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Synthesis of double dynamic
thermo-responsive hydrogel
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Synthesis of Peg-hydroxy

terpyridine
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Functionalization of Terpyridine

Spede 3y Sedeledy
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Achieved functionalization: 38 - 62% New functionalization: 98 %

New procedure:

» Increased equivalents of propargyl terpyridine to 8
» Add reagents in powder and then melt them

> Increase reaction time under vacuum



Attachment of Pnipam
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Removal of Pnipam

GPC Peg-Pnipam-Tpy before and after dyalisis
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Dynamic Light Scattering

Solution in water 5 g/L

Fit function
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The autocorrelation function could be fitted monoexponentially and the hydrodynamic radius and diffusion

coefficient are independent of the angle. This brings to the conclusion that the Pnipam has been efficiently

removed and that the Peg-Pnipam is uniform in size.



Gel formation

Solvent: water

Fe < LCST Fe > LCST Ni <LCST  Ni>LCST

Zinc below LCST

With Zinc it does not form a gel
(but with the precursor

without Pnipam yes)

20 000 g/mol
5500 g/mol

C=[70 g/L]

Co<LCST Co>LCST

Zinc above LCST




Conclusions and future plans (1)

* The higher functionalization of terpyridine could be
achieved

* Pnipam has been successfully attached
* The system can form hydrogels (except Zn)

* The Zn system has to be further investigated
* The hydrogels can be now characterized
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Characterization

» Different lenghts of Pnipam

% KR

Peg 10000 g/mol 10000 g/mol 20000 g/mol 20 000 g/mol
Pnipam 2 500 g/mol 5500 g/mol 2 500 g/mol 5500 g/mol

> Different metal ions

Zn
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Characterization

» Different lenghts of Pnipam

Peg 10000 g/mol 10000 g/mol 20000 g/mol| 20000 g/mol
Pnipam 2 500 g/mol 5500 g/mol 2 500 g/mol 5500 g/mol

> Different metal ions

Zn 12




Linear Rheology

» FORTH
» These are preliminary results
» Measuring protocol has to be changed

20 000 g/mol
5500 g/mol C= [70 gll—]

Different metal ions

Fe ]
NI




Speichermodul G' in Pa

Verlustmodul G" in Pa
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Speichermodul G' in Pa

Speichermodul G' in Pa

Verlustmodul G" in Pa

Verlustmodul G" in Pa

Nikel
M:Tpy=1:1
1E+08 i i
[ y=0.1% | | ..
000 - o g
T=25°C { o °
— O
w0 4 T=35° -—-—--—--4-—--—-—--—-----—--—-—--AI ------------------ % E
1 R AN i it
0,01 -—-- - J: -{-- - 1 =l L >
—A— G”
0,0001 } R
1 10 100
Kreisfrequenz o in 1/s
G’ increases with the Temperature
Cobalt
M:Tpy=1:1
10000 3 T ;
y=0.1% ; |
1000 & i 777777777777777777777777 i 7777777777777777
100 =+ - "=lge o, ' A N <A
10 &N =, S It
1

M:Tpy=1:2

10000 E
v=1%
T=25 °C
"1 T=35°C
:I—I—I-IHIII e L f"i"'_'ilr
100 £ oo S -E-u-u-au-a-e-aeses o s
10 |
| - G
. A G
! 0.1 :1 ' I :10 I : .lllll100
Kreisfrequenz o in 1/s
G’ decreases with the Temperature
10000 3
1000 -E
0 5
§ 2 100 +
10
1

