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Abstract--lntra- and intermolecular diffusion processes in alcohol-water solutions of poly-4-vinylpyri- 
dine (PVPy) were studied by the fluorescence quenching method. It was prepared fluorescent-labelled 
PVPy (PVPy-F) by copolymerizing 4-vinylpyridine with anthrylmethylmethacrylate (F) (one chromo- 
phore group per 500 chain links in the copolymer), PVPy carrying both the chromophore and quench- 
ing chain links (quaternization of the pyridine residue by dimethylsulphate) (PVP)-FQ) and PVPy 
carrying only the quenchers (PVPy-Q). 

Measurement of the mean lifetime of the excited state of the anthracene group for the polymers 
and for the monomer analogue (F) with increasing quencher concentration and use of the Stern-Volmer 
relation permit determination of the constants of bimolecular collisions between the monomer quencher 
{Q) (4-ethyl-N-methyl pyridinium sulphate) and F. between the monomer quencher and PVPy-F and 
between Q and F incorporated in the same polymer chain (PVPy-FQL The values of the diffusion 
constant for the system of PVPy-F and Q and for the system of PVPy-FQ are approximately two 
and four times respectively less than that for the monomer pair (F + Qt. For the latter system, the 
finding indicates some hindrance to the diffusion of the chain links with each other within the coil. 
Nevertheless, their mobility remains high and probably microdiffusion will not limit chemical reactions 
of functional groups within coils and with monomer molecules. 

In studying the fluorescence quenching of the chromophore for PVPy-F in the presence of the polymer 
quencher, it was found that mutual interpenetration of the polymer coils is intensified markedly when 
the solution volume is filled entirely by the swelling coils. 

INTRODUCTION 

Some physico-chemical aspects of  the behaviour of 
macromolecules and of their functional groups 
require quantitative knowledge of  characteristics of 
intra- and intermolecular collisions for flexible 
polymer coils and of their collisions with small mole- 
cules in solution. Some papers have used kinetic [1-3] 
and equilibrium['4] approaches for solution of the 
problem. A theoretical basis for the experimental 
study of chain relaxation has been suggested 1"5]. 

It seems that fluorescence approaches I-6, 7], par- 
ticularly fluorescence quenching, might be useful for 
direct measurement of  these characteristics since the 
process of quenching is largely diffusion-controlled. 
Comparisons of the rate constants of  this process in- 
volving a fluorescent probe (F) and a quenching 
group (Q), attached either to the same chain or to 
different chains, with those for corresponding low 
molecular weight analogues are likely to provide in- 
teresting information about  the diffusion mobility of 
chain links and about  effects of  the polymer coil on 
intra- and intermolecular translational diffusion of 
their functional groups. 

Poly-4-vinylpyridine (PVPy) is useful for studying 
relaxation processes in coils since quaternization of 
fluorescent-labelled PVPy permits the preparation of 
copolymers carrying various amount  of positively 
charged groups which, unlike free pyridine rings, are 
effective quenchers of anthracene fluorescence. 

EXPERIMENTAL 

Materials 

Fluorescent-labelled PVPv IPVPy-F) was prepared b) 
radical copolymerization of 4-~inylpyridine (65 at 15 ram. 
no ° =  1"5520} with anthr?lmethylmethacrylate (AM) in 
methanol under vacuum with azobisisobutyronitrile as in- 
itiator. A fraction of PVP~-F with molecular ,seight S × 
10  4 w a s  used. The content of anthracene fragments m thc 
polymer, by u.v.-spectroscop), x~as about one per 500 links. 

Copolymers containing both the fluorescent probe and 
the quencher (PVPy-FQ) x~erc obtained in methanol solu- 
tion at room temperature in the presence of the precise 
amount of dimethylsulphate required for preparaUon of 
polymers with the required degree of quaternization IflL 
The content of quaternized pyridine residues was deter- 
mined from the ratio of absorptivity at 1600cm -~ (due 
to pyridine groups) and at 1640cm ~ (due to quaternized 
pyridine ring) in i.r. spectra of the copolymers. Copolymers 
(fraction of PVPy. v, ith molecular weight 6 x I0") contain- 
ing only the quenching groups v, ith 1)' = 26 and 50 per 
cent were prepared similarly. 

