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Summary 

High-cis polybutadiene solutions were prepared in cyclohexane at 30°C. Six different 
equations were used to calculate intrinsic viscosities and viscosimetric constant values 
from Huggins, Kraemer, Martin and Schulz-Blaschke equations by graphic 
extrapolation, and Solomon-Ciuta, Deb-Chantterjee and again Schulz-Blaschke 
equations, through a single point determination, which presents the advantage of being 
a faster method. The molecular mass of the polymers was determined applying Mark-
Houwink-Sakurada equation. The values of intrinsic viscosity and viscosity-average 
molecular mass, obtained by both types of determination, were compared and the 
percentual differences between them were calculated in order to verify the validity of 
the single point determination for the system analyzed. The results suggest that the single 
point determination can be applied and Deb-Chantterjee equation showed to be the most 
suitable for those calculations. 

Introduction 

Viscometry is an appropriated method to provide some information about size and 
conformation of macromolecules in infinitely diluted solutions. A parameter directly related 
to that determination is the so called intrinsic viscosity [1,2]. 
Several mathematical equations are available in the literature [3-8] for determining the 
intrinsic viscosity [η] of a polymer solution, by graphical extrapolation (Equations 1 
to 4) and from a single point viscosity measurement of a dilute solution (Equations 5 and 6). 

ηsp /c = [η]h + kh [η]h
2 c (1) ηsp /c = [η]sb + ksb [ηsb]ηsp (4) 

ln ηr /c = [η]k - kk [η]k
2 c (2) [η]SC = [2 (ηsp – ln ηr)]

1/2 / c (5) 
ln ηsp /c = ln [η]m + km [η]m c (3) [η]DB = (3 ln ηr + 3/2 η2

sp – 3 ηsp) / c (6) 

where: ηr = t/to is the relative viscosity or viscosity ratio (efflux time ratio between the 
solution, in a determined concentration, and the solvent); ηsp = specific viscosity 
(ηsp = ηr - 1); [η]h = lim c 0 ηred; [η]k = lim c 0 ηinh; [η]m = lim c 0 ln ηred; 
[η]sb = lim c 0 ηred; [η]SC; [η]DB are the intrinsic viscosities related to Huggins, 
Kraemer, Martin, Shulz-Blaschke, Solomon-Ciuta and Deb-Chantterjee equations, 
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respectively. kh, kk, km, and ksb are Huggins, Kraemer, Martin and Schulz-Blaschke 
coefficients, respectively.  For many polymer systems, ksb = 0.28 has been found. In 
that way, that value is commonly employed in single point determinations, for many 
polymer systems. Huggins and Kraemer coefficients are related to chain conformation 
in the analysis conditions [9-13]. 
According to the Mark-Houwink-Sakurada relation (Equation 7), the value of intrinsic 
viscosity changes with the molecular mass of the polymer as: 

[η] = K M
a
 (7) 

where the two parameters K and a are related to the “stiffness” of the chain and 
depend on the type of polymer, solvent and temperature [14,15]. 
The aim of this work was to obtain viscometric parameters (intrinsic viscosity and 
constants values) of cyclohexane solutions of high-cis polybutadienes by graphic 
extrapolation and by a single point determination. The viscosity-average molecular 
mass, determined employing the values of intrinsic viscosity obtained by the six 
different equations, were compared.  It is remarkable the fact that the determination of 
viscometric parameters by a faster method, as single point determination, is important 
especially in industry laboratories.  In this way, percentual differences of the values of 
intrinsic viscosity obtained by graphic extrapolation (Equations 1, 2, 3 and 4) and a 
single point determination (Equations 4, 5 and 6) were compared as well as the 
percentual differences values of molecular mass obtained by both methods. The 
validity of the single point determination for high-cis-polybutadiene, in the conditions 
analyzed, was evaluated. 

