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aDepartment of Chemistry, Université de Montréal, P.O. 6128, Downtown Station, Montreal, Que., Canada H3C 3J7
bDepartment of Chemical Engineering and Department of Mechanical Engineering, Biomedical Engineering Institute, Ecole Polytechnique, P.O. 6079,

Downtown Station, Montreal, Que., Canada H3C 3A7

Received 27 July 2004; received in revised form 15 September 2004; accepted 21 September 2004

Available online 12 October 2004

Abstract

The limited swellability in polar media of the commonly used polystyrene/divinylbenzene (PS-DVB) support materials for solid-phase

organic synthesis has led to the development of novel, highly swellable hydrophilic gels designed for use in aqueous or polar media.

Poly(vinyl alcohol) beads crosslinked with epichlorohydrin (PVA-EP) were prepared by a two-step inverse-suspension polymerization

method. While it is known that the morphology of the resulting beads can be controlled by the ratio of EP versus PVA as well as by the pre-

crosslinking time, the actual degree of crosslinking of the beads and their mechanical properties remain unknown. It is therefore the purpose

of this study to evaluate the actual degree of crosslinking of beads prepared with different quantities of crosslinker in the feed by

spectroscopic (Raman, nuclear magnetic resonance) and chemical (functional group loading) methods. The mechanical properties of these

swollen PVA-EP beads will be evaluated by single-bead unconfined compression in solvents such as water, N,N-dimethylformamide (DMF),

and tetrahydrofuran (THF) and compared to model PS-DVB beads commonly used for solid phase synthesis.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The importance of polymer supports in the fields of drug

delivery [1,2], biotechnology [3], and solid phase organic

synthesis [4–7] has led to the development of a wide range

of spherical support materials prepared by suspension or

emulsion polymerization [8]. The most commonly used

supports for solid phase synthesis are derived from

polystyrene crosslinked with divinylbenzene (PS-DVB

resins) [8,9], possessing specific functional groups [10,11].

While PS-DVB resins are known to swell in a variety of

low-polarity solvents (benzene, toluene, chloroform, tetra-

hydrofuran)[12], their poor swellability in aqueous or polar

media limits their use in these environments. Many attempts

have been made to increase the hydrophilicity of PS-DVB
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resins by adding hydrophilic groups (sulfonic acids [13],

amines), or by grafting chains of low molecular weight

poly(ethylene glycol) on the latter (graft copolymers, PEG-

PS or TentaGel) [10,12]. However, these supports have

limited functional group loading due to the poor swellability

of the PS-DVB core in polar media [10,14]. Recently, a

variety of hydrophilic polymer beads have been developed

to ease the shortcomings of PS-DVB resins [10,12].

Poly(vinyl alcohol) (PVA) crosslinked with epichlorohydrin

(EP) [15] seems an interesting alternative to the above-

mentioned materials intended for solid-phase supports.

PVA-EP beads were prepared by a two-step, inverse-

suspension polymerization method which allows the

morphology of the beads to be controlled [15]. However,

the resulting crosslinked beads are difficult to characterize

on several levels: Firstly, while EP has been extensively

used to prepare chemically crosslinked PVA gels [16–19],

the actual degree of crosslinking is difficult to assign given

that EP may react with one or two alcohol groups of PVA,

with other EP molecules, or may be hydrolyzed to a diol by
Polymer 45 (2004) 8201–8210
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water. Secondly, while the mechanical properties of these

beads are fundamentally important for their use in solid

phase synthesis, the deformation or ‘barreling’ of the

sample with compression greatly complicates these

measurements.

