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E r m i t t l u n g  des Ver laufs  der  B u n t t o n g l e i c h h e i t  a u c h  im 
b n n t k r M t i g e r e n  Bere ich  angewiesen ,  wobe i  ein spek t rMer  
F a x b i n t e g r a t o r  m i t  d o p p e l t e m  I n f e t d s t r a h t  die gesuch te  
L 6 s u n g  b r ingen  k6nn te .  • 

Einftuss des Umfeldes. Ft i r  die b i s h e r  e r w ~ h n t e n  Mes- 
s u n g e n  wa r  das  Umfe ld  gleichhel l  m i t  d e m  Infe ld ,  w e n n  
a m  Or t e  des S p e k t r u m s  ke ine  B l e n d e  a n g e b r a c h t  wa r  
(weisses Infeld) .  Es  w u r d e n  d a n n  wei te re  M e s s u n g e n  bei  
ve r sch iedenen  Umfe ldhe l l igke i t en  du rchge f i ih r t .  Es  is t  zu 
e rwar ten ,  dass  eine F a r b e  n iedr ige re r  Hel l igke i t  bei  d u n k -  
le rem Umfe ld  als bun t k r f i f t i g s t  ausgew~hl t  wird,  z .B.  
w u r d e n  fiir die grfine O p t i m a l f a r b r e i h e  (~d = 515,9 nm)  
yon  4 Pe r sonen  die M a x i m a l f a r b e n  fiir die Umfe ldhe l l ig -  
ke i t en  U = 0%,  20%,  100%,  200% ( e n t s p r e c h e n d  den  
MUNSELL-StuIen 0, 5, 10, 12,8) e r m i t t e l t  u n d  u n t e r  
Ber f icks ich t igung  de r  F e h l e r b r e i t e  in  F i g u r  5 im Vv,  
( V A -  V c ) - S y s t e m  wiedergegeben .  Dieser  V e r s u c h  be-  
k r / i f t ig t  d a m i t  unse re  E r w a r t u n g .  W e i t e r e  o r i e n t i e r e n d e  
Messnngen  a n  d e n  i ibr igen  24 B l e n d e n  ver l i e fen  i m  all-  
g e m e i n e n  ~hnl ich ,  d o c h  l iegen n i c h t  u n e r h e b l i c h e  U n t e r -  
schiede i m  A u s m a s s  des  Ver sch iebungse f f ek t e s  vor .  Re in  
q u a l i t a t i v  b e s t e h t  n i c h t  n u t  e in  E in f tu s s  des  Umfe ldes  au f  
die He l l igke i t  des Infeldes ,  s o n d e r n  a u c h  auf  da s  F a r b -  
m e r k m a l  ~ buntkr~ i f t igs t , .  

P r inz ip ie l l  l~tsst s ich sagen,  dass  be ide  F u n k t i o n e n  
VMr u n d  V A -  Vc zur  B e s t i m m u n g  de r  E i g e n s c h a f t  
, b u n t k r / i f t i g s t ~  b r a u c h b a r  sind.  VMr b e s i t z t  den  Vorte i l ,  
e in  v o m  B u n t t o n  w e i t g e h e n d  unabh / ing iges  Mass ffir die 
B u n t k r a f t  zu l iefern  ~x, wS~hrend VA -- Vc d u r c h  seine E i n -  
f a c h h e i t  b e e i n d r u c k t .  Die B e r e c h t i g u n g  ffir unse re  Ver-  
w e n d u n g  y o n  V A -  VC bei  de r  R o l l b l e n d e n a b s t u f u n g  
folgt  aus  de r  ann~ ihe rnden  Propor t iona l i t~ t t  zwischen  
VA -- VC u n d  V~f r bei  g le ichem m i s c h m e t r i s c h e m  B u n t t o n .  

Die ob igen  Messungen  t r a g e n  e inen  m e h r  vor l~uf igen 
C h a r a k t e r ,  d a  die U n v o l l k o m m e n h e i t  de r  A p p a r a t u r  An-  
lass zu m e h r  ode r  wen ige r  grossen F e h l e r n  gab.  D e r  Aus-  
b a u  de r  Ve r snche  u n t e r  V e r w e n d u n g  e iner  X e n o n h o c h -  
d r u c k l a m p e  m i t  t a g e s l i c h t g h n l i c h e r  S p e k t r a l v e r t e i l u n g  
u n d  e i n e m  v e r b e s s e r t e n  A u f b a u  des s p e k t r a l e n  F a r b i n t e -  
g ra to r s  i s t  im  Gauge-~2 

Summary. I n  e x p e r i m e n t s  w i t h  a suf f ic ien t ly  g r e a t  
n u m b e r  of observers ,  u s ing  ou r  spec t ra l  co lour  in t eg ra to r ,  
i t  h a s  b e e n  s h o w n  t h a t  one colour  c o n t a i n i n g  a m a x i m u m  
of c h r o m a t i c  power  (chroma)  can  be  chosen  o u t  of a series 
of o p t i m a l  colours  c o n t i n u o u s l y  c h a n g e a b l e  f rom w h i t e  
ove r  t h e  ful lcolour  to  b lack .  T h e  d e t e r m i n a t i o n  of such  
m a x i m a l  colours,  d i f fe r ing  in hue,  shows t h e i r  pos i t ion  be-  
t w e e n  ful lcolour  a n d  spec t r a l  co lour  in  t h e  m i x i n g  me t r i c  
co lour  solid. T h e i r  r e l a t i o n  to  m a x i m a l  p rope r t i e s  of scale- 
me t r i ca l l y  def ined  c h r o m a t i c  power  func t i ons  is discussed.  
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T h e  I n c r e a s e  o f  S o l u t e  V e l o c i t y  

i n  t h e  C a p i l l a r y  a n d  P o r o u s  F l o w  of  S o l u t i o n s  

