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ABSTRACT:

Doubly crosslinked microgels (DX MGs) are hydrogetmstructed by covalently interlinked
vinyl-functionalised microgel particles. Until natvhas not been possible to precisely control the
extent of vinyl functionalisation of the microg@&iG) particles which act as the colloidal building
blocks for hydrogel assembly. Furthermore, the eanf§ DX MGs prepared to date has been
modest. This study addresses both of these chabehg constructing a new class of DX MG
using MG particles that were vinyl functionalisegl dbpper catalysed azide-alkyne cycloadditioi:
(CuAAC). Here, poly(2-vinylpyridineso-propargyl acrylate) (PVP-PA) MG particles were
prepared and vinyl functionalised by CuUAAC usingdapropyl methacrylate (AZPMA) to give
PVP-PA-PMA, MGs. Values for the extent of vinyl functionalisat (y) were varied from O to
7.0 mol.% in a precisely controlled manner. Conedat dispersions were transformed from
fluids to physical gels at pH values of less thaegqual to 3.0 and covalently inter-linked to give
PVP-PA-PMA, DX MGs by free-radical coupling of the vinyl graipf neighbouring particles.
The storage modulus of the DX MGs varied lineariyhvboth MG concentration and the value

for y. Not only did the new DX MGs studied here enabikcise control of MG functionalisation
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and DX MG mechanical properties, they also showadeace of colloidal crystallinity which
may lead to future photonic gel applications. OUABC-based approach should be versatile and

is expected to enable a range of new DX MGs torbpared.

INTRODUCTION

Hydrogels continue to attract major attention ia literature with advances in structure-property
relationships increasing the opportunities for agpion®. Not only have the mechanical
properties such as ductility and toughness improyesatly 2 but the ability to design next
generation gels with increasingly sophisticateduditre-function relationships has rapidly
evolved™®. The latter has been enabled by a range of newistriées which are well suited to
hydrogel construction, such as highly efficient pep catalysed azide-alkyne cycloaddition
(CuAAC)" 8 Hydrogels with tunable nanomorphologies are agsuip of next generation
hydrogels that hold great promise. A new approactcbnstruction of hydrogels using covalent
inter-linking of swellable microgel (MG) particlelsas recently emerggddMG particles are
crosslinked polymer colloid particles that swellemtthe pH approaches thK, of the constituent
polymer®. MG particles are singly crosslinked (SX) via @particle crosslinking and are termed
SX MGs. Concentrated dispersions of swollen SX M@s be covalently inter-linked to form
doubly crosslinked MGs (DX MGY. The MG particles are colloidal building blocls DX MG
hydrogels. A key requirement for enabling DX MG staction from MGs is vinyl
functionalisation of the MG particle peripheriesowver, until now this approach has required
use of relatively low efficiency functionalisatiashemistry’ 2 which has been limited to MG
particles containing carboxylic acitsr primary amine'. Building on CUAAC chemistry and our
earlier study with MG particles containing propdrggrylate (PAY® we aimed to establish a new
family of DX MGs with well-controlled vinyl functinalisation. We hypothesised that the DX MG
modulus could be tuned precisely by vinyl groupctionalisation. Because the CUAAC approach

is versatil& this study should expand the range of DX MGs ¢laat be prepared and investigated.
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The overwhelming majority of hydrogel research ines network construction using small
molecules, i.e., monoméfs® By contrast DX MGs contain pre-formed colloidalak gel
particles which enable design of gel nanomorpholmgyhe length scale of ~ 50 to 1000 nm and
may provide new photonic and biomaterial hydrog@lkey challenge for achieving improved
DX MGs is the ability to vary the vinyl functionalng extent of MG particles in a precise manner
that is also versatile. The present study addratsse challenges by establishing a new methor
for the vinyl functionalisation of MG particles amding this to construct new DX MGs. For this
study we used MGs based on poly(2-vinyl pyridinreYP), which exhibit strong pH-triggered
swelling. PVP particles swell when the pH decreasebelow thepK,, which is about 436
Whilst PVP MGs have been studied by a number afigg8'2they have not been reported in the

context of DX MG formation until now.

Click chemistry was pioneered by Sharpless €t a@nd has proven to be an exceptionally
efficient and versatile functionalisation approd@chpolymers, particles, beddsand surfacés?:
CUuAAC has also been used to prepare a new raniggdodgels by playing an integral role in the
network formation proce$s’? By contrast to those studies the present worls @GeAAC to
functionalise pre-formed MG particles, which ardseguently inter-linked to form hydrogels.
Whilst CUAAC has also been explored in the contéxvG particle functionalisatiort 2% 24 it
has not yet been reported in the context of vimylictionalisation of MGs to the best of our

knowledge.