It is the purpose of this study to evaluate the actual

degree of crosslinking of two PVA-EP beads prepared with

different amounts of crosslinking agent by combined means

of spectroscopic and chemical techniques. Furthermore, the

mechanical properties of these swollen PVA-EP beads will

be evaluated by single-bead unconfined compression in

solvents such as water, N,N-dimethylformamide (DMF),

and tetrahydrofuran (THF). These resins will be compared

to model PS-DVB beads commonly used in solid phase

synthesis. While the mechanical properties of PVA gels

have been extensively studied in the past [20–22], this is, to

our knowledge, the first time the compressive mechanical

properties of swollen, individual PVA spheres have been

evaluated.
2. Materials and methods

2.1. Bead preparation

Linear PVA was obtained from Aldrich (MwZ17000,

polydispersity indexZ1.63 by static light scattering), and

crosslinked with EP by an inverse-suspension polymeriz-

ation technique described elsewhere [15]. Essentially, the

first step (pre-crosslinking) is performed by adding the

desired quantity of EP to a 15 wt% aqueous solution of PVA

containing sodium hydroxide at 50 8C. Pre-crosslinking is

allowed to proceed until a certain viscosity is reached,

which is deemed appropriate for bead preparation. In the

second step, the solution is suspended in oil with a

surfactant under vigorous and controlled agitation

(400 rpm). Crosslinking is allowed to proceed in the stirred

oil for 24 h at 50 8C. Two crosslinking ratios were selected

to yield beads with different pore structures. These will be

referred to in the text as PVA1 (feed ratio PVA/EPZ1:1 w/w;

14 min pre-crosslinking) and PVA2 (feed ratio PVA/EPZ
1:2 w/w; 9 min pre-crosslinking). In both cases, EP is in

excess with respect to amount of alcohol groups on PVA.

Polystyrene beads crosslinked with 7 mol% divinylbenzene

and functionalized with sulfonic acid groups (referred to as

PS-DVB in subsequent sections) were provided by Hecheng

Co., Tianjin, China.

2.2. Raman spectroscopy

Raman spectra were acquired on a Renishaw Ramascope

(System 3000) equipped with an air-cooled Charge-Coupled

Device (CCD) detector, a holographic grating

(1800 lines/mm) and two holographic notch filters to

remove elastically scattered light (Rayleigh scattering).

The spectrometer was coupled with a DMLM Leica
microscope with a motorized stage (precision of G
0.1 mm), a 50X metallurgic objective, and a He–Ne laser

at 632.8 nm. PVA-EP beads were freeze-dried prior to

measurements.

2.3. Nuclear magnetic resonance (NMR) spectroscopy

1H Nuclear Magnetic Resonance spectra were acquired

on a Bruker AMX300 spectrometer in D2O operating at

300.13 MHz. PVA-EP beads were freeze-dried and sub-

sequently swollen in D2O.

2.4. Mechanical testing

Loading/unloading deformation and stress-relaxation

measurements were performed at room temperature on a

model A400.25 MACH-1e Mechanical Tester manufac-

tured by BioSyntech Inc. (Laval, Canada) with 25 nm

displacement resolution and equipped with a 150 g (7.5 mg

sensitivity) load cell. Optical microscopy (Kohler trans-

mission) was used to approximately measure bead diam-

eters (ranging from 600 to 900 mm) and to verify the lack of

any large scale heterogeneities. Swelling of the beads

(volume/volume) was determined from the diameter of the

beads measured in this way. Mechanical measurements

were performed on beads with shapes deviating from

spherical geometry by less than 5% (difference between

diameters measured perpendicular to each other). The beads

to be tested were immersed in a chosen solvent at room

temperature until equilibrium swelling was achieved (for at

least 48 h; as evidenced by the lack of evolution of bead

diameter with time using optical microscopy). The indivi-

dual swollen bead to be analyzed was placed in the

compression chamber containing a chosen solvent. Initial

contact between the bead and the compressing piston was

achieved by fixing the distance between the piston and the

bath to the diameter of the bead (measured optically), then

lowering the piston at a rate of 8 mm sK1 until a tare load of

10 mg was achieved (approximately 5–10 mm). The dis-

tance separating the compressing platen at this point was

taken as the bead diameter for subsequent calculations.

Loading/unloading (compression/release) experiments

were performed on the PVA beads swollen in water and

DMF by applying constant velocity ramps to a final strain

amplitude of 20, 40, 60, or 80% strain at a strain rate of

4% sK1. Three loading/unloading cycles for each strain

value were performed sequentially for each bead to verify

reproducibility, with an equilibration time of 30 s between

each compression/release (for a total of 12 compressions per

bead). Four beads from each category and for each solvent

were evaluated in this manner.

PVA1 and PVA2 swollen in THF, as well as the PS-DVB

beads swollen in all solvents required different experimental

conditions due to the poor swellability in these solvents.

Loading/unloading experiments were performed in the same

manner as described previously but with final strain
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amplitudes of 1, 1.5, 2, 2.5, 3 and 3.5% strain (strain rate of

4% sK1).

