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. ORIGIN OF CONCEPTS
WHERE DO IDEAS COME FROM? - BIOMIMICRY: CASE STUDY
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Presenter
Presentation Notes
This slide is introducing various inspirations from Nature: Gecko feet exhibit very high adhesive properties to various surfaces due to their nano-structure, they are covered with high number of nano-hairs providing very high adhesive properties; Sharkskin exhibits unique hydrodynamic properties due to its surface microstructure; Velcro, reconnectable system provides unique possibility to connect and reconnect two surfaces by mechanical hook-and-loop interactions.


*« INTRODUCTION
CHARACTERISTICS OF MICROSCOPIC VS. MOLECULAR VELCRO SYSTEMS

Microscopic Velcro system Molecular Velcro system

<
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» Superior fatigue resistence » Superior fatigue resistence

» Superior reconnectability » Superior reconectability
performance performance

» (Good mechanical properties » Good mechanical properties

» Good ageing resistance » Good ageing resistance

» Stiff hooks, elastic loops » Stiff/elastic hooks, stiff/elastic

» Hooks and loops materials loops

chemical compatibility — not
relevant
Molecular mobility — not

‘¢ % relevant
‘ﬁ:;
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Hooks and loops materials
chemical compatibility — very
relevant (mutual
solubility/miscibility)

» Molecular mobility — very
relevant
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A\


Presenter
Presentation Notes
This slide shows a comparison between commonly known microscopic Velcro system and designing a Velcro system in molecular scale.
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%, INTRODUCTION

FOCUS ON PHYSICAL INTERACTIONS

Chemical interactions:
» Covalent bonds
» lonic bonds

» Coordinate bonds

Strong physical interactions:

» Hydrogen bonds

> lon/dipole and
ion-induced/dipole interactions

» Dipole/dipole interactions

Physical interactions:

Dispersion interactions

Steric hindrance

Macromolecular entanglements
Chemical affinity (miscibility/solubility)

>

>
>
>

Velcro-like approach — grafting of relatively large molecules onto the silica surface of good chemical
affinity to the rubber, enhancing interactions via physical entanglements and steric hindrance.

“AAAAA A

Molecular weight of the 0-BR: 4691 g/mol |
Length of straightened molecule: ~30 nm |
Number of vinyl mers: ~60 per molecule !

Telechelic mono-hydroxy polybutadiene oligomer (0-BR) was used as a backbone for the modifier.

UNIVERSITY OF TWENTE.


Presenter
Presentation Notes
This slide shows our approach to design a molecular Velcro adhesive system by increasing physical interactions and decreasing chemical interactions in the interphase. And introduces the oligomer molecule (o-BR) used as a backbone for a molecular hook synthesis.


¥, INTRODUCTION
SCHEME OF SILICA-SURFACE MODIFICATION

1 — Attaching the isocyanate silane molecule to the telechelic 0-BR chain

CHg CHS
HaCj O H3C— O 0o
L o-BR &~ NnCO o-BR
0_$|/V\NCO + HO — 60 mers 1,2-vinyl * o S‘I r}lc o 60 mers 1,2-vinyl
ro rO H
CHs CH3

2 — Grafting on the silica surface

OH CHsz
HC—, ¢ Q
OH + O—gi/\/\EC*O— GOmce);sBllz—vinyl
CH
Sio, oA ?
3 - Additional treatment with trimethylethoxysilane
in order to cover residual, reactive silanol groups
- Ow L e —— ———————
. r
&' OF‘Si/\/\EC_Oi 60 mgr_sBlI,:;—vinyl + 3 CZH5OH : / MO/\‘:
é

. 0
S|O2
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Presenter
Presentation Notes
This slide shows steps of the molecular hook synthesis: 1. Reaction between isocyanate and hydroxyl groups; 2. Grafting of the silane on silica surface by condensation; 3. Additional silanization with small molecular silane to additionally decrease polarity of silica surface.


