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Abstract

We describe the dynamics of new slow release formulations of plant growth regulators (PGR) in aqueous solution.

The new PGR formulations are water-soluble copolymers derived from acrylamide and vinyl chloroethyl ether, con-

taining side linkages of 1-naphthylacetic acid (NAA) and 3-indolbutyric acid (IBA). In discussing the results of the light

scattering experiments we are interested primarily in the varying degree of the aromatic character of the side groups.

The PGR system containing NAA hydrophobic side groups leads to the formation of interpolymeric micellar struc-

tures. The hydrodynamic radius, Rh, of the parent polymer, almost doubles by incorporating the NAA linkages, but

it remains approximately the same when the NAA linkages are replaced by IBA side groups of less aromaticity. The

scattering intensities and apparent hydrodynamic radii display a systematic decrease as a function of time due to the

loss of the IBA linkages in alkaline conditions. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Recently, increasing attention has been focused
on various materials which are able to release a
bioactive compound at controlled rates [1±4].
The latter is dependent mainly on the properties
of the system and in particular, the structures of
the components. Although the lower molecular
weight (LMW) plant growth regulators (PGRs)
have gained practical relevance, their more wide-
spread use has been limited by a number of factors
[5,6]. One of the biological shortcomings of the

LMW plant stimulants is the concentration range
in which these compounds are e�ective. The re-
sponse has an increase, then a decrease in biologi-
cal activity, and moving on to a negative response
with a further increase in the dose of the hormone
[7,8]. New, more e�ective and less toxic PGRs in-
volve modi®cation of the LMW bioactive com-
pounds into a controlled release form [7,9,10]
that o�ers reduced losses and improved e�ciency,
greater safety towards non-target organisms, and
safety to those handling the products. Moreover,
the modi®ed PGRs have a wider range of e�ective
concentrations [11,12].

The polymeric formulations of PGRs are high
molecular weight systems in which the bioactive
compound PGR unit is attached to the polymeric
chain by a hydrolysable chemical bond [5,7]. In
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the present work, static and dynamic light scatter-
ing data from a series of polymeric derivatives of
1-naphthylacetic acid (NAA) and 3-indolbutyric
acid (IBA) are reported as a function of concentra-
tion. The light scattering data show changes and
trends in the dynamics and scattering intensities.
These are discussed in terms of the NAA and
IBA concentration value in the polymeric form
and as a function of concentration in the polymer-
ic water solution and also as a function of time.

2. Experimental

2.1. Preparation of the polymeric NAA derivatives

Esters of NAA with the copolymer of vinyl
chloroethyl ether and acrylamide were synthesized
by the reaction of the NAA or IBA potassium salt
with the copolymer solution in DMSO at 100°C
for 8 h and by altering the reagent proportions
[13,14]. The content of NAA and IBA in the poly-
meric esters was determined spectrophotometrical-
ly (see Table 1).

2.2. Dynamic light scattering

The experimental autocorrelation function was
measured with an apparatus equipped with an ar-
gon ion laser (Coherent Radiation Model Innova
304) operating at a wavelength of 488 nm. A mul-
tibit, multi-s full digital correlator (ALV-5000)
was used that covered a dynamic range of about
10 decades.

2.3. Data analysis

The dynamic light scattering experimental cor-
relation functions were treated in the homodyne
limit. The measured intensity autocorrelation
function, G(q,t), is related to the desired normal-
ized ®eld correlation function, g(q,t), where
q� (4pn/k)sin(h/2) is the scattering vector, n is
the refractive index of the bulk polymer, h is the
scattering angle and k the laser wavelength) by

G�q; t� � A 1� f ag�q; t�j j2
h i

; �1�

where f is an instrumental factor, calculated by
means of a standard, a is the fraction of the total
scattered intensity associated with density ¯uctua-
tions with correlation times longer than 10ÿ6 s and
A is the baseline. First, we ®tted the g(q,t) correla-
tion functions using a sum of two Kohlrausch±
Williams±Watts (KWW) functions,

ag�q; t� � Af exp ÿ �t=sf�bf

h i
� As exp

h
ÿ�t=ss�bs

i
�2�

with parameters {Af , sf and bf} and {As, ss and bs}
that give the contrast, relaxation time and shape of
the fast and slow processes, respectively. Typical
polarized intensity±intensity correlation functions,

Table 1

Type A is the copolymer of acrylamide with vinyl chloroethyl

ether with x� 92 mol% and y� 8 mol%. Type B is the copoly-

mer of acrylamide with vinyl chloroethyl ether and vinyl 1-

naphthylacetic acid ether with z� 1.94 and 3.54 mol% (x� 92

mol% and y + z� 8 mol%). Type C is the copolymer of acryl-

amide with vinyl chloroethyl ether and vinyl 3-indolbutyric acid

ether with z� 0.9, 3.16 and 5.9 mol% (x� 92 mol% and

y + z� 8 mol%)

Polymeric

form

Mw Type of molecular

structure

IBA linkage

content (mol%)

PF1 18 000 A 0

PF2 19 000 B 1.94

PF3 21 000 B 3.54

PIBA1 19 000 C 0.9

PIBA2 22 000 C 3.16

PIBA3 24 000 C 5.9
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g�2�(t), for a scattering angle of 90° are shown in
Fig. 1 for the parent polymer (PF1) in pH� 9
and for the NAA polymeric ester with 3.54% mol
content (PF3) in pH� 9. Relaxation time distribu-
tions using the inverse Laplace transform (ILT) of
the time correlation functions with the REPES al-
gorithm [15] are given in the form of sA(s) versus
log s plots and displayed in the inset of Fig. 1.
The ILT result shows a double peak structure.