The force exerted by the bead was recorded as a function

of piston position during compression and release. Since

measured forces could be quite small (!1 g), the contri-

bution of piston buoyancy to the measured force was

evaluated by performing a loading/unloading experiment

without any sample. Piston buoyancy was found to be

negligible compared to the force developed when a sample

is present and was therefore neglected in subsequent

calculations.

The compression of the spherical beads was complicated

by the deformation, or ‘barreling’, of the sample which

increases the contact surface it has with the piston during

compression. Hertz [23] has solved this contact problem for

the case of linear elasticity predicting that the force exerted

by a rigid spherical body under small deformation is (!
10%) [24]:
FðrÞZ
16mR1=2

0

3
R0 K

r

2

h i1:5
(1)
where F(r) is the force exerted by the bead when the

distance separating the compressing platen surface from the

bottom of the solvent bath is r (and r!2R0), m is the shear

modulus and R0 is the beads initial radius. The shear

modulus can be obtained by curve fitting plots of the force

developed by the bead versus piston position.

The use of this linear elastic model to describe bead

compression is considered justified only when compression

and release force profiles superposed demonstrating elastic

behavior. Furthermore, the linear elastic region was

established as the region for which the shear moduli were

independent of strain amplitude (within experimental error).

Stress relaxation was monitored for PVA beads swollen

in water and DMF following a one-step compression of

fresh beads to 40% strain at a rate of 4% sK1. These

parameters were chosen based on the compression release

experiments described above. Relaxation was monitored

until equilibrium of the force was achieved (equilibrium

criterion: slopeZ3.5 mg minK1). Experimental relaxation

profiles were normalized to the peak force achieved after

compression since we are only interested in the time-scale

of the decay of force, and fit with a standard single

exponential decay function:
F ZA eKt=t CB (2)
Fig. 1. Raman spectra of PVA1, PVA2 and linear PVA.
where A is a pre-exponential factor representing the relaxed

component of the force, t is a relaxation time of the bead,

and B is the force at equilibrium.
3. Results and discussion

3.1. Degree of crosslinking

3.1.1. Raman spectroscopy

Raman spectroscopy was used to qualitatively evaluate

the way with which EP reacts with PVA. Fig. 1 shows the

Raman spectra of PVA, PVA1 and PVA2 and Table 1 lists

the assignments for the bands in the 1550–900 cmK1 region

[25]. Raman was selected for this application versus FTIR

spectroscopy given its insensitivity to traces of water within

the sample, as well as the lower relative intensity of the OH

deformation bands that would otherwise obscure underlying

details. Vibrational spectroscopy allows for the distinction

of primary versus secondary alcohols based on the location

of the peaks assigned to the deformation of the hydroxyl

group. These peaks appear at 1075–1000 cmK1 and 1175–

1050 cmK1 for primary and secondary alcohols, respect-

ively [25]. This is in accordance with the vibrational spectra

of glycerol [25], a molecule similar to the crosslinking agent

used in this study. One notices on the spectra of linear PVA

the presence of a series of medium intensity bands between

1160 and 1050 cmK1 which are clearly assigned to C–O

stretch of secondary alcohols on the PVA backbone, as well

as a weak band at 1050–1000 cmK1 attributable to the C–O

stretch of primary alcohols on the ends of the polymer

chains. The absence or very low intensity of this second

band in the spectra of the crosslinked polymer beads is

indicative that the hydrolysis of singly reacted EP, or

grafting of a series of EP molecules on chains of PVA is

unlikely under our experimental conditions, given that these

are the only reactions that generate primary alcohols. This is

further evidence that EP has a high reactivity towards PVA

[19,26].

If one neglects the small portion of EP molecules which

are not doubly bonded to PVA, the degree of crosslinking is

therefore directly proportional to the number of ether bonds

which are produced during reaction with EP, and that



Table 1

Assignment of Raman bands for PVA1, PVA2 and linear PVA

Sample Raman shift (cmK1) Assignment

Linear PVA 1440 CH2 def.

