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ABSTRACT: One fast and one slow relaxation mode were observed in semidilute aqueous solutionMf poly(
isopropylacrylamide) (PNIPAM) by dynamic light scattering (DLS). The length scale of the slow relaxation was
found to be comparable with the observation lengtly)(ti our DLS measurements. To elucidate its origin, we
varied the solution temperature and used different salts to study their effects on such a slow mode because it is
known that they can influence the strength of the watenide hydrogen bonding as well as the icelike structure

of liquid water. As the temperature increases, the slow mode was gradually suppressed. Using a strong salting-
out salt (NaSQOy) and a strong salting-in salt (NaSCN) with the same cation as two model systems, we found that
the salting-out salt suppresses the slow dynamics, while the salting-in salt amplifies it. Our results reveal that the
slow mode is related to a long-range correlated density or concentration fluctuation, namely, the interaction among
the segments in different blobs on chains.

Introduction formation of hydrogen bonding between polymer and water
For a semidilute solution of linear bolvmer with a thermo- molecules) and hydrophobic effects is a determining factor in
diiu ytl ' poly Wi the properties of agueous PNIPAM solutidfign our previous

ggmm%%mgnﬂggsﬂggng' t?hee'Zte:;;li‘;tﬁnﬁ:ﬁg;‘:ﬁezﬁrrigﬁ) study, we showed that one fast and one slow relaxation mode
y y 9 9 were observed in semidilute agueous solution of PNIPAM by

Is expected to display a single-exponential decay. It is bgcauseDLS, while there is only one mode in dilute soluti&hTo
that under this condition the static and dynamic properties of further elucidate the origin of the slow mode, in this paper, we

Eglnygﬁ:fagﬁ f?jéﬁjrgt'i'gﬁg (J(;Jf?(tenbé/eggﬁbggrgitrzznrr:ggﬁ”;izoef) present experimental investigations of temperature and salt
‘effects on the dynamics of PNIPAM chains in semidilute

&, which is predicted to be molecular weight independent and aqueous solutions, especially on the slow mode, because it is

i ~ (0.751-3
scaled to the polymer concentratiof)(as & ~ C*= In known that both of them can influence the strength of the

Sggg'?gf:}éot;hgse er:r?grg;ﬁ"lfgé ?;gntﬂgll;gﬁz“gg "ns]ﬁ)c\j,s’n:tot;i% water—amide hydrogen bonding as well as the icelike structure
9 y of liquid waterl” With respect to the salt effects, a strong salting-

1o 12 b cosere o YOG Pl T3 Sy Sl (NaSQ) and a song saling-n st (NaSCH) i
o ) ’ 9 > . the same cation were chosen as two model systems.

semidilute, aqueous systems have also been shown to exhibit a

dominant slow mode, such as poly(ethylene oxidg)fi° poly- Experimental Section

(vinyl alcohol)/H,0,1% and poly(vinylpyrrolidone)/HO sys-

11-13 i i i i
Lergs. bCompflred mth the chain 2‘?{26“/"06 n dgepetrt;’all spectrometer have been described beforePNIPAM sample with
ydrocarbon systems, the appearance of the slow mode inthesg, "~ 1 99 5 105 g mol* and My/M, = 1.1, measured by gel

aqueous systems seems anomalous and confusing. Sun alnHenrmeation chromatography (Waters) at@0with tetrahydrofuran
K|ngl3 a.tt”buted thIS anoma|0us behaVIOI’ to the Un|que, as e|uant’ was used in the present Studyzm and NaSCN of
tetrahedral hydrogen-bonding network of water and showed thatanalytical chemical reagents grade were used after recrystallization.
denaturing the water through the addition of denaturing agentsin DLS, the baseline-normalized intensitintensity time correlation
known to disrupt the water structure could significantly diminish function g@(t,g) in the self-beating mode was measured, where

the slow relaxation. Also, the denaturation change through is the decay time and is the scattering vector(= (4zn/4o) sin-
pressure is reversible. (072)). g@(t,0) can be related to the normalized first-order electric

