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INTRODUCTION 

Biological systems may contain particles, such as blood cells, chloroplasts or nuclei, 
which possess a marked absorption in the visible or near ultraviolet, where the bulk 
of the cell material does not absorb. 

I t  will be shown in this paper that  the absorption spectrum of such a system or, 
more generally, of any suspension of strongly absorbing particles, even if properly 
corrected for scattering, must appear flattened compared with that  of a solution con- 
taining the same molecules in homogeneous dispersion; the higher the absorption of 
the individual particles, the stronger the flattening. As far as we know, this distortion 
of the spectrum has not been taken into account in previous investigations; in conse- 
quence, no satisfactory analysis of the absorption spectrum of a suspension of strongly 
absorbing particles has been as yet carried out. In this paper a method will be de- 
scribed, which makes possible the evaluation of this distortion and the determination 
of the optical density of individual particles. 

These optical densities are of importance, for example, for the analysis of the em- 
pirical absorption spectra of suspensions in terms of the contributions from several 
colored components which may be present in t h e m - a n  analysis necessary, e.g., for 
an evaluation of the relative photochemical efficiencies of light quanta absorbed by 
these pigments. 

A well-known case is that  of the relative efficiencies of the chloroplast pigments in 
photosynthesis. The same data are also required for the determination of the amounts 
of the several pigments, present in a suspension, from the absorption spectra. 

Suspension o/ cubical particles 

We shall first consider the absorption spectrum of a simple model system, consisting 
of a suspension of homogeneous cubical particles in a rectangular vessel with an illu- 
minated area of I cm 2. 

One of the walls of the cubical particles is perpendicular to the measuring beam. 
(Later, we shall derive equations for particles of arbi trary shape.) 

The following notations are used: 
d is the edge of a cube, 
h is the depth of the vessel in cm, which is equal to the volume in cm3; 
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%.1 : In lo/1 is the optical density of the solution; 
7"t, is the transmission of a single cuhe for a given ). (ratio of the intensitie,s of tim 

beam before and after passage through it), 
a .... : in Io/I is the optical density of the suspension, 
p number  of layers of cubes which would be formed if all cubes were stacked 

and the cubes, forming an incomplete layer, squeezed flat. 
In the solid layer formed in the last mentioned way, the t)igment distr ibution 

is homogeneous;  conse(tuently, its absorption spectrum must be identical with tha t  
of the solution, 

-~ol = P In i/7"/, (L) 

The assumption is made in the whole discussion that  the absorption by a single 
molecule is ~tot affected by interaction with other molecules in the particle. 

In order to calculate the absorption spectrum of the suspension, we imagine the 
vessel to be divided in a regular array of cubic compartments ,  with a volume d a. The 
probability, q, of finding a certain compar tment  occupied by a particle is equal to the 
ratio of the total volume of the particles, pd, and the volume of the vessel h; or q --  
pd/h. The uniform measuring beam with an area of I cm ~, passing through such an 
array of cubic compartments ,  m a y  be thought  of as being composed of I /d  2 light 
pencils, each traversing a separate column containing m ( =  h/d) cubic compartments .  
The probabili ty tha t  k (k < m) specific compar tments  in such a column each contain 
a particle (while the m - k remaining compar tments  of the column contain none) is 
qk ( I - - q ) "  k. (It is assumed that  the particles do not a t t rac t  or repulse each other, 
since then the presence of a particle in one compar tment  would change the probabil i ty 
of finding a particle in an adjacent one.) 

The number  of ways we can choose h compar tments  from the rn compar tments  
in a column is : rn / / [ k / (m- - -  k)/1. Thus, the probabil i ty for finding a column containing 
k particles is: Pk = { r n / / [ k / ( m - - k ) / ~ }  q~(I __q)m k. If  I 0 is the energy of the mono- 
chromatic beam incident on the whole vessel, then the energy incident on all the 
columns containing h particles is l op  k, and the energy t ransmit ted  by these columns 
is IoPkTkp, where Tp is the transmission of a single particle. The total transmission 
of the vessel, T, is found by  summing the last quantit ies over all k's and dividing by I o. 

]¢ - -  o 

r - ~ ,  {.~z/E*/( .~ ,/)? } (q~-p)k (, q) (,. ~,. 

h = m  

The right hand side of this equation is Newton 's  binominal expansion of 

[q T/ ,  } ( I  q ) ] "  = [ i  -- - q (I "Fp)] .... 

