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ABSTRACT 

Continuous viscometric, detection is based on the 
measurement of ressure drop in an on-line small capillary 
tube in which cErornatogra hic eluents flow at constant flow 
rate. This detector is ayways coupled with a concentration 
detector (usually refractometer) and located before it t o  
avoid back presrura in the refractometer. In order to obtain 
reliable information f o r  polymer samples, it is general1 
necessary to connect these two detectors to a computer whicx 
performs data  acquisition and treatment. 

First we discuss the rroblem of shape, g?ometry and 
dimensions of the viscometer. Tge typical charactsristlcs are 
the result of a comproaise between contradictory hrgets, 
mainly small internal vblume !ow shear rate,and low prassure 
drop. It is shown that $oiseullle's lammar flow is only 
obtained when coiling radius of the measurement tube ?s  
greater than 6 cm which is not the cass inside tne 
refractometer. Accbrdingly, tiro pressura transducers are 
necessary t o  eliminate pressure drop data comlng from 
refractorneter. 

* To whom corresponddnce should be adressed. 
Paper presented at the GPC S p p o s i u , p  8 7  - CAicago - ?!ag 1987 
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2572 LESEC, LECACHEUX, AND MAROT 

In a second ,part, we show how to extract information 
from pressure variation data. By using conc?ntration data, 
pure solvent pressure and sample pressure it 1s possibl? to 
calculate intrinsic viscosity extrapolated to zsro 
concentration at,each,point of the chromato ram. By comparison 
rith intrinsic viscosity cf the pol mar use! for calibration, 
a correction of hydro& narcic v01une according :? Benoit's 
universal calibration leads t o  absolute aolecuiar welghts. 

In addition, for a linear polymor the knowled3~ of 
log [qJ versus log H leads to the determination of .'ark- 
Houwin$ relationship coafficients. For branched polyaers. 
viscosity laws are curved aild the comparison betweer. the 
linear lar,corresponding to the linear equiyalent pol iiisr an$ the experimental law allows the daterminat:on ofl'the $ 
branching pirameter distribution. 

INTRODUCTION 

Benoit's universal calibration (1) requires viscosity aeasurements for 
the absolute determination of the distribution curve and average molecular 
weights of polymers. In Modern Size Exclusion Chromatography, classical 
viscometers ( 2 , 3 )  which gave excellent results s3me years ago, even at high 
temperature for the characterization of polyolefins ( 4 1 ,  cannot be used because 
of their excessive volume of measurement. Only the on-line continuous 
viscometer, first described by Ouano ( 5 )  and based on the continuous measurement 
of the effluent pressure drop through a capillary tube, is convenient (6). After 
preliminary trials (7-8), the coupling of high speed GPC with the continuous 
viscometer was performed at high temperature for the determination of long-chain 
branching in polyethylene (9) and ethylene-vinyl acetate ccpolymers (10). A 

complete study of the viscometer (11) led the Societ6 Nationale Elf Aquitaine to 
patest the resultant device. We will discuss, here, the performance and the 
functional parameters of this continuous viscometer. 

CONTINUOUS VISCOHETER BACKGROUND 
Principle 

The principle of continuous viscometer detection is based upon the 
continuous measurement of the pressure drop through a mall dianeter capillary 
tube through which chromatographic eluents flow. When experimental conditions 
are well-chosen, corresponding to laminar flow, the pressure drop P is given by 
the Poiseuille relationship : 

where q is the absolute viscosity of eluents, Q the flow rate and 1 and r the 
length and the radius of the measurement capillary tube respectively . 

As viscometric data generally require concentration data to receive a 
complete interpretation; the viscometer is usually coupled with a concentration 
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CONTINUOUS VISCOMETRIC DETECTION 2513 

deteztor, generally the differential refractometer. This detector iannot 
withstand any overpressure at its outlet because of the great fragility of the 
measurement cell; accordicgly, the visccmeter can only be inserted between 
columns and refractometar, as shown in figure 1. 

