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Figure 1 Different kinds of carbon-based nanomaterials"*’
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Figure 2 Thermal-responsive graphene modified with pyrene-terminated PNIPAM?

(A) A schematic depicting the synthesis of pyrene-terminated PNIPAM and the subsequent attachment of
the polymer onto graphene; (B) AFM images of graphene before (left) and after (right) modification with
pyrene-functional PNIPAM; (C) TGA curves of graphene, PNIPAM, and graphene/PNIPAM hybrids;
(D) Thermal turbidity testing of the graphene/PNIPAM hybrids in H, O.
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Figure 3 Temperature-sensitive block copolymer brush-GO hybrid with fluorescence?*

(A) Schematic illustration of selective fluorescence detection of TNP and the thermal response of the Alg;-containing
block copolymer brush-GO hybrid; (B) TEM image of the hybrid; (C) Changes in PL intensity at 524 nm as a
function of temperature for the hybrid, (D) and the corresponding cycles of heating-cooling at above and

below the LCST of the hybrid.
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Figure 4 Polymer/reduced graphene oxide hybrid with temperature controlled catalytic efficiency"*"
(A) General scheme for the synthesis of the P(INIPAM-co-ETMA)-CTA copolymer; (B) Schematic illustration of the
preparation and catalytic application of the Au NPs@GFDP catalyst; (C) p-NP concentration versus time
(zero-order kinetics) plots of the p-NP reduction at different temperatures, and (D) the dependence of

the apparent rate constant (k) on temperature,
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Figure 5 Dual stimuli-responsive polymer PIL/MWCNT hybrids'?

(A) Synthesis of the [ VBTP][Cl] monomer and corresponding polymer PIL; (B) Schematic representation of
halide ion-induced soluble-insoluble and thermo-induced insoluble-soluble UCST-type phase transition of
aqueous PIL solution; (C) TEM image of MWCNTs stabilized with PIL in water; (D) Photographs of dual
responsiveness of PIL-stabilized MWCNT dispersion in water.
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Figure 6 SWNTs stabilized by temperature-sensitive polymers with different structure
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ble change of the transmittance of SWNT dispersions at 600nm on alternate heating and cooling.
The inset images of the (1) p-SPNIPAM/SWNT and (2) p-PNIPAM/SWNT hybrids dispersed in water refer to the
corresponding situations. TEM images of (B) p-SPNIPAM/SWNT and (C) p-PNIPAM/SWNT hybrids in water at 40°C.
Schematic illustration of the different dispersibility of SWNTs for (D) star-shaped p-SPNIPAM and

(E) linear p-PNIPAM and their thermo-responsive behaviour in water.
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Figure 7 SWNTs modified with pentablock thermo-responsive polymer
(A) The molecular structure of pentablock terpolymer (PNIPAM-F108-PNIPAM) ;
(B) HR-TEM images of pentablock/SWNTs hybrids in water at 25°C (B, C) and 50°C.
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Figure 8 pH-responsive chitosan-mediated rGO dispersions™!"
(A) Photographs of the chitosan/GO suspension before (left) and after (right) reduction; (B) SEM image of the
rGO obtained by reducing GO in the presence of chitosan; (C) pH-responsiveness of the rGO/chitosan suspension:
transmittance (up) and ¢ potential (down) of the supernatants of rGO/chitosan suspensions with different pH values;

(D) Schematic illustration of the reversible changes of the chitosan/rGO in aqueous media with pH as a stimulus.

(Hela.HepG2) /= 2% i 32 £ 1A H
2.3 St Rz B a0 ok Bk 4L A R

DI 07 SR ) 1 G AR AR AN [R) I8 8 01 BT 23 2 2B 78 Ak T 3 S0 40 DK B REAS [ 19 43 HOIR 28 B
MISCHERES' ™, Zhang S5V AE 2008 AR il £ T HL AT Sl R Ry i) SWNTs 20 0K Can &l 12 Jrs) .
T SWNTs It A B & A = 25 35 B g A o 2 9 38 £ % (PEG-MG) /K8 Wi - A7 88 75 A B, JRAE 1Y
SWNTs 7£ 88 7 VT i 43 B0 - 1 PEG-MG W 2 MG 3 A1 5 8k 990K 8T8 B o A0 BV A I I B 8
SWNTs #1fi , B 1k SWNTs %, e & 45 2 5 09 2 8Ol (WL 12A) . AFM 43 BT 2B, JLF B i i
SWNTs #8415 50 8. XPS /- % 8, SWNTs 78 PEG-MG/SWNTs & &4 h i) it & ik 3] 56. 9%, Uk
B PEG-MG X} SWNTs BHAT R 471 50 BOACR . SR X 48 BOR2EAT Th S8 4G BRGS0 8O il K 6 2%
AR JL/NE E SRR B T SWNTs JidE . AFM il 5] SWNTs B4 —.'H NMR 4
BrioR &G R MG 571k A5 SWNTs 72 4E ox fE. fEE N, MG #5765 ., %
JKME B M 5 i R G W A R A B A A K S BOL AR R AE SWNT's 3R, 8l 3R 4 0F 7 A=
TUVE .

