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Poly(N-isopropylacrylamide) (PNIPAM) was synthesized by free-radical polymerization. High resolution 
n.m.r, was used to confirm its chain composition and linear chain configuration. The solution properties of 
both unfractionated and fractionated PNIPAM samples in THF and water at 20°C were investigated by laser 
light scattering (LLS). Owing to its polyelectrolyte nature, it is extremely difficult, or nearly impossible, to 
obtain a set of narrowly distributed PNIPAM fractions with Mw/M . < 1.3. Therefore, a scaling relationship 
between the translational diffusion coefficient (D) and the molar mass (M) has not yet been established. 
In this study, a combination of M w from static LLS and the translational diffusion coefficient distribution 
(G(D)) from dynamic LLS results enabled us to establish D (cm2s 1)=2.49 x 10-4M -°54° for PNIPAM 
in THF at 20C. Using this scaling relationship, we successfully calculated the molar mass distributions 
of a series of PNIPAM samples. For a given PNIPAM sample, the molar mass distributions obtained in 
different solvents are fairly comparable. 

(Keywords: poly(N-isopropylacrylamide); laser light scattering; correlation between D and M )  

I N T R O D U C T I O N  

Poly(N-isopropylacrylamide) (PNIPAM) is a special 
kind of polyelectrolyte which contains both carbonyl and 
amide groups along its long and hydrophobic backbone 
chain. In aqueous media, slightly crosslinked PNIPAM 
forms a soft gel which can undergo a discontinuous, 
reversible volume phase transition in response to changes 
in temperature, salt content, solvent composition, pH and 
electric field ~. This transition has substantial importance 
from medical, technological and scientific points of view z. 
There is a general description of this type of transition. 
However, the detailed mechanism is still not clear. 
Therefore, a better understanding of the PNIPAM 
molecular chain is a vital step towards the final 
explanation of this volume phase transition. As a 
promising material, PNIPAM has attracted much atten- 
tion in both academic and industrial research 1. Various 
methods have been used to study the solution behaviour 
of PNIPAM 3 7. PNIPAM synthesized from a free- 
radical polymerization is normally very broadly distri- 
buted with respect to molar mass. It is extremely difficult, 
or nearly impossible, to fractionate such a broadly 
distributed PNIPAM sample into a set of narrowly 
distributed samples. Therefore, to our knowledge, the 
relationship between the translational diffusion coefficient 
(D) and the molar mass (M) has never been positively 
established. In viscosity measurements, the Mark-  
Houwink equation [q ]=k~M ~. obtained in different 

5 7 research groups varies significantly , probably because 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

of the use of a set of broadly distributed samples. Great  
efforts have been expended in the past 5'6 to fractionate 
a broadly distributed PNIPAM sample into a set of 
samples with a narrower polydispersity index (Mw/Mn) 
of ~ 1.3, which is still too broad to be used in a theoretical 
modelling treatment. 

In this work, we have adopted a recently developed 
laser light scattering (LLS) data analysis procedure 8-12 
involving a combination of the weight-average molar 
mass (Mw) from static LLS and the translational diffusion 
coefficient distribution (G(D)) from dynamic LLS to 
study a set of broadly distributed PNIPAM samples. By 
this procedure, we have established a scaling relationship 
of the type D=ko M-~° which is directly related to the 
chain conformation of PNIPAM in solution. 

EXPERIMENTAL 

Preparation of samples 
Poly(N-isopropylacrylamide) was synthesized by the 

following procedure. First, N-isopropylacrylamide (pur- 
chased from Eastman Kodak) monomer was recrystallized 
three times in a benzene/n-hexane mixture; then, the 
purified monomer (18 g) was dissolved in 150 ml benzene 
with l mol% of recrystallized azobisisobutyronitrile 
added as initiator; and finally, this solution was degassed 
through three cycles of freezing and thawing. Polymer- 
ization was carried out by stirring the final degassed 
solution in an oil bath at 56°C for 30 h under a positive 
nitrogen pressure. After polymerization, the solvent was 
removed by evaporation. The resulting crude solid was 
further dried and then dissolved in acetone. The polymer 
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was finally recovered by adding the acetone solution 
dropwise into n-hexane. Upon filtering and drying, a 
white fabric-like polymer was obtained with a yield of 
75%. This PNIPAM was fractionated in a carefully dried 
acetone/n-hexane mixture at room temperature. Both the 
unfractionated and fractionated samples were used in this 
study. Tetrahydrofuran (THF, high performance liquid 
chromatography grade) purchased from Aldrich was used 
without further purification. The resistivity of the distilled 
deionized water used in this study was 18.3 MfZcm. 

