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resulting in coagulum or monolith formation. Figure 3.9f also shows that the
coagulum formation started when the DVB/AMA ratio was 1/1, therefore the
AMA concentration has to be kept low to retain stability and avoid coagulum
formation. Figure 3.9a, b and e show poly(DVB-co-AMA) polydisperse particles

which have the maximum amount of porogenic solvent.

Figure 3.9 SEM micrographs of: a) IlI-10,, b) lll-11,, c) llI-11,, d) llI-12,, e) 1ll-12, and
f) 11-13,.

Statistical analysis of polymer IlI-10. (mean diameter: 2.9 um SD: 0.89 um CV:
31%), polymer IlI-11, (mean diameter: 3.6 ym SD: 1.2 um CV: 34%) and polymer
ll-12, (mean diameter: 5.1 ym SD: 1.1 um CV: 22%) catalogues the obtained
particles as polydisperse. The analysis also shows that only polymer IlI-12. was

able to form particles with a mean diameter acceptable for SPE.

FT-IR spectra of the polymers (Figure 3.10) show that the obtained products are
clearly poly(DVB-co-AMA). The appearance of the AMA peaks at 1730 cm™ (C=0
str.) and 1180 cm™ (C-O-C str.), and the appearance of the DVB peaks at 1610
cm™ (C=C str.), 1450 cm™ (CH, def.) and 830 cm™ (CH def.), proves the success
of the copolymerisation. Figure 3.10 also shows that by increasing the amount of
AMA in the reaction, the intensity of the FT-IR peaks of the AMA monomer
increased relative to the peaks of DVB, confirming that AMA monomer is well

integrated with DVB in the final polymer.
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Figure 3.10 FT-IR spectra of: a) lll-10,, b) lll-11,, c) llI-12,.

Elemental microanalysis of the polymers was carried out in order to determine
the actual composition of the polymers (Table 3.8). The differences between the
expected and the experimental results indicate that the monomer ratios with
which the polymers were fed, were not the same in the obtained polymers.
Table 3.8 also shows the actual ratios of the polymers lll-10g, IlI-11, and 111-12,,
which are close to the feed ratios so, polymers lll-10¢, llI-11, and lll-12, were

used for functionalisation by CM reaction.
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Polymer Expected elemental Found elemental Real monomer

ref. microanalysis (wt.%) microanalysis (wt.%) ratios (wt.%)
C H C H DVB AMA
I11-10, 89.0 8.3 88.5 8.2 8.8 1.2
mn-11, 86.6 8.3 86.4 8.0 7.9 2.1
-12, 84.1 8.2 83.2 8.1 6.7 3.3

Table 3.8 Elemental microanalysis of polymers IlI-10,, 1ll-11;, and 111-12.

Nitrogen sorption analysis was performed for all the polymers synthesised.
However, only data from polymers llI-10¢, 1lI-11, and lll-12¢ are shown (Table
3.9) as these were the best quality particles. Table 3.9 shows that only polymer
llI-10. was porous, although the surface area was smaller than the surface area
obtained for polyDVB homopolymer in Chapter 2. To increase the porosity and
therefore the surface area, larger amounts of toluene should be used.
Unfortunately, the amount of toluene used for the synthesis of the polymers was
the maximum amount allowed to avoid the formation of coagulums.

Nevertheless, CM reactions were performed with these polymers.

Specific surface area

2
(m'/g) Specific Av. pore
Polymer pore vol. diameter
ref. BET Langmuir (cm’/g) (nm)
1-10, 160 - 0.09 2.2
-11p - 30
-12, - 3

Table 3.9 Nitrogen sorption analysis data.
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3.3.3. Functionalisation of poly(DVB-co-AMA) by CM

Functionalisation of poly(DVB-co-AMA) was carried out via CM reactions. With
this reaction, the functionalisation is performed under very mild conditions and
a wide range of coupling partners can be used whilst retaining the integrity of
the polymer beads. A noteworthy advantage of this method is the retention of
an olefin in the functionalised polymers, which can be used for further

functionalisation.

CM involving polymers 1lI-10e, 1lI-11, and llI-12. with Fmoc-allylamine were
carried out in order to test the reactivity of the polymers with CM (Figure 3.11).
Fmoc-allylamine was chosen as coupling partner for the functionalisation
reaction to quantify the loading of the nitrogen on the polymer by elemental

microanalysis and to be used as WAX after the removal of the Fmoc group.

o o

O/U\O/\/ . /\/NHFmoc Grubbs I O/U\o/\/\/ NHFmoc
CH,CI,, Reflux
-10, 16 -7,
-11, -18,
n-12, -19,

Figure 3.11 CM reaction of polymers IlI-10,, IlI-11;, and 1lI-12, with Fmoc-allylamine.

Table 3.10 shows the elemental microanalysis results of the polymers after CM
reaction. Polymers IlI-17, and IlI-18, did not undergo the CM reaction (as
expected); no nitrogen was observed in the elemental microanalysis (Table
3.10). On the other hand, the functionalisation reaction was successful with
polymer lll-12,, as nitrogen was detected in the elemental microanalysis of
polymer 1lI-19., and the absolute loading of the functional group could be
established (0.42 mmolg™).
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Polymer ref.  Elemental microanalysis (wt.%) N loading (mmolg™)

C H N
m-17. 88.3 8.0 0/traces
-18p 86.2 8.3 0/traces
1-19, 82.1 7.6 0.59 0.42

Table 3.10 Elemental microanalysis of polymers lll-17,, 1lI-18, and 111-19..

Due to the results obtained in the functionalisation of the polymers Ill-10g, llI-
11, and IlI-12,, swelling tests were carried out (Figure 3.12) in order to
understand the success of the functionalisation reaction with the non-porous
polymer (lll-12.) and not with the porous polymer (lll-10.). Figure 3.12 shows
that, when packing 1 mL of the polymers (llI-10e, IlI-11, and IlI-12¢) in a
measuring cylinder, and adding 5 mL of CH,Cl;, polymer lll-12, swelled more
than the other polymers (Il1-10: 1.3 mL, 1Hl-11p: 1.4 mL and IlI-12¢: 1.5 mL)
thereby favouring the CM reaction. The swelling capacity is directly linked with
the amount of AMA on the polymer, as by decreasing the amount of DVB, less
crosslinked polymer would be obtained. These results suggested that polymer lllI-
12, could be a gel-type polymer, as it is not porous in the dry state but swells in
the presence of a good solvent, which means that functionalisation reactions can

be performed.

Figure 3.12 Swelling tests on polymers llI-10, 11I-11, and IlI-12..
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Functionalisation reactions involving polymer IlI-12. were also carried out with
other coupling partners (Figure 3.13). Allyl bromide (lI-27) was chosen as
coupling partner to quantify the amount of bromine immobilised on the polymer
by elemental microanalysis. Diethyl vinyl phosphonate (11-29) was used to

measure by elemental microanalysis the phosphorous loading.

o
Grubbs Il
A~ Br 0N Br
CH,Cl,, Reflux
o I-27 I1I-20,
‘ ’ N = +
o %\P/’O Grubbs II 0
m-12, o 0\ rubbs O/U\O/\/\P//o
) CH,Cl,, Reflux /—0’ OK
II-29 -21,

Figure 3.13 CM reactions of polymer IlI-12,.

Elemental microanalysis of polymer IlI-20. (81.9% C, 7.0% H, 3.1% Br) and
polymer Ill-21. (80.4% C, 7.8% H, 1.0% P) suggested the success of the
functionalisation reaction and established a bromine loading of 0.39 mmolg™ and

a phosphorous loading of 0.34 mmolg™.

SEM micrographs (Figure 3.14) of polymers IlI-19¢, 11I-20. and IlI-21, showed that
no chemical aggregation occurred during CM reactions. Statistical analysis of the
particles of polymer lllI-19. (mean diameter: 5.6 ym SD: 0.83 um CV: 15%),
polymer 1lI-20. (mean diameter: 5.4 ym SD: 0.84 um CV: 15%) and polymer lllI-
21, (mean diameter: 5.5 ym SD: 0.8 um CV: 15%) shows that the obtained
particles were quasi-monodisperse. The increase in the size of these particles
produced by the success of the CM reaction, leads to a lower difference between

the SD and the mean diameter and thus, the CV value decreases.
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Figure 3.14 SEM micrographs of polymers a) ll1-19., b) IlI-20. and c) 1lI-21..

Nitrogen sorption analysis of the functionalized polymers (Table 3.11) was
carried out in order to see whether the polymers became porous after the
immobilization of different groups. As it was expected, Table 3.11 shows that no
porous materials were obtained after the functionalization reactions and

instead, functionalised gel-type polymers were produced.

Specific surface area

2
(m'/g) Specific Av. pore
Polymer pore vol. diameter
ref. BET Langmuir (cm’/g) (nm)
-19, 7
11-20, - 5
-21, - 2

Table 3.11 Nitrogen sorption analysis of polymers IlI-19,, 1lI-20, and 1lI-21..

3.4. CONCLUSIONS

Precipitation copolymerisation reactions of DVB with a divinyl co-monomer
produced good quality particles. Different conditions with different solvents
were carried out but obtaining porous polymer particles proved to be extremely

complicated.

Due to the reactivity of the synthesised allyl maleimide in the synthesis of
poly(DVB-alt-AMI), it was not possible to remove the chemical aggregation,

which were suspected to be poly(AMI). In order to solve this problem, a new

136



strategy was followed beginning with copolymerising DVB with MA. After
allylamination of poly(DVB-alt-MA), quasi-monodispersed particles were
obtained, but their small size made post-functionalisation impossible. This is
thought to be due to the steric hindrance of the unreacted vinyl groups of AMI.
Poly(DVB-co-AMA) was synthesised by conventional precipitation polymerisation
with toluene and acetonitrile as co-solvents. The ratio of DVB and AMA was
changed in order to increase the functional group loading. However, in order to
form porous polymer microspheres, a high proportion of toluene had to be used,

which led to aggregation of the particles, and the formation of coagulums.

CM reactions were performed with gel-type poly(DVB-co-AMA) polymers and
quasi-monodispersed particles were obtained. Furthermore, the insertion of the
divinyl co-monomer led to an increase of the loading level of the immobilised
functional group, which renders them suitable for different applications like

protein immobilisation, solid-phase peptide synthesis or as metal scavenger

resins.
/\/NHFmoc 0
O/“\o/\/\/NHFmoc Loading : 0.42 mmol g
li-19,
(o) Br (0]
O/U\o/\/ e NO% Br Loading : 0.39 mmol g
12,
111-20
o e
=\
o o
) O/“\O/\/\P/P Loading : 0.34 mmol g*!
/9 T
m-21,

Figure 3.15 Functionalisation reactions of poly(DVB-co-AMA).

3.5. FUTURE WORK

Different precipitation copolymerisation conditions were used thorough this
work. The insertion of a divinyl co-monomer during precipitation polymerisation

was performed in order to increase the amount of unreacted double bonds
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available for CM reactions. In the future, precipitation copolymerisation
reactions to lower the DVB/AMA concentrations in the solvent could be
attempted. Lower concentrations of the monomers in the solvent can help to

prevent aggregation when large amounts of co-monomer are used.

In order to obtain porous polymer particles, large amounts of the porogenic
solvents are needed. However, the increment of the porogenic solvent leads to
aggregation of the particles, and therefore coagulums or monoliths are formed.
Thus, different solvent systems can be attempted in the future to obtain porous

polymer particles.

Finally, to increase the size of the poly(DVB-alt-MA) particles, the MEK amount
can be increased in order to form larger particle nuclei leading to later
precipitation in the media. Stover and coworkers '® reported that by increasing
the concentration of the monomers in the solvent system, larger particles were
obtained. Therefore, monomer concentration can be increased to obtain larger

particles.

3.6. EXPERIMENTAL

3.6.1. Materials

For the synthesis of copolymers, divinylbenzene-80 (mixture of isomers, 80.0%
grade), divinylbenzene-55 (mixture of isomers, 55.0% grade) and allyl
methacrylate were purchased from Sigma Aldrich and purified prior to use
through a column of neutral alumina. 2,2’-Azobis(isobutyronitrile), AIBN, (97.0%)
was purchased from BDH and Luperox® A75, Benzoyl peroxide (BPO) was
purchased from Sigma Aldrich and both were recrystalised from acetone at low
temperature. HPLC grade acetonitrile was purchased from Rathburn Chemicals
and was used as received. 2" generation Grubbs catalyst, maleimide and allyl
alcohol were purchased from Sigma Aldrich and were used as received.
Allylbromide, diisopropyl azodicarboxylate, triphenylphosphine, Fmoc-

hydroxysuccinimide and allyl amine were all purchased from Acros Organics and
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were also used as received. Diethyl vinylphosphonate was purchased from Fisher

Scientific and was of high purity, so was used as received.

The solvents employed (toluene, hexane, acetone, methanol, tetrahydrofuran,
petroleum ether [b.p. 30-40 °C], ethyl acetate, diethyl ether, glacial acetic
acid, sodium bicarbonate, anhydrous 1,4-dioxane, heptane, methyl ethyl ketone
(MEK) and chloroform) were purchased from Sigma Aldrich as standard

laboratory reagent grade.

Dry solvents were obtained from an in-house purification system. Column
chromatography sorbent EMD Guduran silica gel 60 was used and Merck silica 60

covered with aluminium sheets were used as TLC plates.

3.6.2. Equipment

Precipitation copolymerisation reactions were carried out using a Stuart
Scientific 5160 incubator (Surrey, UK) and a Stovall low profile roller system (NC,
USA). The polymerisations were performed in Nalgene® plastic bottles. When
required, samples were dried in Townson & Mercer Limited (England) vacuum

ovens set to either 40 °C or 70 °C, at 60 mbar pressure.

Elemental microanalysis was performed by the University of Strathclyde
Elemental Microanalysis service. C, H and N elemental microanalyses were
carried out simultaneously using a Perkin Elmer 2400 Series Il analyser, while
halogen and phosphorous contents were determined by standard titration
methods.

The optical compound microscope employed was a Olympus Vanox microscope.
Scanning electron microscopy (SEM) was carried out using a Cambridge
Instruments Stereoscan 90. Samples were coated in gold prior to SEM imaging.

