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Abstract

At 298.15K, intrinsic viscosity [N] has been measured for
poly (vinylpyrrolidene), PVP, samples of different relative molar masses M in
pure water and eight different binary solvents. These solvenis were
water/acetone mixtures having different volume fractions of acetone (ACT).
The solvalion power of these mixtures showed a cosolvancy effect. The
maximum solvation power was found for the mixture containing 0.2 volume
fraction of ACT. The value of Ke= 74 x 10-3 dm3kg-! was utilized for cal-
culating the unperturbed dimensions, u.d., steric factor, o= , the charac-
teristic ratio, Ces , and the persistence length, ap. Values of 0.666 Ao, 2.28,
10.38 and 8.76 Ae, respectively, were obtained for PVP in theta - solvent.
The calculated values of the effective radius (Re), effective unit length (b)
and the effective hydrodynamic radius of monomeric unit (ro) showed the
complete impermeability of polymer molecules. Some errors in the polymer
handbook and CRC, water—soluble synthetic polymers, were demonstrated
with its logical corrections.

INTRODUCTION

In the last decade, water soluble polymers have found increasing commer-
cial applications in mineral processing, pharmaceuticals, detergents, cos-
matics, textile production [1], enhanced oil recovery [2}, and for separation
of protein mixtures [3,4].

The literature is rich in theoretical and experimental studies for describing
the behaviour of poly(vinylpyrrelidone), PVP, in binary and ternary solu-
tions by viscosity [5-9], light scattering [10-14}, osmotic pressure [15] and
refractometric [16] measurements. Unfortunately, many of these studies
referred to some sources which are not absolutely correct, for instance,
references 1,17 and 18.

In a recent article [9] we introduced a new method for deriving the un-
perturbed dimensions, u.d., of PVP from the viscosity data in cosolvent
systems. In the present report we studied the equilibrium flexibility and
the hydrodynamic properties of PVP in water/ACT binary mixtures. It was
of interest also to highlight the incorrect information gquoted in the
polymer handbook (ref.17) and the other two references (refs 1,18), to
eliminate the confusion we had met during our study.

*Corresponding author



462

EXPERIMENTAL

Analytical grade ACT was distilled at atmospheric pressure. Deionized
bidistilled water was employed as thermodynamically good solvent. Details
of the preparation of binary mixtures, fractionation of PVP as well as
measurement of [N] have been described elsewhere [9,19,20]. However, eight
water/ACT mixed solvents having volume fractions of ACT equal to
0.1,0.2,0.25,0.3,0.4,0.5,0.6 and 0.668 were made up volumetrically and denoted
here as solvents b,c,d,ef,qg,h and i respectively. The pure solvent (water)
was designated as solvent a. The PVP fractions were designated as PVP1-
PVP7, where PVPl possessed the highest molecular weight. The molecular
weight of these fractions were given in our previous study [9].

RESULTS AND DISCUSSION
Intrinsic viscosity

The measured values of [n)] for the PVP samples (PVP1-PVP7) in water and
water/ACT binary mixtures at 298.15 k are presented graphically in Fig.l.
The logarithmic values of [} are plotted as a function of log M+¢ (ACT).
The straight lines denoted as a-j represent the variation of log [n] with
log M. It is obvious that the maximum slope is obtained for line c which
represents the volume fraction of acetone, $(ACT) = 0.2. The curves repre-
sent the variation of log [N} with Q(ACT) for each molecular weight, in-
crease with increasing ¢ (ACT), passing through a maximum, then start to
decrease. The maximum log [n)], for each PVP fraction is attained when
$(ACT) = 0.2. At this composition, the maximum solvation power was ob-
tained and the Mark Houwink constant a , as it was given previously {9],
is 0.86. The behaviour of this binary liquid system is considered as a good
representation of the cosolvancy effect. The minimum value of 0.5 for the
Mark Houwink constant a was obtained in solvent i where the theta condi-
tion was confirmed [9]. Our previous results [9] showed that the theta
composition of water/ACT, at 298.15 K, for PVP is ¢(ACT) = 0.668. This
value was found to be in good agreement with the values obtained by Meza
and Gargallo {18] and by Elias [21,22]. However, Molyneaux [1] has
reported that the water/ACT mixture having volume fraction of water