N.m.r. analysis 
~H and 13C n.m.r, measurements were carried out using 

a Bruker ARX-500 superconducting Fourier transform 
n.m.r, spectrometer operating at 500.13 and 125.76 MHz, 
respectively. One-dimensional 1H and ~3C spectra were 
measured using 4 and 6/~s pulsewidths at 48 and 45 ° 
respectively. 1H decoupling was executed using the 
WALTZ 16 pulse sequence. For  one-dimensional nuclear 
Overhauser effect (n.O.e.) measurements the pulsewidth 
was 7.5 ps. 

Homonuclear XH-XH correlation spectroscopy (COSY) 
experiments were carried out using the standard COSY- 
45 sequence. For  data treatment, a squared sine-bell 
window function was used with 0 ° shift. The second 
dimension was zero filled to 512k prior to Fourier 
transformation. 

H e t e r o n u c l e a r  1 H - 1 3 C  COSY was carried out using 
the X H COSY sequence with ~H decoupling using the 
WALTZ 16 sequence. The ~3C pulsewidth (90°C) was 
12 ps, whereas a sine-bell window function was used with 
SSB = 3 shift for data treatment. 

Laser light scatterin9 
A commercial LLS spectrometer (ALV-5000, Langan 

in Hessen, Germany) was used with a vertically polarized 
argon ion laser (coherent INNOVA 90, operated at 
488 nm and 300 mW) as the light source. The details of 
LLS instrumentation and theories have been described 
elsewhere ~3'14. All LLS measurements were carried out 
at 20.0+0.1°C. The specific refractive index increments 
(dn/dc) of PNIPAM in T H F  and in water at 20°C were 
determined using a novel and high precision differential 
refractometer is. The measured dn/dc values of PNIPAM 
at 20°C and 488nm in T H F  and in water were 0.107 and 
0.167 ml g-  1, respectively. 

RESULTS AND DISCUSSION 

In static light scattering, the angular dependence of the 
excess absolute time-averaged scattered intensity, known 
as the excess Rayleigh ratio (Rvv(0)), was measured. For  
dilute solutions, by measuring Rvv(0) at a set of concen- 

trations C and scattering angles 0, we could determine 
the weight-average molar mass Mw, 

H b ~  a "  / H c  { 1t H ) \ / \ 

H / C I ]  = C a ~ C  O ' H'/7~ m Ca 

C - - - O  
/ I n N~. 

/ "d / N "~' | |  

C r H 3 ~ C H 3  C CIt3 / I '~CH3 
He r tt 

a b 
Figure 1 The labelling schemes of the monomer NIPAM (a) the 
polymer PNIPAM (b) 

Table 2 Assignments of H species in the monomer NIPAM according 
to the labelling scheme in Figure la 

6 (H, ppm) Assignment "Jij (Hz) (multiplicity) 

5.608 H b 2Jb,= 1.47 (quartet) 
3Jbc = 16.96 (quartet) 

6.260 H a 3Jbc= 1.47 (quartet) 
3Jac = 10.27 (quartet) 

6.069 H e 3Jea = 10.27 (quartet) 
3J~b = 16.96 (quartet) 

5.619 H d 3Jde= 7.56 (broad) 
4.156 H, 3ded= 7.56 (multiplet) 
1.184 Hf 3dfe = 6.30 (doublet) 

Table 1 The light-scattering results of PNIPAM at 20°C 

M~. A 2 ~'R z~,1/2 10S(D°)= (Rh)  = ( R  2"~1/2 
Sample Solvent (g tool - 1) (mol ml g-  2) (nm) (cm 2 s-  1) (nm) ( R , ) .  (g mol-  x) (Mw/M.)..l.~ 