I t  h a s  r e c e n t l y  b e e n  s h o w n  1-~ t h a t  w h e n  par t ic les  are 
su spended  in  a f lu id  in  l a m i n a r  cy l indr ica l  flow, t h e y  are 
d isp laced  la te ra l ly ,  because  of t h e  u n e v e n  shea r  to  w h i c h  
t h e y  are sub jec t ed ,  in  t h e  d i rec t ion  of a dec reas ing  
ve loc i ty  g rad ien t ,  t h a t  is, t o w a r d  t h e  c e n t e r  of t he  t ube .  
Since t h e  f luid ve loc i ty  on  t he  axis  is twice  t he  m e a n  
veloci ty ,  t h i s  l a t e r a l  d i s p l a c e m e n t  m u s t  r e su l t  in  a n  
increase  of t he  m e a n  l o n g i t u d i n a l  ve loc i ty  of t h e  so lu te  
in  r e l a t i on  to  t h e  m e a n  ve loc i t y  of t h e  so lvent .  T h e  
e x p e r i m e n t s  r e p o r t e d  here  were  m a d e  in  a n  a t t e m p t  to  
i nves t i ga t e  t h i s  po in t .  
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Fig. 1. Laminar flow in a tube. 

Capillary Flow. Since a c o n t i n u o u s  flow of so lu t ion  in  
a t u b e  would  no t  lend i tself  c o n v e n i e n t l y  to  such  a s tudy ,  
we h a v e  a l t e r n a t e d  so lven t  a n d  so lu t ion  a n d  obse rved  
t h e  p h e n o m e n a  t a k i n g  place a t  t h e  boundar i e s .  T h e  
e x p e r i m e n t a l  p r o c e d u r e  m a y  be  desc r ibed  u n d e r  two  
h e a d i n g s :  (1) So lu t ion  follows so lvent .  T h e  s i t u a t i o n  m a y  
be  cal led a single b o u n d a r y  sys tem.  (2) A smal l  s ample  of 
so lu t ion  is i n t r o d u c e d  b e t w e e n  two sec t ions  of so lven t .  
Th i s  is a two  b o u n d a r y  sys tem.  

The  cond i t ions  u n d e r  w h i c h  t h e  p r e s e n t  work  was  
done  m a y  b e  v i sua l ized  w i t h  t he  he lp  of F i g u r e  1. 1R-S 
is a cy l indr ica l  pipe,  4 c m  in  l e n g t h  a n d  4 m l  in  capac i ty ,  
c o n n e c t e d  to  a r e se rvo i r  a t  tR a n d  open  a t  S. W e  a s s u m e  
t h a t  c o n v e c t i o n  in t h e  t u b e  is due  to l a m i n a r  f low a lone  
a n d  f i rs t  d i s regard  t h e  e f fec t  of d i f fus ion.  

Case I :  A t  t he  s t a r t ,  t h e  r e se rvo i r  is filled w i t h  so lu t ion  
of c o n c e n t r a t i o n  C o a n d  t he  p ipe  w i t h  wa te r .  I f  1 ml  of 
so lu t ion  f lows i n to  t h e  pipe ,  I ml  of w a t e r  f lows o u t  a t  S; 
t he  so lu t ion  p e n e t r a t e s  in to  t he  w a t e r  in t h e  fo rm of a 
p a r a b o l o i d  P1, a n d  t he  d i s t r i b u t i o n  of t h e  so lu te  a long  
t he  p ipe  is g i v e n b y  t h e  s t r a i g h t  l ine AB,  i t s  a m o u n t  b y  
t he  a rea  AOB.  I n t r o d u c t i o n  of a second ml  of so lu t ion  
causes  t he  so lu t ion  to  occupy  v o l u m e  P~, i ts  a m o u n t  is 
now a rea  AOD.  
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Case I I :  Af t e r  i n t r o d u c t i o n  of 1 ml  of solut ion,  t he  
s o l u t i o n  in  R is rep laced  b y  wate r ,  a n d  1 ml  of t he  l a t t e r  
a l lowed to  flow in. T h e  so lu t ion  now  occupies  v o l u m e  
P2-P~, i t s  a m o u n t  is A B D .  

As more  so lu t ion  (Case I)  or  more  w a t e r  (Case I I )  is 
p u s h e d  i n to  t he  t ube ,  t h e  so lu te  c o n c e n t r a t i o n  of t h e  
s a m p l e s  col lected a t  S is eas i ly  ca l cu la t ed  w i t h  t h e  he lp  
of  t h i s  d i ag ram.  

Molecula r  d i f fus ion  c o m p l e t e l y  a l t e r s  t h e  p ic tu re ,  as  
s h o w n  b y  TAYLOR 5. I n  Case I (i.e., w i t h  on ly  one  b o u n d -  
ary)  t h e  s t r a i g h t  l ine  AD is c h a n g e d  i n to  a d i s t r i b u t i o n  
c u r v e  A 'D"  c e n t e r e d  on  a p o i n t  ( coord ina tes  x = OD/2,  
C/C o = 0.5) w h i c h  m o v e s  folavard a t  t h e  m e a n  ve loc i ty  of 
t h e  f luid;  in  o t h e r  words ,  t he  b o u n d a r y  becomes  m u c h  
s teeper .  The  s h a p e  of A ' D '  will, of course,  d e p e n d  o n  t h e  
d i f fus ion  c o n s t a n t  of t he  so lu te  a n d  on  t h e  t i m e  of flow. 
I n  Case I I  (i.e., w i t h  two  boundar i e s ) ,  p r o v i d e d  t h e  
so lu t ion  spec imen  is sma l l  a n d  t h e  d i s t ance  t r ave l l ed  
long enough ,  d i f fus ion  will  t r a n s f o r m  t h e  t r i ang l e  A B D  
in to  t h e  n a r r o w  a n d  h i g h  profi le  of a n o r m a l  d i s t r i b u t i o n  
cu rve  whose  l o n g i t u d i n a l  d i s p l a c e m e n t  is a s s u m e d  to  
p roceed  a t  t h e  m e a n  ve loc i ty  of flow of t h e  l iquid.  

