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Characterization of Polystyrene in Methyl Ethyl 
Ketone by Small-Angle X-Ray Scattering 

By 

Fumiyuki HAMADA*, Hisao HAYASHI*, and Akio NAKAJIMA* 

(Received June 30, 1975) 

Molecular and thermodynamic properties of polystyrene in methyl ethyl ketone were 
studied by a small-angle X-ray scattering with a Kratky camera. The molecular weight, 
radius of gyration, second virial coefficient, mass per unit length, hydrodynamic length, 
radius of gyration of cross section, persistence length, and radius of cross section were 
estimated. Some of these values were compared with the values determined by other 
methods. Both values agreed well each other. 

1. Introduction 
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It is well known that the molecular and thermodynamic parameters of solute poly

mer can be obtained from light scattering or small-angle X-ray scattering. While the 

former is done as routine work now, the latter still has some experimental difficulties. 

In particular, since the excess scattering from polymer molecules, which is obtained by 

subtracting the scattered intensity of the solvent from that of the solution, in small-angle 

X-ray scattering is much smaller than that in light scattering, it is very difficult to 

determine the intensity of excess scattering of polymer with good accuracy. As has been 

pointed out by Kratky et al., 1) one of the difficulties is to minimize the fluctuation of the 

intensity of small-angle X-ray scattering. In spite of this difficulty, small-angle X-ray 

scattering is very important, because it enables us to measure the quantities which cannot 

be measured by light scattering, e.g. the molecular weight of oligomers and the geo

metrical shape of polymer molecules. 2> 

For this reason, many biopolymers in solutions have been studied by small-angle 

X-ray scattering. The characterization of synthetic polymer, on the other hand, has 

been published by only a few authors.3•4> The purpose of this paper is to characterize 

the synthetic polymer (styrene oligomer) in solution by small-angle X-ray scattering. 

* Department of Polymer Chemistry 
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2. Experimental 

Monodisperse polystyrene (batch no. 12b) manufactured by Pressure Chemical 

Co., whose nominal molecular weight is 2,100 and Mw/ JJ,£ N<l.10, was used as a smaple. 

As a solvent, spectral grade l'nethy ethyl ketone (MEK) was used without further 

purification. The 8 ctemperature of polystyrene in MEK is 145. 7°C. 5> 

All measurements were made with a Kratky camera.6•7> As the X-ray source, a 

Rigaku Denki X-ray generator CN4032A2 with a Phillips broad focus Cu-tube (PW 

2103-01) operated at 45 kV and 35 mA was used. The diameter of the tube window 

is larger than the length of the target, which means that a so-called "open beam" collima

tion was used. 7> 

Before the measurement, the stabilities of the high voltage and tube current of the 

generator were checked and found to be better than 0.015% and 0.008% for a week, 

respectively. The. temperature of cooling water for the target affects the scattered 

intensity appreciably. 7> An example of the influence of the temperature of cooling 

water on scattered intensity is shown in Figure 1. We used service water, the iron rust 

in which was eliminated by a filter, and whose temperature was maintained at 18±1 °C, 

as the cooling water for the target. 

For determination of the scattered intensity, a scintillation counter was used in 

connection with a pulse-height analyser focused on the CuKa line (1.54 A) and a 10 µ 

Ni filter to eliminate CuKi9. The stability of the counting device was also checked by 

means of a radioactive calibration sample Fe55, and the measured intensity of the radia

tion was found to decrease linearly by 0.025% a day, apart from the decrease owing to 

the calibration sample itself. 

In order to minimize the fluctuation of the primary and scattered beam intensity, 
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Fig. 1. Effect of temperature of cooling water on scattered .intensity. 
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it was necessary to eliminate the vibration of the camera and the tube shield. Although 

it was rather easy to eliminate the vibration of the camera, it was difficult to prevent the 

vibration of the tube shield, because the jet of the cooling water runs through the tube 

shield, which causes a continual vibration at the top of the X-ray tube. We measured 

the intensity of the vibration at the top of the tube shield with a vibrometer. It was 

found that the vibration decreases below 0.02 g (when operated at 45 kV and 35 mA) and 

that the fluctuation of scattered intensity was minimized, when the following conditions 

were fulfilled. 

(1) The camera and tube shield should be fixed tightly on a firm table equipped with 

a vibration-proof device. We fixed them on a box-like surface plate mounted on 

vibration-absorbing rubbers. 

(2) The flux of cooling water should be minimized as far as the target is cooled suffi

ciently. 