Experimental 

Five different samples of high-cis polybutadiene were used in this study: BR-1, BR-2, 
BR-3, BR-4 and BR-5. These samples were prepared using a catalyst system based on 
neodymium, according to the procedure described in literature [16].  
Number-average and weight-average molecular masses were determined by size 
exclusion chromatography (SEC), in a Waters 150-C Plus apparatus, fitted with a RI 
detector, at 30ºC, using THF as solvent, at 1mL/min flow rate. Monodisperse 
polystyrene standards were employed to obtain the calibration curve.   
Viscometric parameters determinations were carried out at 30 ± 0.1°C, in 
concentration values of 0.25 or 0.125% (w/v) of cyclohexane solutions, (dependinng 
on the molecular mass), using an Ubbelohde 0B viscosimeter.  By graphic 
extrapolation to infinite dilution, experimental determination was carried out by 
counting the efflux time of six dilutions of the samples solutions. In single point 
determination, the lowest value of dilution was chosen for the calculations. At low 
polymer concentrations the formation of entanglements among the macromolecules is 
minimized. That condition assures that all determinations are performed in newtonian 
flow. For viscosity-average molecular mass ( vM ) determination the constants 
K = 11.2 x 103 mL/g and a = 0.75 were employed [17]. 

Results and discussion 

Table 1 shows the primary experimental data for all samples. Figure 1 presents the 
relation between log ηsp and log c[η] obtained for the samples analyzed. The linear 
relations indicated that all determinations were performed in newtonian flow.  
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Table 1. The primary experimental data for all samples  

BR-1  C (g/dL) ηr (dL/g) ηsp (dL/g) ηred (dL/g)  ηinh (dL/g) 

Mother-sol 0.130 1.388 0.388 2.984 2.521 

Dilution 1 0.108 1.320 0.320 2.954 2.563 

Dilution 2 0.093 1.272 0.272 2.928 2.590 

Dilution 3 0.081 1.237 0.237 2.915 2.616 

Dilution 4 0.072 1.211 0.211 2.915 2.645 
Dilution 5 0.065 1.188 0.188 2.894 2.652 

BR-2 C (g/dL) ηr (dL/g) ηsp (dL/g) ηred (dL/g)  ηinh (dL/g) 

Mother-sol 0.285 1.785 0.785 2.755 2.033 

Dilution 1 0.238 1.639 0.639 2.690 2.080 

Dilution 2 0.204 1.539 0.539 2.646 2.117 

Dilution 3 0.178 1.462 0.462 2.592 2.131 

Dilution 4 0.158 1.406 0.406 2.564 2.152 
Dilution 5 0.143 1.362 0.362 2.543 2.170 

BR-3 C (g/dL) ηr (dL/g) ηsp (dL/g) ηred (dL/g) ηinh (dL/g) 

Mother-sol 0.425 2.042 1.042 2.451 1.680 

Dilution 1 0.354 1.833 0.833 2.353 1.712 

Dilution 2 0.304 1.693 0.693 2.282 1.734 

Dilution 3 0.266 1.597 0.597 2.249 1.763 

Dilution 4 0.236 1.524 0.524 2.219 1.784 
Dilution 5 0.213 1.466 0.466 2.195 1.801 

BR-4 C (g/dL) ηr (dL/g) ηsp (dL/g) ηred (dL/g) ηinh (dL/g) 

Mother-sol 0.260 1.405 0.405 1.558 1.308 

Dilution 1 0.217 1.336 0.336 1.548 1.335 

Dilution 2 0.186 1.282 0.282 1.521 1.340 

Dilution 3 0.163 1.246 0.246 1.512 1.352 
Dilution 4 0.144 1.216 0.216 1.493 1.352 

BR-5 C (g/dL) ηr (dL/g) ηsp (dL/g) ηred  (dL/g) ηinh (dL/g) 

Mother-sol 0.270 1.373 0.373 1.381 1.174 

Dilution 1 0.225 1.308 0.308 1.368 1.193 

Dilution 2 0.193 1.261 0.261 1.353 1.202 

Dilution 3 0.169 1.225 0.225 1.336 1.205 

Dilution 4 0.150 1.199 0.199 1.328 1.211 
Dilution 5 0.135 1.178 0.178 1.321 1.216 

C = concentration; ηr = relative viscosity; ηsp = specific viscosity; ηred = reduced viscosity; 
ηinh = inherent viscosity; efflux time of the solvent: t0 = 236.51s. 

