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Highly stretchable and super tough nanocomposite physical
hydrogels (NCP gels) are fabricated by a facile and one-pot
process. NCP gels show superior mechanical properties with
tensile strength of 73 kPa - 313 kPa and elongation at break
of 1210 % - 3420 %. This is due to the effective strengthening
mechanism: under stretching, the intermolecular hydrogen
bonds can dynamically break and recombine to dissipate
energy and homogenize the gel network simultaneously. And
vinyl hybrid silica nanoparticles (VSNPs) can work as stress
transfer centres to transfer the stress to the grafted polymer
chains.

Hydrogel is a three dimensional polymeric network containing
a large amount of water, and has attracted much attention over the
past two decades due to their promising applications in tissue
engineering and regenerative medicine!' %, drug and cell delivery?®*,
and cosmetics. However, the mechanical properties of conventional
chemically crosslinked hydrogels (C gel) are inherently weak (e.g. <
100 kPa) due to their inhomogeneous network structure and the lack
of energy dissipation mechanism.”® To date, many attempts have
been made to prepare hydrogels with enhanced mechanical
properties, by optimizing network structures””, or introducing
multifunctional crosslinker’® %1% 21! Qutstanding representatives
include double network  gels!®'"  topological  gels!'®,
nanocomposite gels'”?? and hybrid gels®***. Okay et al®
prepared a physical hydrogel with extremely stretchability which is
crosslinked by hydrophobic interaction. And the tensile strength of
this hydrogel is a few dozen kPa. Haraguchi® ') and Gong?*®
reported physical hydrogels with high tensile strength. And the
elongation at break of them is with an approximate value of 1000 %.
Here, we fabricate nanocomposite physical hydrogels (NCP gels) by
a facile process, which shows a great balanced performance on both
the tensile strength and the elongation at break.

In our previous works?’>%, we used Stéber procedurel®" to
prepare silica nanoparticles and modified them with y-
methacryloxypropyltrimethoxysilane. Then, the monomer, acrylic
acid (AA), in situ grafting polymerized from the surface of silica
nanoparticles to form a physical gel, which is crosslinked by
intermolecular hydrogen bonds among the grafted poly (acrylic acid)
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(PAA) chains. The physical gel demonstrated excellent mechanical
properties. However, its strengthening mechanism is still elusive.

In order to understand the strengthening mechanism of the gels,
and further improve the mechanical properties of NCP gels, in this
study we synthesized three vinyl hybrid silica nanoparticles
(VSNPs) of varying diameters to replace the silica nanoparticles in
the NCP gels, and developed a series of highly stretchable and tough
NCP gels. We found that the tensile strength and the elongation at
break of these physical gels can be modulated within a wide range of
73 kPa - 313 kPa and 1210 % - 3420 %, respectively, by simply
varying the mass fraction and/or diameters of VSNPs. Based on
these results, we propose a mechanism to explain the superior
mechanical properties of NCP gels.

Figure la shows the schematic illustration of the preparation
process and structure model of NCP gel. To prepare the NCP gels,
the VSNPs were first prepared with good dispersion and stability in
aqueous solution using a general sol-gel processi®*>**. Then acryl
amide (AM) monomers and the ammonium persulfate initiator were
introduced; the latter is known to be able to adsorb on the surface of
VSNPsUL. It should be noted that no crosslinker was used in this
study to promote the formation of NCP gels. Next, radical grafting
polymerization was thermally initiated from the vinyl groups on the
surface of VSNPs, leading to the formation of the grafted polymer
chains, with one terminus attached to one VSNP and the other
hanging freely in water to interact with other polymers to form a
nanobrush gelator. Since the acrylamide repeat units are capable of
forming strong hydrogen bonds* with each other, a NCP gel can be
achieved by intermolecular hydrogen bonds. Consequently the
VSNP in the gelator could spontaneously serve as multifunctional
chemical crosslinking point in the gels, i.e. an analogous
crosslinking point (ACP)m]. Since the network of NCP gel is
constructed by the intermolecular hydrogen bonds, they could
undergo a gel-sol transition if these physical crosslinking points are
disrupted by hydrogen bond dissociator, such as urea (see Figure S1).

