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Physicochemical aspects of solid phase synthesis
using cross-linked polymeric matrices

Sebastian Pinzon-Lépez,2® Eric T. Sletten,® Matthias Kraume,®
Peter H. Seeberger *3€ and José Danglad-Flores @ *2

Solid phase synthesis (SPS) offers a bottom-up approach for assembling (bio-)oligomers and polymers with
precise molecular detail. Although SPS has been applied to various organic compounds, it is expressly
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convenient for assembling biopolymers. Fundamental studies and optimization efforts have focused solely
on organic chemistry aspects, often neglecting physicochemical issues. Here, we summarize the current
understanding of the physical phenomena occurring in the gel-like, solvent-swollen polymer beads used

commonly as a solid support, aiming to help advance SPS by providing new insights based on

rsc.li/reaction-engineering physicochemical principles.

1. Introduction

Solid phase synthesis (SPS) is an established strategy for the
facile construction of well-defined molecular motifs on a solid
support.”> The technique has been expressly devoted to
biomolecule preparation, such as peptides, oligonucleotides,
and oligosaccharides.>® Reactions are carried out in a
biphasic system, where solid particles are dispersed in a
liquid, allowing for the transport of chemical species to and
from the solid support. Cross-linked polymer matrices in the
form of spherical particles frequently serve as solid support.
Each solvent-swollen bead is a gel,’” with the solvent
comprising up to 80% of its total volume.® While the particles
are hosted in the reactor, the liquid phase reagents are
consecutively replaced. This circulation of reagents in the
system eliminates the otherwise laborious purification.
Depending on the reactor configuration, the solid-liquid
ratio can range from 2% V/V (slurry reactors)’ to 40% V/V
(packed beds).'®'" Distributed through the polymer matrix, a
linker molecule exposes the first accepting functional
group.”* In biomolecular synthesis, the linker anchors the
monomer/building block to the solid phase via a chemical
coupling. A new active site is revealed upon releasing a
functional group in the monomer via a deprotection reaction,
closing a typical cycle. The cycle can vary depending on the
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chemical strategy. Consecutive cycles afford the construction
of well-defined sequences; then, the precursor is released
from the solid support by chemical®® or photochemical
means.'® The target molecule is obtained upon removal of
any remaining “permanent” protecting group(s) (pPG).>"”
The iterative nature of SPS is ideal for automation:
automated platforms were initially employed for peptide
synthesis,” followed by nucleotides”® and glycans
(polysaccharides)."® SPS boosted the field of biomolecular
sciences: a better understanding of biological systems® resulted
in applications such as vaccines®**! and related fields.>***
Although adsorption is a term specific for solid-liquid
interfaces and not swollen polymers,"® the parallels between
SPS and the classical adsorption description are evident.'”>*
The resin-bound molecules operate as active sites, while the
coupling agents chemically adsorb effectively as a monolayer.
The desorption of a functional group (deprotection) will
follow the adsorption process. However, the corresponding
formalisms and mathematical descriptions have not been
applied to the design and operation of SPS reactors.>” Prior
to chemical bond formation, the activation of the adsorbate
(building block) adds more complexity to the process.>®
Historically, the contribution of mass transport’” and
physicochemical phenomena®® has been neglected in the
examination of SPS." While the chemical strategies
continuously evolve and diversify, mathematical frameworks to
estimate the dimensions and optimal geometries of the reactors
are scarce. Lately, optimization efforts have pushed a renewed
look at physical aspects, such as mixing,>*~" swelling,*"** flow
distribution and residence time distribution in packed beds of
swellable supports®™® and kinetics.**
Glycan synthesis is inherently more complex than other
biopolymers due their intrinsic complicated structures® and
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the associated costly building blocks involved. In practice,
excess building blocks'*?® and long reaction times™® ensure
complete conversion; however, shorter synthesis times are
desirable®®*” and less reagent will save valuable building
blocks.*® Herein, we summarize the physicochemical aspects
of solid phase synthesis, focusing on swelling and adsorption
on the cross-linked polystyrene matrix (typically 1%
divinylbenzene (DVB), ~110 pum mean dry diameter). An
understanding of physical phenomena is the basis for
process intensification.

2. Solid phase synthesis (SPS)

The SPS process (Fig. 1) has been comprehensively reviewed'”
and is briefly summarized here. Even though SPS of peptides,
oligonucleotides, and glycans differ in key parameters like
solvent and temperature,®*' the central coupling step is
comprised of an activated species reacting with a nucleophile
on a solid support (insoluble, functionalized polymeric
matrix to which reagents are connected via a linker'”**). The
solid support loading ranges from 0.2 to 0.7 mmol g, and
its choice depends not only on the reaction scale but also on
the nature of the target biomolecule to avoid on-resin
aggregation.®

Peptides and oligonucleotides are linear polymers formed
from bonds that do not involve the creation of a new
stereogenic center, whereas glycans can be branched, and
each glycosidic bond creates a new stereogenic center.” After
coupling, a temporary protecting group (tPG) is removed
using the appropriate reagent before the cycle is repeated
with the following monomer. The coupling-deprotection cycle
continues until the target molecule is synthesized.
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Alongside the chemical process, several physicochemical and
transport processes occur (see Fig. 1 (ref. 17)): a) particle size
changes from swelling, b) reagent mixing in the bulk liquid, c)
film diffusion, d) intraparticle transport, e) adsorption/coupling
at active sites, and f) desorption (deprotection). After dissecting
the transport steps in detail,"” this review will address swelling
and adsorption-related issues.