Experimental. Case I :  T he  resu l t s  in  F igures  2 a n d  3 
were  o b t a i n e d  w i t h  a p las t ic  t u b e  1.00 m l  in  capac i ty ,  
261 cm in  length ,  0.70 m m  in m e a n  i n t e r n a l  d i ame te r .  I t  
was f i t t ed  a t  one end  to  a four -way  s topcock  c o n n e c t e d  
t o  one h y p o d e r m i c  syr inge  p r o v i d e d  w i t h  i ts  p l u n g e r  a n d  
to  a n o t h e r  syr inge  w i t h o u t  i t s  p l u n g e r  w h i c h  se rved  as  a 
r e se rvo i r  whose  h e i g h t  cou ld  b e  ad jus t ed .  (For  f a s t  flow, 
t h e  so lu t ion  was  p rope l l ed  b y  h a n d  w i t h  t h e  he lp  of a 
s econd  p lunger . )  T h e  t u b e  was  f i rs t  fil led w i t h  s o l ven t  
f rom t h e  f i r s t  syr inge,  t h e n ,  b y  t u r n i n g  t h e  s topcock ,  
c o n n e c t e d  to  t he  r e se rvo i r  c o n t a i n i n g  t h e  so lu t ion  u n d e r  
s tudy .  T h e  spec imens  were  co l lec ted  d ropwise  a t  t h e  
open  e n d  of t h e  p ipe  in to  t a r e d  t e s t  t ubes ,  weighed,  
m a d e  u p  to  t h e  p r o p e r  v o l u m e  w i t h  wa te r ,  a n d  a n a l y z e d  
co lor imet r ica l ly .  T h e  chemica l  p rocedures  were  as  fol lows:  
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Fig. 2. Single boundary system. Triangles: 16% red cell suspension, 
velocity 3.3 cm sec-L Circles : 0.025 M KSCN, 9,9 cm see -1. Dots : 

0.025 M KSCN, 0.28 cm sec-L 

Fig. 3. Single boundary system. Triangles: 0.5% pseudoglobulin 
solution, 3.3 em sec-L Circles: Same, 0.11 em sec -1. 
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Fig. 4. Double boundary system. A (solid lines}: 0.5 mt specimen 
containing red cells (4%) and KH2PO ~ (0.005M) in 0.14M NaCI. 
B (broken line}: 0.5 ml of 4% red ceils hi .q0% sucrose, Velocity 

3.2 cm see -1. 

Fig. 5. Double boundary system. A (solid lines): 0.5 ml specimen 
containing a tuberculin high molecular weight poIysaccharide (1%) 
and KSCN (0.03 M). B (broken line): 0.5 ml of 1% pseudoglobulin. 

Velocity 3.2 cm sec -1. 

Red  cells: l ak ing  w i t h  d i lu t e  NH4OH.  P h o s p h a t e :  FISKE 
a n d  SUBBAROW e. T h i o c y a n a t e :  a d d i t i o n  of 0.2 v o l u m e  of 
5 %  Fe(NO3) 3 in 2 .5% H N O v  C a r b o h y d r a t e :  H2SO , a n d  
carbazole .  P r o t e i n :  LowRY e t  al. 7. I n  F igure  2, t h e  
abscissae  g ive  t he  pos i t ion  of t h e  spec imens  in t e r m s  of 
ml  col lected a t  t he  end  of t h e  t ube .  F o r  example ,  a t  
x = 1, 1 ml  h a d  been  col lected,  c o r r e s p o n d i n g  to  a m e a n  
d i s p l a c e m e n t  of w a t e r  of 261 cm, t h e  whole  l e n g t h  of t h e  
t ube .  T h e  t h e o r e t i c a l  prof i le  e x p e c t e d  of a so lu t ion  
spec imen  obey ing  Poiseui l le ' s  law a lone  is g iven  b y  t h e  
b r o k e n  line. 

I n  t h e  e x p e r i m e n t  w i t h  red  cells, t h e  t u b e  w a s  f i r s t  
filled w i t h  0 . 1 4 M  NaC1, w h i c h  m a y  be  cal led t h e  ' s o l v e n t ' ;  
t h e  ' so lu t i on '  was  a 16% suspens ion  of sheep  r e d  b lood  
cells in  0 . 1 4 M  NaCI. T h e  red  cell  c u r v e  in F igu re  2 is 
r e m a r k a b l e  because  i t  is some 4 0 %  h i g h e r  t h a n  expec t ed ,  
a d i f ference  t h a t  would  decrease  s lowly as  t h e  g r a p h  was  
e x t e n d e d  to  t h e  r igh t .  L o w e r  c o n c e n t r a t i o n s  of r ed  cells 
g a v e  c u r v e s  in  t h e  s ame  pos i t ion ,  w h i c h  a l w a y s  felt s h o r t  
of t h e  t h e o r e t i c a l  or ig in  a t  x = 0.5. T h i s  wou ld  h a p p e n  
if t h e  r ed  cells a s s u m e d  a n  a n n u l a r  d i s t r i b u t i o n ,  as  
o b s e r v e d  w i t h  p las t i c  sphe re s  ~. 

T h e  e x p e r i m e n t s  w i t h  K S C N  con fo rm to  e x p e c t a t i o n .  
T h e y  yie ld  s igmoid  c u r v e s  c e n t e r e d  close to  x = 1.0, 
C/C 0 = 0.5, t h e  s t e epe r  cu rves  be ing  g iven  b y  t h e  longer  
t i m e  (because  of e x p e r i m e n t a l  cond i t ions ,  i t  is obv ious  
t h a t  these  two  curves  c a n n o t  be  e x a c t l y  symmet r i ca l ) .  