field time correlation functiong(t,g)| via the Siegert relation &

The details of sample preparation and laser light scattering

Poly(N-isopropylacrylamide) (PNIPAM) is considered as a
typical water-soluble polymer which bears both hydrophilic At o) = Bla®t o) 1
(amide) and hydrophobic (isopropyl) groups, and it has been g(ta) =plg (Lol @
described as a model system for the cold denaturation of peptides, here 0< 4 < 1 is a constant related to the coherence of the

and proteins* The delicate balance between hydration (the getection optics. For broadly distributed relaxation spectigf;
(t,0)| is related to a characteristic relaxation time distributi(mn)
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Figure 1. Concentration dependence of intensitgtensity time
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correlation functiong®(t,q) of PNIPAM/H,O in both dilute and Figure 2. Temperature dependence of intensiiytensity time cor-

semidilute regimes. The overlapping concentration estimated fidgh 3 relation functiong®(t,q) of PNIPAM/H,O in a semidilute solution. The
(4nNaR?) < C* < Muw/(Na(+/2 Ry is in the range 1.92.8 mg decay timet) on thex-axis is shifted by T/5o) to correct the temperature
mL-1, whereN, is the Avogadro constant arig} is the average radius (T) and the solvent viscosity;), so that the relaxation time at different

of gyration. temperatures can be directly compared.

G(7) can be calculated from the Laplace inversion of the measured w L. ¢ €=552mg mL"

g@(t,g) on the basis of egs 1 and 2. In this study, the CONTIN Joo=20’

program supplied with the correlactor was used. 1 # [} —o-0h

of & Il —o-2n
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Results and Discussion S ’ e e gzo —0—32h

Figure 1 shows the typical intensitjntensity time correlation © ;qj\q 6200y

function of PNIPAM aqueous solutions in both dilute and 5’3@%%36 il 0N

semidilute regimes. In dilute solution, only one relaxation mode CLTTLGK S S

is observed, which is related to the mutual diffusion of fully 1 0 500

dispersed polymer chains. As the polymer concentration in-
creases, one additional slow mode appears in the semidilute ¢/ ms
regime. Previous studies showed that the characteristic relaxatiorfigurfe 3. _Timg depef”dence %ffhara‘:terism re]!al’;ﬁ:g%\iﬂmef?is"jb“'
.ra.te (Ff) O.f the fa}st mode is proportional tq?z indicating that :g)rrr:p;rg(t:ltjlfenW&E?jtj)m;ejefpcyml gt;oa%ugggi 'I(')he inset shoa\llvse rthltz_'S
it is diffusive, while the characteristic relaxation rate of the slow  time dependence of averaged intensity of scattering light under the same
mode () is scaled tay asI's ~ g% with 2 < ag < 3, indicating condition. Note that her&€/C* ~ 2 and the extent of overlapping
that the slow relaxation involves a length scale which is between polymer chains is rather limited.
comparable with the observation lengthcliised in our DLS  some long-range correlated density or concentration fluctuations.
measurementS. The slow mode becomes more and more |n the classical semidilute solution theory, the motions of
dominant, and its characteristic relaxation time shifts toward segments between different blobs are screened and therefore
the slow direction with an increasing concentration. not correlated. Such an assumption may be broken down when

In this system, besides water as a special solvent that canthere is some interaction (hydrogen bonding in water) or strong
form some clustering structures via intermolecular hydrogen interaction between chains in poor solvents.
bonding}” PNIPAM itself can form intra- and interchain Figure 3 shows the characteristic relaxation time distribution
hydrogen bonding as well as form hydrogen bonding with water at different times for a semidilute aqueous solution of PNIPAM
molecules. As expected, PNIPAM chains or segments interactafter its temperature was jumped from 29.0 to 300 The
directly or indirectly with each other in semidilute solutions. solution was kept at 29.TC for 48 h to reach its corresponding
Given and Eltat have illustrated such interaction in their equilibrium state before temperature jump. The reason for
viscometric study of association behavior of poly(vinylpyrroli- - choosing 30.0°C instead of a higher temperature is that we
done) in water. Therefore, it is possible that such a long-range had to construct a balance between the phase transition
segmentsegment interaction might not be completely “screened” temperature and the observation of phase separation by DLS.
out by overlapping, especially when the extent of chain Namely, at 30.0°C, the solution remains clear within 3 days.
overlapping is not too high in semidilute solutions. At the temperatures higher than 30QG (e.g., 31.0°C), the

