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Poly(N-isopropylacrylamide) Prepared by Free-Radical

Polymerization in Aqueous Solutions and in

Nanocomposite Hydrogels

Kazutoshi Haraguchi,*1 Yingjia Xu,1,2 Guang Li2

Summary: The molecular characteristics of poly(N-isopropylacrylamide) (PNIPA)

synthesized in aqueous solution were studied with respect to its polymer yield,

molecular weight (MW), the polydispersity (the ratio of weight- to number-average

molecular weight: Mw/Mn), and intrinsic viscosity ([h]). Gel permeation chromatog-

raphy (GPC) measurements were performed on unfractionated and fractionated PNIPA

by selecting appropriate conditions and solvents, e.g., DMF/10mM LiBr. It was

observed that the MW, Mw/Mn and [h] of PNIPA change significantly depending

on the monomer concentration ([NIPA]) in the reaction solution. Linear relationships

were observed for the variations of log [NIPA] and Mw/Mn with log Mw. Also, the Mark-

Houwink-Sakurada equation and the molecular weight exponent a were determined

for PNIPA in DMF/10mM LiBr solution (GPC measurements) and in methanol (light

scattering measurements). Also, PNIPA chains were separated from nanocomposite

hydrogels with different clay concentrations by decomposing the clay using an

aqueous HF solution. The resulting PNIPA showed good correlation between Mw and

[h] consistent with that for PNIPA synthesized in aqueous solution. The effects of

fractionation and solvents on a and chain conformations, as well as the relationship

between a and [h] are discussed.
Keywords: free-radical polymerization; mark-houwink-sakurada equation; molecular

weight; nanocomposite gel; poly(N-isopropylacrylamide)
Introduction

Poly(N-isopropylacrylamide) (PNIPA) is

one of the most well-known thermosensi-

tive polymers because it exhibits a clear

coil-to-globule transition in aqueous media

at a lower critical solution temperature

(LCST� 32 8C).[1] The sensitivities of an

aqueous solution of PNIPA and of PNIPA

hydrogel to various external stimuli such as

temperature, salt concentration, pressure,

and solvents and the origin of this sensitiv-

ity have been studied extensively.[2] Con-
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sequently, PNIPA has been used as a key

component of functional devices in many

advanced research fields, such as thermo-

modulated displays,[3] microfluidic sys-

tems[4], drug delivery systems,[5] artificial

glucose-responsive insulin systems,[6] pro-

tein absorption microspheres,[7] tissue and

cell-cultivation engineering,[8] photoregu-

lated devices,[9] and selective separation

systems.[10] Recently, the synthesis of a new

type of PNIPA hydrogel, i.e., nanocompo-

site hydrogel (NC gel) consisting of PNIPA

and inorganic clay nanoparticles, has solved

serious problems associated with conven-

tional chemically cross-linked PNIPA

hydrogels, such as structural heterogeneity

andmechanical fragility.[11] These gels have

a number of new functions[12] as well as

extraordinary optical, mechanical, and

swelling/deswelling properties due to their
, Weinheim wileyonlinelibrary.com
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unique organic (PNIPA)/inorganic (clay)

network structure. Thus, PNIPA (and its

hydrogels) have attracted considerable

interest and have been widely studied from

both academic and technological points of

view.

Although a number of papers and

reviews on PNIPA have been pub-

lished,[13–27] the molecular characteristics

of PNIPA, such as changes in molecular

weight (MW), the relationship between

MW and intrinsic viscosity ([h]) (i.e., Mark-

Houwink-Sakurada (M-H-S) equation),

and the effect of fractionation, have still

not been completely elucidated, particu-

larly in the case of PNIPA synthesized in

water. MWand the polydispersity (the ratio

of weight- to number-average molecular
Table 1.
Molecular weight of PNIPA synthesized in (a) organic so

(a)

Polymerization
condition

Molecula
weighta

(105 g mol�
Solvent Temperature

(8C)
Time
(hours)

methanol 70 25 0.178-4.7

tert-butyl alcohol 55 8 0.494-1.0

benzene 49 22 4.4 (1.6)

dioxane 60 2 0.31 (0.19

benzene/acetone
mixture

60 –b 1.38–91
(0.98–31)

a Weight-average molecular weight (Mw)was in column
bracket. b Not be mentioned. c Static light scattering. d Po
f [n]¼ 0.145M0:50

n cm3/g. g In ref. 14 (LS, GPC), ref. 15 (GPC),
temperature during.

(b)

Polymerization
condition

Molecular
weight a

(105 g mol-1)
Solvent Temperature

(8C)
Time
(hours)

H2O(PB)
b R.T.c 15 1.60 (0.49)

0.76 (0.11)
H2O (deionized) 27 10 (70� 5)
H2O 0 –g 23
H2O 0 –g 23 (2.9)
aWeight-average molecular weight (Mw) was in column
bracket. b15mM phosphate buffer in normal saline. cRoo
mention the temperature during measurement. ePolys
mentioned.hPoly(oxy ethylene) as standards.

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
weight: Mw/Mn) of PNIPA synthesized and

characterized under various conditions in

previous studies are summarized in Table 1.

In these studies, PNIPA was normally

synthesized in organic solvents such as

methanol, benzene, t-butyl alcohol, diox-

ane, or their mixtures, as shown in

Table 1(a), and only in a few studies

(Table 1(b)) was PNIPA synthesized in

aqueous media considered. MW of PNIPA

was measured by gel permeation chroma-

tography (GPC) and/or light scattering

(LS) under various conditions, which are

also listed in Table 1. For PNIPA synthe-

sized in organic solvents, MW varied over a

wide range (weight-average molecular

weight Mw¼ 104–107 g �mol�1) depending

on the conditions for its synthesis, while
lvent and (b) water by free radical polymerization.

r

1)

Fractionation
(Mw/Mn)

Characterization
methods

Ref.