3. Porous characteristics of swollen
polymeric networks

Considering the solid support in SPS as a rigid and inert
“simple ball” is unreasonable. Czarnik and Gambs et al. remark
that the SPS success strongly depends on the accessibility of the
reagents to the functional sites.**** Typical pictorial depictions
of the swelling process are shown in Fig. 2.

Diffusion inside the solid support is possible through the
formation of a porous structure: the swelling causes the
separation of the polymer chains to create “solvent-filled
voids” or pores;*” mathematical models describing diffusion
in cross-linked polymers are sometimes adapted from models
established for porous media or diffusion in polymer
solutions.*®*°

Hence, lightly cross-linked polymers (DVB < 2%) as solid
supports for SPS are characterized by non-permanent porosity
(swellable or microporous gels*”), where the pore size relies
on the solvent used,””**"" rendering the characterization of
the material in terms of surface area and pore volume more
challenging.>'

Using macroporous polymers (non-swellable with permanent
porous structure®’) in SPS offers flexibility in solvent selection,
rapid solvent removal, and no sticking to the reaction vessel
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Fig. 1 Physicochemical and transport processes during the SPS cycle include swelling, mixing of the activator and building block, activation
reaction, film transfer, intraparticle transfer, chemical coupling (adsorption), deprotection reaction (desorption of a functional group), and removal
of released reagents. Mixing is typically achieved through mechanical means or gas bubbling (as depicted here); taken from React. Chem. Eng.,
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Fig. 2 Upper part: The swelling process of the solid support. The “dry” polymer matrix collapses in the absence of the solvent (S); when the beads
interact with the solvent (t = 0), the inner liquid transport forms a swelling front (0 < t < t) (when a solute is dissolved in the solvent, a diffusion
front is also formed?®). The solvent will penetrate until there is no dry core (the bead is fully swollen) and equilibrium is reached (t = t.); the
diameter of the beads increases by the factor « (for PS-DVB (1%): a = 1.63-2.03 for DCM; « = 1.37-1.51 for DMF®28). Lower part: When poorly
swollen, the polymer network collapses, and reagents cannot access the active sites. The network expands once the resin is swollen, and coupling

can occur.

Wall‘47,52—55

These supports are not commonly used for SPS of
biopolymers. Increasing the cross-linking degree (to achieve a
non-swellable support) decreases the reaction and diffusion
rates.>®

Surface area and void fraction are overlooked in SPS as
solid supports are microporous.”’ Instead, the swelling factor
(the volume of solvent absorbed per gram of resin)
characterizes the solid support, and the resin loading (mmol
of active sites per gram of resin) determines the reaction
scale. SPS relies on swelling, but the relationship between
temperature®” and swelling for common solid supports has
not been studied in depth (see section 6).

Because of the key role of swelling in SPS and environmental
concerns, there is an interest in the swelling behavior of the
microporous gels using “green” solvents®”® and the design of
solid supports with greater swelling capability.”*®" “Good”
solvents determined by the Griffith et al®* method have a
swelling factor of at least 4 mL g *.°® Al Musaimi et al
comprehensively summarize swelling capacity for different
solvents and polymeric matrices.®® Nonetheless, data on surface
area, void fraction, and pore size of swellable solid supports are
available.”"**"%  Detailed understandings into styrene-
divinylbenzene macroporous resins,*** and porous structure
design have been obtained.”®

4. Swelling kinetics

In SPS, resin swelling is solely quantified by the swelling
factor (thermodynamic equilibrium parameter). This value is
obtained after prolonged contact between the solvent and the

1444 | React. Chem. Eng., 2025, 10, 1442-1454

resin (1-24 h) at room temperature.®®> Considering that

temperature ranges in SPS can be broad (in Automated
Glycan Assembly (AGA), it varies from -40 to 90 °C (ref. 9)),
the change in the swelling factor could be relevant.

Two common assumptions in SPS are that swelling is
independent of temperature and that the maximum swelling
is always achieved. However, the Flory-Huggins theory
contradicts the first assumption (see Fig. 3 for a review on
swelling thermodynamics).”” No experimental evidence
supports the idea that the resin reaches equilibrium. In fact,
this is inconsistent with the studies that allow up to 24
hours®®* of contact to measure the swelling factor (coupling
times can be in the order of 0.5 h (ref. 17) for nucleic acids,””
peptides,”® and glycans®'”).

The solid support is dynamic, with its composition
changing during each synthesis cycle. Although SPS typically
involves multiple solvents and reagents, few studies address
solvent replacement dynamics.®"** A better understanding of
the swelling kinetics could lead to optimized process times
during resin washing steps. These washing steps have been
investigated to reduce solvent consumption,®® and for
peptide synthesis, free-bulk evaporation resulted in wash-free
synthesis protocols.*?