In this study, NCP gels are designated as NCP-X-Y, where X
denotes the diameter of VSNPs, and Y is the content of VSNPs
expressed as a weight percentage with respect to the weight of
monomer used in the preparation of NCP gels. For example, NCP-3-
0.6 represents that the content of VSNPs with a diameter of 3 nm is
0.6 wt % relative to the weight of AM in NCP gel.
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Figure 1. a) Schematic representation of the fabrication process of NCP gel and its network structure model. In the structure model, only a small number of polymer
chains are depicted for simplicity. Transmission electron microscopy (TEM) images of highly monodisperse vinyl hybrid silica nanoparticles (VSNP) with a diameter of

b) 3 nm, ¢) 52 nm, and d) 247 nm, synthesized by a sol-gel process.

Three VSNPs with different diameters were prepared as shown
in Figure 1b-c. TEM observations reveal that VSNPs are nanometer-
sized and highly monodisperse, which are synthesized using a
general sol-gel process®*¥ in aqueous solution. The average
diameters of VSNPs are 3 nm, 52 nm and 247 nm, respectively. The
aqueous dispersions of VSNPs are quite stable and no aggregates
became visible even after 30 days (see Figure S2 and Figure S3).
The FTIR studies confirm that a large amount of vinyl groups are
displayed on the surface of VSNPs (see Figure S4), as evident by the
appearance of vy /cm ' at 3062 and 2959 (=CH?), 3024 (=CH-),
1602 (C=C), and 767 (Si-C).

Figure 2a shows the tensile stress-strain curves of NCP-X-0.6
gels. All of the NCP-gels are tough and highly stretchable (see
Figure S5), with their high elongation at break of 2409 %, 2758 %,
and 3420 % for NCP-3-0.6, NCP-52-0.6, and NCP-247-0.6,
respectively, which are about one order of magnitude higher than
that of C gel™ '®. The tensile strength of NCP-3-0.6 gels is several
times higher compared to that of C gel. Therefore, a great
improvement in elongation at break and tensile strength have been
achieved in NCP gel.

When the diameter of VSNPs was changed from 247 nm to 3
nm, the initial tensile modulus shows little change, which is
approximately 40 kPa as shown in Figure 2b. This is due to the fact
that the initial tensile modulus is mainly dependent on the density of

2 | J. Name., [year], [vol], 00-00

intermolecular hydrogen bonds, which serve as physical crosslinking
points in NCP gels. At a fixed polymer concentration, the density of
intermolecular hydrogen bonds should not be dramatically different.
With the further tension, the NCP gel with smaller VSNPs can
sustain much larger stress due to the analogous crosslinking effect of
VSNPs. In the NCP-X-0.6 gels, the quantity of VSNPs and their
specific surface area should increase with the decrease of their
diameter, which leads to the increase of the density of ACPs. As a
result, NCP-X-0.6 gel with smaller VSNPs can tolerate much larger
stress at a fixed strain. The elongation at break of NCP-X-0.6 gels
decreases in a small range in response to the decrease of the diameter
of VSNPs, as shown in Figure 2c. This is possibly due to the
increased number of grafting polymer chains on VSNPs and the
simultaneous decrease of their average chain length. According to
the structural model shown in Figure la, the longer the grafting
polymer chains in the NCP gel, the longer elongation at break is.
This is verified by determining the viscous average molecular weight
of the grafting polymer chains separated from NCP-X-0.6 gels (see
Table S1). The tensile strength of NCP-X-0.6 gels increases
remarkably with decreasing the diameter of VSNPs, as shown in
Figure 2d. This is possibly because VSNPs with smaller diameter
can work as ACPs much more effectively to assure that the gel
withstands much more stress at a fixed strain and the elongation at
break only changes in a small range.

This journal is © The Royal Society of Chemistry [year]
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Figure 2. Mechanical properties of NCP-X-0.6 gels. a) Stress-strain curves of NCP-X-0.6 gels, b) tensile modulus, c) elongation at break, d) tensile strength. Here
X denotes the diameter of VSNPs, and the content of VSNP is fixed to be 0.6 wt % with respect to the weight of monomer used in the preparation of NCP gels.