0.1

0.1 1 10 100
Kreisfrequenz o in 1/s



lron

lelu
£
]
N
c
[}
3
o
m
=
R
o
4
ed ul 9 [npowjsniian
edul 9 _:UOE._mcu_me
3
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
...... R SRR S =
|
|
| %)
|
| U T
(=]
” S
| — <3
! . 1 N
| ﬂ I 1l g
| I 3
o
W I | o
! ‘@
| —
! 2
! X
|
|
|
! —
\\\\\\ [ (O
|
|
|
! J
| -
|
| -
|
|
! J
! L)
W L
|
! &)
|
| i
|
|
|
|
|
! bt
N - ' TIPS SYTPEEPE B
o
8 8 [=} - S
s = s = - S 3

ed ul ,© Inpowsniiap

ed ul 9 |npowlayolads

=1:2

M : Tpy

=1:1

M : Tpy

Iron is the only one that improves the modulus in both cases
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Speichermodul G' in Pa

Verlustmodul G" in Pa
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Overall Ni, Co and Fe show very similar moduli

Focus on Zn + one strong ion (Ni)

And maybe a combination of the two?
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Zinc does not form a gel in the case of

Zn 20K Peg + 5.5 K Pnipam and 10K Peg + 5.5 K Pnipam
Peg 10 000 g/mol 10 000 g/mol 20000 g/mol 20 000 g/mol
Pnipam 2 500 g/mol 5500 g/mol 2 500 g/mol 5500 g/mol

= S S e
* ®
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Conclusions and future plans (2)

* The non formation of a hydrogel with Zinc has to be
further investigated

* Rheology curves have to be repeated with new
measurement protocol

* Linear vs non linear rheology (FORTH)
* Extensional rheology at different Temperatures?

19



The role of network density and connectivity on
the structure and dynamics of metallo-
supramolecular hydrogels
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» Same network connectivity

» Different network density
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» Different network connectivity

» Same network density
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Synthesis and preparation of the Gels

o o ¢ KOH NN N
e, -
| >
H o o H RS NT N DMSO (dry)
V(\O/\%;l V\oi ‘ i O{g/_ﬂ K_\Og{)

=N N

4-arm Poly ethylene glycol (PEG) Chloro terpyridine

The percentages for the gel were

taken in Volume.

First the 2 solutions of Polymers

100% 100% were mixed and then the metal ion
solutions were added.

The gel was centrifugated and

equilibrated overnight.

Metal ion: Zinc (stoichiometric amount)

Solvent: water 21



Different molar mass
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» Same branching »Same network connectivity

» Different molar mass : :
erent » Different network density
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4-arm 10K + 4-arm 20K, 2 x C*

Speichermodul G in Pa

in Fa

Verlustmodul G*
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10K A1 - 100%
20K A1 —-100%

w=0.01-100 rad/s
v=0.1%
T=25°C

10 K = [112 g/L] =2 x C*
20K = [70g/L]=2xC*

M:Tpy=1:2

The 50% is in the middle.
It seems that the precursors contribute

equally to the modulus
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Speichermodul G in Pa

4-arm 10K + 4-arm 20K, 2 x C* ’

Verlustmodul G in Pa

Anton Paar RheoCompass
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w=0.01-100 rad/s
v=0.1%
T=25°C

10K =[112 g/L] =2 x C*
20K = [70g/L]=2xC*

M:Tpy=1:2

The one with the highest molar
mass has more influence on the

properties of the gel.
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4-arm 10K + 4-arm 20K, 2 x C*

10000

1000

100

Anton Paar RheoCompass

| - |

T e g
= '—-4.; i _LE-" —

et

90% 10 K — 10% 20 K
10 K [112 g/L]

50% 10 K — 50% 20 K
20 K [70.g/L]

10% 10 K — 90% 20 K

= G

A G

[
T
01

+ 1 1 1 1 t
1 10
Kreisfrequenz o in 1/s

100
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w=0.01-100 rad/s
v=0.1%
T=25°C

10K=[112¢g/L]=2xC*
20K = [70g/L]=2xC*
M:Tpy=1:2
Introducing 10% of 20K, the
modulus of 10K increases
Introducing 10% of 10K, the

modulus of 20K decreases
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4-arm 10K + 4-arm 20K, same C = ~rib~