Functional uarameters 

In addition to the pressure drop value, several parameters characterize 
viscometer behaviour. 

4 Q  
n r3 

- the internal volume V given by : V = n . r*1 

- the Reynolds number R given by : 

- the shear rate G given by : G = - .  - 

R=-.!-! 2 

n v r  

where p is the density of the eluent. These parameters will be discussed later. 

When looking at Poiseuille's equation, it appears that, for a given 
capillary tube, the resulting back pressure is only dependent upon flow rate and 
viscosity. At constant flow rate, pressure variations describe viscosity 
variations; conversely, when the eluent viscosity is constant, the viscometer 
measures the flow rate. That msens that the viscometer is simultaneously a 
flowmeter. This function has already been described ( 8 )  and we will discuss, 
later, its incidence on the chroaatographic equipment. 

column ma- 

I water bath I 

FIGURE 1 : Scheme of the continuous viscometer from ( 7 . 8 ) .  
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2574 LESEC, LECACHEUX, AND MAROT 

4 

FIGURE 2 : Variations of the different viscosities versus concentration 

I n t r i n s i c  viscosi  t v  calculation 

Assoming that fiow rats is kept constant during the chromatographic 
experiment, let us see how to extract intrinsic viscosity infornation from 
refractometric and viscoaetric data. Intrinsic viscosity [ ? ] I  is the 
gxtrapolated value of inherent viscosity 01 l o b  and reduced viscosity rli r i . d  at 
zero concentration : 

1 P t  
[ g l ,  limit of 81 lot, = - . Log -- 

Cl PO 

1 PI - Po 
[ n l ,  limit of 91 r e d  = - . ------- 

CI Po 

wher? PI an3 Po are, respectively, the pressure drops for macromoleculrr 
solution and pure solvent, replacing rli and 00 in the originai equations. Since 
detection is achieved at very low concentration conditions, using 171 if it ,  or 
R I  r e d  instead of I1711 doss not introduce a significant Brror; but let us defin2 
a third viscosity which will be callod nl  as : 

2 
?Jt = [ ;, (01 r e d  - 171 l n h )  
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CONTINUOUS VISCOMETRIC DETECTION 2575 

Considering the equations giving nr r e d  and vt l o b  : 

where k' and k" are the Buggins and Xramer constants and replacing 01 and 
11 r o b  by their expressions, it becomes : 

As in usual conditions k' + h" = 0 . 5 ,  we see that nt is identical to intrinsic 
viscosity, as shown in figure 2 : 

nr I h 1 t  

This expression will be used in all our calculations. 

TEE CURVATURE EFFECT 
Effect of coiling 

In addition t o  previously described functional parameters, it appeared, 
during our study (11-12) that the curvature of the measurement capillary tube 
was an essential parameter influencing dramatically the viscometer performances. 
As the capillary tube is usually 2 ou 3 meter long, it seems convenient to coil 
it in order to insert it within a water bath or in an oven. Our first trials 
were run under these conditions ( 7 - 8 ) .  We have represented in figure 3 the 
viscometer responses of a linear capillary and a capillary coiIed with a 0.8 cm 
radius. It appears that capillary coiling introduces an excess of pressure for 
high flow rates giving a deviation from Poiseuille's lau. 'This effect was 
already described (13-14) and it can be explained in terms of turbulence and 
viscous friction. When viscosity increases, for example by dissolving a high 
molecular ueight polyaer, the effect decreases (figure 4 1 .  

?ressur?/flou law can thus be reprasented by a 2nd dagree polynomial : 

P = k . Q .  ( 1 + a Q )  

where a is the parameter representing the deviation from the Poiseuille law. 
From our experiments, the a parameter varies in the opposite way of tha absolute 
viscosity ly and the radius of coiling R : 

1 

rt . R (I = K . --- 
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I. 

