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Fig. 1. Schematic representation of the PNIPAM tethered
to nanoparticle surface. Bonding between PNIPAM and
SCN by formation of P—S bonds.

% & PNIPAM WS4, BHEF (SCN)., FH
BT (K KT HREshE, LUK R P4 Rl
HAEH, PNIPAM BRIkl & 48 19 Helmholtz H
AER] RN A

BE S, D5 PPy  BFue AU
A" mA mAT A tA T4

+ 656 + % / [t p () + p—p—(r)]dr,

(1)
K BRI 1/ksT .

Jr FE (1) A7 v AR — T B8 Iy AR R
PNIPAM 19 44 5 i F1 B 25 7 (SCN-). BH & F
(K*) KA HO-F- Bl 1621, A% 30 0 s 3 1
1) PNIPAM V-3 BT LA R
N, Z P(a)vy(z; a)dr

4mr? ’

(¢p(r)) dr = (2)

214701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 21 (2019)

214701

K P(a) /& PNIPAM AbF o MR A HEAR 7070 bR
0 (PDF), vp(z;0) BT o IR R PNIPAM
18 dr JZ2 BT AR IRTR, dnr2dr EIRZI9IRF.

T (1) Ao =5 5% 7R PNIPAM ik
KO T 2Z [ A AR EAE L, PTRR N

P X [l @) oniz ()

X xpw e Flory Ml BAE 24, &7x PNIPAM
BARFNAK A3 2Z [ A AH ELAE 3 xpw R DEE Tl
BER)REL, HARMEIE X R xpw = A+ B/T .

i (1) A7 v a6 VUi P—S SR i /B
AR TTRR, 81 LA AORFSE 1620 2300 R] 3R N

ﬁ&m=/%mmmm%m+u—%m>

x In(1 — (1)) — xp(r) BE,] 4nr?dr

fofi-a2]

x In {1 — ay(r) 2 p(r) ] Anr?dr

= [ ()i (r)e-) - 14w ()

X B IR A P—S SRR A A e, Fo
5 BE B (W RIRE ( 2k — BF, = BE, — AS, 1621,
Hrh E, 72 PNIPAM HAF SCNIE i P—S #E#Y
Zihae, AS, RIS P—S BRI, F ok
FEH P—SHEMIE L, BRI F, W E PS5
TR, B/ F W E P—S BEXELIE K. 757
FE(4) oy (r) S BE B GOKRL 7R 10 r b P—S
H T SCN H 4 & 55 /K & 119 JE il
P—S 43R PNIPAM 55 K A FH 06, 7 —5F
1) SCN MR EE45F T, T SCN 1 PNIPAM %5
A1 2 1) P—S Y A, PNIPAM 4 ) s 7K P
HasR . R, fF P-SHIE WM AT, BT
Dormidontova [ 75 P9, Jr 2 (1) 4330 B 55 =30
FR PNIPAM HARFN/K 5 F 2 (8] 7 350 B

O Y]
2
n' () ] -
o 2 fIR P—S BN, RE zo IE LT SCN 1

W R xo = keC/T. R T 345 EE B SCN 5 i
PNIPAM 5K I kil 14 G 5 A8 TN Z5 A R M4 5 S 5

Xeff = Xpw T

S5 101 T DR U Y FL B 28k, = 0.75. B35
MEAEFHSHOE S5 W P—S ) SCN it 2 M
5%, I BB AER AR T B P—S #EAF T,
PNIPAM HARFIK 53+ Z B AR EAER, A
A Xerr B Xpw -

T AR (1) A0 R 2R LI 8 R R GE R HER A L
YEH, nTLAH R 45 e

BUre
Ap/bﬂmk%w»+

=W,—,

K2

+

pi(r)vi] dr,

(6)
K 7 (r) R BB RO 0B AL 5758 A
HERAEM Y. 2T PSR R G, 2500 A Al
FEARTE LA 5 A
(D) + D pilr)vi=1, (7
i=w,—,+
LR W T TEALE r A0 A S 18] B AH B
HEF.
TR (1) A7 7ST3RR PNIPAM 5K kil (4
FR A5 FL AR ] A A AR

b 2
o= [ |t 00 - 55252+ nlontr)|
x dmr2dr, (8)
Sl r) ERIER > AL OB 38, 8
PR Gt T PR R TG <k
TR 0TS R R 2
PRUISE. (o) RAE 1 G BRAD RO F R B, 045
FRATAF S TR, T e

(o)) = 2 B S g (9)

Y y=—+

AT SCN i@ it P—S 5 PNIPAM A it i
HPFLES, 115 PNIPAM [ SRR 6B A, AR
Tl 55 2 LA BT, R AT 43 B @ (r) TR E
(9) 2 g, AR LT A PNTPAM PR AY HE R
AT AR IE o —e, PHES . BB fL far £ 43 0 Ol
gy = efllqg. = —e (e S&BNrHLf).