For mathematical formulation, several models have been
proposed to predict swelling kinetics (see Table 1). The
Tanaka-Hocker-Benedek (THB) theory®*® assumes the
polymeric network is Hookean and balances the network
stresses and friction forces;*®®” Mazich and Rossi have also
proposed Fick's second law with a moving boundary
condition.®®°° In addition, the generalized Maxwell-Steffan

10,28
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Fig. 3 Summary of the thermodynamic theory for polymer swelling. Changes associated with the Gibbs free energy (G) come from the mixing
between the polymer and the solvent and the elasticity of the polymer network. For mixing, the contribution comes with the changes associated
with enthalpy (H) and entropy (S). The change in enthalpy uses the definition for the interaction parameter y (see section 6), while entropy is
computed using the same expression for mixing ideal gases; a lattice model is used. The expression for the mixing contribution is usually known as
the Flory-Huggins solution theory.”*”* For isotropic swelling (and assuming that macroscopic deformation equals microscopic deformation), the
change in G is due to the change in entropy because of deformation. The mechanical balance reached in equilibrium finally leads to the Flory-

Rehner equation,”®

where v; is the molar volume of the solvent, N, is the Avogadro number, Vj is the initial volume of the gel, and the sub-index 0

refers to the initial or reference state. For a thorough review of the thermodynamics aspect of swelling, see “theory of swelling” by Hirotsu’® and

the work by Paulin et al.””

Table 1.

(GMS) approach has been shown to predict the swelling
kinetics of hydrogels.®*°" Next, we review some relevant
research on swelling kinetics modeling.

For the swelling of 8% DVB cross-linked polystyrene
spherical beads (450-500 pm) at 25 °C with dichloromethane
(DCM), trichloroethane (TCE), tetrahydrofuran (THF), and
benzene” swelling could be considered a Fickian (case I)
process by relating the weight of absorbed solvent per unit
area M, with time as follows:

M, = Kt (1)
Where K is a correlation constant; if a = 3, the process is
Fickian,”® i.e., “the rate of diffusion is much less than that of
relaxauon Since this correlation holds for all the
experimental conditions, a swelling kinetic model based on
Fick's second law was proposed with the following assumptions:
spherical symmetry for the polystyrene beads, no chemical

i 92

This journal is © The Royal Society of Chemistry 2025

As we maintained the original notation from Hirotsu,”®

symbols may represent different physical quantities than those in

interaction between the solvent and the polymer, and
instantaneous transition from the unswollen to the swollen
state.”” Using this model, diffusion coefficients for the solvents
with values between 0.5 and 5.0 x 107 ecm? s~ were obtained,
and the time to reach equilibrium was estimated at 5 min.

Another model based on Fick's second law with a moving
boundary formulation to account for “the fact that polymeric
material is displaced as solvent moves”®® was proposed.®*~%°
Their model accurately predicts the swelling kinetics for
cis-1,4-polyisoprene beads mixed with different amounts (1-5
pph) of dicumyl peroxide, with an initial radius of around 6.2
mm, and toluene as solvent at room temperature.

In contrast to the above Fickian approaches and spherical
geometries, Hakiki and Herz” studied the swelling of polystyrene
cylinders (8 mm x 50 mm). For THF as solvent at room
temperature, the THB model accurately fits the experimental data
with diffusion coefficients (for the THB theory) in the order of 1.5
x 107® em? 57!, with an equilibrium time of 30 h. Although solid

React. Chem. Eng., 2025, 10, 1442-1454 | 1445
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Table 1 Summary of models used to describe the swelling of spherical polymer beads: Fick's second law, generalized Maxwell-Stefan (GMS) approach,
and the Tanaka-Hocker-Benedek (THB) theory. We present a graphic representation of the physical basis for deriving the constitutional equations for
every model. Here, we do not consider the Biot theory; Hui and Muralidharan’® comprehensively compare the Biot and THB theories. In the THB theory,

if C is defined as C = r?u, the partial derivative equation takes the same form as Fick's second law

Fick's second law

Generalized Maxwell-Stefan (GMS) approach

Tanaka-Hocker-Benedek (THB) theory

Partially swollen bead of radius R,
with an unswollen core of radius y
and a shell radius r. Adapted from
Goldstein et al.”®

M, = Kt

Solvent uptake (M) as a function of time.
K is a proportion constant if a = 3,
diffusion is Fickian

aC 19 (

,C
" (prr=
ot ror or
Radial diffusion into a sphere.

C is concentration. D is the
diffusion coefficient

D =Dy(1 + aC)

Example of linear dependency of the
diffusion coefficient with concentration.
D, is the effective diffusivity coefficient
through the swollen region, and

o is a constant

Boundary and initial conditions

C=0,t=0,0<r<R
The initial concentration in the
bead is zero

c=1,t>0,r>R
Concentration at the surface
remains constant

oC/or=0,r=0
There is no gradient across the centre
of the sphere (symmetry)
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O

Force exerted on = Friction between
o-@
Interaction between the polymer network
(P) and the solvent molecules (S) for the
Maxwell-Stefan equation. Adapted from
Taylor and Krishna®

Fari = Fre i

The net driving force on component
i equals the friction between i and
other components

d
Fo — —— FH el
ar = =g WA
The driving force Fg, of the swelling process

is the sum of the Flory-Huggins chemical
potential ™ and the elastic term x*'