3. Results

The results of the ®tting of the experimental cor-
relation functions to the Kohlrausch±Williams±
Watts (KWW) function give bf � 0.92 � 0.03 and
bs� 0.68 � 0.05 for PF2 and PF3 and we suggest
that the non-exponential shape of the experimental
correlation functions is caused by a distribution of
molecular sizes and hence of molecular weights.
This e�ect is not surprising since these samples
have the considerable polydispersity that is usually
found in thermally polymerized polymers. Two hy-
drodynamic modes are observed, a fast and a slow
one. The relaxation rate of the fast mode is pro-
portional to the square of the scattering vector,
q, characteristic of di�usional dynamics. From

the position of the peaks we obtain the translation-
al di�usion coe�cient, D, and hence the equivalent
hydrodynamic radius, Rh, using the Stokes±Ein-
stein equation

Rh � kT
6pg0D

; �4�

where g0 is the solvent shear viscosity and kB is the
Boltzmann constant. As this equation is valid in
the limit of c ® 0 the numbers calculated from
Eq. (4) are apparent hydrodynamic radii. The ex-
trapolated quantity (Dg/T)c!0 is used in Eq. (4)
to obtain the hydrodynamic radius, Rh, which is
4.2 � 0.2 nm for the parent polymer, 7.0 � 0.3
nm for PF2 and 8.2 � 0.3 nm for PF3. Fig. 2
shows the evolution of the ILTs of the experimen-
tal correlation functions with time in pH� 9. The
distribution of decay rates shows two resolved
peaks. There is a shift of the faster peak to shorter
times as time progresses.

4. Discussion

These polymers which are characterized by the
bulky hydrophobic NAA aromatic groups clus-
tered toward the center of the coil and the hydro-

Fig. 1. Experimental correlation functions for PF1 and PF3 in pH� 9. The inset shows the evolution of the distributions for the ex-

perimental correlation functions using REPES.
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philic polar groups located in the aqueous boun-
dary have been reported [16±20] to exist in dilute
solution as ``hypercoils''. The incorporation of
the hydrophobic naphthyl group a�ects the size
of the parent polymer. The hydrodynamic radius
Rh which is 4.2 � 0.2 nm for the parent polymer
PF1, increases to 7.0 � 0.3 nm for PF2. By in-
creasing even more the amount of the hydrophobic
substituent in PF3 the hydrodynamic radius be-
comes 8.2 � 0.3 nm. We suggest that the large in-
crease in the hydrodynamic size is caused by
aggregation of individual chain molecules to form

multimolecular clusters. We propose, therefore,
that under these conditions the polymers form an
interior region containing a higher concentration
of the hydrophobic aromatic NAA groups sur-
rounded by an outer region of the hydrophilic
acrylamide groups. Fig. 3 shows the changes in
the apparent Rh of the NAA and IBA polymeric
esters during hydrolysis at di�erent times. Due to
the apparent loss of the bulky bioactive residues
the Rh of the aggregates in solution decreases
as time progresses. As the hydrophobic core is
losing its NAA substituents, the hydrophobic

Fig. 2. (a) Shift of the fast mode to shorter times after hydrolysis for PF3 at c� 0.0093 g/ml. (b) Shift of the fast mode to shorter times

after hydrolysis for PIBA3 at c� 0.0096 g/ml.
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interactions inherent within the polymer decrease
with a concomitant change in the conformation
adopted by the respective polymer coils, that have
now increased in size. Therefore the aggregates
lose their stability in solution and begin to dissolve
breaking into smaller aggregates. The occurrence
of interpolymeric aggregation would be restrained
as hydrolysis proceeds and ®nally after in®nite
time the hydrodynamic radius of the fully hydro-
lyzed polymer will become comparable to the Rh

of the parent polymer. Indeed the current Rhs cor-
roborate the above expected result.

In contrast the hydrodynamic radius Rh of the
polymers with the IBA groups becomes 4.3 � 0.2
nm for PIBA1, 4.4 � 0.2 nm for PIBA2 and
4.7 � 2 nm for PIBA3. We suggest that, these re-
sults of the light scattering experiments show that
the incorporation of the IBA groups does not af-

fect the size of the parent polymer. The di�erent
behavior is caused by the smaller degree of aro-
matic character of the IBA linkages as compared
to the increased hydrophobic character of the
NAA side groups, since the IBA linkages have
moderately polar character.

5. Conclusion

The hydrodynamic radius, Rh, of the parent
polymer, almost doubles by incorporating the
NAA linkages, but it remains approximately the
same when the NAA linkages are replaced by
IBA side groups of less aromaticity. The hydrody-
namic radii and scattering intensities display a sys-
tematic decrease as a function of time apparently
due to the loss of the NAA and IBA linkages

Fig. 3. The changes in the apparent hydrodynamic radius Rha of (a) the PF2 and (b) the PIBA3 polymeric esters during hydrolysis as a

function of time at pH� 9 in 1% solution. The errors for the Rha are within the size of the symbols displayed in the ®gure.
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during hydrolysis. The obtained data concerning
the properties of the macromolecular structures
in solution lead the way toward a deeper under-
standing of the complex molecular phenomena oc-
curring in solutions of hydrophobically modi®ed
polymers.
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