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PERFORMANCE EVALUATION OF A CONTINUOUS VISCOMETER 
FOR HIGH SPEED GPC. 

h r e n t  Letot,  James Lesec cmd C t d e  &uivoron 

Lrzboratoire de Physico-Chimie des PolymBres (CNRS - LA 2781 
E.S.P.C.I.- 10, mce Vtnquetin - 75231 Paris Cedes 05 - France. 

ABSTRACT 

The performance o f  a home-made continuous viscometer w i th  
pressure transducer, as a 'GPC detector,  i s  described. This device, 
which i s  very sensi t ive t o  f low r a t e  var ia t ions,  can p rec i se l y  
monitor the mobile phase f low r a t e  and general operat ion o f  the 
GPC apparatus. Any t rouble i n  the instrument markedly a f f e c t s  the 
viscometer baseline, thus a l lowing i t s  detect ion.  F i n a l l y ,  us ing 
concentration data from the refractometer, the viscometer c o n t i -  
nuously provides the v i s c o s i t y  throughout the chromatographic peak, 
which, i n  turn,  enables one, a f t e r  smoothing and correct ion,  t o  
obta in  the v i s c o s i t y  law o f  the i n jec ted  polymer. 

INTRODUCTION 
1 Benoit 's  universal  c a l i b r a t i o n  ( ) f o r  the precise cha rac te r i -  

zat ion o f  polymers usual ly  requires v i s c o s i t y  measurements. I n  h igh 
speed GPC, these determinations are not  p r a c t i c a l  w i th  c lass i ca l  
v i scmete rs  because o f  the extremely small volume o f  t he  mobile phase. 

2 Only the continuous viscometer, o r i g i n a l l y  described by Ouano ( ) 
invo lv ing measurenent o f  the pressure drop i n  a c a p i l l a r y  tube w i t h  
a pressure transducer, i s  capable o f  determining the v i s c o s i t y  o f  a 
polymer, dur ing i t s  e lu t ion,  w i t h  s u f f i c i e n t  accuracy. I f  the sample 

Presented a t  the sth Discussion Conference "Chromatography of Poly- 
m e r ~  and Polymers i n  Chromatography", IUPAC Prague - July 17-21/1978. 
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428 LETOT, LESEC, AND QUIVORoN 

concent ra t ion  Ci i s  deduced from r e f r a c t o m e t r i c  data, i n t r i n s i c  
v i s c o s i t i e s  can be ca lcu la ted ,  assuming t h a t  concent ra t ions  are low 
enough t o  app ly  t h e  r e l a t i o n s h i p  : 

where no and rl are, respec t i ve l y ,  t h e  v i s c o s i t i e s  o f  pure so l ven t  
and so lu t i on .  Lesec ( ) has descr ibed an apparatus which inc ludes  
such a continuous v iscomet r ic  de tec to r ,  t h a t  a l lows t h e  r a p i d  and 
automatic c a l c u l a t i o n  o f  average molecular weights and upon which 
our  study ( ) i s  based. The main c h a r a c t e r i s t i c  o f  t h i s  de tec to r  
i s  t h a t  i t  i s  s imultaneously a very accurate f l o m e t e r  and a v i sco -  
meter, and, accordingly,  we w i l l  descr ibe  both o f  these func t i ons .  

3 

4 

APPARATUS 

The viscometer cons is t s  o f  a s t a i n l e s s  s tee l  c a p i l l a r y  tube 
w i t h  small i n t e r n a l  diameter immersed i n  a c o n t r o l l e d  temperature 
water bath and inse r ted  between the  column s e t  and the  r e f r a c t o -  
meter w i t h  low dead volume f i t t i n g s  ( f i g u r e  1 ) .  A p i e z o - r e s i s t i v e  
t ransducer (K i  s t l e r  4041), measures the  pressure drop  between the  
viscometer i n l e t  and the  re f rac tometer  c e l l  which i s  a t  t he  atmos- 
phe r i c  pressure. We t r i e d  t o  s e l e c t  t he  bes t  t ub ing  l eng th  and 
i n t e r n a l  diameter i n  order t o  ob ta in  the  bes t  s igna l /no i se  r a t i o .  
A c l a s s i c a l  c a p i l l a r y  tube (1/16" O.D., 9 / 1  000" I.D.) was used 
w i t h  var ious lengths  ( 1  t o  3 meters),  bu t  t h i s  parameter e x h i b i t s  
o n l y  a small i n f l uence  on t h e  s igna l /no i se  r a t i o .  We then f i t t e d  
the  C a p i l l a r y  l eng th  t o  the t ransducer s e n s i t i v i t y  and chose a 