0 .  

d 

I. 

Pressure (bars) 

Coiling radius 0.8 cm 

Plow rate (ml/mnn) 

8 
d d 

8 
d 

FIGURE 3 : Effect of the capillary tube curvature upon the pressure response of 

viscometer. Solvent : THF - Vircometer : 1 = 3 m r = 0.11 mm. 

Pressure (bars) 

Polystyrene 8=106 c=0.14 S 

PRESSUI(E = A-EX-CXX 

A - 0.817421 

0 - 4.454008 

c - 8.088449 

C/B - 0.R15501 

I 0  
Pressure (bars) 

Polystyrene 8=106 c=0.14 S 

PRESSUI(E = A-EX-CXX 

C/B - 0.R15501 

2 

Plow rate (mllmn) 
e n F1 n 

N .. 

FIGURE 4 : Effect of the capillary tube curvature upon the pressure response of 

visconeter. Solvent : TBF with polystyrene 106W at a concentration 

of 0.14 Y, - viscorneter : 1 = 3 m z - 0.11 mm R = 0.8 cm. 
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CONTINUOUS VISCOMETRIC DETECTION 2577 

We have represented in figure 5 ,  the variations of the curvature parameter a 
versus the radius of coiling R for THF at 30°C in a 3 meter long viscometer 
(O.llmm internal radius). The conclusion is that coiling smaller than 6cm 
introduces a dramatic deviation from Poiseuille law, above this value the effect 
seems negligible. In conclusion, the viscometer capillary tube can be coiled but 
only with a radius greater than 6cm (11-12). 

Influence of c o i l i n g  on e i s c o s i t v  determination 

In order to check this coiling effect, we ran viscosity measurements on 
different polymers with various molecular weights with an Ubbelohde viscometer 
(providing the [1710 value) and with a continuous viscometer, 3 meter long, 
9/1000" I.D. at a flow rate of Zmllmn of THF (providing the [a ] . ;  value). All the 
results are reported in Table I. 

A systematic differenca is observed between absolute intrinsic 
viscosities and those obtained by the continuous viscometer, the average ratio 
of [ r l ] G / [ r l l O  baing approximateiy 0.78. 

According t o  our previous calculations, we can write the expressions of 
the experimental pressure drops : 

Where P and P' are respectively the thaoretical and experimental prsssures 
(index 0 rafers to pure solvent and indax i to polymer soiutron). The 
experimental inherent viscosicy r l ' i 3 a  can thus be irriten as : 

or 

It comes : 

The same calculation can be performed on the reduced viscosity but in 

order to simplify the demonstration, let us consider that the inherent viscosity 
is almost like intrinsic viscosity. Ue can write : 
! 
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[ V l ,  

27.5 

56.5 

74.9 

94.7 

L01.2 

L48.2 

200 

268 

462 

605 

9.30 

15.35 

22.9 

29.2 

44 

21.2 

61.7 

188 

335 

390 

232 

28.4 

44.2 
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101, 

21.8 

42.4 

61.3 

70.6 

82.2 

111.1 
147.5 

205 

308 

360 

7.1 

11.5 

17.75 

22.3 

3 3 . 3  

16.1 

44.8 

140.4 

266 

309 

173 

23.5 

3 5 . 8  
I 

TABLE I 
Comparison between [ q I 0  determined by Ubbelohde viscometry and [?I ,  measured by 

the continuous viscorneter for various polymers. 