Speichermodul G' in Pa

Verlustmodul G" in Pa
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The gel with 10K precursor has double @0 0 00
modulus as the one with 20K precursor. 10K G*=21183 Pa

20 K G°=11022 Pa

The bimodal gel has lower modulus. e
50% 20 K-50% 10 K G° = 9660 Pa



Different number of arms
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» Double molar mass (same arm length) » Same network density

» Different branching > Different network connectivity
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1E+06 40K A2 — 90%
: : 20K A2 — 100%
100007 w=0.01-100 rad/s
. : vy=0.1%
a_; o 100 T=25 °C
E % 1 M:Tpy=1:2
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In the octa-Peg there is a higher density of arms at the core.

0 00 0 00
Therefore, it is more likely that two neighbour arms find e 060 e oo
each other creating shortcuts, than two adjacent stars. Q

These shortcuts might explain the lower modulus. IS the 40K creating short-cuts?



3-arm 40K + 4-arm 20K, same C
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Speichermodul G' in Pa

3-arm 40K + 4-arm 20K, same C

Verlustmodul G" in Pa

Kreisfrequenz o in 1/s

In this case, 40K has higher modulus

and the 50% is in the middle.

Why it is not consistent?

Speichermodul G' in Pa

Verlustmodul G" in Pa

40K A3_J2 — 88%
20K A3_J2 —93%

In this case, 40K has slightly higher modulus.
The functionalization is still lower, but closer

to the 20K.

Why has the 50% sample lower modulus?

- | 50% 20 K — 50% 40 K

Kreisfrequenz o in 1/s
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In progress:

4-arm 20K + 4-arm 40K

» Same network connectivity
» Different network density

Do?
8-arm 20K + 8-arm 40K

» Same network connectivity
» Different network density

4-arm 20K + 8-arm 40K

> leferent network connectivity
» Same network density

4-arm 40K + 8-arm 40K

» Different network connectivity
» Different network density
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Conclusions and future plans (3)

* It is possible to tune the properties by changing the
network density or network connectivity

* However, to fully control it, further studies are
required

* The bimodal gel with tetra- and octa-Peg needs
reproducibility

* Modelling would be beneficial

* Double guantum NMR can give more insights about
heterogeneities (is planned)

* Extensional rheology would be interesting
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Double Network elastomer based on dynamic covalent bonds

ESPCI [E) PARIS PSL%

Larissa Hammer

No
@
Boronic ester exchange: Imine/Aldehyde and Imine/Imine exchange:
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Double Network elastomer based on dynamic covalent bonds

MW ,ymer = 78 000 g/mol
l\/IW(:rosinnker = 245.88 g/mOI

oo oho » o ‘Q%
W‘ s { v Be
o

ESPCI [E) PARIS PSL%

Larissa Hammer

Degradation over time
ﬁ\ = %jz_@i
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Degradation over time

* Light scattering

— -

= S

/

Non ergodic
N 96 h

500 positions

N~

5 measurements days!
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Degradation over time

* Light scattering

— -

I FY T
on ergoaic
N 96 h ©

500 positions

S~ —

5 measurements days!

* Fluorescence Correlation Spectroscopy (probe diffusion)

Variations on the diffusion coefficient over time



Degradation over time

* Fluorescence Correlation Spectroscopy

_“WORK

L PROGRESS

THF Evaporation! Custom made
Solvent chamber s,




Future Plans (Global)

e Continue the characterization of the samples of Larissa

 DQ-NMR for better understanding the role of connectivity and
network density in supramolecular hydrogels

* Repeat measurements on thermo-responsive double networks
with new protocol

* Investigate further the non-gelation of Zinc

. zpflueh?ce on rheological properties of different lenghts of Pnipam
ort

 Diffusion in the double dynamic thermo-responsive network with
the variation of the Temperature (FCS/Frap)

* Extensional rheology
» Exchange of samples
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Thank you for your attention

Suggestions?

Questions?
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