comparable concentrations. This is likely due to the relatively volatile nature of this
material when using the applied ELSD temperature settings (110°C). Although this is
a limitation of the instrument, for materials >800 Da the linear approximation of the
detector signal provides a (near) universal detector signal for any kind of eluted polymer,
regardless of dn/dc. Obviously, this is assuming complete elution of the polymers.
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Figure 4.7 Corrected (linearized) ELSD peak area as function of concentration of various polymer types
and molecular weights using ELSD power factor of 1.75.

4.3.5 Non-aqueous ion-exchange chromatography

There are various scenarios to affect retention in ion exchange chromatography. These
are schematically represented in Figure 4.8.

A)

Q)

Figure 4.8. Schematic representation of random polymer coils in solution.A) polymer without anionic groups,
B) polymer containing deprotonated carboxylic-acid moieties unavailable for interaction with quaternary
ethyleneimine stationary phase, C) polymer featuring deprotonated carboxylic acid functionalities, D)
polymer featuring neutral carboxylic acid functionalities. Dashed circles indicate charged moieties.
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Figure 4.8A represents a polymer without acid functionalities, which cannot undergo
ion-exchange interactions and will elute unretained. This is in agreement with the
observed elution volume (around 0.6 mL) of the polymers without acid functionalities
(EA-1) seen in Figure 4.9. Indeed, the elution volume of these polymers corresponds to
the dead volume of the column (vo).

Polymers bearing deprotonated carboxylic acid groups are depicted in Figure 4.8C,
the anionic polymer can undergo IEX interaction with the charged moieties of the
stationary-phase surface and will be retained. However, it is possible that a fraction of
the molecules of the acid-containing copolymer sample contain no acid groups. That
would result in a fraction of the polymer eluting unretained. Moreover, the possibility
of buried charges should be considered, as depicted in Figure 4.8B. As the polymer-
bound anionic groups should be physically near the stationary-phase ion exchange
sites, any deprotonated acid functionality that is not able to come into contact with
the stationary phase can also limit retention. This effect is known as charge shielding
[29, 30]. As these ionic groups are all negatively charged, one could expect an inter- or
intramolecular electrostatic repulsion between these groups, which would be beneficial
for the intended ion-exchange interaction with the stationary phase in the sense that
the carboxylate groups are available for interaction. The degree to which these groups
are actually available for interaction is difficult to quantify. Lastly, polymers which do
feature carboxylic acid functionality but are not deprotonated will also elute unretained
(Figure 4.8D).Since all experimental conditions employ a constant concentration of base,
the existence of permanently non-deprotonated species is unlikely. Rather a dynamic
equilibrium takes places between both neutral- and deprotonated states but, based on
the NMR experiments shown in paragraph 4.3.3, dissociation of the acid monomers is
largely complete. This makes the state as depicted in Figure 4.8D (which would occur
in absence of base) unlikely.

As expected (and desired), all (meth)acrylic (co-)polymers without acid functionality
were unretained in NAIEX analysis, regardless of polarity and alkyl length (V,, Figures
4.9 and 4.10).
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Figure 4.9. Overlay of ion-exchange chromatography separations of EA-AA copolymers EA-1 through
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Retention of the copolymers increased with increasing acid content. This indicated
that the carboxylic acids of the polymers were deprotonated by the TMG, resulting in
polymers with an increasing anionic charge - and thus retention. Addition of TMG to
the starting mobile phase appeared critical for initial adsorption of the polymers to
the stationary phase. Initial mobile-phase compositions without the TMG base result
in elution of the acid-functionalized polymers at V. To elute copolymers with anionic
moieties, the presence of organic salts in the mobile phase is necessary, indicating that
the main retention mechanism is ion exchange.

The copolymers containing anionic functionality start to elute at a retention volume of
1.8 mL. The polymer distribution containing 2% by weight of AA (EA-2) shows, contrary
to other (fronting/tailing) distributions, only a distinct tailing. This indicates that at this
retention volume there is a rapid desorption of all adsorbed polymers (probably related
to the non-linear adsorption isotherm as a result of limited ion-exchange capacity).
Also, polymers with a higher average acid content start eluting around the retention
volume of 1.8 mL, which indicates that also in these samples there is a fraction of
low acid content. Minor disturbances in the baseline are observed between a retention
volume of 1.8 mL and 4.0 mL (Figure 4.7), also in blank injections.

A correlation was observed between the retention volume and theoretical number of
acid groups per chain in the polymers (Figure 4.10), with an increasing number of acid
groups per chain resulting in an increase in retention volume irrespective of comonomer
polarity. Also, we have found that an increase in molar mass using the same polymer
composition results in an increased retention volume (Figure 4.11 and Figure 4.12). As
an example: an increase in M, from 22 kDa to 93 kDa (polymers MMA-7 through 12)
results in an ion exchange retention volume increase of 0.9 mL.

This can be explained by the fact that polymers with a higher molar mass also contain
a higher absolute number of acid-monomer units that can undergo interaction with the
|IEX stationary phase.

The above effects are significantly different from the retention behaviour in normal-and
reversed-phase chromatography, where retention was found to depend on the overall
polarity of the copolymer backbone, with only a minor effect acid content on retention.
In contrast, retention in IEX appeared to be dominated by the number of acid groups
incorporated in the copolymers, regardless of the polarity of the copolymer backbone.

As can be seen in Figure 4.9,a small fraction of the copolymers with high concentrations
of incorporated acid was found to elute unretained (V). Possibly, there are no acid
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groups in these chains - or an insufficient number of deprotonated acid groups that can
interact with the stationary phase.
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Figure 4.11. Molecular weight distribution profiles of pMMA-co-MAA resins of similar composition but
difference in molar mass.
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The insert in Figure 4.13 illustrates the relationship between retention volume and
number of acid groups per chain in the copolymers. Using this correlation the retention-
volume axis in Figure 4.10 can be translated into a compositional axis, with the curves
describing the acid-functionality distribution (AFD) of the copolymers (Figure 4.13).
The distributions were found to broaden roughly proportionally with the increase in
number of acid groups per chain of the copolymer, in agreement with the notion that
the number of statistical possibilities of acid incorporation increases with increasing
acid content. Calculated peak apex of earliest-eluting (retained) copolymers is at 4-5
acid groups, which indicates that copolymers with a lesser number of acid-groups
per chain will elute unretained. This would explain the unretained polymer fractions
observed in Figure 4.9.
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Figure 4.13. Acid functionality distribution based on NIEX chromatography for EA-2 through EA-6
copolymers with increasing number of incorporated acid groups. For conditions see section 4.2.4.2.

To investigate polymer elution and response in NAIEX-ELSD, injections of different
concentrations of model polymer EMA-3 (containing 2.1% by weight of methacrylic
acid, Table 4.1) were performed using the developed ion-exchange method. Absolute
quantities of polymer injected ranged between 2 and 30 pg. The results of the injections
of EMA-3 are shown in Figure 4.14.
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Figure 4.14. Peak-shape comparison of EMA-3 samples analyzed by NAIEX (t = 6.3 minutes).

A linear trend between peak area and injected concentration was observed (data not
shown). This was consistent with the SEC-ELSD results from the detector-linearization
protocol as described in the paragraph 4.3.4.The linear response curve that is obtained
together with the observed peak shapes (without excessive peak tailing) suggest that
elution is complete. We have no indication of significant irreversible adsorption of the
polymer on the stationary phase. Moreover, chromatograms of the injected polymer
samples show that the top does not shift when the injected concentration increase,
indicating that the capacity of the stationary phase to interact with sample ions is not
exceeded. This may not hold true for polymer samples with a lower number of acid
groups, as already described in this paragraph for the elution of sample EA-2 (Figure
4.9).

Although the applied LC conditions were relatively harsh, we have not observed
appreciable degradation in column performance over the course of several weeks.
After approximately two months of prolonged exposure to the applied mobile phase
(including storage), a decrease in retention volume is observed of roughly 10%. This
indicates a slight loss in ion exchange capacity, most likely due to a degradation of the
stationary phase ionic moieties. It is recommended to gradually re-equilibrate the IEX
column back to aqueous conditions for storage purposes.
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4.4, Conclusions

We have demonstrated non-aqueous ion-exchange chromatography of carboxylic-
acid functional copolymers by after deprotonation using the organic superbase
1,1,3,3-tetramethylguanidine. An increase in the number of (meth)acrylic acid groups
in a copolymer resulted in an increase in retention. Uncharged polymers (without
carboxylic-acid groups) eluted unretained, regardless of the polarity of the polymer.
Also for charged polymers the influence of the polarity of the comonomer was found
to be very limited, indicating little or no or hydrophobic interactions. The necessity of
adding organic base to the starting mobile phase for deprotonation of the polymers
and of organic acid salt to the eluting mobile phase offer strong indications that
ion-exchange is the prevailing retention mechanism. The proposed mode of polymer
chromatography is an interesting alternative to conventional normal-phase and
reversed-phase separations and it is thought to be particularly useful for obtaining
acid-functionality distributions of complex copolymers. Ultimately, as in most cases
dealing with complex polymers, two-dimensional LC approaches should be applied to
obtain detailed insights in polymer heterogeneity. The developed NAIEX approach is
expected to be well-suited for incorporation in such systems, we intend to explore the
possibilities of such two-dimensional-setups in further research.
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Chapter 5

Abstract

For selective analysis of the incorporated acidic monomers, a charge-based non-
aqueous capillary electrophoresis (NACE) separation was developed. Two approaches
were developed; i) deprotonation of the acid functionality with an organically-soluble
strong base and ii) heteroconjugation of anions of carboxylic acids with incorporated
acid functionality. In both approaches, N-methyl pyrrolidone, as a strong solvent for
polymers with a favorable relative permittivity for presence of dissociated ionic species,
was used for the separation. It was shown that anions of carboxylic acids specifically
associate with the incorporated acid groups in the polymers, resulting in negatively
charged complexes which could be separated based on charge-to-size ratio by NACE.
Although both approaches give comparable results with respect to acid distribution
for acid-functional polymers, the effective mobility of the deprotonated polymers
is roughly double that obtained from the heteroconjugation approach. Unlike the
heteroconjugation approach, deprotonation conditions were detrimental to the fused-
silica capillary - limiting practical use. Polymers with different chemical composition,
molecular weights and acid contents were subjected to the CE approaches developed;
Polymers with varying molecular weight, but similar relative acid monomer content
were shown to have similar migration times, which confirms that this approach
separates polymers based on charge-to-size ratio.
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5.1 Introduction

Water-borne polymers are an increasingly applied polymer class, which is used for
various coating systems such as paints and inks. Contrary to traditional solvent-borne
polymers, these polymers provide significantly reduced environmental- and workplace
release of volatile organic compounds without sacrificing end product properties. Water-
borne poly(meth)acrylics and polyurethanes are dispersed as small particles in water,
stabilized by neutral or ionic surfactant species and/or the incorporation of polar/ionic
monomers. To monitor and improve the industrial processes as well as to improve end-
product properties, there is a strong need for methods allowing characterization of the
acid incorporation in polymers. Recently, a non-aqueous ion-exchange chromatography
approach was developed which could selectively separate polymers according to
the content of incorporated carboxylic acid (Chapter 4 of this thesis [1]). Another
interesting option to determine the acid distribution of these polymeric systems is
capillary electrophoresis (CE), as it found numerous applications for the analysis of ionic
analytes. In many cases, CE of ionogenic organic analytes is based on charging their
acidic or basic moieties by selecting appropriate pH conditions. The application window
of CE can be increased by using organic solvents, which potentially enables the analysis
of non-water soluble materials, such as both natural and synthetic polymers. Various
polymer applications have been described, such as capillary zone electrophoresis and
non-aqueous capillary electrophoresis (NACE) using e.g. basic or acidic additives to (de)
protonate the polymeric analytes [2-9]. To separate non-charged polymers to a specific
property (size, degree of association with a charged species) various CE approaches
have been developed such as capillary size-exclusion electrokinetic chromatography
[10-12], or the addition of salts or surfactants to the background electrolyte (BGE) [13,
14].