The optical density of the suspension a~u ~ is In (I/T). 

asus  - -  m i n  [ i  - - q  ( I  T p ) ]  (2) 

According to RABINOWlTCH (private communication),  JAcol~s has obtained a similar 

equation. 
If  the whole vessel is filled up with cubes then q = I and a .... - -  m ln(I.'l 'p), an 

equation which is obtained directly by application of Beer's law. 
If q ( I -  Tp) ~ I, we have in first approximat ion : 

~sus - -  m q ( i  - -  T p ) ,  o r ,  s i n c e  m q  = p ,  

~ = p(~ -- rp) (3) 
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We derived eq. (3) previously in a simpler way, assuming the Poisson distribution for 
the particles. As pointed out in R.XBINOWH'Ctt ", the condition for the validity of eq. 
(3) is that  the total volume of the particles is small compared to the volume of the 

suspension, or q <~ I. 
In  the present paper, we derived first the more general eq. (2), in order to be able 

to estimate the error made when applying eq. (3). From the development of eq. (2) 
into a series, it follows that  for q ~_ o.I 

{(C(sus c~,us)i<~s,,s} ~. o.0 q (i Tp) <~ 0.6 q (4) 

in  other words, the fractional deviation of the calculated optical density of the par- 
ticle from its true absorption is smaller than o.6 74 (total volume of particle)/(volume 
of vessel). For instance, a suspension of Chlorella cells, containing an equivalent of 

• four complete layers of cells, (such a suspension has an appreciable optical density in 
the maxima of the absorptionspectrum) has a q value of about  4 x 5/lOOO o.o2, 
assuming the cells have a diameter of 5ff and are suspended in a vessel of I cm depth. 
The absorption value calculated by  means of (3) differs less than o.6 < o.o2 o.12 
percent from the true value. 

Comparison of eq.. (I) and (3) shows that  the optical density of a solution of 
molecnles, ctsol, i s  different from the density, a ..... of a suspension of particles con- 
taining the same total number  of molecules. 

The quotient  %u~/%ol = ( I -  Tp)/ln (I/Tp) is independent of the concentrat ion;  
it approaches zero if Tp becomes small. I t  approaches uni ty  if Tp nears unity, that  is 
if the particles become transparent.  In  other words the "flat tening" increases as the 
absorption by the individual particles increases; it disappears when this absorption 
becomes small. 

Suspem~ion o/ particles o~ arbitrary shape 

We shall use another  method, an approximative one, in the following calculations. 
I t  is based on the assumption that  Beer's law is valid for suspensions, in other words 
that  the optical density, In Io/I, of a suspension with N particles is N times tha t  of a 
"suspension" of one particle• 

(The validity of Beer's law for suspensions has been postulated before, and has 
been verified experimentally for certain types of suspensions (c/. for instaneea); 
however, it will be shown below that  the law is only valid for dilute and moderately 
concentrated suspensions.) 

RAP, INOWlTCH 2 has applied Beer's law to a suspension of cubes and obtained in 
this way equation (3). We shall give here a derivation holding for suspensions of 
particles of any shape, size and oreintation. To begin with, we shall assume that  all 
particles have the same size and orientat ion;  this restriction will be dropped later. 
The following notations will be used: 

ap is the area of the projection of a particle on a. plane perpendicular to the 
light beam, 

Tp, the transmission of a particle, defined as the total energy flux per second 
passing the particle, divided by  the energy flux incident on it. 

N is the number  of particles in the suspension. 
We calculate first the optical density, a'~u~, of a "suspension" of one particle 

of arbi t rary  shape. 
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C~'sus =- In [ / f  0 ~ In [~ a'/~ (i 7),)] 

If  the a r e a  ap  is small compared with the area of the measuring 1)earn, {.a~ i) then 
the preceding equation is approximated by :  

This approximat ion holds within o.I 0o if the particles are o. 3 mm in diameter and 
Beer ,; law" is valid for a suspension of N par- even better  for smaller particles. If  " 's 

ticles, then 

Nap is the total area of the N particles facing the light. Since the area of the vessel 
is I cm ~, the average number,  p, of particles hit by a very thin beam is 

p = x a z, (6) 

Subst i tut ion in (5) gives: 

a ~  - p (~ - T t , )  ( 7 )  

The quant i ty  a~,~ will now be expressed in terms of the shape, orientation and optical 
density of the particles. 

The total volume of the particles is N v~, where vp is the volume of one particle. 
If  l is a certain dimension of the particle, then 

vp - -  ella (8) 

Here c~ is a constant  which can be calculated from the shape of the particle. I f  all 
particles were squeezed against the wall of the vessel which faces the light, a homo- 
geneous plane parallel layer of thickness N vp cm. would result. The absorption per 
unit of depth in this layer we call 7. The absorption of this layer is equal to the ab- 
sorption of the solution, a~o~. Thus 

~sol = N Vp7 : N ctl'?'~ (9) 

We introduce the quant i ty  

ap = 17 (~o) 

- - t h e  optical density corresponding to a path l through a particle. Since the projected 
area ap of the particle is proport ional  to l 2, we have 

up = c21~, (~i) 

where c~ is a constant  depending on the shape and orientation of the particle. The 
transmission Tp, is a function of shape and orientation of the particle and of %. 

T p  = F s  (e.p). (12) 

Eliminating l, 7, and N ap from equations (6), (9), and (II) ,  we obtain:  

aSO l = p (G1/C2)(Zp" ( I3 )  

The quotient,  QA, of the optical densities of the suspension and of the solution, which 
is a measure of the "f lat tening" effect, is, (c/. eq. 7 and 3): 

(.)A ':= '~sus/(~sol - -  (t - Tp)  cz l (c lup) .  (14) 

N e / e r e n c e s  [ .  ± ' .  