RT
Fe = Dar ¢ (us —up)
Friction between the solvent and the polymer
network. R is the gas constant, T is the
temperature, ¢ is the volume fraction of the
polymer, and u; and u;, are the velocities
of the solvent and the polymer, respectively

Desr = Do fl9)

The effective diffusion coefficient D¢ is a
function of the swelling degree and the
diffusion coefficient of the species in

the free solution D,

us(1 - ¢) + upp =0

The linear velocity at which the outside
element in the polymer network moves
outward equals the swelling velocity
(bootstrap relation)

B ox _ 1- ¢ d /,tFH +Iucl
wi = (55) =05 o (o
GMS equation for swelling of hydrogels
0 = tDylro’, x = 1iry

Dimensionless variables
(7o is the initial radius)

Unswollen

Swollen

Change from the unswollen state (r position,
dotted lines) to the swollen state (7 position,
continuous line). The deformation vector is u;
the dots represent the cross-link points.
Adapted from Hirotsu”®

u=r-r
Displacement vector definition

ou_ d’u
o or
Equation of motion for the movement of a
microscopic volume element of the gel.

oik is the stress tensor and p is the density
of the element

F=Voy—f =0

1
oik = 24 (Uik - gV'U(Sil() + KV-udik

Stress tensor definition for an isotropic
material. This is the same as the definition
given by Newton's law of viscosity. K is

the bulk modulus, g is the shear modulus,
and ¢j; is the Kronecker delta

2
Strain tensor for an isotropic material.
In Cartesian coordinates, x4, x,, and x;
equals the coordinates x, y, and z

1 <6ui auk>
Uik = > +
Xk Xi

aui 2 1 )
fgf,uv u+ <K+3/A>V(Vu)

Fundamental THB equation

_K+3u
S

Definition of the diffusion coefficient
in the THB theory

5 =0 [0

The equation for a spherical symmetrical
gel. Here, the vector notation u is dropped
as only the radial coordinate is considered

This journal is © The Royal Society of Chemistry 2025
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Table 1 (continued)
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Fick's second law

Generalized Maxwell-Stefan (GMS) approach

Tanaka-Hocker-Benedek (THB) theory

Boundary and initial conditions

(/lFH +/ls)rirp :/1:: (at any 0)
The chemical potential of the solvent

Boundary and initial conditions

u(r, 0) = Aay(r/a,) (t = 0)
The network is initially under uniform stress

at the outside radius in the gel bead
equals the chemical potential in

the surrounding liquid

#0 =0) = ¢, (at any x)
Initial state of the bead

supports in SPS are spherical, cylindrical coordinates can be
relevant for packed beds, where the compacted solid support
macroscopically acts like a cylinder.****

Bisschops et al.®® first proposed the GMS approach to
study the swelling kinetics of dextran cross-linked with
epichlorohydrin (spheres; 100-300 um) with water, obtaining
a good fit. More recently, the GMS approach was used along
with the perturbed-chain statistical associating fluid theory
(PC-SAFT) to accurately model the swelling of epoxy resins in
water, isopropyl alcohol, and heptane.’>%*

Sainio et al®® used the GMS approach to model the
swelling of spherical ion exchange resins. For a PS-DVB
functionalized resin (CS08G; 4% cross-linking degree), the
GMS approach predicts the shrinking behavior at 25 °C using
ethanol-water mixtures as solvents, with initial particle sizes
ranging from 521 to 612 um. The GMS approach also predicts
the swelling and shrinking of another PS-DVB functionalized
resin (CS16G; 8% cross-linking degree) in water/acetic acid
mixtures for initial particle sizes of 900 um. Interestingly, the
GMS approach predicts minimum and maximum values
before equilibrium is reached and is compared to Fick's
second law: both follow the general trend, but the GMS
approach is more accurate as “it takes into account the
limited expansion of the polymer network, driven by the
chemical potential of the diffusing species™.> Equilibrium
for the two cases above is achieved in around 6 min.

The models and experiments discussed so far are not
specific to SPS. The solid supports used in SPS differ
significantly in size or shape from some previously described
systems. Nevertheless, these studies provide a reference point
since studies on swelling kinetics in SPS are scarce. Walsh
et al.>® and Vaino and Janda®® reviewed the implications of
polymeric supports on SPS, and though the swelling of the
resin is a pivotal point in their discussions, they do not
mention swelling kinetics.

5. Effect of growing structures on the
solid support

Sarin et al®® investigated, using microscopy, how the
molecular size of peptide chains affects the swelling

properties of the solid support (polystyrene beads, 1% DVB,
0.22-0.95 mmol g of loading, initial size of 50 wum) by

This journal is © The Royal Society of Chemistry 2025

(K + 4p/3)(0u/or) + 2(K - 24/3)(u/r) = 0 (r = a,,)
The stress normal to the surface is zero

repeating a fixed peptide sequence (Leu-Ala-Gly-val-
oxymethylphenyl acetic acid). After synthesizing the desired
molecule size (number of monomers n between 0 and 60),
the solid support was dried, and the swelling degree in DCM
was measured again; with a loading of 0.95 mmol g™, the
total swollen volume went from about 5 mL g (n = 0) to
12 mL g ' (n = 60), with the sequence constituting up to
80% w/w of the final solid support (see Fig. 4).