Unfractionated THF 2.45 x 106 - 1 x 10 -4 103 6.78 65.2 1.58 2.47 × 106 7.54 

Unfractionated Water 2.40 x 106 - 1 × 10 -4 103 3.27 65.3 1.57 2.40 x 106 6.75 

Fraction 2 THF 3.97 × 106 1 × 10 -4 97 6.24 70.8 1.37 3.95 x 106 1.85 

Fraction 3 THF 8.44 x 105 3 x 10 4 50 13.7 32.3 1.56 8.44 x 105 2.17 

Fraction 4 THF 8.61 × 104 6 x 10 -4 14 49.7 8.89 1.53 8.59 x 104 1.70 
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of the methyl protons was 1.184 (average between 1.190 
and 1.177)ppm and the corresponding coupling constant 
with N-isopropyl proton was 6.30 Hz. Coupling between 
the amine proton (Hd) and the N-isopropyl proton (H¢) 
was also determined (7.56 Hz). The ~H n.m.r, spectrum 
of the polymer was generally featureless. However, the 
AMX part of the spectrum from the terminal vinyl group 
in the monomer had disappeared, but very broad peaks 
in the methylene region were detected. This suggests that 
polymerization occurred through opening of the double 
bond in the monomer (see Figure lb). This suggestion is 
supported by a comparison of the results obtained in the 
~3C n.m.r, spectrum between the monomer and the 
polymer (Figure 2). In the ~3C n.m.r, spectrum of the 
monomer (Figure 2a), the peaks at 131 and 126ppm are 
respectively assigned to C~ and C/~ in the vinyl fragment. 
Both of these peaks are absent from the ~ac n.m.r. 
spectrum of the polymer, but two broad peaks are 
detected at 36 and 42.5ppm in the methylene carbon 
region. The peak at 36 ppm is assigned to C#, whereas 
that at 42.5 ppm is assigned to C~, as shown in Figure 
lb. Although the increase in molar mass and size because 
of polymer formation may lead to an increase in the 
correlation time, which may account for the extensive 
broadening in both the ~H and the ~3C spectra, the 
presence of a distribution of backbone conformations in 
the polymer better accounts for the observed broadening 
of the ~ 3C n.m.r, peaks for C~ and CIr. No major changes 
were observed for the C = O  and the isopropyl group. 

Finally, we think that this negative A 2 and larger Rg 
might be attributable to the broad distribution of the 
unfractionated sample, which contains some components 
with ultrahigh molar mass. 

In dynamic light scattering, the normalized correlation 
function of the scattered electric field (]glll(t, 0)]) can be 
determined from a measured intensity intensity time 
correlation function GI2~(t, 0). For a polydisperse sample, 
Ig~l~(t, 0)] is related to G(V) by 

[g~(t,O)l=(E(t,o)g*(t,O))= G(r)e- rtdV (1) 

where G(V) is the normalized characteristic linewidth 
distribution. For finite q and C, the characteristic 
linewidth V can generally be expressed as 17'18 

F/qZ=D°(l +kdC)(1 . R 2 2 + / ' ( g ) q )  (2) 

where k d is the second virial diffusion coefficient andfis  a 
dimensionless constant which depends on polydispersity, 
chain structure and solvent quality. Therefore, we can 
reduce G(F) to the translational diffusion coefficient G(D). 

Figure 3 shows two typical translational diffusion 
coefficient distributions for the unfractionated PNIPAM 
sample in THF and in water at 20'~C. For the sake of 
comparison, D has been scaled by the solvent viscosity 
(q). As expected, for a given PNIPAM sample, the 
distributions obtained in different solvents are very 
similar in shape and peak position. Both the distributions 
in Fi~lure 3 have a long tail in the large diffusion coefficient 

a 

[ 

Figure 2 

, 4 J I ' I 

The 13C n.m.r, spectra of the monomer NIPAM (a) and the polymer PNIPAM (b) 

j 
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Figure 3 Translational diffusion coefficient distributions of the unfrac- 
tionated PNIPAM sample measured in THF (IS]) and in water (O) as 
c ~ 0  and 0 ~ 0  at 20°C, where D has been scaled by the solvent viscosity 
(q) for the sake of comparison 

and which corresponds to low molar mass PNIPAM. 
This long tail indicates that the unfractionated PNIPAM 
sample has a very broad molar mass distribution. The 
distributions of the three fractionated PNIPAM samples 
are narrower than those in Figure 3, but still too broad 
to be used in a theoretical modelling treatment. 