5 Yes. (1.32-2.55) LSc(MeOH, Mw) 14g

GPC(THF, PSd, Mw/Mn)
1 Yes. LS(THF, 25 8C, Mw) 15

(1.21-1.23) GPC(PS) (Mw/Mn)
No.(2.8) GPC(THF, DMF,

PS, Mw, Mn, Mw/Mn, Mp)
16

) No.(1.63) GPC(THF, PS) (Mw, Mn,
Mw/Mn) [n]

e (THF, 27 8C)
17

Yes. LS(H2O, 20 8C) (Mw) 18
(1.2–1.4) [n]f (H2O, 20 8C) (Mn)

4 and number-average molecular weight (Mn) was in
lystyrene as standards. e [n]¼ 9.59� 10�3 M065

n cm3/g.
ref. 16 (GPC), ref. 17 (GPC), authors did not mention the

Fractionation
(Mw/Mn)

Characterization
methods

Ref.

Yes. (3.2, 6.9) GPCd(THF, PSe)
(Mw, Mn, Mw/Mn)

19, 20

Yes. (1.31� 0.06) LSf (H2O, 25 8C) 21
No (6.7) GPC (POEh) (Mw, Mw/Mn) 22
No. Not be mentioned 23

4 and number-average molecular weight (Mn) was in
m temperature. dIn ref. 19, 20 (GPC), authors did not
tyrene as standards. fStatic light scattering. gNot be

, Weinheim www.ms-journal.de



Table 2.
M-H-S equation of PNIPA obtained in previous studies and present study.

K aa Viscosity Molecular weightb Fractionation Polymerization: Ref.

(�103) Measurement: (�105 g mol�1) (Mw/Mn) Solvent & Temperature

110 0.51 1.38–91 Yes (1.2–1.4) benzene/acetone, 60 8C 18
145 0.50 H2O, 20 8C (0.92–31) Yes (-c) benzene/acetone, 60 8C 24
0.458 0.93 0.66–12.5 No Methanol, 50–70 8C 25
0.226 0.97 H2O, 25 8C 0.66–12.5 No Methanol, 50–70 8C 25
29.9 0.64 CH3OH, 25 8C 0.723–12.5 No Methanol, 50–70 8C 25
9.59 0.65 THF, 27 8C (0.92–31) Yes. (-) benzene/acetone, 60 8C 24
5.75 0.78 (0.196–2.94) No.(1.18–1.61) RAFTd 26
3.89 0.75 DMFþ 10mM 0.61–42.85 No.(1.52–4.69) H2O, 20 8C this work
5.20 0.74 LiBr, 40 8C 3.74–52.74 Yes.(1.35–1.75) H2O, 20 8C

a[h]¼ K(MW)a ([h]: cm3/g). bWeight-average molecular weight (Mw) was in column 4 and number-average
molecular weight (Mn) was in bracket. cNot be mentioned. dRAFT: reversible addition-fragmentation chain
transfer.
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MW of PNIPA synthesized in water is

limited to a relatively narrow range

(Mw¼ 105–106 g �mol�1). Several M-H-S

equations for viscosity molecular weight

relationship and their relevance to chain

conformations have been reported for

PNIPA synthesized in organic solvents in

various papers cited in Table 2; however,

there are conflicts between the exponents a

used in these equations, as described later.

The present study focuses on PNIPA

synthesized in aqueous systems, which is

widely used but less studied. Firstly, PNIPA

samples with a wide range of MW were

prepared in aqueous solutions by altering

the monomer concentration and were

characterized in terms of polymer yield,

MW, Mw/Mn, and [h] by means of GPC,

viscometry, and light scattering measure-

ments. Also, the M-H-S equation was

determined for the PNIPA synthesized

and the effects of fractionation and solvent

are discussed. Further, the results for

PNIPA synthesized in aqueous solution

were compared with those of PNIPA in NC

gels and obtained by eliminating clay from

the PNIPA/clay networks.
Experimental Part

Raw Materials

N-isopropylacrylamide (NIPA) monomer,

provided by Kohjin Co., Ltd., Japan, was

purified by recrystallization from a toluene/
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
n-hexane mixture and dried under vacuum

at 40 8C. Other reagents such as potassium

peroxodisulfate (KPS), N,N,N’,N’-tetra-

methylethylenediamine (TEMED), hydro-

fluoric acid (HF, assay of 46.0–

48.0wt%),N,N-dimethylformamide, and

lithium bromide (anhydrous, 99.9%) were

purchased from Wako Pure Chemical

Industries, Japan, and used without further

purification. The synthetic hectorite

‘‘Laponite XLG’’ (Rockwood Ltd.;

[Mg5.34Li0.66Si8O20(OH)4]Na0.66; layer

size¼w30 nm� 1 nm) was used as the

inorganic clay after washing and freeze-

drying. Ultrapure water, purified by using a

Puric-Mx system (Organo Co., Japan), was

used for in-situ polymerization. For the

preparation of reaction solutions, nitrogen

gas was bubbled through the ultrapure

water for more than 3 hr prior to use.

Synthesis of PNIPA

PNIPA was prepared by free-radical poly-

merization using aqueous reaction mixtures

consisting of a monomer (NIPA), a solvent

(water), an initiator (KPS), and an accel-

erator (TEMED). The initial reaction

solutions, consisting of water (95ml), the

initiator (3.70� 10�1mmol in 5ml H2O),

the accelerator (5.34� 10�1mmol), and

different amounts of monomer, used for

the preparation of PNIPAwere prepared at

ice-water temperature. Then, free-radical

polymerization was allowed to proceed in a

water bath at 20 8C for 20 h. The monomer
, Weinheim www.ms-journal.de
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concentration, [NIPA], was varied over a

wide range from 0.005 to 1.0mol � l�1. In all

cases, the solutions were washed several

times in an excess of pure water at 50 8C
(>LCST) after polymerization to eliminate

remaining monomer and additives. The

solutions were then dried in an oven at

80 8C to constant weight. The resulting

PNIPA is represented as PNm where m is

[NIPA] in units of mol � l�1. The polymer-

ization yield was obtained from the ratio of

weights of PNm obtained and NIPA used.