SEM statistical data was obtained by Image J.
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Fourier-Transform Infrared (FT-IR) spectroscopy analyses were carried out using
a Shimadzu IRAffinity-1S spectrometer. Samples were scanned over the range

4000-600 cm™' in transmission mode.

The specific surface area measurements were performed using Micromeritics
ASAP 2020 nitrogen sorption instrument. Samples were degassed overnight under
high vacuum at 100 °C prior to analysis. Analysis was carried out via nitrogen

sorption, carried out at 77 K.

3.6.3. Synthesis of AMI monomer

1-Allyl-1H-pyrrole-2,5-dione (lll-3)"®

AMI was synthesised by modifying an existing procedure.™ DIAD (20 mL, 0.10
mol, 1.2 equiv) was added dropwise, in the dark, to a solution of maleimide, IllI-
2, (9.0 g, 0.093 mol, 1.1 equiv), allyl alcohol, llI-1, (5.7 mL, 0.084 mol) and PhsP
(24 g, 0.093 mmol 1.1 equiv) in anhydrous THF (300 mL) at room temperature.
After stirring the mixture for 19 h, the solvent was evaporated in vacuo. Ph;PO
was precipitated in a mixture of hexane/Et,O0 (1:1) and filtered off. Silica gel
column chromatography [EtOAc/PE (3:7)] gave AMI as a light yellow powder (7.0
g, 55%).

Rf 0.3 (EtOAc/PE 3:7)

AMI was also synthesised by modifying another existing procedure.® Glacial
acetic acid (10 mL) was added dropwise to allylamine, llI-3, (1.3 mL, 17 mmol)
at 0 °C. A solution of maleic anhydride, MA, (3.0 g, 31 mmol, 1.8 equiv), in
glacial acetic acid (20 mL) was then added to the allylamine solution and the
mixture was refluxed overnight under an argon atmosphere. The next day the

reaction was allowed to cool down to room temperature and acetic acid was
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removed under reduced pressure. Then, 10 mL of CH,Cl; and 20 mL of water
were added to the formed brown oil. The organic layer was separated and the
aqueous phase was extracted with CH,Cl; (3 x 10 mL). The combined organic
layers were dried with Na,SO4, filtered and evaporated in vacuo. Silica gel
column chromatography [EtOAc/PE (1:9)] gave AMI as a light yellow powder, (1.3
g, 55%).

Ry 0.4 (EtOAC/PE 1:9)
"H NMR (500 MHz, CDCl3) & = 6.71 (2H, s, H-(3,4)), 5.78 (1H, ddt, J = 15.9, 10.6,
7.6, Hz, H-7), 5.12 (1H, dd, J = 16.0, 1.3 Hz, H-8a), 5.09 (1H, dd, J = 10.4, 1.2

Hz, H-8b), 4.10 (2H, dt, J = 5.7, 1.4 Hz, H-(6a,6b)).

3C NMR (100 MHz, CDCl3) & = 170.0 (C-(2,5)), 134.2 (C-7), 131.6 (C-(3,4)), 117.7
(C-8), 39.9 (C-6).

HRMS (Cl) m/z (M+H)" C;HsNO, Calcd.: 138.0550 g/mol. Found: 138.0555 g/mol.

FT-IR: 5cm™ 3070 (=CH str.), 2980 and 2940 (C-H str.), 1690 (C=O str.) 1640 and
1440 (C=C str.), 1395 (CN str.), 1345 (C-O str.), 1120 (C-O-C str.).

m.p. 42-45 °C (lit, 42-43 °C)
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3.6.4. Typical precipitation copolymerisation of DVB with AMI

General procedure of poly(DVB-co-AMI)

Poly(DVB-co-AMI) was synthesised by modifying an existing procedure.“””

Divinylbenzene was freed from inhibitor by passage through a short column of
alumina (activated aluminium oxide, neutral, Brockmann 1) prior to
polymerisation. Recently purified DVB, AMI and recrystalised BPO (2 mol%
relative to the total number of polymerisable double bonds) were placed into a 1
L Nalgene® bottle with acetonitrile (CH;CN) and toluene as porogenic solvent.
The bottle contents were sonicated for 15 min and the contents were purged
with bubbling N, for 20 min before being sealed under N;. The bottle was placed
on a low-profile roller, which was housed inside a temperature-controlled
incubator, and rolled at 30 rpm along its long axis. The temperature was ramped
from room temperature to 60 °C over 1 h and then held at 60 °C for a further 48
h. The mixture was then allowed to cool down to room temperature. The
product was filtered off under vacuum on a 0.22 pm nylon filter membrane and
then washed in sequence with 100 mL volumes of CH3CN, toluene, methanol and
acetone. The product, in the form of a white fluffy powder, was dried overnight
at 70 °C at 1 mbar.

FT-IR: #/cm™ 3050 (=CH str.), 2924 (C-H str.), 1700 (C=0 str.) 1602, 1510 and
1485 (C=C str.), 1444 (CH, def.), 1390 (CN str.), 1330 (C-O str.), 1150 (C-O-C
str.), 827 (CH def.), 800 and 715 (CH def.) and 630 (CN def.).

General procedure of delayed addition of AMI

Poly(DVB-co-AMI) was synthesised by modifying an existing procedure.“””
Divinylbenzene was freed from inhibitor by passage through a short column of
alumina (activated aluminium oxide, neutral, Brockmann [) prior to

polymerisation. Recently purified DVB and recrystalised BPO (2 mol% relative to
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the total number of polymerisable double bonds) were placed into a 1 L
Nalgene® bottle with CH3;CN and toluene as porogenic solvents. The bottle
contents were sonicated for 15 min and the contents were purged with bubbling
N, for 20 min before being sealed under N,. The bottle was placed on a low-
profile roller, which was housed inside a temperature-controlled incubator, and
rolled at 30 rpm along its long axis. The temperature was ramped from room
temperature to 60 °C over 1 h and then held at 60 °C. After the nucleation stage
has started (1 h after the incubator reached 60 °C), AMI was added in one
portion to the Nalgene bottle, and the reaction was left for 48 h. The mixture
was then allowed to cool down to room temperature. The product was filtered
off under vacuum on a 0.22 pym nylon filter membrane and then washed in
sequence with 100 mL volumes of CH3CN, toluene, methanol and acetone. The
product, in the form of a white fluffy powder, was dried overnight at 70 °C at 1

mbar.

FT-IR: #/cm™ 3050 (=CH str.), 2924 (C-H str.), 1690 (C=0O str.) 1602, 1510 and
1485 (C=C str.), 1444 (CH, def.), 1395 (CN str.), 1345 (C-O str.), 1120 (C-O-C
str.), 829 (CH def.), 794 and 709 (CH def.) and 620 (CN def.).

3.6.5. Synthesis of poly(DVB-alt-AMI)

Poly(DVB-alt-MA)®*?

o

0]

I11-9, and 11I-9, were synthesised by modifying an existing procedure.(*'*'® pyB
was freed from inhibitor by passage through a short column of alumina
(activated aluminium oxide, neutral, Brockmann [) prior to polymerisation.
Recently purified DVB (0.58 g), MA (0.38 g) and recrystalised BPO (1ll-9,: 0.5
mol% and IlI-9,: 2 mol% relative to the total number of polymerisable double
bonds) were placed into a 20 mL Kimax tube with heptane (6.0 mL) and MEK (4.0

mL) as porogenic solvents. The contents were sonicated for 5 min and purged
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with bubbling N; for 15 min before being sealed under N;. The tube was placed
on a low-profile roller, which was housed inside a temperature-controlled
incubator, and rolled at 30 rpm along its long axis. The temperature was ramped
from room temperature to 60 °C over one hour and then held at 60 °C for a
further 24 h. The mixture was then allowed to cool down to room temperature.
The product was filtered off under vacuum on a 0.22 pm nylon filter membrane
and then washed in sequence with 100 mL volumes of CH;CN, toluene, methanol
and acetone. The product, in the form of a white powder, was dried overnight at
70 °C at 1 mbar (1ll-9, 0.86 g, 88%, 11l-9, 0.88 g, 89%).

Isotherms:

- Desor & nASS Desomtion :
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B e s e e e =
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Poly(DVB-alt-AMI)

I11-8. was synthesised by modifying an existing procedure.®® Polymer I11-9, (0.44
g, 4.8 mmol) was swollen in 15 mL of anhydrous toluene for 1 h under argon.
After that time, allylamine (0.36 mL, 4.8 mmol, 1.0 equiv) was added to the
suspension and the mixture was refluxed overnight under argon. The next day
the reaction was allowed to cool down to room temperature and the product
was filtered off under vacuum on a 0.22 pm nylon filter membrane and then

washed in sequence with 100 mL volumes of CH3;CN, toluene, methanol and
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acetone. Compound llI-8, in the form of a white powder, was dried overnight at

70 °C at 1 mbar (0.53 g, 78%).

The same procedure was followed with polymer 111-9, (0.76 g, 8.3 mmol) and
allylamine (0.62 mL, 8.3 mmol, 1.0 equiv) to give 0.95 g (80%) of polymer IlI-8e.

FT-IR: v/cm™ 3030 (=CH str.), 2930 (C-H str.), 1690 (C=0 str.) 1640 and 1560
1440 (CH, def.), 1390 (CN str.), 1330 (C-O str.), 1200 (C-O-C str.), 920 (CH def.),
835 (CH def.), 780 and 715 (CH def.) and 630 (CN def.).

Isotherms:
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3.6.6. Typical precipitation copolymerisation of DVB with AMA

General procedure of poly(DVB-co-AMA)

Poly(DVB-co-AMA) was synthesised by modifying an existing procedure.

Divinylbenzene was freed from inhibitor by passage through a short column of

(19-21)

alumina (activated aluminium oxide, neutral, Brockmann 1) prior to
polymerisation. Recently purified DVB, AMA and recrystalised BPO (2 mol%

relative to the total number of polymerisable double bonds) were placed into a 1
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L Nalgene® bottle with acetonitrile (CH;CN) and toluene as porogenic solvents.
The bottle contents were sonicated for 15 min and purged with bubbling N, for
20 min before being sealed under N,. The bottle was placed on a low-profile
roller, which was housed inside a temperature-controlled incubator, and rolled
at 30 rpm along its long axis. The temperature was ramped from room
temperature to 60 “C over 1 h and then held at 60 °C for a further 48 h. The
mixture was then allowed to cool down to room temperature. The product was
filtered off under vacuum on a 0.22 pm nylon filter membrane and then washed
in sequence with 100 mL volumes of CH;CN, toluene, methanol and acetone. The

product, in the form of a white powder, was dried overnight at 70 °C at 1 mbar.

FT-IR: #/cm™ 3050 (=CH str.), 2900 (C-H str.), 1725 (C=O str.) 1600, 1510 and
1485 (C=C str.), 1444 (CH, def.), 1180 (C-O str), 1115 (C-O-C str.), 830 (CH def.),
795 and 710 (CH def.).

Isotherms:

Isotherm Linear Plot
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IR
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+
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3.6.7 General procedure for the functionalisation of poly(DVB-co-AMA)

MOWR

The functionalisation reactions*¥ were carried out in a 50 mL round-bottomed
flask equipped with a condenser. Polymer IlI-12. was suspended in 10 mL of
CH,Cl; under an argon atmosphere. Second-generation Grubbs catalyst (5.0
mol%) and coupling partner (4.0 equiv) were then added to the suspension and
the resulting mixture was heated under reflux overnight. The next day the
reaction was allowed to cool down to room temperature and the product was
filtered off under vacuum on a 0.22 pm nylon filter membrane and then washed
in sequence with 15 mL volumes of dichloromethane, ethanol, ethyl acetate,
petroleum ether and diethyl ether. The product, in the form of an off-white

powder, was dried overnight at 70 °C at 1 mbar.

Polymer with Fmoc-protected allylamine

o

MOWNHFmoc

The general procedure was used starting with polymer 1ll-12, (0.20 g, 1.5 mmol)
and 1.7 g (6.2 mmol, 4 equiv) of Fmoc-protected allylamine (llI-16) to give 0.21
g of polymer 111-19,.

FT-IR: #/cm’™", 3020 (=CH str.), 2900 (C-H str.), 1730 and 1690 (C=O str.) 1600,
1580, and 1477 (C=C str.), 1530 (NH def.), 1440 (CH, def.), 1350 and 1260 (C-O
str.), 1120 (C-O-C str.), 830 (CH def.), 800 and 700 (CH def.).
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Polymer with allyl bromide

o

The general procedure was used starting with polymer 1ll-12, (0.30 g, 2.3 mmol)
and 9.8 mL (9.3 mmol, 4 equiv) of allyl bromide (lI-27) to give 0.28 g of polymer
I-20e.

Polymer with diethyl vinylphosphonate

The general procedure was used starting with polymer 1ll-12, (0.30 g, 2.3 mmol)
and 1.4 mL (9.3 mmol, 4 equiv) of diethyl vinylphosphonate (1I-29) to give 0.29 g
of polymer IlI-21,.

FT-IR: #/cm™, 3020 (=CH str.), 2980 and 2920 (C-H str.), 1725 (C=0 str.) 1610,
and 1477 (C=C str.), 1440 (CH, def.), 1350 and 1260 (C-O str.), 1390 (O-P-O str.),
1275 (P=0 str.), 1150 (C-O-P str.), 1080 (C-O-C str.), 820 (CH def.), 780 and 690
(CH def.).

Isotherms of polymer IlI-12. after functionalisation reactions by CM:
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3.6.8 Synthesis of Fmoc allylamine

(9H-fluoren-9-yl)methyl allylcarbamate (Ill-20)*

Compound 1lI-16 was synthesised by modifying an existing procedure.®
Allylamine, 1lI-3, (0.85 mL, 11 mmol, 1.5 equiv) was dissolved in dioxane (70 mL)
at 0 °C. Then, NaHCOs3 (1.9 g, 23 mmol, 3 equiv) and Fmoc hydroxysuccinimide
(2.6 g, 7.6 mmol) were added to the solution and the mixture was stirred for 30
min at 0 °C and then at r.t. overnight. The next morning, 50 mL of saturated

aqueous NaHCO; was added to quench the reaction and the mixture was
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extracted with EtOAc (3 x 50 mL). The combined organic layers were then
washed with saturated aqueous NaHCO; (50 mL), brine (3 x 50 mL) and water (3
x 50 mL), dried over MgSQO., filtered and concentrated in vacuo. The crude
product was purified by recrystalisation from hot ethanol giving compound IlI-16

as a white powder (2.0 g, 93%).