On the basis of equation (2), we can get (D°)z from a 
dynamic Zimm plot as q ~ 0  and c~0 .  Furthermore, the 
average hydrodynamic radius (Rh)  ~ can be calculated 
by replacing D with (D°)= in the Stokes-Einstein 
equation Rh=kBT/6rulD, where kB, r/ and T are the 
Boltzmann constant, the solvent viscosity and absolute 

(Do) :  (Rh) :  temperature, respectively. The values of o 
and 2 1.2 ( R g ) :  / (Rh) :  are listed in Table 1. It can be seen 
that the value of (RZ)}/2/(Rh): for the unfractionated 
PNIPAM sample in T H F  is similar to that in water. We 
can conclude that the solvent qualities of T H F  and water 
are similar for the broadly distributed unfractionated 
PNIPAM sample at 20°C. The values of (R2)~/2/(RI~)z 
for both the unfractionated and fractionated PNIP A M 
samples in T H F  are larger than the values in the 
literature s. It should be noted that Kubota et al. s made 
a mistake in converting D to R h in which they mistook 
t/20°c (0.486) for " 25°c (0.551). After recalculating ( R h )  z T H F  / ' ] t o l u e n e  

with the right viscosity, the value of 2 1/2 (Rg)= /(Rh)z for 
Kubota et al. 5 would be 1.23-1.25, which is too low for 
a linear polymer chain in a good solvent. In addition, 
this value is in stark contrast to the % value of 0.65 in 
the Mark-Houwink relationship of PNIPAM in T H F  at 
27°C 6. In comparison, the values of (R2)lz/Z/(Rh)= 
(~1.55) obtained in this work are more reasonable, 
showing that the PNIPAM chain has a coil conformation 
in T H F  at 20°C. 

Besides the Mark Houwink equation, the scaling 
relationship between D and M, i.e. D = kDM-~, is often 
used nowadays to characterize polymer chains in solution, 
where ~D is directly linked to the chain conformation. 
This linkage has been theoretically predicted and experi- 
mentally proven. Normally, ~O can be obtained by 
measuring both D and M for a set of narrowly distributed 
standards. Unfortunately, owing to its polyelectrolyte 
nature, it is extremely difficult, or nearly impossible, to 
get a set of such narrowly distributed PNIPAM standards. 

Therefore, we have to solve this problem in a different 
way. 

On the one hand, from static light scattering when 
c ~ 0  and 0 ~ 0  we have 

f /  Fw(M)M dmocI (3) 

where Fw(M) is a weight-average molar mass distribution. 
On the other hand, on the basis of equation (1) as t ~ 0  
we have 

£ £ [g{D(t,O)],~o= a ( F ) d r ~  G(D)dD~I (4) 

Combination of equations (3) and (4) leads to 

£ £ f w(M)M dMoc G(D)dD (5) 

which can be further written as 

£ £ Fw(M)M 2 d(ln M)oc G(D)D d(ln D) (6) 

where d(ln M) ~: don D) according to D = kDM- ~°. After 
comparing both sides of equation (6), it is not too difficult 
to find that 

G(D)D 
Fw(M)~ ~ T _  ocG(D) D +2/~ (7) 

All proportionality constants have been omitted from 
equations (3)-(7) since they are irrelevant to a given 
distribution. By definition 

f /  Fw(M)MdM k ' / ~ f ~  G(D)dD OJo 
(Mw)cal¢ d - -  : { ,  ~-- 

fo Fw(M)dM fo G(D)D1/~dD 
(8) 

where we have used dD~zM-t~°+I~dM on the basis of 
D = kDM - ~'. 