Viscosimetric data, obtained by graphic extrapolation, were determined employing 
Equations 1 to 4. Figure 2 shows linear relations obtained by Huggins (H) equation for 
all samples. The same graphic profile was verified when Kraemer (K), Martin (M) and 
Schulz-Blaschke (SB) equations were concerned. Table 2 presents the intrinsic 
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viscosity values calculated from all equations and Table 3 shows the viscometric 
constants obtained for all samples of high-cis polybutadiene analyzed in this work. In 
Table 4, the percentual differences (∆%) obtained for intrinsic viscosity values 
calculated by graphic extrapolation, by K, M and SB equations, and by the single 
point method, by SB, Solomon-Ciuta (SC) and Deb-Chantterjee (DC) equations, 
taking H intrinsic viscosity, [η]h, as a reference.  
Table 2 shows that the values of intrinsic viscosity calculated by both methods are 
very close which can be confirmed by the low percentual differences values observed 
in Table 4, which varied in the range from -2.92 to 2.74 %. Single-point determinations 
were carried out using the point at the lowest polymer concentration. However, if the 
highest value of polymer concentration (0.425 g/dL) is used, the single-point 
determination still shows adequate results ([η]sc = 1.906 dL/g ; [η]dc = 2.032 dL/g and 
[η]sb = 1.897 dL/g). 
Table 3 shows that, for all samples analyzed, kh < 0.5, hence cyclohexane should be 
considered a good solvent for high-cis polybutadiene, based on experimental reports 
that indicate that values lower than 0.5 are obtained for diluted polymer solutions in 
good solvents. That conclusion is supported by kk since negative values of Kraemer 
coefficients indicate good polymer solvation [11,18]. 
Solomon-Ciuta (SC) and Deb-Chantterjee (DC) equations are based on the premises 
of the relation kh + kk = 0.5 [9]. Therefore, their application should be restricted to 
Huggins and Kraemer constants values. Table 3 shows that none of the constant 
results fitted the relation. However, the low percentual differences values of intrinsic 
viscosity obtained when those two equations were compared to Huggins, suggest no 
restriction for the application of SC and DC equations for this system. 
Schulz-Blaschke constant, ksb, values obtained for the samples by graphic 
extrapolation, varying in the range from 0.15 to 0.25 (Table 3), were different from 
0.28, which is commonly employed in single point determinations for many polymer 
systems [10,11]. Nevertheless, the use of the latter value in single point determination 
produced [η]sb values very close to those obtained by extrapolation (Table 2). It is 
remarkable that the percentual differences obtained for intrinsic viscosity values from 
SB equation by a single point determination, employing ksb = 0.28, were lower than 
those calculated by graphic extrapolation, which were expected to be a more precise 
determination. That is an indication that ksb = 0.28 is suitable for high-cis-
polybutadiene in cyclohexane, at 30°C. 
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Figure 1. Log ηsp versus log c[η] for all samples 
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Figure 2. Huggins viscosity for all samples  

Table 2. Intrinsic viscosity values determined for high-cis polybutadiene in cyclohexane, at 30°C 

Sample 
[η]h

a 
(dL/g) 

[η]k
 a

 

(dL/g) 
[η]m

 a
 

(dL/g) 
[η]sb

 a
 

(dL/g) 
[η]sb 

b 

(dL/g) 
[η]sc

 c  

(dL/g) 
[η]dc

 c 

(dL/g) 

BR-1 2.811 2.787 2.816 2.816 2.749 2.729 2.769 

BR-2 2.327 2.303 2.344 2.360 2.309 2.286 2.355 

BR-3 1.931 1.917 1.959 1.984 1.942 1.923 1.983 

BR-4 1.417 1.411 1.421 1.424 1.408 1.403 1.427 

BR-5 1.260 1.256 1.263 1.266 1.258 1.248 1.265 
a Calculated by graphic extrapolation. 
b Calculated through a single point determination (ksb = 0.28). 
c Calculated through a single point determination.  