"H NMR (400 MHz, CDCl3) & = 7.60 (2H, dt, J = 7.5, 1.0 Hz, H-(4,5)), 7.45 (2H, d,
J =7.5Hz, H-(1,8)), 7.24 (2H, t, J = 7.5, H-(3,6)), 7.15 (2H, td, J = 7.5, 1.0 Hz,
H-(2,7)), 5.65 (1H, ddt, J = 15.7, 10.6, 5.4 Hz, H-2’), 5.00 (1H, d, J = 15.8 Hz, H-
3’a), 4.96 (1H, d, J = 10.5 Hz, H-3’b), 4.83 (1H, t, J = 6.9 Hz, NH), 4.26 (2H, d, J
= 6.8 Hz, H-5"), 4.06 (1H, t, J = 6.8 Hz, H-9), 3.65 (2H, t, J = 5.6 Hz, H-1’).

3C NMR (100 MHz, CDCl3) & = 156.5 (C-4’), 144.0( C-(12,13)), 141.5 (C-(10,11)),
134.6 (C-2’), 127.8 (C-(3,6)), 127.0 (C-(4,5)), 125.8 (C-(2,7)), (120.0 (C-(1,8)),
116.1 (C-3’), 66.7 (C-5’), 47.2 (C-9), 43.5 (C-17).

FT-IR: 5cm™ 3310 (NH str.), 3060 (=CH str.), 2940 and 2890 (C-H str.), 1695 (C=0
str.) 1640 and 1445 (C=C str.), 1545 (NH def.), 1245 (C-O str.), 1133 (CN str.).
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CHAPTER 4

HYPERCROSSLINKING OF GEL-TYPE
POLYDIVINYLBENZENE-BASED POLYMERS BY RING-CLOSING

METATHESIS
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4.1. INTRODUCTION

4.1.1 Hypercrosslinked polymers

Hypercrosslinked (HXL) polymers are a new generation of permanently porous
polymeric resins. Their ultra-high specific surface areas (> 1000 m?g™") and their
high micropore content (-0.6 mLg') makes them particularly suitable for
separation processes." HXL polymeric materials were first developed by

Davankov et al. in 1974 and are sometimes referred to as Davankov resins.®?

Hypercrosslinking process

Hypercrosslinking is a process in which microporosity can be introduced into
polymers increasing their specific surface area. The increase in the surface area
is accompanied by enhanced solvent sorption characteristics. The methodology
developed by Davankov et al.*® started from the post-polymerisation
crosslinking reaction of linear polystyrene or poly(styrene-co-DVB) chains in its
highly swollen gel state. This crosslinking reaction required a thermodynamically
good solvent such as anhydrous 1,2-dichloroethane, a Lewis acid, and a
crosslinking agent to produce hypercrosslinked styrenic materials. The role of
the crosslinking agent, which can take the form of either an ‘internal’ or
‘external’ electrophile, is the formation of rigid bridges joining adjacent
aromatic rings in the swollen gel. One of the most common ‘internal’
electrophile methods uses vinylbenzylchloride (VBC), which can be introduced
into the polymer as co-monomer during polymerisation reaction. The presence of
the chloromethyl groups in VBC can readily react with the Lewis acid by Friedel-
Crafts type reaction. ‘External’ crosslinking agents, on the other hand, are
introduced during the crosslinking reaction and contain at least two separate
reactive groups reacting and forming a bridge with two aromatic rings present in

the polymer (Figure 4.1).®
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: >
Lewis Acid,
Dichloroethane O
A

Figure 4.1Hypercrosslinking reaction by using 4,4'-Bis(chloromethyl)-1,1’-biphenyl
(BCMBP) as external crosslinker.

Lewis acids or a protonic acid such as HF can be used in the hypercrosslinking
reaction. Theoretically, all Lewis acids can potentially promote the reaction,
i.e., AlCls, FeCls, SnCly, etc. However, in practice, Sherrington and coworkers®
found that FeCls is more active than other Lewis acids as higher specific surface
areas were obtained. They hypothesised that the poor solubility of AlCl; and
steric bulk of SnCly may limit the hypercrosslinking reaction; therefore FeCls
offers the best compromise in terms of solubility and size. Figure 4.2 shows how
steric bulk may affect the second crosslink. After the first crosslink formed, the
access to the second chloromethyl moiety is reduced and thus, larger Lewis acids
cannot complete the second crosslink. Formation of the second crosslink is
thought to be extremely favourable as the aromatic ring, due to the double
alkylation, is electron rich. Additionally, the first crosslink brings the
chloromethyl group closer to the aromatic ring and the resultant cyclisation

results in a highly stable six-membered ring.®

Cl Lewis acid O Lewis acid O‘
cl cl O O

Figure 4.2 Hypercrosslinking reaction of Poly(DVB-co-VBC) via an internal
electrophile.®
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Although Davankov developed the hypercrosslinking methodology®® in linear
polystyrene, his methodology has been applied to hypercrosslink different
styrenic precursors synthesised by suspension,”” emulsion,® non-aqueous
dispersion,® and precipitation polymerisation."” Thus, Davankov-type
methodology can be applied to produce particles with ultra-high surface area

with different particle sizes.

Use of HXL polymers

The insertion of micropores into polymer structures by Davankov methodology
leads to different uses."" The most common use of HXL polymers is for the
extraction of compounds from aqueous solution. The high specific surface areas
have improved retention capabilities and chemical functionalisation enhanced

the selectivity of the sorbents.

HXL polymer microspheres are commercially available but the diameters of the
particles have several hundred microns. One example of commercially available

resins are Hypersol-Macronet resins."?

These resins are HXL polystyrene
microspheres with diameters between 0.3-1.2 mm and specific surface areas of
800-1000 m?g". They can exist unmodified or modified with weak base anion-
exchangers for the removal of phenolic compounds, aniline"® etc. Another
commercially available resin, Lewatit VP OC 1163 HXL, was first modified by
Zhan and coworkers" with dimethylamine (WAX) and trimethylamine (SAX). The
modified resins had a surface area of 700 m?g™" and were also used for the
removal of phenolic compounds from aqueous solutions. Additionally, Barlas and
coworkers™ showed that the resins could also be used in the removal of
pesticides and herbicides from aqueous solutions. Although HXL resins can be
accessed commercially, many groups choose to prepare HXL resins within their

own laboratories.

Within our group, HXL polymer microspheres prepared by precipitation
polymerisation of DVB and VBC monomers, followed by a Friedel-Crafts catalysed
crosslinking reaction, have been functionalised and used as selective SPE

sorbents for pharmaceutical analysis from water samples. Bratkowska et al.®
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synthesised more hydrophilic microspheres for the extraction of polar
contaminants from water by introducing hydroxyethyl methacrylate (HEMA) as
third monomer during the initial polymerisation. Introduction of WAX('”'® and
SAX191%:20) fynctionality also allowed for the selective extraction of acidic and

basic pharmaceutical compounds from complex environmental water samples.

Li et al.*” showed that microporous materials could be better adsorbents for
metal ions than mesoporous and macroporous materials, due to comparable size
of pores and metal ions. They modified the HXL polymers with a sulfonation
reaction in order to improve the hydrophilicity and to improve the interaction
with toxic metals (Pb**, Cu®**, Cr*" and Ni*') for the removal from aqueous

solutions.

HXL polymers can also be used as gas storage and capture sorbents. In 2006 Svec
et al.” investigated HXL poly(DVB-co-VBC), prepared via suspension
polymerisation, as hydrogen storage materials. HXL polymers with surface areas
of up to 1900m?g™" stored 1.5 wt.% hydrogen at 0.15 MPa and 77.3 K. The results
obtained were comparable to the commercially available HXL polymer Hypersol-
Macronet MN200 (1.3 wt.% hydrogen at 0.12 MPa). Unfortunately the materials
failed when the level of hydrogen storage was raised to 6 wt.% established by
the U.S. Departments of Energy for hydrogen storage materials. More recently in
2016, Chang et al.® synthesised HXL indolo[3,2-b]carbazole-based microporous
polymers by Friedel-Crafts alkylation of indolo[3,2-b]carbazole-based monomers.
HXL polymers with surface areas up to 1400 m?g™" were able to storage 1.7 wt.%
hydrogen at 1.13 bar and 77.3 K. The CO; capture capacity of these HXL
polymers can reach up to 3.58 mmolg” at 1.13 bar and 273 K, which is
comparable with other organic porous adsorbents. Furthermore the high
selectivity of HXL indolo[3,2-b]carbazole towards CO; over N; (29:1) makes it a

promising material for CO; separation.
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4.2. AIM OF THE RESEARCH

HXL polymers are a new generation of permanently porous, polymeric resins.
Due to their high micropore contents and ultra-high surface areas (2000 m*g™")
the analyte retention has been enhanced.® However, the selectivity of these
polymers is limited, FeCl; removal sometimes requires large amounts of solvents
and they present a brown/red colour, making unlikely their use for separation

chemistry.

To tackle all the drawbacks mentioned before, we focused upon the
development of olefin metathesis-based methods for the hypercrosslinking of
gel-type materials. Herein we report a hypercrosslinking method of gel-type
poly(DVB-co-AMA) polymers under very mild conditions and employing low
amounts of solvents where poly(DVB-co-AMA) was prepared by precipitation

2419 One of the goals was to introduce porosity in the

polymerisation (PP).
crosslinked polymers by using ring-closing metathesis (RCM) reaction as a new

hypercrosslinking method.

4.3. RESULTS AND DISCUSSION

In chapter 3, different ratios of acetonitrile and toluene were used in order to
obtain porous poly(DVB-co-AMA) microspheres to further functionalise by cross
metathesis (CM) reaction. However, CM reaction was only successful with a
solvent ratio in which gel-type polymers were obtained. With the obtainment of
gel-type poly(DVB-co-AMA) the attractive idea of increasing the surface area by
performing a RCM reaction was explored. This hypercrosslinking offers the
advantages of mild conditions and low amount of solvents. In addition to this it
should increase the selectivity of the polymers as the olefin would remain in the

polymer for further functionalisation and colourless product would be obtained.
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4.3.1. Synthesis of gel-type polymer microspheres by precipitation

copolymerisation

Precipitation copolymerisation reactions of DVB-55 or DVB-80 with AMA were
carried out in neat acetonitrile, using benzoyl peroxide (BPO) as thermal
initiator (Figure 4.3). Toluene was removed from the reaction media in order to
obtain gel-type materials. Furthermore, precipitation polymerisation in neat
acetonitrile leads to a greater control over the dispersity of the particles, as

phase separation occurs earlier and no particle aggregations are formed.

A
N Q BPO 0
| ) . Yk 0/\/ - O/U\O/\/
// CH,CN
60°C 48 h
DVB AMA Poly(DVB-co-AMA)

Figure 4.3 Precipitation copolymerisation of DVB and AMA.

Precipitation copolymerisation reactions using different ratios of DVB-80 or DVB-
55 with AMA were attempted. Table 4.1 shows that reactions involving DVB-80
gave larger yields than reactions carried out with DVB-55. The yield difference is
due to the amount of vinyl groups present in the monomers. DVB-80 has a
greater amount of vinyl groups than DVB-55 and thus, the yields are higher.
Besides the difference in the yields due to the different types of DVB used,
Table 4.1 also shows that by increasing the amount of AMA, lower yields were

obtained since the amount of reactive double bonds of the DVB were reduced.
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Polym. DVB/MA Scale Mon./solv. BPO Time Yield Yield

ref. PVB wex @  (gwtav) (me9) () (@ (%)
V-1 80  9/1 45 2 029 48 2.3 49
V-2 55 9/1 45 2 025 48 2.2 47
V-3 80 7.5/2.5 4.5 2 027 48 2.6 56
V-4 55  7.5/2.5 4.5 2 0.24 48 1.9 40
V-5 80  5/5 45 2 0.24 48 2.1 45
V-6 55  5/5 45 2 022 48 1.8 40
V-7 80  2.5/7.5 10 2 0.46 48 5.0 48
V-8 55  2.5/7.5 10 2 0.41 48 47 45
V-9 80  1/9 10 2 0.41 48 44 43
V-0 55 1/9 45 2 0.18 48 1.8 38

Table 4.1 Precipitation copolymerisation conditions used in the synthesis of
poly(DVB-co-AMA).
Elemental microanalysis of the polymers (Table 4.2) was carried out in order to
confirm that the polymers obtained were poly(DVB-co-AMA). Table 4.2 also
shows that the amount of the monomers added did not match with the final
composition of the polymers obtained. The small differences between the
monomer feed and the experimental ratios could be due to a partial evaporation
of the monomers during the degassing step or during the transfer of the

monomers to the Nalgene® bottles.
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Polymer Expected elemental Found elemental Real monomer

ref. microanalysis (wt.%) microanalysis (wt.%) ratios (wt.%)

C H C H DVB AMA
V-1 89.4 8.0 87.9 7.8 8.4 1.6
V-2 89.1 8.3 88.2 8.1 8.7 1.3
IV-3 85.6 8.0 85.5 7.9 7.5 2.5
V-4 85.3 8.3 85.0 8.1 7.4 2.6
IV-5 79.3 8.0 81.2 7.8 5.8 4.2
IV-6 79.1 8.2 80.2 8.1 5.4 4.6
Iv-7 73.0 8.0 75.4 8.0 3.5 6.6
V-8 72.9 8.1 74.8 7.8 3.3 6.8
IV-9 69.2 8.0 70.0 7.7 1.3 8.7
IV-10 69.1 8.0 70.2 8.2 1.4 8.6

Table 4.2 Elemental microanalysis of different Poly(DVB-co-AMA).