It has been well documented that temperature can significantly solution becomes cloudy within a few minutes. The inset in
alternate the solubility of nonionic polymers in water. For Figure 3 shows the time dependence of the time averaged
PNIPAM, it has a lower critical solution temperature (LCST) intensity of scattering light[() after the solution temperature
around 32°C in water. Figure 2 shows the temperature reaches 30.0C. It is clear thatlllincreases with time due to
dependence of the intensityntensity time correlation function  the phase separation; i.e., the chains start to aggregate. In Figure
obtained from a semidilute solution of PNIPAM in water at 3, the intensity contribution of the slow mode (i.e., the peak
temperature lower than its LCST. The slow mode becomes morearea) increases with time. Finally, the fast mode disappears or
evident in amplitude and shifts toward a longer relaxation time becomes not measurable. As discussed before, the fast mode is
as the solution temperature decreases. Note that water is a betteelated to the cooperative diffusion of segments inside each
solvent for PNIPAM at lower temperature. Therefore, the slow “blob”. The chain collapse at 30 suppresses such a motion.
mode cannot be related to chain aggregations or the formationOn the other hand, the chain shrinkage also reduces the
of some real chain clusters. Since the chains have a more swollerinterchain entanglement and destroys the transient network. It
conformation at a lower temperature, they are more overlappedhas been found that the chain aggregation and contraction in a
with each other, so the slow mode should be related to the chainpoor solvent could lead to the formation of mesoglobules made
entanglement. Presumably, as we suggested before, it is due tof a limited number of chain®. As more and more ponmeéDV
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of our results consistently showed that the better the solubility
5 NaSO, 0.15M of PNIPAM in water, the more pronounced the slow mode.

O without salt .
A NaSCN 0.15M Conclusion

The slow relaxation mode was observed by DLS in semidilute
polymer solutions when the solvent is not thermodynamically
good or there exists some interaction stronger than the van der
Waals interaction, such as the hydrogen bonding. In the present
iy, study, by changing the solution temperature or adding different
O 0 1000 salts, we have demonstrated that the slow relaxation mode in
semidilute aqueous solutions of PNIPAM below the LCST is
) ] o o ) ) not related to a possible chain aggregation or formation of real
F(lzg)ure 4. Salt effect on intensityintensity time correlation function clusters, but to a long-range interaction between the segments
g*(t.q) of PNIPAM/H;O in a semidilute solution. in different blobs on chains. Hence, it might be due to the
hydrogen bonding. It seems that more extension of the chains
or more overlapping of the chains will lead to a more
ronounced slow mode.
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chains are pulled away from the entangled transient network,
more and more mesoglobules (real clusters) are formed. Note
that here the slow mode at the later stage represents IargéO
aggregates of the chains, i.e., real cluster. This process is Acknowledgment. This work has been supported by the
reversible. Chinese Academy of Sciences (Grant KIJCX2-SW-HO07), the
To further our study of the interaction between chains and Ministry of Science and Technology of China (Grant 2003CB-
the effect of chain conformation, we added different salts into 615600), the Chinese National Science Foundation (Project
the PNIPAM aqueous solution. The effects of salts on the 20490220), and the HKSAR RGC Earmarked Grant 2004/05
PNIPAM chain conformation and its LCST have been inves- (CUHK 4025/04P, 2160206).
tigated in depth by many experimental techniques and found to

be consistent with the Hofmeister serfés23 which originally References and Notes
categorized simple inorganic salts in regard to their relative (1) de Gennes, P.-GScaling Concepts in Polymer PhysicSornell
ability to precipitate proteins from aqueous solution. Anions University Press: Ithaca, NY, 1979.