VOl.. 19 (1956) ,\BSORPTION SPECTRUM OF SUSPENSIONS 5 

Since p does no t  occur in this  express ion,  (dA is i n d e p e n d e n t  of the  n u m b e r  of par t ic les  ; 
in o the r  words  the  f l a t t en ing  is the  same for d i lu te  as well as for c o n c e n t r a t e d  suspen-  

sions. 
I f  we a s sume  t h a t  the  shape a n d  o r i en t a t i on  of the  par t ic les  are known,  t h e n  c 1, 

c 2 a n d  the  f u n c t i o n a l  re la t ion  (12), "I'p (ap), can  all be calculated.  If, now, QA is deter-  
m i n e d  e x p e r i m e n t a l l y  a t  one w a v e l e n g t h  ;h, t h e n  the  opt ica l  dens i ty  of a single par-  
ticle, % (;tl), can  be ca lcu la ted  f rom eq. (14). Since QA is the  quo t i en t  of two ex t inc-  
t ions ,  it  can  be d e t e r m i n e d  b y  m e a n s  of a spec t ropho tomete r .  

F r o m  e q u a t i o n  (7) we can  find p, since a ~  (;tl) a n d  "l'p (;tl) are known.  F o r  all  
w a v e l e n g t h s  2, for which  on ly  a .... ()-1) has  been  de te rmined ,  Tp can  be ca lcu la ted  
f rom eq. (7), t h e n  % from e q u a t i o n  (12) a n d  a~ol f rom equa t i on  (13). The  size of the  
par t ic le  can  be ca l cu la t ed  from the  re la t ion  (io),  p rov ided  we k n o w  Z. 

I f  the  ra t io  of the  n u m b e r s  of p i g m e n t  molecules  p resen t  in  the  so lu t ion  a n d  in  
the  suspens ion  is u n k n o w n ,  we c a n n o t  ca lcu la te  QA b y  m eans  of eq. (14). However ,  
if Q~ol and  Q 1  (the superscr ip t  is to ind ica te  possible differences in abso lu te  a m o u n t s  
of p i g m e n t s  in  so lu t ion  a n d  in  suspension)  are k n o w n  at  two wave leng ths ,  21 a n d  2~, 

we can  calculi , re ai; (21) an d  % (;%) from the  two equa t i ons  

Qsol - asol (~.l)/asol (,i.2) = c~p (~.t)/ap ()-2) (t5) 
and  

~'SIIS "-- atSUS ()~I)/(~'SllS (/12) = {1 r p  [a]) ( X l ) ] } / { I  Zp [FLp (X2}]} (1(3) 

This  p rocedure  is of pa r t i cu l a r  a d v a n t a g e  if i t  is difficult to disperse q u a n t i t a t i v e l y  
in to  a molecu la r  so lu t ion  the  p i g m e n t s  c o n t a i n e d  in  the  part icles .  

W e  now drop  the  res t r i c t ion  t h a t  all  par t ic les  have  the  same  size a n d  o r i en t a t i on .  
The  suspens ion  can  t h e n  be cons idered  as a m i x t u r e  of suspens ions  of part icles ,  each 
suspens ion  c o n t a i n i n g  par t ic les  of the  same size a n d  o r i en ta t ion .  

I n s t e a d  of eq. (7), we get an  e q u a t i o n  in which  the  r ight  h a n d  side is ave raged  

over  all  sizes a n d  or ien ta t ions .  QA t akes  the  form:  

~A - -  p ( I  - -  Tp) /~p  
T h e  l ine ind ica tes  the  average  of the  func t i on  u n d e r  it. The  p ' s  are p ropor t iona l  to 
the  n u m b e r  of par t ic les  in  the  suspens ion ,  t hus  in  this  case, too, the  f la t ten ing ,  Q.4, 

is i n d e p e n d e n t  of the  concen t r a t ion .  

Validity o/Beer's law for suspensions o] particles o[ arbitrary shape 
Beer's law is not strictly valid for a suspension of particles. This follows from the form of eq. (2), 
which gives the optical density of a suspension of oriented cubes as a function of their concen- 
tration. However, as long as the total volume of the cubes is small compared with the total 
volume of the suspension, equation (2) can be approximated by eq. (3), which does follow Beer's 
law (a = constant × q). As will be shown now, similar considerations apply to suspensions con- 
taining particles of arbitrary shape. Furthermore, the following derivation does not seem to 
require that the laws of geometrical optics obtain and, consequently, is valid also for very small 
particles. 