As described above, various (NA)CE approaches have been developed and applied, but
none of these approaches aimed for the selective separation based on the incorporated
acid monomer in polyacrylate- and polyurethane polymers. To investigate the potential
of NACE to determine the acid distribution in water-borne polymers, two strategies for
achieving separation based on anionic polymeric charges under non-aqueous conditions
were examined: i) deprotonation of the carboxylic acid moieties in the polymers and
ii) heteroconjugation of anions with the polymer carboxylic acid moieties. Dissociation
of carboxylic acids (HA) in a proton (H+) and conjugated base (A-) is a straightforward
process, in which the degree of dissociation is dependent on the pH of the total system
and the pK_ of the acid in question.
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Figure 5.1. Schematic representation of the development of charge on acid-functional polyacrylate-
and polyurethane polymers. Both high pH conditions (top) and heteroconjugation with anions (bottom),
results in negatively charged polymers. Acidic sites are indicated in red.

Addition of a base (B) to an acid aids formation of a carboxylate (anion) functionality.
A schematic representation of this process applied to polyacrylate and polyurethane
polymers is shown in Figure 5.1. The actual number of induced charges in polymers
by deprotonation is relevant, as there is a direct correlation of the number of charges
per polymer chain with the electrophoretic mobility. As the studied polymers are not
water-soluble, CE needs to be performed in an organic solvent (i.e. performing NACE).
Previous research [1] revealed that N-methylpyrrolidone (NMP) is a good solvent for
both the acid-functional polymers under study and the solubility of bases used for
their deprotonation. However, under non-aqueous conditions, the pK_ of acids shifts to
significantly higher values [15-17].As a result, most organic bases do not have the base
strength to dissociate these acids in non-aqueous conditions. A comparison of known
PK, values of acids in either water of NMP is shown in Figure 5.2.

Strong bases such as alkali-hydroxides have the base strength, but lack the solubility in
organic solvents such as NMP. A base-type frequently used in non-aqueous titrations are
the tetra-alkyl ammonium hydroxides. This compound class is soluble in most organic
solvents due to the hydrophobic nature of the cation and consists of strong bases,
capable of deprotonating carboxylic acids under non-aqueous conditions.
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Figure 5.2. pK_ values of various acids in water (top arrow) and NMP (bottom arrow).

Charging of acidic polymers in dipolar aprotic solvents may also occur due to homo- or
heteroconjugation [17]. Homoconjugation is the association of the acid anion (A-) with
another acid molecule (HA), while heteroconjugation is the association of anion (A-)
with a different acid type such as (meth)acrylic acid or dimethylol propionic acid in case
of polyurethanes. This results in (A-* (meth)acrylic acid) complexes in the case of (meth)
acrylic polymers or (A-*dimethylol propionic acid) complexes in the case of polyurethane
polymers, as depicted in Figure 5.1. In this study, heteroconjugation is explored to
provide charges to acidic polymers, making them suitable for characterization by CE [2,
18-25]. In the case of a polymer with a distribution in the number of incorporated acid
groups, heteroconjugation may occur at multiple locations within the polymer which
results in a poly-heteroconjugate. The process of heteroconjugation of carboxylic acid-
containing polymers with anions (A-) is schematically represented in Figure 5.1, where
n represents the number of charges (anionic heteroconjugation sites).

In this research, deprotonation- and heteroconjugation approaches for providing
charges to acid-functional polymers were studied, using NMP as the solvent to establish
BGE formulations. Model polymers of various composition and molecular weight are
used. In the heteroconjugation approach, various organic anions are exploited to obtain
charged polymers the effects of the type of anion are investigated. As the polymers of
interest do not possess UV-absorbing functionalities, the detection is conducted using
a contactless conductivity detector (C4D), as developed by Zemann et al [26].
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5.2 Experimental
5.2.1 Materials

All material purity percentages are by weight, except when otherwise indicated.
N-methylpyrrolidone (NMP, peptide-synthesis grade), tetrabutylammonium hydroxide
(TBAH, 40% in methanol), formic acid (>99%), acetic acid (glacial), propionic acid (>99%),
benzoic acid (>99.5%), hexanoic acid (>99.5%), lauric acid (>99%) and oleic acid (>98%)
were purchased from VWR (Amsterdam, The Netherlands). 1,1,3,3-Tetramethylguanidine
(TMG, 99%) and lithium bromide (>99% reagent plus grade) were purchased from
Sigma-Aldrich (Zwijndrecht, The Nether-lands). Isophorone diisocyanate (Desmodur |,
IPDI, >99.5%) and polypropylene glycol (PPG, average molar mass 2000 g/mol) were
obtained from Covestro (Leverkusen, Germany). Dimethylol propionic acid (DMPA,
>95%) was obtained from Perstorp (Arnsberg, Germany). Ultrapure water (18.2 MQ.cm™?)
was prepared using an ELGA Purelab Ultra water system (VWR). Methacrylic copolymers
were synthesized by reacting methyl methacrylate (MMA) with methacrylic acid (MAA)
in various molar ratios or molar masses using emulsion polymerization [27, 28], while
the polyurethanes were prepared by reacting isophorone diisocyanate (IPDI) with a
polyol mixture, consisting of PPG and DMPA. The composition (molar mass fraction of
acid ¢_) is specified in Table 5.1).

5.2.2 Synthesis of water-borne methacrylic polymers

Methacrylic copolymers were synthesized by reacting MMA with MAA in various ratios
(o, see Table 5.1) using emulsion polymerization. Water containing 2.3% by weight
sodium lauryl sulfonate was heated to 80°C prior to addition of the monomer seed
(i.e. a pre-formed polymer dispersion), which contains 5% by weight of the total
monomer feed. The targeted total concentration of polymer is 30% by weight in water.
Directly after addition of the monomer feed, 0.5% (based on the weight of monomer)
of ammonium persulphate was slowly added to the mixture during three minutes to
initiate the reaction. The remaining 95% of the monomer feed (containing 0.5% by
weight of 1-dodecane thiol as chain transfer agent) was added during 90 minutes, while
increasing and maintaining the reaction temperature at 85°C. The same temperature
was maintained for 60 minutes after completion of the monomer feed. Thereafter, the
batch was cooled to 30°C. At this stage, neutralizing agent (25% by weight of ammonia
in water) was added until a pH between 7.5-8.5 was obtained.
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5.2.3 Synthesis of water-borne urethane polymers

Urethane polymers were prepared by reacting IPDI with a polyol mixture, consisting
of PPG and DMPA (¢, displayed in Table 5.1). Synthesis was performed in two stages:
prepolymer formation and dispersion/extension. An isocyanate-functional prepolymer
was prepared by reacting the IPDI/PPG mixture using bismuth neodecanoate as catalyst.
Reaction temperature was kept at 90°C for two hours, after which the temperature was
decreased to 80°C for one hour. TEA was added to the prepolymer prior to dispersion
stage. The prepolymer was gradually added to water in 45 minutes, keeping the sample
temperature between 20-25°C. Urethane extension was performed by addition of N,H,,
which resulted in a temperature increase of 5°C. Samples were mixed for one hour,
after which the end samples were obtained (pH around 7.5, percentage of resin in water

18-20%).

Table 5.1. Characteristics of model polymer systems.

Sample @, (%)° M (kDa)® M, (kDa)®  Number of acids/chain ¢
pMMA-co-MAA-1 2.2 27 50 71
pMMA-co-MAA-2 4.7 29 59 16.1
pMMA-co-MAA-3 7.1 27 49 229
pMMA-co-MAA-4 9.9 27 50 31.9
pMMA-co-MAA-5 12.0 25 60 35.8
pMMA-co-MAA-6 6.4 37 93 237
pMMA-co-MAA-7 6.4 25 65 16.0
pMMA-co-MAA-8 6.4 15 45 9.6
pMMA-co-MAA-9 6.4 11 33 7.0
pMMA-co-MAA-10 6.4 8.3 26 5.3
pMMA-co-MAA-11 6.4 7.1 22 4.5
Polyurethane-1 3.0 40 380 11.9
Polyurethane-2 3.7 50 440 18.6
Polyurethane-3 4.5 52 400 23.3

@ Results from SEC-UV or titration.
® Molecular weight determined by SEC (see Experimental section for conditions).
¢ Determined by multiplying M_ with @_, and dividing by the molecular weight of the acid used.

5.2.4 Size exclusion chromatography

Size-exclusion chromatography (SEC) was performed on a modular Agilent (Waldbronn,
Germany) 1260 HPLC system, equipped with autosampler, pump, column compartment,
multi wavelength UV detector and an 1260 multi-detector system consisting of a
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refractive index detector, a viscosity detector and a light scattering detector. The eluent
was NMP with 0.01 M lithium bromide at 0.75 mL-min? and a column temperature of
60°C. Three 300 mm x 7.5 mm i.d. PLgel Mixed-B columns packed with 10-um particles
(Agilent, Amstelveen, The Netherlands) were used in series.A 50 mm x 7.5 mm i.d. PLgel
guard column was used (also packed with 10-um particles). The injection volume was
100 L. System control was performed using Agilent GPC/SEC software, version A.02.01.

5.2.5 Non-Aqueous Capillary Electrophoresis (NACE)

NACE was performed using a 7100 CE module, equipped with a PDA detector (Agilent,
Waldbronn, Germany) and a TraceDec C4D (Innovative Sensor Technologies GmbH,
Strasshof, Austria). Agilent standard fused-silica CE capillaries were used with an
internal diameter of 50 or 75 ym, and a total length of 500 mm.

After installation of a new capillary, or at the start of a sequence (maximally 30
injections), a flushing sequence was performed with a series of liquids. Initially, 1 M
sodium hydroxide was applied at 1000 mbar pressure for 5 min followed by 5 min
rinsing with deionized water at 1000 mbar pressure and 2 min flushing with a hydro-
organic mixture consisting of 20% (v/v) NMP in water. After this step, background
electrolyte was run for 5 min. Samples were injected using pressure injection mode
for 10 s at 50 or 25 mbar for 50 ym and 75 pm capillaries, respectively, followed by a
background electrolyte dip for 2 s at the same pressure. The applied voltage was 30 kV,
which was ramped up from 0 kV in 30 s.