Statistical analysis of the particles was carried out using image J program (Table
4.3). Small particles (< 5 ym) were obtained after precipitation copolymerisation
in absence of toluene as particle desolvation was not delayed by the porogenic
solvent and they precipitate earlier. DVB composition also affected the size of
the particles since DVB-55 presents a greater amount of ethyl styrene and
therefore the particles were more swollen. Polymers IV-1, IV-2, IV-3 and IV-4
(Table 4.3) have more crosslinked particles than the rest of the polymers, as
higher amounts of DVB were used. Polymers IV-1 and IV-3, made from DVB-80,
reacted more with AMA and the particles obtained were more mechanically
robust than DVB-55 based particles, due to the degree of polymerisation and the
amount of available double bonds. However, when the amount of AMA was
increased, less crosslinked polymers were obtained and thus polymers made of
DVB-55 have in general greater diameters. Table 4.3 also shows that by keeping
the amount of DVB high or very low, quasi-monodispersed particles were

obtained. On the other hand, polydispersed particles were obtained when similar
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ratios of DVB and AMA were used due to the random co-polymerisation of DVB
and AMA.

P ‘;2}”’ : diam/:::: (um) SD(um)  Min (um)  Max (um)  CV (%)
V-1 1.2 0.19 0.77 1.6 17
IV-2 1.1 0.19 0.80 1.6 17
Iv-3 2.5 0.32 1.6 3.2 13
IV-4 2.1 0.25 1.5 2.9 12
IV-5 2.5 0.39 1.7 3.7 16
IV-6 3.5 1.0 1.9 7.1 29
IV-7 1.7 0.63 0.67 3.2 38
IV-8 2.2 0.89 0.75 6.5 40
IV-9 2.5 1.0 0.66 3.7 41
IV-10 3.5 0.44 2.3 4.3 12

Table 4.3 Image J analysis of synthesised poly(DVB-co-AMA).

SEM micrographs (Figure 4.4) of the polymers show that spherical microspheres
were obtained. Figure 4.4 also shows that by decreasing the amount of DVB, the
colloidal stability of the particles started to fail and particles started to
aggregate. Hardness of the particles was also affected by decreasing the amount

of DVB and rough surfaces of the particles were observed (Figure 4.4).
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Figure 4.4 SEM micrographs of synthesised poly(DVB-co-AMA).

In order to confirm that gel-type polymers were formed, nitrogen sorption

porosimety analysis was carried out. Table 4.4 shows that only polymers IV-6, IV-
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8 and IV-10 follow the BET method and adsorbed the nitrogen in several distinct
layers. The change in sorption mode could be due to the high crosslinking level
of DVB-80 or by the large amounts of DVB used in addition to the lack of the
porogenic solvent. As a consequence, the amount of nitrogen that can access
each pore has been reduced and therefore it can form a single layer in the space
provided. Table 4.4 also suggests that due to the low surface areas, the

synthesis of gel-type polymers was successful.

Specific surface area

(m’/g) Specific Av. pore

Polymer pore vol. diameter

ref. BET Langmuir (cm’/g) (nm)

V-1 - 90

V-2 - 20

IV-3 - 70

V-4 : 3

IV-5 - 20

IV-6 2

Iv-7 4

IV-8 2

IV-9 - 1

IV-10 3

Table 4.4 Nitrogen sorption porosimetry analysis of poly(DVB-AMA) polymers.

Solvent uptake test was carried out in all the polymers to identify the more
suitable solvent to perform the RCM reaction (Graph 4.1). The test was carried
out in dichloromethane since it is the solvent in which olefin metathesis in
general gives the best efficiency, and in toluene where previous polymers swell
the most (chapter 3 polymers). Graph 4.1 shows that polymers can uptake more
toluene than dichloromethane, therefore toluene was chosen to perform the

RCM reactions.
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=== Dichloromethane

=pr=Toluene

Solvent Uptake of 1g of any polymer
(g)
w

V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 IV-9 IV-10

Graph 4.1 Solvent uptake test of polymers in dichloromethane and in toluene.

A swelling test was also carried out in order to see the swelling behaviour of the
polymers for RCM reaction. Polymer IV-7 and IV-10 were selected and 1.2 mL
were packed into a measuring cylinder. When 5 mL of toluene were added,
polymer IV-7 swelled from 1.2 mL to 1.7 mL and polymer IV-10 from 1.2 mL to
1.9 mL. Volumes were checked after 1 h and 24 h but no changes were observed,

indicating that swelling of the polymers occurred immediately.

4.3.2. Hypercrosslinking reaction of gel-type poly(DVB-co-AMA)
polymers by RCM

After the selection of the appropriate solvent, RCM was carried out with all the
synthesised polymers (Figure 4.5). It is believed that two different allyl groups
can undergo the RCM easier than a vinyl group (from DVB) with an allyl group
since vinyl groups could be more hindered. However, both metathesis can occur
and the cyclisation will insert porosity into the polymers and therefore the

surface area will be larger.
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Figure 4.5 RCM of poly(DVB-co-AMA) to form HXL-poly(DVB-co-AMA).

Nitrogen sorption porosimetry analysis was carried out as confirmation of the
success of the RCM reaction. Table 4.5 shows that RCM only occurred in polymers
IV-7 and IV-10. Taking into account the solvent uptake test (Graph 4.1), it was
not surprising that only polymers IV-7 and IV-10 could undergo the RCM reaction
as both polymers (as well as polymer IV-9) could uptake more solvent and
therefore swell the most. On the other hand, coagulums were formed in polymer
IV-9 after RCM reaction, although its solvent uptake capacity was greater than in
polymer IV-7 and IV-10 (Figure 4.6). Nitrogen sorption porosimetry data of
Polymer HXL-IV-7 shows that nitrogen adsorption happened in a single layer
fitting the Langmuir isotherm. However, polymer HXL-IV-10 followed the BET
method and adsorbed the nitrogen in several distinct layers. The change in the
sorption mode it is strongly related with the type of DVB used as well as with the
ratios of DVB used. Since DVB-80 has less amount of ethyl styrene and therefore,
more binding sites than DVB-55, polymers made with DVB-80 are more
crosslinked, pores are smaller and thus, nitrogen cannot be adsorbed trough the
pores. A larger surface area was obtained with polymer HXL-IV-7 due to the
higher amount of double bonds that reacted during the RCM reaction. However,
the pore volume and the average pore diameter of polymer HXL-IV-10 are larger
as DVB-55 was used as monomer and therefore, a less crosslinked polymer with

greater pore sizes was obtained.

165



Specific surface area

(m’/g) Specific Av. pore
Polymer pore vol. diameter
ref. BET Langmuir (cm’/g) (nm)

HXL-1V-1 11

HXL-1V-2 9

HXL-1V-3 - 29

HXL-IV-4 5

HXL-IV-5 - 12

HXL-IV-6 : 4

HXL-IV-7 - 479 0.22 2.5
HXL-IV-8 - 5

HXL-IV-9 5
HXL-IV-10 356 - 0.23 3.5

Table 4.5 Nitrogen sorption porosimetry after RCM reaction.

Elemental microanalysis of polymers HXL-IV-7 (74.7% C, 7.7% H) and HXL-IV-10
(68.8% C, 7.7% H) indicated the success of the hypercrosslinking reaction. The
amounts of hydrogen and carbon have been significantly reduced due to the loss
of ethylene in the RCM reaction. SEM micrographs (Figure 4.6) show that
particles were not destroyed by the hypercrosslinking reaction. Statistical
analysis of the particles of polymers HXL-IV-7 (mean diameter: 2.2 um, SD: 0.72
pum, CV: 32%)) and HXL-IV-10 (mean diameter: 3.6 ym, SD: 0.53 ym, CV: 15%)
also suggested that RCM worked, as the mean diameter of the particles was
larger than the diameters of polymers IV-7 and IV-10 (Table 4.3). Statistical
analysis also shows that particles of polymer HXL-IV-10 were still quasi-

monodispersed.
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A HXL-1V-9

Figure 4.6 SEM micrographs of HXL-IV-7, HXL-IV-9 and HXL-IV-10.

4.3.1. Synthesis and hypercrosslinking reaction of Poly(DVB-alt-AMI)

After the success of the RCM in poly(DVB-co-AMA) polymers, the previously
synthesised poly(DVB-alt-AMI) (llI-8¢) was used to undergo the RCM reaction. Due
to the small size of the particles (< 1 ym), non-porous polymer microspheres
were obtained (BET surface area: 10 m%*g™).

RCM was performed with the synthesised poly(DVB-alt-AMI) particles to obtain
HXL porous polymer particles. RCM reaction could occur in two different ways;
between two different ally groups of allyl maleimide (AMI) or between the allyl
groups with the vinyl groups from the DVB. The alternating character of the
polymer could suggest that RCM might occur between the vinyl group from the
DVB and an allyl group but due to the rigidity of the maleimide, it is most likely

to occur between both allyl groups (Figure 4.7).
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Figure 4.7 RCM reaction of poly(DVB-alt-AMI).

Nitrogen sorption porosimetry analysis was carried out to assess the success of
the reaction. Unfortunately, the Langmuir surface area of the polymer was still
10 m?g”", which indicates that the polymer did not undergo the RCM. Elemental
microanalysis of polymer HXL-IV-11 (70.9% C, 6.7% H, 5.1% N) also suggests that
no RCM reactions were occurred as polymer ll-8¢ (70.7% C, 6.8% H, 5.5% N) has
similar amounts of carbon, hydrogen and nitrogen. It was thought that because

the particles were very small and rigid, RCM was not successful.

4.4. CONCLUSIONS

Precipitation copolymerisation reactions of poly(DVB-co-AMA) in neat
acetonitrile were carried out in order to obtain gel-type polymer microspheres.
The absence of toluene as co-solvent reduced the dispersity of the particles and
quasi-monodispersed particles were obtained with high amounts of DVB or AMA.
However, when similar amounts of DVB and AMA were used, dispersity of the
particles increased. This might suggest that since AMA is a less reactive
monomer than DVB, reactivity rates are different and therefore desolvation of
the particles may occur later or the capture of the AMA occurred in the growth

stage.

The solvent uptake test showed that polymers with large amounts of AMA
(polymers IV-7, IV-9 and IV-10) can uptake more solvent and therefore swell the
most. The swelling test revealed that the swelling of these polymers occurred
immediately after the addition of the solvent, indicating that RCM can be

carried out without swelling the polymers before addition of the catalyst.
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RCM reaction was carried out in all poly(DVB-co-AMA) polymers and only
polymers with a high solvent uptake and swelling capacity underwent the
hypercrosslinking reaction (polymer HXL-IV-7 and HXL-IV-10). Nitrogen sorption
porosimetry analysis showed that surface areas of around 400 m?g™" for DVB-55
based polymers and around 500 m”g™" for DVB-80 based polymers were obtained.
Unfortunately, the surface areas obtained were not as large as by using the
Davankov methodology (around 2000 m?g'). However, using RCM as
hypercrosslinking method, the selectivity of the polymers will be greater as the
olefin is still present in the polymer and can be further functionalised.
Additionally, mild conditions and low amounts of solvents were used during the
reaction and purification of the polymer and the polymers remained colourless
after the hypercrosslinking, which makes them better alternatives for separation

chemistry.

In order to insert porosity into non-porous poly(DVB-alt-AMI), RCM was carried
out. Unfortunately, due to the rigid character of the maleimide and the small

size of the particles (< 1um), hypercrosslinking was not successful.

4.5. FUTURE WORK

Different precipitation copolymerisation reactions were carried out in neat
acetonitrile in order to obtain gel-type polymers to hypercrosslink and obtain
ultra-high surface areas. However, surface areas below 500 m?g™" were obtained.
In order to increase the surface area of these polymers, solvent mixtures of
toluene and a less polar solvent such as heptane can be used in the RCM
reaction. According to the solvent uptake and swelling tests, the swelling of the
polymers is higher in non-polar solvents than in polar solvents. Therefore, in
heptane the polymer should swell more than in toluene and thus, the catalyst
would reach the inner double bonds easier increasing the surface area of the
polymer. To ensure the solubility of the catalyst, a small amount of toluene

should be added to the reaction.

The introduction of a terpolymer such as hydroxyethyl methacrylate (HEMA)

could be another alternative in order to increase the surface area of the
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polymers. With the use of HEMA, more crosslinked polymer will be obtained with
larger particles and a greater amount of double bonds. By keeping the ratio of
DVB-55 and HEMA low, HXL polymers should be obtained with larger surface

areas.

Styrene can also be used in the formation of gel-type polymers to hypercrosslink
via RCM. The bulky benzene ring will let to the polymer swell more and
therefore, the access to the double bonds will be easier. In addition to that,

longer bridges will be formed, increasing the surface area of the polymers.

4.6. EXPERIMENTAL

4.6.1. Materials

For the synthesis of copolymers, divinylbenzene-80 (mixture of isomers, 80.0%
grade), divinylbenzene-55 (mixture of isomers, 55.0% grade) and allyl
methacrylate were purchased from Sigma Aldrich and purified prior to use
through a column of neutral alumina. Luperox® A75, Benzoyl peroxide (BPO) was
purchased from Sigma Aldrich and was recrystalised from acetone at low
temperature. HPLC grade acetonitrile was purchased from Rathburn Chemicals
and was used as received. Second-generation Grubbs catalyst, maleimide and
allyl alcohol were purchased from Sigma Aldrich and were used as received. Ally

amine was purchased from Acros Organics and was also used as received.

The solvents employed (toluene, acetone, methanol, tetrahydrofuran, ethanol,
petroleum ether [b.p. 30-40 °C], ethyl acetate, diethyl ether, heptane, methyl
ethyl ketone (MEK) and chloroform) were purchased from Sigma Aldrich as
standard laboratory reagent grade. Dry solvents were obtained from an in-house

purification system.
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4.6.2. Equipment

Precipitation copolymerisation reactions were carried out using a Stuart
Scientific 5160 incubator (Surrey, UK) and a Stovall low profile roller system (NC,
USA). The polymerisations were performed in Nalgene® plastic bottles. When
required, samples were dried in Townson & Mercer Limited (England) vacuum

ovens set to either 40 °C or 70 °C, at 60 mbar pressure.