(3) A nozzle with an appropriate size should be used, since the intensity of vibration of 

the tube shield is very sensitive to the condition of the jet. 

After such conditions were fulfilled, we checked the fluctuation of the primary beam 

· intensity by determining the scattered intensity of the Lupolen standard sample con

tinuously, which was given us by Kratky. It was found that the fluctuation of the in

tensity, as a whole, is better than 0.3% for a week, including the statistical error of 0.1 % . 

In addition, the angular shift in the primary beam position was checked before and after 

each experiment, and found to be less than 5 X 10-6 rad. The room temperature was 

controlled at 21±0.5°C by combining a cooler and heaters. 

The scattered intensity of the sample was measured by the step scanning method by 

means of a full automatic step controller. About fifty steps were scanned for each curve, 

and 105 pulses were recorded for each measurement, which correspond to a statistical 

error of 0.3%. 

The solution samples were investigated in a thin-walled quartz capillary, the inside 

diameter of which was 0.1617 cm, which was determined by a microscope. The tem

perature of the sample was kept at 21±0.01°C by circulating thermostated water. The 

measurements were made with about 1,2,3,4, and 5 g/dl solutions. The density of the 

solution, . from which the partial specific volume of the solute can be calculated, was 

measured to five places of decimals by a "precision density meter" developed by Kratky 

et al. 8> 

An entrance slit of 60 µ, width was used for all scattering angles. In this case, full 

illumination could be achieved, because the effective width of the line focus is 100 µ,. 

The width of the counter slit was changed from 150 to 1000 µ,, as the scattering angle 

increased. The distance from the sample to the counter slit was 20.5 cm. In order to 

obtain high scattered intensity, we used the primary beam with a line-shaped cross 
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section, which causes a collimation error. This error was eliminated (desmeared) by 

the method of Schmidt. 9> Corrected intensity corresponds to the intensity obtained 

by an idealized point collimation. In the following, we designate the measured (smeared) 

scattered intensity with a long and narrow slit by land that of the desmeared scattered 

intensity by I. 

The measurement of the absolute intensity, which is defined as the ratio of the 

scattered intensity to that of the primary beam, was carried out by using a secondary 

standard sample, a Lupolen platelet, calibrated by Kratky et aI. 10> During the measure

ments, the primary beam intensity was checked at least once a day. 

3. Theoretical 

Zimm plot 

In the same manner as the light scattering, the following equation is used to estimate 

the weight-average molecular weight Mztmm, the z-average radius of gyration 

(S 2>112, and the second virial coefficient A2 of polymer in solution, from the Zimm plot. 

where c is the concentration of the solution, 0 is half of the scattering angle, ,\ is the wave 

length, and In(0) is the absolute intensity normalized as follows. 

(2) 

where Pis the primary beam intensity, r is the distance between the sample and the plane 

of registration and dis the thickness of the sample. According to the theory of Thomson, 

the value of the constant K is given by 

(3) 

where ie is the Thomson-scattering constant of a free electron, 7.9 X 1026, NA IS 

Avogadro's number, and Zeis the number of mole excess electrons per g of solute, which 

IS determined by 

(4) 

where z2 denotes the mole electrons in 1 g of solute, v2 is the partial specific volume of the 

solute, and p1 is the electron density of the solvent. 

Cross-section factor 

According to Kratky et al., 11- 13> the intensity of the tail end of the scattering curve 

for coiled macromolecules which have a finite cross section area is given by 

(5) 

where Iq is the so-called cross-section factor, which is determined by the dimension of 
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the cross section. If Iq can be approximated by a Gaussian function, a plot of log 

(I ·28) against (28) 2 shows a straight line. From the inclination (tana)0 of the tangent 

at a very low angle in this plot, the radius of gyration (S9)112 of the cross section can 

be obtained. 

(Si)112 = (,\/1r)[2.303(-tan a)0/2] 112 (6) 

Furthermore, analogous to the determination of the molecular weight, mass Mq 

per unit length can be estimated from the cross-section factor extrapolated to a zero 

angle. 13> 

(7) 

From Eqs. 1, 2, 3, and 7, the hydrodynamic length L, which is the fully extended length 

of the real chain, is estimated.13> 

(8) 

where I 0 is the scattered intensity extrapolated to a zero angle. 

As the molecular weight Mm and the length l of the monomer unit are known from 

the chemical structure of the polymer, the molecular weight MJ. 20 from I·28 is deter

mined from the ratio of I 0 to (I·28)0 without knowing the absolute intensity and the excess 

electrons Ze. 

