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of sensitizing an extrinsic quencher should increase with 
molecular weight because of the increased probability of 
an exciton encountering a quencher. 

The inhomogeneity present in polymer, excited-state, 
quenching experiments of the type herein does not seem 
to have been explicitly recognized in earlier studies. I t  is 
difficult to treat this inhomogeneity more quantitatively 
than the simple estimate provided in the previous section, 
part A. Fluctuations around some average number of 
quenchers per polymer chromophore can be treated as a 
random event if no specific quencher-polymer solvation 
occurs.12 Since not only the number of quencher contacts 
can vary, but also their “type” (i.e., orientation of the 
quencher-chromophore pair), it is doubtful that more than 
a qualitative theory of these contacts is possible for solids. 
For liquids, a number of quencher-chromophore orien- 
tations can be established during the excited state lifetime 
of the latter which may simplify the analysis of the effect 
of the quencher. 

Work on other polymer systems using the technique 
described herein is continuing, as well as efforts to provide 
a convenient theoretical framework to describe the kinetics 
of the exciton population in an essentially inhomogeneous 
population. 
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ABSTRACT: A recurrence equation is proposed to calculate the mean end-to-end distance ( rn2)  of a polymer 
chain of length n, when we know the mean end-bend  distance of a chain of length n - 2 and the mean end-bend  
distance (rn2)o of the class of configurations of the chain n having x = 0 Brimary contacts between nearby 
segments. We have established for (r,2)o equations of the type (r,2)o = nEn where the exponent is a function 
of n. 

In a preceding work,l we have drawn systematically all 
the configurations that a polymer chain of n segments can 
take on a square-planar lattice. These drawings were made 
up to n = 11 (about 6000 configurations, after elimination 
of the configurations which are identical by symmetry). 
Then we classified the configurations, taking into account 
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the number x of primary contacts, between nearby seg- 
ments, presented by each of these configurations.2 This 
type of primary contact occurs between neighboring 
segments of the chain (segments p and p + 3), if the 
distance between them is equal to the side of the lattice 
cell (Figure 1). 
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Table I 
n 

2 3 4 5 6 7 8 9 
(r,, 2, 1 2.4 3.88 5.553719 7.234295 9.070548 10.897236 12.845084 

n =  

1 0  11 1 2  1 3  14  1 5  
16 .81  7 245 18.841373 20.9 5284 5 23.052131 25.228468 ( r ,  2, 14.780576 

x =I 
Figure 1. The cutting off of two beads decreases the chain length 
by 2 without alteration of the end-to-end distance. The number 
y of secondary contacts between nearby segments decreases by 
2. 

For each value of x, we also classified the configurations, 
taking into account the number y of secondary contacts 
between nearby segments (segments p and p + 2 ) ;  the 
distance between these segments is equal to the diagonal 
of the lattice cell. 

Proceeding in this way, we obtained n/2 classes of 
configurations for n even and (n  - 1 ) / 2  for n odd. Indeed, 
the number of primary contacts between nearby segments 
that can form a chain of length n varies between x = 0 and 
x,, = (n  - 2 ) / 2  for n even and (n  - 3 ) / 2  for n odd.2 For 
each of these classes of configurations, we measured, on 
the drawings, the end-to-end distances. We thus came to 
the following observation: a class of configurations of the 
chain of length n, presenting x primary contacts between 
nearby segments, has the same mean end-to-end distance 
as the class of configurations of a polymer chain of length 
n - 2x, having x = 0 primary contacts between neighboring 
segments. Figure 1 shows indeed that this can be ex- 
plained by the fact that the presence of a first contact 
"shortens" the length of the chain by two segments (the 
two segments are separated on Figure 1 by a dotted line). 