5 G. TAYLOR, Proc. roy. Soc. [A] 219, 186 (1958). 
6 C. H. FISK~ and Y. SUBBAROW, J, biol, Chem, 66, 375 (1925). 

O. H. LOWRY et al., J. biol. Chem. 193~ 265 (1951). 
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F i g u r e  3 i l lus t ra tes  t h e  b e h a v i o r  of a p r o t e i n  (pepsin-  
t r e a t e d  d i p h t h e r i a  an t i t ox in )  of molecu la r  we igh t  100 000 
in water .  I n  fas t  flow, i ts  prof i le  was  s imi lar  to  t h a t  of 
r ed  ceils; in slow flow, wh ich  a l lowed suff ic ient  d i f fus ion 
to  t a k e  place,  i t  a p p r o a c h e d  t h e  i n t e r sec t i on  x = 1.0, 
C/C 0 = 0,5 (marked  b y  a cross). 

The  diffusion c o n s t a n t s  of the  t h r ee  s u b s t a n c e s  (red 
cells, prote in ,  t h iocyana t e )  s tud ied  so fa r  are  r o u g h l y  (in 
cmz sec -x) zero, 5 x 10 -7 a n d  200 x 10 -~, respect ive ly .  
The  resu l t s  t h u s  cha rac t e r i ze  c lear ly  t h e  b e h a v i o r  of 
these  solutes accord ing  to  t h e i r  d i f fus ion c o n s t a n t s .  T h e y  
show t h a t  w h e n  d i f fus ion  is negligible,  t h e  so lu te  ac- 
cumula t e s  a t  t he  f r o n t  in m a r k e d  excess of t he  t h e o r e t i c a l  
curve,  wh ich  is prec ise ly  t he  p h e n o m e n o n  we were  
looking for. 

Case I I :  The  t u b e  was  1090 c m  in  l eng th ,  3.96 m l  in  
capac i ty ,  0.68 m m  in i n t e r n a l  d i ame te r .  T h e  e x p e r i m e n t a l  
a r r a n g e m e n t  descr ibed  a b o v e  was  s l ight ly  modi f i ed  to  
p e r m i t  t h e  i n t r o d u c t i o n  of a 0.5 ml  sample  of so lu t ion  
be tween  two sec t ions  of so lvent .  T h e  f i r s t  t h i n g  r evea l ed  
b y  F igures  4 a n d  5 is t h a t  low molecu la r  we igh t  solutes  
t r a v e l  a t  t he  m e a n  ve loc i ty  of t h e  so lvent .  To visual ize  
the  fact ,  a s h a d e d  b a r  on  t he  abscissae gives t he  pos i t ion  
of t h e  spec imen  if i t  h a d  t r ave l l ed  a long  t h e  t u b e  like a 
solid p lug :  t h e  apex  of the  d i s t r i b u t i o n  cu rve  is exac t ly  
in  t he  middle ,  a t  x = 4.21. 

The  t heo re t i c a l  profi le ( th in  b r o k e n  line) is d i f fe ren t  
f rom Case I, a n d  aga in  t he  solutes  ot h i g h  molecu la r  
we igh t  do  n o t  a p p e a r  qu i t e  as soon as expec ted .  T h e r e  is 
aga in  a n  excess  of  these  so lu tes :  in  F igu re  5, for  example ,  
t h e  a r ea  u n d e r  t h e  po lysaccha r ide  up  to x = 6 r e p r e s e n t s  
p r ac t i c a l l y  t h e  t o t a l  a m o u n t  in t roduced ,  whe reas  t h e  
t heo re t i c a l  a r e a  u p  to  t h i s  p o i n t  is on ly  65% of t h e  to ta l ,  
t h e  o t h e r  35% e x t e n d i n g  in f in i t e ly  far  to  t h e  r ight .  Since 
d i f fus ion  was negligible,  t h i s  c o n c e n t r a t i o n  of t he  solute  
m u s t  h a v e  b e e n  en t i r e ly  h y d r o d y n a m i c .  T he  d i s p l a c e m e n t  
of red  cells (Figure  4) was  f u r t h e r  increased  b y  inc reas ing  
t he  r e l a t i ve  v i scos i ty  of t he  m e d i u m  to  3.2 w i t h  sucrose 
( the  ' s o l v e n t '  was  t h e n  306/0 sucrose, 0 . 1 4 M  in  NaC1; 
t he  ' so lu t ion ' ,  t h e  same.  f luid c o n t a i n i n g  4 %  red  cells). 

A r e m a r k a b l e  s e p a r a t i o n  of c o m p o n e n t s  is ach ieved  b y  
t h i s  p rocedure ,  No te  t h a t  in  F igu re  5, for example ,  t he  
s ample  w i t h d r a w n  a t  x = 3.25 c o n t a i n s  the  h i ghes t  con-  
c e n t r a t i o n  of po ly saccha r ide  a n d  no  sal t .  T h i s  f ac t  shou ld  
be k e p t  in m i n d  as a ser ious  source  of e r ro r  in  m a n i p u l a -  
t ions  t h a t  i nvo lve  t he  passage  of sma l l  s amples  of m i x e d  
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Fig. 6. Double boundary system. 0.5 mlspecimen, 0.01Min KH2PO4, 

0.03 M in KSCN, in 30% sucrose. Velocity 3.2 cm see -1. 

so lu t ions  t h r o u g h  f ine t u b e s  Also, i t  cou ld  be  t h e  bas is  
of  a new m e t h o d  for  t h e  s e p a r a t i o n  of so lu tes  of d i f ferent  
m o l e c u l a r  weights .  