) (H20) = 0.67 is the theta - solvent for PVP and attributed this infor-
mation to Elias {21,22] and Meza and Gargallo [18]. The original papers of
Elias [21,22] stated that water/ACT mixture at which the ratio of water to
ACT, by volume = 0.497 is the theta -solvent. This ratio which is equiv-
alent to 0.332, for the volume fraction of water, is similar to that reported
by Meza and Gargallo [18). It is obvious that the volume fraction of the
components of the mixed solvent has been reversed in Molyneaux book [1]
and the correct composition, according to the original sources, is ¢ (H20) =
0.332 and not 0.67,

Flexibility of the polymer chains

The equilibrium flexibility of the polymer chains are evaluated in terms of
the conformational ratio, o , which is the ratioc of the root~mean-square
unperturbed end-to-end distance <r2>1/2 of a polymer chain to the value
<r2,s>1/2 for a corresponding Gaussian chain having completely free rotation
about bonds connected by fixed valence angle, i.e.

o = (KrZ>/M)2/(<r2e> /M)12
= (x> / X2 eeeeinennnnee. 1)
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Flory [23] has calculated completely and accurately the effect of short-
range interactions on the dimensions of random-coil polymers. He showed
that, the restriction to fixed bond angle © expands the chain by a factor
of [(1-Cos 8)/(1+Cos 8)]1/2, equal to‘\/f for carbon-carbon bonds.
Consequently, the freely-rotating dimension of a chain consisting of only
one kind of bonds is expressed as

{r2¢> = ni2 (1-cosB8)/(l+cosh)........... 2)

where n is the number of bonds, 1 is the bond length, © is the bond
angle. For polymethylene chain 6=109.5¢ and 1=1.54 Ao for C-C bond.
Kurata et al.[17] and Meza and Gargallo[18] reported Eqn.3 for calculating
the freely-rotating dimension

{r%e> = nl?2 (1+cos8)/(1-cosh)............. 3)

They assigned the values of ©=109.5°(cos9=1/3) and n=2M/M, are the
molecular weight of the polymer and the monomer respectively. From Egqn.3
they arrived to

<rZyg> = 3.08 MLIZ/MV2,......... 4)
and for PVP the freely-rotating dimension was drived by Meza and
Gargallo [18] to be 0.290 Ao Ml/2, As far as we know, cos 109.5 (cos ©)=
-1/3 and not 1/3. Invoking the correct value of cos®= -1/3, Eqn 3 yields
x2e>1/2= 1.539 MV2/MVZ,. ... (5)

and consequently <r2,>1/2 for PVP= 0.146 Ao M1/2, Under this condition,
equation 3 shows that the restriction to fixed bond angle © expands the
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chgin by a facter [(l+cos 8)/(l~cos 8)1%/2, equaling VY0.5. It is obvious that
using cos 6=1/3, in references 17&18, compensated the error in Eqn 3,
which must be corrected to have the form of Egn. 2.

In the present study, the quilibrium flexibility of PVP chains are evaluated
according to Eqns 1 and 2. From the values of Ke, obtained by different
extrapolation procedures [9], the values of unperturbed dimensions,
({re2>/M)12, were calculated from Egn. 6 using ¢, = 2.5x102 moll

Ke = ¢ (Kr2d>/M),.......... (6)

The procedures utilized here for deriving Ko are Stockmayer-Fixman (S5-F),
Kurata-Stockmayer (K-S) and our procedures (A-S-F) and (A-K-S5) for cor-
recting S-F and K-S methods respectively. Another procedure, Kamide-
Moore (KM), for deriving Ke, is also considered here. The relevant
references of these procedures are given in our previous article {9].