B 5 A DR 5L PRMOR 50 20 1 e il - IR A AR SR T e 13 A SWN'T's Z= 64 Cn
B 13 s . w el as 7 B A e v - AR LR 13A) - S AR A R £~ (AzoPEO) M & 2

10. 14028/j. enki. 1003-3726. 2017. 10. 011



o
>
&«
&

« 116 - Eild 2017 4F 10 A

coon 1O o ot
A coou o x>

- Hummers method

&?”
I)s07vme
oM (_?
-y g P "6 NS D
- N\
9 hyd coom P
K ydrazine . %@‘%) %a.“o.,'?%’
: 80 24h (o - Ly
Vg % c<ooy ¢
s ey

rof.- 0"
oo

-graphlte- GO GMlysozyme " lys-RGO

Vnw Femy (73 J\/}"~ W}“ (G”

B9 BET TR pH o 1 B AR Ak I D5 A B A
CAD 3 3 JEAV 38 I 77 35 1l 6 1ys/RGO 238U s (B lys/RGO 48U 7E pH 24 12. 10 1 B K-
(Olys/RGO 73 il (¥ pH (AL A7 70 5IFEAR 2 12.10.8.15.5. 85 LA 4. 11 PRI I A
Figure 9 pH-Sensitive reduced graphene oxide solution using lysozymet**]
(A) Synthesis of lys-RGO solution by the in situ reduction method; (B) lys-RGO solutions with initial pH value at

12.10, and (C) 2 days after adjusting the pH value to 12. 10, 8. 15, 5. 85 and 4. 11. from left to right, respectively.

1IN HCI
I N HCI N NaOH
IN \n()ll
Shakmg
® = Dispersing agent (Na salt) @®=C orrc\pondmg carboxylic
acid (insoluble)

Bl10 HA YA A pH W LR P 5 4/ SWNTSs Ze fb =
CAD I B R AL & 9 /SWNTs S 8O 1 pH M Rz BE R 5 (B) I [ 85 kAl & 4/ SWNT's G380 % pH i Rz AL BER 35 18T

[29]

Figure 10 pH-responsive reversible dispersion of biocompatible SWNTs/amphiphile hybrids
(A) Dispersion of SWNTs in aqueous solution of cholesterol based peptide carboxylates, precipitation and
redispersion effects with HCl and NaOH, respectively; (B) Schematic representation of pH-responsive

reversible dispersion/precipitation phenomena.
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Figure 11  Schematic representation of pH-responsive SWCNT's precipitation and drug release*
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[34]

Figure 12 Light-controlled SWNTs dispersions in aqueous solution
(A) Schematic diagram of the dispersion of SWNTs by PEG-MG and their re-aggregation with UV Irradiation;
(B) Photograph of aqueous solution of SWNTs (left) and SWNTs/PEG-MG complex (right); (C) AFM image of
SWNTs/PEG-MG complex with a scan area of 2umX2um; (D) AFM
image of SWNTs/PEG-MG after 1h of UV irradiation and the scan area is 2pmX 2pm.
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JeRE PRl SWNTs 120 wesk A RARES .
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Figure 13  Light-switchable SWNTs based on host-guest chemistry-"]

(A) The synthesis strategies for azobenzene-containing PEO (AzoPEO) and pyrene-labelled g-cyclodextrin (p-CD) ;
(B) Appearances of SWNTs and SWNTs hybrids in water after two months of storage: (1) original SWNTs in H20;
(2) p-CD/SWNT hybrids in H,O; (3) AzoPEO/SWNT hybrids in H,O; (4) AzoPEO/p-CD/SWNT
hybrids in H,O; (C) Reversible change of the transmittance of the dispersion at 600nm upon alternative UV
and Vis irradiation. The inset images of the AzoPEQ/ p-CD/SWNTs hybrids dispersed in water refer to
corresponding situations; (D) Schematic illustration of (up) SWNTs modified by p-CD and AzoPEO, and
(down) its responses to the stimulus of UV or Vis; (E) Resistance versus transmittance at 600 nm before and after UV
irradiation for SWNTs hybrids based transparent conducting films. The inset image is the film after treating with UV.
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Figure 14 Reversible dispersion of SWNTs based on a CO,-responsive dispersant!'*
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Figure 15 Schematic illustration of the gas-controlled dispersion of graphene
Graphene exhibited reversible dispersion/aggregation in water upon the bubbling/removal of CO,, owing to

the protonation/deprotonation of the CO,-sensitive dispersant DPPBM**)
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Figure 16 CO,-responsive SWNTs!*

(A) The synthesis strategy for the pyrene-labelled CO,-responsive polymer p-AP,, ; Hydrophobic-hydrophilic
transition of p-AP;, /SWNT hybrids in DCM/water before (B) and after (C) bubbling CO,, monitored by the
fluorescence emission spectrum; (D) Schematic illustration of the dispersion of SWNTs by p-AP,, and their
response to the stimulus of CO; in different solvents; (E) Variation in the transmittance of the p-AP;, /SWNT

suspension at a wavelength of 610nm as a function of CO, bubbling time at 25°C.