The initial swollen volume of the unsubstituted resin was
not the final volume of the high-content peptide resin. Even
with a high peptide content (80% w/w of the final mass),
there was no evidence that a maximum swollen volume was
reached as the space available for chain growth increased
with the size of the attached molecule (Fig. 4). Notably,
glycans of up to 101 units,’” proteins of 164 residues,®” and
acrylate polymers of up to 15000 g mol™ (ref. 98) have been
obtained using polymeric solid supports.

The insert in Fig. 4 also shows that the solvation volume
can roughly approximate the relative volume change. Two
events within the evolution of the swelling behavior are
important: a) the change in solvent affinity by adding a few
monomers to the chain that may affect the solvation

=
~
> ‘
|
2
o
© o A A A
~ » A-A
S ok
N—" ‘vaAA

Fig. 4 Average relative volume (r;/ro)* for the solid support (1% cross-
linking, 0.95 mmol g% relation with the number of repeating units (n)
from i = 0 to i = n. Dry beads (black squares), compared to swollen
particles in DCM (red triangles) and DMF (blue circles); based on the
experimental data from Sarin et al.?® (Table I1I). In all cases, ro refers to
the dry original bead. The insert depicts the relative solvent volume
increase [(r® - rq)/rgi’] comparing the swollen volume to the dry state
rq (red dotted line for DCM and blue continuous line for DMF).
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properties, and b) reaching a constant swelling for each
solvent once the chain reaches a certain length.

The solvation of the peptide chains within the swollen
resin matrix increases the swelling driving force.>® Since the
linear peptides are not cross-linked and only one “end” is
attached to the solid support, the expansion of the polymeric
network does not elongate them, and therefore they are not
elastic-hindering the overall solid system. Interestingly, all
the experimental points follow a clear trend, indicating that
Flory-Huggin's theory may be modified to include the effect
of the growing molecule.

In search of a real-time monitoring method for reaction
progress in SPPS, a variable bed flow reactor (VBFR; see Fig. 5)
was used to measure resin swelling by maintaining a
differential pressure of 8 bar in a packed bed consisting of solid
support.”* The results agree with earlier measurements, as the
resin bed volume presented a net positive variation after the
coupling of every new amino acid; for the JR-10 peptide, the net
change in the size of the resin (0.2 g, MBHA-RAM, 0.5
mmol g ') was around +0.6 mL. During the deprotection stage,
the resin shrinks, further stressing the relationship between the
attached molecule size and the swelling properties of the resin.

This experimental setup proved helpful in “establishing
the structural requirements that promote on-resin peptide
aggregation™.'’ Tracking aggregation led to selecting the
proper conditions for synthesizing the JR10 (MBHA-RAM
resin), highlighting the importance of resin loading, as

VBFR i Swellographic
monitoring
? ; External force

Reagent out

Linear
motor

Pressure
controller

Moving
plunger

Ominifit®
Column

Packed bed

Fig. 5 Left: Variable bed flow reactor (VBFR) used'®!! for glycan and
peptide synthesis. A pressure sensor measures the pressure drop
across the packed bed in the resin (in an Omnifit® column) and adjusts
it to the desired value by moving the top plunger with the integrated
linear motor; the change in pressure is due to changes in the
compaction of the solid support. The pressure controller records both
the pressure and position via RS-232 commands. Right: Swellographic
monitoring (osmotic engine) proposed by Rodionov.32°° An external
force (weight) is applied to the packed bed by adjusting a fixed mass
(1.2 kg) in the top-moving plunger; the movement of the fixed mass
(due to swelling or shrinking) is measured with a potentiometric
position pickup and is registered in a chart recorder; Baru et al.'°®
proposed a similar system in which pressure drop is recorded.
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decreasing it from 0.59 mmol g to 0.50 mmol g " was the
critical change for successful syntheses. The relationship
between loading, peptide aggregation, and swelling has been
investigated previously.**'?713

Using the same system for AGA, similar results were
obtained: an overall increase in the volume of the resin after
the coupling stage, with intermediate decreases during the
deprotection stage.'® Throughout the synthesis of a penta-
mannoside (using chloroform as solvent), the overall change
in the resin volume (0.1 g, 0.33 mmol g ', Merrifield resin
with a photolabile linker) was around 0.15 mL. The
experimental data showed the same proportionality between
the size of the attached molecule and the swelling degree.

To explain this change in the swelling properties of the
solid support,'®"" researchers referred to the favorable
interactions between the solvents and the n electrons of the
aromatic moieties in the protecting groups of the
oligosaccharides,”® and also highlighted the vital role of
solvation in the swelling process (a topic discussed by Fields
and Fields'® and Hancock et al.'®®): as the oligosaccharide
elongates, it displaces solvent molecules, diminishing solvent
molecules per mannose unit (solvation number) from an
initial value of 60 (monosaccharide) to 9 (pentamannoside).
This solvation state prevents two phenomena that could lead
to shrinking: self-aggregation and on-resin aggregation.'®* It
remains unclear how the polymeric matrix and the growing
molecules are arranged within the core of the solid support
during the construction of large structures.