Elemental microanalysis was performed by the University of Strathclyde
Elemental Microanalysis service. C, H and N elemental microanalyses were
carried out simultaneously using a Perkin Elmer 2400 Series Il analyser, while
halogen and phosphorous contents were determined by standard titration

methods.

Scanning electron microscopy (SEM) was carried out using a Cambridge
Instruments Stereoscan 90. Samples were coated in gold prior to SEM imaging.

SEM statistical data was obtained by Image J.

Fourier-Transform Infrared (FT-IR) spectroscopy analyses were carried out using
a Shimadzu IRAffinity-1S spectrometer. Samples were scanned over the range

4000-600 cm™' in transmission mode.

The specific surface area measurements were performed using Micromeritics
ASAP 2020 nitrogen sorption instrument. Samples were degassed overnight under
high vacuum at 100 °C prior to analysis. Analysis was carried out via nitrogen

sorption, carried out at 77 K.

Solvent uptake data was obtained using centrifuge tubes fitted with 0.2 pm
modified nylon 500 pL centrifugal filter inserts (VWR, North America). The

centrifuge used was an Eppendorf Centrifuge 5804 (Hamburg, Germany).
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4.6.3. Typical precipitation copolymerisation reaction of DVB with
AMA

Poly(DVB-co-AMA)

Poly(DVB-co-AMA) was synthesised by modifying an existing procedure.“o)

Divinylbenzene was freed from inhibitor by passage through a short column of
alumina (activated aluminium oxide, neutral, Brockmann 1) prior to
polymerisation. Recently purified DVB, AMA and recrystalised BPO (2 mol%
relative to the total number of polymerisable double bonds) were placed into a 1
L Nalgene® bottle with acetonitrile (CH3CN). The bottle contents were sonicated
for 15 min and the contents were purged with bubbling N, for 20 min before
being sealed under N,. The bottle was placed on a low-profile roller, which was
housed inside a temperature-controlled incubator, and rolled at 30 rpm along its
long axis. The temperature was ramped from room temperature to 60 °C over 1
h and then held at 60 °C for a further 48 h. The mixture was then allowed to
cool down to room temperature. The product was filtered off under vacuum on a
0.22 pm nylon filter membrane and then washed in sequence with 100 mL
volumes of CH;CN, toluene, methanol and acetone. The product, in the form of

a white powder, was dried overnight at 70 °C at 1 mbar.

FT-IR: cm™ 3050 (=CH str.), 2900 (C-H str.), 1725 (C=0 str.) 1600, 1510 and
1485 (C=C str.), 1444 (CH, def.), 1180 (C-O str.), 1115 (C-O-C str.), 830 (CH
def.), 795 and 710 (CH def.).
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4.6.4. Typical hypercrosslinking reaction via RCM

HXL-poly(DVB-co-AMA)

E\fo
fo) (o]

L

The RCM reactions were carried out in a 20 mL Kimax tube. The polymer (0.15 g)
was suspended in dry toluene (5 mL). Second-generation Grubbs catalyst (5.0
mol%) was then added to the suspension and the resulting mixture was sealed
under nitrogen. The tube was placed on a low-profile roller, which was housed
inside a temperature-controlled incubator, and rolled at 30 rpm along its long
axis. The temperature was ramped from room temperature to 40 °C over one
hour and then held at 40 °C overnight. The next day the mixture was allowed to
cool down to room temperature. The product was filtered off under vacuum on a
0.22 pm nylon filter membrane and then washed in sequence with 15 mL
volumes of dichloromethane, ethanol, ethyl acetate, petroleum ether and
diethyl ether. The product, in the form of an off-white powder, was dried

overnight at 70 °C at 1 mbar.
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Polymer Starting Starting Gll Time Product
ref. polymer amount (g) (mg) (h) recovered (mg)
HXL-1V-1 V-1 0.15 47 24 0.15
HXL-1V-2 V-2 0.15 47 24 0.15
HXL-IV-3 V-3 0.15 48 24 0.14
HXL-1V-4 V-4 0.15 48 24 0.14
HXL-IV-5 IV-5 0.15 48 24 0.14
HXL-IV-6 IV-6 0.15 48 24 0.14
HXL-IV-7 Iv-7 0.15 49 24 0.13
HXL-1V-8 Iv-8 0.15 49 24 0.14
HXL-1V-9 IV-9 0.15 49 24 0.14
HXL-1V-10 IV-10 0.15 49 24 0.13

Table 4.6 Amounts of reagents used and obtained yields.
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CHAPTER 5

HYPERCROSSLINKING BY OLEFIN METATHESIS OF GEL-
TYPE POLY(DVB-co-AMA) POLYMER BY USING AN
EXTERNAL CROSSLINKER
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5.1. INTRODUCTION

5.1.1 Hypercrosslinking reaction with external crosslinkers

Originally, Davankov et al. discovered hypercrosslinked (HXL) networks via the
post-crosslinking of polystyrenic chains in the swollen gel-state by using external
crosslinkers.? The external crosslinker was installed by Friedel-Crafts reaction
forming a methylene bridge between two polystyrene chains. 4,4-
Bis(chloromethyl)-1,1"-biphenyl (BCMBP) was used as the external crosslinker for
first time by Davankov et al. (Figure 4.1)."" By using an external crosslinker,
together with a Lewis acid, all the aromatic rings can be crosslinked and ultra-
high specific surface areas can be achieved. The formed HXL network displays a
high degree of crosslinking, low packing density due to the amount of rigid
spacers holding the polymer chains apart, and an extremely high specific surface
area (up to around 2000 m’g™), which is due to a large population of very small

pores (2-4 nm).?

External crosslinkers are normally used when it is not possible to carry out
internal crosslinking with the polymer precursors. Different groups started using
chloromethyl ether (CME) as external crosslinker (Figure 5.1a).** However, due
to the carcinogenic properties of the compound, different external crosslinkers
were used. Zhang and coworkers®® used carbon tetrachloride (Figure 5.1b) and
dimethoxymethane as the external crosslinkers with linear poly-p-phenylenes
obtaining specific surface areas of around 1000 m’g’. Another interesting
alternative to CME, is 1,2-dichloroethane, since it can be used as solvent and as

crosslinker at the same time.©®”
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Figure 5.1 Hypercrosslinking reactions using different crosslinkers a) CME, b) CCl,
and c) dichloroethane.

Different aspects have to be taken in consideration when selecting an external
crosslinker; structural variations of the crosslinked bridge in a HXL polymer are
directly connected with the porosity of the polymers as changes in the length
and rigidity of the bridge will affect the morphology of the pores. Chemical
modifications on the other hand, will install a moiety from the crosslinker on the
polymer. Another parameter to bear in mind is the reaction kinetics. In 1998
Hradil and Kralova studied the kinetics of HXL poly(styrene-co DVB) by using CCl4
as external crosslinker. However it was found that CCly reacted more slowly and

lower conversions were obtained than by using CME as external crosslinker.

In 1999 Pastukhov et al.® found that 0.5 moles of cross-agent per mol of

repeating unit able to crosslink were needed in order to achieve 100% of
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crosslinking. They also found that the higher the amount of cross-agent, the

higher the specific surface areas.

Di and tri-iodoalkanes were used as cross-agents by Svec and coworkers®'? in
order to hypercrosslink aromatic rings with electron-donating groups such as
polyaniline® or polypyrrole'? (Figure 5.2). The choice of diiodoalkanes over
dichloro and dibromo alkanes was made in order to compensate the limited
reactivity of polyaniline.® The introduction of boron as single-atom crosslinker
was also reported by Germain et al.'” as novel chemistry in the field of
hypercrosslinking. All these materials were used as hydrogen storage materials
as the pores were too small for nitrogen adsorption but large enough for
hydrogen adsorption. However, further optimisations have to be carried out in

order to compare these new materials with polystyrene-based HXL materials.

CH,l,

/\ CHl,

I=z
=

Figure 5.2 Polypyrrole hypercrosslinking by using diiodo and triiodo compounds.

A new hypercrosslinking strategy was developed by Li et al. in 2011,"” which
consisted in the ‘knitting’ of rigid building blocks with an external crosslinker
such as formaldehyde dimethyl acetal (FDA)."" The main advantage of using FDA

as external crosslinker was that no HCl was formed as a by-product, since
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methanol was formed instead. Tan and coworkers"" started this one-step
approach by heating at 45 °C the solution of the aromatic monomer (including
benzene, phenol or chlorobenzene), FDA as cross-agent and FeCl; as Lewis acid
for 5 h and then at 80 °C for 19 h to complete the condensation (Figure 5.3).
After different conditions were attempted, they obtained specific surface areas
of 1400 m?g™", 1.45 wt.% of H, adsorption (at 77.3 K and 1.13 bar) and 13.5 wt.%
of CO, adsorption (at 273.15 K and 1 bar). In the following years, this approach
has been used with different monomers such as aromatic heterocycles,?

(14)

hydroxymethylated aromatic molecules,”® aniline and benzene, and

(15,16)

tetrahedral monomers among others.

Qe
© _0._0_ Lewis Acid
Dichloroethane O O
n

Figure 5.3 ‘Knitting’ process developed by Tan and coworkers using FDA as cross-
agent."!

In 2014 Maya et al.'"”) HXL different poly(styrene-co-DVB) monoliths using a
Friedel-Crafts reaction with FeCl; comparing different external crosslinkers:
BCMBP, dichloroxylene and FDA. After optimisation of the conditions of the
reaction with all three external crosslinkers, the specific surface area of the
resulting monolith was higher than the specific surface area of the precursor
poly(styrene-co-DVB), which gave benefits in terms of column efficiency. The
highest specific surface area obtained was around 900 m?g”’, obtained by

crosslinking the precursor with BCMBP.
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5.2. AIM OF THE RESEARCH

Ultra-high specific surface areas (around 2000 m’g"') are achieved by internal
hypercrosslinking of polymer precursors. Due to steric hindrance or the rigid
morphology of the polymeric precursors, sometimes the hypercrosslinking is far
from trivial. When hypercrosslinking via internal crosslinker is not possible,
external cross-agents are used. However, lower surface areas are obtained
through this method and different parameters such as the structure of the
bridge, chemical composition and kinetics has to be taken in consideration

before the reaction.

In chapter 4, different gel-type polymers were synthesised in order to obtain
HXL polymers by RCM reaction. However, only polymers with large amounts of
allyl methacrylate (AMA) underwent the hypercrosslinking reaction. In this work,
different cross-agents with more than 2 vinyl groups were used to hypercrosslink
poly(DVB-co-AMA) polymers by a CM/RCM reaction. One of the goals was to
increase the surface areas of the polymers with these multivinyl cross-agents
and at the same time increase the selectivity of the HXL products. A noteworthy
advantage of the CM/RCM process is that different functionalities can be
installed in the HXL product, as the olefin is still present and can be further

functionalised.

5.3. RESULTS AND DISCUSSION

The choice of tetravinyl external crosslinkers such as the commercially available
tetravinylsilane (TVSi) was made in order to improve the surface area of the
polymers and the amount of double bonds available for functionalisation. It was
believed that after CM/RCM reaction at least two of the double bonds were
consumed, giving porous polymers with at least two different types of olefins.
The vinyl groups used in the CM/RCM will give a less reactive Type Il olefin
whereas the remaining vinyl groups will still be Type | olefins. The different
types of olefins would give the option of install two different functional groups

(if desired) on the polymer either by CM or by any other technique.
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5.3.1. Hypercrosslinking reaction of gel-type poly(DVB-co-AMA) with
TVSi

In the previous chapter (chapter 4) precipitation copolymerisation reaction using
different ratios of divinylbenzene (DVB-55 or DVB-80) with AMA were carried out
in neat acetonitrile and using benzoyl peroxide (BPO) as thermal initiator (Table
4.1). The suppression of toluene during the polymerisations led to the formation
of gel-type polymers which were non porous in the dry state (Table 4.5).
Nevertheless their swelling capacity rendered them suitable to undergo RCM

reaction.

The commercially available TVSi was chosen as external crosslinker in order to
hypercrosslink the previously synthesised poly(DVB-co-AMA) polymers (Table
4.1). The polymer was first swollen overnight in order to facilitate the access to
all the internal vinyl groups and then CM/RCM reaction was carried out (Figure
5.4). Second-generation Hoveyda Grubbs (HGII) catalyst was used in order to
obtain higher reactivity during the CM/RCM. This catalyst was chosen since it is a

phosphine free catalyst, air and moisture resistant.

o o
= =
o Toluene o
(0] . (0]
overnight
o \’\ (o] \’\
Poly(DVB-co-AMA) Swollen Poly(DVB-co-AMA)
o) (o)
v Zsi o O "=
O =/ Toluene
o \’\ 40 °C overnight o
Swollen Poly(DVB-co-AMA) TVSi HXL-Poly(DVB-co-AMA)

Figure 5.4 RCM reaction of poly(DVB-co-AMA) with TVSi.

Different conditions were attempted in order to achieve the CM/RCM reaction
for hypercrosslinking reaction (Table 5.1). Second-generation Grubbs (Gll)
catalyst was first tested with polymer IV-10 (Table 5.1 entry V-1), but due to
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the decrease in the recovered mass, it was believed that the reaction did not
succeed. The catalyst was then changed to a more stable HGII catalyst and it
was tested with polymer IV-7 (Table 5.1 entry V-2) but no increase of mass was
observed either. In order to push the reaction, an excess of TVSi (4 equiv) and
HGIIl (5 mol% and 10 mol%) with polymers IV-7 and IV-10 (Table 5.1 entries V-3

to V-5) were also attempted but in none of the cases the masses were increased.

Polym. Starting Polym. TVSi HGII Recovered
ref. polym. (g) (equiv) (mol%) mass ()
V-1 IV-10 0.10 0.5 5* 0.078
V-2 Iv-7 0.10 0.5 5 0.094
V-3 IV-10 0.12 4 5 0.11
V-4 Iv-7 0.12 4 10 0.11
V-5 IV-10 0.12 4 10 0.12

Table 5.1 Conditions used for hypercrosslinking reaction with TVSi. * Grubbs I
catalyst used.