W h e n  m i x t u r e s  of low molecu la r  we igh t  solutes  in 
w a t e r  were  s tud ied  in th i s  m a n n e r ,  no  c lear  s epa ra t i on  
could  be  seen. I f  t h e  r e l a t ive  v i scos i ty  was ra i sed  to  a b o u t  
3.2 b y  a d d i t i o n  of g lycer ine  (40%) or  sucrose (30%) as 
w i t h  red  ceils, a s l igh t  s e p a r a t i o n  b e c a m e  ev iden t .  In  
F igu re  6, t he  apex  of t h e  SCN cu rve  is e x a c t l y  a t  the  
p o i n t  co r r e spond ing  to t he  m e a n  ve loc i ty  of t h e  w a t e r  
(x = 4.21), whe reas  t h e  p h o s p h a t e  cu rve  is f l a t t e r  and  
s l igh t ly  d i sp laced  to  t he  left, as  would  be e x p e c t e d  of a 
s a l t  w i t h  a lower  d i f fus ion  c o n s t a n t .  (The va lue  of  D for 
these  two  sa l t s  does  n o t  seem to  be  ava i l ab le  in  the  
l i t e ra ture . )  

Porous Flow. The  idea  of e x t e n d i n g  t h i s  w o r k  to  
po rous  f low o r ig ina t ed  in  t h e  fo l lowing obse rva t i on .  I f  a 
d i lu t e  so lu t ion  of h e m o g l o b i n  is a l lowed to  a scend  a d r y  
s t r ip  of fa i r ly  dense  f i l ter  paper ,  t h e  a d v a n c i n g  f r o n t  soon 
t u r n s  a m u c h  deeper  r ed  t h a n  t h e  space b e h i n d .  Th i s  
f r o n t a l  a c c u m u l a t i o n  of solute  is no t  l imi ted  to p ro t e in s  
a n d  t akes  p lace  w i t h  p rac t i ca l l y  a n y  subs t ance ,  as can  
be  s h o w n  b y  c u t t i n g  t he  p a p e r  a f t e r w a r d s  in t h i n  hor i -  
z o n t a l  s t r ips  a n d  a n a l y z i n g  t he  con ten t s .  The  p h e n o m e n o n  
obv ious ly  a c c o u n t s  for a t r i v i a l  fact ,  t h e  d a r k  r im  so of ten  
s h o w n  b y  d i r t  spo ts  on  c lo th ing .  

Since t he  r a t e  of f low in t h e  porous  m a t e r i a l s  used 
here  was in f in i t e ly  slow in c o m p a r i s o n  w i t h  f low in t he  
tubes ,  one  would  e x p e c t  al l  cu rves  o b t a i n e d  to  h a v e  t he  
a p p e a r a n c e  of  d i s t r i b u t i o n  curves ,  a n d  t h e  p o i n t  of 
i n t e r e s t  would  be  w h e t h e r  t h e  a p e x  of these  cu rves  
m o v e d  a t  t he  m e a n  ve loc i ty  of f low of t h e  l iquid,  or  
w h e t h e r  i t  m o v e d  fas ter ,  as  t h e  a b o v e  re su l t s  would  
m a k e  one  expect .  I t  is a s s u m e d  he re  t h a t  f low in  a po rous  
b o d y  obeys  Poiseui l le ' s  law. Th i s  v iew is s u p p o r t e d  b y  
t he  o u t s t a n d i n g  success of t he  f i l t r a t i on  t e c h n i q u e  in  t h e  
d e t e r m i n a t i o n  of t h e  par t i c le  size of viruses,  con f i rmed  
b y  o t h e r  me thods ,  in  wh ich  the  ' ave rage  pore  d i a m e t e r '  
of a f i l ter  is e s t ab l i shed  b y  app l i c a t i on  of Poiseui l le ' s  law. 
F o r  t h e  m a t e r i a l s  used  here,  th i s  v a l u e  was  a b o u t  2#. 
The  c r i t i ca l  R e y n o l d s  n u m b e r  in  porous  flow is sa id  to  
be  b e t w e e n  75 a n d  0.18. A r o u g h  e s t i m a t e  gives here  a 
v a l u e  of less t h a n  10-q  

Experimental .  T h e  a r r a n g e m e n t s  were  essen t i a l ly  those  
of descend ing  p a p e r  c h r o m a t o g r a p h y .  T h e  s h a p e  of t he  
t r o u g h  a n d  t h e  m a n n e r  in  w h i c h  t h e  u p p e r  edge of t he  
shee t  was  he ld  in  p lace  insu red  q u a n t i t a t i v e  a d s o r p t i o n  
of t h e  spec imens  w i t h o u t  loss. T h e  b o t t o m  edge  was cu t  
to  a p o i n t  t o  p e r m i t  t h e  d ropwise  co l lec t ion  of t h e  
e f f luen t  i n to  t a r e d  t e s t  t ubes .  T h e  a p p a r a t u s  was enclosed  
in a sma l l  a i r - t i g h t  p lexiglas  box  a n d  p r e c a u t i o n s  t a k e n  
to avo id  e v a p o r a t i o n  d u r i n g  t he  i n t r o d u c t i o n  or  col lect ion 
of samples .  

Severa l  po rous  m a t e r i a l s  were t r ied ,  in t h e  fo rm of 
shee ts  a p p r o x i m a t e l y  13 × 13 c m :  cellulose papers ,  
glass papers ,  f ine nylon ,  t h i c k  glass c loth.  The  t h r ee  
m a t e r i a l s  m o s t  used h a d  t h e  fol lowing cha rac t e r i s t i c s  (in 
r o u n d  n u m b e r s )  : 

Whatman Whatman Glass 
No. 4 No. 50 cloth 

Imbibition (mmalcm 2) 20 I0 18 
Output (ml/h) 2.'2 0.1 0.6 
Flow rate (cm]h) 8 0.8 3 