Fractionation of PNm was performed using

mixed solvents (acetone/hexane) with dif-

ferent ratios in the range of 100/0� 43/57.

Synthesis of NC Gels

NC gels were prepared in a similar manner

to PNIPA, except for the presence of

inorganic clay (Laponite XLG), with

[NIPA]¼ 1M or m¼ 1, unless otherwise

noted. TheNC gels prepared are referred to

as NCn gels, where the value of n depends

on the clay concentration (Cclay¼
n� 10�2mol � l�1).
Separation of PNIPA from NC Gel by

Degrading the Clay

The procedure for removing clay from NC

gels was the same as that described in a

previous paper.[28] In brief, an NC gel was

cut into small pieces (approximately

5� 5� 3mm), and the pieces placed in

excess aqueous hydrofluoric acid (HF)

while stirring. The amount of aqueous

HF solution used, e.g. 30ml (HF¼
0.2wt%) per 1 g of the NC3 gel, was

sufficient to decompose the clay. After

24 h, PNIPA was recovered from the HF

solution by increasing the solution tem-

perature to 50 8C (higher than the LCST of

PNIPA) and purified by alternating the

temperature between 20 and 50 8C and

exchanging water at 50 8C. The inorganic

precipitate formedwas removed by filtering

the solution at 20 8C (pore size of the filter:

3mm). It was confirmed by thermogravi-

metric analyses that no PNIPAwas trapped

on the filter. The PNIPA obtained from an

NCn gel is denoted as PNIPA(NCn-clay).
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
Measurements

GPC

GPC measurements were performed using

a Shodex GPC System-21 chromatograph

with a Shodex RI-71S monitor and a UV/

VIS detector to determine the molecular

weight of PNIPA and PNIPA(NCn-clay). A

KD-G (guard column) and three KF-807L

separation columns, each fitted with a 2mm

pore-size filter, were used. A mixed solvent

(DMFþ 10mM LiBr) was mainly used as

the solvent for GPCmeasurements because

of the reasons described in the first section

of the results. The concentration of PNIPA

in the solution was 1mg/1ml, unless other-

wise specified. The solution was passed

through a 5mm filter prior to GPC

measurements. In some cases, a filter with

a pore size of 1 or 0.45mm was used. The

calibration curve was obtained on the basis

of 7 different polystyrene standards from

Shodex (Mw¼ 4.89� 104� 5.80� 106, Mw/

Mn¼ 1.03� 1.05) and fitted by a third-order

polynomial. The working temperature was

40 8C (�0.1 8C) and the flow rate was

1.0ml/min. The working temperature was

higher than room temperature to enhance

control in the instrument equipped only

with a heater.

Viscosity

Viscosity measurements were carried out

using an Ubbelohde capillary viscometer.

Two solvents, DMFþ 10mM LiBr (at

40� 0.1 8C) and water (at 20� 0.1 8C), were
used for the measurements. The viscosities

of the PNIPA solutions, hsoln, were mea-

sured as a function of the PNIPA concen-

tration, CPNIPA. Then, the specific viscos-

ities hsp and intrinsic viscosities [h] of

the solutions were obtained according

to the equations hsp¼ (hsoln – h0)/h0 and

[h]¼ lim(C! 0) hsp/CPNIPA, respectively.

Here, h0 denotes the viscosity of the solvent

used. For the measurement of hsoln–h0, flow

times were of the order of a hundred

seconds and were highly reproducible with

an error less than �0.2 s. The relative error

in the measurement was estimated to be

approximately 0.1%.
, Weinheim www.ms-journal.de
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Light Scattering

Light scattering (LS) measurements were

carried out to determine Mw and A2 (the

second virial coefficient) in methanol at

25 8C using an Ar laser (wavelength

l0¼ 488 nm; DLS-7000, Otsuka Electronics

Co., Ltd.). Measurements were made at

scattering angles u ranging from 308 to 1508.
The data obtained were treated using

Berry’s square-root plot. The refractive

index increment @n/@c was 0.185 cm3/g and

the refractive index n0 of methanol at 25 8C
at a wavelength of 488 nm was 1.3337.[27]
Figure 1.

GPC chromatograms for PNm samples. Solvent is

DMF/10mM LiBr (40 8C), filter pore size (prior to

GPC measurement)¼ 5mm (solid lines) and 1mm

(dashed lines). For PNm (m� 0.2), solid and dashed

lines overlap.
Results

GPC Measurements of PNIPA

So far, various solvents such as

THF,[14–17,19,20,26,29] water,[31–33] metha-

nol,[31,34] chloroform[35] and DMF[36] have

been used as the mobile phase for GPC

measurement of PNIPA. However, there

have been controversies regarding the

validity of GPC measurement of PNIPA

due to problems associated with filtra-

tion,[30] solvent effects,[31] and irreversible

chain aggregation.[26] Consequently, GPC

measurements were successfully conducted

only for PNIPA with fairly low MW

(Mw< 5� 105 g �mol�1). In the present

study, DMF/10mM LiBr was used as

solvent for PNIPA, since GPC profiles

acquired using this solvent are more

reliable than those using THF and water,

particularly in the case of PNIPA with high

M. To characterize PNmwith as highMWas

possible, we selected the following config-

uration for GPC measurements: filter pore

size¼ (5mmþ 2mm), solvent¼DMF/10mM

LiBr, working temperature¼ 40 8C, and

PNIPA concentration¼ 1mg/ml.[37]

The results (GPC profiles) for PNm are

shown in Figure 1. It was concluded that

PNm (m� 0.2) can be reliably characterized

under the current experimental conditions

for GPC, while for PNm (0.3�m� 0.5) true

values will not be obtained because small

amounts of very-high-molecular-weight

(probably, cross-linked) PNIPA chains

are excluded by trapping during GPC
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
measurements. It was expected that trap-

ping of some PNIPA chains by filters with

small pore sizes would decrease on dilution

if the problem arose from simple physical

entanglements. However, the shapes of the

chromatograms for PN0.3 and PN0.5 are

virtually identical for PNIPA concentra-

tions of 1 and 0.3mg/ml, as shown in

Figure 2. On the other hand, for PNm with

m> 0.5, performing GPC measurements

was impossible because PNIPA does not

dissolve completely, even in DMF/10mM

LiBr. In fact, even diluted PN0.6 solution

with a concentration as low as 0.1wt% was

visually inhomogeneous. This is attributed

to gel formation in PNm (m� 0.6), as

described in the preceding paper.