If the number of particles per ml is n, a layer of thickness dx contains ndx particles. Beer's 
law requires that the light flux, --dI ,  absorbed in this layer, is proportional to the number of 
particles, 

- -  d I  = c I  n d x  (17) 

(/ being the flux incident on the layer and e a constant) 
The optical density of the suspension is: 

In ~ro/I 1 = end (I8) 

where d is the depth of the vessel, and I 0 and 11 are the fluxes entering and leaving the suspension. 
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Eq. (17) holds approximate ly  if two conditions are fuIlilled. I:irst. the laver dx sh,~uld n()t 
be thinner  than a single particle; thus  we must  assume that  

d:r ..... t~[ 

where b is a number  slightly larger than uni ty  and ! is a dimension of the particle. Second, f,)r 
the absorpt ion in the layer to be proport ional  to the number  of particles in it, *zd.r, the particles 
within a layer shouht not shade each other appreciably. This requires that  the total area of the 
particles in the layer, ,~dxc212 , (c/ .  eq. (rl)) t imes the average percentage absorption, ~ 7'p, 
be small compared to the total  area of the layer: 

'ndxc212 (t - TO) I 

El iminat ing d x  from the two preceding formulas, we obtain:  

*zc=bl a ( l  - -  Tp) I 
This can be wri t ten as: 

n c t l a ( 1  - -  7"p)<  q / ( c z b  ) 

Since e l ,  c= and 1) are of the order of unity, and n c l l a  is equal to the total  volume, q, of the particles 
per ml, the inequali ty may  be simplified 

q (* - -  ~'p) << 

In other words, the condition which mus t  be fnlfilled for Beer's law to obtain  for a suspension 
of particles, is tha t  the total  volume ol the particles in t m] multiplied by  the fraction of light 
absorbed by a single particle, should be small compared to the volume in which the particles 
are suspended. For  s trongly absorbing particles, (~ Tp) ~ I, the fraction of the volume occupied 
by  the particles should be small. 

APPLICATIONS 

Cubical particles, range o~ applicabil i ty  o~ equations 

For a suspension of cubes with two sides perpendicular  to the measuring beam, we 
find, by  pu t t ing  the dimension l equal to the edge of the cube c I = I,  c~ = I, and  

Tp = exp ( - - % ) .  Subs t i tu t ing  c I - -  I and c 2 -- I in the general equat ions (I3) , (7) 
and (I4) , we obta in  again:  

asol - -  P a p  and asus - -  p (1 - -  T p )  and 

~)A = ~.~sus/a~ol = (: - -  ~p)/ap. 

The equat ion as,~s = 15(I - - T p )  is identical with eq. (3), which we derived before as an 
approx imat ion  of the exact eq. (2). The m a x i m u m  fractional deviat ion was given as 
o.6 q ( I - -Tp) ,  eq. (4), where q is the total  volume of the cubes divided by that  of the 
suspension. This expression probably  also holds approximately  for other particles 
(such as spheres) whose shape is not too different from that  of a cube (i.e. which ex- 
tend more or less uniformly in all directions). 

We can apply the approximate  equations if we use a sufficiently dilute suspension. 
However,  in order to be able to measure the absorption with good precision, the op- 
tical densi ty  should be at least o. 3. In  practice, both conditions can be complied with, 
if the particles are not  too large and possess an appreciable absorption. As an example, 
we take a suspension of particles iob~ in diameter,  having a Tp = o. 5. If p --  2, then 
the approximate  optical densi ty log [o/I  of the suspension is asus/ln I 0  = 2 / o. 5 X 

o. 4 = o. 4. 
The total  volume of the particles is 2 x Io × IO 4 cm a. If the volume of the ves- 

sel is I cm 3, then q = 2. Io -3. The deviation, given by eq. (4) is o.6 × 2" lO -a × ( I - - -  
0.5) or 0.06%. 

Thus, even for such rather  large particles, eq. (7) is a good approximation.  

Re/ere~eces p. ±2. 
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In our first derivation of the equations for cubes, the assumption was used im- 
plicitly tha t  a light beam with the cross section equal to tha t  of the particles, follows 
the law of geometrical optics. This requires tha t  the particle diameter be several 
times the wavelength of the measuring beam. Our derivation based on Beer's law 
makes no use of the laws of geometrical optics. This indicates that  the equations ob- 
tained are also valid for particles not larger than the wavelength of light. 

The equations derive for cubical particles are valid for any suspension of particles 
whose shape and orientation is such that  every pencil of the measuring beam has the 
same length l to cover within the particle. 

Suspensions o~ spherical particles 

More impor tant  for practical applications than the equations for a suspension of 
oriented cubes are those for a suspension of identical spherical particles. For such a 
suspension, we shall derive the explicit equations, and construct a nomograph,  permit 
t ing the determination of the absorption by  a single particle from absorption measure- 
ments  on a s*aspension and on the corresponding solution. We put the dimension I 
used in the above general equations equal to twice the diameter of a sphere: l --  2r. 
The optical density for a beam passing through the center of the sphere is % 2ry. The 
area of the sphere facing the beam, is ap = ~r 2 =- (~/4 (2r) 2 or, c/. eq. (I), c 2 = ~/4. 
The volume is v = (4/3)~r a = (I/6)a(2r) a or, c/. eq. (8), c I = a/6, and C1/C 2 = 2/3. By 
subst i tut ing the constants  in the equations of the preceding section, we obtain : 

aSU s = ~ ( I  - -  T p )  ( I 8 )  

a~ol - (2/3)p % (~9) 
Q A  = g.';US/g',ol = 3 ( I  - -  Tp) / (2 (z / , )  ( 20 )  

We calculated the average transmission, 2/'~, by  integrating over the sphere, using 
cylindrical co6rdinates. A line parallel to the measuring beam through the center of 
the sphere is used as the axis of the cylinders. The result of this integration is: 

Tp = 2 [I  - -  (I -}- O~p) e x p  (--(@]/c*p 2. (21) 

Nomographs /or suspension o~ identical spherical particles 

The average transmission of the particles, calculated from eq. (2I), is plotted in Fig. I 
as a function of %. The flattening, 
Q A ,  given by  eq. (2o), is also plotted 
in this figure as a function of %.  