Figure 4 shows a double-logarithmic plot of o (Do):  
versus M w for PNIPAM in T H F  at 20°C. The solid line 
represents a least-squares fitting of o (Do) :  = (kD)Mw (~,}) 
with (kD)=(2 .86_0 .10)x  10 -4 and (~0)=0.56__0.02, 
where ' (  ) '  means that the values are obtained from o (Do) :  

,---, -6.20 

~D 
' r - ? "  

-6.60 

~ -7.00 
O 

© 

-7.40 
4.80 6.80 

" ' " " " "  " " - , . .  , . . . . . . . . . .  

I I I 

5.30 5.80 6.30 

LOgl0[Mw / (g/mol)] 
Figure 4 Double-logarithmic plot of (DO)= versus Mw. The solid 
line shows a least-squares fitting of (D°)~=2.86x  10-4Mw° 56; the 
dashed line represents a correlation between D and M, i.e. D=2.49 
x 10-4M -°'54°, instead of between (Do) : °  and M w 
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and M w instead of D and M. At first, we tried to replace 
k o with ( k o )  and ~o with (~o)  in equation (8) to 
calculate (Mw)¢,~d from G(D), but we found that such 
{Mw)calc d values were much smaller than the measured M w 
values from static LLS. It is known in general that ( k o )  
and (: to)  obtained from a set of broadly distributed 
samples are usually different from ko and ct D, which forced 
us to use a recently developed method to obtain k D and 
:% instead of ( k o )  and (~O) ,  from two or more broadly 
distributed samples s-a2. For the convenience of this 
discussion, this method is outlined in the following. 

For N-number  samples, we have N-number  Mw values 
from static LLS and N-number  G(D) values from dynamic 
LLS denoted as Mw,~ and G~(D), where i = l, 2 . . . . .  N. By 
assuming a pair of k o and :to and using equation (8), we 
are able to calculate the N-number  (Mw)¢~¢a, denoted as 
(Mw.i)calc a. The ratio of (Mw,i)calcd/(Mw.j)calc d is 

I;o '°'dqio °d°l 
- -  - ( 9 )  

(Mw'j)calcd [f[ 6,W)dDI[foC,W)D'/=DdD ] 
where k D has been eliminated. In principle, (Mw,i)calc d 
should equal Mw.~ if ~o and kv are properly chosen, and 
then the difference between M~,JMw,j and (Mw,O¢.~d/ 
(Mw4)¢.~a should reach a minimum. On the basis of the 
above discussion, two error functions are defined as 

ERROR(:tD)= ~ [ Mw'' (Mw'/)calcd] 2 (10) 

i= l,j= 1LMw,j (Mw4)~l~dj 

and 
N 

ERROR(kD)= ~, [Mw,,-(Mw.,)¢a,cd] 2 (11) 
i=1 

It is clear that this procedure is an Mw-constrained 
analysis. First, by iteration for :to, we can find a proper 
~D to minimize ERROR(:to); and then, with this %, we 
can find k D by iteration to minimize ERROR(kD). In this 
way, we are able to obtain k D and % with only a set of 
broadly distributed samples. 

On the basis of equation (10), we found a minimum 
value of ERROR(aD) at ~D = 0.540 by iteration for c%. At 
this ~D value, the measured results from static and 
dynamic LLS, i.e. Mw and G(D), are well matched. Figure 
5 shows typical plots of ERROR(kD) versus k o for different 
values of :tD" It can be seen that there exists a minimum 
ERROR(kD) for each given % and there exists an overall 
minimum at :%--0.540 and k D = 2.49 x 10 -4.  This pair of 
:tD and kD defines a correlation, or scaling relationship, 
between D and M, instead of between (DO)= and Mw, 
which is also drawn in Figure 4 (dashed line). After getting 
kD and :tl~, we can convert G(D) to Fw(M ) according to 
equation (7). 