Previous swellographic studies of SPPS relied on a
continuous flow reactor with a moving piston whose movement
(produced by resin volume fluctuations) was continuously
recorded, this set-up resembles an osmotic engine'®® (see
Fig. 5). The volume change in coupling and deprotection was
reported, and a linear relationship between the size of the
attached peptide and the change in resin volume (1% cross-
linked polystyrene) led to the following expression:

32,99

AV = AM/dR + VM[EZ + 21) [2)

Being AV the change in the volume of the resin, AM the
difference in the molecular weight, dr the density of peptide
material, V3 the molar volume of the solvent, and 2, and %),
the solvation numbers for R; and R,, polymer-bound
peptides related by the transformation: R;-resin — R,-resin.
The original study®® provides the theoretical interpretation
(ideal solution volume change) leading to this formula with a
correlation of r > 0.97 for 60% of the peptide sequences the
authors analyzed.** The theoretical interpretation does not
consider the Flory-Huggins theory. Notwithstanding the
excellent prediction of their model,**°*'°° there are other
factors to consider, including non-linear patterns that do not
fit the model, such as resin collapse due to peptide
aggregation. The different set-ups used by Sletten et al.'®""
and the set-up used by Rodionov and collaborators are
compared in Fig. 5.'%'"% A similar setup based on
pressure monitoring was also proposed.'®

This journal is © The Royal Society of Chemistry 2025
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More experimental examples on correlating the growing
peptide chain and resin swelling'®* use the Hildebrand and
hydrogen bonding solubility parameters (creating “contour
solvation plots”) to predict the solvation of peptide-resin by
single solvents. Cilli et al'®” proposed the sum of the
electron acceptor (AN) and electron donor (DN) numbers
(Gutmann-Becket method) as the prediction variable for the
swelling of the solid support. Tam and Lu'%® researched the
effect of interchain interaction on the solvation of resin-
peptide material through dispersed and clustered peptide
chains.

There is consensus regarding the proportionality between
the size of the solid support and the size of the attached
molecule. The size of the solid support could be a control
parameter in SPS; for example, the growth of the beads could
be adjusted to the progressive-conversion model (PCM) or
the shrinking-core model (SCM).'% This is also feasible as in
the synthesis of several peptide sequences (less than 12
amino acids sequences), Wang and Foutch'' showed that
the coupling constant is not affected by the length of the
resin-bound reagent, but seems to be a function of the
reacting amino-acid pair: estimative k-values could then be
obtained for single pairs of reacting building to be used in
the PCM or the SCM. Still, studies remain primarily
descriptive and empirical.”

6. Swelling and temperature

A simple way to observe the effect of temperature on the
swelling equilibrium of a polymer network is to consider an
Arrhenius-type relationship:

S:SO-exp(—ﬁ—;) 3)

Eqn (3) describes the mass ratio of absorbed solvent per unit of
dry network (S) in terms of Sy, a pre-exponential term, and E,,
the apparent activation energy (frequently assumed as the heat
of mixing between the polymer and the solvent).""!
Consequently, as temperature decreases, so does the swelling
degree, but only when the experimental value for the activation
energy is positive (exothermic process). Favre'"' studied the
swelling equilibria of cross-linked polydimethylsiloxane in 22
liquids between 30 and 80 °C and compared his experimental
data with the Arrhenius-type relationship, finding correlation
values of up to r = 0.997. Interestingly, the activation energy is
negative for toluene (a “good solvent”); therefore, the swelling
degree increases as temperature decreases (from 0.6 g g at 70
°C to 0.8 g g " at 30 °C). Comparatively, acetone (“intermediate”
solvent) and ethanol (poor solvent) have positive activation
energies, leading to a decreasing swelling ratio with decreasing

temperature.

Favre''! also used the Flory-Huggins theory, computing
the interaction parameter using Hansen solubility
parameters:

1 KVs(ds—dp)”
= e\ PR 4
X=ast 2 4)
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Where y is the solvent-polymer interaction parameter, ys and
K are fitting constants, Vg is the molar volume of the solvent,
and Js and Jp are the solubility parameters for the solvent
and the polymer; this is an empirical equation developed for
cross-linked polydimethylsiloxane."*> This approach gave
correlation values up to r = 0.995 and accurately predicted
the relationship between swelling degree and temperature.

It is essential to discuss the significance of the solvent
interaction parameter and the meaning of either a good or poor
solvent. The dimensionless y parameter expresses the contact
energy per solvent molecule’® and characterizes “the difference
in interaction energy of a solvent molecule immersed in a pure
polymer compared with one in pure solvent”.""* For a polymer
network with molar volume vp and a solvent with molar volume
Vg, if vp > g, the Flory-Huggins theory leads to:"'*

AGY =x(1=¢):¢+ (1-¢)-In(1-¢) (5)

The value for AG#x, normalized Gibbs free energy, is either zero
or negative for all polymer volume fractions ¢ only if y < 3, a fact
related to the “miscibility criteria”'* (negative values for AG#%x
and reaching a minimum for AG%,x). Accordingly, if y > 1, the
liquid is a non-solvent. If 0.5 < y < 1, it is an intermediate
solvent (plasticizer), and if y < 0.5 is a good solvent.""*'"*> The
“best” solvents for a polymer will be those with the lowest y
values, indicating a strong polar attraction between the polymer
and the solvent and a greater rate for decreasing the free energy
of the solution."*® Thermodynamic aspects of swelling have
been reviewed previously.”*””

Erman and Baysal®” also used the Flory-Huggins theory to
explain the influence of temperature in the swelling of cross-
linked polystyrene (~0.3% DVB; 8 x 3 x 1 mm) using
cyclohexane, toluene, and methanol as solvents from 16 to 45
°C. The swelling decreases with increasing temperature for
toluene, while the opposite occurs for cyclohexane and a
mixture of toluene (75%)-methanol. For the toluene-
methanol mixture, a decrease in the temperature reduces the
interaction parameter from 0.63 (at 15 °C) to 0.57 (at 45 °C).