Heteroconjugation conditions were achieved by using 20 MM TMG in NMP with 40 mM
(formic, acetic, propionic, benzoic, hexanoic, lauric, oleic) acid as background electrolyte.
The essentially neutral polymers are intended to be charged by the laurate anion, which
is obtained from deprotonation by TMG. Analysis is performed using a 500 mm capillary
with 75 pm i.d., with hydrodynamic injection (10 s, 25 mbar), 30 kV voltage, 60°C
cassette temperature, and a positive pressure of 25 mbar applied on the sample inlet
during analysis. Using standard formulas used in capillary electrophoresis the effective
polymer mobilities can be determined:

In the equation above, L, depicts the capillary length in m from CE inlet to the C4D,
L, the total capillary length in m, t the migration time of the polymers in s, ¢ . the
migration time of the EOF marker in s and V the applied voltage.

160



Charge-based separation of acid-functional polymers using non-aqueous
capillary electrophoresis employing deprotonation and heteroconjugation approaches

5.3 Results and discussion

5.3.1 NACE using high pH conditions

The NACE separation of copolymers pMMA-co-MAA-1 to 5 (Table 5.1) employing
deprotonation of polymer-incorporated acid functionalities using TBAH is shown
in Figure 5.3. It clearly shows that the effective mobility of the polymers increases
with increasing charge density. Some minor baseline disturbances are observed in all
samples around an electrophoretic mobility of -1.0E%° m?V-'s, which slightly affected
the migration profile of the 2.2% acid polymer (p(MMA-co-MAA-1).
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Figure 5.3. NACE of copolymers pMMA-co-MAA-1 to 5 (see Table 5.1 for the sample description) by
deprotonation of polymer-incorporated acid functionality. Conditions used: 10 mM TBAH in NMP
as background electrolyte, hydrodynamic injection (10 s, 50 mbar), 30 kV voltage, 60°C cassette
temperature, 25 mbar pressure applied on sample inlet during analysis.

Addition of TBAH to NMP gives rise to a high background conductivity signal during
CE, as well as relatively (for non-aqueous conditions) high currents. NACE of the model
polymers clearly shows broad peaks of negatively charged species (based on the anodic
directionality). These polymer are less conductive than the BGE, yielding relatively
negative conductivity signals. An increase in the molar fraction of incorporated acid
(¢.) in the polymer results in higher migration times and thus larger polymer mobilities
(more negative), which is expected due to the higher number of charges that can be
present per polymer molecule. The sample without incorporated acid was not charged
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and migrated with the EOF (not shown). The polymer containing 2.2% of MAA (sample
pMMA-co-MAA 1) was, contrary to other the other samples, not baseline separated from
the peak at 0 m?V-!st, This suggests that this sample still contains a fraction of non-
acid-containing polymer. Due to disruption by the EOF signal, complete characterization
of this fraction is not possible. Increasing the TBAH base concentration from 10 to 20
or 50 mM induced an increase in effective polymer mobilities, as outlined in Figure 5.4.
This indicates an increasing number of charged moieties on the polymer molecules
with rising TBAH concentration. For the 20 and 50 mM TBAH it was observed that
the polymer mobilities did not increase in direct proportion to the incorporated acid
fraction. Polymers with higher acid fractions, as well as the polymer with the lowest
fraction of incorporated acid show only a minimal increase in mobility, an effect that is
not fully understood.

Om (%)

0.0 2.0 40 6.0 8.0 10.0 12.0
0.00E+00 —— . : — : :
-2.00E-09 | Q\\\

g
—~-4.00E-09 | T
) : g
s Tl T
£ -6.00E-00 [ T B~ T
2z ' T~ T~
3 _ T~ O~
S -8.00E-09 | o S~ el
2 I o T~ -~
W _1.00E-08 [ ~~o.
© 10 mM TBAH S~~i_ O
120508 [ O 20 mM TBAH
» 0 50 mM TBAH
-1.40E-08 L

Figure 5.4. Effective mobilities of copolymers pMMA-co-MAA-1 to 5 as a function of TBAH concentration
in the BGE.

After about 30 injections using the TBAH-containing BGE, significant deviations in
migration times of both EOF and the polymers were observed. This effect persisted
after rigorous capillary cleaning in between measurements and using fresh BGE.
Replacement of the capillary resulted in the original separation profile and migration
times. Cross-cuts of a used and an unused capillary were examined and compared by
light microscopy (Figure 5.5).
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Figure 5.5. Cross-cut of a 50 um fused-silica capillary.A: unused capillary. B: capillary after 30 injections
of 50 mM TBAH in NMP,

These imaging investigations show that the fused silica capillary is severely corroded
when applying the high pH BGE. Although aqueous high pH conditions are routinely
used for capillary cleaning in CE, the combination of a strong base in NMP with high
currents appear too harsh for standard fused-silica capillaries [29]. This could be a
possible explanation for the inconsistent relation between electrophoretic mobilities
and incorporated acid fractions as shown in Figure 5.4. Alternative capillary materials
such as polyether ether ketone (PEEK) or polytetrafluoroethylene (PTFE) which are
more resistant to high pH conditions might provide a possible solution, although
the diminished EOF in these capillary types would require a whole new method to be
developed. This is regarded as a topic for future investigation.

5.3.2 NACE using heteroconjugated anions

Addition of carboxylate anions to a NMP BGE for NACE analysis of carboxylic acid-
containing polymers also shows broad electrophoretic peaks similar to profiles observed
using NMP with TBAH to deprotonate the carboxylic acid moieties in the polymers.
Figure 5.6 shows a typical electropherogram obtained using 20 mM TMG and 40 mM
lauric acid in NMP to induce formation of heteroconjugated polymeric anions (using a
mass-weighted distribution P(u) in an effective-mobility scale as described by Cottet et
al.[30]). The migration profiles obtained for the different samples show that the added
laurate ions specifically coordinate with the incorporated acid functionality. The non-
acid containing polymers showed zero mobility (and as such migrate with the EOF - not
shown in Figure 5.6), indicating that no association of the laurate anion occurs with
polymers without acid functionality.
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Figure 5.6. Mass-weighted effective mobility distribution of polyurethane-1 to 3 and methacrylic
copolymers pMMA-co-MAA-1 through 5 (plotted on an effective mobility scale). BGE composition: 20
mM TMG and 40 mM lauric acid in NMP. Other conditions are described in the Experimental section.

The effective mobility of the heteroconjugated polymers increases with increasing
acid content of the polymers (Figure 5.7). In general, there is also an enhancing effect
on polymer-anion complex mobility from the use of anions with increasingly longer
alkyl chains. As the association of anions with longer alkyl chains will likely result
in polymer-anion complexes of a larger size, increase of mobility seems counter-
intuitive, unless the overall charge increases when more apolar anions are used to
generate heteroconjugated polymers. The acids that are applied and their pK ; the
acids which are used for anion formation vary in pK_ values, varying between 3.75-5.3
(under aqueous conditions), which can be above, equal or below the pK, of polymer-
incorporated methacrylic acid (4.8, aqueous). The acids with a pK_ equal to or lower
than that of methacrylic acid (i.e. benzoic acid, formic acid) show a lower electrophoretic
mobility of the polymer-anion complex as compared to acids with a pK_ higher than
that of methacrylic acid. The assumption was made that, although absolute pK_ values
in NMP differ significantly from pK_ values in water, the order of acid strength will not
change significantly. Although the available pK_ values in NMP are limited, this appears
to be valid [17]. A possible explanation may be that the conjugate base obtained from
deprotonation by TMG (e.g. laurate) is a strong enough base to extract a proton from
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the methacrylic acid incorporated in the polymer. The use of stronger acids (formic
acid, benzoic acid) results in weaker conjugate bases (formate, benzoate), which are
less capable of extracting a proton from the methacrylic acid. Increasing the anion
concentration in the BGE from 10 mM to 20 mM yielded comparable electrophoretic
behavior (see Figure 5.7). Overall, the effective mobilities of the polymer-anion
complexes were slightly higher when an anion concentration of 20 mM is used.
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Figure 5.7. Plot of effective mobility vs. acid content ¢@_ of copolymers pMMA-co-MAA-1 to 5, using
a NMP BGE containing different types of carboxylate ions (10 mM - A, and 20 mM -B). Displayed
mobilities are average values of n=3. Conditions as defined in the Experimental section. The dashed
lines are intended as a guide to the eye.

Although the exact mechanism of heteroconjugation in NMP appears to be complex,
the process involving relatively large anions and the acid-functional polymers resulted
in negatively charged polymers, with polymer mobilities reflecting the methacrylic acid
content of the polymers.

The electropherograms obtained for acrylic-and urethane model systems were compared
(Figure 5.6). Although the molecular weights of the polyurethanes are higher, effective
mobilities and thus migration times are in a similar range as those of the polyacrylates.
The polyurethanes appear to have a higher effective mobility than acrylic systems with
a similar acid monomer content. Taking into account that the polymer mobilities are
based exclusively on charge-to-size ratio, this indicates that the number of charges on
the urethane polymers is larger (perhaps due to a lower pK_ of DMPA, ie. 4.11), and/
or that the size of the polyurethane molecules in solution is smaller than that of the
polyacrylates. The latter is a well-known effect of polymer-solvent interactions. Another
possible explanation is that,once some negatively charged complexes are formed on the
polymer chain, the resulting anionic moiety exhibits a growing electrostatic repulsion
towards further association of anionic species, especially when the unoccupied acidic
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polymer functionality is in the vicinity of the occupied heteroconjugation sites. This
would also explain why the urethane polymers appear to have higher effective mobilities
than the methacrylic polymers, as neighboring acid groups in the polyurethane samples
are always separated by at least one diisocyanate group. In acrylic polymers, the acid
groups may be adjacent. Electrostatic repulsion would likely be lower when the distance
between ionogenic moieties is larger, enabling a relatively greater number of charges to
be present on a urethane polymer. Apparently, the difference in charge density between
polymers of different chemistries can be significant.

The migration times of the model systems can be converted to an acid functionality
scale using the compositional information from the model systems and the calculated
effective electrophoretic mobilities (Figure 5.8). The calculated mass-weighted
acid functionality distribution P(e_) of the polyacrylates calculated from the results
obtained with deprotonation- and heteroconjugation approaches is remarkably similar.
This shows that, although not all polymeric acid groups are negatively charged, the
obtained separation profile still accurately reflects the acid functionality distribution of
these polymers. An important advantage of the heteroconjugation approach is that it
does not have a detrimental effect on the fused silica capillary surface - enabling stable
and reproducible analysis.

The main incentive to explore the potential of NACE for profiling acid functionality
is that it separates analytes based on their charge-to-size ratio. Thus polymers which
comprise distributions in both molecular weight and charge, but for which the charge-
to-size ratio remains similar, will have similar effective mobilities.Model systems pMMA-
co-MAA-6 to 11 (Table 5.1) were used to validate this feature, as these samples were
prepared aiming at the same theoretical chemical composition, but with differences in
molecular weight (see Table 5.1). The electropherograms of these samples are shown
in Figure 5.9. Although the polymers with the lowest molecular weight have a slightly
lower average mobility, overall,the apex mobilities of these polymer samples of varying
molecular weight is very comparable. A possible explanation for the slightly fronting
peaks in lower-molecular weight polymers could be that the polymer chain ends play a
more significant role when polymers become shorter. In this case, presence of the non-
charged chain stopper (dodecanethiol, which would logically be more pronounced in
low molecular weight polymers), could have an influence in charge-to-size ratio for the
smallest of polymers in this study, resulting in more peak fronting for low-molecular
weight polymers.
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P(®,,) Heteroconjugation

Figure 5.8.Top graph: Plot of acid functionality distributions of copolymers pMMA-co-MAA-1 through 5,
measured by NACE under deprotonation- and heteroconjugation conditions (10 mM TBAH in NMF, and
20 mM TMG and 40 mM lauric acid in NMR, respectively). Further instrumental conditions as described
in the Experimental section. Bottom graph: Description of the acid-functionality distribution of model
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Figure 5.9. NACE of model polymers pMMA-co-MAA-6 to 11 with the same chemical composition but
varying molecular weights. Conditions are described in the Experimental section.

