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ABSTRACT

Light scattering measurements on 2-putene-1,4-diol with succinic acid have been
made in benzene in the temperature range 283.15-333.15 K. The second virial
caefficients and excess thermodynamic functions of the sample in benzene have been
calculated from light scattering results.

INTRODUCTION

Measurements of the light scattering of polymer solutions may provide information
regarding weight-average molecular weight, second virial coefficients, mean square ra-
dius of gyration, form factor and polydispersity, etc. In recent years, many workers! ~ 12
have developed the thermodynamic theory of polymer solutions. More recently !¢~ 2¢
the light scattering results have been correlated with the thermodynamic functicns of
the solptions. We thought it worthwhile to make light scattering measurements on
2-butene-1,4-diol with succinic acid in benzene, and to derive the second virial
coefficients and also the thermodynamic functions from the light scatiering results.

EXPERIMENTAL

Benzene was purified as described earlier?!. The sample 2-butene-1,4-diol with
succinic acid was purified from benzene.

Light scattering measurement. The light scattering cells and other glass appara-
tis were made dust free by placing them on an acetone fountain. Four solutions, of
concentrations 4.748, 7.122, 9.496 and 11.870 gl~!, were prepared in benzene. The
solutions were made dust free by centrifugation at a speed of 20,000 r.p.m. for abont
sixty minutes. The solvent benzene was also made dust free by centrifugation at 2
speed of 15,000 r.p.m. for about sixty minutes. Equal volumes of dust-free solutions
and solvent were taken into dust-free light scattering cells. The light scattering
measurements for vertically-polarized radiation of 436 mj: were made using a2 Photo-
Gonio-Diffusiometer (Model No. 42.000) at 283.15, 293.15, 303.15,-313.15, 323.15
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and 333.15 K. The temperature in the light scattering bath was controlled to within
0.1 K. The measurements were made at regular angular intervals of 10° in the range
20-150°. Toluene was used as the bath liquid for light scattering measurements.

Refractive index increments were measured in benzene using a differential
refractometer with radiation of 436 mu at 303.15 K, and the value was found to be
0.0866 m! g~ '_ This value was used at all other temperatures for calculating the light
scattering parameters.

RESELTS
The light scattering from a dilute polymer solution may be expressed as:
Kc/Ry = UM_P™'(@) + 245 -¢c + 343 - ¢ + ... (1))

where M _ is the weight average molecular weight, and A, and A5 are the second and
third vidal ceefficients. K is the optical constant for a particolar scattering system,
and, for vertical polarized light, is given by

K = 47 nZ(dnjdc)® ig* N7! (2)

where n, is the refractive index of the solvent, and da/dc is the specific refractive
index increment. The refractive index of the solvent was taken from the literature??,

R, in eqn. (i) is the measured excess scattering intensity of the solution over
that of the pure solvenl. R, was determrined by comparison with a standard reference:
the reference substance in the present work was benzene. The value of absolute
scattered intensity of benzene, R,, was taken from the literature??. The values of R,
are then calculated in the following manner:

Ry/ Ry = ipfiy, 3)

where iy and i), are the measured voltmeter readings for the solution and benzene,
respectivcly, at a particular angle 8. The calculated light scattering results are found
to be correct to within 197,

The term P(9) in eqn. (1) describes the angular variation of light scattered at
constant concentration. The form of P~ () is dependent on the size and shape of the
scattening particle. When the scattering particles are smaller than 1/20th of the wave-
length of the light used, the contnbutions to P{8) caused by destructive interference
of light becomes negligible and P(#) reduced to unity. Consequently, eqn. (1) becomes

KciRyg = 1M, + 242 c + 3A5-C + ...