% INTRODUCTION

SCHEME OF SILICA-SURFACE MODIFICATION

4 — Attaching thioles moieties to the vinyl groups of 0-BR

|/ 1-Hexadecanethiol 2-Thionaphthol

Si0, | 0 c=c¢ NN S SN S gy SH
!I + tert-Dodecanethiol O‘

H-S ‘ Organic moiety |

Trlphenylmethanethlol
Azobisisobutyronitrile CyCIOhexa neth lOI
. (AIBN)
N\ o -
X N\ 0
\__o—8T"TNG-0 —{oBR 7\ [oBR
| J,f" H
. | D__.- c,-' .
210, .‘ ¢- s Organic moiely |
/
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Presenter
Presentation Notes
This slide shows next step of the molecular hook synthesis: 4. Reaction between thiole (mercapto) group from various small-molecular thioles and vinyl groups from the oligomer backbone catalyzed with AIBN (azobisisobutyronitrille)
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—0-BR_isocySilane 24h_50 °C
—0-BR_isocySilane 48h_50 °C
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Isocyanate silane — 0.527 g + 0-BR - 10 g: mixed together and heated at 50 °C for 24, 48 and 72 hours.
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Presenter
Presentation Notes
This slide shows tracking of the reaction between isocyanate and hydroxyl groups at 50 °C by FTIR (Fourier-transform infrared spectroscopy)


CHs
HsC
(0] Same

CH3

*
—0-BR_isocySilane 24h_80°C ‘e
0-BR_isocySilane 48h_80 °C Y
—0-BR_isocySilane 72h_80 °C

—\ (? N
O—$i/\/i\(NCO + HO —
4

0-BR
60 mers 1,2-vinyl

1 120

1 100

4000 3500 3000 2500 2000 1500
Wavenumber [em]

UNIVERSITY OF TWENTE.

1000

Transmitance [%]

=

HaC

CHa

-

o) o\

PN NN 0-BR
0 $I/\/\r\h|’lc_o ] 60 mers 1,2-vinyl

rO \\H_/ .

CHa

Isocyanate silane - 0.527 g + 0-BR - 10 g: mixed together and heated at 80 °C for 24, 48 and 72 hours.
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Presenter
Presentation Notes
This slide shows tracking of the reaction between isocyanate and hydroxyl groups at 80 °C by FTIR (Fourier-transform infrared spectroscopy)



~ REACTION PROGRESS TRACKING BY FTIR

Reaction rate at 50 °C Reaction rate at 80 °C

Time | Isocyanate group | Urethane group | (Ure;)/
h] intensity (Isocy;) | intensity (Ure) Isocy

Time | Isocyanate group | Urethane group | (Ure,)/
h] intensity (Isocy;) | intensity (Ure;) Isocy

3.0999 1.1704 0.3775 2.3247 2.1735 0.9350
48 2.7610 1.6400 0.5940 48 1.5761 2.7515 1.7458
72 2.5133 1.9654 0.7820 72 0.9432 3.0720 3.2569
R ._________._________________.:::.............................................F.e ...... t ..................... t
| The reaction rate increases " PACTon pIogress 1
i Signiﬁcantly with the increase of i y=0.0484x - 0.3427 *
| temperature from 50 °C to 80 °C i ’
_______________________________________ ]
25
§ 2 ® Reaction rate at 50 °C
= ® Reaction rate at 80 °C ¢
T1s
1 o y = 0.0084x + 0.1801
P AR Sy °
05 PR ETEE A @t
0
0 10 20 30 40 50 60 70 80
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Presenter
Presentation Notes
This slide shows comparison between kinetics of the reactions conducted in different temperatures


Composition of the samples

Sample description Weight | Precipitated | IsocySilane/o-BR
ratio silica (MP) . i

Silica + 20 silane_o-BR_extr20h 1/5 100 g 20 g B e s
™ Silica + 50 silane_o-BR_extr20h 12 100 g 50 g
Silica + 100 silane_o-BR_extr20h ~ 1/1 50 g 50 g R ! o
e omog
\ + O-éiMNg ) . 1
" 5k rocedure: :
sio. [—oH CHs » Duration - 24 hours :
2 }> > Air atmosphere !
/ > Temperature - 100 °C !
‘ > Mechanical stirring — 150 rpm !
"\'\;»""O\_ 0 > Extraction in toluene after the | .
\ o p o {a2t] + sonon | reacton -20hows v o
| o/
sio, [ °

UNIVERSITY OF TWENTE.