The obtained acid-functionality distributions can be described by peak statistics. In
Figure 5.8 (bottom), model polymer pMMA-co-MAA-5 is shown as an example for the
determination of the number-average charge (C ), the charge at peak top (Cp), the full
width at half peak height (FWHM) and the asymmetry factor (As). ALl metrics of the
methacrylic model system are further described in Table 5.2. Relevant metrics could not
be obtained for sample pMMA-co-MAA-1 (Table 5.1) as it partly migrates with the EOF.

It is observed that all methacrylic polymer model systems show distribution asymmetry
with distinct peak fronting. For the samples with a fixed chemical composition, but
varying molecular weight there appears to be a trend of asymmetry increase upon
decreasing molecular weight (also visualized in Figure 5.9). Similar effects are observed
for the peak width (FWHM), with model systems pMMA-co-MAA-2 to 5 showing similar
FWHM values. Polymers pMMA-co-MAA-6 to 11 (Table 5.1) show an increase in FWHM
with decreasing molecular weight.
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Table 5.2. Acid functionality distribution peak metrics

Sample (o c°® FWHM® As
pMMA-co-MAA 1 -2 19 -2 -2
PMMA-co-MAA 2 3.2 5.1 4.0 0.71
PMMA-co-MAA 3 6.7 8.0 4.0 0.71
PMMA-co-MAA 4 94 9.8 3.7 0.63
PMMA-co-MAA 5 10.7 11.7 3.7 0.60
pPMMA-co-MAA 6 4.70 6.6 2.7 0.69
pPMMA-co-MAA 7 4.87 6.6 27 0.67
PMMA-co-MAA 8 4.53 6.5 3.2 0.59
pPMMA-co-MAA 9 441 6.2 3.3 0.61
pPMMA-co-MAA 10 4.19 6.0 3.6 0.54
pMMA-co-MAA 11 4.16 6.0 3.7 0.53

2 No data due to non-separated species from EOF.
®C, C, and FWHM in @,_ acid (%).

5.4 Conclusions

Acid-functional polymers, with methacrylic or urethane backbones, could be charged
under non-aqueous conditions using either deprotonation or heteroconjugation
approaches. Loci of charge in both approaches were shown to be the acidic monomer
groups, which enabled a specific separation of these polymers according to the content
of incorporated acid. Although the deprotonation approach was shown to be more
efficient in terms of effective polymer mobility, the harsh BGE conditions resulted
in less-robust separations due to severe degradation of the fused-silica separation
capillary. Heteroconjugation was shown to be an alternative approach to obtain
negatively charged polymers. Heteroconjugation did not require extreme-pH conditions,
rendering this approach robust. The effective mobility of the anion-polymer complexes
was shown be dependent on the type and/or the pK_ of the acid used for complexation,
with medium- and long-chain acid anions, such as hexanoate and laurate, turning out
to be preferred choices. Polymers with a variation in molar mass, but with the same
theoretical composition, were shown to have similar effective mobilities. This confirms
that the proposed separation was mainly based on charge-to-size ratio.

The heteroconjugation NACE approach was used to establish the acid-functionality
distribution of several methacrylic model systems, which could be used to specifically
characterize polymers by their incorporation of acidic monomers. Since acidic-monomer
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incorporation is of vital importance in many water-borne-polymer systems, the
characterization of this specific distribution is highly valuable to help design better,
more efficient and more sustainable polymer systems.
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Chapter 6

Abstract

Traditional liquid-chromatographic techniques, such as size-exclusion chromatography,
(critical) interaction chromatography, and hydrodynamic chromatography, can all
reveal certain aspects of polymers and the underlying distributions. The distribution
of incorporated acid groups present in polyacrylates can be determined by non-
aqueous ion-exchange chromatography, independent of other distributions present.
The microstructural details on how this number of acid groups is incorporated in the
polymer remains unknown. A low-molecular-weight polymer molecule with high acid
content and a high-molecular-weight polymer with a low acid content may have the
exact same number of acid groups. To take a next step towards understanding the
polymer microstructure of water-borne resins, the distribution of incorporated acid
groups over the molar-mass distribution has been investigated.

For this purpose, an on-line coupling of non-aqueous ion-exchange chromatography
(NAIEX) to size-exclusion chromatography (SEC) was established.Practical considerations
regarding the system setup with respect to chromatography modes and column- and
valve switching dimensionality are discussed. The orthogonality of NAIEX and SEC is
demonstrated. Both liquid chromatography modes may be calibrated using polymer
standards, yielding a calibrated separation plane. The value of the designed setup was
demonstrated by the detailed characterization of the combined acid-group and molar-
mass distribution in polymers with a low acid content, in the order of a few mass-%.
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6.1 Introduction

Many industrial polymers have extremely complex microstructure. This arises from the
many distributions that can be present in a single polymer system. Examples include
the chemical-composition distribution (CCD), molar mass distribution (MMD), end-
group distribution, branching distribution and a distribution in blockiness. To obtain
insights in the polymer microstructure and to characterize these distributions, liquid
chromatography (LC) separation techniques are required that are highly specific towards
a certain polymer property.

Multi-dimensional LC is well-suited for the analysis of such complex materials, as the
on-line coupling of orthogonal separation modes may drastically increase the peak
capacity of the separation system and/or provide new insights in these materials
due to separation of superimposed polymer distributions. Since the development of
comprehensive two-dimensional liquid-chromatography (LC x LC) [1, 2], the technique
has rapidly gained popularity in the 21 century for the analysis of polymers [3-8]. There
have been significant recent technical advancements in this field related to the available
LC hardware and increase in separation peak capacity [9-11], column hardware [11,12],
optimization software [13, 14] and fundamental understanding [6, 15], making LC x LC
an established technique for the characterization of complex samples such as polymers.
Peak capacity, however, is not the only important feature of 2D-polymer analysis, as the
chromatographic selectivity determines which chemical information is obtained. In
recent years, several novel developments were published in the field of two-dimensional
polymer characterisation, such as a special coupling of size-exclusion chromatography
(SEQ) with hydrodynamic chromatography (HDC), enabling characterization of the molar
mass distribution as function of the particle size distribution [7, 8]. The coupling of
such so-called single-parameter separations, which are fully orthogonal, provides a
more-detailed insight in the polymer microstructure. This insight can be used to design
polymers with enhanced properties and/or more cost-effective processes. This is of
specifically relevant for the development of high-performance water-based coating
solutions. As water-borne polymers are environmentally more friendly than solvent-
based alternatives, there is an ever-increasing demand for such polymer systems.
Demands on the physical characteristics of such polymers (adhesion, durability) also
increase, together with the need to better understand polymer heterogeneity [16, 17].
One of the critical types of monomer in water-borne polymers are the acid-functional
monomers, as they determine particle stability.Recently,a technique has been developed
that separates polymers solely according to the number of incorporated acid groups
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(Chapter 4 of this thesis [18]). Despite the value of this single-parameter separation,
insights into the exact build-up of acid-functional polymers is still missing. The
developed approach can, for example, not discern between low-molar mass polymers
with a high acid content and high-molar mass polymers with a low acid content, as the
respective polymers may both contain the same number of acid groups/chain. This is
also shown in equation 1:

-M.9) (1)

acid

in which n__, is the absolute number of acid groups per molecule, M_is the number-
average molar mass in g/mol, ¢ is the weight fraction of acid groups and M__, is the
molar mass of the acid monomer in g/mol.As M__ is constant, the number of acid groups
depends solely on M_and ¢. A concomitant change in both these parameters may still
yield the same outcome on the number of acid groups, while the polymer microstructure
is different. In the present research we set out to obtain detailed information regarding
the distribution of the acid groups in polymers as function of the molar mass, by coupling
the recently developed non-aqueous ion-exchange-chromatography (NAIEX) approach
with size-exclusion chromatography (SEC) in a two-dimensional liquid-chromatography
system.The addition of the SEC separation could be beneficial by providing an indicative
molar-mass distribution of each slice of the acid distribution. In this way we aimed to
eliminate ambiguities around the polymer microstructure with respect to the number
of acid groups incorporated. Our objective was to develop a system that would provide
significant new insights in the microstructure of acid-functional polymers, above the
information provided by the one-dimensional NAIEX approach and previously described
analytical solutions [19].

6.2 Experimental
6.2.1 Materials

All material purity percentages are specified by weight, except when otherwise
indicated. N-methylpyrrolidone (NMP, peptide-synthesis grade), triethylamine (>99.5%),
methyl methacrylate (MMA >99 %), methacrylic acid (MAA, >99%), sodium lauryl
sulfonate (32 %(w/w) in water) and ammonia (25 %(w/w) in water) were purchased
from VWR (Amsterdam, The Netherlands). 1-Dodecane thiol (99.8 %) and ammonium
persulphate (>98%) were purchased from Merck (Amsterdam, The Netherlands).
1,1,3,3-Tetramethylguanidine (99%) and formic acid (>98%) were purchased from Sigma-
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Aldrich (Zwijndrecht, The Netherlands). Triethylammonium formate was synthesized in-
house from formic acid and triethylamine according to the procedure of Attri et al. [20].

Water-borne copolymers were synthesized by reacting methyl methacrylate (MMA)
and methacrylic acid (MAA) in various weight ratios (¢, see Table 6.1) using emulsion
polymerization. Water containing 2.3% (w/w) sodium lauryl sulfonate was heated to
80°C prior to addition of the monomer seed, which consists of 5% (w/w) of the total
monomer feed. The targeted total amount of polymer was 30% (w/w) in water. Directly
after addition of the monomer feed, 0.5% (relative to the total amount of monomer) of
ammonium persulphate was added to the mixture and 3 min were allowed to initiate
the reaction. The remaining monomer feed (containing 0.5% (w/w) of 1-dodecanethiol
as chain transfer agent) was added slowly during 90 min while maintaining reaction
temperature at 85°C. The reaction temperature was kept at 85°C for 60 min after
completion of the monomer feed, whereafter the batch was cooled to 30°C. At this
stage, neutralizing agent (25% ammonia in water) was added until a pH between 7.5
and 8.5 was obtained.

Table 6.1. Overall composition of model polymer systems.