3 meter l eng th  tube, having an i n t e r n a l  volume o f  about 120 u l .  
This l a r g e  volume i s  n o t  a drawback since the  very small  c a p i l l a r y  
diameter does n o t  permi t  so lu te  remixing. 

The f i n a l  viscometer c h a r a c t e r i s t i c s  are : i n t e r n a l  diameter : 

9 /1  000" ; l e n g t h  : 3 meters ; temperature : 3OoC ; so lven t  : 
THF a t  a f l ow  r a t e  o f  2 ml/mn ; range o f  t he  K i s t l e r  4041 t rans -  
ducer : 0 -10 bars. Under these cond i t ions ,  t he  pressure drop f o r  
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2% 1.6% 1.4% 

R401 refractornder 

waste 

thermostat d 

pure so lvent  i s  about 8 bars and the Reynolds number about 400. 
Consequently, the f l ow  i s  laminar f o r  pure solvent and accordingly,  
f o r  polymer solut ions.  The Po iseu i l l e  law, which gives a l i n e a r  
re la t i onsh ip  between v i s c o s i t y  and pressure drop : 

4 B . n  .d 
I I = l Z m j  

where A P  i s  t he  pressure drop, d the c a p i l l a r y  diameter, 1 i t s  
length and q the mobile phase f low rate,  can therefore be appl ied 
and the r a t i o  n/nO, used i n  the i n t r i n s i c  v i s c o s i t y  equation, can 
be s t r i c t l y  expressed by the experimental APP/APo r a t i o .  
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430 LETOT, LESEC, AND QUIVORON 

THE ROWMETER FUNCTION 

As descr ibed above; t he  P o i s e u i l l e  l aw  a l so  leads t o  a l i n e a r  
r e l a t i o n s h i p  between the  f l o w  r a t e  and t h e  pressure drop  when t h e  
v i s c o s i t y  i s  he ld  constant. Th is  i s  t he  f lowneter  f u n c t i o n  shown 

i n  f i g u r e  2 ,  where v iscomet r ic  and r e f r a c t m e t r i c  s igna ls  are 

recorded on the  same char t ,  f o r  a c l a s s i c a l  GPC ana lys i s  o f  a 
po lys ty rene standard (M : 111.000) ( ) .  We va r ied  t h e  f l ow  r a t e  
f rom 2 ml/mn t o  2.1  ml/mn and t h e  r e s u l t a n t  base l ine  s h i f t ,  co r res -  
ponding t o  t h i s  
mer peak he igh t .  Consequently,to use t h i s  device as a v iscomet r ic  

de tec to r  w i t h  an acceptable s igna l /no ise  r a t i o ,  f l ow  r a t e  v a r i a t i o n s  
must be kept  smal le r  than ml/mn, corresponding t o  3.5 m i l l i b a r s  
(.05 P S I ) ,  s ince t h i s  no ise  can j u s t  b a r e l y  be detected under our  
c l a s s i c a l  record ing  cond i t i ons .  The f l o w  r a t e  measurement accuracy 
o f  t h i s  device obv ious ly  depends upon a prec ise  c a l i b r a t i o n .  I n  
add i t i on ,  the ve ry  h igh  s e n s i t i v i t y  o f  t h i s  viscometer permits i t s  use 
f o r  checking a l l  components o f  the  GPC apparatus t h a t  a f f e c t  f l o w  

r a t e  ; t h i s ,  o f  course, enables us t o  operate under favorab le  s i g n a l /  
noise cond i t ions  when the  dev ice  i s  used as a v iscomet r ic  d e t e c t o r .  