Presenter
Presentation Notes
This slide shows the conditions of silanization of the silica surface with various silane/silica ratios


—Silica + 20 silane_o-BR_extr20h :
—Silica + 50 silane_o-BR_extr20h o

e > e >
8 I Transmitance [%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm-]
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Presenter
Presentation Notes
This slide shows the results of the silanization by FTIR proving succesful grafting of the silane molecules


XPS analysis of the silica sample modified with 50 parts of the 0-BR per 100 parts of the silica

______Flement | C | Si | O | Nal N |

S Amount on the Surface [%] 46.19 16.65 36.57 0.40 0.19
- 5 -
6 |
5- .
3 4r 6' .
sl i
| MWWW |

0 | | | | | |
1400 1200 1000 800 600 400 200 0 -200
Binding Energy (eV)
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Presenter
Presentation Notes
This slide shows the results of the silanization by XPS (X-ray photoelectron spectroscopy) showing the presence of carbon atoms on the silica surface


Sample description Summary Mass loss of organic | Density of grafted
mass loss [%] | component [%] molecules [1/nm2]

Silica

Silica + 20 silane_o-BR_extr20h 20.2 15.8 6.37

Silica + 50 silane_o-BR_extr20h 26.4 22.9 4.07

Silica + 100 silane_o0-BR_extr20h 24.8 21.3 4.46
: Average silanol group concentration on silica : e I
..?.“.Ef"i‘fi?.?.‘f?f’.ff’.‘[‘.?.t.?. !'.tﬁr."i‘ft{r.‘?.'.s.:?..9.“!’.(‘.@?.. 00 |

: Single 0-BR molecule terminated with :
: the silane can react with up to 3 S|Ianol 90
groups (ca. 10-15 % of all -OH groups)

.................................................... i
2 80
=
Additional treatmentis | — Silica
. : —Silica + 20 silane_o-BR_extr20h
: reqUIrEd tO cover the : 60 L —Silica + 50 silane_o-BR_extr20h
: residual, reactive -OH groups —Silica + 100 silane_o-BR_extr20h
50 : ' ' ' ' ' : ' :
0 100 200 300 40 500 600 700 800 900
UNIVERSITY OF TWENTE. Temperature [ C]

L. T. Zhuravlev (2000): The surface chemistry of amorphous silica. Zhuravlev model, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 173:1-3, 1-38, DOI: 10.1016/S0927-7757(00)00556-2


Presenter
Presentation Notes
This slide shows the results of the silanization by TGA (thermal gravimetric analysis) allowing quantitative analysis of the silanization results


~ SILANIZATION RESULTS ANALYSED BY FTIR

Additional treatment with trimethylethoxysilane in order to
cover residual, reactive silanol groups.

» Suspension in toluene
» Temperature: 70 °C
» Duration: 24 hours

Transmitance [%)]

—Silica
—Silica_TMES

—Silica + 20 silane_o-BR_extr20h_TMES
—Silica + 50 silane_o-BR_extr20h_TMES

3650 3150 2650 2150 1650 1150 650
Wavenumber [cm-]
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Presenter
Presentation Notes
This slide shows the results of the additional silanization by FTIR proving succesful grafting of the small-molecular silane molecules
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« PROGRESS OF THE MODIFICATION
SCHEME OF SILICA-SURFACE MODIFICATION

1 — Attaching the silane molecule to the telechelic 0-BR chain

GHg CHS
HSC—\ ®) HSC—\\ Q ]
L - S -BR
O_gI/V\NCO + HO — GOmgrsBll,:?Z—\.rinvl * o (Sjl EC*O* GOers 1,2-vinyl
r r
CH3 CH3
2 — Grafting on the silica surface
OH CHsz
HC— ¢ Q
OH + O_gi/\/\EC7O_ GOmce);sBllz—vinyl
CH
Sio, oA ?
3 - Additional treatment with trimethylethoxysilane
in order to cover residual, reactive silanol groups
: . o e pemem—————
v - \ ) Ir\ / * :
. ] Z 1 Si 1
&' OKSI/\/\EC—O — &0 mgrsBlI,:;—vinyl + 3 CZHSOH : / MO/\‘I
é

. 0
S|O2
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Presenter
Presentation Notes
This slide shows the succesfull progress of the modification


- PROGRESS OF THE MODIFICATION
SCHEME OF SILICA-SURFACE MODIFICATION

4 — Attaching thioles moieties to the vinyl groups of 0-BR

\ o s ido—eE A fesn)
| / H N S H
|/ 1-Hexadecanethiol 2-Thionaphthol

Si0, | o c=c NN S S S g SH
) + tert Dodecanethiol

H-s ‘ Organic moiety |

Trlphenylmethanethlol
Azobisisobutyronitrile Cyclohexaneth|ol
7 (AIBN)
. o ,
\ .-’ \ S
\_o—8TNC-0 —{ 0B8R |\ [oBR
I .. H ‘ .'.;