Furthermore, the effect of VSNPs on the mechanical properties
of NCP-3-Y gels was investigated. Figure 3a shows the typical
stress-strain curves for NCP-3-Y gels and linear PAM physical
hydrogel (LP gel) P°%1 under stretching. Comprehensively, NCP
gels exhibits a remarkably improvement in the mechanical properties,
compared to LP gel. This result illustrates the important role of
VSNPs on the toughing of NCP gels, which would be discussed later.
At the strain smaller than 150%, NCP gels show almost identical
stress-strain behavior with LP gel, suggesting that the intermolecular
hydrogen bond among PAM chains is the primary contributing
factor to withstand the stress. When the strain is higher than 150%,
the stress tolerated by the NCP gel increases with the increase of the
VSNP content. This observation indicates that VSNP acts as ACP in
NCP gels to maintain the gel network even when the intermolecular
hydrogen bonds start to break under the condition of tension.
However, the stress of the LP gel decreases slowly with the sample
necking above 150 % elongation ratio.

Figure 3b shows that the initial tensile moduli of NCP-3-Y gels
are independent of the VSNP contents, which is about 40 kPa and
close to the value of the LP gel. This unexpected observation can be
possibly explained by the dependence of the tensile modulus on the
density of crosslinking points in gel. At the initial stage of tension,
intermolecular hydrogen bonds among PAM chains act as physical
crosslinking points, and should have a similar crosslinking density
for NCP-3-Y gels and LP gel with the same PAM concentration. So
the initial tensile moduli of them are almost of the same value. With
further stretching, the NCP-3-Y gel containing a higher VSNP
content shows a higher value of modulus under the same strain,
which can be attributed to the enhanced analogous crosslinking
effect of VSNPs as shown in Figure 3a.

This journal is © The Royal Society of Chemistry [year]

Obviously, NCP-3-Y gels are highly stretchable, since their
respective high elongation at break is greater than 3000 % for NCP-
3-0.2 and NCP-3-0.4, and 2000 % for NCP-3-0.6 and NCP-3-0.8. It
is also clear that VSNPs contribute significantly to the observed high
stretchability because all the NCP-3-Y gels demonstrate much higher
elongation at break than that of LP gel (843 %), as shown in Figure
3c. The fact that the elongation at break of NCP-3-Y gels decrease
remarkably with the increase of VSNP content could be attributed to
the decrease of the average chain length of grafting polymer chains
on VSNPs with increasing the VSNP content (see Figure S8). These
results correlate well with the result of NCP-X-0.6 gels with the
change in the diameter of VSNPs.

Based on Figure 3d, the tensile strength of the NCP-3-Y gels
ranges from 135 to 313 kPa, all much higher than that of the LP gel
and C gel. With the increase of the VSNP content, it is apparent that
the tensile strength of the NCP-3-Y gels first increases to the value
of 313 kPa for NCP-3-0.4 gel and then decreases monotonically as
shown in Figure 3b. This result is attributed to the effect of the
VSNP content on the density of ACPs and the average chain length
of grafted polymer chains in the NCP-3-Y gels. With VSNP content
increasing to 0.4 wt % for NCP-3-0.4 gel, the density of ACPs
increases remarkably and the average chain length decreases in a
small range (see Figure S8), which leads to the increase of tensile
strength of NCP-3-Y gels. With a further increase of VSNP content,
the density of ACPs became too high and the average chain length
decreases remarkably to a small value, which makes the NCP-3-Y
gels brittle. So a decrease in the tensile strength of NCP-3-Y gels is
exhibited.
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Figure 3. Mechanical properties of NCP-3-Y gels. a) Stress-strain curves of NCP-3-Y gels and LP gel, b) tensile modulus, c) elongation at break, d) tensile strength.
Here Y is the content of VSNPs expressed as a weight percentage with respect to the weight of monomer used in the preparation of NCP gels, and the diameter of VSNP

is fixed at 3 nm.