- 
I Polymers Orig in  Label 

Polystyrene 38 000 

112 800 

189 600 

233 000 

272 400 

423 400 

620 200 

030 000 

340 000 

350 000 

1.02 

1.02 

1.71 

1.06 

1.90 

1.05 

1.08 
1.15 

1.90 

1.63 
- 
1.03 

1.04 

1.04 

1.03 

1.06 
__ 

1.13 

1.07 

1.09 

1.64 
__ 

2.1 

2 

0.79 

0.75 

0.81 

0.75 

0.81 

0.75 

0.74 

0.75 

0.67 

0.60 

35 000 

110 000 

PSL 134 

200 000 

BASF168L 
PS 7 

650 000 

PS 8 

2.7 M 
3.7 M 

4 000 

6 000 

10 000 

20 000 

40 000 

Waters 
Waters 

SNEA 

Waters 

SNEA 
Strasbourg 
Waters 
Strasbourg 
Waters 

Waters 

Touzart 
Fluka 

Fluka 
Fluka 

Serva 

Polyoxyethylene 4 900 

10 300 

16 100 

2 2  500 
37 400 

0.76 

0.75 

0.77 

0.76 

0.76 

Polytetra- 
hydrofuran 

0.76 

0.73 

0.75 

0.80 

10 000 

30 000 

100 000 

300 000 

CP: P17 
CP1 29 

10 680 

3 5  200 

109 000 

266 800 

120 000 

59 000 

Interchim 
Interchim 
Interchim 
Interchim 

SNPE 
SNPE 

0.79 

0.75 

Nitrocellulose 

Pol eth 1 
me tEcry7a;e Interchim P601830 68 500 1.04 0.83 

Polycarbonate Interchim P596760 22 000 1.7 0.81 
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CONTINUOUS VISCOMETRIC DETECTION 

Sample 

T.H.F. 

PolyTHF 10 000 

PolyTHF 30 000 
PolyTHF LOO 000 

PolyTHF 300 000 

PS 100 000 

PS 400 000 

PS 1 000 000 

2519 

Concentration 

0.433 % 

0.3876 % 

0.208 % 

0.191 % 

0.556 % 

0 . 1 8 2 4  % 

0 . 1 4  % 

FIGURE 5 : Variations of the curvature parameter a as a function of the radius 
of coiling R. 

0.0475 

0.1503 

0.1408 

TABLE I1 

Curvature Barameters a for THF and various polymers at different concentrations 

Coiling radius R - 1.8 cm 

0.0084 

0 .0369 

0 . 0 3 5 3  

b 
~ 

3 . 0 9 1  

3 .354 

3.921 

4.439 

5 .635 

4 . 0 7 4  

3 . 9 9 4  

4 . 4 5 4  
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2580 LESEC, LECACHEUX, AND MAROT 

We measured the curvature parameter a for THF and various polymers in 
the above described conditions (Table 11) and plotted the experimental values of 
QO - a1 versus [ q l . C  (figure 6 ) .  A straight line fits the experimental points 
leading to a slope value of 0.11. As the flow rate was 2 nl/mn, it comes that : 

In conclusion, the coiling of the measurement capillary tube creates a 
curvature of Poiseuille law depending on flow rate and absolute viscosity of 
eluent, leading to a systematic error in the determination of the intrinsic 
viscosity. Considering the ilark-Houwink relationship : 

under given conditions, the ratio between experimental and real intrinsic 
viscosity is found to be a constant that leads t o  a correct "a" exponent but a 
wrong L value (figure 7 ) .  This explains the discrepancy of the Nark-Houuink 
coefficients K previously published ( 8 ) .  

OPTIIIZATION Of T8E 'JISCiXETER 

Yiscometer  d e s i g n  

Fron these former results, i t  becomes obvious that the ineasur~nent 
capillary tube must no< be coiled wich a radius s;?aller than 6c3. 22 ha-re chus 
to take into acccunt that, when using a viscorneter as described in figilre 1, the  

pressure measurad by the transducar is the summation of the pressure drop in the 
capillary tube and in the refractometdr. As usual, rdfractomzters have a l ong  

inlet tubing as heat exchanger (several inches of 9/1000" i . D .  tube) which is 
very coiled, we can be sure that pressure drop in the refractorneter does not 
obdy Poiseuille's law. 