As monomer analogues of both the link involving the 
fluorescent probe and the quaternized pyridine ring. anti> 
rylmethylmethacrylate (AM} and 4-ethyI-N-methylpyr> 
dinium methylsulphate (EtPy). prepared by quaternizmg 
4-ethyl-pyr!dine with dimethylsulphate, were used, respect- 
ively. 

Methods 

Mean lifetimes of the excited state of the anthracene 
fragment in the above compounds w i t h o u t  17, t ~ll ld \ ' , i t h  
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(r) the quencher were measured with a phase spectro- 
fluorometer in the Institute of Molecular Biology (Mos- 
cow), described by Tumerman [8]. The wavelength of the 
exciting light was 365 nm. The lifetime of the excited state 
for fluorescein as a standard (3-9 nsec) agrees with the pub- 
lished value (3.8 nsec)[9]. In all cases, 45wt ~o aqueous 
ethanol was used, the viscosity of the solution being 2.8 sp 
at 20 ° . 

The viscosities of polymer solutions were measured in 
Ubbelohde viscometers at 25 + 0"1 °. 

R E S U L T S  A N D  D I S C U S S I O N  

In studying fluorescence of the anthracene ring in- 
corporated into the PVPy chain, it was found that 
its intensity decreased strongly with increasing qua- 
ternized pyridine residues. It is evident that the latter 
are effective quenchers for the former, because its own 
counterions (such as CH3SO ~ and CI-) rather than 
iodide ions, are not the quenchers for the chromo- 
phore up to 0'1 M concentration in the solution. 
Recently pyridine quaternized by ethylbromide in 
water [10] and pyridinium chloride in ethanol [11] 
were found to quench fluorescence of pyrene and of 
anthracene with a bimolecular rate constants for colli- 
sions close to the diffusion constants for particles in 
these solutions. This point is very important since it 
supports the determination of the constants in the 
polymer systems. 

Thus to elucidate the effect of polymer nature on 
the diffusion of chain links, it seems necessary to 
determine the rate constants of bimolecular collisions 
between the monomer analogues (system of F and 
Q), between PVPy-F and Q and between F and Q 
incorporated into the same coil (PVPy-FQ system). 
The latter constant will characterize mutual collisions 
of the links within the coil. It is of great interest for 
quantitative estimation of "'internal viscosity" and for 
the understanding of mechanism of diffusion of mac- 
romolecules in solution. The "'internal viscosity" con- 
cept for polymer chains was introduced by Kuhn [12] 
and developed in a series of papers [13, 14]. It was 
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Fig. I. Dependence of z0/r for anthracene ring in fluores- 
cent-labelled PVPy (PVPy-F) (O O) and in the 
monomer anthrylmethylmethacrylate (A /x) on con- 
centration of quencher. Experimental conditions: 45 wt % 
aqueous ethanol. 20:+ 0.1. the probe 4 x 10-6M, the 
polymer 2 x 10 -3 M. the quencher is 4-ethyl-N-methyl- 

pyridinium sulphate. 

suggested that the "'internal viscosity" results in par- 
ticular from resistance to segmental motion due to 
rotational energy barriers [14, 15]. 

The well-known Stern-Volmer equation 

¢0/r = 1 + g~, rQ]. (1) 

where to and r are mean lifetimes of the excited state 
of the probe in the absence and presence of the 
quencher respectively, [Q] is quencher concentration 
in solution and K~,. is the Stern-Volmer constant 
related to the fluorescence rate constant (k~) by the 
relation 

K,, = kq 30, (2) 

allowed values of kq for the collisions of the par- 
ticles involved to be estimated. Figure 1 shows that 
dependence of r0/r, for both F and PVPy-F, on the 
quencher concentration of Q follows the Stern- 
Volmer relation [1]. It becomes possible to calculate 
values of kq. For the low molecular weight com- 
pounds 

CH3 

CH 2 ~ C C H 3 - -  CH2 

C = O  
I 

H2 CH 3 

EI  Py 

A M  
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k~ is 3"2 + 0-3 x 109 m- ~ sec- ' at r0 = 2-7 + 0"2 nsec 
for AM. indicating dynamic quenching in the solution 
with r /= 2"8 sp. As seen in Fig. 1, the Stern-Volmer 
constant (K,,) in the case of PVPy-F and the 
monomer quencher (EtPy) is markedly higher than 
that for the system of F and Q. It is related to the 
longer lifetime of the excited state for the chromo- 
phore embedded in PVPy (:o = 10"2 + 03 nsec). The 
phenomenon of the enhancement of :o in polymers 
is well-known[16, 17]; it appears to be due to a 
change of local environment and/or segmental mobi- 
lity. However, the kq value for the system of PVPy-F 
and Q is 1.5+ 0.2 x 109m- l sec - l .  