8 A. E. SCUEXOEGO~R, The Physics of Flow through Porous Media 
(University of Toronto Press, Toronto 1957), p. 123. 
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The  e x p e r i m e n t s  were  m a d e  in  two  ways,  t he  f i rs t  t o  
s t u d y  t he  f ron ta l  a c c u m u l a t i o n  of soIute,  t he  second to  
dup l i ca t e  t he  t u b e  e x p e r i m e n t s  desc r ibed  as Case II .  
(1) S t a r t i n g  w i t h  a d r y  assembly ,  a 1 ml  spec imen  of 
so lu t ion  was p laced  in t h e  t r o u g h  a n d  al lowed to be  
c o m p l e t e l y  a d s o r b e d ;  i t  was  t h e n  fol lowed b y  w a t e r  
a d d e d  a t  a c o n t i n u o u s  ra te .  (2) T he  t r o u g h  f i rs t  rece ived  
a def in i t e  a m o u n t  of wa te r ,  s l igh t ly  less t h a n  t h e  max i -  
m u m  w h i c h  the  porous  m a t e r i a l  could  ho ld  b y  i m b i b i t i o n .  
( I n  F igure  7B, t h i s  a m o u n t  was  1.5 ml,  in  F igure  8, 
3.5 rot ;  i t  co r r e sponded  to t h e  3.96 m l  ca r r i ed  b y  t h e  
cap i l l a ry  tube . )  Th i s  w a t e r  was  fol lowed b y  a 1 ml 
spec imen  of solut ion,  t h e n  b y  w a t e r  con t inuous ly .  As a 
v i sua l  aid,  t h e  b o u n d a r i e s  t h a t  t h e  spec imen  would  
h a v e  occupied  in t h e  t o t a l  ab s ence  of f r ic t ion  or  d i f fus ion 
a re  s h o w n  b y  a rec tangle .  F i g u r e  7A shows  t h e  e n o r m o u s  
f r o n t a l  a c c u m u l a t i o n  t h a t  c a n  t ake  place  w i t h  p h o s p h a t e  
on  cel lulose paper .  On  t he  s ame  m e d i u m ,  t h i s  p h e n o m e n o n  
was  obse rved  w i t h  sucrose  a n d  p r o t e i n  as  well  as w i t h  all  
t h e  e lec t ro ly tes  t e s t e d  a n d  w a s  l e a s t  w i t h  t h i o c y a n a t e .  
O n  glass c lo th ,  f r on t a l  a c c u m u l a t i o n  was  shown  b y  sue- 
rose a n d  t h i o c y a n a t e ,  b u t  n o t  c l e a r l y  b y  p h o s p h a t e .  

I n  t h e  second  ins t ance ,  w h e n  t h e  spec imen  was  pre-  
ceded b y  water ,  t h e r e  was  a m a r k e d  r e l a t i ve  fo rward  
d i s p l a c e m e n t  of  t h e  s a l t  (F igure  7B). Th i s  cou ld  be  
n u m e r i c a l l y  e s t i m a t e d  as  t he  q u o t i e n t  of t h e  va lue  on  
t h e  absc issae  m a r k i n g  t he  midd le  of t h e  r ec t ang le  to  t h a t  
c o r r e s p o n d i n g  to  t h e  a p e x  of the  p h o s p h a t e  curve .  I n  
F igure  7B, 2 : 1 . 4  = 1.4 a p p r o x i m a t e l y .  T he  re la t ive  
d i s p l a c e m e n t  was  in~ genera l  more  m a r k e d  t he  more  
d i lu t e  t he  solut ion.  W i t h  Vv 'ha tman p a p e r  No.  4, t he  
d i s p l a c e m e n t  v a r i e d  f rom 1.4 to  1.1 for K H ~ P O ,  so lu t ions  
of  0.001 to  0,1 mola r i ty .  
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Fig. 7. Phosphate in celhdose paper (Whatman NO. 50). A (solid 
lines): t ml of 0.00"25M KH~PO~ placed on dry paper, followed by 
water. B (broken lines) : I ml of same solution introduced after 1.5 ml 

of water, and followed by water. 

Fig. 8. Two salts on chromatography paper and on glass cloth. 
A (solid lines): I mI of a mixture of KH2PO 4 and KSCN (0.005~/ 
each), following 3.5 ml of water, and followed by water, in cellulose 
paper (VChatman No. 4). B (broken lines): Same expcrimept on 

glass cloth. 

W h e n  m i x t u r e s  were t es ted ,  n o t  on ly  r e l a t i ve  fo rward  
d i s p l a c e m e n t  of t h e  so lu tes  b u t  also p a r t i a l  r e so lu t ion  of 
t he  m i x t u r e  were a lways  o b s e r v e d  (F igure  8). O n  cellulose 
p a p e r  (and  nylon) ,  p h o s p h a t e  p receded  t h i o c y a n a t e ;  i t  
was t he  reverse  a n  glass. On glass c lo th  t h e  p r o t e i n  a n d  
t he  po lysaccha r idc  d id  no t  give the  e l o n g a t e d  profi les  
o b t a i n e d  w i t h  t h e  cap i l l a ry  tube ,  b u t  p o i n t e d  cu rves  
w h i c h  in pos i t ion  a n d  s h a p e  r e sembled  t h o s e  of sucrose  
or  sa l t s ;  t h i s  is u n d e r s t a n d a b l e  s ince  t h e  e x p e r i m e n t s  
l a s t ed  hou r s  ( ins tead  of 1 or  2 m in  in t he  tube) ,  g iv ing  
d i f fus ion  e n o u g h  t ime  to  opera te .  T h e  b e h a v i o r  of these  
s u b s t a n c e s  on celullose was  s imilar ,  b u t  t h e  resu l t s  were 
spoiled b y  loss t h r o u g h  adso rp t ion .  

T h e  e x t e n t  of t h e  r e l a t i ve  d i s p l a c e m e n t  va r i ed  w i t h  
t he  po rous  ma te r i a l .  I t  was  m o s t  m a r k e d ,  a n d  of a b o u t  
t he  s ame  m a g n i t u d e ,  in  W h a t m a n  cellulose p a p e r s  Nos.  4 
a n d  50, in  sp i t e  of  a t0- fo td  d i f fe rence  in f low r a t e ;  
s o m e w h a t  less in  glass  c l o t h ;  v e r y  s l igh t  in  one  t y p e  of  
glass p a p e r  ( W h a t m a n  G F - B ) .  