(9) 

Invariant 

A third method for the determination of the molecular weight is to use the invariant 

Q, which is obtained directly from the measured intensity J. Invariant was first 

introduced by Porod14> and defined by 

Q = j l·28d(28) 

Volume V of each polymer molecule is calculated from Q by 

V = ('A3 /21r)(I0/ Q) (11) 

Knowing the partial specific volume v2 of the polymer, the molecular weight M Q from 

Q can be calculated. 

Mo=NAVfv2 

Persistence length 

(12) 

The persistence length a is related to the position of the transition point (28)* by15> 

a= 2.3A/21r(2fi) * (13) 

The persistence length for the random coil is also related to (S2) 112 and the hydro

dynamic length L by the following equation, 16> 
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3(S 2)=a[L-a-a·exp (-L/a)] (14) 

The transition point (20)* can be obtained from either the plot of I·(28) 2 against 28, the 

plot17> of I·28 against 1/28 or the plot17> of [dl/d(28)]28 against 28. 

Radius of cross section 

If the molecular chain is supposed to be a long, flexible cylinder of uniform electron 

density, the radius of the cross section can be calculated in various ways. The radius 

rq of the cross section is related to the radius of gyration (S9)112 of the cross section by 

(15) 

In the analogy with the rod-like particles, rq can be also calculated from the cross-section 

area F, which in its turn is obtained from the cross-section factor 1·28 and the invariant 

Q. 

F= (,\3r3 l1r)[(I ·28)0/ Q] 
F=r91r 

(16) 

According to Fedorov and Ptitsyn, 18> rq is obtained from the maximum in the plot of 

I·(28)2 against 28. The relation is 

yJo(y/2)=3./1(y/2) (17) 

with the solution y1 =2. 72, where y=41r·2rq sin 8/,\ and .f/y) is the Bessel function of 

vth order. 
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Fig. 2. Zimm plot of polystyrene in MEK at 21°C. 
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4. Results and Discussion 

Figure 2 shows the Zimm plot, from which the weight average molecular weight 

Mztmm, the z-average radius of gyration <S 2) 112 and the second virial coefficient A 2 

can be calculated. 

Figure 3 shows the Guinier plot of the cross-section factor, from which the mass Mg 

per unit length, the radius of gyration (SJ)112 of the cross section, the hydrodynamic 

length L, and the molecular weight MI-28 can be calculated. 

Figure 4 shows the plot of 1·28 against 28 for the determination of the invariant Q, 
from which the molecular weight M O and the cross-section area F or the radius of the 

cross section rg can be calculated. 

Figure 5 shows the plot of I·(W) 2 against 28 and that obtained after division by the 

cross-section factor, 4•191 which in its turn is obtained from Figure 3. The corrected 

curve apparently shows the transition point, which makes it possible to calculate the 
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Fig. 3. Guinier plot of cross-section factor of polystyrene in MEK. 
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Fig. 4. Plot of i-2() vs. 28 for determination of invariant of polystyrene in MEK. 
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persistence length a according to Eq. 13. The uncorrected curve has a maximum point, 

from which the radius of the cross section rq can be calculated. 

Figures 5, 6, and 7 show other ways of determining the transition point (28)*. 

All the results are compiled in Table 1, together with values measured by other 

methods. As shown in Table 1, the values obtained by different analyses agreed well 

with one another and also with the values estimated by other methods. 
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Fig. 5. Plot of 1-(28) 2 vs. 28 for determination of persistence length of 
polystyrene in MEK: Curve 1, scattered curve subject to cross
section factor; Curve 2, after deviding by cross-section factor. 
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Fig. 6. Plot of I·28 vs. 1/28 for dete;mination of persistence length of 
polystyrene in MEK. 
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Fig. 7. Plot of [di/d(20)]·20 for determination of persistence length of 
polystyrene in MEK. 

Table 1. Parameters of polystyrene in MEK at 21 °C. 

Parameter 
Experimental Value observed by 

value other methods 

Mzimm 2280 210oa 

M1.20 2110 

111 Q 1820 
(S2)1/2 14.0A 12. 5Ah, 12. 3Ac 

A2 5 x 10-4 cm3g-2 4. 5 x lQ-4 cm3g-2 d 

Mq 45.6 41.4e 

L 51.0A 50.7Ar 

(Si)l/2 3.90A 

aJ.l20)' 11. 5A 

a1.20 9.9A 

adm 10.6A 

rq,(S.2)1" 5.51A 

rq,Q 4.49A 

Yq,max 3.63A 

a Nominal value of the sample. 
b Calculated from the characteristic ratio of polystyrene. 20> 

c Calculated from a and L obtained in this work using Eq. 14. 
d Calculated from the equation proposed by Sotobayashi21> and the data of Outer et 

at.22) 
e Calculated from the structure of polystyrene. 
1 Calculated from the structure and the nominal molecular weight. 