Previously™® we investigated PVP-PA MG particles and showed tthey could be functionalised
with primary amines via CUAAC using 2-azido-1-ethyline. The MG patrticle functionalisation
was highly efficient and the MG particles retairtadir strong pH-dependent swelling. Building
on our earlier study we hypothesised that high efficiency vinyl fundiisation of PVP-PA

MGs could be achieved using a methacrylated azte. this study we used azido propyl
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methacrylate (AZPMA) — See Scheme la. In our ambrdd/P-PA MG particles containing a
small proportion of crosslinker (divinyl benzenegne functionalised with AZPMA via CuAAC.
Concentrated PVP-BAPMA, MG dispersions containing a,a’-azodiisobutyramidine
dihydrochloride (AIBA) were subsequently swollen@ = 3 to form physical gels and then

covalently crosslinked using free-radical coupliogive PVP-PA-PMA, DX MGs (Scheme 1b).

(@) Vinyl functionalisation

0
o — Emulsion O/\/\N3
_ Oj-o polym'n O AZPMA
NN+ + — =y *0 — s A xymcox /oy
/ Y N o} 0]
4 — } DMF, N
// [VaVaVaVavg CUBr
VP PA DVB : ’
) PMDETA
PVP-PA o7
Overl Latent Covalent
inki verlap aten inter-linkages A lxy /=0 x /<0y
(b) Double crosslinking region functionality g N I o

— — AIBA,
— =  Hcl
—_—
= pH = 3.0
O_Water

pH~6

PVP-PA -PMA, . Doubly crosslinked

Y Physical gel microgel (DX MG)
Scheme 1. Depiction of synthesis of PVP-based DX MGs from vinyl functionalised MGs. (a) Vinyl
functionalisation via CUAAC was conducted using PR/ MG particles synthesised by emulsion polymdiosa
(b) DX MGs were formed after pH-triggered swellingthe PVP-PA-PMA, MG particles caused overlap of the
peripheries which enabled covalent inter-linkingted MG particles by free-radical coupling.

In this report we first determine the compositianfsPVP-PA-PMA, MG particles using a
combination of elemental analysis and FTIR to giyarithe extents of vinyl functionalisation.
Photon correlation spectroscopy and electrophonetibility measurements are also used to probe
the pH-dependence of the hydrodynamic diameterzata potential of the MG particles. The
morphologies of the DX MGs is then investigatedngsBEM and the mechanical properties

studied using dynamic rheology. The data showttt@modulus of the DX MGs can be precisely
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controlled by MG concentration and the extent of Mcorporation. The results show that
CUuAAC is a highly efficient and versatile method fabtaining DX MGs with modulus values
that can be controlled precisely. The results of situdy should enable a wide range of new DX

MGs to be prepared.

EXPERIMENTAL

Materials

2-Vinyl pyridine (VP, 97%), propargyl acrylate (PA8%), divinylbenzene (DVB, 80%p,a -
azodiisobutyramidine dihydrochloride (AIBA, 97%)cBloro-1-propanol (98%), sodium azide (>
99%), methacryloyl chloride_(97%), hydroquinone, anhydrous dichloromethane99:8%),
trimethylamine (>99%) and tetrabutylammonium hydrogen sulphate (9®&re all purchased
from Sigma-Aldrich and used as received unless roBe stated. PVP MG was prepared
following the method reported previouklyVP and PA were purified by passing them through
columns packed with basic alumina. High purity ilexd, deionised water was used for all

experiments.

Synthesis of 3-azidopropyl methacrylate

Azidopropyl methacrylate (AZPMa) was synthesisecdcordance with the literatdre Briefly,
3-chloro-1-propanol (33.9 g, 0.36 mol) was introgllico a mixture of sodium azide (47 g, 0.77
mol), tetrabutylammonium hydrogen sulphate (1.@.§5 mmol) and water (40 mL). The slurry
was heated to 80 °C for 24 h whilst stirring. Afoling to room temperature, stirring was
continued for a further 14 h. Following an ethetrastion the resulting solution was dried over
anhydrous sodium sulphate and the solvent remorddrueduced pressure. Vacuum distillation
was employed to obtain 3-azidopropanol (AZPOH). Pheity of AZPOH was verified byH
NMR. Then AZPOH (23.5 mL, 0.253 mol), dried trieilapine (45 mL, 0.323 mol),

hydroquinone (0.1 g) and dried dichloromethame () were combined under stirring and



Polymer Chemistry Page 6 of 24

6

cooled in an ice / water bath. Whilst maintaininganstant temperature of 0 °C, methacryloyl
chloride (29 mL, 0.3 mol) was slowly added dropwaseer a period of 20 min. Stirring was
continued at 0 °C for 1 h and then for a furthehlat room temperature. An additional 100 mL of
dichloromethane was added before the mixture waaaed with aqueous HCI (0.3 M), followed
by water, then aqueous NaOH (2.5 M) and a furthaewextraction step. Each extraction step
listed was conducted twice. Hydroquinone (0.1 g3 wdded to the resultant solution, which was
then dried. The solvent was removed using rotagperation to yield AZPMa. Th&H NMR

spectrum for AZPMA is shown in Fig. S1 (1, ESI) asa@onsistent with high purity.