The flattening increases with the 
absorption and is already appreciable 
at an average transmission "Yp of 
3O°o. For example, if, at a certain 
wavelength, the absorption of a sus- 
pension is one half tha t  of a corres- 
ponding solution, then (2.4 --  o.5o 

F i g .  i .  T h e  a v e r a g e  t r a n s m i s s i o n  of  a 
s p h e r e ,  Tp, a t  a c e r t a i n  w a v e l e n g t h  is 
p l o t t e d  as  a f u n c t i o n  of  t h e  o p t i c a l  d e n s i t y ,  
~rp = In Io/I, t h r o u g h  t h e  c e n t e r  of  t h e  
s p h e r e .  Also t h e  r a t i o ,  QA, of t h e  o p t i c a l  
d e n s i t i e s  of  a s u s p e n s i o n  of s p h e r e s  a n d  

Re/erences p. r2. 

2£ 

Q~ 

1 .0 [  Tp 

o.a ~ 0.4 o.2 ~ o  0 i i ~ i I J i i i i i i , , i ~ .~ .  
02 0.4 0.6 0.8 1.0 

Tp; Q~ 

a c o r r e s p o n d i n g  s o l u t i o n  is p l o t t e d  as  a f u n c t i o n  of  ap. 



8 I.. N .  M. I ) U Y S E N S  V~H.,  19 (IqS¢~) 

and  we read, from the  curve  Q.4 = o.5 in Fig. i ,  % 2.2. l ' hc  ,~raph T~ in 
Fig. I gives the t r ansmis s ion  of a par t ic le  o.27 or / ,,. 2 ~' '  The most  precise readings  ar(. 
. . . . . . . . .  • . . . .  ~--- • ~ o b t a i n e d  at  wave leng ths  where 

0 .6  

a/,I X~) 

l 
0.5 

0 .6  

0 .3  

jJ 

a2 

3.4 

4.5 

0 

the  f l a t t en ing  is mos t  p ronoun-  
ced, t ha t  is, in the  absorp t ion  
m ax im a .  

I f on ly  an  u n k n o w n  frac- 
t ion  of the  original  p igmen t  
molecules  can  be o b t a i n e d  in 
solut ion,  the  procedure  des- 
cr ibed in the  preceding  sect ion 
is no t  appl icable ,  since the  flat- 
t en ing ,  Q_~I, c a n n o t  be deter-  

~ 5.5 mined.  However ,  the  ap's at  
6 .0  ~5 these wave l eng ths  m a y  be 

0.z zsz° der ived  f rom the  equa t ions  
8.0 
a0 (15) a n d  (I6), if we know Q .... 

t . . , / ~  lao and  Qsol at  t w o w a v e l e n g t h s .  
o.~ ~ 0 ; ,  o; t ,  

~t,-o~oht c,~voa This  m a y  be done  graphi -  
. . . . . . . . .  ~ , , , , l ines. .  , , l i n e s  

eal ly b y  m eans  of Fig. 2. Equa-  0 a5 1.0 ~.5 2.0 25  ~p(x2) 3x~ 

Fig. 2. Q'sus is the ratio of extinction coefficients of a sus- 
pension of spheres at the wavelength /l 2 and xl" ~sol is 
the quotient of the extinction values at )-i and ;t 2 of a 
solution containing the same relative concentration of 
pigments as the particles. The intersection of the curve 
indicated by Q'sus and the line indicated by Qsol, gives 
the optical density values, %(,~q) and ap(~.2), of the indi- 

vidual spheres. 

t ion  (15) is represen ted  by  a 
fami ly  of s t ra igh t  lines, each 
cor responding  to a cer ta in  
Q~u~; e q u a t i o n  (I6) b y  a fami ly  
of curves ,  each cor responding  
to a cer ta in  Q'~,l. The in te r -  
sect ion po in t  of a ce r ta in  l ine 

wi th  a ce r ta in  curve  gives % (71) a n d  % (72), co r respond ing  to a ce r t a in  pai r  of va lues  
Q. These va lues  can  be d e t e r m i n e d  expe r imen ta l ly .  Thus  the  op t ica l  densi t ies  of the  
par t ic le  a t  71 a n d  ~'2 can  be read  from the  nomograph ,  if the  opt ica l  densi t ies  of a 
suspens ion  of these par t ic les  an d  of a p i g men t  so lu t ion  of a r b i t r a r y  c o n c e n t r a t i o n  
are k n o w n  a t  the  wave l eng ths  Yl a n d  Y2. 