4 -5 

.1 ml/mn v a r i a t i o n ,  was more than tw ice  the  p o l y -  

C_h_erk_in_s_o_f__t_he__eumeln_q_s_ys_t_ 
The pumping system used was a Waters M 6 000 A r e c i p r o c a t i n g  pump 

which produces pressure pulses.  The no ise  i s  represented i n  f i g . ?  
under d i f f e r e n t  opera t ing  cond i t i ons .  This f i g u r e  shows t h a t ,  

t o  ob ta in  a good basel ine f o r  v a l i d  GPC experiments as shown i n  
f i g u r e  2, i t  i s  necessary t o  connect t he  h igh  s e n s i t i v i t y  f i l t e r  
and, i n  fac t ,  t o  add a second one. The no ise  res idue i s  then 

smoothed by the  column se t .  It i s  r e l a t i v e l y  easy t o  de tec t  pump 
problems, consequently, s ince  they r e s u l t  i n  a base l ine  s h i f t  and 
an increase i n  no ise  l e v e l .  Also, the  pump no ise  i s  n o t  constant 
whatever the  f l o w  ra te .  These v a r i a t i o n s  are represented i n  
f i g u r e  4 (curve I )  and show t h a t  pulse magnitude i s  r e l a t i v e l y  
constant f o r  f l ow  ra tes  grea ter  than 1.5 ml/mn b u t  becomes very 
important when f l o w  r a t e  decreases t o  values below t h i s  l i m i t .  
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A CONTINUOUS VISCOMETER 431 

~mfmn 
8.1 bur 

~ . ~ m i / m n  
8.3bars 

PS 111000 

viscomoter t rofractometer - 

Figure  2 : Desc r ip t i on  o f  f lowneter  s e n s i t i v i t y  - viscometer : 

9/1 000" I.D. - leng th  3m - so lven t  : THF - e = 30°C. 

C_he,c,~ins,o,f-~he_,Eo_lumn_se_r 
The main problem t h a t  we encountered du r ing  v isometer adjustement 

i s  f l o w  f l u c t u a t i o n s  i n  columns. These random v a r i a t i o n s  are  o f  low 
frequency (compared t o  pump no ise)  ; t h e i r  magnitudes a re  p l o t t e d  
versus f l ow  r a t e  i n  f i g u r e  4 (curve  11). They are n e g l i g i b l e  f o r  
low f low ra tes  and g radua l l y  increase as f l o w  r a t e  increases. It 

appears t h a t  they are due t o  d i f f i c u l t y  o f  so l ven t  passing through 
the  porous metal d i scs  i n  column end f i t t i n g s ,  s ince  t h i s  no ise  
d r a m a t i c a l l y  increases as f i t t i n g s  become d i r t y .  Th is  i s  descr ibed 
below. Pump no ise  (I) and column no ise  (11) vary  i n  oppos i te  d i r e c -  
t i o n s  and, i n  o rder  t o  determine the  optimum f l ow  r a t e  cond i t i ons ,  
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432 LETOT, LESEC, AND QUIVORON 

T ti F 30 'c - 2 ml/m n 

Watorr M6OOO pump without column Ipstyragel  columns - * - 

rwmnmMwlcl amb high sonritivity filter on 

on. added high sonritivity flltor 1 1Omb <lmb 

mb I millibars 

Figure 3 : Noise pulses o f  Waters M 6 000 A pumping system under  
various conditions (THF,  2 m l / m n ) .  

we have plotted,  in figure 4 ,  the curve (111) ,  which i s  the summation 
of curves ( I )  and (11). This curve has a minimum near 1 . 7  ml/mn ; 

which permits us to  easi ly  run  a t  2.0 ml/mn. Fortunately, t h i s  value 
f a l l s  within the recommended flow ra t e  range for modern columns such 
as u-Styragel. Therefore, we always r u n  a t  th i s  flow r a t e .  

checklns-fnr-m~crnleaki 
"Microleaks" are  usually d i f f i c u l t  to detect  when using a vola- 

t i l e  solvent, because evaporation i s  f a s t e r  than the leak ra te .  
They lead t o  errors  i n  molecular weight determination because flow 
rate i s  overestimated and molecular w e i g h t  values are  accordingly, 
underestimated. Microleaks can be eas i ly  detected w i t h  the viscome- 
t e r ,  f i r s t  by a weak baseline sh i f t  towards lower pressures, b u t  
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A CONTINUOUS VISCOMETER 433 

0.5 1 1.5 2 2.5 3 3.5 

Figure  4 : Var ia t i ons  o f  viscometer base l ine  no ise  as a f u n c t i o n  
o f  mobi le phase f l o w  ra te .  
(1) pump no ise  - (11) column s e t  no ise  - (111) summation 
o f  (1) and (11).  

p a r t i c u l a r l y  because they  prov ide  a c h a r a c t e r i s t i c  base l ine  as 
represented i n  f i g u r e  5 .  These microleaks ma in l y  occur i n  the  i n j e c -  
t o r  o r  i n  poor tub ing  connexions. 