Synthesis of PVP-PA MG

The PVP-PA MG was synthesised by emulsion polyragas using a modification of the method
previously employed. The PA concentration used in this study was moater than in previous
work®™®. Briefly, Aliquat 336 surfactant (1.5 g) and PEGRGOO (1.5 g) were dissolved in
deionised water (120 mL). The solution was tramseftérto a reaction vessel fitted with an
overhead stirrer, heated to 60 °C and degassed nititbgen. A co-monomer solution of VP
(20.72 g, 0.102 mol.), PA (2.18 g, 0.020 mol.) &B (0.096 g, 0.74 mmol.) was introduced
with stirring at 250 rpm followed by addition of BA initiator (0.15 g in 15 mL of water). The
emulsion polymerisation was continued for 24 hobefheating was stopped and the dispersioi
purified by repetitive centrifugation and redispensin water. Elemental analysis showed that the

MG particles contained 7.3 mol.% of PA (See Tabsnd Table S1 (t, ESI)).
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Table 1. Compositions of the microgels prepared for thislg.

Code  Composition Rucex)  Vin Yexp %Click!  dsgy®/ nm Gio [ ey’ Q¢ "

nm nm mv
P-0 PVP-PAo7 0.147 0 0 - 315 (9.5) 1315 370 45 33.0
P-1 PVP-PA osPMAg o2 0.152 0.020 0.016 79.5 300 (7.2) 1375 355 58 34.2
P-2 PVP-PAosPMAg 03 0.157 0.040 0.029 73.0 325 (8.4) 1475 345 80 31.1
P-3 PVP-PAosPMAyps  0.165  0.060  0.053 895 325(8.4) 1380 340 67 332
P-4 PVP-PMA o7 0.170 0.073 0.070 96.0 330 (7.0) 1375 345 64 33.8

& Ratio of %N to %C determined from elemental arialylata. The latter values together with the uadsties are
given in Table S1 (t, ESIJ. Theoreticaly value based on the molar ratios of reactants isExperimentaly value
determined fronRycexp) (Se€ text).d %Click = 100 x {(expliythr). ¢ Number-average diameter determined from SEM.
The numbers in brackets are the coefficient ofatam.' Hydrodynamic diameter measured at pH = 3 of 7.
Volume-swelling ratio at pH = 3, i.6Q = (dn(sy dh(7))3. h Zeta potential measured at pH = 3.0.

Synthesis of PVP-PA,-PMAy microgelsusing CuUAAC

The method used for preparing each PVB-PNA, MG (Scheme 1) differed only in the amount
of AZPMA added. The following gives an example tbe preparation of P-1 (Table 1). A
concentrated PVP-PA MG dispersion containing 14f golymer was redispersed in DMF (20
mL) and transferred to a 50 mL Schlenk flask. AZP@2032 g, 0.19 mmol) and PMDETA
(0.0165 g, 0.095 mmol) were added and the solwigdrjected to successive freeze-pump-thawv:
cycles before an Ar atmosphere was introduced. Q@BA.36 g, 0.095 mmol) was added and the
solution stirred for 16 h under Ar at room temperat The resultant MG dispersion was purified
by extensive centrifugation and redispersion inenathe method was repeated to prepare P-2 tn
P-4 (Table 1) using proportional scaled quantitiedZPMa. For example, the mass of AZPMA

used for P-3 was 0.096 g (0.57 mmol).

Synthesisof DX MG gels

The MG dispersions (pH ~ 6) were concentrated tovl% using centrifugation (6000 rpm).
AIBA (9.0 mg, 0.033 mmol) was added to the MG drspn (1.5 g) which was then thoroughly
mixed using a vortex mixer. The pH of the disparsias decreased to 3.0 by addition of aqueous

HCI (4 M) to trigger physical gel formation. Theysical gels were placed in O-rings (20 mm
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diameter, 2 mm wall thickness) between glass platbech were then sealed. The assembly was

placed in an oven at 50 °C for 12 h.