In order to obtain a viscometer with a perfect pressure/flow law, it is 
necessary to isolate the refractometer pressure drop by adding to tha assembly a 
second pressure transducer (9-12) as shown in figure 8 .  The first transducer 
measures pressure PI relative to the viscometer and the refractometer whereas 
the second one measures back pressure Pz in refractometer. Both are curved but 
their difference AP = PI - Pz is a perfect straight line (figure 9). 

Viscometer geometrical parameters 

The viscometer geometry is defined by three parameters : 1, r and R 
which are, respectively, the length, the internal radius and the coiling radius 
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CONTINUOUS VISCOMETRIC DETECTION 2581 

I ROLY-THF 10.0c10 
2 POLY-THF 30.000 
3 POLY-THF 100.000 
4 POLV-TWF 300.0B0 

5 P. 5. 4200c10 
fi P.S. IIeuBB 
7 P. S. 1.03Q. 008 

N " n 
d d d d d d d 

FIGURE 6 : Variation of a. - al versus [77 ] .C  for various polymers of different 

molecular weights. 

2.0 - 

2.4 

2. 

1 . e  

1. i 

FIGURE 7 : Comparison of viscosity laws obtained by Ubbelohds viscometry and 

through a continuous viscometer at a flow rate of 2 ml/mn. 
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LESEC, LECACHEUX, AND MAROT 

of the measurement capillary tube. For a given solvent at a given temperature, 
they determine four different functional parameters AP, G, V and Re which are, 
respectively, the pressure drop, the shear rate, the internal volume and the 
Reynolds number. Three of them (AP, 6 ,  Re) require the largest possible 
radius, r .  Conversely, volume V is optimum when the radius is the smallest 
possible. Accordingly, the best value of r will be a compromise. In addition, as 
the refractoneter itself has a non-negligible pressure drop Pz, PI must be 
something lika twice the Pz value in order to obtain a AP value without any loss 
of information. Our conclusion is that the capillary tube must have a maximum 
internal radius of about 0.2 mm with a length of 3 meters. Our first viscometers 
were based upon classical stainless steel capillary tubes (9/1000" I.D.) (9-12) 
but we have now adopted a Teflon capillary tube with 0.3 mm I.D. which requi:es 
special fittings (teflon/stainless steel OMAIFIT fittings) to be connected 
within the chromatographic circuit (15-16). Ye summarize, in table 111, the 
different functional parameters of several viscometers used with THF at 30OC. 
The usual flow rate is 1 mllmn. 

Influence of shear ra te  

For the above reasons, it seems difficult, in actual conditions, that 
the shear rate in viscometer could reach a smaller value than 5 000 s - 1 ,  which 
is significantly different of the classical Ubbelohde viscosity measurement 
conditions (1 500-2 000 5-1). For high molecular weight polyirers, we can expect 
a non-newtonian Sehaviour, leading t o  an undarestimated value of viscosity. This 
effect is shown in figure 7 .  Under drastic conditions (flow rate 2mllmn and 
shear rate around 20 000 5 - I )  the deviation from the polystyrene linear law 
occurs for a solecular weight greater than 1000 000. In our actual conditions 
(teflon viscometer with a shear rate of 5 000 s - ' ) ,  we can assume that de,iiation 
appears for a higher solecular weight value, but however, it is obvious that f o r  
very high molecular weight samples, especially when polydispersity is large, the 
viscometer response is distorted and we must be very carreful before 
interpreting results. In this particular case, we could imagine a special 
viscometer with a greater internal radius and a much lower shear rate, but which 
will bs unable to operate with usual polymers. 

Influence of f low ra te  

As demonstrated in the first section, the viscometer is a very accurate 
flowmeter; for this reason it must receive eluent from the column set with an 
extremely constant flow rate. Two types of variations can occur : long-time 
variations due to flow rate changes at the outlet of the pump and short tine 
variations in relation with the alternate pumping principle. We mainly checked 
the H 6000 A solvent delivery system, instailed in the Waters 150C 
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CONTINUOUS VISCOMETRIC DETECTION 2583 

FIGURE 8 : Scheme of the continuous viscometer with two  pressure transducers. 