1420–1400 OHCCH def. (secondary alcohols) association

bands

1350–1285

1400–1200 CH2 and CH wag, twist region

1150–1075 CO str. (secondary alcohols)

1050–1000 CO str. (primary alcohols)

Additional bands appearing after crosslinking 1475–1445 CH2 def. (aliphatic ethers)

1140–1085 CO str. (aliphatic ethers)

1400–1200 O–CH2 and O–CH wag, twist region
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crosslinks between PVA chains are formed by single EP

molecules. The characteristic bands of the ether group are

located at 1475–1445 and 1140–1085 cmK1 (Table 1). The

differences between the spectra for PVA1 and PVA2 being

largely insignificant, one can state that the degree of

crosslinking for these two polymers is similar. However, the

significant overlap of the peaks in this region makes this

technique ill-suited for the quantification of etherification

beyond a qualitative level.
3.1.2. NMR spectroscopy and functional group loading
1H NMR spectra of PVA1, PVA2 and linear PVA are

shown in Fig. 2. The spectra for PVA presents two broad

peaks which are unambiguously assigned to the protons on

the PVA backbone based on integration and chemical shift

considerations. Upon crosslinking, these bands become

larger due to greater chain rigidity as well as chemical shift

anisotropy (beads are swollen, not dissolved) [27]. For the

crosslinked polymers, one notices the appearance of a peak

at 3.6 ppm and at least one shoulder at 3.85 ppm which are

tentatively assigned to the crosslinking agent as shown on

Fig. 2. These assignments are based on chemical shift

considerations [28]. Knowing from Raman spectroscopy
 

 

 

 

Fig. 2. 1H NMR spectra of linear PVA, PVA1 and PVA2 in D2O.
that EP is doubly bonded to PVA, the degree of crosslinking

(i.e., the number of PVA repeat units bonded to EP) can be

evaluated without ambiguity in the following manner: The

overlapping peaks in the 4.5–3.0 ppm region should

integrate as 1 for the proton on the PVA backbone (whether

reacted or not), and 5 protons per crosslink. By subtracting

from these overlapping peaks the contribution of 1 proton

(as determined by dividing the peak at 1.7 ppm by 2), and

then dividing by 5, one determines the proportion of EP

linked to PVA. Multiplying 2 and dividing by a, yields the

fraction of reacted PVA repeating units (degree of

crosslinking):

Degree of crosslinking

Z bCcCd CeK
a

2

� � 2

5a
!100% (3)

where a, b, c, d, and e are the individual contributions to the

intensity in the NMR spectra for their corresponding protons

(Fig. 2). Results obtained by this method are presented in

Table 2 and indicate degrees of crosslinking of 35 and 40%

for PVA1 and PVA2, respectively. These results must be

interpreted in light of the fact that this method may yield

inaccurate results due to chemical shift anisotropy and

relaxation times that may be different for the different types

of nuclei in the matrix. The influence of these factors on the

overall result will become more pronounced as the degree of

crosslinking is increased.

The degree of crosslinking was also measured by

titration of the hydroxyl groups on the PVA beads before

and after crosslinking by a method described elsewhere

[15]. In this case, crosslinking is considered to consume one

alcohol group per molecule of EP which has reacted (two

alcohols consumed, one produced; see Fig. 2) (Table 2).
Table 2

Extent of crosslinking (percent of reacted repeat units on PVA backbone)

for PVA1 and PVA2 determined from hydroxyl group loading and 1H NMR

spectroscopy

Sample Crosslinking density MeanGSD (NZ3)

OH group loading NMR spectroscopy

PVA1 58G1% 35G1%

PVA2 43G6% 40G2%
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However, degrees of crosslinking obtained by titration may

yield results that are slightly overestimated due to the

difficulty of titrating OH groups located in the core of the

bead. This is due to the underestimation of the hydroxyl

group loading of the crosslinked beads.

Degrees of crosslinking obtained by NMR and titration

are equivalent (within experimental error) for PVA2 which

lends credence to the analytical methods used in this study.

Large discrepancies are observed for the degrees of

crosslinking obtained for PVA1 by the two methods,

indicative of a possibly higher degree of crosslinking

(discussed in later sections) (Table 2).
3.2. Mechanical properties
3.2.1. Force response profiles

Given the constraints of the Hertzian model (Eq. (1)) for

small deformations in the elastic region, an extension of the

latter, developed by Tatara [29,30], was used to fit the

experimental force response of the beads during com-

pression. This model contains additional terms which take

into account the non-linear elasticity encountered at large

deformations:

FðrÞZa R0 K
r

2

h i1:5
Cb R0 K

r

2

h i3
Cg R0 K

r

2

h i5
(4)

where a, b, and g are material constants. This equation

reduces to Eq. (1) when the higher order terms are

neglected. Despite the range of forces (to a maximum of

150 g (1.47 N), the capacity of the load cell) and

deformations (up to 80%) examined in this study, in all
 

 

 

 

Fig. 3. Typical force response profiles during a compression/release experiment pe

to 20 (A), 40 (B), 60 (C), and 80% (D) strain (applied at 4% sK1). Plots are display
cases the constants b and g did not significantly contribute

to the fitting procedure implying that the Hertzian model

accurately describes the force response for all the beads

during compression.