Physical M easurements

Elemental analysis of microgels (C, H and N) wadgsmed with a Thermo Scientific Flash 2000
Elemental Analyzer instrument. The standards usedcélibration were acetanilide and 2,4
dinitrophenylhydrazone and MG samples were freem®dprior to analysis. Proton nuclear
magnetic resonancéH NMR) spectroscopy measurements were conductea Bruker 400 Hz
instrument with deuterated chloroform used as thiwest. FTIR spectroscopy analysis was
carried out using a Nicolet 5700 ATR FTIR apparatd& samples were freeze-dried prior to
FTIR analysis. Photon correlation spectroscopy (P@8asurements were performed using &
Brookhaven BI-9000 light scattering instrument emmihg a 20 mW HeNe laser using a
scattering angle of 90 The electrophoretic mobilities of MG patrticles rererecorded in the
presence of agueous Nai(®.001 M) using a Malvern Zetasizer. The mob#itigere converted
to zeta potentials¢] using the Smoluchowski equatfSnSEM images were obtained using a
Philips XL30 FEGSEM apparatus. Dilute MG dispersiomere dried onto glass slides at room
temperature. The hydrogel samples were freeze-fsie8EM analysis. All samples were coated
with Au or Pd. A minimum of 100 particles were masl to calculate the number-average
particle diameter. Dynamic rheology measurement® \performed using a TA Instruments AR
G2 temperature-controlled rheometer with an envirental chamber. A 20 mm diameter plate
geometry with a solvent trap was used. A strainlo¥% was used for the frequency-sweep

measurements.
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RESULTSAND DISCUSSION

Preparation of microgel particleswith precise extents of vinyl functionalisation

Scheme 1 shows the reaction scheme use to prdparneMP-PA.; MG particles. Our earlier
work established that PVP-PA MGs containing high ¢ohtents (~ 18 mol.%) contained intra-
particle crosslinking due to PA coupliig In this study we wanted to promote pH-triggered
particle swelling to maximise contact between nealring particles in the physical gel state and
subsequent crosslinking of peripheral vinyl grotpgorm DX MGs. Consequently, we used a
much lower PA content (~ 7 mol.%). As will be showelow this MG composition provided

strong pH-triggered swelling and enabled formabba range of DX MGs.

Elemental analysis is a powerful method for detamg the extent of functionalisation of PA
groups within PVP-PA MGS. The high sensitivity of this approach relies ba tapid change of
the ratio of the %N to %C values with MG functiasation. Experimental values for the %N to
%C ratio Rucexp) = %N/%C) were calculated and are plotted agaimsttheoretical extent of
vinyl functionalisation (i.e.yiw) in Fig. 1a. A linear increase Bc(exp) With yinr is evident which

is strong support for the success of CUAAC for Viapctionalisation (Scheme 1).

Ruceq = 0146+ 0311y, 0.08; y. =089y
0171 2 — 099 I exp e +
20.161 ’ o

K 4 1

0.151 : 0.021 %

o1 0.00{ =

7000 002 004 006 008 000 002 004 006 008
ythr ythr

Fig. 1. Microgel composition analysis using elemental analysis data. (a) The variation oRycexp) (= %N/%C) with
the theoreticaly value determined from the masses of reactants @isedCUAAC. (b) Dependence of the
experimentally determineglvalue with the theoreticglvalue for the MG particles.
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Building on earlier work’ we used values fdRnc(exp) 1O calculate experimentdl values Yeyy).
The method, general formulae and equations empl@reddescribed in the Supplementary
Information (t, ESI). Fig. 1b shows that a lineglationship betweeyey, andy, occurred with a
gradient close to unity. The efficiency of the klireactions (%Click = 100 ¥exp / Yin) Was
calculated (Table 1) and found to be between 73%n&. These high values imply that the MG
particles were sufficiently swollen by DMF to alleextensive permeation of the MG interior by
the reactants (AZPMA, CuBr and PMDETA). Moreovéede data indicate high click conversion

efficiencies were achieved. This finding agree$witr earlier work for related M&$

To further probe the compositions of the PVPHPMA, particles we used FTIR spectroscopy.
Spectra for these MGs as well as PA, PVP and AZPdér the 500 — 4000 chrange are
shown in Fig. S3 (t, ESI). The spectra for the RR-PMAy, MGs show the presence of PVP
bands in the 1000 — 1600 ¢megion as well as PA signals in the region of 1&80 which are
discussed below. The spectramtut show evidence of the azide band& &100 cnit, which was
present for AZPMA. The lack of the azide band sutgpthe view that efficient CUAAC occurred.
A weak (observable) band due to C=C was preseh®2f cnt in the spectra for the P-1 to P-4
copolymers (see inset of Fig. S3) and was mostquoced for P-4, as expected. This banc

provides direct confirmation of vinyl functionaligan of the PVP-PAPMA, MG particles.

