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COMPOUNDS FROM POLYMERIC SYSTEMS

G. G. Allan, J. F. Friedhoff, W. J. McConnell, and J. C. Powell

College of Forest Resources
University of Washington
Seattle, Washington 98195

The ability to effect profound changes in the growth and be-
havior of living systems through the application of minute quanti-
ties of biologically active compounds has lead to development of
the multibillion dollar pest control industry. Indeed, the intro-~
duction of modern chemical pesticides was originally thought to
represent the "ultimate weapon" in man's age-old battle with pests
[t]. Not until the late fifties and early sixties was it recognized
that the continued use of this weapon, in its present form, might

well result in a Pyrrhic victory for man. As a comsequence of this
realization, the concept of efficient pest control has undergone
considerable modification in recent years. The undesirable secondary
and tertiary effects of the highly successful long-lived pesticides
has caused their use to be severely restricted [2]. An additional
general concern is the often gross excess of applied pesticide in
relation to that necessary to achieve control of the pest in the
target area. For example, depending on the method of application
and the climatic conditions, as much as 60 to 90% of the applied
pesticide never reaches its objective [3]. In addition, the effec-
tive concentration of the pesticide is further reduced by leaching

and soil erosion after application [4,5].
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Unfortunately, when one examines the other side of the coin,
represented by short-lived easily biodegraded pesticides, the re-
sults, in terms of the duration of pest control, tend to be
economically discouraging, precisely because of the rapidity of de-
gradation after application. Consideration of Fig. 1 provides a
visual estimation of this deficiency. Here the calculated duration
of a typical nonpersistent pesticide with a half-life of 15 days is
represented by curve A. Assuming the loss of pesticide is the re-
sult of a unimolecular reaction, then the application of a level
just above the minimum hecessary for pest control (say 1 mg) would
provide protection for only a day or so. To achieve practical
periods of protection of 50, 100, or 150 days, the level of appli-
cation would have to be increased 10-, 100-, or 1000- fold, respec-
tively. In contrast, the theoretical level required to achieve
these periods of protection is only that amount needed to contin-
uously maintain the minimum effective level of 1 mg. Ideally then,
the pesticide should be continuously provided from some efficient
reservolr at a rate exactly equivalent to the rate of loss that
occurs after the initial minimum treatment. If a pesticide were
applied using just such an efficient reservoir, then the amounts
needed to provide 50, 100, and 150 days of protection would be
represénted by curve B in Fig. 1. The area between curves A and B

represents logarithmically the amount of pesticide wasted in con-

ventional treatments and indicates how much room exists for improve-
ments in application techniques.

A viable solution to the problemsoutlined above utilizes the
potential of pesticide~polymer combinations as a means of securing
the localized, continuous release of an easily biodegraded pesticide
in the correct amount over an appropriate time period. In recent
years a remarkable number of such pesticide-polymer formulations
have been proposed [6-79]. 1In the more primitive forms, a pesti-
cide (® is adsorbed on an inert substrate @9. Although this is
often described as a physical operation, it is more helpful from a
fundamental point of view, in our opinion, to regard it as a chem-

ical process, albeit one of low energy. Thus we now have a quasi-
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Level of application of pesticide, {mg)
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Duration of pesticidal action, (days)
Fig. 1. Duration of pesticidal action for practical (A) and ideal
(B) application techniques.

chemical structure §—@ , which by definition is biologically
inactive, and insulated from the deteriorating effects of the
macroenviromment., If the combination is to provide control, then

the following sequence of steps must take place:

K K
@—-@r—>@ + CIDQ—-> consumption
However, the cleavage of @—@requires an energy input and is
governed by a rate constant Kr’ which is theoretically calculable
from the theory of absolute reaction rates [80] where:

_ ~-F/RT
K. = (RT/NOh)e

and the symbols have their usual meanings. Thus there is an in-
verse dependence of Kr on the free energy of formation of @—@
This in turn implies that, for a given quantity of combination ®,
the higher the energy of the linkage, the longer will be the period
of release. Since all forms of controlled release pesticides can
be regarded as being a spectrum of bonded pesticides (some bonded

with more energy and some bonded with less), the level and duration
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of release of a toxicant can be varied with the type of bonding
employed in the formulation. Of course, boundary conditions on the
energy of bonding do exist, and the bond type should be chosen so
that Kr has a reasonable value. Otherwise, for formulations with
low Kr values it is difficult to maintain (:) at a suitable level
without changing the capacity factor tremendously, i.e., without
adding huge quantities of the combination initlally. Conversely,

a significant reduction in the amount of pesticide applied and a
longer term controlled release cannot be anticipated from formula-
tions with high Kr values. Thus combinations relying on low energy
bonds such as Van der Waals attractions, as is the case for pesti-
cides adsorbed on materials like walnut shells, simple claés, or
silica gels [6,8-10], show limited utility in extending the dura-
tion of control or in reducing the amount of pesticide applied.
However, a range of bond energies which do provide reasonable values
of Kr can be achieved through the chemical bonding of pesticides to

polymer backbones.