Elasticity of the bead response was ascertained from the

force/displacement profiles shown in Figs. 3–6. An elastic

response is indicated by the absence of hysterisis in the

plots: the loading and unloading curves are superimposed

[23]. Elasticity is clearly observed in Figs. 3(A), (B), 4(A)

and (B) for the PVA beads swollen in water and DMF for

strain up to 40%. At 60% strain, the force response during

unloading is lower than during loading (Figs. 3(C) and

4(C)), characteristic of a viscoelastic response [23]. This

viscoelastic response is caused by energy dissipation related

to the viscous solvent moving through the macromolecular

porous structure or possibly due to the structure itself being

altered by the load (i.e., slipping entanglements) [23,31].

These mechanical responses are nonetheless entirely

repeatable, given that successive compressions of the

same bead give highly consistent results (small error

bars). In all cases (except for when the bead ruptured)

residual plastic deformation of the beads subjected to

multiple compressions was very small (w0.4% of the bead

diameter at most). Rupture of the beads (permanent damage,

or plastic response) was identified from the inconsistency of

the force response profiles during consecutive com-

pressions. This also manifests itself in Fig. 4(D) as the

large error bars and non-Hertzian force profiles during

compression. The PVA-EP beads swollen in DMF were the

only beads to rupture under the tested experimental

conditions. Under conditions for which the PVA-EP beads
 

 

 

 

rformed on a PVA1 and PVA2 bead swollen in H2O. Beads were compressed

ed as MeanGSD, NZ3 (3 compressions for each bead at each strain value).



  
 

 

 

 

Fig. 4. Typical force response profiles during a compression/release experiment performed on a PVA1 and PVA2 bead swollen in DMF. Beads were

compressed to 20 (A), 40 (B), 60 (C), and 80% (D) strain (applied at 4% sK1). Plots are displayed as MeanGSD, NZ3 (3 compressions for each bead at each

strain value).
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ruptured in DMF (80% strain), they were shown not to

rupture in water due to the lower overall force imposed on

the beads to achieve this deformation (Figs. 3(D) and 4(D)).

The PVA-EP beads swollen in THF exhibited
 

 

 

 

Fig. 5. Typical force response profiles during a compression/release experiment per

to 1 (A), 1.5 (B), 2 (C), and 3% (D) strain (applied at 4% sK1). Plots are displaye
compressive force response profiles which were elastic at

1% strain amplitude (Fig. 5(A)), then viscoelastic at higher

strain (Fig. 5(A)–(C)). This is thought to result from the

poor swellability of these beads in THF which significantly
 

 

 

 

formed on a PVA1 and PVA2 bead swollen in THF. Beads were compressed

d as MeanGSD, NZ3 (3 compressions for each bead at each strain value).



 

 

Fig. 6. Typical force response profiles for PS-DVB beads swollen in H2O,

DMF, and THF obtained during compression/release experiments with final

strain amplitudes of 1, 1.5, 2, 2.5, 3 and 3.5% strain (strain rate of 4% sK1).

Certain plots were omitted due to saturation of the instruments load cell.

Plots were offset along the y axis for clarity. Plots are displayed as MeanG
SD, NZ3 (3 compressions for each bead at each strain value).
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decreases the matrix’s ability to reabsorb exuded solvent

after compression. In some cases, the force response profiles

deviate slightly from Hertzian behavior during compression

(slight artifacts, Fig. 5(C) for PVA1, 5(D) for PVA2) due to

imperfections in the bead’s surface which caused the bead to

shift slightly during compression. This is not observed for

the PVA-EP beads swollen in water or DMF owing to the

substantial swelling of the matrix in these solvents which

minimizes such imperfections.

The force response profiles during compression and

release for the PS-DVB beads are shown in Fig. 6. As for the

PVA-EP beads, elastic behavior was observed at low strain

amplitudes, followed by viscoelastic behavior thereafter.