- -
' 43 | / .-"?
ﬁ\ sio, | ° N —
' =5+ Organic moiety |
-


Presenter
Presentation Notes
This slide shows the next step of the modification



HO o-BR ' Procedure parameters:
60 mers 1,2-vinyl i Duration — 1 hour
: Temperature — 65-70 °C (constant growth)
-+ I Mechanical stirring — 150 rpm

: Atmosphere — nitrogen

_ I Evaporation — 24 hours, 70 °C
Triphenylmethanethiol Cyclohexanethiol tert-Dodecanethiol : Degassing - 24 hours, 70 °C (vacuum)

| After evaporation After degassing
2-Thionaphthol in vacuum oven

@QOW """""""""""

SH /
1-Hexadecanethiol 0l
SH - \__/ (\k ” 1’)

UNIVERSITY OF TWENTE.


Presenter
Presentation Notes
This slide explains that next tests will be performed with the virgin oligomer (not grafted on silica surface) to make possible more accurate analysis of the results of the modification.
Products of the modification will be soluble and this allows use of liquid NMR (Nuclear magnetic resonance spectroscopy) analysis, which is very accurate.
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Presenter
Presentation Notes
This slide shows the NMR spectrum of virgin o-BR indicating signals from specific hydrogen atoms from cis, trans and vinyl groups.
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Presenter
Presentation Notes
This slide shows how the NMR spectra change after the reaction with thioles.
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Presenter
Presentation Notes
This slide shows how the NMR spectra change after the reaction with thioles indicating high-effective reactions
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Presenter
Presentation Notes
This slide shows how the NMR spectra change after the reaction with thioles indicating non-effective reactions



. BRANCHING OF OLIGOMER-BACKBONE
< OLIGOMER BRANCHING RESULTS ANALYSED BY LS-NMR

E—
| ‘| Presence of aromatic groups seems
| d l to influence negatively the
,F,\ | -] - ! | effectiveness of the reaction.
N JI TR =
- = TS nE d/a+b
B J Al o-BR 1.351
| | - ’ :| 0-BR + tert-Dodecanethiol 0.287
I \ | 1l J | -| 'oBR+ Cyclohexanethiol 0.427
Al J ( 1 -| 0BR+ 1-He.xadecaneth|ol 0.319
Lt N | P y—— | 0-BR+2-Thionaphthol 1.099
E—— ————  0-BR + Triphenylmethanethiol 1.316
| Possibly presence of electron-donor
A1 | alkyl group is necessary for effective
| r| L | “ |\ J I | - grafting to vinyl groups.
: Jff}'“f“f“»,"" R | —— — Side reaction — recombination of

UNIVERSITY OF TWENTE. thiole radicals?


Presenter
Presentation Notes
This slide compares the NMR spectra to estimate the effectiveness of the reactions. 


Molecular weight distribution before and after reaction with the thiole

—o0-BR

—0-BR + tert-Dodecanethiol

------- 0-BR + 1-Hexadecanethiol
---0-BR + Cyclohexanethiol
—0-BR + 2-Thionaphthol

------- 0-BR + Triphenylmethanethiol



Presenter
Presentation Notes
This slide compares the molecular weight distribution of the reaction products by GPC (Gel permeation chromatography)
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/
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' Procedure parameters:

i Duration - 1 hour

| Temperature — 65-70 °C (constant growth)
I Mechanical stirring — 150 rpm

| Atmosphere — nitrogen

I Evaporation — 24 hours, 70 °C

| Degassing - 24 hours, 70 °C (vacuum)

Thioles used for oligomer-
backbone branching


Presenter
Presentation Notes
This slide shows the parameters of modification of the o-BRs gfated on silica surface
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Presenter
Presentation Notes
This slide shows the results of modification of the o-BRs gfated on silica surface with tert-dodecanethiol, proving successful reaction.
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Presenter
Presentation Notes
This slide shows the results of modification of the o-BRs gfated on silica surface with 1-hexadecanethiol, proving successful reaction.