The C=0 bands in the 1715 — 1735 tnegion of the PVP-PAPMA, spectra were sensitive to
they value. Expanded views of the FTIR spectra are showrig. 2a. The C=0 bands for the PA
and PMA species had different stretching frequendie., 1715 ci for PMA and 1735 cin for
PA. These differences are ascribed to differertadees of the C=0 groups to the triazole ring fcr
each moiety (structures shown in Scheme 1). It losanseen from Fig. 2a that the relative
absorbance of the C=0 bond due to PMA (C=O(PMAjjeased ag.,, increased from O (for P-

0) to 0.07 (for P-4). We explored the latter trdsr;dcalculatingAg‘g;lS) which is the absorbance
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of the 1715 cnit band due to PMAAL719) normalised to that of the 1590 ¢nband due to the
C=N of the pyridine rinf’ (Aisg0).

P—0
ACorr — A@715) _ A(1715) (l)
N(1715) A@1s90)  A(1590)

The second term on the right hand side is a cooreéor the P-0 signal which contributes to the
signal for the PMA C=0 in the other spectra. Thiei@a for eq. (1) are plotted as a functioryQf

in Fig. 2b. Good linearity is evident which supottte view that the PMA content increased in
proportion withyex, These data support the elemental analysis peefbabove and confirm our

proposal that efficient CUAAC occurred during thayw functionalisation of the PVA-PA MG

particles by AZPMA.

C=N
C=0O(PA) _ Corr —
N ) c=c / 0.4{ Aars = 47, .
Lo ) | R?=0.99
VR / 5 J\/& _ 03
— — ) 5 5 :
__po |II| ilﬁl U<Z 0.2 e
— A orf
P : [ \ /i
5 [ L A
3 AT Y 0.0 & , , , ,
g —— | | | | 0.00 002 004 006 008
< 2 :» ! (b) y
© —_! F ! P
Q g : f\
S P i [
2| —pa | i g 0.10
< o =.
s § S N ) 0,084
P ; i\ ) e
: o , ol _e 006‘
_ ' : O
. 38 0.04]
AZPMA | <
0.021

1800 1750 1700 1850 1800 1550 1780 1760 1740 1720 1700 1680
(a) Wavenumber/ cm-™ (c) Wavelength / cm’”

Fig. 2FTIR investigation of vinyl functionalisation of PVP-PA,-PM A, MG particles. (a) FTIR spectra for each of
the MG systems studied. Data for PVP and AZPMAsirewn for comparison. (b) Variation Af,‘g@ls) With Yexp —

see text. (c) Deconvoluted C=0 band for P-4.

The P-4 MG patrticles contained the highest PMA eonhand the spectrum for the C=0 region
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was most suitable for deconvolution (Fig 2c). Deaduation of the bands due to PMA and PA
gave a PMA mole fraction of 0.57, which correspotuadg = 0.083. By comparison thg,, value
was 0.070 (Table 1) with an error of £ 0.007 (TaBle T, ESI). The difference between these
values is not considered significant. These dalkert together with the linearity from Fig. 2b,
support the elemental analysis data (Fig. 1). Adiogty, we propose that it is straightforward to
dial up the vinyl functionalisation extent of MG particlesing CUAAC. More generally, based on
the present study and our previous work using wiffeazide specié’ the approach used here
should enable further or alternative functional@atof these PA-containing MG particles in a

controllable manner.

Vinyl-functionalised microgel particle properties

The PVP-PA-PMAy MG particles were characterised using SEM (Fidgb 3ad Fig. S4) and had
coefficients of variation (Table 1) less than 10Phe MG particles were monodisperse. At pH
values greater than or equal to 4.0 the MG pastialere in the collapsed state with the averago
hydrodynamic diameters for the PVP,PRMA, MG particles in the range 340 - 355 nm. It can
be seen from Table 1 that there was reasonableragre between hydrodynamic diameters at pF
= 7 (dn7) and number-average SEM diameters with the folwnér slightly larger than the latter.
We conclude that our CUAAC method for vinyl funciaising PVP-PA MG particles did not

compromise colloidal stability, which is highly dedble for a functionalisation approach.
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Fig. 3 Properties of PVP-PA-PM A microgel particles. (a) and (b) show representative SEM images foraReDP-4
particles, respectively. (c) and (d) show PCS aeid potential data, respectively, for a range ofvphlies.

In all cases the MG patrticles exhibited strong $mghwith high volume-swelling ratio<Q) in the
range 45 to 80 (Table 1). TheQevalues are much higher than Qesalue of 3.3 reported for the
PVP-PA MG particles studied earftér The latter system contained more than twice the P
content compared to the PVP-2A MGs employed here. The higD values obtained in this
study support the view that intra-particle crodshig due to PA coupling and / or hydrophobic
association, was not significant. The concentr&e&-PA-PMA, dispersions were well suited to
pH-triggered physical gel formation, and henceriM& linking to form DX MGs, because PMA

functionalisation did not restrict particle swetjiat low pH (Fig. 3c).