Sample P s (W/W) @, (%wW/w) M (kDa) M, (kDa) Average #Acids/chain?
MMA 1 98.0 2.0 27 50 6.3

MMA 2 96.0 4.0 29 59 13.5

MMA 3 94.0 6.0 27 49 18.8

MMA 4 92.0 8.0 27 50 25.1

MMA 5 90.0 10.0 25 60 29.1

2 Determined by multiplying M_with ¢,,,,, and divide this by the molecular weight of the acid monomer
used (see eq 1).

6.2.2 Instrumentation

Separations were performed on two 2695 Alliance separation modules (Waters, Milford,
MA, USA), each consisting of an autosampler, a quaternary pump and a column oven.
Column switching was performed with a 2-position 10-port dedicated 2DLC valve
operated in comprehensive mode (PSS, Mainz, Germany) and a 1260 evaporative
light scattering detector (ELSD; Agilent, Waldbronn, Germany) connected to the
chromatography data system through an eSAT/IN convertor box. For the first-dimension
(*D) separation, an 150 x 2.1 mm i.d., 8 um particle diameter, PL-SAX strong-anion-
exchange column (Agilent) was used, which contained styrene-divinylbenzene-based
particles with a quaternized polyethyleneimine coating. The D column temperature
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was kept at 50°C throughout the experiments. Initial column equilibration from
aqueous conditions to non-aqueous conditions was performed by running a linear
gradient from 1 % (v/v) methanol in water to 100 % (v/v) methanol in 60 min. A second
equilibration step was performed by running a 60-min gradient from methanol to pure
NMP. Starting mobile phase (A) was 50 mM tetramethyl guanidine in NMP and the
eluting mobile phase (B) was 200 mM triethylammonium formate in NMP, containing
50 mM tetramethyl guanidine. Starting conditions for IEX gradient elution were 99 %
(v/v) A, 1 % (v/v) B at a flow rate of 50 yL-min. A gradient was applied from the initial
conditions towards 100 % (v/v) B in 110 min. 100 % (v/v) B was maintained for 10 min,
after which eluent composition was brought back to initial conditions in 1 min. The flow
rate was maintained at 50 pyL.minthroughout this program, but prior to injection of a
next sample, re-equilibration of the ion-exchange column was performed by flushing
the column for 20 min with the initial mobile phase at a flow rate of 300 pyL-min™. The
injection volume onto the D system was 10 pL.

Size-exclusion chromatography was applied for the 2D separation. A set of 50-pL 0.25
mm |D stainless steel loops were used for collecting fractions of the D effluent. A 250
x 4.6 mm PLgel Minimix-C column was used, containing 5-pm styrene-divinylbenzene
particles. The SEC flow rate was set to 1.5 mL-min* of THF (containing 0.5 %(v/v) formic
acid). The column temperature was kept constant at 60°C. The ELSD detector was set
to a nebulizer temperature of 90°C and an evaporator temperature of 120°C with a
nitrogen flow of 2.7 standard litres per minute. Data were captured at 80 Hz, with a lamp
(LED) intensity of 100% and a photomultiplier gain of 5. A schematic representation of
the used setup is shown in Figure 6.1.

Chromatographic separations were controlled by Waters Empower 3 Waters software,
Multidimensional graphical representations were prepared using MOREPEAKS version
1.00 [21].
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Figure 6.1. Schematic layout of the utilized LC x LC approach; *D NAIEX gradient (0.05 mL-min™) on a
150 x 2.1 mm PL-SAX column (50 uL.min’*), 2-position 10-port switching valve and *D separation on a
250 x 4.6 mm PLgel Minimix-C SEC column (1.5 mL-min™).

6.3 Results and discussion

6.3.1 Coupling of non-aqueous ion-exchange chromatography to size-exclusion
chromatography

Interaction chromatography as 'D separation combined with SEC as 2D mechanism is
frequently applied for LC x LC [3, 6, 22]. The separation mode that yields the most
chromatographic resolution is commonly used in the first dimension. Such an LC x LC
setup has several advantages: The 2D separation is isocratic which leads to a more
uniform ELSD response (no eluent-composition dependency) and removes the need for
equilibration that comes with eluent changes. Also, repeated injections in SEC can be
optimized (overlapping injections). The optimal time between modulations equals (or
only slightly exceeds) the duration of the SEC elution window (between total exclusion
and total permeation). Separation parameters to optimize were 2D SEC parameters,
modulation time- and volume and D gradient time, the choices made for these
parameters are described below.
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6.3.2 IEX x SEC modulation

To optimize the modulation time, the utilized 2D column was evaluated in terms of
dimensions and physical characteristics. Polymer-based columns are known to have a
lower pressure resistance compared to silica-based columns [23], but the latter were
discarded as possible 2D columns due to the possible high pH of the 1D effluent.

The pressure resistance imposes a limit on the flow rate that can be applied for the 2D
separations.The PLgel column material used in this research has an upper pressure limit
of 15 MPa. The linear flow rate at this pressure can be determined experimentally or
estimated from Darcy’s law, both indicate that the maximum flow rate for this column is
around 2.2 mL.min%. In practice, pressure spikes are common during valve modulations
and column lifetime is reduced when a column is operated close to its pressure limits.
To keep the system functioning reliably, pressure (and thus flow rate) are usually kept
well below the calculated maximum.

The exclusion volume of the 2D column was measured by analysing a 2500 kDa
polystyrene standard in SEC mode, and was established at 1.5 mL. The total permeation
volume for this column was calculated as the volume of the column, corrected for the
void volume:

—g*x_ T _rdL (2)
Vo =& " 7000

In the above equation, V, is the column void volume (mL), € is the fractional pore
volume (assumed to be 0.68),d is the diameter of the column in mm and L is the length
of the column in mm. The calculated V, was slightly above 2.8 mL, which, together
with the exclusion volume of 1.5 mL, leaves roughly 1.3 mL of effective separation
volume. Combining the maximum flow rate (2.2 mL.min?) with the effective separation
volume (1.3 mL) in SEC with overlapping injections shows that the minimal possible
modulation time for this system is 0.6 min. However, this modulation time is calculated
at the column pressure limits. It was desirable to reduce the pressure by reducing 2D
flow rate as mentioned above.

The 2D column flow rate and injection volume were optimized by injecting varying
volumes of a 1.0 mg.mL* polystyrene standard (316 kDa) on the PLgel Minimix-C SEC
column. Results of these experiments are shown in Figure 6.2. It is observed that an
increase of injection volume results in an increased peak width.Such an increase in peak
width would invalidate SEC as a technique for measuring MMDs. The effects are likely
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explained by volume overloading [23]. For all flow rates, the largest injection volume
(100 pL) showed the largest peak width. The increase is also significantly impacted by
the flow rate. At lower flow rates (1.0 - 1.25 mL.min), increasing the injection volume
from 50 pL to 100 pL results in significant confounding of the SEC selectivity. In this
setup, an injection volume (=loop size) of 50 yL was chosen. To safely accommodate
pressure spikes, we reduced the 2D column flow rate from the maximum value of 2.2
mL.min? to 1.5 mL.min-%. Accordingly, the modulation time was increased to 1 min,
which resulted in a 'D flowrate of 50 yL.min.
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Figure 6.2. Dependence of observed 2D SEC peak width on injection volume, measured at various flow
rates. Column: PL gel Minimix-C, 250 x 4.6 mm, 5 um particles, operated at 60°C. Eluent: tetrahydrofuran,
0.5% (v/v) formic acid. Sample: 1.0 mg-mL™* polystyrene (316 kDa).

6.3.3 IEX gradient slope

The NAIEX approach that was developed in previous work [19] was adapted to serve
as D separation. As described above, the D flow rate was reduced to 50 pL.min? to
match the modulation time and loop volume. Gradient steepness was investigated
for a mixture of a non-charged polymer (polystyrene), a polymer with medium charge
density (MMA-2, Table 6.1) and a polymer with a high charge density (MMA-5, Table
6.1)). A linear gradient was applied from 1% B (200 mM triethylammonium formate, 50
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mM tetramethylguanidine in NMP) to 100% B in 50, 70,90, 110 or 150 min. The results
are shown in Figure 6.3.

450 1.0
0.9 /@—"‘e
08 7 _ G-t
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350 | 05 . . . .
0 50 100 150 200
300 Gradient time (min)
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£ 150 min
§ 250 >
5
110 min
Z 200 -
3
T 150 90 min
100 70 min
50 50 min
0 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160

Retention time (min)

Figure 6.3. 1D chromatogram of a separation of a mixture of polystyrene (5 mg-mL*), MMA-2 (20
mg-mL) and MMA-5 (50 mg-mL™). In the insert, the resolution between MMA-2 and MMA-5 (Table 6.1)
is shown. Conditions: PL-SAX column, 150 x 2.1 mm, 8-um particle size, operated at 50°C; Injection
volume was 10 uL. Linear gradients of 99% A (50 mM tetramethylguanidine in NMP), 1% B (50 mM
tetramethylguanidine, 200 mM triethylammoniumformate) towards 100% B in 50, 70, 90, 110 and 150
min using a flow rate of 50 uL.min™.

The elution behavior of polystyrene is unchanged between gradients,which (considering
the absence of charge on this polymer) is expected. Polymers MMA-2 and MMA-5 are
increasingly separated as the gradient steepness is reduced, although they do not
become baseline separated. In the insert in Figure 6.3, the resolution between MMA-2
and MMA-5 was calculated for each gradient duration. A decrease in gradient steepness
is seen to improve the resolution between the two charged species. The increase
becomes smaller for very shallow gradients, at the cost of increasing D analysis time.
Increasing the gradient time from 110 to 150 min (36% increase) only yields an increase
in resolution of 5%. Increasing the gradient time from 90 to 110 min (22% increase),
led to an 11% increase in resolution. As a compromise between D analysis time and
1D resolution, we chose a gradient time of 110 min for the two-dimensional approach.
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Multivariate optimization of the two-dimensional polymer separation (“Blobtimization”)
to achieve optimal separation with respect to resolution is considered out of scope for
this research, but could be a topic of further study.

Characterization of a mixture of calibration standards (PS) and polyacrylate polymers
with various molar masses and acid contents (see Table 6.1) confirmed the intended
separation based on acid-functionality and molar mass (see Figure 6.4).

o Injection artefact

Eluting salt
pSty (1.2 kDa)

o pSty (38.1 kDa) Q

p-MMA-co-MAA (90/10. 60 kDa)

o pSty (1056 kDa) \iviA-co-MAA (96/4. 54 kDa)

0 20 40 60 80 100
D Retention time
Figure 6.4. NAIEX x SEC of a mixture of polymers of various molar mass (polystyrene, 1056 kDa, 38.1

kDa, 1.2 kDa at 2 mg.mL* each) and acid contents (MMA-2 and MMA-5, 20 mg.mL* and 50 mg.mL™?,
respectively). Detailed system parameters are described in the Instrumentation section.

The polystyrene standards (which possess no acid and a narrow molar-mass distribution)
elute approximately unretained from the D column. There appears to be a slight
dependence of the 1D elution volume on the polymer molar mass with a slight shift
in elution times in the order of 1056 kDa > 38.1 kDa > 1.2 kDa. This can be explained
by a SEC, i.e., partial exclusion upon entropic elution of the polymers from the column
with porous stationary phase particles. At the low end of the molar mass axis in the
non-retained fraction (top left in Figure 6.4), a small peak is present. Although it is
unknown what the identity of this component is, it was also found in blank injections
and, therefore is not part of any polymer distribution. The p-MMA-co-MAA sample (96/4,
M, 54 kDa, see Table 6.1) shows D elution around 50 min, with a ’D retention time
between 0.5 and 0.6 min. The acid-containing polymers (p-MMA-co-MAA 90/10,M_ 60

185




Chapter 6

kDa and 96/4, M 54 kDa, see Table 6.1), appear to show a distribution directionality
from the top left to bottom right. As polymer molar mass increases, the absolute number
of acid groups present in the polymers also increases (assuming no change in polymer
composition). Upon increasing the acid content in the polymer backbone, the shift in
D retention time is evident. A similar correlation between increasing molar mass and
increasing number of acid groups was observed for all samples (Figure 6.5).