The Fw(M) values of unfractionated and fractionated 
P N I P A M  samples were calculated from the G(D) values 
by using D = 2 . 4 9 x 1 0 - 4 M  -°'s4°. The values of the 
polydispersity index Mw/M, calculated from these Fw(M) 
values are presented in Table 1. It is expected that the 
Fw(M) of the unfractionated sample will be much broader 
than that of any fractionated sample. In addition, the 
unfractionated sample has a bimodal distribution. At this 
moment,  we have no explanation for the connection 
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Figure 5 Typical plots of ERROR(kD) versus ko for different values of 
~o. The overall minimum value of ERROR(kD) corresponds to ~O ~ 0.540 
and kr,=2.49x l0 4 
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Figure 6 Comparison of the cumulative molar mass distributions of 
the unfractionated PNIPAM sample obtained in water and THF. For 
water, four different ~D values were used: ( ..... ) ~r~ - 0.50: ( ) :% - 0.54: 
( ) :%=0.55: I -- ) ~D-0.56. For THF. ~=0.54 (©) was used 

between this bimodal distribution and the polymerization 
kinetics. 

The relationship between D and M for P N I P A M  in 
aqueous solution is even more controversial. The first 
report of the Mark -Houwink  coefficient % for P N I P A M  
in aqueous solution at 20°C was 0.93 by Chiantore et al. 7 
where a number of unfractionated samples were used. This 
% value implies that the P N I P A M  chain in water is an 
extended coil at 20°C. Kubota  et al. 5 and Fujishige 6 deter- 
mined the % value ( ~ 0.50) of P N I P A M  in water at 20°C 
by using a set of fractionated samples with a narrower 
molar  mass distribution (Mw/M,~ 1.3). According to 
FloryX 9, :% and % are related by ct o = (1 + %)/3. If their 5'6 
% is correct, the value of :to should be 0.50, which means 
that water is a 0 solvent for P N I P A M  at 20°C. However, 
according to their A 2 values, the 0 temperature is 30.59~'C, 
which is reasonable since it is near the lower critical 
solution temperature of P N I P A M  in equeous solution. 
Therefore, there is a contradiction between their :t, value 
(~0 .50)  and their positive A 2 values at 20c'C. In order 
to find the proper ~o and ko of P N I P A M  in aqueous 
solution at 20°C, we have utilized the following fact: for 
a given P N I P A M  sample, its molar mass distribution 
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should be independent of the type of solvent used in its 
characterization, i.e. Fw(M) values obtained from G(D) 
values in Figure 3 should be the same. 

Fiyure 6 shows five cumulative molar mass distributions 
calculated from the G(D) values in Figure 3. For P N I P A M  
in THF, we have used the previously determined scaling 
relationship D=2.49 × 10-4M -°'54° to convert G(D) to 
Fw(M ). For P N I P A M  in water, we have tried four 
different values of ~D. Figure 6 shows that if ~o=0.50, 
the difference between the molar mass distributions 
obtained in water and in THF is large. In contrast, if 
~o = 0.54-0.56, the difference is less significant. After con- 
sidering all the experimental uncertainties, we conclude 
that the proper values of~D and ko for P N I P A M  in water 
at 20°C should be 0.55+0.01 and (1.36+0.10)× 10 4, 
respectively. With this pair of ~o and ko, we finally 
converted the G(D) of the unfractionated P N I P A M  in 
aqueous solution at 20°C in Figure 3 into F~,(M). The 
calculated value of M w / M  n is listed in Table 1, and it 
agrees well with the value obtained from THF solution. 
This ~D value of 0.55 +0.01 is also very close to the value 
of 0.56 which can be derived from the data in the 
literature 5. 

C O N C L U S I O N S  

The solution properties of P N I P A M  in both THF and 
water at 20°C have been studied by using a combination 
of static and dynamic LLS. The scaling relationships 
between the translational diffusion coefficient (D) and the 
molar mass (M), instead of (D)= and Mw, of P N I P A M  
in both THF  and water at 20°C have been established 
from a set of broadly distributed samples, wherein we 
have used the following facts: (1) the weight-average 
molar mass (Mw) measured from static LLS should be the 
same as that calculated from the translational diffusion 
coefficient distribution (G(D)) in dynamic LLS; and (2) 
for a given PNIPAM sample, the molar mass distribution 
should be independent of the solvent used in the LLS 

characterization. From the ~o and A 2 values of PNIPAM 
in THF and water at 20°C, we are confident in concluding 
that both THF and water are fairly good solvents for 
PNIPAM at 20°C and the PNIPAM chain in both THF 
and water at 20°C has a flexible coil conformation. 
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