Molecular Characteristics of PNIPA

Synthesized in Aqueous Solution

In the present study, PNIPA was prepared

by free-radical polymerization in aqueous

solution at 20 8C with different [NIPA] in

the range 0.005 to 1.0mol � l�1. The as-

prepared PNIPA solutions were all uniform
, Weinheim www.ms-journal.de
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Figure 2.

Influence of polymer concentration on GPC chroma-

togram of PNIPA of high molecular weight (PN0.3 and

PN0.5). PNIPA concentration¼ 1 mg/ml (solid line),

0.3mg/ml (broken line). Flow rate¼ 1 ml/min. Filter

pore size (prior to GPC measurement)¼ 5mm (thick

lines) and 1mm (thin lines).
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and transparent regardless of [NIPA],

although they were very viscous and some-

what adhesive when [NIPA] was higher

than 0.5mol � l�1. All PNIPA solutions

produced transparent solids, PNm, on

purification and drying. The resulting

polymers were ground to powders and

dissolved in a suitable solvent for char-

acterization. Characteristics of PNm, such

as polymer yield (conversion) by weight,

MW and the polydispersity (Mw/Mn)

determined by GPC, and intrinsic viscosity

[h] determined by viscometry are listed in

Table 3(a). The observations are as follows:
(1) I
Copy
n general, the polymer yields (conver-

sion of NIPA) were very high, more

than 99.5wt%, for PNm (m� 0.2).

However, the polymer yields decreased

steeply as [NIPA] decreased. For

example, the yields were 97wt%
right � 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
and 34wt% for [NIPA]¼ 0.1 and

0.005mol � l�1, respectively.
(2) I
t was found that bothMw and number-

average molecular weight (Mn)

increased significantly with increasing

[NIPA], as shown in Table 3(a). Based

on polystyrene standards, both Mw

and Mn were found to vary from

6.1� 104 to 4.3� 106 g �mol�1 and from

4.9� 104 to 1.0� 106 g �mol�1, respect-

ively, as [NIPA] increased from 0.005

to 0.5mol � l�1. The relationships

between log Mw and logMn with log

[NIPA] are shown in Figure 3. It was

found that MW and [NIPA]

(mmol � l�1) correlate well with the

empirical equations 1 for Mw and 2

for Mn. In both cases, linear relation-

ships were observed over a wide range

of [NIPA] values from 5 to 200mM.
Mw ¼ 1:128� 104 ½NIPA�0:98 (1)

Mn ¼ 1:379� 104½NIPA�0:69 (2)

Mw and Mn for PNm prepared at high

m (�0.6), which could not be measured due

to the incomplete dissolution of PNIPA in

the solvent, can be estimated from

equations 1 and 2. For example, for

m¼ 1, which is normally used for the

preparation of conventional PNIPA hydro-

gels and NC gels, Mw and Mn were

estimated to be 9.82� 106 g �mol�1 and

1.62� 106 g �mol�1, respectively.
(3) T
he polydispersity, represented by

Mw/Mn increased rapidly with increas-

ing m at low [NIPA] and reached a

plateau at high [NIPA] (Table 3(a)).

In detail, Mw/Mn was quite small (<2)

at very low [NIPA] (�0.02 mol � l�1)

and reached 4.7 when [NIPA]¼ 0.3

mol � l�1. It was also found for PNm

(m¼ 0.005–0.2) that Mw/Mn changed

almost linearly with log Mw, as

expressed by Equation 3.
Mw=Mn ¼ �7:67þ 1:83 logMw (3)
(4) T
he incomplete dissolution of PNm

(m� 0.6) can be attributed to gel for-

mation from chemically cross-linked

PNIPA. The spontaneous formation
nheim www.ms-journal.de



Table 3.
Molecular characteristics (polymer yield, [h], Mw, and Mw/Mn) of (a) unfractionated PNIPA and (b) fractionated
PNIPA polymerized in aqueous solution with different [NIPA].

(a)

samples Conversion (%) [h]BDMF/LiBrB (cm
2P/g)a Mb

w (106P g mol�1) Mn (10
6P g mol�1) Mw/Mn

PN0.005 34.4 15.66 0.061 0.049 1.26
PN0.01 60.8 24.97 0.105 0.069 1.52
PN0.02 67.6 33.22 0.192 0.098 1.95
PN0.03 80.1 51.54 0.301 0.135 2.23
PN0.04 90.0 55.67 0.381 0.151 2.51
PN0.05 90.3 82.70 0.560 0.220 2.54
PN0.06 96.1 93.85 0.645 0.216 2.99
PN0.1 97.3 135.4 1.162 0.334 3.48
PN0.2 >99.5d 226.8 2.374 0.576 4.12
PN0.3 >99.5 311.2 3.407 0.726 4.69
PN0.5 >99.5 408.4 4.285 1.042 4.11
PN0.6c >99.5 – – – –

(b)

samples [h]BDMF/LiBrB

(cm Pfg)a
Mb

w
(106 g mol�1)

Mn

(106 g mol�1)
Mw/Mn

PN0.04 4th 61.87 0.374 0.258 1.45
PN0.04 3rd 81.77 0.519 0.350 1.48
PN0.1 3rd 116.4 0.781 0.579 1.35
PN0.1 2nd 191.8 1.526 1.032 1.48
PN0.3 2nd 230.2 2.054 1.385 1.48
PN0.3 1st 478.7 5.274 3.014 1.75
a[h]DMF/LiBrB is intrinsic viscosity measured in DMFþ 10mM LiBr at 40 8C. bGPC measurement: Solvent is
DMFþ 10mM LiBr. Polystyrene is the standard polymer. Temperature is 40 8C, flow rate 1ml/min. cPN0.6 cannot
be fully dissolved in DMF/LiBr even when the weight ratio WPNIPA/WBDMF/LiBrBis below 0.1 wt%. dPNIPA samples
were dried at 80 8C in an oven until to constant weight after purification.
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Figure 3.