I n  all  e x p e r i m e n t s  of t y p e  {2) t he  profi les  h a d  the  
a p p e a r a n c e  of n o r m a l  d i s t r i b u t i o n  cu rves  (in F igu re  8, 
t he  p h o s p h a t e  c u r v e  on  glass is one  of t he  leas t  sym-  
met r ica l ) ,  d i f fe r ing  on ly  in r e l a t i ve  d i sp l acemen t ,  T h e  
f ron t a l  a c c u m u l a t i o n  of so lu te  in  e x p e r i m e n t s  of t y p e  [1) 
seemed s imp ly  to be  a n o t h e r  m a n i f e s t a t i o n  of t h i s  dis- 
p l a c e m e n t :  on  cellulose, t he  f a s t e r  m o v i n g  p h o s p h a t e  
a c c u m u l a t e d  a t  t he  f r o n t ;  on  glass, t he  f a s t e r  m o v i n g  
t h i o c y a n a t e .  The  fac t  t h a t  t h i s  o rde r  was  r eve r sed  
be tween  cellulose a n d  glass is no t  exp la ined .  In  t he  tube ,  
p h o s p h a t e  seemed  to  m o v e  a l i t t l e  f a s t e r  t h a n  th io-  
cyana t e ,  wh ich  agrees  w i t h  t he  d i f ference  in molecu la r  
size. I n  porous  flow, i t  is mos t  l ikely t h a t  s e c o n d a r y  
p h e n o m e n a  e n t e r  i n to  p lay ,  such  as a c e r t a i n  degree  of 
adso rp t i on -e lu t i on ,  w h i c h  would  slow d o w n  ce r t a in  
c o m p o n e n t s ,  mo lecu la r  o r i e n t a t i o n  a t  b o u n d a r i e s  9, wh ich  
would reduce  t he  ef fec t ive  size of t he  open  passages,  or  
s t r e a m i n g  p o t e n t i a l s ~ °  I t  is r a t h e r  r e m a r k a b l e ,  however ,  
t h a t  no essent ia l  d i f ference was n o t e d  here  b e t w e e n  
cellulose paper ,  wh ich  ' b i n d s '  w a t e r  s t rong ly  n ,v ' ,  a n d  
glass c lo th .  T h e  m a i n  fac t  is t h a t  al l  so lu tes  t r ave l l ed  
fas te r  t h a n  t he  m e a n  ve loc i ty  of t he  so lven t ,  in accord  
w i t h  e x p e c t a t i o n .  I n  c h r o m a t o g r a p h i c  pa r lance ,  one  
would  say  t h a t  t he  R f  was a lways  g rea t e r  t h a n  one. 

These  resu l t s  h a v e  some s ign i f i can t  impl ica t ions .  I n  
t he  f low of blood,  for example ,  t h e r e  m u s t  be di f ferences  
in  t he  m e a n  veloci t ies  of t he  c o m p o n e n t s ,  in t h e  decreas-  
ing o rde r  red c e l l s - p r o t e i n - s a l t s - w a t e r ,  w h i c h  m a y  be  of 
phys io log ica l  i m p o r t a n c e .  As a m a t t e r  of fact ,  i t  h a s  
a l r e a d y  been  s h o w n  w i t h  r a d i o a c t i v e  t r ace r s  t h a t  r ed  
cells c i r cu la t e  i n  vivo f a s t e r  t h a n  p ro t e in s  .3, a n d  m a n y  
pecul ia r i t i es  in  t h e  v i scos i ty  of b lood  a n d  of o t h e r  
suspens ions  (discussed in de ta i l  b y  BAYLISS 14) c a n  be  
e x p l a i n e d  b y  t he  c e n t r i p e t a l  d i s p l a c e m e n t  of t he  compo-  
n e n t s  d u r i n g  flow. I n  a n o t h e r  rea lm,  t h e  p h e n o m e n o n  
m u s t  ope ra t e  in  t h e  m o v e m e n t  of m i n e r a l s  in  subsoi l  
waters ,  so r t i ng  o u t  t h e  pa r t i c les  a n d  so lu tes  a c c o r d i n g  t o  
size, a n d  m a k e  also more  e f fec t ive  t h e  m e c h a n i s m  of  

9 J. C. HI~NNIKER, Rev. Mod. Phys. 21, 322 (1949). 
10 L. RUTTER, Nature 163, 487 {1949). - Y. A. EPSUTmN, Aead. Sci. 

USSR, Chem. Sect. 211 (1950); Chem. Abstr. 48, "2443 (195-I). 
11 O. KRESS and H. BIALXOWSKY, Paper Trade J. 93, 35 (1931). 
~ D. Vu BIEN and A. t3. LINDENBI~RG, C. R. Acad. SoL 2~G 3"200 

(196"2), 
~ A. C. GROOM, ~YV. B .  MORRIS, a n d  S. ROXVLANDS, J .  Phys io l .  I36. 

o.ls (1957). 
1, L. E. BAYLISS, Rheology o] BloodandLymph, chapter VI, in A. FRE'¢- 

WYSSLIU6 (Ed.), Delormation and Flow in Biological Systems (Inter- 
science Pub,, Inc., New York 1952). 
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erosion. I n  Nature ,  the  instances of capi l lary or porous 
flow are  far  more  numerous  and var ied  than  those of 
t u rbu len t  flow, and the  phenomenon  consequent ly  
deserves some a t t en t ion  ~. 

Rdsumd. On a 6tudi6 t 'dcoulement  d ' u n e  suspension de 
globules rouges e t  de diverses solutions,  soit  dans  un tube  
capillaire de 0,7 mm de diam~tre,  soi t  en  mi l ieux poreux  
(papiers de cellulose, papiers  de verre,  toile de verre) en 
d6 te rminant  la r6par t i t ion  des solut6s dans  les zones 
l imites  solut ion-solvant  e t  en la  c o m p a r a n t  aux  valeurs  
th~oriques. 