Thus, the mean end-to-end distance of the class of 
configurations of the chain n, with x = 0, will be specific 
for this chain length. But the mean end-to-end distance 
of the class of configurations of the chain n with x = 1 
primary contacts will be the same as the mean end-to-end 
distance of the configurations of a chain of length n - 2 
with x = 0 primary contacts; the mean end-to-end distance 
of the class of configurations of the chain n with x = 2 will 
be the same as the mean end-to-end distance of the 
configurations of a chain of length n - 4 with x = 0 primary 
contacts or of a chain of length n - 2 with x = 1 primary 
contacts. Similarly, the mean end-to-end distance of the 
class of configurations of the chain n with x = 3 is the same 
as the mean end-to-end distance of the configurations of 
a chain of length n - 6 with x = 0, or of the configurations 
of a chain of length n - 4 with x = 1, or of a chain n - 2 
with x = 2, and so on. This reasoning is valid for any value 
of x and allows us to write the following recurrence relation: 

(1) 
where: (r,2)o is the mean end-to-end distance of the class 

( r ,2)  = Y (rn2)o + (1 - Y) (r,-z2) 

of configurations of the chain n with x = 0 primary 
contacts; (r,-22) is the mean end-to-end distance for all the 
configurations of a chain of length n - 2. For these 
configurations x varies between 0 and x,, and y = 
[N,"=O/C,, where [NnX=O is the number of configurations 
of the chain of length n having x = 0 primary contacts and 
C, is the total number of configurations of this chain. 

For a cubic lattice, eq 1 is a good approximation (see 
below). In a preceding article: we have shown how we can 
calculate [Nln"o and C,, for every value of n and for a 
three-dimensional lattice. In order to be able to make use 
of the recursion eq 1, we must find an algebraic relation 
to determine (r,2)o for every value of n. 

The class of configurations with x = 0 primary contacts 
is the easiest to study among all of the classes of con- 
figurations of the chain of length n that we have defined 
above. With the help of drawings, we have established eq 
2 and 3, valid for a cubic lattice chain. We had to take 
into account the parity of n. Indeed, there is a rather 
strong oscillatory behavior of (r,2) depending on the parity 
of n, as other authors have also noted.4 Letting log ( r ,2)o  
= E; log n we have for n even 

6(n - 1)  
5n 

E,O = ~ 

' \  

1 1 1  
- + - + - +... 
n n3 n5 

(n - 8)  + (n  - 14) + ...I 
1 1 1 
n3 n5 n7 

(n  - 4)- + (n  - 8)-  + (n  - 12)- + ... 
I 

1 3 1 7 1  1 1 1  
n 2 n2 4n3 6 n4 

2 +  n +  - + - - + -- + -- + ... 
1 + (n  - 4)C 1 

- - ( n - 3 ) x  + 3(n - 3 ) 2  + 5(n - 5)2 + ...n 
6 
5(n - 

(+);+hi[ n - 2  

- 

I) (2) 

1 + B((n - 7 )  + (n  - 14) + ...) 

where A = (n  - 4)(n - 6 )  + 2(n - 5)(n - 7 )  + 3(n - 6)(n 
- 8 )  + ...; B = 2(n - 5)(n - 6 )  + 3(n - 6)(n - 7 )  + 4(n - 7)(n 
- 8 )  + ... ; and C = n - 1 + 2[((n - 3 1 / 3 4  + [3(n - 4)/5n3] 
+ [5(n - 5)/7n5] + [7(n - 6)/9n7] + ...I. For n odd 

(3/10n) + l,,/[[(n - 1) + 6(n - 1)  
5n 

E,O = ~ 

' \  

1 1 1  
- + - + - + ... 
n n3 n5 

(n  - 7 )  + (n  - 13) + ...I 
(n  - 4)- 1 + (n - 8 )  - 1 + (n  - 12)- 1 + ... 

n3 n5 n1 
I 

1 3 1  7 1  1 1 1  
n 2n2 4n3 6 n4 

2 +  n + - + -- + -- + -- + ... 
1 + B((n - 7 )  + (n  - 14) + ...I -- - -_ 

4n4 25n6 n - 1  

where A = (n  - 4)(n - 6 )  + 2(n - 5)(n - 7) + 3(n - 6)(n 
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- 8 )  + ... and B = 2(n - 5)(n - 6) + 3(n - 6)(n - 7) + 4(n 
- 7)(n - 8) + .... 
Discussion of Equation 1 

Let us call (rn-2)bund the mean end-to-end distance of 
the population of configurations of chain n - 2 obtained 
by removing the two segments of a primary contact of the 
configurations of the chain n and (rn-22)free the mean 
end-to-end distance of the total number Cn-2 of configu- 
rations of the chain n - 2. When in eq 1 we replace 

which rapidly becomes better as n increases. This allows 
us to determine rather good values of ( rn2)o  since y is 
known. These values can be calculated by eq 2 and 3. For 
numerical application, one has to remember that the terms 
n - i can never be applied if they are negative. For i > 
n, the term disappears. 