(a) cepillary tube. (b) purge. (c) transducer holder. (d) pressure 

transducers. (e) electronic units. 

VISCOMETER RESPONSE 

P r e s s u r e  ( B a r s )  

Flow r a t e  (ml/mn: 
I . s  

FIGURE 9 : Variations of P , ,  Pt and AP versus flow rate for the double 
transducer viscometer. THF 30-C. Viscometer 1 - 3 m, 9/1000" I.D. 
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apparent 

109 700 
249 800 

269 300 

0.706 

- 1.844 
93.1 

LESEC, LECACHEUX, AND MAROT 

absolute 

108 300 
248 000 

267 500 

0.706 

- 1.84 

93.1 

TABLE 111 

Functional parameters for viscometers built vith different capillary tubes. 

experim. i 
0.11 

3.8 

16 000 

110 

200 

theoret. 

0.114 

3.3 

14 300 

120 

190 

used in 
ref .9-12 

0.13 

1.94 

9 700 

160 

167 

Teflon tubing 

TABLE IV 

Comparison between apparent and absolute molecular veights for NBS 706 and 
DOW 1663 analyzed through a polystyrene calibration 

NBS 706 DOW 1683 

apparent 

104 200 

223 400 

244 600 

C.707 

- 1.849 
85.6 

absolute 

104 500 

222 800 

244 400 

0.706 

- 1.838 
85.6 

Calibration from PS Standard 
a = 0.706 Log K = - 1.847 
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CONTINUOUS VISCOMETRIC DETECTION 2585 

chromatograph. We were pleased to observe a negligible drift of the viscometer 
baseline. When the pump is in perfect running condition, the long-time variation 
is smaller than 1 pllmn over 24 hours, which is excellent. Conversely, short 
time variations are very important. For example, at a flow rate cf 1 ml/mn with 
a viscometer having the baseline at 1 bar, the pressure variation f o r  a 
classical polymer peak is about 20 mbars which is equivalent to a flow rate 
variation of 20 pl/mn. In order to have a good signallnoise ratio we can 
consider that the baseline noise must not exceed 0.2 ullmn. To obtain such a 

flow rate stability, it is necessary to reduce the pump noise by inserting 
between the pump and the injector, a pulse dampensr based on Vaters ICY pressure 
filters and restrictors. Generally, three couples are neaded in alternate 
arrangement. 

The consequence of such an accuracy is that every event which 
influences the flow rats m ~ r e  than 0.2 pllmn has repercussions on the viscometer 
baseline leading to non-running conditions. The main origins of trouble are pump 
malfunction, injector problems, microleabs, plugging any.ihera in the instrument 
chiafly in column end-fittings that causes important flow rate variations when a 
iriscous solution passes through. 

From another viewpoint, we can see that the presence of a continuous 
viscometer inside the chromatograph allows complete checking and troubleshooting 
of the instrument .When the viscomater baseline is right, the flow rate has a 
correct value and GPC measurements can be run under absolute conditions of 
accuracy, especially when data logging is achieved as a function of time. 

I n f l u e n m  of i n f e r n a l  volume 

For the optimized viscometer, the internal volume is about 240 p l ,  

which seems tremendously high with regard t o  classical detector cells (I 10 pl); 
but we must consider that its volume is 3 meters long and does not cause 
significant eluent remixing. The only disadvantage is that the viscosity 
measurement is not actually performed on only one fractionated molecule, but is 
the result of an averaging of viscosity values for all the molecules present 
inside the capillary tube at the measurement time. It has been shown (11) that 
this effect is negligible when viscometer volume is 20 times smaller than the 
total peak volume; that leads to an approximat value of 5 r n l .  This condition is 
fulfilled when using a column set composed of four columns (1 feet long, 7 mm 
I.D.) Iike Waters Ultrastyragel 103, lo4, lo3 and 10bA. 