Checklns_of-end__fittl?q_elugglnq 
When an u n f i l t e r e d  sample i s  i n jec ted ,  plugging o f  t he  f i r s t  

f i l t e r  can occur and cause sudden so lvent  f l o w  v a r i a t i o n s  t h a t  
r e s u l t  i n  a c h a r a c t e r i s t i c  base l ine  as represented i n  f i g u r e  5 .  
When i n j e c t i n g  a polymer sample, polymer v i s c o s i t y  and so l ven t  com- 
p r e s s i b i l i t y  g i ve  r i s e  t o  f l ow  v a r i a t i o n s  as sample passes through 
each p a r t i a l l y  plugged column end f i t t i n g  so t h a t  these c ross ings  
can e a s i l y  be detected ( f i g u r e  5 ) .  F i l t e r s  must then be rep laced 
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434 LETOT, LESEC, AND QUIVORON 

unfiltorod mmpio 

1 THF 2ml/mn. Ip tyrago l  columns 

bet-*= IS% pluggod column flltors 

' 10' 10. 10' 10' 

Ioak (connection or injoctor) 

tom p.r,turo fluctuations 2 f 5 - 1 0 %  

no t rou blo < 2 %  

Figure  5 : Typ ica l  v iscometer base l ines  when t roub les  occur.  

t o  re-establ  i s h  a normal base1 i n e .  These p a r t i a l  "p luggings" are 
the main reason o f  v i s c m e t e r  ma l func t i on .  

Ch_e_c_k_ln_q_~~r_remee_r_a_tu_r~_s_t_a_b_ll It2 
F i n a l l y ,  v i s c o s i t y  i s ,  l i k e w i s e  , s e n s i t i v e  t o  temperature 

v a r i a t i o n s  ; consequently, the  water ba th  i n  which v i scane te r  i s  
loca ted  must have an extremely constant temperature.Contro1 t o  a 
hundredth o f  a degree i s  genera l l y  s u f f i c i e n t  but,  i f  the  tempera- 
t u r e  r e g u l a t i o n  power i s  unse t t l ed ,  a base l i ne  s i m i l a r  t o  t h a t  
shown i n  f i g u r e  5 can be obtained. 

THE VISCOMETER FUNCTION 

When every p a r t  o f  t he  GPC i ns t rument  i s  i n  a p e r f e c t  runn ing  
s ta tus ,  the  mob i le  phase f l o w  r a t e  i s  kep t  constant and the  l i n e a r  
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prorruro tnnrducer ~ofr8ctomotcr 
I 

I inoar rogrorrion 

c8libr8t ion 
c u rvo 

dirporrion 

curve 
C8ltbr8tb1 

I 

Mark-Houw in k coeff icicnts 

a 8nd K 

Figure 6 : Computation scheme o f  Mark-Houwink c o e f f i c i e n t s .  

re la t i onsh ip  between pressure drop and v i s c o s i t y  enables the i n t r i n -  
s i c  v i s c o s i t y  determination as prev ious ly  proven. This  i s  the v isco-  
me te r  funct ion.  Calculat ion can be achieved p o i n t  by p o i n t  and provides 
a s e t  of v iscometr ic data t h a t  can be computed as ou t l i ned  i n  
f i g u r e  6 .  If the in jec ted  polymer has a l i n e a r  s t ructure,  l i n e a r  
regression leads t o  a l i n e a r  re la t i onsh ip  between Log M and Log[nl. 
As t h i s  law includes an ax ia l  d ispersion e r ro r ,  i t  i s  necessary 
t o  make a ca r rec t i on  ( ) ; we used the recent  Marais'method ( ) 5 6 
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436 LETOT, LESEC, AND QUIVORON 