. BRANCHING OF OLIGOMER-BACKBONE
< GRAFTED VS NON-GRAFTED OLIGOMER BRANCHING ANALYSED BY HR-MAS NMR

d/at+h d/at+b

0-BR 1.351 Silica + 0-BR 1.235
0-BR + tert-Dodecanethiol 0.287 Silica + 0-BR + tert-Dodecanethiol 0.901
% reacted vinyl groups 78.8 % % reacted vinyl groups 27.0 %
o-BR+ ‘” ‘ ‘ ‘ ‘ Silica + 0-BR + 00
d f ‘ tert-Dodecanethiol ” " “ ‘ tert-Dodecanethiol z:
i I [
lb e ‘) \E \\L . i.‘H' -
l | (- {l
I

Negative influence of water?
UNIVERSITY OF TWENTE. Immobilization of thioles on silica surface?


Presenter
Presentation Notes
This slide compares the effectiveness of modification of virgin o-BR and o-BR grafted on silica surface showing that the effectivenes of the virgin o-BR modification is higher. Also discusses possible factors causing this effect. o-BR grafted on silica surface was analysed by HR-MAS NMR (high resolution, magic-angle spinning nuclear magnetic resonance)




Presenter
Presentation Notes
This slide compares the nano-morphology of the silica surface modified with o-BR and o-BR with tert-dodecanthiol branches. The EFTEM (Energy-filtered Transmission electron microscopy) pictures show distribution of elements: carbon (C) – red, oxygen (O) – light blue, silicon (Si) – dark blue. The pictures show better covering of the modified o-BR on the silica surface.


¥, GREEN MIXES PERFORMANCE
PREPARATION OF SILICA FILLED SSBR GREEN MIXES

SSBR 100 phr + 70 phr of:

» Silica + Trimethylethoxysilane (TMES) Thioles

> Silica + Dodecyltriethoxysilane (D-DTES) ~ cecccccmcccmcceeee
> Silica + Isocy_silane_o-BR + tert-Dodecanethiol tert-Dodecanethiol

> Silica + Isocy_silane_o-BR + 1-Hexadecanethiol m
HS

..----P.'.QTE? _____ ,_____-[MI_E_S_____ 1-Hexadecanethiol
: CLHE' : :\ -: T N N S S gy
] 0 i Si_ i e e
i HaC™ ™ 0" "CHa(CH2)10CHa i i / O /\:
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Presenter
Presentation Notes
This slide shows the preparation procedure of rubber mixes based on SSBR (solution styrene-butadiene rubber) filled with two modifed silica samples and two silica samples modified with reference silanes TMES and D-DTES.
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PROPERTIES OF THE MIXES
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Presentation Notes
This slide shows the difference in relaxation of the samples at 60 °C


¥ GREEN MIXES PERFORMANCE

PROPERTIES OF THE MIXES
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Presenter
Presentation Notes
This slide shows the difference in relaxation of the samples at 200 °C showing a great increase of rubber/filler interactions the samples with the molecular hooks due to increased molecular mobility



GREEN MIXES PERFORMANCE

PROPERTIES OF THE MIXES
Share modulus vs. Strain; 60 °C
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Presentation Notes
This slide shows the difference in share and storage modulus of the samples at 60 °C and 200 °C showing an increase of rubber/filler interactions the samples with the molecular hooks due to increased molecular mobility



GREEN MIXES PERFORMANCE
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Presentation Notes
This slide shows the difference in loss modulus and tanges delta of the samples at 60 °C and 200 °C


SUMMARY
NEXT STEPS

\Wé 0O-BR modified with small-molecular thioles:

* /ﬁ » TGA analysis of silica modified with the variuos compounds
~ » Enchancing efficiency and analysis of thioles reaction with vinyl

groups of the oligomer backbone grafted and not-grafted on
silica surface

Green mixes filled with the modified silica:

) > Preparation of rubber samples filled with silica covered with
0-BR and Cyclohexanethiol modified 0-BR

» DMA analysis of the samples

» SEM and DisperGrader analysis of the samples

/' UNIVERSITY OF TWENTE.




SUMMARY
CONCLUSIONS

-

-~ Conclusions:
=

“& X » Reaction between telechelic monohydroxy-butadiene oligomer

/}\ (0-BR) and isocyanate silane allows grafting of relatively large

organic chains on silica surface with high efficiency.

» Utilization of polybutadiene backbone containing vinyl groups
enables effective branching of the macromolecule with various
thioles.

» Developed procedure provides a simple and effective method of

long branched-molecules grafting on silica surface.

& > Addition of modified silica to SSBR rubber results in interesting
dynamic properties, especially at elevated temperature when
macromolecular mobility is high.
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