FT-IR analysis of the functionalised polymers was carried but bands of TVSi were
overlapped with the bands of the polymer before the CM/RCM reaction, hence
making FT-IR analysis unreliable for the characterisation of these polymers. SEM
analysis was carried out to check if particles were destroyed when RCM was
carried out with TVSi. The micrographs (Figure 5.5) show that particles were not
destroyed and no chemical aggregations were formed after the CM/RCM reaction
with TVSi.
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Figure 5.5 SEM micrographs of HXL-V-1, HXL-V-2, HXL-V-3, HXL-V-4 and HXL-V-5.

Statistical analysis of the particles was carried out in order to compare the sizes
of the particles before and after the RCM reaction and to check the success of
the reaction. Table 5.2 shows that the size of the particles had increased after
the CM/RCM reaction, with TVSi indicating that metathesis reaction occurred.
However, due to the small increase in the size, it was thought that CM reaction
took place but not subsequent RCM.

P ‘;g}m o Mean wmy  SD(M)  Min(um)  Max (um)  CV (%)
V-7 1.7 0.63 0.67 32 38
IV-10 3.5 0.44 2.3 4.3 12
V-1 3.7 0.45 2.3 4.5 12
V-2 2.0 0.63 0.79 3.6 32
V-3 3.7 0.66 1.7 5.6 18
V-4 2.4 0.72 0.75 3.7 30
V-5 3.7 0.54 2.3 4.9 15

Table 5.2 Statistical analysis of the polymers after CM reaction with TVSi.
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Nitrogen sorption porosimetry analysis was carried out to check if polymers
underwent CM or CM/RCM reaction. The low specific surface areas of polymers
V-1 (5 m%’g"), V-2 (1 m%’g"), V-3 (47 m*g"), V-4 (8 m’g™") and V-5 (6 m’g"),
confirmed that polymers only underwent the CM reaction as non-porous particles

were obtained.

Energy-dispersive X-ray analysis (EDX) was carried out to identify silicon moieties
in the composition of the polymers (Figure 5.6). EDX spectra show the presence
of silicon in the polymers, which suggested that TVSi was used as coupling
partner during the CM and not as external crosslinker as desired. Figure 5.6d

shows that by using an excess of TVSi with polymer IV-10, CM reaction worked

more effectively than in the rest of the cases as 5% of silicon was detected.

0.23 wt.%
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Full Zcale GOG6 cts Cursor: 0.000 ull Scale 1056 cts Cursor: 0.000

] 1 2 3 4 10 1 2 3 4 :

ull Scale 503 ct= Cursor: 0000 ull Scale 503 ct= Cursor: 0000

Figure 5.6 EDX spectra of a) V-1, b) V-3, c) V-4, d) V-5.
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5.3.2. Hypercrosslinking reaction of gel-type poly(DVB-co-AMA) with
tetraallyl orthosilicate (TAOSi)

In 2011 Young and coworkers''® examined the influence of different silyl groups
on the yield of RCM and CM reactions. They found that ethoxy substituents
promoted the formation of the product and led to higher yields in comparison
with alkyl and/or aryl substituents. In order to increase the reactivity of the
hypercrosslinking reaction with an external crosslinker, the commercially
available tetraallyl orthosilicate (TAQOSi) was used as external crosslinker (Figure
5.7).

(o} (o}
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%‘\O/\/ Toluene o
0 overnight 0

Poly(DVB-co-AMA) Swollen Poly(DVB-co-AMA)

B
o _ o 5 /J
o o/ o O
O’ HGII / Gl (0] = Si-O
v s o O w0
0 _/—d o Toluene SIS
\’\ - )

0 40 °C, overnight

Swollen Poly(DVB-co-AMA) TAOSi HXL-Poly(DVB-co-AMA)
Figure 5.7 RCM reaction involving TAOSi as external crosslinker.

Polymers IV-7 and IV-10 were first tested using an excess of TAOSi (4 equiv) as
cross partner and using 5 mol% of Grubbs Il catalyst to give polymers V-6 and V-
7, respectively (Table 5.3 entries V-6 and V-7). However, due to the high
reactivity of TAOSi two different types of products were obtained after the RCM
reaction. One of the products was an off-white powder, similar in appearance to
the starting polymers and the other one was a brown and hard powder. When
the brown product was taken out from the polymer-looked alike product, EDX
analysis of the latter was performed. EDX analysis shows (Table 5.3) that
homodimerisation of TAOSi occurred as traces (V-7) or no silicon (V-6) was found

after the removal of the brown product.

189



Polym.  Starting  Polym.  TAOSi Cat. Recovered EDX Si

ref. polym. (2) (equiv) cat. (mol%) mass (g) (wt.%)
V-6 Iv-7 0.12 4 Gl 5 0.12+0.0042  0.00
V-7 IV-10 0.12 4 Gl 5 0.12+0.0065 0.19
V-8 IV-10 0.10 0.5 Gl 5 0.14 1.1
V-9 V-1 0.080 0.5 HGII 5 0.094 1.1
V-10 IvV-2 0.080 0.5 HGII 5 0.093 0.45
V-11 IvV-3 0.080 0.5 HGII 5 0.10 1.2
V-12 V-4 0.080 0.5 HGII 5 0.11 0.77
V-13 IV-5 0.10 0.5 HGII 5 0.12 0.35
V-14 IV-6 0.10 0.5 HGII 5 0.12 0.31
V-15 Iv-7 0.10 0.5 HGII 5 0.13 1.9
V-16 IvV-8 0.10 0.5 HGII 5 0.13 1.9
V-17 IV-9 0.10 0.5 HGII 5 0.13 1.6
V-18 IV-10 0.10 0.5 HGII 5 0.14 2.1

Table 5.3 Different conditions used and EDX analysis of metathesis reactions with
TAOSi.

To avoid the homodimerisation of the cross agent, the ratio between the
polymer and TAQOSi was decreased to 0.5 equiv to give polymer V-8 (Table 5.3
entry V-8). The increase in the recovered mass suggested that the CM/RCM
reaction was successful. The SEM micrograph of polymer V-8 (Figure 5.8) shows
that no chemical aggregations were obtained after the CM/RCM. Nevertheless, a

few changes in the size of the particles were observed after the measurement of
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the particles (mean diameter: 3.3 ym, SD: 0.67 um, CV: 20%). The CV of the
particles indicates that CM happened as they changed from quasi-monodispersed
to polydispersed. Unfortunately, the particle size after CM/RCM was expected to
be larger and therefore, it was thought that only CM took place. In order to
clarify whether CM/RCM occurred, nitrogen sorption porosimetry analysis was
performed. The low specific surface area of V-8 (5 m?g™") suggested that polymer
IV-10 only underwent CM reactions. EDX analysis (Table 5.3) also suggested that
CM occurred between the polymer and TAOSI.

Figure 5.8 SEM micrograph of polymer V-8.

Table 5.3 shows the conditions employed using TAOSi as cross agent with all the
different polymers synthesised in chapter 4 (Table 5.3 entries V-9 to V-18). In
order to promote the CM/RCM reaction, HGIl was used instead of Gll catalyst.
Nevertheless, the polymer and TAOSi ratio was kept at 1/0.5 in order to avoid
the homodimerisation of the external crosslinker. As the amount of recovered
mass was higher than in any of the previously mentioned cases, it was believed
that the polymers underwent the CM/RCM with TAOSi. Nitrogen sorption
porosimetry analysis of the functionalised polymers was performed to check if
the surface areas of the polymers changed after metathesis with TAOSi but
surface areas lower than 5 m’g’ were obtained in all of the cases. This
confirmed that the polymer only underwent CM with TAQOSi, and not the

subsequent RCM reaction.

Figure 5.9 shows the most representative SEM micrographs of the polymers after
CM reaction with TAOSi. When the metathesis reaction with TAOSi was carried
out with polymer IV-1 (particle size around 1 pm) polydispersed particles were
observed (Figure 5.9 polymer V-9). However, when larger particle size
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precursors (> 2 uym) were used for metathesis reactions, some aggregations
appeared (Figure 5.9 polymer V-12) and more chemical aggregations, and
coagulums were observed (Figure 5.9 polymer V-18) with larger particle sizes
(>3 pym). The SEM micrograph of polymer V-18 shows that aggregations consisted
of newly formed particles during the metathesis reaction. The formation of
these new particles of poly(TAOSi) suggested that a new precipitation

polymerisation technique was discovered.

Figure 5.9 SEM micrographs of polymers V-9, V-12 and V-18.

Synthesis of poly(TAOSi)

The use of TAOSi as external crosslinker with poly(DVB-co-AMA) resulted in the
formation of new particles. At the beginning the newly formed particles went
unnoticed as they presented similar particle sizes as the polymer. The use of
olefin metathesis as new precipitation polymerisation method has never been
reported before, which led us to optimise this new synthetic approach. A blank

experiment was first carried out in the absence of catalyst in order to determine
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if the particles were formed by olefin metathesis or by radical polymerisation of
TAQOSi. The reaction was left over 2 days in toluene at 40 °C but no product
precipitated. The recovery of the starting material indicates that particle
formation occurred due to the presence of HGII catalyst, which crosslinks TAOSi.
Entry V-19, (Table 5.4) shows conditions used in the first attempt to obtain
poly(TAQSi) particles (Figure 5.10). It was observed that precipitation occurred 5
min after being rolled at 40 °C but the reaction was left overnight to ensure that

the reaction had reached full conversion.

N0 o~ HG Il (5 mol%)
Toluene
40°C, overnight

TAOSi Poly(TAOSi)

Figure 5.10 Poly(TAOSi) reaction by CM reaction.

The SEM micrograph shows that spherical polymer microspheres were obtained,
although aggregations were formed during the reaction (Figure 5.11). This was
believed to happen due to the fast nucleation and precipitation of the particles
in the media.

Figure 5.11 SEM micrograph of polymer V-19,.

Table 5.4 shows some of the variations attempted in order to delay the
nucleation stage of the particles and thus, the precipitation of the polymer in
the media. The first attempt to delay the precipitation of the polymer was
carried out by performing the reaction at r.t. Nucleation of the polymer was

observed after 1 h of reaction and a higher yield was obtained (Table 5.4 entry
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V-19,). However, the decrease of the temperature favoured the formation of
coagulums (Figure 5.12). The concentration of the monomer in the solvent was
also changed with the same purpose and to avoid the aggregations. By
decreasing the concentration, similar yields were obtained (Table 5.4 entries V-
19. and V-19y), but a significant increase was observed when the solvent amount
was reduced (Table 5.4 entry V-19.). This suggests that coagulums could have

been formed, as it happened in entry V-19;,

Polym. TAOSi [TAOSi] Toluene HGII Temperature Yield Yield

ref. (mL) (mol L) (mL) (mol%) (°C) (2) (%)
V-19, 0.10 0.078 5.0 5 40 0.019 25
V-19, 0.10 0.078 5.0 5 r.t. 0.032 42
V-19. 0.10 0.026 15 5 40 0.021 28
V-194 0.10 0.039 10 5 40 0.019 24
V-19, 0.10 0.16 2.5 5 40 0.039 51

Table 5.4. Applied reaction conditions for polymer V-19.

SEM micrographs show that monoliths and coagulums were formed when the
concentration was increased (Figure 5.12 entry V-19.). On the other hand, when
the concentration was reduced, spherical microspheres were obtained (Figure
5.12 entries V-19. and V-194). However, the quality of the particles was not as
good as the particles of polymer V-19,, since a linkage between the particles

was noticed.
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Figure 5.12 SEM micrographs of polymers V-19;, V-19., V-194 and V-19..

Several solvent systems were then used to try to increase the reaction yield and
to delay the precipitation of the as well as introduce porosity in the polymer
network. TAOSi concentration, reaction temperature and catalyst amount were
maintained as in the formation of polymer V-19,. Acetonitrile was first used as
solvent because typical precipitation polymerisations are normally carried out in
neat acetonitrile, which acts as 6 solvent. Unfortunately acetonitrile is not
normally a good solvent for CM as nitrogen coordinates with the ruthenium and
no product was obtained (Table 5.5 entry V-19¢). The toluene ratio was then
raised and it was found that acetonitrile had to be eliminated for the formation
of the polymer to occur (Table 5.5 entries V-19g and V-19y). Mixtures of toluene
with other solvents such as chloroform or THF were then attempted but they
gave lower yields than in neat toluene (Table 5.5 entries V-19; and V-19;). As
TAOSi has a similar polymer backbone to polydimethylsiloxane (PDMS), it was
decided to follow a table found in the literature containing the solubility and
polarity parameters of different solvents in relation to PDMS."® The table shows
that chloroform and THF have similar solubility parameters but THF has a higher
dipolar moment (1.7 D) than chloroform (1.0 D). On the other hand, acetonitrile
has a dipolar moment of 4.0 D and toluene a dipolar moment of 0.4 D therefore,
a solvent more polar than toluene but less polar than chloroform was required.

Dioxane (u = 0.5 D) was then chosen as co-solvent and the reaction gave a high
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yield (Table 5.5 entry V-19¢), but non-spherical particles were formed (Figure
5.13 polymer V-19¢). As no improvement was obtained by selecting a solvent
such as dioxane, a solvent less polar than toluene was used in order to improve
the reaction conditions. Metathesis reactions with heptane (u = 0.0 D) were then
carried out but similar yields to reactions with toluene were obtained (Table 5.5
entries V-19,and V-19,).

Polym. TAOSi  Solvent Solvent Solvent HGII Yield Yield

ref. (mL) 1 2 ratio (mol%) (mg) (%)
V-19¢ 0.10 CHsCN - - 5 0.0 0
V-19, 0.10 Toluene  CH;CN 40:60 5 0.0 0
V-19, 0.10 Toluene  CH;CN 95:5 5 1.0 1
V-19; 0.1 Toluene CHCl3 95:5 5 5.9 8
V-19; 0.1 Toluene THF 95:5 5 14 17
V-19 0.1 Toluene Dioxane 95:5 5 63 81
V-19, 0.15 Toluene Heptane 95:5 5 14 12
V-19, 0.15 Toluene Heptane 75:25 5 42 36

Table 5.5 Different solvent systems used for polymer V-19.