Compression was limited to 2% maximal strain (beads

swollen in THF) and 2.5% (beads swollen in DMF) due to
the force response exceeding the capacity of the load cell. At

high strain, deviation from Hertzian behavior was observed

for the PS-DVB beads swollen in water. This was the

consequence of the outer shell of the beads being more

swollen than the core (due to greater hydrophilicity) and

therefore having a lower shear modulus. As the observed

deviation from Hertzian behavior was small, this effect was

neglected from all calculations.

3.2.2. Shear moduli

Fig. 7 displays the shear moduli obtained by Eq. (4) from

the compressive force response profiles shown in Figs. 3–6.

Representative shear moduli from the linear regime and

swelling ratios for all beads in all solvents are summarized

in Table 3.

For the PVA-EP beads swollen in water and DMF, the

measured shear moduli were independent of strain (within

experimental error) up to and including 40% strain. This

coincides with the elastic region established from the

compression/release profiles shown in Figs. 3 and 4. Past

this region, the shear modulus increases as the bead

response becomes nonlinear and viscoelastic (indicative

that the bead was deswelling). Outside the linear elastic

region, the models of Hertz or Tatara cannot be used to

quantify the shear moduli of the beads [24,32]. PVA1

compressed in water (29 kPa) and DMF (80 kPa) has a

higher shear modulus than PVA2 (23 and 43 kPa, respect-

ively). In DMF, these differences can be explained by the

differences in swelling (Table 3). The lower swellability of

PVA1 lends support to the hypothesis that PVA1 is more

highly crosslinked than PVA2. In water, swelling is

equivalent (within experimental error) and cannot be used

to account for the differences in shear moduli of the beads.

The higher shear modulus of PVA1 is indicative once again

of a higher degree of crosslinking, in this case, through a

more restrictive fluid permeability of the beads. This was

confirmed by stress relaxation experiments that were

performed to evaluate the relative matrix permeability of

the two beads. Force relaxation profiles for the PVA-EP

beads in water and DMF submitted to a constant velocity

compression to a final strain of 40% (in the elastic region)

are shown in Fig. 8. In all cases, the single exponential

function can be reasonably fit to experimental data. The

exponential decay of force that is observed in these

measurements is thought to result from fluid reorganization

as well as fluid exudation from the bead [31,32], and

therefore gives considerable insight into the facility of

solvent convection within the matrix. For the stress

relaxation experiments, the stress relaxation with time can

be rationalized by the solvent convection which lowers of

the apparent resistance to compression of the system.

Table 4 lists the values of A, t, and B (Eq. (2)) obtained

for PVA1 and PVA2 in water and DMF. In water, PVA1 has

a longer relaxation time (190G15 s) than PVA2 (161G9 s)

indicative of lower matrix permeability and higher degree of

crosslinking for PVA1. In this solvent, the swelling ratios of



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Shear moduli for the PS-DVB and PVA-EP beads measured from the force response profiles presented in Figs. 5–8 by the use of Eq. (4).
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these beads are equivalent (12G3 and 11G2, respectively)

and therefore differences in shear moduli are strictly due to

differences in matrix permeability [33]. The higher degree

of crosslinking of PVA1 obtained by chemical titration

therefore seems consistent with the lower permeability of

the matrix, and consequently the inaccessibility of certain

hydroxyl groups in the core. The greater rigidity of the

matrix conferred by the higher degree of crosslinking may

have resulted in the lower value obtained by NMR

spectroscopy (Table 2). In DMF, the relaxation times for

PVA1 and PVA2 are equivalent within experimental error

(87G3 and 83G18 s, respectively) which implies that

matrix permeability cannot explain the observed differences

in shear moduli. However, in this case, PVA1 is swollen to a

lesser extent than PVA2 (8.0G0.2 versus 10G1) and

therefore has a higher number of effective crosslinks per

unit volume.

It should be noted that the duration of pre-crosslinking

was determined visually by observing the rapid viscosity

change in the mixture with the course of the reaction. A
Table 3

Shear moduli and swelling ratio for PVA1, PVA2 and PS-DVB in H2O, DMF, an

Sample Shear moduli (kPa)

H2O DMF THF

PVA1 29G4 80G12 1.1!106G0

PVA2 23G6 43G2 4!105G3

PS-DVB 1.1!104G0.2 4!105G1 9.5!105G0

*Values are presented as MeanGSD, NZ4 (4 beads). For PS-DVB in all solvent

strain applied at 4% sK1. PVA-EP beads swollen in H2O and DMF values were
larger amount of EP in the reaction mixture reduces the pre-

crosslinking time and increases the rate of viscosity change

associated with the reaction. Consequently, inconsistencies

in the final degree of crosslinking of the beads may be

observed with higher EP content.