Relationship between initial [NIPA] (mmol � l�1) in

reaction solutions and Mw or Mn of PNIPA measured

by GPC. [NIPA] was varied from 5mmol � l�1 to

500mmol � l�1. Data indicated by the open triangles

were Mw obtained from ref. 48.
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of PNIPA gel, the change in gel fraction

due to [NIPA] and the polymerization

temperature, and the mechanism for

forming self-cross-linked PNIPA net-

works during the free-radical polymeri-
right � 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
zation were reported in detail in the

preceding paper.[37]
(5) [h
] also increased with increasing

[NIPA]. Further, similarly to GPC,

viscosity measurements could not be

performed on a diluted solution of

PNm (m� 0.6), because the PNIPA

did not dissolve completely in the solvent.
M-H-S Equation for PNIPA

The M-H-S equation (4) represents the

relationship between MW and [h] of a

polymer, and the molecular weight expo-

nent a gives information on the chain

conformation in solution.[38]

½h� ¼ KðMWÞa (4)

On the basis of Flory’s theory,[39] this

equation must be corrected for molecularly

heterogeneous polymers, as follows:

½h� ¼ KMa
h (5)
nheim www.ms-journal.de
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Here, Mh denotes the viscosity-average

molecular weight. Since the value of Mh

will always be considerably closer to Mw

than to Mn for any distribution,[39] in the

present study, we replace Mh with Mw in

equation 5. Several methods, such as end-

group titration (Mn), osmometry (Mn), light

scattering (Mw), and GPC (Mw andMn) can

be used to determine Mw and Mn.
[38]

In previous studies of the M-H-S

equation for PNIPA, MW was obtained by

light scattering[27,34] for mainly fractionated

PNIPA samples. However, in the present

study, first, as-prepared, unfractionated

PNIPA samples were used since they are

commonly employed and are useful in many

practical applications. In this study, the

breadth of the Mw/Mn varied widely (Table

3(a)). Since light scattering data on unfrac-

tionated PNIPA with broad polydispersity

are not reliable, as described later, Mw was

measured by GPC using DMF/10mM LiBr

as solvent. Actually, M-H-S equations for

other polymers, such as polyacrylonitrile,

poly(vinylpyrrolidone),[40] poly(vinyl acet-

ate),[41] and poly(N-vinyl carbazole),[42] have

been reported on the basis of Mw measured

by GPC.

A double logarithmic plot of [h] and Mw

for unfractionated PNIPA (PNm) is shown

in Figure 4 (indicated by closed circles). It

was found that log [h] and log Mw show a

good, linear relationship, consistent with
[η]= 3.89 × 10-3 Mw
0.75

[η]= 5.20 × 10-3 Mw
0.74

Fractionated samples:

Unfractionated samples:

Figure 4.

Double logarithmic plot of [h] vs. Mw of PNIPA. Mw wa

measurements was DMF/10mM LiBr.

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
equation 6.

½h� ¼ 3:89� 10�3 M0:75
w (6)

Here, Mw is in the range of 6.1�
104–4.29� 106 g �mol�1. The results are

listed in Table 2 along with those reported

previously. It should be noted that all

PNIPA samples used in previous studies

were obtained by polymerization in organic

solvents.

In general, the value of a reflects the

conformation of polymer chains in solution.

For example, a¼ 0.5 indicates that polymer

chains are randomly coiled and the solvent

is a Q solvent. a¼ 0.5–0.8 indicates that

polymer chains are in a good solvent, and

the increased interaction between the

polymer and the solvent expands the long

chains. In the case a> 0.8, polymer chains

are worm like or rod like with rigid

conformations. Thus, for a flexible polymer

chain, a is generally in the range of 0.5–0.8

in dilute solution.[39] In the present study,

a¼ 0.75, which indicates that PNIPA is

flexible and randomly coiled, and the mixed

solvent (DMF/10mM LiBr) at 40 8C is a

good solvent for PNIPA.

Effect of Fractionation on M-H-S Equation

The effects of fractionating PNIPA on a

and the constant K in the M-H-S

equation were investigated. Fractionation
s measured by GPC. The solvent used in [h] and Mw

, Weinheim www.ms-journal.de
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4th 

Elution time (min) 
18 20 22 24 26 28 30 32 

a

b

c

d e

Elution time (min) 
18 20 22 24 26 28 30 32 

a)

b)

Figure 5.

(a) GPC chromatograms of unfractionated PNIPA

(PN0.3) and fractionated PNIPA; (b) GPC chromato-

grams of fractionated PNIPA listed in 3(b); a: PN0.3

2nd, b: PN0.1 2nd, c: PN0.1 3rd, d: PN0.04 3rd, e: PN0.04

4th.

Table 4.
Results of light scattering of PNIPA obtained in previou

Samples Measurement
condition of SLS

Mw
(10P6 g mol�1) (cm3

(

PN0.3 1st

MeOH, 25 8C

2.71
PN0.04 2nd 0.346
PN0.04 5th 0.135
PN0.01 0.043
T220 2.20
T38 0.376

Unfractionated1 THF, 20 8C 2.45
Unfractionated2 Water, 20 8C 2.40

a[h] in THF and water were not reported.