In the l i t e r a t ~ r e , ~  we can find values of ( rn2)  obtained 
by many authors, using exact enumeration. These values, 
considered as accurate up to n = 15, are given in Table I. 
They have been obtained for simple cubic lattice chains. 
These values allowed us to test the validity of our relations 
2 and 3. The results given by these equations are prac- 
tically the same as the values of Table I, from n = 2 to 15. 

We now give some examples of numerical applications 
of eq 2 and 3: (1) For n = 2 (eq 2) 

( m - 2  2 )bound by (rn-22)free we make a good approximation, 
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A = O ;  B = O  

Then ( r 2 ) o  = 51.18069861 = 6.68764045 

[W,O = 534 and C5 = 726; y = 0.73553719 

Therefore by eq 1 

( r52 )  = y(r5')o + (1 - y ) ( r3 ' )  = 5.55371909 

For n = 15 
A = (n - 4)(n - 6) + 2(n - 5)(n - 7) + 

3(n - 6)(n -8) + 4(n - 7)(n - 9) + 5(n - 8)(n - 10) + 
6(n - 9)(n - 11) + 7(n - 10)(n - 12) + 

8(n - l l ) (n  - 13) + 9(n - 12)(n - 14)= 1.155 

B = 2(n - 5)(n - 6) + 3(n - 6)(n - 7) + 
4(n - 7)(n - 8) + 5(n - 8)(n - 9) + 6(n - 9)(n - 10) + 

7(n - 10)(n - 11) + 8(n - l l ) ( n  - 12) + 
9(n - 12)(n - 13) + 10(n - 13)(n - 14) = 1.320 

(2) For n = 3 (eq 3) 

For n = 3, there are no configurations presenting first 
contacts between nearby segments, then y = 1 and ( r S 2 )  
= (r32)o.  (3) For n = 5, by eq 3 

6(n - 1) 
5n 

E50 = - 
- 

1 3 1  7 1  111 n + 2 + - + -- + -- + -- + ... + 
n 2n2 4n3 6 n4 '1 n3 - 

- 1.18069861 4n4 2 5 n -  ln6 

l / [ ( n  - 1) + (n - 
6(n - 1) 

5n E 1 b O  = ~ 

L 

7) + (n - 13)] [ n + A ( i  + f + $ + ] ] ] + 
1 
n5 ]/[ n + 2 + ([ (n - 4 ) s  + (n - 8)- + (n - 12)- 

n7 
1 

- \  

1 1 + B[(n - 7) + (n - 14)] 1 
25 n - 1  n6 

- = 1.36559806 - 

Then ( ~ ~ 5 2 ) ~  = 151.36559806 = 40.37085448. In a preceding 
a r t i ~ l e , ~  we showed how to calculate [iV115x=o. We found 
[N115x=0  = 984003000. The value of CI5 considered as 
accurate is C15 = 4468921 678. Then y = 0.22018851 and 
(r13') = 20.952845. Hence (r15') = y(r12)o + (1 - y)(rl?) 
= 25.22846758. 
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Theory of Adsorption of Macromolecules. 1. The 
Desorption-Adsorption Transition Point 
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ABSTRACT The general theory of adsorption of a single long ideal polymer chain on the surface is developed. 
The basic equation for the adsorption-desorption phase transition point is derived. In the phase transition 
point the grand partition functions of sequences of units adsorbed on the surface or on the thread are shown 
to be equal to 1. The equations connecting the critical energy of adsorption with the conformational partition 
functions of units on the surface and in volume are obtained. In order to show the generality of the derived 
equations, they are applied to determination of the critical adsorption energies for a number of model chains 
considered previously elsewhere. The developed theory may be used as a base for the creation of the quantitative 
theory of adsorption of macromolecules (as far as the determination of the phase transition point is concerned). 

I. Introduction 
The process of adsorption of macromolecules is of 

considerable interest both with respect to its practical use 
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and to theoretical aspects as an example of conformational 
transition. A single ideal polymer chain adsorbed on a 
homogeneous (and usually flat) surface is the simplest 
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