N RGNS TS AT, AR ZR R o 1 T
JEHL RS, B

/ (pq(1)) dnr?dr = 0. (10)

() AR s — I, RN E T
(SCN'). FHE 7 (K*) gL 3 Xt [ i fE 9 STk

214701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019)

214701

K pi(r) = di(r)foi (i = — +, w) IR
PR T TR S v S R IR AR,
g Al JEPHESF (KY) . I F (SCNY) mbrifEfL

24 PNIPAM 73 FAb ot R 380}, X P(a) BUE
513 B/ IME H BRI 15

Pla) = % exp [— f}eff /qbw(r)n(a;r)vpdr

—B/¢(r)qpn(a;r)dr

— /n(a;r) In(1 — zp(r))dr

ﬂ/ﬂﬂﬂmﬂ%wy (11)

A Q2 — A w H, UGN 2 15—k 25
Yap(a) =1, n(a;r)dr AL T o R ASH) PNIPAM
OYTAE AR ERARH

IKG; FAERE B KL T 3R T r AL AR TR 3 5
Gl

bw(2) = exp[—Lm(r)vy]- (12)

BB 7 (SCN ). FHES 7 (K*) fERE B 9 K kL 1%
T AL BRI BN

&— (1) = Poulk,— EXP l— Br(r)yv— —1In(1 — ap(r))

I (1 - /‘:i((?)) + 51#(7“)6] , (13)
¢+(2) = Poulk,+ exp[—Br(r)vy — Bp(r)e].  (14)
PR T (SCN) L FHES T (K*) BRF %]
HEFHRELS 1 ¢ puk = CxNavg, 1 N, 2]
RAMTER H 4. P—S B I B o, (r) VT LR 7 72
E:
p(r) =exp(BE, + Bip(r)e) (1 — ap(r)) (1 — ¢p(r))
(1m0 ) @
MITHE (15) AT LA ), 78 SCN M B 1 1) 5%
TR, 2, (r) B P—S BEAY E HH BES L F, Bk
FE. DA AR A AR S S B A SRR
Yy m(r) . BEBS QUKL F 3R T r 4019 P—S 4 4K
zp(r), H57 FE (11) —(15) 8 A L9 R & 1 (7) A
(10) AT A B X AN AR, RS AEUER i T 8

ELLESCHR [16, 20, 21] 22454

3 #XR5it#m

AT H SCN 520 PNIPAM EK i Rl i 137 5
FE B R G e AR RN S5 M AR AR 25 53, e P B pL
., FHEAE SCN #4444 F, PNIPAM
SR TET ) %) 1 B IR B A AR ) PRESOC 3R

T WAL EE PNIPAM 3R (50 Rl i 157 53 i+
SRR ] D% PNIPAM BK I il 092
FE (5 B ) Bl R FE 19 22 Ak, S 3 e B E ok BT

7“7“3T
H—mmmwﬁ¢m_/g§$ﬂ$_¥w

B RO T R PNIPAM J3 B9 F- 2 4 R AR
PNIPAM £ 82 B F W m B K, kR Z,
PNIPAM % i /2 % 4 °F- 35 5 JE 8 /)N, PNIPAM
il 8y 27 B8 AR AR R e PNTP AM BRI il #4) 5
WA B 2 BoR T AR SCN Mk &4 T,
PNIPAM 5K kil () /55 B 5 B C & . anixl 2 fr
7N, X R R R 1 T i B AR N X R
PNIPAM EK AT 9 #4) G2 bt it B2 10 o 5 & A= NI ik
FIRARFEAE . AF H ~ 7 nm A1) LRG0
i 122 T Y PNTPAM B 18 Jill #4 42 5% A8 () LCST.
£ SCN ¥ & A 10 mmol, 250 mmol, 500 mmol A9
VW, PNIPAM 3K Il 1Y # 4 5% 22 (%) LCST 43
W2k 33 °C, 34 °C, 34.5 °C. LCST BfiF SCN ¥
JE BRI R O I, 7E & SCN- MR B, il

Iy . A —Hl— C' =10 mmol
12 xx ,‘AA C =250 mmol
xx m AA —A— C =500 mmol
\xxl_\ A ~¥— C'=750 mmol
10 b T, m oA —— C=1000 mmol
Fgomata
: oo
B Sy "7
= sf W)
NN
MRS
0\ " \A
6 ® A
\““ “.“I.AAA
"”;" Sfaaa, "\