Visually, good orthogonality was obtained from the coupling of the two separation
mechanisms, which resulted in a good coverage of the separation plane. As both NAIEX
and SEC-separations were performed in strong solvents, breakthrough-or incompatibility
effects were not expected and, indeed, not observed in the chromatograms.
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Figure 6.5. NAIEX x SEC of model polymers of various molar mass and acid content (MMA-1 through 5,
Table 6.1). Detailed system parameters are described in the Instrumentation section.
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6.3.4 Data evaluation

Both separation modes can be calibrated by the use of well-defined standards. For SEC,
conventional calibration is a routinely performed task, in which narrowly distributed
molar mass standards (most commonly polystyrene or poly-methyl methacrylate) are
eluted according to their hydrodynamic volume, which is a measure for the molar mass.
For NAIEX no such standards exist, but synthesis of model polymers with known molar
mass and fractional acid content can overcome this limitation. The functionality number
is obtained by the product of polymer number average molar mass (M) and the molar
acid ratio (¢), while correcting for the molar mass of the acid monomer (see equation
1). Figure 6.6 shows the calibration of both separation axes, using the pMMA-co-MAA
copolymers described in Table 6.1 for the D separation (shown in red) and polystyrene
standards for the 2D separation (shown in black).
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Figure 6.6. Calibration of ‘D and *D-axis. Separation of polystyrene standards in 1.5 mL.min* in THF
containing 0.5% (v/v) formic acid on a 250 x 4.6 mm PLgel Minimix-C.'D conditions as in Figure 6.4
and 6.5.

The possibility to fully calibrate the separation plane enables the detailed
characterization of any slice of the polymer distribution.An example of these calculations
is shown in Figure 6.7. In this overview picture, it can be seen that the molar-mass cuts
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of the distribution show distinctly different acid group distributions. In this particular
polymer, the lower-molar-mass slice (log M = 4.0) shows a significantly broader acid-
group distribution compared to a similar slice at log M_ = 5.0. Especially, the fraction of
polymer chains with a low number of acid groups is significantly more pronounced in
the log M, = 4.0. Although it is difficult to quantitate the effect of this difference in the
polymer distribution, it is possible that the polymer chains with low number of acid
groups hardly contribute to the stabilization of polymer particles and, this, could be an
important factor to monitor when stabilization problems occur.
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Figure 6.7.Reconstructed x,y traces from sample MMA-4 at four different regions of the two-dimensional
distribution.

Similarly, the acid-number slices (depicting the molar mass distribution) at specific
calculated numbers of acid groups also reveal a certain polymer microstructure. The
expected Gaussian molar mass-distribution is only partly visible, and several distinct
sections can be observed in the molar mass distributions (see Figure 6.5, right-
hand side, molar-mass-extract traces). These sections could not be attributed to any
chromatographic artefact and were perhaps related to the feed-stage conditions during
the polymer synthesis. For instance, temperature changes, caused by radical reactions
involving the monomeric units, may have triggered a difference in initiator dissociation,
which in turn may result in slightly different monomer build-up in the polymer backbone.
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This is a very interesting result from the NAIEX x SEC experiment, which may provide
more insight in the procedures used in polymer synthesis.

The full calibration of the separation plane also enables us to characterize the
distribution in terms of molar mass averages (for comparative use, because the ELSD
signal is non-linear and not universal). The D distribution cam be reconstructed
by summing the SEC detector signal (Sum Ni, red line, right-hand axis) in a certain
modulation. An example of the result, with the calculated number-average and weight-
average molecular weights for each SEC separation is shown in Figure 6.8 (images of
the other samples can be found the Appendix).
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Figure 6.8: Reconstructed 1D chromatogram of sample MMA-4 plotted with calculated M, and M, for
each modulation.

In the bulk of polymer (between about 20 and 30 min), a linear increase in both M_
and M, is observed. At the high end of the distribution (higher numbers of acid groups)
both molar-mass averages appear to decrease - an effect which is also visible from
the original two-dimensional plot (Figure 6.5). Around the start of the distribution a
clear upswing is observed for M . As shown in Figure 6.7 (log M= 5.0 slice), there is a
low concentration of an additional polymer distribution with a high molar mass and a
relatively low acid content. This is also visible in the low-acid containing slice, as a broad
shoulder around log M 5.3. Presumably, this secondary distribution is formed during
the seed stage of the polymerization where typically no chain transfer agent is present,
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so that the resulting molar mass is expected to be high. This secondary distribution
was also detected using other characterization techniques [20]. The decreasing molar
mass averages observed at the acid-rich region (above 30 acid groups in Figure 6.8)
also indicates a difference in polymer microstructure. This decrease in molar mass is
visible in all samples (see Appendix Al through A4), and appears to show a consistent
effect related to the polymerization conditions. The observed effect may be evidence
of a fraction of polymer formed by water-phase polymerization [24] or interfacial
polymerization [25, 26], as both effects would typically result in polymers with a
relatively high hydrophilicity (i.e. high acid-content in this case). These polymers would
have a relatively low molar mass, due to radical termination caused by water-soluble
initiator or monomer-initiator radicals, and they may play a role in the stabilization of
the polymer particles. Although we do not have definitive proof that these types of
species are formed in the present case, the consistence of the observations across all
samples and the apparent molecular characteristics derived from the 2D-LC (NAIEX x
SEC) combination are strong indications of their presence.

The ability to detect and characterize the fraction of seed-stage polymer, as well as the
presumed water-phase (or interface) polymer species shows that the combination of
NAIEX and SEC is highly advantageous compared to the use of these chromatographic
approaches separately.

6.4 Conclusions

The newly developed non-aqueous-ion-exchange separation approach was successfully
coupled to size-exclusion chromatography . The resulting comprehensive setup was
used to establish the relation between molar mass and the number of incorporated
acid groups in acid-functional polymers. The developed setup has the advantage that
polymers with a large amount of acid groups can be divided into polymers with either
a high fraction of acid groups incorporated and polymers which have a large absolute
number of acid groups due their high molar mass. Good compatibility is observed
between the two (organic-solvent-based) separation systems without any signs of
breakthrough in the 2D separation. By calibrating the entire separation plane, more-
detailed polymer characterization (including molar mass averages) can be obtained than
previously possible. The polymer microstructure can be revealed in terms of the number
of stabilizing groups as function of the molar mass. The developed setup, combining two
single-parameter polymer separations, is considered mature for utilization in industrial
polymer characterization.

190



Two-dimensional tools for analyzing polymer microstructure; coupling
non-aqueous ion-exchange chromatography to size-exclusion chromatography

Acknowledgement

Lisette Konings and Jens de Bont are acknowledged for the preparation of the model
polymer systems. Dr. Mike Schellekens is acknowledged for the very helpful discussions
regarding emulsion polymerization processes in relation to the analytical developments.

191



Chapter 6

Appendices

250000 - - 10000
MMA-1

- 9000

200000 - - 8000

- 7000

s 150000 - < 6000
% 5000 g
S E
= @»

100000 - - 4000

3000

oMn
50000 - o Mw < 2000
—SUMNi| | 4490
0 L L L L L L 0
0 20 25 30 35 40 45 50

#Acid groups

Appendix 6.1. Reconstructed 1D chromatogram of sample MMA-1 plotted with calculated M_ and M,
for each modulation.
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Appendix 6.2. Reconstructed 1D chromatogram of sample MMA-2 plotted with calculated M, and M,
for each modulation.
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Appendix 6.3. Reconstructed 1D chromatogram of sample MMA-3 plotted with calculated M_ and M,
for each modulation.
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Appendix 6.4. Reconstructed 1D chromatogram of sample MMA-5 plotted with calculated M, and M,
for each modulation.
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Chapter 7

7.1 Water-borne resins

Reducing the impact of human life on our environment is one of the greatest
challenges of modern time. The fundaments laid out in this generation will be decisive
for the livability of the planet. Water-borne resins have a clear and ever-expanding
role in this context, as almost all man-made surfaces (visible or not) are covered by
one or more coatings. The use of water as the medium significantly reduces organic
solvent-usage, which lessens the carbon footprint of resins tremendously. In addition,
more and more biobased and/or biodegradable building blocks, such as itaconates,
functional carbohydrates and/or terpenes, are commercialized for use in various types
of polymerizations. At the time of writing, biobased resins do not yet enjoy the market-
pull required for a major transition from oil-based resins to plant-based resins.

Water-borne resins are expected to continue to utilize carboxylic acid functionality as
stabilization mechanism in favour of alternative stabilization mechanisms, such as non-
ionic hydrophilic monomers, sulphonate-based monomers or cationic monomers, for
several reasons:

i. Alternative stabilization mechanisms are considerably more expensive
in use. Unless other clear advantages with respect to applications and/or
properties outweigh the costs, large-scale use of these types of monomers
will not occur.

ii. Cationic polymers harbour many of the traits of anionic polymers, but their
production requires a strict separation from anionic polymers during the
production process. Any small contamination of one resin type in the other
will result in precipitation of the resin from the emulsion due to electrostatic
interactions, negating the stabilization mechanisms of the polymer particles.
Reserving a separate production line or applying extensive cleaning
protocols during production switchover is possible, but this will result in
additional operational effort (and costs) and reduced production flexibility.

iii. Acrylicand methacrylicacid from biobased sources are gaining interest.These
monomers,which are chemically identical to their oil-based alternatives,can
be a drop-in replacement, further reducing the carbon footprint of water-
borne resins. Biobased alternatives for dimethylolpropanoic acid, such as
reaction products of epoxidized soybean oil with glutaric acid are also
under investigation. This may potentially also yield alternative possibilities
for biobased stabilization of water-borne polyurethane coatings.
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7.2 Resin characterization

As described above, water-borne resins are an essential ingredient of a more-
sustainable future. This also causes a need for developments in resin-characterization
techniques. Because insights must be gained in polymer distributions, separation
methods are most essential, as described in this thesis. The advent of ultra-high-
pressure liquid chromatography (UHPLC) and two-dimensional liquid chromatography
(2DLC) has provided analytical scientists access to increasingly fast and efficient
separations. However, due to the inherent nature of certain characterization techniques,
more-efficient separations will only provide Llimited gains in information. For
example, regardless of the efficiency of a reversed-phase or normal-phase separation,
confounding polymer distributions (chemical composition distribution, molar mass
distribution, end-group distribution) will confound the chromatogram and challenge
the interpretation of the results. Size-exclusion chromatography (SEC) may be made
highly efficient, but with the separation based on hydrodynamic volume, the results are
influenced by the many distributions present in the polymers. To obtain fundamentally
new insights, the coupling of these state-of-the-art separation techniques to novel,
orthogonal,and preferably specific separations is key. Chapter 6 provides an example of
such a combination, incorporating non-aqueous ion-exchange chromatography (NAIEX)
and SEC in a two-dimensional setup. The level of detailed information provided on the
polymer microstructure cannot be obtained from alternative, one-dimensional setups.

