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Summary 

The dynamics of aqueous solutions of unmodified poly(viny1 alcohol) (PVA) and of 
hydrophobically modified anionic analogues with two different degrees of 
hydrophobic substitution (HMPVAl and HMPVA2) is studied with the aid of 
viscometry and dynamic light scattering (DLS). The viscosity results reveal a 
pronounced polyelectrolyte effect in dilute solutions of HMPVAl, while strong 
association effects, even at very low concentrations, are observed in solutions of the 
analogue with the highest hydrophobicity. The relaxation times for solutions of PVA 
are practically independent of concentration over the considered range. For the 
hydrophobically modified analogues, both the fast and the slow relaxation times 
increase with increasing concentration for both systems, but the concentration 
dependencies of the relaxation times are much stronger for HMPVA2 due to enhanced 
hydrophobic associations. 

Introduction 

Amphiphilic polymers that spontaneously form supramolecular structures in aqueous 
media mainly due to hydrophobic interactions have attracted a great deal of interest in 
recent years [ 1-71, Hydrophobically modified polyelectrolytes are such systems that 
belong to this class of self-associating polymers. In these systems, hydrophobic 
associations can take place through intra- or interpolymer interactions competing with 
electrostatic repulsions, which operate within the same polymer chain or between 
different chains. The preference of intra- or interpolymer hydrophobe association 
depends on the polymer concentration and the structural characteristics of the 
macromolecule, notably the content and the nature of the hydrophobic groups and the 
sequence distribution of electrolyte and hydrophobic monomer units along the 
polymer chain. These effects and the ionic strength of the system are factors that also 
are important [ 8,9] for the association efficiency and subsequently the dynamical 
behavior of solutions of hydrophobically modified polyelectrolytes. Numerous 
theoretical studies [lo-191 in recent years have been devoted to properties of 
polyelectrolyte solutions. 
The solution behavior of linear polyelectrolytes has been investigated extensively by 
light scattering [20-341 in order to survey long-range interchain dynamics of polyions. 
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The appearance of a fast and a slow diffusive mode in the correlation function from 
dynamic light scattering (DLS) of linear polyelectrolytes in dilute to seinidilute 
aqueous solutions in  the lo\?-salt limit has attracted a great deal of interest in recent 
years and several models have been dekeloped to explain this phenomenon 
[22,23,35,36] The slow diffusive polyelectrolyte mode has been detected in a uide 
variety of synthetic and biological polymers in solutions of Ion ionic strength [22,36- 
401 The fast mode is usually interpreted as arising froin coupled diffusion of polyions 
and lou-inolecular-M,eight countenons, M hile the s lo~ t  mode has been attributed to the 
existence of supramolecular structures or large-scale heterogeneities in solution 
Although the properties of these systems are goveined mainly by the intei-play 
betueen the strong attraction between hydrophobic groups (stickers) and the repulsion 
originated from the charges located on the polymer chains and the mobile counterions, 
it is unclear to ~i hat extent hydrophobic modification of polyelectrolytes influences 
the overall dynamical features. The pnncipal objective of the present fiork is to 
elucidate hofi the competition betu een electrostatic and hydrophobic interactions 
influences the dynainics of hydrophobic polyelectrolyte systems 

OC1CiH33 OH OCH2C H2C H2SO3 

HMPVAI. x = 0.01 1 7 = 0 026 
HMPVA2. x = 0.020 z = 0.026 
y =  I - x - 2  

Figure 1 .  Schematic picture of the hydrophobically inodificd poly(1 inyl alcohol) with anionic 
fimctional ity 

With this intention in mind, we have conducted dynainic light scattering on aqueous 
solutions o f  the nonioiiic precursor polymer poly (tiny1 alcohol) (PVA) and tM o 
hydrophobically modified analogues (with different amounts of hydrophobic gi-oups) 
with the same anionic functionality (see Figure I )  In this papei, our attention IS 

focused on the dynamical propei-ties of the systems Since capillaiy viscometry is a 
pou erful technique to characterize polyelectrolyte effects, some viscosity 
ineasureineiits were carried out on aqueous solutions of the hydrophobically niodified 
polyelectrolytes to elucidate the interplay betn een electrostatic and hydrophobic 
interactions The incorporation of hydrophobic groups reduces the mater-solubility of 
the polymer, while the ionic groups couiiteract this effect By changing the polymer 
concentratioii and the hydrophobicity of the polymer, fie can tune the strength of the 
polyelectrolyte effect and the inclination of the system to form association complexes 
In this uay, u e  hope to gain some insight into the intricate interplay betneen 
electrostatic and hydrophobic interactions. In a recent pulsed field gradient NMR 
study [42] of these systems, the polymer self-diffusion results revealed a complex 
picture of the competition betu een the repulsive Coulombic forces and the 
associations induced by the hydrophobic interactions 