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
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of PNmwas performed by using an acetone/

hexane mixed solvent system. Typical GPC

profiles of unfractionated PN0.3 and its

fractions are shown in Figure 5(a). The

original PN0.3 had a broad polydispersity

(Mw/Mn¼ 4.69), but was fractionated to

produce fractions with narrow Mw/Mn

(¼1.25� 1.75). GPC profiles and data

(Mw and Mw/Mn) of typical fractions of

PNm are shown in Figure 5(b) and

Table 3(b), along with [h] for each fraction.

The M-H-S equation for fractionated

PNIPA (equation 7) was obtained from

the plots shown in Figure 4 (open circles) as

follows:

½h� ¼ 5:20� 10�3 M0:74
w (7)

Comparing this equation with

equation 6, it was found that a hardly

changed on fractionation (Da¼ 0.01). This

is reasonable from the experimental and

theoretical considerations[43,44] and indi-

cates that a was the same irrespective of

the Mw/Mn. On the other hand, K increased

slightly (3.89� 10�3! 5.20� 10�3) on frac-

tionation, which is consistent with the

results for poly(vinylpyrrolidone) (a

water-soluble polymer),[43] but not for

polystyrene, where K decreased slightly

on fractionation.[44]

Light Scattering of PNIPA

Light scattering, as well as [h], measure-

ments on fractionated PNIPA in methanol

were performed at 25 8C. The results (Mw,

second virial coefficient A2, and [h]) are

shown in Table 4. From the plots shown in
s studies and present study.

A2
mol/g2)
�104)

<S2> (Å2)
(�10�4)

[h]BMeOH

(cm P3P/g)
Mw/Mn Ref.

2.08 66.5 527.1 1.75 this work
4.98 29.2 129.4 1.66
7.35 11.8 59.74 1.43
8.26 6.5 25.40 1.52
2.39 45.5 433 1.12 27
3.58 6.1 127 1.20 27

�1 106.1 /a 7.54 45
�1 106.1 / 6.75 45

, Weinheim www.ms-journal.de



 

 

 

Figure 6.

Double logarithmic plot of [h] vs. Mw for fractionated

PNIPA. Mw was measured by light scattering. The data

indicated by triangles were obtained from ref.25. The

solvent used in [h] and Mw measurements was metha-

nol and the working temperature was 25 8C in all cases.

Table 5.
The phenomena of linear PNIPA and N-NC gel encoun-
tered HF aqueous solution.

0ha 24 hb 0 h 24 h 0 h 24 h 0 h 24 h

PN1.0 *c &d * & 	e 	 	 	
NCn gel h * Dg * Hf 	 	 	 	
HF wt% 2.0 0.02 20 0.2

aThe change observed immediately after putting the
gel (1 g) into HF aq (40 g). bThe change observed after
immersing the gel (1 g) into HF aq (40 g) for 24 hours
cSymbol* No change. dSymbol& Gels swelled a lot.
eSymbol 	 Gels shrank and turned to be white.
fSymbolH Gels were dissolved. gSymbol4 Gels were
partially dissolved. hn¼ 1
 7: all NC gels used, i.e. NC1,
NC5, NC7, NC15, NC25 gels, shows the same phenomena.
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Figure 6, the correlation between log Mw

and log [h] is represented by equation (8).

The resulting value of a (0.73) is almost the

same as that (0.74) obtained using Mw from

GPC (in DMF/10mM LiBr: 40 8C) for the
same fractionated PNIPA.

½h� ¼ 1:05� 10�2 M0:73
w (8)

Further, as shown in Table 4, A2 for

fractionated PNm is comparable to that

reported by Osa[27] for PNIPA with

similar Mw. The values of a and A2 also

indicate that PNIPA chains have flexible

random-coil conformations in methanol

at 25 8C.
As shown in Figure 6, the value of a

obtained in the present study is rather

different to that found by Chiantore

(a¼ 0.64), although the same conditions

for measurements were used in both

studies, except for the fractionation of

PNIPA. We used fractionated PNIPA

(Mw/Mn¼ 1.3� 1.75), while Chiantore used

unfractionated PNIPA (Mw/Mn is

unknown). In previous studies, it has been

reported that light scattering data on

unfractionated polymers are unreliable,

for example, an abnormal negative value

of A2 or a surprisingly high MW has been

observed for unfractionated PNIPA[45] or

poly(n-docosyl methacrylate)[46] and iso-

tactic polystyrene[47]. Similarly, in the
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
present study, a negative A2 value was

obtained for unfractionated PNm. There-

fore, it is assumed that the value of a

(¼0.73) obtained in the present study for

fractionated PNIPA is reliable.

Molecular Characteristics of PNIPA

Separated from NC Gels

In order to reveal the molecular character-

istics of PNIPA in NC gels, PNIPA should

be separated from its NC gel by decom-

posing the clay (hectorite) using hydro-

fluoric acid (HF).[28] The proposed reaction

of HF with hectorite is expressed by

Equation 9. Here, most products, such as

Mg5:34 Li0:66 Si8O20ðOHÞ4
� �

Na0:66

þ 58:68HF ! 5:34MgF2 # þ8SiF�
6

þ Liþ þNaþ þH2O

(9)

SiF�
6 , Li

þ, Naþ, are water soluble. MgF2

is the only insoluble product. From FTIR

spectra for original hectorite (Laponite

XLG) and the white precipitate left after

HF treatment, which is consistent with that

of MgF2, it was confirmed that Laponite

XLG is decomposed in HF aqueous solu-

tion according to equation 9. When the clay

in NC gel networks is subjected to decom-

position, it is necessary to select a suitable

HF concentration (CHF), so as to achieve

complete decomposition of inorganic clay

without damaging the organic PNIPA.

Consequently, it was found that very low

CHF (e.g., 0.2wt%) is suitable for decom-

posing the clay, as shown in Table 5.
, Weinheim www.ms-journal.de
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Figure 7.