The other drawback of a large viscometer internal volume is that a 
molecule requires a non negligible time the 

refractometer. When data logging is achieved simultaneously for both detectors, 
for passing from the viscometer to 
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2586 LESEC, LECACHEUX, AND MAROT 

it is important to take into account, in the data treatment, the time required 
for a molecule to pass from one detector to tha other, assuming that the 
viscometer is represented by a point located at its geometrical contre. A 

systematic study (17) led us to consider that the real volume difference is 
systematically greater than the geometrical differencs. In any case, a shift of 
the viscometric peak must be achieved to extras: reliable data from the 
viscometer-refractometer coupling. 

RESULTS AND DISCUSSION 
Use of univarsa:  cali6ration 

The main purpose o f  the continuous visconeter-refractom~tar co;ip;ing is 
t h e  use of Benoit's universal calibration t o  obtain absoiute oolecular 'eight 
values. As the ;-isconeter continuously provides intrinsic viscosity inforxation, 
the hydrodynamic volume corrac:ion can be achieved along tha polymer 
distribution curve. For this purpose, i: is only necessary to perform column 
calibration with d set of well-characterized molecuiar weight standards which 
gives, at the same time, the intrinsic viscosity of each standard. It is, thus, 
easy to determine the Mark-Houwink relationship coefficients Lt and ast  of the 
polymer used as standard. Using the calibration curve, established with 
standards, to convert the chromatogram into a distribution curve leads to an 
apparent distribution curve expressed in the standard units HI s t .  Accordingly, 
the classical CPC calculation provides apparent average molecular weights. In 
order to obtain the absolute values H I ,  it is simply necessary to writa the 
equality of hydrodynamic volume [ q l . H  along the distribution curve : 

fast + 1) 
L t . H t  s t  Hi = _ _ _ _ _ _ _ _ _  
lrllr R X P  

where [V]I e x p  are the experimental values of intrinsic viscosities. The 
classical GPC calculation now leads to absolute average molecular aeights. 

To check the method, it is useful to verify that, when running a sample 
with the same chemical nature as the standard, the hydrodynamic -7olume 
correction does not significantly modify the molecular weight values. We give in 
table IV the values obtained through a polystyrene calibration for  two well- 
known polystyrene samples, NBS 706 and DOU 1583. The conversion is very 
satisfying. 

Viscosity law determication 

The second advantaye of the viscometer is to provide directly th? 
sample intrinsic viscosity [ q ]  without any need of refractometric data. In the 
[ v ]  definition : 
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CONTINUOUS VISCOMETRIC DETECTION 2581 

replacing, for example, [a11 by the reduced viscosity tit r % d  leads to : 

This means that th2 knowiadge of inje:tion concentration C, viscoaeter baselin+ 
value APo and viscometric peak surfac3 area Z (Apt - APo) ard aii that are 
necessary t o  calculate the intrinsic viscosity. 

6ut, when refractometric data are used, I t  and 1711 values can be 
calculated for every point of the chromatogram. For linear polymers, the plot of 
Log [all versus Log (Ht) is a straight line which is characterized by the Mark- 
Houwink a and K coefficients. Such a curve is represented in figure 10 for the 
NBS 1475 polyethylene sample. It demonstrates that, when the polymer has a 
sufficiently wide distribution curve (polydispersity higher than 2 ) ,  the 
viscosity law parameters are obtained through only one sample injection (see 
table IV and table V ) .  

We must remark that in figure 10, only experimental points 1+) located 
between the two cursors are used t o  determine the viscosity law. Outside this 
area, the calculation of [ q l i  values is not accurate enough owing t o  the weak 
values of APt - APo and C I  at the peak edges. Therefore, this points must be 
recalcuiated by extrapolation in order to obtain a reliable set of data for the 
hydrodynamic volume correction. 