It is obvious that NCP gels show superior mechanical properties,
especially toughness and high stretchability, both of which could be
tuned by the change of the diameter of VSNPs and/or their content.
The remarkable enhancement of the NCP gels could be explained in
terms of their unique network structure and effective strengthening
mechanism as shown in Figure 4. When a NCP gel is subjected to a
tension force, the intermolecular hydrogen bonds as reversible
physical crosslinking points could dynamically break and recombine
to dissipate energy as shown in Figure 4b. This dynamic process

would reorganize the polymer chains to homogenize the gel network
as shown in Figure 4c. It should be noted that the VSNPs maintain
the gel network and tolerate stress even when part of the
intermolecular hydrogen bonds start to break. After the gel network
homogenization, the applied stress could be rapidly and uniformly
distributed in the whole network, with the multifunctional VSNP as
a transfer center. Thus, this highly effective strengthening
mechanism assures NCP gels to show excellent mechanical
performance.
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Figure 4. Schematic illustration of the structural change and the strengthening mechanism of the NCP gel under uniaxial stretching.

Conclusion

In summary, nanocomposite physical hydrogels (NCP
gels) with superior toughness and high stretchability were
prepared by taking advantage of the intermolecular hydrogen
bond among the grafted polymer chains from VSNPs. Under

4 | J. Name., [year], [vol], 00-00

tension, the strengthening mechanism of NCP gels is based on
three steps: 1) the break of intermolecular hydrogen bond could
effectively dissipate energy; 2) the recombination of hydrogen
bond could homogenize the gel network; 3) VSNP as a transfer
centre of stress could effectively transfer stress to the network
chains grafted on their surfaces. Thus, NCP gels exhibit
superior mechanical properties, which could be tailored over a

This journal is © The Royal Society of Chemistry [year]
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wide range by varying the diameter and/or the contents of
VSNPs.

Acknowledgement
This work was financially supported by National Science Foundation of
China (No. 21474058)

Notes and references

¢ Key Laboratory of Advanced Materials (MOE), Department of

Chemical Engineering, Tsinghua University, Beijing, 100084, PR China.

Tel: 86-10-62773607; E-mail: xxm-dce@mail.tsinghua.edu.cn

Electronic ~ Supplementary  Information  (ESI)

DOI: 10.1039/c000000x/

1 H. G. Cui, M. J. Webber and S. 1. Stupp, Biopolymers (Pept. Sci.),
2010, 94, 1.

2 M. W. Tibbitt, and K. S. Anseth. Biotechnol. Bioeng., 2009, 103,
655.

3 N. Annabi, A. Tamayol, J. A. Uquillas, M. Akbari, L. E. Bertassoni,
C. Cha, G. Camci-Unal, M. R. Dokmeci, N. A. Peppas and A.
Khademhosseini, Adv. Mater., 2014, 26, 85.

4 J. K. Oh, R. Drumright, D. J. Siegwart, and K. Matyjaszewski, Prog.

Polym. Sci., 2008, 33, 448.

K. Haraguchi, and T. Takehisa, Adv. Mater., 2002, 14, 1120.

P. Calvert, Adv. Mater., 2009, 21, 743.

Y. Okumura, and K. Ito, Adv. Mater., 2001, 13, 485.

J. P. Gong, Y. Katsuyama, T. Kurokama, and Y. Osada, Adv. Mater.,

2003, 15, 1155.

9 T. Sakai, T. Matsunaga, Y. Yamamoto, C. Ito, R. Yoshida, S. Suzuki,
N. Sasaki, M. Shibayama, and U. I. Chung, Macromolecules, 2008,
41, 5379.

10 J. Q. Liu, C. F. Chen, C. C. He, J. Zhao, X. J. Yang, and H. L. Wang,
ACS Nano., 2012, 6, 8194.

11 C.C. He, K. X. Jiao, X. Zhang, M. Xiang, Z. Y. Li, and H. L. Wang,
Soft Matter, 2011, 7, 2943.

12 R. Q. Liu, S. M. Liang, X. Z. Tang, D. Yan, X. F. Li, and Z. Z. Yu, J.
Mater. Chem., 2012, 22, 14160.

13 J. Hu, T. Kurokawa, K. Hiwatashi, T. Nakajima, Z. L. Wu, S. M.
Liang, and J. P. Gong, Macromolecules, 2012, 45, 5218.

14 J. Hu, K. Hiwatashi, T. Kurokawa, S. M. Liang, Z. L. Wu, and J. P.
Gong, Macromolecules, 2011, 44, 7775.

15 G. R. Gao. G. L. Du, Y. J. Cheng, and J. Fu, J. Mater. Chem. B,
2014, 2, 1539.

16 1. Aranaz, E. Martinez-Campos, M. E. Nash, M. G. Tardajos, H.
Reinecke, C. Elvira, V. Ramos, J. L. Lopez-Lacomba, and A.
Gallardo, J. Mater. Chem. B, 2014, 2, 3839.