NMR studies of PN1.0 and PNIPA(NC5-clay).[28] (a) 1H NMR spectra of PN1.0 (polymerized in D2O). (b)
1H NMR spectra

of PNIPA(NC5-clay). (c) 13C NMR spectra of PN1.0 (polymerized in D2O, scanning times: 16000). (d) 13C NMR spectra

of N-NC5-M1(-clay) (polymerized in D2O, scanning times: 16000).
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Samples of PNIPA(NCn-clay), obtained

by decomposing the clay in NCn gels and

subsequent purification, were analyzed by

TGA, FTIR, NMR and GPC. It was

confirmed that the clay was completely

decomposed and removed from NCn gels

by comparing the FTIR spectra and

thermal degradation (TGA) data for PNI-

PA(NCn-clay) with that of PN1.0. Also, both

PNIPA samples showed the same
[1]H NMR (Figure 7(a), (b)) and
[13]C NMR (Figure 7(c), (d)) spectra.

Furthermore, the effect of HF treatment

on the molecular weight of PNIPA was

examined (Figure 8(a)). By comparing

samples of PNIPA (PN0.01 and PN0.5)

with different Mw (1.1� 105 and 4.3� 106,

respectively) before and after HF treament,

it was observed that values of Mw and

Mw/Mn were hardly changed by the HF

treatment, regardless of the original MW,

as shown in 8(b), (c). Thus, it was concluded

that the principal constituent, PNIPA, can

be successfully separated from NC gels, by

decomposing the clay in the PNIPA/clay

network using HF aqueous solution (CHF

0.2wt%) treatment for 24 hrs, without

chemical modification or degradation of

their PNIPA chains.
Figure 8.

GPC profiles of PN0.01 and PN0.5 before and after HF a

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
As described in a preceding section,

PNm prepared using [NIPA] greater than

the critical concentration (m� 0.6) contains

some self-cross-linked gel formed during

free-radical polymerization in aqueous

solution. Thus, PN1.0, prepared using the

same [NIPA] as that for NCn gels, con-

tained a gel fraction of 61wt%. However, it

was observed that all PNIPA(NCn-clay)

samples, separated from NCn gels (n¼
1–25) by decomposing the clay, were

completely soluble. For example, Mw

and Mw/Mn of PNIPA(NC3�clay) were

5.54� 106 and 3.69, respectively. The effect

of Cclay (¼n� 10�2 mol � l�1) on Mw of

PNIPA(NCn�clay) at constant [NIPA]

(¼1mol � l�1) is shown in Figure 9. It was

found that PNIPA(NCn-clay) samples for

n� 0.5 are soluble in the solvent, and that

they have an almost constant Mw (approxi-

mately 5.5� 106 g �mol�1) and Mw/Mn

(approximately 3.5) over a wide range of

n (0.5 – 25). Therefore, the excellent

mechanical and swelling/deswelling proper-

ties may be attributed to the unique

PNIPA/clay network, where the concentra-

tion of clay is variable over a wide

range while PNIPA has constant very high

MW.
q. treatment.

, Weinheim www.ms-journal.de
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Figure 9.

Effect of Cclay on Mw(GPC) of PNIPA(NCn-clay) (n¼
0 to 25).
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M-H-S Equation on PNIPA in NC Gel

The correlation between Mw and [h] for

PNIPA(NCn-clay) from NCn gels with

different Cclay was evaluated. The result is

shown in Figure 10 together with a plot of

M-H-S equation (6) obtained for linear,

unfractionated PNIPA (PNm) with differ-

ent Mw. It was found that the Mw-[h]

relationship for PNIPA(NCn-clay) is con-

sistent with equation 6 for PNm, and that

the Mw/Mn (� 3.6) of PNIPA(NCn-clay)

is comparable to that of PNm. These

data indicate that the molecular character-

istics of PNIPA in NC gels are quite similar

to those of PNm prepared in aqueous

solution.
0.5

1

1.5

2

2.5

3

5 5.5

PN0.01 to 

[η] = 3.681×10-3Mw

lo
g 

[η
] (

cm
3 /g

) 

log Mw 

NC1 NC3 
NC7 NC1
NC2

Figure 10.

Double logarithmic plot of [h] vs. Mw(GPC) for PNm

(DMFþ10mM LiBr, 40 8C).
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Discussion

Correlation between MW and [NIPA]

Shibayama et al.[48] previously reported

that the dependence of Mw for PNIPA

synthesized in aqueous solution with

[NIPA] is given by equation 10. Figure 3

includes Shibayama’s data re-plotted using

Mw ¼ 1:97� 103½NIPA�1:37 (10)

triangles as symbol. They did not measure

MW directly, but estimated values from [h]

(in H2O at 20 8C) using theM-H-S equation

reported by Fujishige et al. (in H2O at

20 8C), although Fujishige’s equation is not

totally reliable as pointed by Chi et al.[45]

M-H-S Equation of PNIPA

So far, different M-H-S equations with

different values of the exponent a have

been reported for PNIPA, depending on

the solvent and conditions for PNIPA

synthesis, as listed in Table 2. However,

there is some conflict between them. For

example, Chiantore et al.[25] reported quite

different values of a for PNIPA depending

on the solvent; they reported that a¼ 0.97

for PNIPA in H2O at 25 8C and a¼ 0.64 for

PNIPA in CH3OH at 25 8C, which indicates

that water is a considerably better solvent

than methanol for PNIPA. However, for

the same sample, they also reported that A2
6 6.5 7

PN0.5 

2.5

2.6

2.7

2.8

6.7 6.72 6.74 6.76 6.78

0.7522 cm3/g 

(GPC) 

(m¼ 0.01
 0.5) and PNIPA(NCn-clay) (n¼ 1
 25). GPC
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[NIPA] (mM)

Figure 11.

Influence of solvent on the dependence of [h] on

[NIPA] for PNIPA. Solvents: DMF/10mM LiBr (20 and

40 8C) and water (20 8C).
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measured in methanol (25 8C) is higher

than that in water, which indicates that

methanol is a better solvent than water.