Kim et al''’ studied the swelling of one-dimensional
polystyrene slabs (thickness between 0.73 and 0.84 mm) with
cross-linking (DVB) degrees of 0.5% and 1.0%. For dodecane
as a solvent, as temperature increases, so does the swelling
degree, and as expected, higher temperatures will result in
shorter times to reach the swelling equilibrium. For
comparison (1% cross-linking degree), at 120 °C, the
equilibrium swelling degree is about 0.18 g g”* (reached in 20
h), while at 70 °C, the equilibrium swelling degree is 0.05 g
g (reached in 80 h).

The use of hands-on parameters as the swelling factor and
the resin loading neglected the use of the interaction
parameter y as a decision factor in SPS design, although, as
seen, is fundamental in the thermodynamic description of
the swelling process. Unfortunately, the experimental studies
referenced do not accurately represent the scale and
geometry of the particles used in SPS. When the solvent and
the temperature range are constant during the synthesis,
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swelling conditions may be affected only by the increase in
the molecule growing on it.'*?®

This is probably not true for systems with a continuous
replacement of the solvent (as in biopolymer synthesis trough
SPS'”) and extreme temperature oscillations (as in AGA™®).

Moreover, using packed beds®***”*' and variable bed flow
reactors (VBFR)'”'" for SPS creates the additional issue of
whether compacting®® the solid support (i.e., increasing the
back pressure by applying a force on top of the packed bed)
can have an impact on the swelling of the solid support, as it
has been shown in the so-called “osmotic engines”*°® and in
flow distribution studies.**"*°

7. Swelling and cross-linking

We distinguished microporous and macroporous Supports
(section 3), whereby swelling is negligible for the latter due to
increased cross-linking. Here, we discuss the effect of cross-
linking in microporous supports.

Kim et al.'™” studied the effect of cross-linking in swelling
for polystyrene (slabs with a thickness between 0.73 and 0.84
mm) in aromatic and aliphatic solvents. For polystyrene and
dodecane as a solvent, increasing cross-linking from 0.5% to
1.0% will decrease the swelling at equilibrium (at 70 °C) from
0.10 g g' to 0.05 g g '. The required time to reach
equilibrium will increase by 30%. The trend was consistent
for temperatures between 50-120 °C.

Likewise, Smith and Peppas'*® used 3.5-4.6 mm thick
polystyrene slabs at 30 °C with cyclohexane as solvent. Even
at cross-linking degrees below 1% (DVB), this parameter
significantly affects the system: the relative degree of swelling
decreases from 3.47 (0.14% cross-linking) to 2.53 (0.44%
cross-linking). Peppas and Urdahl'* reported an
overshooting effect, where before attaining equilibrium, the
polymer network will reach a temporary maximum in the
swelling equilibrium; this phenomenon seems to be
significant for cross-linking below 1% (DVB) in slabs of
polymer (thickness from 0.025 to 0.180 cm) and cyclohexane
at 20 °C as solvent. With a cross-linking of 0.53%, the
swelling equilibrium value was 56% of the overshoot value
(1.80gg™).

Errede'®” directly correlated the swelling factor (mL g™
with the cross-linking degree:

§=c@ -1 (6)

Where C is the relative swelling power, and 4 is the average
number of carbon atoms between cross-link points,
computed using the mole fraction of DVB in the polymer.
The value 4, corresponds to the “critical cross-link density”,
where swelling is no longer observable (the transition from
microporous to macroporous support); Errede'* reports this
value as 12% DVB for polystyrene-DVB copolymers (using
thin composite films).

Seemingly simple, eqn (6) accurately fits experimental data
for several solvents (N,N-dimethylaniline, anisole, pyridine,
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etc.) and can be derived by assuming that van't Hoff Law for
osmotic pressure describes the swelling equilibrium. Errede
also proposed using Hildebrand solubility parameters to
estimate the relative swelling’®® and later showed some
limitations of this linear model."** The expression by Errede
shows an inverse relationship between the cross-linking
degree and the swelling of the polymeric network. For
example, with toluene as a solvent, the swelling factor will
diminish from 6.5 mL g™ (1%) to 1.0 mL g~* (10%).