The pH-dependent zeta potentig) ¢lata (Fig. 3d) show that the MG particles wersifpeely
charged at pH values less than or equal to 7.0genérally agree with earlier reports for PVP-
based MG particléd © We note that microgel electrokinetic data aremfteported in terms of
electrophoretic mobility and this distinction ongtes in large part from the pioneering work of

Ohshima et al., which has recently been reviewseveteré’. Here, ¢ values are shown to
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facilitate comparison with the earlier studies® CuAAC did not significantly affect thé values.
Furthermore, the latter values were not signifibaatfected byyeyxp, This result is not surprising
because at low pH the MG particles had a very mgiitive volume-charge density and
functionalisation should not extinguish charge lnseait provides charged triazole groups. It also
follows from these data that DX MGs prepared irs thiudy from the PVP-BAPMAy, MGs

(below) were cationic.

Synthesis and mor phology of doubly crosslinked microgels

The DX MG formation process involved triggered phgk gel formation (Fig. 4a) and covalent

interlinking of the particles to form a permaneet (Scheme 1). Physical gels formed when the
MG concentration was greater than or equal to %oveind pH less than 4.0. In the physically gel
state the MG particle peripheries overlap and @atrosslinking can occur. Generally, the DX
MGs had good transparency (Fig. 4d), which is duehie high extents of swelling of the

constituent MG particles.
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Fig. 4. Morphologies of physical and covalent P-2 gels. Physical SX MG gels are shown on the left hané sidd
covalent DX MG gels are shown on the right hancek siigital photographs of the gels are shown inafj (d).
Representative SEM images appear in (b), (c),ri@)(B. The thickness of the DX MG shown in (d) vaenm. The
insets for (b) and (e) are Fast Fourier Transfarages of the micrographs.

We probed the morphologies of freeze-dried SX M@sptal gels and DX MG covalent gels
using SEM (Fig. 4b, c, e and f). SEM images for el before (b and c) and after (e and f) DX
MG formation are shown. MG patrticles are clearlident which shows that they maintained theii
integrity upon macroscopic gel formation. The SEMages showed the MG particle packing was
mostly disordered for the physical gel (Fig. 4b ac)d Interestingly, a mostly crystalline

arrangement was evident for the DX MG (Fig. 4e nHlowever, close examination of the SEM
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images (insets for Fig. 4b and e) showed there vwemme domains with the opposing
morphologies present for each system, i.e. ordassg@mbly for the mostly disordered physical

gel (Fig. 4b) and disordered for the mostly ordddedMG (Fig. 4e).

Fast Fourier Transform (FFT) images (see insetagf4b and e) confirmed that amorphous and
crystalline morphologies were dominant for the ptgls SX MGs and covalent DX MGs,
respectively. The physical gel showed amorphousshalvhereas, the DX MG showed an
hexagonal array of points. (These differences wepeatable for different domains within the
samples.) It is interesting to note that recendported polyvinylamine DX MGs were also
reported to have crystalline ordferlt is suggested that crystalline order is favduie DX MGs
comprised of MG particles with low size polydispsrsit is the control (and locking in) of
ordered particle arrangements with spacings corbfgta the wavelength of light that may allow
DX MGs to be prepared for new photonic applicatioRarthermore, if the interstitial sites
apparent in Fig. 4e and f act as pores these newM®$ may have potential application as

membranes. These aspects will be explored in futor&.

Dialing up doubly crosslinked microgel modulus

Having established that functionalisation of the Mé@rticles could be precisely controlled we
next sought to investigate the ability to contro{ MIG mechanical properties. We first examinec
the effect of MG concentratiorC{,c) on the dynamic rheological properties. The Pstey was
selected for this study because of its good contioimaof optical clarity (Fig. 4d) and ordered

morphology (Fig. 4f).

Frequency-sweep dynamic rheology measurements oldeened for P-2 gels prepared using a
range ofCyg values and are shown in Fig. 5a and b. Ghd€storage modulus) values had very
low frequency dependence and the gels exhibitad-Bké viscoelastic behaviour. The latter is a

common feature reported for DX M&s* The tandvalues (=G”/G’) were less than 0.10 (Fig.
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5b) which shows that the gels were mostly elastibilst most of the DX MGs had frequency
dependent tad values, the data obtained usi@gs = 10% had negligible frequency dependence.
Winter and Chambdh established that systems at the critical gel goinave frequency
independent tad values. It follows that the DX MG prepared usigs = 10% exhibited critical

behaviour over the frequency region studied.