Table 3. Viscometric constants calculated for high-cis polybutadiene 

Sample kh kk km ksb kh + kk 

BR-1 0.166 -0.408 0.156 0.153 -0.242 

BR-2 0.281 -0.177 0.244 0.217 0.104 

BR-3 0.322 -0.155 0.266 0.224 0.167 

BR-4 0.281 -0.191 0.258 0.242 0.090 

BR-5 0.292 -0.187 0.268 0.253 0.105 
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Table 4. Percentual differences (∆%) obtained for intrinsic viscosity values calculated by 
graphic extrapolation (Kraemer (K), Martin (M) and Schulz-Blaschke (SB) equations) and by a 
single point measurement (Schulz-Blaschke (SB), Solomon-Ciuta (SC) and Deb-Chantterjee 
(DC) equations), taking Huggins intrinsic viscosity, [η]h, as a reference 

Percentual differences (∆%)
a
 for intrinsic viscosity values 

Graphic extrapolation Single point determination Sample 

K M SB SB SC DC 

BR-1 -0.85 0.18 0.18 -2.21 -2.92 -1.49 

BR-2 -1.03 0.73 1.42 -0.77 -1.76 1.20 

BR-3 -0.73 1.45 2.74 0.57 -0.41 2.69 

BR-4 -0.42 0.28 0.49 -0.64 -0.99 0.71 

BR-5 -0.32 0.24 0.48 -0.16 -0.95 0.40 

a ∆ % = [100 ([η] / [η]h)] – 100 

By comparing (SB), Solomon-Ciuta (SC) and Deb-Chantterjee (DC) equations used in 
the single point determination, it is notable the fact that intrinsic viscosity values 
obtained from DC equation produced the smallest percentual differences when 
compared with those obtained from Huggins equation, by graphic extrapolation. These 
results indicate that, for the systems analyzed in this work, Deb-Chantterjee equation 
seems to be the best. 

Table 5.  Intrinsic viscosity of Huggins [η]h and molecular mass values of high-cis 
polybutadiene obtained by SEC and viscosimetry 

Molecular Mass (x 10-5) 
Sample [η]h 

nM
a
 wM

a
 vM h vM k vM m vM sb vM sb

b 
 vM sc vM dc 

BR-1 2.811 1.03 4.11 7.35 7.26 7.36 7.36 7.13 7.06 7.20 

BR-2 2.327 0.93 3.40 5.72 5.64 5.77 5.82 5.66 5.58 5.81 

BR-3 1.931 0.57 2.89 4.45 4.41 4.54 4.62 4.49 4.43 4.61 

BR-4 1.417 0.48 2.25 2.95 2.93 2.96 2.97 2.92 2.91 2.97 

BR-5 1.260 0.44 2.23 2.52 2.51 2.53 2.54 2.52 2.49 2.54 
a SEC - THF at 30°C;   b ksb = 0.28 

Table 5 shows a concomitant reduction in intrinsic viscosity and molecular mass 
values, as expected. It also presents a comparison between molecular mass values of 
high-cis polybutadienes obtained by size exclusion chromatography (SEC) [16] and 
by viscometry, employing intrinsic viscosity values obtained by using Equations 1-6. 
By comparing the two techniques, differences in the values are evident. The 
discrepancy is probably due to the diversification in analysis conditions, as differences 
in: techniques, standards employed and solvents. Among the viscosity-average 
molecular mass values obtained by a single point determination, the three equations 
employed (SB, SC and DC) showed results not much different from those obtained by 
graphic extrapolation. 
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The percentual differences (∆%) obtained for viscosity-average molecular mass values 
are showed in Table 6. These values were calculated taking vM  determined by 
Huggins equation as a reference. Among the molecular mass values obtained by a 
single point determination, the three equations employed (SB, SC and DC) showed 
results close to those obtained by graphic extrapolation. Moreover, it was observed a 
tendency of decreasing in the values of ∆% as the molecular masses decrease. 
Deb-Chantterjee equation presented the smallest percentual differences, being more 
suitable to be applied in the faster determination of molecular mass for the system 
high-cis-polybutadiene in cyclohexane, at 30o C. 