Experimental 

Materials mu' Suniple Preplprrration 

The PVA precursor was purchased from TCI-EP and its weight-average molecular 
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weight are 108 000, and the polydispersity index is 1.4 The polyiner uas  further 
hydrolyzed and the final degree of saponification was very close to 100 inol % The 
two hydrophobically modified polymers contam the same amount (2 6 %) of ionic 
sultonate groups, while the number of hydrophobic hexadecyl groups randoinly 
substituted on the alcohol groups of the parent molecules is different The polymer 
designated HMPVAl contains 1.1 ?6 hydrophobic groups, uhile the other sainple 
denoted HMPVA2 carries 2 0 % hexadecyl groups. These hydrophobic 
polyelectrolytes w ere synthesized according to a procedure described elsetihere [4 1 
Some details on characterization and sample preparation are i eported previously 
[41,42] All the experiments were carried out at 25 "C 

Capillary Viscometry 

Viscosity measurements were performed with a standard Ubbelohde viscometer, with 
solvent flou times larger than 180 s, placed into a temperature-controlled Ltater bath 
at 25 f 0.05 "C.  The solutions were filtered to remove dust and other traces of 
impurities. 

D j m m i c  Light &uttering E"xperiment, 

Dynamic light scattering measurements were performed with a laboratory made light 
scattering gonioineter, using an argon ion laser (Spectra Physics inodel 2020) 
operating at 514 5 nm with vertically polaiized light as the light s ~ u r c e  The 
measureinent temperature was controlled at 25.00 rt 0 05 O C  The sample solutions 
weie filtered in an atmosphere of filtered air through 0 8-5 pin (depending on the 
viscosity of the solutions) filters (Millipore) directly into precleaned 10- or 16-mi11 
NMR tubes, depending on the concentration. However, for solutions of the 
hydrophobically modified analogues, especially at higher concentrations, filtration 
\+as not possible but the samples were cleaned by centrifugation (2000 r.p in ) for 
several hours. The corielatioii functions obtained from solutions M here both 
procedures can be used nere identical. We have not detected any significant 
difference betu eeii samples that have been centnfuged 01 filtered. 
The scattering process allows us to explore a system on a length scale of q I ,  where q 
is the nave vector defined as q = 4 xi1 sin(0i2):h. Here h is the navelength of the 
incident light in a vacuum, 8 is the scattering angle and n is the refractive index of the 
solution The value of n nas determined at each concentration foi the different 
polymers at h = 5 14 5 nin by using an AbbC refkctometer 

A n u l y ~ i ~  cfthe Dynamic. Light Scaltering Data 

If the scattered light obeys Gaussian statistics, the expenmentall) determined 
homodyne intensity autocomelation function g@'(q,t) is directly related to the 
theoretically ainenable first-order electnc field autocorrelation function g'l'(q,t), 
through the Siegei-t expression g"'(q,t) = I + Big(l)(q,t)12, where B (<I)  is an 
instrumental parameter 
Several previous investigations 143-461 on associating and gelling polyiner systems 
have shown that the decay of the correlation function can be described by a single 
exponential, followed at longer times by a stretched exponential. In the present work 
we have utilized a inore general expression, consisting of a double stretched 
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exponential fimction, to describe the decay of the cowelation fiinctions [47] 

g' 'I( t) = A* exp [-( t ~ T ~ J ' ~ ]  + A, exp[-(t/~,~)"] (1 ) 

uith At + A, = 1 .  The parameters At and A, are the amplitudes for the fast and the 
slow relaxation modes, respectively. The vaiiables qe and tbe are some eITective 
relaxation times, and a (0 a 5 1) and p (0 < p 5 I )  measure the uidths of the 
distribution of relaxation times. The inean relaxation times are given by 7,  = 
(Tte/a)T(l/a), z, = (z,JP)T(l /p) where r is the gamma function. 
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Figure 2. The rcduccd 1 iscosrty as a function of polymer concentration for the system 
indicated. The error in thc data is of the S a m  siic as thc data points 

A nonlinear fitting algonthm (a modified Levenberg-Marquardt method) was 
employed in the analysis of the correlation hnctions to obtain best-fit values of the 
parameters appearing on the right-hand side of Equation ( 1  ) For all the solutions of 
PVA, the conelation functions are %ell described by a single stretched exponential 
(the first term on the right-hand side of Equation ( I ) ) ,  mhile the coiielation functions 
for the hydrophobically modified samples always exhibit two relaxation modes and 
are well portrayed by Equation ( I )  For the solutions of HMPVAI, the values of a are 
virtually identical to I (a single exponential behavior), while for the more associating 
HMPVA2 samples someuhat loner values of a are observed The value of p 
generally decreases M ith increasing concentration, starting from aiound 0.8 at the 
lowest polymer Concentrations and ending around 0.5 for the highest polymer 
concentrations 