= UYXM_ 4+ 2B-c/RT + 3C-3*|RT + ... (4)

All other symbols in eqns. (1), {(2) and (3) have the same significance as in ref. 24,
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DISCUSSION

Kc/R, is a function of concentration ¢ and of angle 8. It is therefore necessary
to make a double plot of K¢fR,, against concentration ¢ and against angle 8. Zimm?23
has given a method for plotting Kc/R, against concentration ¢ and against angle 8 in
the same plot for both. The Zimm treatment affords the most accurate graphical
procedure for the derivation of light scattering parameters. A double extrapolation
procedure is employed, plotting Xc¢/R, against #* + kc and extrapolating at constant
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Fig 1. Plot of Kc/Rp against A* + ke for 2-butene-1,4-diol with succinic acid at 283.15 K. In Figs.
1-6, cxpecrimental points are denoted by O O C, and extrapolations to zevo angle by @@@.
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Fig. 2. Plot of Kc/Ry against A* -+ kc for 2-butene-1,4-diol with succinic acid at 293.15 K.
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Fig. 3. Pfot of Kc/Rps against A* = kc for 2-butene-1,4-diol with succinic acid at 303,15 K.
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Fiz 4. Piot of Kc/Rg against A = kc for 2-butene-1,4-diol with succinic acid at 513.15 K.

concentration and constant angle to give a grid. In this method, k is an adjustable

constant (in the present work, & = 0.3 x 10'3?). The parameter # is given by
h = [4= nsin (8/2)}/o

The Zimm plots of KcfR, against A% - ke at 283.15, 293.15, 303.15, 313.15, 323.15
and 333.15 K ase shown in Figs. 1-6. The lines in the Figures were extrapolated to

zero concentration and zero angle to cut the KcfR, axis at the same point.
From the slope we obtain

lim. d(fim. Kc/R,)[dc = 24, = 2B[RT

c—~0 8—~0
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Fig. 5. Plot of K¢/Rg 2gainst B> =- ke for 2-butene-1,4-diol with succinic acid at 323.15 K.

The second viral coefiicients were determined from the slopes and are recorded in
‘Table 1.

TABLE 1

SECOND VIRIAL COEFFICIENTS AND EXCESS THERMODYNAMIC FUNCTIONS OF 2-BUTENE-1,4-DIOL WITH
SUOCINIC ACID IN BENZENE

Temperature = — A Efe2 -1 B A Efe2 - yy TAS:EfcZ - ¥y

(K) (Jem® g7%) (Jemig= (Jcn 272) (Jemd2™2)
Exp. Extrapol. deg™1)

233.15 11.03

288.15 13.68 0.550 139.0 152.7

293.15 1633

298.15 13.38 0.509 1328 151.7

303.15 21.42

308.15 23.73 0.461 1183 1421

313.15 2603

318.15 28.15 0423 1065 1346

323.15 30.23

328.15 3230 0.408 101.6 133.9

333.15 34.34
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Fiz. 6. Plot of Kc/Rp against A2 + kc for 2-butene-1,4-diol with succinic acid at 333.15 K.

THERMODYNAMIC FUNCTIONS FROM LIGHT SCATTERING

The osmotic pressure 1 may be related?® to the chemical potential difference
of the solution (u; — u?) by the equation

= —(u — ﬂg)h": = —Apfc, €))

where v, is the molar volume of the solvent. The osmotic pressure is related to the
second and third coeffictents as follows:

wje = RTIM + Bec + Cc® + ... ®

where ¢ is the concentration of the sample.
From eqns. (7) and (8) we obtain

Ap, = — [(RTfM).c + B.c® + C.c® + . )p, ()
The enthalpy difference 4k, and entropy difference A4S, are given by the equations
4h, = — [(Ap,[T){6TY - T

=(B’.T— B + C.c.T— Cc)c’.0, (10)
and
A4S = — i(dp 36T

= (R.c/M + B'.c® + C'.c™)p, {1
where B° (= dBfdT) and C’ (= dC/dT) are the temperature coefficients of the
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second and third virial coefficients, respectively. The solution becomes ideal when the
contributions to the thermodynamic functions from 2nd and 3rd virial coefficients,
and also from their temperature coefiicients, vanish.