SEM micrographs of polymers V-19; to V-19, show that none of the solvents
attempted were able to give better polymer particles than with toluene (Figure
5.13). Spherical particles were obtained by combining toluene with chloroform
(V-19i) and THF (V-19;), but particles were linked in the first case and
coagulums appeared in the second one. When dioxane or heptane were used as
co-solvents (polymers V-19¢, V-19, and V-19,), non-spherical particles and

aggregations were formed.
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Figure 5.13 SEM micrographs of polymers V-19;, V-19;, V-19,, V-19,and V-19,,.

Since it was not possible to delay the precipitation of the polymer in the media,
the amount of catalyst was increased in order to improve the reaction yield.
Table 5.6 shows that by increasing the amount of catalyst, larger yields were
obtained. As the difference between 10 mol% and 15 mol% was not very
significant, it was believed that the reaction reached the plateau state and

therefore no larger amounts of catalyst were attempted.

Polym. TAOSi Toluene HGlI Yield Yield
ref. (L) (mL) (mol %) (mg) (%)
V-19, 0.10 5 5 19 25
V-19, 0.10 5 10 50 65
V-19, 0.1 5 15 61 79

Table 5.6 Different catalyst amounts attempted for polymer V-19.

SEM micrographs of the polymers show that until larger amounts of catalyst
used, better quality particles were obtained. The best quality particles were
formed when 15 mol% of HGIl was used (Figure 5.14). Statistical analysis of the
particles of polymer V-19, (mean diameter: 0.53 ym, SD: 0.12 ym, CV: 23%)

shows that the particles were polydisperse. Nitrogen sorption porosimetry

197



analysis was performed in polymer V-19, and BET surface area of 3 m’g’ was

obtained.

Figure 5.14 SEM micrographs of polymers V-19, and V-19,.

A swelling test was also performed in polymer V-19, to check if the polymer
formed was a gel-type polymer. The polymer was packed in a measuring cylinder
(1 mL) and 5 mL of toluene were added but the polymer barely swelled (0.1 mL).
The polymer was left swelling overnight but no difference was observed.
Therefore, non-porous polymer particles were synthesised by this kind of

precipitation polymerisation.

Functionalisation of poly(TAOSi) microspheres by a secondary CM reaction

After the synthesis of poly(TAOSi) particles, the functionalisation reaction of the
formed particles was first carried out by using CM reaction with methyl acrylate
since it was a good CM partner (Figure 5.15). Elemental microanalysis of
compound V-20, was carried out. The difference in the carbon and hydrogen
amount between compounds V-20, (719.9% C, 3.6% H) and compound V-19, (38.6%

C, 5.3% H) indicates that the CM reaction with compound II-3 was successful.

o
o
HGII (5 mol%
QS . A (5 mol%) WO/
CH,Cl,
V-19, I3 Reflux, overnight V-20,

Figure 5.15 CM reaction with methyl acrylate.
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FT-IR spectrum of polymer V-20, (Figure 5.16a) suggests the success of the
reaction, as the peak at 1720 cm™(C=0 str.) may confirm the presence of the
carbonyl peak of methyl acrylate. The SEM micrograph of compound V-20, shows
that the particles were not destroyed after the CM reaction (Figure 5.16b).
Statistical analysis of the particles (mean diameter: 0.62 ym, SD: 0.20 ym, CV:
32%) indicated that particle size increased after the functionalisation reaction
was performed. This suggests that the polymer underwent a secondary CM

reaction.
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Figure 5.16 a) FT-IR spectrum b) SEM analysis of polymer V-19, after CM reaction
with methyl acrylate.

In order to determine the success of the reaction with more ease, the
functionalisation reaction was carried out by using allyl bromide as coupling
partner. Allyl bromide was selected to quantify the amount of bromine present
in the polymer after CM reaction by elemental microanalysis and thus, to

establish the loading level of the functional group on the polymer (Figure 5.17).

HGII (5 mol%
<;::l’//<:::> ) Qti:,///N\\Egr (5 mo o!» <:::l’//’Q::;///”\\E3r

CH,Cl,

V-19, 127 Reflux, overnight V21,

Figure 5.17 CM reaction of poly(TAOSi) with allyl bromide.

Elemental microanalysis was carried out to quantify the amount of bromine in
the sample (718.8% C, 3.6% H, nil/traces Br%). The amount of carbon and

hydrogen indicated that the polymer underwent the CM reaction with allyl
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bromide. However, it was not possible to quantify the amount of bromine by
elemental microanalysis and therefore, a more sensitive technique such as EDX
analysis was performed (Figure 5.18a). In the EDX spectrum, a bromine content
of 1.03 wt.% was found, indicating that the reaction was successful. SEM analysis
was also carried out to check the quality of the particles after the CM reaction
with allyl bromide, which shows that the particles were not destroyed after the

CM reaction.

Full Scale 511 ctz Cursor: 0.000 1U;I.|mr

Figure 5.18 a) EDX analysis and b) SEM micrograph of polymer V-21,.

After the success of the CM reactions with methyl acrylate and allyl bromide, a
more interesting coupling partner was selected for the CM reaction (Figure
5.19). Compact spherical particles are used in a wide range of applications such
as spacers for liquid crystal displays, immunological analysis, and radioactive
particles but also are used in separation media.®® Fmoc-4-allyloxyproline was
chosen as coupling partner since it is a zwitterionc compound, which can be
used (after the removal of Fmoc group) as a cation or anion exchanger

depending on the pH used in the conditioning step of the column.

HO
o
o,
O/\ N ,mOH HGII (5 mol%) O/\/\ “ NFmoc
N . o

N

Fmoc ° Refl . e ight

V-19, 11-19 efiux, overnlg V22,

Figure 5.19 CM reaction with Fmoc-4-allyloxyproline.
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Elemental microanalysis of compound V-22, (21.4% C, 3.3% H, nil/traces N%) was
performed, but nitrogen content was below the detection limits of the analyser
and the loading level of the functional group could not be established. However,
the success of the reaction was confirmed as the amount of carbon and hydrogen
were lower than in poly(TAQSi). The FT-IR spectrum (Figure 5.20a) of compound
V-22, confirmed that the polymer underwent the CM reaction due to the
appearance of the acid group bands at 3400 cm™ (OH str.) and 1705 cm™ (C=0
str.). The SEM micrograph (Figure 5.20b) shows that the particles were not
destroyed after the functionalisation reaction. Statistical analysis of the
particles (mean diameter: 0.68 um, SD: 0.20 um, CV: 29%) was also carried out.
The insertion of the coupling partner into the polymer led to an increase in the
size of the particles, indicating that the CM reaction with compound 1I-19 was

successful.

102 4

100

/

*71 3400 1705

94

92

T (%)

90
88 -
86
84
82 a)

80 T T T T T T
4000 3500 3000 2500 2000 1500 1000

1/em

Figure 5.20 a) FT-IR spectrum and b) SEM micrograph of compound V-22,.

Polarity changes in poly(TAQOSi)

Upjohn dihydroxylation was performed in polymer V-19, to form the
corresponding diol moiety in order to obtain polar polymer particles (Figure
5.21). In addition to that, dihydroxylation reaction by using osmium tetroxide
was chosen to see if the polymer beads could immobilise osmium by trapping the

metal in the polymer network after elimination of the solvent.
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Figure 5.21 Upjohn dihydroxylation reaction of polymer V-19,.

The FT-IR spectrum of compound V-24, (Figure 5.22a) suggested the success of
the dihydroxylation reaction as the broad band of the alcohols appeared at 3400
cm™ (OH str.). Elemental microanalysis of the compound V-24, (8.0% C, 1.8% H)
was also carried out to verify the success of the reaction. The low carbon
content suggested that the dihydroxylation reaction was successful. However,
the low carbon content registered could also suggest that osmium was
immobilised in the polymer network but no more analysis were performed to
ascertain the presence of the osmium in the network. The SEM micrograph
(Figure 5.22b) shows that after the dihydroxylation reaction, particles

aggregated and some coagulums were formed.
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Figure 5.22 a) FT-IR spectrum and b) SEM micrograph of polymer V-24,.

5.3.3. Hypercrosslinking reaction of gel-type poly(DVB-co-AMA) with
Triallyloxy phenylsilane (TAPSi)

Taking in consideration the reactivity problem, a multivinyl crosslinker more
reactive than TVSi and less reactive than TAOSi that presents more than 2 vinyl

groups to improve the selectivity of the HXL polymer needed to be found. For
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this purpose, tris(allyloxy)(phenyl)silane (TAPSi) was synthesised. The synthesis
started from the commercially available trichloro phenylsilane, which was
allylated to give TAPSi (Figure 5.23).?" The first attempt of this reaction was
carried out at room temperature overnight but only disubsituted product was
obtained after 24 h of reaction. Therefore, the temperature was increased to
speed up the reaction and the trisubstituted product was obtained in 55% yield.
After the synthesis of the crosslinker, the polymer (IV-7) was swollen overnight
and then the CM/RCM reaction was performed but no increase of the mass was

observed.

cl TEA (o]

- AN DMF @ o
. >

40 °C, overnight

V-25 -2 TAPSI

0/\/ o/\/
(0] Toluene (0]
\,\

Iv-7 Swollen IV-7
¢ B
o o
q:l\ o O\Si’o\/\ HG Il %0%0‘3?
NS R S
S \/\ > Toluene

40 °C, overnight o

Swollen IV-7 TAPSi V-26
Figure 5.23 Synthesis of TAPSi and CM/RCM reaction with polymer IV-7.

The SEM micrograph of the particles shows (Figure 5.24) that no chemical
aggregations or new particles were formed after the metathesis reaction.
However, statistical analysis of the particles shows that polymer V-26 particles
(mean diameter: 2.0 yum, SD: 0.52 um, CV: 26%) were larger than polymer IV-7
particles (mean diameter: 1.7 um, SD: 0.63 uym, CV: 38%), suggesting that
metathesis reaction happened. EDX analysis was then carried out to verify

whether the metathesis reaction was performed between TAPSi and polymer IV-

203



7 by quantifying the amount of silicon present in the sample. Unfortunately, no
silicon moieties were detected in polymer V-26 and therefore, nitrogen sorption

porosimetry was not performed on the sample.

Figure 5.24 SEM micrograph of polymer V-26.

CM/RCM of TAPSi was also carried out in order to check if the monomer could
form polymer particles by itself as it happened with TAOSi. However, due to the
presence of the phenyl group, the reactivity of TAPSi was lower than the

reactivity of TAOSi, interfering with the particles formation.

5.4. CONCLUSIONS

Different polymers were synthesised in chapter 4 with the aim to increase the
surface area by using RCM as a hypercrosslinking method. However, only
polymers with large amounts of AMA were able to undergo the RCM reaction. In
order to increase further the surface areas obtained in chapter 4, tetravinyl
compounds such as TVSI and TAQOSi were purchased to be used as external
crosslinkers. A noteworthy advantage of these tetravinyl compounds was that at
least 2 of the olefins would be consumed by CM/RCM giving some type 2 olefins
but other type 1 olefins would still remain unreacted providing extra

functionality to the polymer microspheres.

Several conditions were applied with different polymers to undergo the CM/RCM
reaction with these commercially available external crosslinkers. However,
CM/RCM did not take place in any of the cases as the surface areas of the

polymers were < 5 m?g”". On the other hand, a new type of polymerisation using
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low amounts of solvent was discovered, as TAOSi underwent CM/RCM on its own
and formed new particles when treated with metathesis catalyst. Optimisation
of the newly formed polymer particles was carried out and it was found that
toluene was the best solvent for the formation of spherical poly(TAOSi)
particles. A secondary CM was then successfully carried out with different
coupling partners to functionalise the poly(TAOSi) particles. In an attempt to
change the polarity of these particles dihydroxylation reaction was then carried
out. This result could suggest that the osmium was trapped in the polymer
network, although no further analyses were carried out to confirm that due to

the lack of the material.

A new external crosslinker, less reactive than TAOSi but more reactive than
TVSi, was then synthesised. Unfortunately, no silicon was detected after CM
reaction with the polymer was attempted and no new particles were formed

either.

5.5. FUTURE WORK

Different tetravinyl monomers were used as potential external crosslinkers to
hypercrosslink poly(DVB-co-AMA) gel-type polymers, but with no success. One of
the possible solutions to increase the surface area could be to have larger alkyl
chains in the crosslinking agent. With longer chains, the steric hindrance of the
terminal double bonds will be lower and therefore the polymer could undergo
easier the CM/RCM with the cross agent. In the future, other tetravinyl

monomers could be synthesised to undergo the CM/RCM reaction.

Focusing on poly(TAOSi) polymer particles, one of the aims for the future could
be to use a different solvent to delay the nucleation and the precipitation of the
particles in the media, as well as to increase the particle size of the polymer.
Different solvent systems could also be used in order to introduce porosity on
the polymer, and to delay the nucleation of the particles. After further
optimisation of this new type of polymerisation, different multivinyl monomers

should be tried to generalise this new technique of precipitation polymerisation.
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Dihydroxylation reaction in a higher scale should be carried out to ensure if the
osmium was immobilised by the poly(TAOSi) polymer network. To ensure that
osmium has been trapped on the polymer network, a basic hydrolysis of the
putative osmate ester of the polymer should be carried out. Elemental
microanalysis will confirm if poly(TAOSi) microspheres can be used as heavy

metal scavengers.

5.6. EXPERIMENTAL

5.6.1. Materials

Methyl acrylate, Second-generation Hoveyda Grubbs catalyst, Second-generation
Grubbs catalyst, allyl alcohol, allyl bromide, anhydrous DMF, anhydrous dioxane,
anhydrous triethylamine, 4-methylmorpholine N-oxide, osmium tetroxide 2.5
wt.% in tert-butanol, TVSi, TAOSi and trichloro(phenyl)silane were all purchased

from Sigma Aldrich and were used as received.