The curves given by equation (t6) for certain values of Qsus have been constructed as follows. 
We put i - -  T p [ a p  (~-1)] = A, and ~ - -  T p [ a p ( ~ , 2 )  ] = B, and made a table of values [A, B] satis- 
fying, for a given Q'sus, the equation Q'sus = A/B.  Then the values of the a's, corresponding to 
these A's and B's were found by means of Fig. I, and a table of pairs [ap(,~..), ap(,~2) ] corresponding 
to the pairs [A, B] was prepared. These pairs are represented by points in the %()-1), ap(~) 
diagram. The curves corresponding to given Q'sus values, were obtained by connecting these points. 

E x p e r i m e n t a l  procedure 

The opt ica l  dens i ty  of spher ica l  pert icles in a suspens ion  can  be d e t e r m i n e d  by  m e a n s  
of the  figures in  the  p reced ing  sections,  if the  dens i t ies  of the  suspens ion  a n d  of the  
co r re spond ing  so lu t ion  are k n o w n  at  one or at  two wave leng ths ,  d e p e n d i n g  on whe the r  
the  average  p i g m e n t  c o n c e n t r a t i o n  is the  same  or not .  The  so lu t ion  m a y  be rep laced  
b y  a suspens ion ,  in  which  the  p i g m e n t  is so f inely dispersed t h a t  the  abso rp t ion  of each 
single par t ic le  is negligible.  (Such a suspens ion  m u s t  have  the  same  a b s o r p t i o n  spec-  
t r u m  as a molecu la r  solut ion.)  For  conven ience  we shall  use the  t e r m  " s o l u t i o n "  also 
for this  t ype  of dispersions.  

R e # r e n c e s  p .  z 2 .  
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The dispersion of the pigments contained in the particles of the suspension may 
be accomplished by chemical or mechanical methods or by a combination of both. 
Mechanical methods are: grinding of precipitate, obtained e.g. by centrifugation; 
forcing the suspension through a small orifice ; ultrasonic treatment.  Chemical methods 
are: t reatment  with enzymes or chemicals which split the particles into smaller units 
or separate the pigment molecules from the carrier material. 

In addition to the sharpening of the bands (the effect with which we are concerned) 
dispersion may also cause changes in the intrinsic absorption capacity of the pigment 
molecules. The absorption properties of the pigment molecules may be somewhat 
altered even by dispersion into smaller colloidal particles, since after this dispersion 
the pigment molecules will be in increased interaction with the molecules of the sol- 
vent and decreased interaction with each other. Greater changes may be expected to 
occur when the pigment is dispersed molecularly, e.g. by extraction. However, the 
above methods may sometimes be applicable even to true solutions, since mutual 
interaction of the pigment molecules in the particles of a suspension often does not 
influence the absorption appreciably, and a solvent may be found whose influence on 
the absorption of the pigment molecules is similar to that  of the particle substance. 

Correc t ion /or  scattering in  a suspensiou 

In the above considerations, we assumed implicitly that  it was possible to determine 
the " t rue" optical density of a suspension, a .... i.e. that  the effect of scattering can 
be eliminated. Sometimes, the scattering can be minimized by adjusting the refractive 
index of the suspension medium. But if scattering cannot be removed a correction has 
to be applied to the measured optical density in order to find the true one. ]'his cor- 
rection may be carried out as follows. The absorption is measured by means of a con- 
ventional spectrophotometer in which the suspension and detector are not too far 
apart, for several suspensions of different concentration. At low concentrations, tile 
scattering per unit volume is proportional to the number of scattering particles; the 
curve, representing the measured absorption as a function of the concentration, is a 
straight line through the origin. At high concentrations, however, part  of the scattered 
light will be scattered again, and reach the detector; the curve will thus bend away 
from the y-axis. For suspensions of a concentration lying in the straight line region, 
the measured optical density a (2) is approximately:  

(L (/~.) = (LSU s (.~) @ S (~.) (22} 

where s(2) is the scattering, and asu~ (2) the optical density if no scattering occurs; 
a~,~ (2) is the quanti ty needed for our calculations. If it is possible to bleach or remove 
the pigments by strong light or by chemicals, without changing the scattering of the 
particles, the apparent optical density of such a bleached suspension will be equal to s 
(2), and a~u ~ (2) can be calculated by means of eq. (22). For spheres showing scattering 
due to change in refractive index at the surface only, computation of the scattering is, 
in principle, possible by means of equations derived by MIE 4, but the actual calcula- 
tion will probably be time-consuming, even with the help of tables a. 

For many pigments, the true absorption drops to zero beyond a strong absorp- 
tion band. Then the measured absorption of a suspension in the region beyond this 
band is caused by scattering. The scattering at shorter wavelengths may be estimated 
by extrapolation. 

l~e/ereJlces p. te. 
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None of the suggested methods  for the de te rmina t ion  is COml)lct('ly sat isfactory.  
The best  method  would be to measure the sca t ter ing  of the suspel~sion <lir~'etlv and u, 
correct  by  calculat ion the measured sca t te r ing  for the absorp t ion  in the suspension. 