Acknowledgement 

We would like to thank Professor 0. Kratky of University Graz for his frequent 

helpful advice and his giving the Lupolen standard sample for the absolute intensity 



298 Fumiyuki HAMADA, Hisao HAYASHI and Akio NAKAJIMA 

measurement. We would also like to thank Professors E. Wada of Nihon University 

and R. G. Kirste of University of Mainz for their valuable advice on the techniques in 

small-angle X-ray scattering, Professor H. Tokumaru of Kyoto University for his helpful 

suggestions on the elimination of the vibration of the appratus, Dr. H. Inoue of Shionogi 

Pharmaceutical Co. for the determination of the density of solution sample by precision 

density meter, and Rigaku Denki Co. for the adjustment of the electronic equipments. 

Finally, we are grateful to Professor P. W. Schmidt of the University of Missouri for his 

permission to employ his slit height correction program. 

References 

1) 0. Kratky and I. Pilz, Quarterly Reviews of Biophysics, 5, 481 (1972). 
2) R. G. Kirste, in "Characterization of Macromolecular Structure", National Academy of Science, 

Washington, D.C. (1968) p. 74. 
3) R. G. Kirste and W. Wunderlich, Z. Physik. Chem., Neue Folge, 58, 133 (1968); R. G. Kirste 

and G. Wild, Makromol. Chem., 121, 174 (1968). 
4) H. Durchschlag, G. Puchwein, 0. Kratky, J. W. Breitenbach and 0. G. Olaj, J. Polym. Sci., 

C31, 311 (1970); H. Durchschlag, 0. Kratky, J. W. Breitenbach, and B. A. Wolf, Monatsh. 
Chem., 101, 1462 (1970). 

5) A. Nakajima, F. Hamada, K. Yasue, K. Fujisawa, and T. Shiomi, Makromol. Chem., 175, 197 
(1974). 

6) 0. Kratky, Z. Electrochem., 58, 49 (1954); ibid, 62, 66 (1958); Kolloid-Z., 144, 110 (1955); 0. 
Kratky and Z. Skala, Z. Electrochem., 62, 73 (1958). 

7) 0. Kratky, in "Small-Angle X-ray Scattering", ed. by H. Brumberger, Gordon and Breach, 
New York, (1967) p. 63. 

8) 0. Kratky, H. Leopold, and H. Stabinger, Z. Angew. Phys., 27, 273 (1969). 
9) P. W. Schmidt, Acta Cryst., 19, 938 (1965). 

10) 0. Kratky, I. Pilz and P. J. Schmitz, J. Colloid Interface Sci., 21, 24 (1966); I. Pilz and 0. Kratky, 
ibid., 24, 211 (1967); I. Pilz, ibid, 30, 140 (1969). 

11) 0. Kratky and G. Porod, Acta Phys. Austriaca, 2, 133 (1948). 
12) G. Porod, Acta Phys. Austriaca, 2, 255 (1948). 
13) 0. Kratky, Pure and Appl. Chem., 12, 483 (1966). 
14) G. Porod, Kolloid-Z., 124, 83 (1951). 
15) S. Heine, 0. Kratky, and J. Roppert, Makromol. Chem., 56, 150 (1962). 
16) 0. Kratky and G. Porod, Rec. Trav. Chim. Pays-Bas., 68, 1106 (1949). 
17) P. Zipper, W. R. Krigbaum, and 0. Kratky, Kolloid-Z.u.Z. Polym., 235, 1282 (1969). 
18) B. A. Fedorov and 0. B. Ptitsyn, Dok!. Akad. Nauk. USSR, 153, 882 (1963). 
19) 0. Kratky and H. Sand, Kolloid-Z., 172, 18 (1960). 
20) T. A. Orofino and J. W. Mickey, Jr., J. Chem. Phys., 38, 2513 (1963). 
21) H. Sotobayashi and K. Ueberreiter, Ber. Bunsenges. Physik. Chem., 66, 838 (1962). 
22) P. Outer., C. Carr, and B. Zimm, J. Chem. Phys., 18, 830 (1950). 