The solvents employed (toluene, acetone, methanol, tetrahydrofuran,
chloroform, petroleum ether [b.p. 30-40 °C], ethyl acetate, diethyl ether,
heptane) were purchased from Sigma Aldrich as standard laboratory reagent

grade. Dry solvents were obtained from an in-house purification system.

5.6.2. Equipment

CM reactions were carried out using a Stuart Scientific $160 incubator (Surrey,
UK) and a Stovall low profile roller system (NC, USA). The polymerisations and
the functionalisation reactions were performed in Kimax® centrifuge tubes.
When required, samples were dried in Townson & Mercer Limited (England)

vacuum ovens set to either 40 °C or 70 °C, at 60 mbar pressure.

Elemental microanalysis was performed by the University of Strathclyde

Elemental Microanalysis service. C, H and N elemental microanalyses were
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carried out simultaneously using a Perkin Elmer 2400 Series Il analyser, while

halogen contents were determined by standard titration methods.

Scanning electron microscopy (SEM) was carried out using a Cambridge
Instruments Stereoscan 90. Samples were coated in gold prior to SEM imaging.

SEM statistical data was obtained by Image J.

Fourier-Transform Infrared (FT-IR) spectroscopy analyses were carried out using
a Shimadzu IRAffinity-1S spectrometer. Samples were scanned over the range

4000-600 cm™' in transmission mode.

The specific surface area measurements were performed using Micromeritics
ASAP 2020 nitrogen sorption instrument. Samples were degassed overnight under
high vacuum at 100 °C prior to analysis. Analysis was carried out via nitrogen

sorption, carried out at 77 K.

EDX analysis was carried out using a XL30 ESEM microscope equipped with an
Oxford instrument 10 mm2SDD detector X-act. Samples were coated in palladium

prior to SEM imaging.

5.6.3. General hypercrosslinking reaction by using external

crosslinkers

The CM/RCM reactions®® were carried out in a 20 mL Kimax® tube. The polymer
was suspended in dry toluene (5 mL) and was left under nitrogen atmosphere
overnight to reach the maximum swelling of the polymer. The next day, Second-
generation Grubbs catalyst or Second-generation Hoveyda-Grubs catalyst and the
external crosslinker were added to the suspension and the resulting mixture was
sealed under nitrogen. The tube was placed on a low-profile roller, which was
housed inside a temperature-controlled incubator, and rolled at 30 rpm along its
long axis. The temperature was ramped from room temperature to 40 °C over
one hour and then held at 40 °C overnight. The next day the mixture was
allowed to cool down to room temperature. The product was filtered off under
vacuum on a 0.22 uym nylon filter membrane and then washed in sequence with

15 mL volumes of dichloromethane, methanol, ethyl acetate, petroleum ether
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and diethyl ether. The product, in the form of an off-white powder, was dried

overnight at 70 °C at 1 mbar.

General FT-IR spectrum of poly(DVB-co-AMA) with TVSi: scm™ 3050 (=CH str.),
2980, 2900 and 2865 (C-H str.), 1730 (C=0 str.) 1600, 1520 and 1460 (C=C str.),
1425 (CH; def.), 1270-930 (Si-CH str. and C-O-C str.), 825 (CH def.), 790 and 710
(CH def.).

General FT-IR spectrum of poly(DVB-co-AMA) with TAOSi: cm™ 3050 (=CH
str.), 2980, 2900 and 2865 (C-H str.), 1730 (C=0 str.) 1600, 1500 and 1465 (C=C
str.), 1425 (CH; def.), 1270-920 (Si-CH str., Si-O-C str. and C-O-C str), 830 (CH
def.), 790 and 700 (CH def.).

General FT-IR spectrum of poly(DVB-co-AMA) with TAPSi: scm™ 3050 (=CH
str.), 2980, 2900 and 2865 (C-H str.), 1725 (C=0 str.) 1600, 1515 and 1465 (C=C
str.), 1435 (CH; def.), 1270-930 (Si-CH str., Si-O-C str. and C-O-C str), 830 (CH
def.), 790 and 700 (CH def.).

5.6.4. Precipitation polymerisation of poly(TAOSi) by CM/RCM

reaction

O/\ Poly(TAOSi)

Polymerisation reactions®?) were carried out in a 20 mL Kimax® tube. TAOSi (0.1
mL) was dissolved in toluene (5 mL). Second-generation Hoveyda-Grubbs catalyst
was then added to the solution and the resulting mixture was sealed under
nitrogen. The tube was placed on a low-profile roller, which was housed inside a
temperature-controlled incubator, and rolled at 30 rpm along its long axis. The
temperature was ramped from room temperature to 40 °C over 30 min and then
held at 40 °C overnight. The next day the mixture was allowed to cool down to
room temperature. The product was filtered off under vacuum on a 0.22 pm
nylon filter membrane and then washed in sequence with 15 mL volumes of
acetone, dichloromethane, methanol, ethyl acetate, petroleum ether and

diethyl ether. The product, in the form of a light-yellow powder, was dried
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overnight at 70 °C at 1 mbar.

General FT-IR spectrum of poly(TAOSi): scm™ 3020 (=CH str.), 2930 and 2875
(C-H str.), 1480 (C=C str.), 1415 (CH, def.), 1270 (Si-CH str.), 1070 (Si-O-C str.),
915 (C-0 def.) and 860 (C-Si str.).

5.6.5. General post-functionalisation reactions of poly(TAOSi)

The functionalisation reactions'”” were carried out in a 50 mL round-bottomed
flask equipped with a condenser. Polymer V-19, was suspended in
dichloromethane (10 mL) under an argon atmosphere. Second-generation
Hoveyda-Grubbs catalyst and coupling partner (4 equiv) were then added to the
suspension and the resulting mixture was heated under reflux overnight. The
next day the reaction was allowed to cool down to room temperature and the
product was filtered off under vacuum on a 0.22 pm nylon filter membrane and
then washed in sequence with 15 mL volumes of dichloromethane, ethanol, ethyl
acetate, petroleum ether and diethyl ether. The product, in the form of a light-

yellow powder, was dried overnight at 70 °C at 1 mbar.

Methyl acrylate

o)

Wo/ v-20,

The general procedure was used starting with polymer V-19, (0.040 g, 0.15
mmol) and with 0.056 mL (0.62 mmol, 4 equiv) of methyl acrylate (lI-3) to give
0.023 g of polymer IlI-20,.

FT-IR: cm™ 3020 (=CH str.), 2930 and 2875 (C-H str.), 1720 (C=0 str.), 1480
(C=C str.), 1415 (CH; def.), 1270 (Si-CH str.), 1060 (Si-O-C str.), 950 (C-O def.)
and 800 (C-Si str.).
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Allyl bromide

O/\/\Br v-21,

The general procedure was used starting with polymer V-19, (0.040 g, 0.15
mmol) and with 0.054 mL (0.62 mmol, 4 equiv) of allyl bromide (lI-27) to give
0.022 g of polymer IlI-21,.

Fmoc-4-allyloxyproline

HO,
o

&moc
O/\/\O‘\\ V-220

The general procedure was used starting with polymer V-19, (0.030 g, 0.12
mmol) and with 0.184 mg (0.47 mmol, 4 equiv) of Fmoc-4-allyloxyproline (1I-19)
to give 0.018 g of polymer 1lI-22,.

FT-IR: 5cm™ 3400 (OH str.), 2930 and 2875 (C-H str.), 1700 (C=O str.), 1450 (C=C
str.), 1390 (CH, def.), 1270 (Si-CH str.), 1050 (Si-O-C str.), 950 (C-O def.) and
780 (C-Si str.).

5.6.6. Upjohn dihydroxylation

OH

OH
V-24,

Upjohn dihydroxylation was carried out by modifying an existing procedure.®
Polymer V-19, (0.013 g, 0.051 mmol) was suspended in a mixture of acetone and
water in 1:1 ratio (13 mL). NMO (0.030 g, 0.25 mmol, 5 equiv) was then added to
the suspension and was cooled down to 0 °C for 5 min swirling the flask

occasionally. A solution of osmium tetroxide 2.5 wt.% in tert-butanol (0.026 mL,
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5 mol%) was then added dropwise to the suspension and the mixture was left
overnight swirling the flask occasionally. The next day the reaction was
quenched with a saturated aqueous solution of Na;SO; and then the product was
filtered off under vacuum on a 0.22 pm nylon filter membrane. The product was
washed in sequence with 15 mL volumes of acetone, water, dichloromethane,
methanol, ethyl acetate, petroleum ether and diethyl ether. The product, in the

form of a light-yellow powder (5 mg), was dried overnight at 70 °C at 1 mbar.

FT-IR: ocm™ 3400 (OH str.), 2930 and 2875 (C-H str.), 1420 (CH, def.), 1270 (Si-
CH str.), 1060 (5i-O-C str.), 950 (C-O def.) and 800 (C-Si str.).

5.6.7. Synthesis of tris(allyloxy)(phenyl)silane

9
o
7
2 8 o !
SiIT TN
o)

TAPSi was synthesised by modifying an existing procedure.®" Compound IlI-2
(4.3 mL, 63 mmol, 5.0 equiv) and anhydrous TEA (6.1 mL, 44 mmol, 3.5 equiv)
were dissolved in anhydrous DMF (10 mL). Compound V-25 (2.0 mL, 13 mmol)
was then added dropwise to the mixture and the reaction was stirred at 40 °C
overnight. The reaction was quenched with water (30 mL), extracted with EtOAc
(3 x 30 mL) and the combined organic phases were washed with brine (4 x 20
mL) and water (2 x 30 mL). The combined organic extracts were dried with
Na;SOy4, filtered and concentrated in vacuo. The crude product was purified by
silica gel column chromatography [EtOAc/PE (1:9)] giving TAPSi as a colourless
liquid (1.8 g, 55 %).

Rs 0.8 (EtOAc/PE 1:9)

211



"H NMR (500 MHz, CDCl3) & = 7.59 (2H, td, J = 7.2, 1.2 Hz, H-(3,5)), 7.29 (1H, tt,
J=7.3,1.2 Hz, H-4), 7.26 (2H, tt, J = 7.2, 1.2 Hz, H-(2,6)), 5.99-5.78 (3H, ddt, J
= 16.9, 10.3, 4.8 Hz, H-(8,11,14)), 5.21 (3H, dq, J = 17.0, 1.6 Hz, H-
(9a,12a,15a)), 5.00 (3H, dq, J = 10.4, 1.6 Hz, H-(9b,12b,15b)), 4.25 (6H, dt, J =
4.8, 1.6 Hz, H-(7,10,13).

3C NMR (100 MHz, CDCl3) & = 136.4 (C-1), 134.9 (C-(2,6)), 134.7 (C-(8,11,14)),
130.7 (C-4), 130.1 (C-(3,5)), 128.0 (C-(9,12,15)), 64.0 (C-(7,10,13)).

HRMS (ESI) m/z (M-Na)" CysHz0Na0;Si Caled: 299.1079. Found: 299.1062.

FT-IR: 5cm’™* 3070 (=CH str.), 2980, 2920 and 2865 (C-H str.), 1600 and 1460 (C=C
str.), 1425 (CH, def.), 1263 (Si-CH str.), 1130-1060 (Si-O-C str.).
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CHAPTER 6

GENERAL CONCLUSIONS AND ADDITIONAL FUTURE WORK
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6.1. GENERAL CONCLUSIONS AND ADDITIONAL FUTURE WORK

In conclusion, olefin metathesis to chemically modify polymer microspheres has
been shown to be a facile, versatile and mild method, for both post-
polymerisation chemical modification reactions with a wide range of interesting

coupling partners and as hypercrosslinking process.

Porous poly(DVB-55) microspheres were first synthesised by using a mixture of
acetonitrile and toluene as solvents. However, due to the large amount of
toluene needed for the functionalisation, polydisperse particles with broad size
distribution were obtained and therefore, it was decided to change the co-
solvent. By using THF as co-solvent, narrow size distribution particles were

obtained.

The pendent vinyl groups that remained unreacted after the polymerisation of
DVB-55 were subjected to cross metathesis. A wide range of interesting and
useful functional groups were installed on the polymer under mild conditions,
maintaining the unsaturation for possible further functionalisation. The intrinsic
porosity and the well-defined physical format of the microspheres render them

eminently suitable for a range of potential application.

In order to increase the surface area of the microspheres and the loading level
of the functional groups, it was decided to use a secondary divinyl monomer for
precipitation copolymerisation reaction with DVB and AMA was selected. The
choice of the solvent proved difficult as the amount required for
functionalisation resulted in aggregation of the particles. Toluene was used as
porogenic solvent but gel-type poly(DVB-co-AMA) particles were obtained. These
particles were then subjected to functionalisation via CM reaction with different
coupling partners and functionalised polymer particles with higher loadings of

the functional groups were obtained.

After the gel-type polymers were obtained, toluene was eliminated from the
system and precipitation copolymerisation reactions between DVB-55 and DVB-80
to use ring-closing metathesis as an internal hypercrosslinking method. It was
observed that only polymers with large amounts of AMA were capable to undergo

the RCM reaction, giving surface areas of almost 500 m?g™.
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Multivinyl external crosslinkers such as tetravinysilane, tetraallylorthosilicate
and tris(allyl)phenyl silane were utilised as coupling partners for CM/RCM
reaction for the external hypercrosslinking of the gel-type poly(DVB-co-AMA)
polymers. No hypercrosslinking was observed in any of the cases although new
polymer particles composed of only tetrallylorthosilicate were discovered. This
new discovery was optimised and quasi-monodispersed particles were obtained
by precipitation polymerisation reaction via CM/RCM reaction. These particles
were also functionalised by a secondary CM reaction with some interesting
compounds such as 4-allyloxy proline. UpJohn dihydroxylation was also carried
out to change the polarity of the particles. The dihydroxylation was successful
but further analysis needs to be carried out as it is suspected that the osmate
ester was trapped within the polymer network.

Given the success of olefin metathesis methods for the functionalisation of
polymer microspheres, in the future, this methodology could be extended to the
functionalisation of linear or branched polymers such as poly(AMA) by CM with
different coupling partners. In addition to that, crosslinking of the linear or
branched polymer could also be attempted either internally or externally in

order to form polymer microspheres by using RCM or CM/RCM reactions.
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