* 20% e 75%
100000+ v 15% = 5% 0.20-
A 10% * 20%
¢ v 15%
VYVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVY 015_ A 10%
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= 5%
o Q i
o 100004** = 0-10 ! o
=~ + e **
- . ] ‘0
O ) 0.05{%5en, o
R T Lt eeeett .
0.00] R YORO )y ettt
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Fig 5. Effect of microgel concentration on P-2 DX M G mechanical properties. (a) and (b) show, respectively,
and tand vs. frequency data. (c) and (d) show the depereterd G’ and tand, respectively, on the MG
concentration. Data for the non-inter-linked phgsigel (SX MG) withye,, = 0 are shown for comparison and are
taken from Fig. 6. Th&’ and tand values shown were measured at 10 Hz. The errernkare smaller than the data
for many of the data points in (d).

The G’ values measured at 10 Hz were considered plaiaes/and are plotted as a function of
Cwic in this study (Fig. 5c). Effective volume fract®occupied by MG particles may be reported

for concentrated MG dispersions. Such values atenofletermined using low concentration
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viscosity measuremerits*. Extrapolation of those values to higher concéinna often results in
effective volume fraction values greater than umityg such values offer limited insight beyond
showing that the MG particles have deformed. Weefloee usedCy values in this work and
note that it is highly likely that the MG particlesre deformed in the physical and covalent gels.
Interestingly, theG’ vs. Cyc data showed a linear increase wWithg (Fig. 5¢). This behaviour
contrasts to acrylate-based DX MGs which have Ibeparted to give exponential dependences o:
G’ with MG particle concentratidnWhilst we cannot be certain of the cause of thiifferences
the linear behaviour observed here may be aidethdyery strong swelling nature of the MG
particles as evidenced by hi@hvalues measured using PCS (Tablel). We conjetitatestrong
MG particle swelling forced the MG peripheries @asgether and, in turn, favoured efficient

inter-MG covalent bonding (Scheme 1).

Fig. 5d shows the tadvalues measured as a functiorGpis. Data for the parent non-inter-linked
SX MG are also shown &yc = 10 wt.%. DX MG formation decreased the tavalue, which has
been reported for acrylate based DX MGghis decrease is attributed to formation of aadly
effective linkages between neighbouring particlHse tanod values are in the range 0.01 to 0.02
for the gels containin@ys < 20 wt.%. These values imply that 98 — 99% of inechanical
energy used to deform the gel matrix was storedtli@se systems. The tah value was
significantly larger (0.09 at a frequency of 10 Ha)theCyg = 20 wt.% system, which suggests a

higher proportion of inelastic linkages were présen

In the final part of the study we investigated tb#ect of vinyl functionalisation on the
mechanical properties of the DX MGs usin@s value of 10 wt. % The latter value was chose.:
because of the critical behaviour exhibited by §eRdiscussed above. Fig. 6a shows thaGhe
values were almost frequency independent. This\behiawas also observed for P-0, which was

a SX MG physical gel (not doubly crosslinked). Gamsently, the low frequency dependence for
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the G’ values is attributed to the close packed natutbeMG particles within the gels (Fig. 4b,

c, e and f), rather than the inter-MG linking.
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Fig. 6. Effect of extent of vinyl functionalisation on DX MG mechanical properties. (a) and (b) shows’ and tan
dvs. frequency data, respectively. (c) shows theeddence o6’ onye,, Data for tand are also plotted. Th&’ and
tan J values shown were obtained at 10 Hz and the DX &&Bcentration was 10 wt.%. (d) Variation of the
calculated number of elastically effective chaies BMA group withye,

Low frequency dependences for tdwere also observed for most of the gels (Fig. Blowever,

the P-0 system (not doubly crosslinked) showeddaalues that increased with frequency. The
P-4 system showed surprisingly high tarvalues which had the same tendency to decreake wi:
increasing frequency that was apparent for moshefother DX MGs. It appears from the data
shown in Fig. 5b and 6b that DX MGs which are hygflinctionalised or have high MG
concentrations favour formation of elastically ieetive chains that give rise to frequency
dependent tard values. Such chains may result from trapping of M&ticles in structural

arrangements that do not permit sufficient moveni@ninter-linking to occur.
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As shown in Fig. 6¢ a linear relationship was entdsetweerG’ andyex, This result is important
for two reasons. It is the first demonstration loé @bility to precisely tune the modulus of DX
MGs via vinyl functionalisation control. Secondiyne data imply that CUAAC can be used to
precisely vary the extent of functionalisation byazide species within a hydrogel using CuAAC.
Part of the reason this approach was successfuhépresent gels is that the functionalisation
occurred with high surface area-to-volume ratio W#sticles which were then assembled to form
a hydrogel. Uniquely, our DX MG approach means thage scale (slow) diffusion of reactants is
not required for uniform functionalisation of a mascopic hydrogel on the length scale of
micrometres. Fig 6¢ also shows that the daralues were only weakly dependentygg, The tan

ovalues were all smaller than that for P-0, whiklue to the latter being a SX MG physical gel.