Results and discussion 

Vis coyMety7I 

The results of viscometric ineasurenients are presented in the form of reduced 
viscosity versus concentration. Figure 2 contains the data obtained for the t n o  
hydrophobically modified samples (HMPVAI and HMPVA2) in water and for 
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solutions of the least hydrophobically modified polymer (HMPVAI) in the presence 
of salt The data for IHMPVAZ in \ri.ater exhibits an uptuin in reduced viscosity at IOU 
concentrations, representative of polyelectrolyte behavior In the case of the polymet 
(HMPVA2) M tth the highest hydrophobicity, there is a tendency of a polyelectrolyte 
effect at very low polymer concentrations The strong increase of the reduced 
viscosity at higher concentrations can probably be attnbuted to the progressive 
dominance of the hydrophobic association elfects This finding suggests that the 
hydrophobic effect plays an important role already at fairly loic concentrations for the 
HMPVA2 sample 

0 WMPVAl 

Figure 3. Plot ofthc fiist-ordcr clectric ficld coi-rclatioii function >crsus timc ( a e r y  h r d  data 
point is shown) at a scatteiing angle of 60" for tho sainplc~ and coneentiations indicatcd The 
solid curves arc fitted with thc aid of Equation (1 )  (See the discussion below for details) 

By addition of salt to the solutions of HMPVAI, the reduced viscosity falls off 
significantly and is virtually independent of polymer concentration This result 
indicates that the electrostatic interactions are screened and the molecules contract. 

Dynamic light scattering 

The effect of hydrophobicity on the time correlation functions, at a fixed scattering 
angle of 60°, is depicted in Figure 3, at t h o  diffeient polymer concentrations The 
solid curves are fitted nith the aid of Equation (I ) ,  taking into account the 
modifications discussed above. It is evident that the decay time is shifted toward 
higher values hhen the degree of hydrophobic substitution is raised from 0 (PVA) to 
2 1 (HMPVA2) inol %, and this slowing down effect is enhanced with increasing 
polymer concentration. This observation further indicates that the hydrophobic effect 
becomes more prominent as the polymer concentration increases. 
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Figure 4. Plot ofthc first-oidcr clcctric field corrclation function a s u s  tnne (evay t h r d  data 
point is shown) at n scattering angle of 60" for the systcns and concentrations indieatcd. The 
solid cur\ cs are fitted tc tth thc aid of Equation 1 (See the discussion belotc for details.) 

The influence of polymer concentration on the decay of the relaxation function for the 
three polymer systems is illustrated in Figure 4 The effect of concentration is absent 
in the case of PVA, while for the HMPVAI and HMPVA2 samples a pronounced 
slowing dot4 n of the long-time relaxation process is observed as the concentration 
increases This effect is inore pionounced for the HMPVM sample and is another 
manifestation of the impact of the hydrophobic effect at higher concentrations The 
moderate effect observed for HMPVAl at low concentration, probably reflects that 
the tendency to foim association complexes is suppressed by the electrostatic 
repulsive forces. 
Figure 5 sho\i s the concentration dependences of the relaxation times, calculated M ith 
the aid oS Equation (l), at a fixed scattering angle (the same trend is observed at all 
scattering angles). The fast relaxation time zI exhibits virtually no concentration 
dependence for the PVA-water system (see Figure 5a) and the values of z1 at higher 
concentrations are lower than for the other systems. A weak concentiatton dependence 
of zI has previously been reported [47] for aqueous solutions of PVA. We inay note 
that the concentration dependency of zi becomes stronger as the hydrophobicity of the 
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Figure 5. Concentration dependence of tlic fast (21) (a) and s l o ~  (T,) (b) relaxation tiinc at a 
scattering anglc of90" for the polyincr samples inheated. The error bais for the PVA solutions 
arc of the sanie magnitude as the syinbol size. 

polymer increases. This trend can probably be attributed to an enhanced tendency €or 
the hydrophobically modified samples to forin association coinplexes at higher 
concentrations, and thereby the dynamics is slowed down. The moderate 
concentration dependence of T~ for HMPVAl reflects the intncate interplay bet\i een 
electrostatic and hydrophobic interactions 
The concentration dependence of  the slow relaxation time T, is siinilar as that of the 
fast relaxation time for the hydrophobic systems (see Figure 5b). 
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