The work presented in this thesis implies several advancements in this field, which
(after some modification, depending on the type of monomer) may be applied more
generally. The developed approaches allow identification of the stabilizing acid
monomers used in common water-borne polymers and provide insight in their
incorporation in the polymer. These developments were all realized using generic
reagents and commercial instrumentation. 2DLC was the notable exception at the time
the research was conducted, but this technique is increasingly available and rapidly
gaining ground in many research laboratories. Implementing the developed techniques
in other laboratories should therefore be relatively straightforward.

The derivatization protocol for carboxylic-acid monomers was proven critical to prevent
thermal side-reactions during characterization using pyrolysis. Similar thermal side-
reactions are also expected for other monomers that contain active protons,such as amide-,
amine-and hydroxy-functional monomers. Provided that suitable, selective derivatization
approaches are available for these functional monomers, the described approaches
(pyrolysis gas chromatography, PyGC, and SEC with differential-refractive-index and UV-
absorbance detectors, SEC-RI-UV) can be made applicable for the characterization of other
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types of functional monomers. Although the methods described in this thesis provide no
information on the sequence distribution of functional monomers, an additional level of
microstructural detail may be obtained when combining the derivatization approach with
recent developments in sequence determination of acrylic polymers [1]. This would enable
a qualitative and quantitative assessment of the distribution of stabilizing monomers
along the main polymer chain. This can be particularly useful to properly describe and
understand the stabilization mechanisms in water-borne polymers.

The application of capillary electrophoresis in polymer analysis opens up possibilities
for miniaturization, for instance for multi-dimensional polymer separations in
3D-printed devices [2] . Buffer conditions are a source of concern, as the internal surface
of such devices should be sufficiently stable if high pH values are needed. Fused silica
was shown not to withstand the high-pH conditions set forth in Chapter 5. Alternative
materials (e.g. polytetrafluoroethylene, PTFE, or polyether ether ketone, PEEK) may
provide better pH resistance. The electro-osmotic flow will be completely different in
such materials compared with that in fused silica, it is advised to first characterize such
alternative materials in a standard capillary format.

Stabilityisalso a source of concern in the described NAIEX setups.The high-pH conditions
set forth in this thesis were shown to result in a reduction of the ion-exchange capacity
of the stationary phase, likely due to elimination of quaternary ammonium functional
groups from the polymer support. In-situ regeneration of these functional-group
types is likely possible using di-epoxides and tertiary amines [3, 4], but the resulting
quaternary polyethyleneimine-grafted coating on the polymer support will again
experience degradation under the conditions of the experiment. The development of
new, stable ion-exchange media based on polymer supports is a more-fundamental
solution. Poly(meth)acrylates or silica-based particles as the polymer support do not
meet the stability requirements. Alternatively, styrene-divinylbenzene (PSDVB) based
resins may provide a suitable polymer support. New IEX stationary phases may also
provide more flexibility in NAIEX analysis, either for use in UHPLC-type separations or
in semi-preparative columns for isolation of specific polymer fractions.

Combining acid-specific separations with high-end detection techniques, such as
quadrupole-time-of-flight mass spectrometry (q-TOF-MS) or high-field nuclear-magnetic-
resonance spectroscopy (NMR) is particularly interesting to obtain more microstructural
details of polymer architecture. Due to time restrictions (aggravated by the COVID
pandemic) such advanced hyphenation techniques were not explored in this thesis. TThe
hyphenation of high-performance, specific separation techniques with high end detection
systems is a logical, but quite challenging next step in resin characterization.
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Summary

Complex systems, such as water-borne polymers, require increasingly sophisticated
analytical techniques to understand the chemical or physical microstructure. Such
understanding would enable scientists to optimize these systems for use in an a virtually
endless array of applications. As concerns waterborne polymers, the way in which they
are built directly influences the macroscopic properties of the coatings derived from
such polymer systems. Common characteristics that are important for the application of
coating materials include adhesion to a substrate, physical and chemical durability and,
very practical for painters or printers, the applicability of the coating to a substrate which
is determined by the rheological behavior of the colloidal polymer particles. Although
many possibilities exist to tailor polymer functionalities, the influence of any change in
chemical characteristics is still often determined empirically by applications tests. By
far the most commonly used functionality in water-borne polymers is the acid group.
The work covered in this thesis was aimed at developing tools to specifically separate
and characterize complex polymer systems based on this acid functionality. Such tools
will provide more insight in the chemical microstructure and distribution of stabilizing
monomers in water-borne polymers. As the developed approaches specifically target
the acid functionality, the chromatographic tools may be generically applied to other
acid-functional materials.

As acid-functional monomers are being incorporated only in the low percentile
range, spectroscopic techniques are often not sufficiently sensitive to discern the
exact species that are used in a polymer system. In the work described in Chapter 2, a
specific derivatization of the acid functionality in polymers was developed, using model
polymers with varying type of acid and comonomer composition.A class of derivatization
agents, phenacyl bromides, were shown to specifically react with acid functionalities.
The derivatization yields determined by fast Size-Exclusion Chromatography (SEC)
were found to be high. Pyrolysis of the derivatized polymers showed the existence of
phenacyl esters, which could be clearly attributed to the specific acid monomer used
with the aid of mass spectrometry (MS). As acidic monomers may also be created by
intra- and/or intramolecular rearrangements under pyrolysis conditions, it is critical
to remove excess derivatization agents to discern incorporated acid monomer from
pyrolytically created acid monomer.

The specific derivatization protocol described in Chapter 2 was adopted for chemical-
heterogeneity studies of polymers. The phenacyl functionality which is introduced by
derivatizing acid-functional monomers can be specifically detected by ultraviolet (UV)
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detection after SEC separation, under the assumption that no other UV-active species
are present. In Chapter 3 a multi-detector SEC setup is described, consisting of at least
a UV detector (measuring the concentration of acid monomer) and a refractive index
(RI) detector (approximately measuring the total polymer concentration). This setup
was then used to quantify the relative concentration of the acid monomer in each
molecular-weight slice, enabling determination of the heterogeneity of the distribution
of acid monomer as a function of the molar mass. The total surface area of the UV-
active-polymer fraction could be quantified using a molar-response calibration curve
of a commercial phenacyl ester. A very good agreement was observed between the
theoretical acid content based on synthesis conditions and the acid content determined
from the UV signal. As an added advantage of the derivatization, polymer solubility was
increased. The refractive-index increment (dn/dc) of the polymer was also increased by
the incorporation of the phenacyl side groups, which increased the sensitivity of the Rl
detector. The types of analysis as developed in Chapters 2 and 3 may be easily extended
to other polymer functionalities, provided that a suitable derivatization approach is
established.

A different development was a protocol to deprotonate the acid functionality
in polymers in non-aqueous conditions. The acid-base equilibrium (pK) of the
acid groups changes drastically in non-aqueous conditions compared to aqueous
conditions, which poses challenges to the base strength that is required to achieve
deprotonation of the acid groups. Chapter 4 describes that the combination of a polar
solvent (N-methylpyrrolidone, NMP) and an organic superbase (tetramethylguanidine,
TMG) yields complete deprotonation of the acid groups as determined by proton
nuclear-magnetic-resonance spectroscopy (*H-NMR). A good correlation was observed
between the measured pK values of the acids in the NMP environment and available
pK_ data in literature. The acid-functional polymers were subjected to non-agueous
ion-exchange chromatography (IEX). Initial conditions were chosen such that the
polymers were deprotonated and thus negatively charged. These charged polymers
interacted strongly with the quaternary-amine functionality of strong ion-exchange
liquid chromatography (LC) columns, and thus are retained. Elution was performed by
a gradient of triethylammonium formate, an organic-soluble salt (the most-common
|IEX salt is sodium chloride, which is insoluble in NMP and other organic solvents). The
retention behavior of model systems under IEX conditions was compared to normal-
and reversed phase polymer separations. Both the latter types of systems yielded a
separation based on the overall polarity of the polymer, and not specifically on any
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of the monomeric species present in the polymer. The IEX approach showed a very
good correlation of the polymer retention behavior with the number of acid groups
incorporated in the polymer, regardless of the other comonomers present.

Capillary electrophoresis (CE) may also be used for the separation of complex systems.
It is a common tool in the fields of protein, virus, and antibody characterization. Chapter
5 presents an extension of the approach developed in Chapter 4. A direct translation
of the IEX approach (NMP solvent and a strong, organic-soluble bases such as TMG
and tetrabutylammonium hydroxide, in the background electrolyte) yielded good
results, i.e. separation of polymers based on their charge-to-size ratio. However, this
approach could only be applied for a few injections, as the high-pH conditions led to a
rapid deterioration of the fused-silica electrophoresis capillary. Interestingly, changing
the composition of the background electrolyte to an excess of acid also resulted in
the formation of negatively charged polymer species. It was shown that so-called
heteroconjugation, i.e. complexation of the polymer with the anionic species in the
background electrolyte, had taken place. The effects of various types of acid in the
background electrolyte were investigated, with acids having a higher pK_ proving more
efficient in complexation of the acidic polymer. The acid distribution of various polymer
species could be determined, with polyurethanes showing a different dependence
of the elution time on the charge-to-size ratio. This could possibly be attributed to
size differences in solution, but the absence of neighboring acids in the polyurethane
structure may also have affected the CE behavior. The acid-functionality distribution
could be constructed from the electrophoretic data, together with basic peak statistics.
The influence of molar mass was shown to be very limited, as was expected for a
separation based on charge-to-size ratio. Low molar-mass polymers did show peaks
that were tailing towards the low-mobility part of the electropherogram, which could
likely be explained by the increasing influence of non-charged polymer end-groups.

More insights into polymer microstructure may be obtained by the hyphenation
of orthogonal separation principles. Multi-dimensional LC can drastically increase
the peak capacity of a separation system and/or provide additional information on
polymers based on the applied separation principles. Chapter 6 describes the on-line
coupling of the ion exchange protocol from Chapter 4 in the 1%t dimension, with SEC
in the second dimension. An optimization was performed involving the dimensions of
second-dimension column, the loop volume of the transfer valve, the first-dimension
gradient slope, and the second-dimension flow rate. The observed two-dimensional IEX
x SEC separation showed an orthogonal separation for a selection of polymers with
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varying molar mass and acid content. Using calibration standards and model polymers,
both IEX and SEC axes could be calibrated, yielding a calibrated separation plane. This
enabled the quantitative evaluation of every point of the 2D-plane. When assessing the
molar-mass averages across the acid distribution, clearly different stages in the acid
distribution were discerned. These likely indicated a seed-stage polymer fraction, as
well as acid-rich polymers, which could have originated from water-phase or interfacial
polymerization. The combination of orthogonal separation modes in multidimensional
LC offered clear advantages as compared to the application of the separation modes
individually.
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Samenvatting

Complexe systemen, zoals watergedragen polymeren, vereisen een continue
ontwikkeling in analytische technieken om de chemische or fysische microstructuur
van deze systemen te begrijpen. Dit begrip stelt wetenschappers in staat om deze
systemen te optimaliseren voor een eindeloze variatie aan toepassingen. In het geval
van watergedragen polymeren is de manier waarop de polymeren samengesteld worden
van directe invloed op de macroscopische eigenschappen van de coatings die gemaakt
worden van deze polymeren. Karakteristieken die erg belangrijk zijn voor de applicatie
van deze coatings zijn, onder andere, hechting aan het substraat, fysieke of chemische
bestendigheden. Ook praktisch: bij gebruik van deze materialen door schilders en/
of printers moet het reologisch gedrag van deze colloidale systemen adequaat
zijn voor de toepassing. Alhoewel er veel mogelijkheden zijn omtrent het specifiek
synthetiseren van bepaalde chemische functionaliteiten, wordt het effect van de
verandering in chemische structuur nog vaak empirisch bepaald door applicatietesten.
Een van de meest voorkomende functionaliteiten in watergedragen polymeersystemen
zijn de zuur-functionele monomeren. Het werk in dit proefschrift is erop gericht
om chromatografische gereedschappen te ontwikkelen die deze complexe zuur-
functionele polymeren specifiek scheidt op deze functionele groep, dan wel specifiek
kan detecteren. Dit stelt men in staat om meer inzicht te verkrijgen in de chemische
microstructuur en verdeling/inbouw van de stabiliserende groepen in watergedragen
polymeersystemen. De ontwikkelde chromatografische gereedschappen gebruiken
specifiek de zuur-functionele groepen om een scheiding of detectie te bewerkstelligen,
en kunnen dus vrij generiek ingezet worden voor de karakterisatie van andere zuur-
functionele polymeersystemen.