17 H. Y. Yin, T. Akasaki, T. L. Sun, T. Nakajima, T. Kurokawa, T.
Nonoyama, T. Taira, Y. Saruwatari, and J. P. Gong, J. Mater. Chem.
B, 2013, 1, 3685.

18 K. Ito, Polym. J., 2007, 39, 489.

19 K. Haraguchi, T. Takehisa, and S. Fan, Macromolecules, 2002, 35,
10162.

20 M.F.Zhu, Y. Liu, B. Sun, W. Zhang, X. L. Liu, H. Yu, Y. Zhang, D.
Kuckling, and H. P. Adler, Macromol. Rapid Commun., 2006, 27,
1023.

21 N. Y. Kostina, S. Sharifi, A.S. Pereira, J. Michalek, D. W. Grijpma,
and C. Rodriguez-Emmenegger, J. Mater. Chem. B, 2013, 1, 5644.

available:  See

0 N AN W

This journal is © The Royal Society of Chemistry [year]

Journal of Materials Chemistry B

22 Z.Y.Li Y.L Su B. Q. Xie, H L. Wang, T. Wen, C. C. He, H.
Shen, D. C. Wu, and D. J. Wang, J. Mater. Chem. B, 2013, 1, 1755.

23 J.Y. Sun, X. H. Zhao, W. R. K. Illeperuma, O. Chaudhuri, K. H. Oh,
D. J. Mooney, J. J. Vlassak, and Z. G. Suo, Nature, 2012, 22, 133.

24 J.Y.Li, Z. G. Suo, J. J. Vlassak, J. Mater. Chem. B, 2014, 2, 6708.

25 D. C. Tuncaboylu, M. Sari, W. Oppermann, and O. Okay,
Macromolecules, 2011, 44, 4997.

26 T. L. Sun, T. Kurokawa, S. Kuroda, A. B. Ihsan, T. Akasaki,
K. Sato, M. A. Haque, T. Nakajima and J. P. Gong, Nat.
Mater., 2013, 12, 932.

27 J. Yang, X. P. Wang, and X. M. Xie, Soft Matter, 2012, 8, 1058.

28 J. Yang, F. K. Shi, C. Gong, and X. M. Xie, J. Colloid Interf. Sci.,
2012, 381, 107.

29 J. Yang, C. Gong, F. K. Shi, and X. M. Xie, J. Phys. Chem. B, 2012,
116, 12038.

30 J. Yang, C. R. Han, J. F. Duan, M. G. Ma, X. M. Zhang, F. Xu, R. C.
Sun, and X. M. Xie, J. Mater. Chem., 2012, 22, 22467

31 W. Stdber, A. Fink, and E. Bohn. J. Colloid Interface Sci., 1968, 26,
62.

32 T.S. Deng, Q. F. Zhang, J. Y. Zhang, X. Shen, K. T. Zhu, and J. L.
‘Wau, J. Colloid Interface Sci., 2009, 329, 292.

33 Z. Meng, C. Y. Xue, Q. H. Zhang, X. H. Yu, K. Xi, and X. D. Jia,
Langmuir, 2009, 25, 7879.

34 D. A. Dixon, K. D. Dobbs, and J. J. Valentini, J. Phys. Chem., 1994,
98, 13435.

35 G. Song, L. Zhang, C. He, D. C. Fang, P. G. Whitten, and H. Wang,
Macromolecules, 2013, 46, 7423—7435.

36 J. Cui and A. Campo, Chem. Commun., 2012, 48, 9302.

J. Name., [year], [vol], 00-00 | 5



Journal of Materials Chemistry B Page 6 of 6

Nanocomposite physical hydrogels fabricated by a one-step polymerization shows
ultra-extensibility and toughness due to an effective strengthening mechanism.

under stretching