The calculated values of K¢ are subject to an absolute error arising from
the uncertainty in the value assigned to $ .. However, the values of
(ro?>/M)1/2 obtained by using €= 2.5%1023 mol? were employed io calculate
the values of o~ in conjunction with the value of 0.292 Ae for (<ro2>/M)if,
which was calculated via Eqn.2 for PVP. The later value agrees with the
value of 0.292 Ro, given by Levy and Frank [24] and by Scholtan [25].

Values of &~ are tabulated in Table 1 as well as the values of the charac-
teristic ratio (<re2>/nl2), Ceo. Another measure of the flexibility of polymer
chains is the persistence length ap which is defined as the average
projection of an infinitely long chain along the direction of its first link.
The values of ap were calculated according to Egn.7 [26] and tabulated in
Table 1.

ap= 1[({rZ%>/2n12)+1/2]....ccuceet (N

For (KM) procedure a unique value of K¢, 74x10-2 dm3 kg-l, was obtained
for all solvents used [9]. Consequently, the values of 2.28, 10.38 and 8.76
Ac for 0 , Co and ap respectively, were derived. The resultant values are
in agreement with those reported by Tonelli [27] and Meza and Gargallo
[18], where a values of Ce, ranging between 5 and 11 were reported by
them. The obtained value for o= , 2.28, is in good agreement with the value

Table 1: The Flexibility Parameters of PVP

Sol- S-F K-S A~S-F A-K-S

vent o~ Coo ap o Coo ap o Coo ap o Coo a,
a 214 9.14 7.81 2.16 9.34 7.96 2.26 10.21 8.63 2.28 10.38 8.70
b 2.16 9.34 796 2.17 9.44 8.04 2.30 10.58 8.91 2.30 10.58 8.91
c 2.13 9.03 7.72 2.15 9.24 7.88 2.27 10.30 8.70 2.30 10.58 8.91
d 2.13 9.03 7.72 2.15 9.24 7.88 2.27 10.30 8.70 2.29 10.48 8.84
e 2.14 9.14 7.81 217 944 8.04 2.27 10.30 8.70 2.30 10.58 8.91
f 2,16 9.35 7.97 2.18 9.53 8.11 2.29 10.48 8.84 2.30 10.58 8.91
g 2.22 9.83 8.34 2.23 9.92 8.41 2.28 10.38 8.70 2.29 10.48 8.84
}1 2.25 10.10 8.55 2.26 10.21 8.63 2.29 10.48 8.84 2.29 10.48 8.84
i 2.28 10.38 8.76 2.28 10.38 8.76 2.28 10.38 8.76 2.28 10.38 8.76
mean 2.18 9.48 7.10 2.19 9.64 7.22 2.28 10.38 8.75 2.29 10.50 8.85
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of 2.48 reported in the literature [24,25]. The slight difference between our
value and the value reported by Levy and Frank [24); viz., 2.48, is due to
the uncertainty in the value of §,. However, replacing the value of

® o = 2.5x1023 moll by the value $4= 2.1X102mol?, used by Levy and Frank,
a value of 0= = 2,42 is obtained. This shows the influence of the selected
value of &, on the calculated o , which differs by about 6%. The same
percentage was noliced when q:ois assigned a value of 2.87x1023 mol-t.

Hydrodynamic properties

Peterlin [28] has shown that the effective radius, Re, Can be withdrawn
from the viscosity and from the sedimentation data. From the experimental
value of a, Peterlin [28] has obtained R. as

Re = 0.11 {[n)M/(1-a)N/3. ... .naneennn (8

The intrinsic viscosity here is in dm3 kg-1 and Re in nm.