2 RBUE YRR T R TE HY PNIPAM B3R IHi Al i 2 B i
BRI R L Ei GRS HON Ey/ks = 1000 K , %51
PR AS, = —2.25, xpw = —0.45 + 135/T , AT E N
0 =0.05nm"2)

Fig. 2. Height of the grafted PNIPAM brushes as a func-
tion of temperature. The P—S bond energetic gain is chosen
as Fp/kg = 1000 K, and the entropic loss is given by

ASp,= — 2.25. The surface coverage is o = 0.05 nm~2.
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Fig. 3. Local fraction of P—S bond as a function of SCN
concentration at a given temperature of T = 31 C. All

parameters are the same as those in Fig. 2.
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Fig. 4. Electrostatic potential as a function of the distance
from the surface at different thiocyanate anion concentra-
tions at a given temperature of 7'= 31 °C. All parameters
are the same as those in Fig. 2.
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Ep/kp = 1000 K; (b) xpw = —2.25 + 95/T, E,/kp = 2000 K ; HAZH 5K 2 M F

Fig. 5. Average volume fractions of the grafted PNIPAM chains as a function of the distance from the surface for C = 750 mmol:
(a) Ep/ks = 1000 K, Ep/kg = 1000 K ; (b) xpw = —2.25 +95/T, E,/kg = 1800 K . All parameters are the same as those in Fig. 2.
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Abstract

A recent experiment carried by Humphreys et al. (Humphreys B A, Wanless E J, Webber Grant B 2018 J.
Colloid Interface Sci. 516 153) shows that when poly (N-isopropylacrylamide) (PNIPAM) tethered to
nanoparticle surface is immersed in potassium thiocyanate solution, the thiocyanate anions (SCN") can increase
the low critical solution temperature (LCST) of the PNIPAM below 500 mmol, though the LCST is reduced
when at 1000 mmol. It is unclear why the SCN™ increases the LCST at low concentration and reduces the LCST
at high concentration. In this paper, using a molecular theory, we investigate the effect of SCN  on the
switching and the structure of PNIPAM tethered to nanoparticle surface. In our model the PNIPAM-SCN-
bonding (P—S bonds), electrostatic effects and their explicit coupling to the PNIPAM conformations are taken
into consideration. We find that under the low SCN™ concentration, as the SCN~ concentration increases, the
SCN™ is associated with the PNIPAM chains through the PNIPAM—S bonds, and the PNIPAM segments
become negatively charged, which makes electrostatic repulsion stronger and results in an increase in the LCST.

According to our model, the reduction of LCST at high SCN~ concentration can be explained as follows:
with the increase of SCN~ concentration, more and more PNIPAM-SCN™ bindings occur between SCN™ and
PNIPAM segments, which will lead the hydrophobicity of PNIPAM chains to increase. On the other hand, the
P—S bonds have been filled at the high SCN~ concentration, and the PNIPAM chains become more negatively
charged. The increase of the SCN™ is accompanied with an increase in the concentration of counterions (KT).
The increase of counterion concentration will give rise to the counterion-mediated attractive interactions along
the chains and electrostatic screening within the negatively charged PNIPAM, thus the LCST can be reduced
when further increasing the SCN™ concentration. The reduction of LCST can be attributed to the increased
hydrophobicity of PNIPAM chains, or to the counterion-mediated attractive interaction along the chains and
the screening of the electrostatic interactions.

By analyzing the distribution of PNIPAM segments near the critical temperature, we find that the
distribution of volume fractions of the PNIPAM tethered to nanoparticle surface shows a maximum when the
hydration of PNIPAM and PNIPAM-SCN" binding are stronger, which implies that a vertical phase separation
may occur. Based on our theoretical model, a vertical phase separation and a two-step phase transition
behaviors in the PNIPAM tethered to nanoparticle surface are predicted. We also analyze the height of the
PNIPAM, which is a function of temperature at different SCN~ concentrations, and then obtain the critical
temperature of the two-step phase transition. The results show that the vertical phase separation and the two-
step phase transition are promoted by competition between hydrophobicity, hydrophilicity and electrostatic
effects due to the P—S bonds. Our theoretical results are consistent with the experimental observations, and
provide a fundamental understanding of the effects of SCN™ on the LCST of PNIPAM tethered to nanoparticle
surface.

Keywords: poly (N-isopropylacrylamide) tethered to nanoparticle surface, switching, effect of thiocyanate

anions
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