A p p l i c a t i o m  to plaotosynthesizing cells 

The above  procedures  were developed for a im have been appl ied to the de te rmina t ion  
of the  l ight absorpt ions  of the ind iv idua l  absorbing s t ructures  in suspensions of photo-  
synthesizing cells. Some of the  results  have been repor ted  1. The procedure  may  be 
out l ined using d a t a  ob ta ined  by, EMERSON AND LEWIS ~. The measured absorpt ion  
spec t rum of an ex t rac t  of Chlorella was compared  with tha t  of a suspension of Ch/orell~;~ 
containing the same q u a n t i t y  of pigment.  The ext inc t ion  of the  snspension was pa r t ly  
due to scat ter ing,  as was ind ica ted  by  an apprec iable  ext inc t ion  at  72o mF, where 

r -  I 

I /' I i 

!," ~\ . / fxper lmente l  - -  l;" l~ 

IOL , ' "  ' \  \" ~ I I~ q • , ,  ,.__. \\ su~p~,~,o . . . .  ~,--/_. ._ ~, ! 

\ ', ,/ / ', I 

400 ~80 550 640 ~. m/J 720 

Fig. 3. Absorption spectra of a Chlorella suspension, of a quantitative methanol extract, and 
of the calculated spectrum of a solution of the cell pigments. The experimental spectra are, 

with one modification (see text), according to EMERSON AND LEWIS 6. 

the  p igments  possess no absorpt ion.  The re la t ionship  between absorp t ion  and concen- 
t r a t ion  for suspension of Chlordla was found b y  us to be l inear  in the  region of con- 
een t ra t ion  used b y  EMERSON AND LEWIS. 

We appl ied  equa t ion  (22) and assumed tha t  the par t  of the ext inc t ion  caused by  
sca t te r ing  s(2), was cons tan t  and  equal  to the  ext inc t ion  at  72o mff, where no t rue  
absorp t ion  occurred. If  al lowances were then made  for the  sca t te r ing  and for the  
shifts of the  absorp t ion  m a x i m a  which occur upon ext rac t ion ,  the absorp t ion  spec t rum 
of the  suspension appea red  lower than  tha t  of the  methanol  solut ion (Fig. 3). 

The exper imenta l  curves are, except  for the  sca t ter ing  correct ion for the  sus- 
pension, the  same as those of EMERSON AND LEWIS ~. We assumed tha t  the  absorbing 
s t ruc tures  in the  Chlorella suspensions were homogeneous ly  colored ident ical  spheres. 
The choice of one p a r a m e t e r  is left :  the  absorp t ion  of a sphere or i ts QA value at  a 
cer ta in  wavelength.  If  this  pa r ame te r  is chosen; the absorp t ion  spec t rum of a solut ion 
conta in ing  dispersed p igment  molecules wi thout  change in intr insic  absorp t ion  can be 

Re/crevices p. ~2. 
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calculated with the aid of Fig. I. A spectrum calculated for one such a parameter  
value is shown in Fig. 3. The good correspondence with the experimental spectrum 
suggests that,  except for band shifts, the discrepancy between the spectra of Chlorella 
and methanol extract is mainly caused by the geometrical effect of flattening, and not 
by a pronounced change in intrinsic absorption. The ordinate a refers to the calculated 
spectrum and is the optical density (ln IoN ) through the center of the sphere. The 
corresponding mean percentage absorption of the sphere Ap can be read from Fig. i. 
It is 0o % at 680 mb~. The correctness of this method for determination of absorption 
is indicated by the fact that about the same absorption at 680 mb~ was determined 
with a method based upon reabsorption of fluorescence light (DuYSENS AND HuIS- 
I<AMP, @1). Similar procedures were successfully applied to suspensions of other 
species of unicellular photosynthesizing organisms. A satisfactory analysis of the 
absorption spectrum of photosynthesizing cells was thus made possible. 

When this was written we heard (RAI~INOWlTCI~, personal communication) that  
LXFIMEI~ in RASlNOWlTCH'S laboratory found a selective scattering in the absorption 
bands of Chlorella. This would mean that  the flattening and thus the absorption of 
Chlorella must be greater than we estimated. Since LATIMER measured only the 
scattering perpendicular to the measuring beam it was not possible to estimate how 
much our result should be corrected. The correction may be small. 

The application of the method to biological systems, other than photosynthetic 
organisms, seems promising. For example, it may be possible to determine, without 
removal from the cell, the near-ultraviolet optical densities of nuclei or other particles 
containing substances whose absorption spectrum extends to longer wavelengths 
than does that  of the other cell constituents. 

Advantages of the above method of calculating the true absorption curves are: 
i. The method is applicable not only to suspensions of large particles but presum- 

ably also to suspensions of particles below microscopic visibility. 
2. The apparatus required is relatively simple: the only major instrument needed 

is a conventional spectrophotolneter. 
3. For measurement of the absorption spectrum of the suspension, the particles 

need not be removed from the structure in which they are imbedded (provided this 
structure does not absorb in the spectral region under investigation). 