Table 6. Percentual differences (∆%) obtained for viscosity-average molecular mass values 

Percentual difference (∆%)
a

 
Sample 

vM sb vM k vM m vM sc vM dc vM sb

b

  

BR-1 0.14 -1.22 0.14 -3.95 -2.04 -2.99 

BR-2 1.75 -1.40 0.87 -2.45 1.57 -1.05 

BR-3 3.82 -0.90 2.02 -0.45 3.60 0.90 

BR-4 0.68 -0.68 0.34 -1.34 0.68 -1.02 

BR-5 0.79 -0.40 0.40 -1.19 0.79 0.00 
a ∆ % = [100 ([η] / [η]h)] – 100 
b Ksb = 0.28 

Conclusions 

Viscometric parameters determined by graphic extrapolation and by a single point 
determination were in good accordance, being the latter type of calculation, which is much 
more rapid, suitable for the high-cis polybutadiene in cyclohexane; at 30°C. That way, 
intrinsic viscosity values and specially viscosity-average molecular mass results should be 
calculated by the determination of the efflux time of only one concentration of polymer 
solution.  The accuracy of this method is especially important for quality control laboratories.  
Deb-Chantterjee equation, which is independent of any predetermined constant value, 
produced lower percentual differences when compared with Schulz-Blaschke and Solomon-
Ciuta equations, showing to be more accurate for the calculations. Schulz-Blaschke constant 
value (0.28), employed for many polymer systems in single point determinations, were also 
suitable for being applied in the system analyzed in this work. It was verified that, for all the 
samples, Huggins constants were lower than 0.5 indicating that cyclohexane is a good 
solvent for high-cis polybutadiene, at 30°C. This result was confirmed by negative Kraemer 
constant which also indicates good solvation.  

Acknowledgements. The authors thank Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq), Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio 
de Janeiro (FAPERJ) and Petroflex Ind. & Com. for financial support. 

References 

1. Mitchell JR. Rheology of polysaccharide solutions and gels. In polysaccharides in food, Ed 
Mitchell, J.R., London, 1979 

2. Harding SE. Prog. Biophys. Molec. Biol. 1997; 68: 207 



122 

 

3. Huggins ML. J. Am. Chem. Soc. 1942; 64: 2716 
4. Kraemer EO. Ind. Eng. Chem. 1938; 30:1200 
5. Martin NB, Tripp JB, Shibata JH, Schurr JM. Biopolymers  1979; 18:2127 
6. Schulz GV, Blaschke F. J. Prakt. Chem. 1941; 158:130 
7. Deb PC, Chantterjee SR. Indian J. Appl. Chem. 1968; 31:121 
8. Solomon OF, Ciuta IZ. J. Appl. Polym. Sci. 1962; 6:683 
9. Wilson DJ. Makromol. Chem., Macromol. Symp. 1993; 66:273 
10. Abdel-Azim AA, Atta AM, Farahat MS, Boutros WY. Polymer 1998; 39:6827 
11. Delpech MC, Coutinho FMB, Habibe MES. Polym. Test 2002; 21:155 
12. Delpech MC, Oliveira CMF. Polym. Test. 2005; 24:381 
13. Schoff C.K. in: Polymer handbook, Jonh Wiley and Sons Inc, New York, 1999 
14. Robinson G, Ross-Murphy S, Morris ER. Carbohydrate Research 1982; 107:17 
15. Simionescu CI, Ioan S, Simionescu BC. Eur. Polym. J. 1987; 23(1):69 
16. Mello IL, Coutinho FMB, Nunes DSS, Soares BG, Costa MAS, Maria LCS. Eur. Polym. J. 

2004; 40:635 
17. Kurata M, Tsunashima Y. in: Polymer Handbook, John Wiley and Sons Inc, New York, 

1999  
18. Delpech MC, Coutinho FMB, Habibe MES. Polym. Test. 2002; 21:411 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