Long chain branching determination 

Finally, the viscometric detection is we11 suited for long-chain 
branching characterization. In fact, long-chain branched polymers have a smaller 
radius of gyration R s b  than that of the corresponding linear polymer R G I  with 
the same molecular weight. The characteristic parameter of branching g is 
defined as the ratio of mean square radii of gyration : 

< R G Z > b  
I = ------ < R G ? > I  

Through viscosity measurements, another branching parameter g '  is defined as the 
ratio of intrinsic viscosities : 
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2588 LESEC, LECACHEUX, AND MAROT 

A simple relationship links g and g' : 

but the x exponent, varying from 0.5 to 1.5, is in a complex relation with the 
branching nature of the polymer. For particular polymers, the theory gives a 
relationship between g and the long chain branching frequency X (91, allowing a 
better description of the polymer structure. 

As the viscometer-refractometer coupling provides experimental 
intrinsic viscosities [i711 along the distribution, g ' i  values can be calculated 
by comparison with values corresponding to the linear polymer : 

Figure 11 represents the viscosity law and the distribution of branching 
characterized by g'i variations versus molecular weight for polyethylene 
NBS 1476. 

This calculation requiras a knowledge of the corresponding linaar 
polymer viscosity law. But, when it is unknown, we have remarked, during our 
studies (9-11, 15-16), that branching usually occurs only after a limiting 
molecular weight, which produces a linear variation in the low molecular weight 
region of the viscosity law. Taking the slope in this region can prcvide the 
visocsity law of the linear polymer (16). 

As an exampla, we give in table V the complete characterization of 
NBS 1475 and NBS 1475 polyethylene samples. 

CONCLUSION 

Viscometric detection in GPC experiments, when coupled with a 
concentration detector, greatly increases the analytical capabilities of this 
technique. First, it permits complete checking and troubleshooting of the GPC 
instrument, providing an excellent survey of experimentai conditions and leading 
to analysis only under perfect conditions. From the viewpoint of calculation, it 
permits the absolute distribution curve and average molecular weight 
determination through univarsal calibration. In addition, viscosity information 
is obtained,such as intrinsic viscosity and viscosity law coafficients. Finaily, 
long chain-branching distribution can be characterized and the different g' 
values calculated for branched polymers. 
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2 . 2  Logr :  - 1 . 1 9 7  

FIGURE 10 : Experimental viscosity law for NBS 1475 linear polyethylene 
(.--..) viscometric trace 
(-) linear viscosity law 

(+++) experimental viscosity law 

FIGURE 11 : Experimental viscosity law f o r  NBS 1476 branched polyethylene. 
(..- ...) viscometric trace 
(-) linear viscosity law 

(+++) experimental viscosity law 
(+++)  branching distribution g’ 
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Mpeak - 

M, 
3" 
Mw 

Rz 

- 

Rw fi* 
p* fiw 

t V 1  
d! 
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NBS 1475 

apparent absolute 

28 690 28 990 

20 820 21 030 
43 840 43 840 

50 230 50 180 

116 100 115 700 

2.41 2.39 

2.31 2.31 

104.6 104.6 

.694 .694 

- 1.2 - 1.2 

TABLE V 

Characterization of NBS 1475 and NBS 1476 polyethylene samples 

NBS 1476 

apparent 

37 330 

22 400 

50 430 

57 550 

121 000 

2.57 

2.1 

93.3 

absolute 

42 270 

24 000 

6 3  120 

74 750 

198 300 

3.11 

2.65 

93.3 

NBS 1476 g' values 

Average at Rv at Ew 

These results are a part of Didier Lecacheux thesis (11) and Gilles 
Matot thesis (15). MichPle MillCquant (*) ran experiments to provide the 
numerical data on NBS polystyrene and polyethylena samples. The authors wish to 
thank ATOCHEM company for financial support. 
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