which, a f t e r  mathematical t realment,  g ives t h e  Mark-Houwink coef -  
f i c i e n t s  a and K. This  c o r r e c t i o n  can o n l y  be performed w i t h  a s u f -  
f i c i e n t  accuracy when t h e  sample p o l y d i s p e r s i t y  i s  n o t  too  near t o  
u n i t y .  Below 1.2 - 1.3, t he  c o e f f i c i e n t s  a and K are  aber ran t  s ince 
v i s c o s i t y  determinat ions are achieved i n  too  narrow a molecular 
weight range. The v i s c o s i t y  s t r a i g h t  l i n e  r o t a t i o n ,  r e s u l t i n g  from 
the  a x i a l  d i spe rs ion  c o r r e c t i o n  i s  t he  more impor tan t  and becomes 
inc reas ing l y  inaccura te  as p o l y d i s p e r s i t y  i s  decreased. F igure  7 
shows an example o f  a GPC ana lys i s  obtained w i t h  our  automat ic 
i n s t r u n e n t  ( ) .  Po in ts  represent  the  logar i thms o f  experimental 
v i s c o s i t y  da ta  p l o t t e d  as a f u n c t i o n  o f  t h e  l oga r i t hm o f  mo lecu la r  
weight, and t h e  s t r a i g h t  l i n e  i s  t h e  cor rec ted  v i s c o s i t y  law. I n  
add i t ion ,  a and K values are p r i n t e d  near t h e  ca l cu la ted  molecular 
weight averages. We have given, i n  Table 1, some examples o f  Mark- 
Houwink constants. For the  two f i r s t  samples, sample p o l y d i s p e r s i t y  
i s  very  small and t h e  a and K values are  i n c o r r e c t .  For the  o the r  
r e s u l t s ,  comparison w i t h  l i t e r a t u r e  i s  d i f f i c u l t  because very  few 
v i s c o s i t y  determinat ions have been repor ted  i n  THF a t  30°C. 

5 

CONCLUSION 

The continuous viscometer, measuring pressure drop i n  a c a p i l -  
l a r y  tube, t h a t  we have constructed i s ,  s imultaneously,  a very accu- 
r a t e  f l o m e t e r .  It enables the  measurement o f  very  weak f l ow  r a t e  
v a r i a t i o n s  and provides a means o f  checking every p a r t  o f  t he  GPC 

instrument, s ince each mal func t ion  a f f e c t s  i t s  base l ine .  The main 

problem i n  ob ta in ing  a good base l ine  i s  t o  avoid p a r t i a l  p 
o f  column f i l t e r s .  This can be accomplished by s t r i c t  c l a r  
o f  samples and so l ven t  . However, i t  i s  s t i l l  necessary t o  
change column f i l t e r s .  When t h i s  device i s  i nse r ted  i n t o  a 
func t i on ing  automatic GPC instrument,  the  computation o f  v 

ugging 
f i c a  t i  on 
rou  ti nel  y 

pro pe r 1 y 

scometri  c 
and re f rac tomet r i c  data l e a d s ' t o  the  de terminat ion  o f  t he  v i s c o s i t y  
law c o e f f i c i e n t s  a and K, w i t h  a s i n g l e  i n j e c t i o n ,  i f  the  sample p o l y -  
d i s p e r s i t y  i s  g rea ter  than 1.2 - 1.3. Computation d e t a i l s  w i l l  be pu- 

b l i shed i n  a l a t e r  paper ( ) .  5 
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TABLE 1 

LETOT, LESEC, AND QUIVORON 

Polymer - (THF - S O T )  

Polystyrene 
Polystyrene 
Po 1 ystyrene 
Po 1 y bu tad i ene 
Polyi sobutene 
Cell ul ose n i t r a t e  
Pol ymethylme thacryl a t e  
Pol y - v i  nyl c h 1 ori de 
Po 1 y -0-c hl oros tyrene 
Pol y-vi nyl acetate  

'olydispersi ty 

1.03 
1.16 
1.97 
1.96 
1.91 
2.50 
2.13 
2.00 
1.42 
1.60 

a 

.27 

.45 

.703 

.66 

.61 

.80 

.63 

.67 

.89 

.75 
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