Both PVA-EP beads have higher shear moduli when

swollen in DMF than in water. This is due to the reduced

swelling of the beads [34] (Table 3) in DMF versus water

caused by greater compatibility [8,35] of PVA and DMF

(based on solubility parameters [36]) which generates

active, physical crosslinks within the gel [37] and reduces

inter-chain distances (therefore reducing swelling). Further-

more, the greater compatibility of DMF and PVA reduces

the extent of solvent convection thereby increasing the

apparent force response during compression.

For the PVA-EP beads swollen in THF, compressive

behavior was linear for the entire range of strains examined

in this study despite the non-elastic behavior exhibited at

certain strain values (Fig. 5). The shear modulus in the

linear regime was greater for PVA1 (1!106 kPa) than for
d THF*

Swelling ratio (v/v)

H2O DMF THF

.3 12G3 8.0G0.2 1.1G0.1

11G2 10G1 1.3G0.4

.3 3G1 1.3G0.1 1.4G0.1

s and PVA-EP in THF, shear moduli were measured from loading at 1.5%

obtained at 40% strain applied at 4% sK1.



Table 4

Relaxation parameters obtained by non-linear regression of the relaxation profiles

Sample Solvent A (g) t (s) B (g)

PVA1 H2O 0.21G0.05 190G15 0.75G0.04

PVA2 H2O 0.25G0.01 161G9 0.71G0.01

PVA1 DMF 0.34G0.01 87G3 0.60G0.01

PVA2 DMF 0.27G0.02 83G18 0.68G0.01
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PVA2 (4!105 kPa) due to swelling and matrix permeability

considerations discussed previously. The shear modulus for

the PVA-EP is significantly higher when swollen in THF

than in the other two solvents as a consequence of the lesser

polymer/solvent compatibility in this solvent which reduces

swelling.

The shear modulus of the PS-DVB beads increases when

swollen in water (9!103 kPa), DMF (4.0!105 kPa), and

THF (8!105 kPa) given that sulfonation of the PS-DVB

resin increases its hydrophilicity, and therefore the swell-

ability in aqueous or polar media (Table 3). The degree of

swelling of these beads in each of the solvents can be

rationalized in terms of solubility parameters of the polymer

in each of the solvents. The PS-DVB beads swollen in DMF

and THF have shear moduli which are comparable to those

of the PVA-EP beads swollen in THF. However, the shear

moduli of the PVA-EP beads swollen in water and DMF are

clearly lower than those of the PS-DVB beads. While this is

of concern for their use in solid phase organic synthesis,

these beads display elastic and viscoelastic behavior over a

wide range of deformations. This type of behavior coupled

with the extensive swelling of these beads in aqueous or

polar media may allow for solid phase organic synthesis

which more closely mimic solution phase synthesis, and

facilitate access to functional groups within the core of the

beads.
Fig. 8. Stress relaxation experiments performed on PVA1 and PVA2

swollen in H2O (A) and DMF (B).
4. Conclusions

Raman spectroscopy has shown that a great majority of

the EP crosslinks are monomolecular (a single EP molecule)

and doubly bonded to PVA. This has allowed for the

straightforward quantification of the degree of crosslinking

(percentage of reacted PVA repeating units) by NMR

spectroscopy and by titrating the functional group loading of

the polymer before and after crosslinking. This study also

demonstrates that complementary techniques are needed for

the accurate characterization of gel beads in order to provide

a more complete description of their properties.

Single-bead unconfined compression was used for the

rapid and facile evaluation of the mechanical properties of

crosslinked polymer beads. It is shown that PVA1 has a

higher shear modulus than PVA2 due to increased

crosslinking density. The PVA-EP beads swollen in water

and DMF had significantly lower shear moduli than the

model PS-DVB beads due to their substantial swelling in

aqueous or polar media. In THF, the PVA-EP beads are only

slightly swollen and their shear moduli were comparable to

that of the model PS-DVB resin swollen in DMF and THF.
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