Fujishige et al.[18] reported a low value for a

(¼0.51 in H2O at 20 8C) compared with

Chiantore’s result (a¼ 0.93 in H2O at

20 8C). Fujishige’s result indicates that

water is a u solvent at 20 8C. However,

according to their A2 values, the theta

temperature should be 30.59 8C, as pointed
out by Chi et al.[45] Chiantore used

unfractionated PNIPA samples in his study,

while Fujishige’s group used fractionated

PNIPA. So, one possible reason for the

difference in a value (a¼ 0.51 and 0.93) is

the error in the measurement of MW of

unfractionated PNIPA by light scattering

(Chiantore), as explained in the results

section above.

In these studies, light scattering or

osmometry was normally used to determine

MW; GPC (THF) was only applicable in

the case of very low MW values

(Mw¼ 2.25� 103� 1.45� 104). However,

in the present study, a was obtained

using Mw measured by GPC (in DMF/

10mM LiBr at 40 8C), that is, a¼ 0.74 and

0.75 for fractionated and unfractionated

PNIPA, respectively. Here, Mw covers quite

a wide range, vis: 6.1� 104� 4.3� 106 for

unfractionated and 3.7� 105� 5.3� 106 for

fractionated samples. In addition, almost the

same value of a (¼0.73) was obtained

using Mw measured by light scattering (in

methanol at 25 8C) for fractionated PNIPA.

Relationship between a and [h]

In order to obtain information regarding

the chain conformation of PNIPA in

solution, we measured [h] for a consecutive

series of PNm samples in different solvents.

Figure 11 shows [h] for PNm measured in

water (20 8C) and the organic solvent,

DMF/10mM LiBr (20 and 40 8C). By

comparing the [h]DMF/10 mM LiBr values at

different temperatures (20 and 40 8C), we
found that the conformation of PNIPA in

DMF/10mM LiBr is hardly affected by

temperature (20 and 40 8C). On the other

hand, from the [h] values for the two

solvents at the same temperature (20 8C),
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
we found [h]H2O> [h]DMF/10 mM LiBr,

regardless of m (i.e., MW) of PNIPA.

By comparing results from the present

and previous studies, it was found that there

are two different relationships between a

and [h]. In the case of water-insoluble

polymers, relationship 11 is observed:

asolv:1 > asolv:2 and ½h�solv:1 > ½h�solv:2
(11)

Polystyrene,[49] poly(methyl methacry-

late) (PMMA),[50] poly(e-caprolactam)

(Nylon 6),[51] and poly(hexamethylene

adipamide) (Nylon 66)[52] are examples of

such water-insoluble polymers. Water-

soluble polymers follow relationship 12:

asolv:1 � awater and ½h�solv:1 � ½h�water (12)

Examples of such polymers are poly

(vinylpyrrolidone),[44] PNIPA[24] and cellu-

lose acetate.[53] Current results for PNIPA

are also consistent with relationship (12),

i.e., [h]DMF/LiBr< [h]water and aDMF/LiBr

(¼0.75)>awater (¼0.65). Here, we adopted

0.65 (�0.03) as the most reliable value of

awater, which is derived from aD¼ 0.55

(�0.01)[45] and the relation aD¼
(1þ ah)/3.

[39]

It is generally considered that polymer

chains in better solvents swell more exten-

sively and adopt more-expanded conforma-

tions. This is consistent with equation 11.

For example, polystyrene follows relation-

ship 11 irrespective of the solvent pair, such
, Weinheim www.ms-journal.de
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as toluene & butanone, toluene & cyclo-

hexane, and benzene & cyclohexane.[49] On

the other hand, relationship 12 is specifi-

cally observed in organic solvent & aqueous

systems. That is, low a and high [h] are

mostly observed in the case of water. The

origin of this relationship has not been

clearly elucidated, but it is probably related

to the strong interaction (hydration) of

water-soluble polymers with water.
Conclusion

In the present paper, we focused on

PNIPA, which is one of the most well-

known thermosensitive polymers and has

been used as a key component of functional

devices in many advanced research fields.

Molecular characteristics of PNIPA synthe-

sized by free-radical polymerization in

aqueous solution with different monomer

concentrations ([NIPA]¼ 0.005� 1.0mol � l�1)

and in NCn gels with different Cclay

(n¼ 0.3–20) were investigated in terms of

the polymer yield, [h], MW, and polydis-

persity (Mw/Mn) by means of GPC, viscos-

ity, and light scattering measurements. By

selecting appropriate experimental condi-

tions and solvents, e.g., DMF/10mM LiBr

solvent (40 8C), GPC measurements were

successfully performed to determine MW

and Mw/Mn of PNIPA. It was found that

these parameters varied significantly with

[NIPA]. The correlations between [NIPA],

polymer yield, MW, and Mw/Mn were

clarified. In particular, linear relationships

were observed between log Mw and log

[NIPA] and between Mw/Mn and log Mw.

Further, from the good correlation between

logMw and log [h], theM-H-S equation and

the molecular weight exponent a were

obtained for both unfractionated (as-

prepared) and fractionated PNIPA; the

resultant a values were very close, a¼ 0.75

and 0.74, respectively. An almost similar a

value (0.73) was obtained for fractionated

PNIPA from light scattering measurement

in methanol (25 8C). In addition, PNIPA

was successfully separated from NCn gels

without any damage, by decomposing the
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
clay in the PNIPA/clay network using an

aqueous solution of HF. The resulting

PNIPA (PNIPA(NCn-clay)) showed a good

correlation between log Mw and log [h]

which is almost consistent with M-H-S

equation obtained for PNm. The effects

of fractionation and solvents on a and chain

conformation, as well as the relationship

between a and [h] are discussed in compar-

ison with previous reports. All the results

reported here can be used to identify

molecular characteristics of PNIPA synthe-

sized in water, which is widely used

including its use in hydrogels.
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