According to simple Smoluchowski theory [I 8], the 
diffusion-controlled reaction rate constant, k~, is pro- 
portional to (D~ + DJ where Df and Dq are the diffu- 
sion coefficients of the fluorescent-labelled polymer 
and the monomer quencher, respectively. Attachment 
of the probe to a macromolecule will reduce the con- 
tribution of its translator)' diffusion in the quenching 
process compared to that of the quencher. In the case, 
Df ,~ Dq. the ratio of the quenching rate constant for 
a fluorescent species attached to PVPy to that of the 
free molecule should be 0-5 for quenching by a com- 
mon molecule. In our work the observed constant 
is half that when both reagents are small molecules 
(F + Q). The value of 0-47 _+ 0.03 agrees adequately 
with that expected from consideration of the Smolu- 
chowski equation [18]. Thus, the coincidence might 
be due to a lack of influence of steric factors asso- 
ciated with attachment of the probe to the polymer 
hampering the formation of the required "collisional 
complex". Moreover, it could indicate that most 
chemical reactions of the chain links with low mole- 
cular weight reagents in "good" solvents are not 
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limited by diffusion of small particles in  coils. 
Recently, similar conclusions were suggested by 
studying the fluorescence quenching of anthracene 
attached to polystyrene (copolymer of styrene and 9- 
vinylanthracene) in toluene by carbon tetrachlor- 
ide [19"1. 

To estimate the intramolecular diffusion constant 
in the coils, the sample of PVPy-F was quaternized 
by dimethylsulphate. As a result, we can consider a 
series of copolymers (PVPy-FQ) carrying both a link 
involving the chromophore and quenching links in 
the amount of 1.0; 2.5; 7-0; 10.0; 12 and 17 per cent. 

- -  CH  2 - -  CH  - -  CH  z - -  CH  - -  CH  2 -  C - -  

°-D/. 
CH3 

The mean l i fe-t ime o f  the excited state (r) was mea- 
sured for each sample of PVPy-FQ at constant com- 
mon concentration of the chain links in 45 wt ?'o 
aqueous ethanol (2 × 10 - 3  M ) .  It was demonstrated 
that a decrease of the polymer concentration (almost 
five-fold) does not change r indicating predominant 
interaction between the quenchers and the chromo- 
phore within the coil and insignificant inter- 
penetration of different coils at the particular con- 
centration. 

To plot the dependence of Zo/Z on the quencher con- 
centration, it is necessary to operate with a local con- 
centration of the quenching links in the coil. To the 
best of our knowledge, experimental data concerning 
the local general concentration of chain links (C,,~) 
within a coil in solution are not available, and there 
are merely theoretical estimates of chain link density 
in Gaussian coils [20]. 

We attempted to determine the C~o< within PVPy 
coils with molecular weight 6.5 × 104 in the frozen 
alcohol-water solution by the spin-label procedure. 
Spin-labelling of PVPy was performed by quaterniz- 
ing PVPy with 4-chloroacetamido-2,2,66,-tetrameth- 
ylpiperidine-N-oxyl (fl = 25 per cent). A method for 
measuring a mean distance between monomer nitrox- 
ide radicals, based on broadening of the lines in EPR- 
spectra with increasing spin-label concentration in 
solutions, was suggested [21]. Using this approach. 
we calculated C~o¢ within the coil volume as 
0-3 + 0.1 M. It is fairly close to theoretical values of 
the chain density of flexible polymer coils [19]. It was 
used for estimation of the quencher concentration in 
the samples of PVPy-FQ Attention should be paid 
to the fact that the dependence of zo, r on the local 
quencher concentration follows the Stern Volmer 
equation I (Fig. 2). The linear plot appears to be 
accounted for by the absence of conformational 
changes in the polymer molecule when varying the 
extent of quaternization. It was found that the intrin- 
sic viscosity of PVPy-FQ with fl = 2.5 per cent corres- 
ponds to that of PVPy-FQ with fl = 12 per cent in 
the same solution involving added salt (0-01 M NaCI). 
It is noteworthy that the linear dependence of zo/r 
on ,8 remains only up to 20 per cent of the quaterniza- 
tion. The effect of high B on the quenching is being 
investigated. 
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Fig. 2. Dependence of ro.:r for anthracene ring in a series 
of PVPy polymers containing the chromophore and 
various amounts of quencher (PVPy-FQ) on local con- 
eentralion of quencher. C,o¢ of chain links in coils of PVP 3 
takes 0.3M. Polymer 2 × 10 -~M. 45 wt "o aqueous 

ethanol. 