Table 2: Hydrodynamic Properties of PVP in nm

Sol- ’ Sample
vent PYP1 PVP2 PVP3 PVP4 PVYP5 PVP6 PYP7
Re 72.82 70.56 63.18 57.39 53.85 51.45 47.23
a b 1.17 1.16 1.14 1.12 1.11 1.10 1.08
X 0.59 0.58 0.57 0.56 0.55 0.55 0.54
Re 77.17 74.85 66.90 60.73 56.96 54.41 49.92
b b 1.24 1.23 1.21 1.19 1.17 1.16 1.14
r 0.62 0.62 0.60 0.59 0.59 0.58 0.57
Re 86.44 83.80 74.76 67.76 63.49 60.59 55.51
c b 1.39 1.38 1.35 1.32 1.31 1.29 1.27
r 0.70 0.69 0.67 0.66 0.65 0.65 0.64
Re 82.21 79.71 71.15 64.53 60.48 57.74 52.92
d b 1.32 1.31 1.28 1.26 1.24 1.23 1.21
r 0.66 0.66 0.64 0.63 0.62 0.62 0.61
Re 76.35 74.05 66.18 60.08 56.35 53.82 49.38
e b 1.23 1.22 1.19 1.17 1.16 1.15 1.13
r 0.62 0.61 0.60 0.59 0.58 0.58 0.57
Re 71.56 69.44 62.13 56.46 53.00 50.65 46.51
f b 1.15 1.14 1.12 1.10 1.09 1.08 1.07
r 0.58 0.57 0.56 0.55 0.55 0.54 0.53
Re 55.06 53.50 48.11 43.90 41.32 39.57 36.43
g b 0.88 0.88 0.87 0.86 0.85 0.85 0.84
r 0.44 0.44 0.43 0.43 0.43 0.42 0.42
Re 44.28 43,12 35.08 35.91 33.96 32.62 30.25
h b 0.71 0.71 0.71 0.70 0.70 0.70 0.69
r 0.35 0.35 0.35 0.35 0.35 0.35 0.35
Re 38.20 37.26 33.98 31.39 29.78 28.68 26.73
i b 0.61 0.61 0.61 0.61 0.61 0.61 0.61
r 0.31 0.31 0.31 0.31 0.31 0.31 0.31
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Eizner et al.[29] have shown that all flexible molecules are almost imperme-
able. For the sake of testing this fact, the values of the effective length
of PVP unit, b, and the effective hydrodynamic radius of the monomeric
unit, ro, were determined from the viscosity data. The values of b were
calculated from Egn.9, given by Kirkwood and Riseman [30].

where n is the degree of polymerization. Eizner etal.[29] have shown that
the treatment of the experimental data leads to

Yo =  b/2uiiiiiiiiiiiniiniienn, (10} -

The values of Re,b and ro were calculated from Egns 8,9 and 10, respec—
tively, and tabulated in Table(2). It can be clearly seen that the value ofRe
increases with increasing the molecular weight of the polymer in the par-
ticular solvent and with increasing the volume fraction of ACT, in the bi-
nary solvent, for the particular molecular weight up to ¢ (ACT) = 0.2. In-
creasing ¢ (ACT), more than 0.2, leads to a decrease in the solvation power
and, hence, Re. This situation is reflected in the dependence of the [n] on
the molecular weight of the polymer and the thermodynamic quality of the
solvent.

The dependence of b on the molecular weight has been reported in the
literature [31]. Satisfactory agreement is observed between the mean
values obtained in the present study and the values of 0.5+0.13 nm, for
the hydrodynamic diameter of PVP molecules given by Pavlov et al. {32].
The complete impermeability of PVP molecules is concluded since the value
of ro increases from 0.31 in solvent i(8-solvent) to 0.67 in solvent c which
possesses the highest thermodynamic quality. This result is supported by
the fact that the intrinsic viscosity of PVP in solvent c, where the cosol-
vancy effect is observed, is higher than the intrinsic viscosity of PVP in
solvent i(6-solvent). This conclusion is similar to that of Eizner et al.[29]
and indicated the impermeability of all flexible molecules.
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