Ideal free energy, Ay, ideal enthalpy Ah] and ideal entropy A4S, are given by

Auy = — RT.c.op /M (12)
Ak =0 (13)
48] = R.c.oy[M (14)

The excess free energy Auj, excess enthalpy 4h% and excess entropy AST are then
given by

Aps = Au, — Ay} = — B.c®.p, — C.c.p, as)
Ak = ARy — Ak} = (BT — B + C’.c.T — C.0)c .0, (16)
48§ = 48, — AS) = (B’ + C.c).0, (17)
From eqns. (15), (16) and (17) we can write

ApSle* v, = — B~ C.c (18)
Ah5ic* o, = B.T— B + C'.e.T — C.c (19)
TASS[Po, = B.T + C'.c.T (20)

The second virial coefficients were calculated from the slope of Zimm plots. The
excess functions Ap%fe? - vy, 4hS/c? - v, and TASE/c? - v, were calculated from the
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Fig. 7. Plot of — Ap15Bfe3v;, — ABlc?v; and T4 5,Ffctyv, against temperature T,
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second virial coeflicients and their temperature coefficients. The influences of third
virial coeflicients were not considered significant. The thermodynamic excess functions
are recorded in Table 1 and are plotted in Fig. 7.

It is evident from Table 1 and Fig. 7 that the second virial cocfficients are
positive at all temperatures in the range 283.15-333.15 K. The second virial coeffi-
cients decrease with decreasing temperature but do not become zero. The solution
does not become ideal in this temperature range. The excess free energies are negative
and increase with decreasing temperature. The enthalpy and excess entropy functions
are positive and these decrease with increasing temperature. The excess enthalpy and
excess entropy terms are competing with each other. The excess entropy terms
multiplied by temperature are larger than the excess enthalpy terms at all stages.

REFERENCES

G. V. Schulz, Z_ Phys. Ckem._ Abt. A, 180 (1938) 1.
G. V. Schulz, Angew. Chem.. 61 (1952) 553.
G. V. Schulz and H. Doll, Ber. Bunsenges. Phys. Chemr., 57 (1953) 841.
K. H. Mever, E. Wolff and Ch. G. Boissonnas, Felv. Ckim. Acta, 23 (1930} 330.
E. Wolfl, Helv. Chim. Acra, 25 (1930) 439.
G. Gee and L. G. Trelcar, Trans. Faraday Soc., 38 (1942) 147.
M. L. Huggins, J. Phys. Chem._, 46 (1942) 151_
P. ). Flory, J. Chem. Phys., 10 (1542) 51.
P. ). Florv, J. Chem. Phys., 12 (1944) 425.
10 J. H. Hildebrand, J. Caem. Phys., 15 (1947) 225,
11 E. A_. Guggenheim, Proc. R. Soc. {London) Ser. A, 183 (1943) 213.
12 P. ). Flory. J. Am. Chem. Soc.. 65 (1943) 372
13 G. Geeand W. ). C. Orr, Trans. Faraday Soc., 42 (1946) 507.
42 G. Gee, J. Ckem. Soc., (1947) 280.
15 H. G. Reik and F. Gebert. Ber. Bunsenges. Phys. Chem., 58 (1954) 458.
16 5. H. Maron and N. Nakajima, J. Polym. Sci., 47 (1960) 157.
17 H. Benoit and C. Picot, Pure. Appl. Cherrr, 12 (1966) 545.
18 M. V. Smoluchowskl, Ann. Phys., 25 {1508) Z05.
19 P. Dcbye, J. Appl. Phyx., 15 (1943) 338.
20 H-) Cantow, Z. Phys. Chem. M. F.. 7 (1956) 58.
21 M_S. Dhillon, J. Chem. Soc. Faraday Trans. {, 71 (1975) 189.
> . Timmermans, Physico-Chemical Constants of Pure Orgaonic Compounds, Elsevier, New York,
1964.
35 H_-). Cantow, Makromol. Chern., 13/19 (1936) 367.
24 M. B. Huglin, Lighr Scartering From FPolymer Solutions, Academic Press, New York, 1972, p. 91.
35 B.H Zimm, J. Chem. Phys_, 16 (1948) 1093.
26 P. ). Florv, Principles of Polymer Chemistry, Comell University Press, London, 1971, p. 531.

O hdn -