The intramolecular diffusion constant in the dilute 
polymer solution is found to be 0.9 +_ 0.2 × 
10 ~ M- ~ sec- t. It is clear that the value is dependent 
on the chosen local concentration; for example, it 
changes from 1.3 x 10 9 M -  I s e c -  i t o  0 ' 6  × 

109 M-~ sec-~ while C~oc varies from 02 to 0-4 M. 
and the choice of C,oc itself is somewhat indefinite. 
At the same time, the chosen value of C,,, appears 
to lead to the correct order of kq. 

it follows that the "'internal viscosity" of the investi- 
gated polymers diminishes the rate constant of intra- 
molecular collisions for chain links. The latter is about 
4 times less than the diffusion constant for the 
monomer analogues. It demonstrates also that the dif- 
fusion of chain links within the coil remains rather 
high and. in the present case, cannot limit chemical 
reactions between separated links of the same chain. 

Further, the approach of fluorescence quenching 
was used for studying the interaction of two macro- 
molecular systems, viz. one having the fluorescent 
probe IPVPy-F or PVPy-FQ with ,6 = 26 per centJ 
and the other having only the quenching groups 
(PVPy-Q). Figure 3 shows that. below some quencher 
concentration, quenching of fluorescence for the chro- 
mophore in PVPy-F does not occur However, the 
quenching appears after the appropriate con- 
centration of polymer quenchers is reached, the ratio 
ofro/r beginning to increase. Consequently. the abilit) 
of macromolecular coils to interpenetrate v, ith in- 
creasing polymer concentration changes differently 
(Fig. 3j. At low concentrations, it remains rather insig- 
nificant. At some threshold concentration, which is 
likely to depend on the polymer nature and molecular 
~eight. the ability for mutual interpenetration of the 
coils increases significantly. As a result, the kq value 
calculated from the slope of the rising plot in Fig 
3 becomes close to the value of kq characterizing in- 
tramolecular collisions in the coil. For the systems 
mentioned above, the thresholds of polymer con- 
centration are 0-04 M for the system of PVPy-F and 
PVPy-Q with fl = 50 per cent and about 0-075 M for 
the system of PVPy-FQ and PVPy-Q with [~ = 26 
per cent. These values are in close agreement with 
reverse values of specific viscosity for PVpy-Q ~ith 
[~ = 26 and 50 per cent evaluated in mote per litre 
under these conditions. The specific ~iscosities of 
these polymers in 45 per cent aqueous ethanol, at 
concentrations close to the threshold ',alucs. arc 
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Fig. 3. Effect of quenchinl~ links in the PVPy-Q polymers 
with 8 = 50 per cent (A) and 26 per cent (B) on ratio 
of ro/r for the chromophore in PVPy-F IA) and in PVPy- 
FQ with ~ = 17 per cent (B). Concentration of PVPy-FQ 
and of PVPy-F 3 x 10 -3 M. Conditions are the same as 

those for Fig. 1. 

1.1 dl/g for PVPy-Q with/~ = 26 per cent  and  1.8 dl/g 
for P V P y - Q  wi th /~  = 50 per  cent. Probably ,  it indi- 
cates tha t  the mutual  in terpenet ra t ion  of  coils is in- 
tensified markedly when  a solution volume is com- 
pletely filled by swelling coils. 

The latter findings are very significant for the un- 
ders tanding of macromolecular  mot ion  in polymer 
solutions in that  in terpenetra t ion of  coils occurs only 
at concent ra t ions  beyond the non-con tac t ing  dilute 
situation. Thus  the results demons t ra t e  the value of 
the fluorescence quenching app roach  for measuring 
micro- and  macrorelaxat ion processes in polymer 
solutions. 
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