. . 2) Wiltzius, P.; Haller, H. R.; Cannell, D. S.; Schaefer, D. Mys. Re.
have a more pronounced effect on such a behavior than cations. @) Lett. 1983 51, 1183. Y

The effect of Hofmeister anions on the PNIPAM solvation can  (3) Brown, W.; Nicolai, T.Colloid Polym. Sci199Q 268 977.
be explained by different interactions of anions with the chain Egg Eos_e, g-ZJCh#, B’\/Icaccr:oml\(/ljletcu'ehi'tw%}f' 5901:958949-25 650

: . . . _ mis, . J.; Aan, C. C.J Matsusnhita, ¥Polymer 3 .
and its hydration water moleculgs, _namely, the salting out effect (6) Hwang, D.-H.; Cohen, CMacromoleculesi984 17, 1679, 2890.
(the decrease of the LCST) is induced by weakening the (7) Brown, W.; Sipanek, P.Macromolecules1988 21, 1791.
hydrogen bonding between water molecules and the amide group Egg grown, VWV I\Pﬂﬁcromcilgescglgg9fg4%7, 66.

; At ; ; ; rown, W.Polymer \ .

via _polarlzatlon_and by increasing the surface t_enS|on of t_he (10) Fang, L. O.: Brown, WMacromoleculed.990 23, 3284,
cavity surrounding the chain backbone and the isopropy! side (11) Eisele, M.; Burchard, WMacromolecule<984 17, 1636.
group. On the other hand, the salting-in effect (the increase of (12) Burchard, W.; Eisele, MPure Appl. Chem1984 56, 1379.

ic i i ing (13) Sun, T.; King, H. E., JtMacromoleculesl996 29, 3175.
thﬁ LCST) is ngl:jczq b){dst;entghthenln.?j the %droggfn .bondmg (14) Schid. H. G Prog. Polym. Sci1092 17. 163,
when anions bind directly to the amide grotipSQ,*" is a (15) Schild, H. G.; Muthukumar, M.; Tirrell, D. AMacromoleculed991,

strong salting-out ion, which has a high surface charge density 24, 948.
and forms a complex of tightly bound water molecules, which (16) Yuan, C; C.; Wang, X. H.; Han, C. C.; Wu, Macromolecule2006

. . 39, 364
Is considered as a solvent worse than pure water. Contrary t0(17) Molyneux, P.Water-Soluble Synthetic Polymers: Properties and

this, SCN is a strong salting-in ion, and its complex with water Behavior: CRC Press: Boca Raton, FL, 1984.

is a better solvent for PNIPANY Figure 4 shows the intensity (18) BerEe, g. é.; Pecora, Rynamic Light Scatteringlenum Press: New
intensity time correlation function of semidilute solutions with 19) \((;(‘)ur/én% (;.;'Eltan, EMakromol. Chem1981 182 3126,

an identical polymer concentration, but with and without (50) wu, C.; Li, W.: Zhu, X. X.Macromolecule004 37, 4989.
different salts (NgSO; and NaSCN) at 10.0C, which is well (21) Dhara, D.; Chatterji, P. R. Macromol. Sci., Re Macromol. Chem.
below the LCST. The addition of SCNanions increases the Phys.200Q 40, 51.

. . . (22) Freitag, R.; Garret-Flaudy, Eangmuir2002 18, 3434.
relative amplitude of the slow mode, but the addition of,50 23) Zhang, Y. J.; Furyk, S.; Bergbreiter, D. E.; Cremer, RL.8m. Chem.

anions has an opposite effect on the slow mode. This is expecte S0c.2005 127, 14505.

because SCNanions increase the solubility of PNIPAM in  (24) Krasovitski, E.; Cohen, Y.; Bianco-Peled, 8.Polym. Sci., Part B:
water and contribute to the extension of chains, which has a ~ Polym- Phys2004 42, 3713.

similar effect as the decreases of the solution temperature. All MAO61059E

Ccbv