If the absorption, % (;t), of a particle has been determined, the size of the particle 
may be calculated by means of eq. (IO), when y(),), the specific absorption of the sub- 
stance of the particle, is known. On the other hand, if the size of the particle is known, 
7(2) may be calculated from %(2) by means of the same equation. 

The above-mentioned method is of course not restricted to particles of biological 
origin, but can be applied to suspensions of absorbing particles in general, with the 
exception of such particles, e.g. metallic ones, in which the absorption is not localised 
in the individual absorbing molecules. 

When comparing the absorption spectra of a suspension and corresponding solu- 
tion, no conclusions concerning changes in absorption of individual molecules should 
be drawn without taking the "flattening" effect in account. 

I am grateful to Dr. E. I. RaBINOWlTCI-I for discussion of the manuscript. 
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S U M M A R Y  

I t  is p roved  tha t  the  absorp t ion  spec t rum of a suspens ion  of part icles  is l ta t tened,  as compared  
wi th  t h a t  of a solut ion of the  p igmen t s  conta ined  in the  particles.  This  f la t tening is due to the  
enhanced  m u t u a l  shad ing  of the  p i g m e n t  molecules in the  suspens ion.  :\ q u a n t i t a t i v e  theory  ol 
th is  t t a t ten ing  is given,  i f  the  f la t ten ing  is measu red  exper inlenta l ly ,  t he  optical  dens i ty  o f ' t h e  
indiv idual  par t ic les  can be computed ,  at  least  in principle (for spherical  part icles  a nonnograph 
is given to th is  purpose) .  This  optical  dens i ty  m a y  be used for the  calcula t ion of the  " t r u e "  
absorp t ion  spec t rum of a p ign len t  in suspens ion  (which can  be used,  for example ,  for an  in lproved 
analys is  of a compos i te  spec t rum,  in t e rms  of over lapping  absorp t ion  spec t ra  of the  several  
p igmen t s  p resen t  in the  particle).  Such an analys is  is general ly  required when  relat ive pho to -  
chemical  efficiencies of these  p i gmen t s  m u s t  be de termined .  

R~SUM~ 

I1 a 6td prouv~ que  le spec t re  d ' abso rp t ion  d ' u n e  suspens ion  de par t icu les  est  p lus  b a s q u e  le 
spec t re  d ' u n e  solut ion des p i gmen t s  pr6sents  dans  les par t ieules .  L 'effe t  es t  caus~ p a r  l ' ombre  
mu tue l l e  des par t icules .  Une  thdorie q u a n t i t a t i v e  est  d6rivde. Si l 'effet a 61~ mesu%,  la densi t6  
op t ique  des par t icu les  individuel les  p e u t  ~tre calculde, du lnoins en pr incipe (pour des par t icu les  
sphdr iques ,  des n o m o g r a p h e s  son t  construi ts ) .  La  densi t~ op t ique  peu t  ~tre utilis6e pour  le calcul 
du "vrai" spect re  d ' abso rp t ion  d ' un  p i g m e n t  en suspens ion  (lequel peu t  ~tre utilis6, pa r  exemple ,  
pour  une  ana lyse  perfect ionn6e d ' un  spect re  compos~) d ' u n e  solution).  Une  telle ana lyse  est  
g6n6ra l emen t  requise,  lorsque les act ivi tds pho t och i mi ques  re la t ives  de ces p igmen t s  do iven t  6tre 
d~termin6es .  

Z I J S A M M E N F A S S  UNG 

Es wurde  gezeigt,  (lass das  A b s o r p t i o n s s p e k t r u m  einer Suspens ion  kleiner Tei lchen " f lacher"  ist  
als das  S p e k t r u m  einer L 6 s u n g  der in den Tei lchen anwesenden  Farbstoffe .  Die Abf lachmlg  wird 
v e r u r s a c h t  du rch  die gegensei t ige B e s c h a t t u n g  der Teilchen. 

Eine  q u a n t i t a t i v e  Theorie  dieses Effekts  is t  gegeben worden.  Wenn  der Effekt  gemessen  ist, 
kaml  m a n  wenigs tens  im Pr inzip  - die opt ische Dichte  der e inzelnen Tei lehen be rechnen  (ftir 
kuge l f6rmige  Tei lchen s ind ftir diesen Zweck N o m o g r a p h e n  gegeben).  Diese opt i sche  Dich te  
k a n n  b e n u t z t  werden  ftir die B e r e c h n u n g  des " w a h r e n "  A b s o r p t i o n s s p e k t r u m s  einer Suspension.  
Dieses S p e k t r u m  k a n n  n u n  ana lys ie r t  werden  als die S u m m e  der Spek t ren  der  anwesenden  
P igmente .  Eine  solche Ana lyse  ist  im a l lgemeinen  no twend ig  wenn die re la t iven  p h o t o c h e m i s c h e n  
W i r k s a m k e i t e n  dieser P i g m e n t e  b e s t i m m t  werden sollen. 
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