Dans le tube  capillaire, les globules rouges s '6coulent  
toujours  plus r i t e  que la  vi tesse  moyenne  de l 'eau.  
Protdine e t  polysacchar ide  font  de m~me t a u t  que  la  
vi tesse d 'dcoulement  est  assez rapide.  Les sels mindraux  

se d6placent  e x a c t e m e n t  h la m~me vi tesse que l 'eau.  En 
mi l ieux poreux,  routes  les substances  6tudi6es mon t ren t  
une  avance  de 1,1 ~t 1,4 sur  la  v i tesse  de l 'eau.  

On a t t r ibue  ce ph6nom@ne £ la  pouss6e hydro-  
d y n a m i q u e  centr ip6te  que  regoivent  les solut6s dans 
l '6coulement  laminai re  cyt indr ique,  qui  tes d6place vers  
les lignes de cou ran t  plus rapide.  

J. BOURDILLON 

Division o~ Laboratories and Research, New York State 
Department o/Health, Albany (U.S.A.), June 72, 7962. 
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C O G I T A T I O N E S  

Correlation of  t h e  B i o l o g i c a l  A c t i v i t y  o f  Organic 
C o m p o u n d s  b y  M e a n s  o f  t h e  L i n e a r  F r e e  E n e r g y  

Relationships 

During  recent  years,  evidence has been accumula t ed  
about  the  possibili t ies of correlat ing the  biological  
ac t iv i ty  of substances  wi th  physical  cons tan ts  charac ter -  
izing a cer ta in  p a r t  or  the  whole molecule under  invest i -  
gation.  Obviously,  th is  a t t e m p t  is useful no t  only  f rom 
the  prac t ica l  v i ewpo in t  (possibili ty of predic t ing t h e  
biological ac t iv i ty )  b u t  also for theore t ica l  reasons,  
p r imar i ly  for t he  s t u d y  of the  mechan i sm of the  biological  
process. F o r  example ,  re la t ionships  be tween  biological  
ac t iv i ty  and chemica l  reac t iv i ty ,  polarographic  ha l f -wave  
potent ials ,  ox ida t ion- reduc t ion  potent ia l s  and  solubi l i ty  
of t h e  ac t ive  compounds  h a v e  been found.  This  fictd has  
recent ly  been reviewed 1. I n  this  connect ion  i t  seems 
especially a t t r a c t i ve  to  inves t iga te  the  possibi l i ty  of 
util izing the  l inear  free energy  re la t ionships  well known 
from theore t ica l  organic  chemis t ry  ~-5. Hi ther to ,  this  
correlat ion has been establ ished in several  cases by  
means  of the  H a m m e t t  equa t ion  ~-13 and the  recent ly  
proposed mr-equation 14-1e, I t  seems desirable to s tudy  
this p roblem in a mere  sys temat ic  way.  

Le t  us suppose t h a t  the  biological  eff iciency is governed,  
for example,  by  the  va lue  of t he  par t i t ion  coefficient  p of 
t he  ac t ive  compound  be tween  a po la r  and  non-polar  
l iquid phase.  This  means  t h a t  t he  biological  eff iciency is 
in principle de te rmined  by  this  phys ica l  magni tude .  L e t  
us suppose, moreover ,  t h a t  t he  efficiencies e,,, and  ei,2 
are  s tudied of a series of compounds  (i denotes  t he  i - th  
member)  in two biological  sys tems (1 and 2); for the  
dependences  on p holds:  eLx = fl(Pt) and ei,~ = f2(Pi,2)- 
Eviden t ly ,  a funct ion  exists  f i t t ing the  re la t ion  e~,~ :[(ei,2) 
which migh t  be  a l inear  one. I n  this  w a y  we h a v e  m a d e  
the  biological d a t a  ' i ndependen t '  of a ce r ta in  more  o r  
less a rb i t ra r i ly  chosen magni tude .  T h e n  we can  inves t i -  
ga te  t he  connect ion wi th  var ious  types  of cons tan t s  in a 
more  sys temat ic  way,  This  approach  was t ac i t ly  used in 
the  following discussion (see14). I t  is c lear  t h a t  the  same 
considerat ion could be  applied to the  chemica l  reac t iv i ty .  

De/initions o/some Concepts 
Biological Object: the  exper imenta l  an imal  or  the  ob jec t  

on cell  or  molecular  level ;  th is  ob jec t  is t r ea t ed  w i t h  t he  
biologically active substance which m a y  be any  def ined 

organic  compounds.  I n  the  present  work  we are  concerned 
wi th  t h e  inves t iga t ion  of compounds  (with a cer ta in  
funct ional  group) whose subs t i tuents  are  s t ruc tu ra l ly  
related.  Biological system: the  sys tem consist ing of a 
biological  ob jec t  and a series of biological ly ac t ive  
compounds  in interact ion,  

:['he biological  effect of the  compound  under  s t udy  is a 
man i fes ta t ion  caused, as a rule, by  a n u m b e r  of processes, 
which t ake  place in a biological  system. The process 
governing t he  magn i tude  of the  biological  effect  (bio- 
logical efficiency) is to  be t e rmed  the  e//iciency-determin- 
ing step. In  principle,  this  process can  be e i ther  a chemica l  
reac t ion  be tween  the  tunc t iona l  group of the  biological ly 
ac t ive  c o m p o u n d  and  the  r eac t i v i t y  cent re  in t he  bio- 
logical  ob jec t  o r  a process t he  n a t u r e  of vthich resembles  
the  pa r t i t i on  of a c o m p o u n d  be tween  two  immiscible  
l iquid phases~L t n  t he  first  case we shall  speak  of  a 
chemical  reac t ion  as an  ef f ic iency-determining  s tep  and 
in the  second case of  a phys ica l  process. 

Linear Free Energy Relationships: These relat ions can be 
charac ter ized  by  Eq .  1 

12" t - -  Er = eV'i (1) 
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