Aangezien zuur-functionele monomeren slechts in kleine hoeveelheden ingebouwd
worden zijn spectroscopische technieken vaak niet gevoelig genoeg om exact te
onderscheiden welke zuurtypes gebruikt zijn in een polymeersysteem. In Hoofdstuk
2 is een specifieke derivatisering ontwikkeld voor de zuur-functionele groepen
in polymeersystemen. Hiervoor zijn modelsystemen gebruikt met een variatie in
zuurtype en in monomeercompositie. Het is bewezen dat een bepaalde groep
van derivatiseringsmaterialen, de phenacylbromides, specifiek met de polymere
zuurgroepen reageerde onder vorming van phenacylesters. Derivatiseringsopbrengsten,
bestudeerd met size-exclusie chromatografie (SEC), zijn hoog. Pyrolyse van de
gederivatiseerde polymeersystemen liet zien dan phenacyl esters gevormd werden, het
type phenacyl ester kon hierbij door middel van massaspectrometrie herleidt worden

210



Samenvatting

naar het origineel gebruikte zuurmonomeer. Aangezien zuurmonomeren ook kunnen
ontstaan tijdens een nevenreactie tijdens pyrolyse, wordt het als cruciaal gezien om een
overmaat derivatiseringsreagens te verwijderen zodat ingebouwde zuurfunctionaliteit
onderscheiden kan worden van pyrolytisch gecreéerd monomeer.

Het derivatiseringsprotocol zoals opgesteld in Hoofdstuk 2 is ook gebruikt voor de
studie naar chemische heterogeniteit van polymeren. De phenacyl functionaliteit die
geintroduceerd wordt door de derivatisering van de zuurfunctionaliteit kan specifiek
gedetecteerd worden door middel van ultraviolet (UV) detectie na scheiding door
middel van SEC - aannemende dat er geen storende UV-actieve materialen aanwezig
zijn in de polymeren. In Hoofdstuk 3 is een multi-detector SEC systeem beschreven,
bestaande uit tenminste een UV detector (welke de concentratie van het zuurmonomeer
meet in een molgewichtsfractie) en een brekingsindexdetector (RI, welke de totale
polymeerconcentratie meet in dezelfde molgewichtsfractie). Deze setup kan gebruikt
worden om de relatieve concentratie van de zuurmonomeren te berekenen in iedere
molgewichtsfractie. Door deze informatie uit te zetten tegenover het molgewicht van
het polymeer kan de heterogeniteit bepaald worden van het zuurmonomeer als functie
van het molgewicht. Het totale piekoppervlak van de UV-actieve polymeerfractie
kan berekend en vergeleken worden met de molaire response van een commercieel
verkrijgbare phenacylester, waarbij de totale ingebouwde zuurhoeveelheid berekend
kan worden. Een goede overeenkomst werd gevonden tussen de theoretische
zuurhoeveelheid uit de synthese met de zuurhoeveelheid zoals berekend wordt uit de
UV berekening. Een bijkomend voordeel van de derivatisering is dat de oplosbaarheid
van de polymeren toeneemt, waarschijnlijk doordat er geen mogelijkheid meer is voor
de zuurgroepen om inter- of intramoleculaire waterstofbruggen aan te gaan. Daarnaast
wordt dn/dc verhoogd door inbouw van phenacyl zijgroepen, waardoor de gevoeligheid
van Rl detectie toeneemt. Het type analyse zoals beschreven is in Hoofdstuk 2 en 3 kan
relatief makkelijk breder ingezet worden voor andere polymeer- of functionaliteitstypes,
mits er een geschikt derivatiseringsprotocol toegepast wordt.

Een andere toepassing die is ontwikkeld, is om de zuurfunctionaliteit in polymeren
te deprotoneren in niet-waterige condities. De zuurconstante (pK)) van zuurgroepen
verandert drastisch onder deze condities vergeleken met waterige condities. Dit
zorgt voor uitdagingen om bases te vinden die sterk genoeg zijn om deprotonering
te verkrijgen van zuurgroepen in niet-waterige condities. Hoofdstuk 4 beschrijft dat
de combinatie van een polair aprotisch solvent (N-methylpyrrolidone, NMP) met een
organische superbase (tetramethylguanidine, TMG) volledige deprotonering geeft

211



van de polymeergebonden zuurgroepen, zoals bepaald door middel van proton-NMR
(*H-NMR). Een goede correlatie is aangetoond tussen zuurconstantes van ingebouwde
zuren in NMP met de zuurconstantes van vergelijkbare zuren uit de literatuur. Gebruik
makend van deze condities zijn zuur-functionele polymeren zijn onderworpen aan niet-
waterige ionenwisselingschromatigrafie (IEX). Initiéle LC condities werd ingesteld zodat
de zuur-functionele polymeren gedeprotoneerd waren en dus anionische groepen
hadden. Deze geladen polymeren vertonen een sterke interactie met de quaternaire
ammonium functionaliteit van de IEX stationaire fase en ondergaan dus adsorptie.
Elutie van de geadsorbeerde polymeren werd bereikt door een gradiént toe te passen
met een toenemende concentratie aan triethylammonium formate, wat een organisch
(oplosbaar) zout is (meest gebruikte zout in traditionele IEX is natriumchloride, welke
onoplosbaar is in NMP en andere organische oplosmiddelen). Het retentiegedrag
van modelsystemen onder IEX condities is vergeleken met traditionele normal- en
reversed phase LC scheidingen. Beide traditionele methodieken resulteerden in een
scheiding gerelateerd aan (hoofdzakelijk) de totale polariteit van de polymeren en geen
specifieke scheiding op basis van aanwezigheid van een van de monomeertypes in deze
modelsystemen. De |IEX-aanpak vertoonde een goede correlatie tussen retentiegedrag
en het nominale aantal zuurgroepen dat ingebouwd was in de polymeren - onafhankelijk
van het type monomeer dat werd gebruikt naast het zuur-monomeer.

Een alternatieve aanpak is gerealiseerd door middel van capillaire elektroforese (CE).
Deze techniek wordt zeer veel gebruikt voor de karakterisering van complexe systemen,
zoals eiwitten, virusdeeltjes of antilichamen maar slechts zelden voor synthetische
polymeren. Hoofdstuk 5 beschrijft een aanpak die gerelateerd is aan de ontwikkeling
in Hoofdstuk 4, waarbij het gebruik van NMP en sterke organische bases zoals TMG en
tetrabutylammonium hydroxide toteen duidelijke scheiding (gebaseerd op de verhouding
lading/grootte) leidde tussen polymeren met een verschil in hoeveelheid ingebouwde
zuurgroepen. Dit type scheiding kon echter slechts een beperkt aantal analyses aan,
doordat de glazen CE capillairen sterk gecorrodeerd raakten door de hoge-pH condities
in combinatie met hoge voltages en sterke solventen. Het veranderen van de compositie
van het CE electroliet naar een overmaat zuur bleek ook te leiden tot het ontstaan van
negatief geladen polymeren. Complexering van het polymeer met anionen uit het CE
electroliet werd aangetoond - een proces wat bekend staat als heteroconjugatie. Het
effect van verschillende zuren in het electroliet is onderzocht, waarbij zuren met een
hogere pK_ dan het ingebouwde zuur aantoonbaar efficiénter waren in de complexering
met het polymeer. De zuurverdeling van verschillende polymeren kon op deze manier
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bepaald worden, waarbij polyurethanen een sterk afwijkend elektroforetisch gedrag
vertoonden. Alhoewel dit toegeschreven kan worden aan grootte-verschillen in
solutie, kan het gebrek aan direct naastgelegen zuren in urethaanchemie ook een
effect hebben. De zuurverdeling kon aan de hand van elektroforetische data opgesteld
worden, samen met een aantal fundamentele piek-statistieken die deze verdeling
beschrijven. De invloed van molgewicht op het elektroforetische gedrag is onderzocht,
en werd minimaal bevonden - iets dat verwacht werd voor een scheiding gebaseerd op
lading/grootte-ratio’s. Laag-moleculaire polymeren lieten hierbij een tailende piek zien
richting het elektroforetische gebied met lage mobiliteit, wat verklaard worden door
de toenemende relatieve invloed van de niet-geladen eindgroepen van het polymeer.

Additionele inzichten in de microstructuur van polymeren kan verkregen worden door
de koppeling van orthogonale scheidingsprincipes. Multi-dimensionele LC kan de
piekcapaciteit van een scheidingssysteem drastisch vergroten en/of andere informatie
verschaffen aan de hand van de toegepaste scheidingsprincipes. Hoofdstuk 6 beschrijft
de online koppeling van de IEX scheiding beschreven in Hoofdstuk 4, met SEC in
de tweede dimensie. Een optimalisatie is uitgevoerd op dimensies van de 2D kolom,
loopvolume van de schakelkraan, !D gradiént steilheid en 2D flow rate. De verkregen
IEX x SEC scheidingen laten een orthogonale scheiding zien voor een selectie aan
polymeren met verschillen in molaire massa en zuurgehalte. Door gebruik te maken van
kalibratiestandaarden en modelpolymeren konden beide LC dimensies gekalibreerd
worden, wat geresulteerd heeft in een compleet gekalibreerd scheidingsvlak. Dit
stelt men in staat tot karakterisering van ieder punt van het scheidingsvlak. Wanneer
molecuulmassa-gemiddelden bepaald worden als functie van de zuurverdeling,
worden verschillende stadia waargenomen in de zuurverdeling. Deze stadia zijn
zeer waarschijnlijk indicaties voor het zogenaamde seed-stadium van de toegepaste
emulsiepolymerisatie enerzijds, en anderzijds het bestaan van zeer zuurrijke polymeren
die kunnen ontstaan als gevolg van waterfase- of scheidingsvlakpolymerisatie. De
combinatie van orthogonale LC technieken in multidimensionale LC heeft een duidelijk
voordeel over de toepassing van de individuele scheidingstechnieken.
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