E B, A E) 0. 54mgemL ", HAKAREE T MET 19 CO, M i vl B B4 M Can @ 18 i) .
EHEBRPNABEEHERSEHRE OB 20 BEM RS, il Li E &5 m T

10. 14028/j. cnki. 1003-3726. 2017. 10. 011



. 122 . = i I i} B 2017 4F 10 A

BT T = RAGUEATAEY MET (9 CO, 1 3 AL A7 805 43 #OR-
(AMMET &4 8506 K CO, i i AL () 7R 2 & 5 (B) A S8 I 22 2liK Ft MET 7K 38 W b 40 5 I8 R
(OMET/rGO KW 9 TEM 8 i 5 (D)MET/rGO 3 80 A CO, J5 1Y TEM B R 1 B S AR 09 SE ) B f
Figure 17 CO,-induced reversible dispersion of graphene by a melamine derivative (MET)t

(A) Schematic illustration of graphene dispersion by MET and its response to the stimulus of CO,; (B) Snapshots of
rGO dispersed in distilled water and MET aqueous solution; (C) TEM image of rGO dispersed in MET
aqueous solution; (D) TEM image of aggregated graphene sheets after bubbling CO,, and the inset is

a corresponding picture of precipitated graphene.
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Figure 18 Smart graphene dispersion stabilized by a CO,-removable polymer!*®]

(A) The synthesis strategy of CO,-responsive diblock copolymer PEO--PANME (PEA); (B) Snapshot of rGO
dispersed in PEO and PEA aqueous solution; (C) Snapshots of PEA/rGO dispersion with and without CO, ;
(D) Dialysis of PEA/rGO dispersion with and without CO, against deionized water.
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Figure 19 CO,-switchable graphene dispersions and their polystyrene nanocomposite latexes by
direct exfoliation of graphite using hyperbranched polyethylene surfactantst™
(A) Preparation of graphene dispersions from exfoliation of pristine graphite with HBPE-P(DMAEMA-co-DEAEMA)s
and their reversible aggregation and redispersion with CO, /N, treatment; (B) Appearance of graphene dispersion after

multiple CO, /N, reversible aggregation and redispersion; (C) TEM image of graphene/PS nanocomposite latex;

(D) Demulsification of graphene/PS nanocomposite latex by bubbling N,.

10. 14028/j. cnki. 1003-3726. 2017. 10. 011



55 10 1]

i
=
-
&
=4

N
/N
B
NaN(CN)2
Disperse
in Water )
Filter
o ‘\‘ Graphene
3 in Water
q

Graphene
in Acetone

Fm Aerse in

TBABr Acetone

Pl 20 [ s - o o 2y A A 43 O
(D= BER AW HGI > T4 *’AJ;(B)/’HJFHﬁ%Fﬂ%?ﬂﬁﬁj‘f&ﬁmﬂ%ﬁ%%M?k*%%?ﬂﬁﬁlﬂ,
HERE BK R

Figure 20  Anion-responsive graphene dispersion®®

(A) Molecular structure of TB triblock copolymer; (B) Solvent-transfer cycle from water to acetone and back to water.

A stable aqueous dispersion is destabilized by addition of NaN(CN),, filtered, redispersed in acetone,

destabilized by addition of TBABr, filtered, and then redispersed in water.
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Stimuli-Responsive Carbon-based Hybrid Nanomaterials

YIN Hong-yao, SU Xin, FENG Yu-jun*
(Polymer Research Institute . State Key Laboratory of Polymer Materials Engineering .
Sichuan University , Chengdu 610065, China)

Abstract: Both carbon nanotubes and graphene are typical carbon-based nanomaterials, whose nanoscale size imparts
them excellent optical, electric, thermal and mechanical properties. However, both of them are difficult to be dissolved in
common solvents due to the strong van der Waals interaction between individual tubes or sheets, which largely impedes
their practical applications. In order to overcome such problems, polymers or small molecules are often used to modify these
carbon-based materials to improve their solubility. Interestingly, stimuli-responsive polymers or small molecules can not
only enhance their solubility, but also endow them with smart properties. This mini-review summarizes the recent progress
in modification of carbon nanotubes and graphene using stimuli-responsive polymers or small molecules, and their smart
properties as well as applications. The perspectives and future development of such nano carbon materials are outlooked to
close the review.

Key words: Carbon-based nanomaterials; Stimulus-responsiveness; Surface modification; Smart property
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