Rana et al. studied the influence of cross-linking on the
reaction rate for macroporous solid supports.*>* For peptide
synthesis (Kawaguchipeptin B), increasing the cross-linking
degree from 0.3% to 6% reduces the by-products. However, a
purity plateau was already reached at 2.1% cross-linking
(typical for commercial solid supports). The diffusion rate
will decrease with increasing cross-linking degree and can
become a limiting factor. Regarding higher purity and yield,
Rana et al'®® state that “the greater reactivity and
accessibility of sites on the lower cross-linked PS resins”
allows “for more side reactions to take place” and/or
“increased site-site interactions due to increased site
mobility.” However, this reaction purity might be influenced
by the loading and the target complexity.

8. On adsorption in SPS

Traditionally, solid phase synthesis has not been described
in the context of chemical adsorption.'”>* Strictly speaking,
adsorption is specific to solid/liquid interfaces, not swelling
polymers."® However, there are similarities in certain aspects
of the processes. The interaction between the building block
(as an adsorbed molecule) and the support-bound molecule
(active site of the solid support) can be considered chemical
adsorption (coupling event in Fig. 1) since “the adsorbed
molecules are linked to the surface by valence bonds, they
will occupy adsorption sites on the surface, and only one
layer of chemisorbed molecules will form (monolayer
adsorption)”."%®

Bautista et al.’>”""*® exemplify the modeling of the adsorption
phenomenon in cross-linked polystyrene by studying the
adsorption equilibria of aspartame in modified XAD-2 resins
(macroporous  styrene-divinylbenzene copolymers) and fitting
the experimental data to the Langmuir and Toth models. A
model accounting for film, surface, and pore diffusion solved
by finite differences was used to obtain the kinetic parameters
by minimizing the square error. For temperatures between 0
and 25 °C, for several modified resins (XAD-2-Br, XAD-Et-Br,
XAD-Me-Br, and XAD-Me-Cl; 500-800 pm), this model
satisfactorily =~ describes the experimental data, when
investigating the adsorption in a 100 mL solution with a 0.075
mg mL™ aspartame concentration, 0.5-1.5 g of resin and
mixing rate of 600 rpm. The assessment of the process by a
concerted and integral model led to the conclusion that both
intraparticle mechanisms for diffusion are significant, that
surface diffusion contribution decreases with temperature, and
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that the interaction strength of the adsorbate with the polymeric
network plays a pivotal role.

Similarly, Yu et al."*® used sulfone-modified cross-linked
(2-10%) polystyrene beads (0.45-1 mm) for separation via
adsorption of several aromatic/aliphatic mixtures at 50 °C.
The separation is possible for feed concentrations of
aromatics below 15%, with separation factors between 3.3
and 7.42. Cross-linked polystyrene beads have been used to
absorb phenolic compounds from aqueous solutions,'?*"*!
and for CO, adsorption.'*> However, these studies are related
to ion exchange (macroporous) resins, not SPS.

Should SPS account for both physical and chemical
adsorption? Rademann et al.’® found gradients in chemical
coupling through the bead radius under sub-stoichiometric
amounts of reactants. Still, their experiment does not strictly
reproduce the chemistry during the SPS coupling step. A
diffusion study revealed the need for an unexpectedly long
washing time,"? related to the physical adsorption (attributed
to m-m interactions) of the tracking species in the polymeric
network. Yamane et al.'** and Gambs et al.”® also discussed
the physical interaction (adsoprtion) between aminoacids
building blocks and the polystyrene network trough diffusion
ordered-spectroscopy  (DOSY) experiments, noting the
possible reduction in chemical reactivity. This matter
reamains an open question.

Conclusions and outlook

We summarized the state of the art regarding swelling and
surface phenomena in SPS. Most studies did not address SPS
conditions, such as typical solid support size and geometry,
temperature range, solvents, and model reactions. Few
examples extract physicochemical data directly from SPS
experimental ~ data,'®'"?%3>'>>  limiting the descriptve
information available from and for the process.

Regarding swelling behavior, the assumption of a
temperature-independent process is unreasonable;
experimentation under a comprehensive temperature range is
needed. For bead size in SPS, the time scale of swelling appears
to be in the order of 100 s (characteristic time for a 140 um
DCM-swollen bead computed with the diffusion coefficient
reported by Goldstein et al’®); however, kinetics should be
determined considering SPS process conditions (temperature,
solvent, reactor configuration) and solid support properties
(dimensions, surface chemistry, cross-linking degree). The total
contribution of these factors remains an open question.

At least three physical models, Fick's second law, THB, and
GMS, describe swelling kinetics in equivalent systems.
Rodionov*>*'%  swelling studies provide the most
straightforward empirical correlation for the relation between
swelling and attached molecule size. As the attached molecule
grows, the resin bead expands, and the swelling behaviour
changes. Fundamental questions remain: what is the maximum
size for the hosted molecule? From a more practical perspective,
can the variation of the resin size be used to monitor synthesis
progress dynamically? In general, efforts to explain the
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relationship between solid support swelling and the size of the
attached molecule remain descriptive.

Applying the terms physical and chemical adsorption to
their strict definition might be debatable over slightly cross-
linked polymers, but the experimental evidence and physical
resemblance encourage implementing the corresponding
mathematical models to describe the reagent interactions at
the solid/liquid interface.

Physicochemical processes should be analyzed as critical
factors contributing to designing and optimizing operational
modules and reactors for automated SPS**?® (Fig. 1).
Independent of the target molecule, all technical development
should begin by defining the physical parameters of the
reaction environment."”
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