An interesting question that can be addressed usiegdata presented here concerns the
proportion of PMA groups that form elastically effiee chains. To address this question we first
calculate the number of elastically effective clsguer particle errp), then the number of PMA
groups per particlenbumae) and finally the number of elastically effectivieains per PMA group
(Meema). Using the affine approximation the number-degneit elastically effective chainsug)

is related to the modulu§&] by:

G =verrkT  (2)

wherek andT are the Boltzmann constant and temperature, régpgc We assume tha& and

G’ measured at 10 Hz are equivalent. Tdievalues have contributions from particle-particle
interactions and also inter-MG linking. Non-coval@article-particle interactions were corrected
by subtracting th&’ value for the non-interlinked SX MG physical gBélQ) from theG’ values

for the DX MGs using the data shown in Fig. 6c¢. éllthe gels had the san@&c value of 10

wt.%. The correcte®’ values were then used to calculaggfrom eq. (2) - See Table 2.
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Table 2. Estimation of the number of elastically effectoreains per PMA unit.

Code M2/ 109 v /10 m° Ve /1 Npwapr / 1P Newpua
P-0 1.6 - - - -

P-1 1.4 1.6 2.3 33 0.069
P-2 1.8 33 5.9 6.1 0.097
P-3 1.8 4.8 8.7 11 0.078
P-4 1.9 5.6 10 15 0.070

2 Particle mass’ Number density of elastically effective chaifisNumber of elastically effective chains per
particle.® Number of PMA groups per particfdNumber of elastically effective chains per PMA goou

Calculation of the value fores(p) required the mass of a particg) which was calculated from
the diameters of the collapsed particles obtaimeoh fSEM (Table 1). Th&p and vesp) values
appear in Table 2. Thesp) values are of the order of %@ 10, and are comparable to those
calculated by Roeder et ®lfor their vinyl-functionalised hematite particlelg. To calculate the
value fornpmae)we used the composition of the parent P-0 pastiaiewell as the particle mass to
estimate the number of PA molecules per particke Of theye., values (Table 1) then enabled
calculation ofnpuap) (Table 2).Nepma Values were calculated from the ratiosvgfie) to Nemae)

(Table 2) and are plotted in Fig. 6d.

The data shown in Fig. 6d provide an estimate efptoportion of vinyl groups that are involved
in DX MG formation for the first time. The averagelue for Newpma Was 0.080 (i.e., 8 %) and

there was no significant difference for the gelg(lBd). The relatively low proportion of PMA

groups that formed elastically effective chaingaasonable for two reasons. Firstly, the PMA
groups were probably distributed throughout each pa@icle. Secondly, the elastically effective
chains result from inter-MG linking at the partigleripheries. Hence, a low proportion of PMA
groups will be available for inter-MG linking bes® most of the PMA groups would have
resided within the MG interior. Furthermore, be@i&qpva appears to be constant it follows

that using our approach and CuAAC it is possibl@recisely tune the number of inter-linking
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reactants at the surfaces of MG patrticles. The DX &pproach combined with CUAAC provides
a remarkable ability to precisely control, and eVeial up”, ver and hydrogel modulus through

construction of pre-formed MG building blocks.

Conclusions

In this study we have used CuAAC to vinyl functibse cationic PVP-PA MG particles and
create new DX MGs using a synthetic method thanhdidcompromise colloidal stability. CUAAC
efficiencies were calculated to be in the ranggd®fto 96% and enabled precise control of the
vinyl functionalisation over the range of 0 to ®l.% The mechanical properties were probec
by dynamic rheology and the modulus varied linearth Cyc over the range of about 11 to 51
kPa. Furthermore, the modulus also varied lineailly yex, Over the range of 13 to 29 kPa for DX
MGs prepareyc = 10 wt.% Analysis of the data revealed that ~ 8f%te PMA groups formed
elastically effective chains and this appeared éoiftlependent ofex, The former value was
attributed to the location of the PMA groups at pleeiphery of the MG patrticles being key to DX
MG formation. The study presented here providesfitese example of a VP-based DX MG and
also demonstrates the ability of CuAAC to enablepranedented control of hydrogel
functionalisation. Not only does this work pave thay for improvements in hydrogel
functionalisation and also new tools for precis@ljaling up” gel modulus but it should also
increase the number of gels that can be prepareitheoypX MG route. This expansion in the
number of DX MG types should be possible by indasbf PA during MG synthesis and
utilisation of our CuUAAC approach. Furthermore, theesence of latent functionality of the
unreacted acetylene groups in the MG particles d®eh 1) offers excellent potential for
additional functionalisation of the MG particlesgorto DX MG formation, which could enable
construction of next generation functional hydrggétuture control of the ordering of the MG
particles within VP-based DX MGs may also provideesv generation of photonic gels as well as

membranes.
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