CHEMICAL ATTACHMENT

Chemically bonded pesticide-polymer combinations can readily
be synthesized by conventional, organic chemical procedures wherein
the attachment can take any one of the forms illustrated in Fig. 2.
The simplest of these has the pesticide attached as a pendent sub-
stituent on a natural or synthetic water-soluble or -inmsoluble
polymer having a replaceable hydrogen as formulated in

synthesgis
Polymer—X%—H + RCOOH Polymer—X—COR (1)

environment
where X = N, 0, or S. Obviously, the pesticide must contain a
structural moiety suitable for use as a link to the macromolecule,
and the carboxyl group is only one of the many alternatives possible.
In the mid-sixties several patents were issued which embodied this
concept. Theearliest claim [31] utilized chlorinated phenol esters
of tri- and tetracarboxylic benzene acids to achieve fungicidal

properties in alkyd resin coatings. A recent patent [17,18] of a
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Fig. 2. Synthetic routes to controlled release of chemical combina-

tions.

more general nature reports the utilization of forest wastes and
other low cost materials for the production of sustained release
herbicides. An example of this type of combination is the direct
bonding of herbicide acids to the hydroxyl groups of natural waste
products such as bark and lignin.

For pesticides which cannot be directly attached on a sub-
strate to form a bond of suitable stability, a bridging entity may
be interposed (Fig. 2). An example of this would be the linking of
pesticide alcohols to a polysaccharide substrate by means of a
phosphate or diurethane bridge [81]. Alternatively, the pesticide
may be initially converted to a polymerizable derivative, e.g.,
vinyl 2,4-dichlorophenoxyacetate, which is then homo- or copoly-
merized to give a wholly synthetic pesticide-polymer [82] as
illustrated in Fig. 2.
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For all of these variants, side-chain degradation occurs in
the biological environment. The chemical bonds holding the pesti-
cide within its polymeric prison are sequentially broken to provide
a sustained release of the biocide over an extended period of time.
The rate of release will be determined not only by the nature of
the pesticide-polymer bond, but also by the chemical characteristics
of the pesticide and the polymer, the dimensions and structure of
the resultant macromolecular combination, and the hydrophilicity of
neighboring groups. For example, carboxylic acid groups introduced
(via acrylic acid) in copolymers of 2,3,5-trichloro~4-pyridyl
methacrylate and acrylic acid produce dramatic changes in the rate
of release of 2,3,5-trichloro-4-pyridinol. Thus, because the
carboxylic acid groups increase the hydrophilicity and catalyze the
hydrolysis of the ester linkage between the herbicide and the poly-
mer, the higher the percentage of acrylic acid the shorter the
period of protection [83]. The dimensions of the pesticide-polymer
combination as well as the solubility of the polymer backbone also
play important roles in determining the release rate of a biocide
[29].

Where the polymeric backbone is water soluble, the rate of
hydrolytic degradation (Rh) for n sperical part%cles (radius r and
density p) in a water-saturated heterogeneous surface reaction is

given by

R = npénrz dr/dt (2)
and by

R, = nK 4rr’C_ (3)
where Co is the initial per unit area concentration of pesticide-
polymer linkages on the surface of a particle of radius L and Kh
is the hydrolysis rate constant. Sinceeach pesticide molecule
released by hydrolysis exposes another linkage beneath, Co is a
constant and the duration of pesticide release (Dpr)’ by combina-

tion of Eqs. (2) and (3), can be predicted from the relationship

Dpr = nro/KhCo - (thzanh3C°3) (4)
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or by
D _=A- Bw'1/2
pr

where A and B are constants and W 1s the amount of pesticide-polymer

(5

combination used. The validity of the above equations as a predic-
tive tool was demonstrated by measuring the persistence of herbicidal
activity exhibited by a combination synthesized by the partial acyla-
tion of polyvinyl alcohol with 2-methyl-4~-chlorophenoxyacetyl
chloride [29]. The validity of this analysis i1s demonstrated by a
plot of A as the reciprocal of the level of application of active
ingredient versus the duration of herbicidal action. The curve
obtained 1s clearly linear (Fig. 3).

Conversely, when the polymer backbone selected is water in-

soluble, the rate of degradation (Rd) can be expressed as

Ry = Wde/dt (6)
or by
Rd = KdWC 7N

where W is again the amount of pesticide-polymer combination used,
C 1s the concentration of pesticide per unit weight contained there-

in at time t, and K, is the degradation rate constant.

d

02

o

of active i

0.1

Level of

20 40 60 80 100 120 140

Duration of herbicidal action, (days)

Fig. 3. Dependence of the duration of herbicidal action on the
level of application for a chemical combination of 2-
methyl-4~chlorophenoxyacetic acid with a water-soluble
polymer. (Level of application = liter/mg applied.)
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The duration of effectiveness (Dpr) for this type of controlled
release herbicide-polymer combination, by combination of Eqs. (6)

and (7), is therefore given as
Dpr = (1/k;) (4n W - 2n Ry /K),) (8)

or

1)pr = M log, W - N €))

where M and N are constants. Experimental confirmation of the use-
fulness of Eqs. (8) and (9) in the design of controlled release
pesticide-polymer combinations is demonstrated in the release rates
of herbicide acids, via ester cleavage, from cellulose and lignin
(Fig. 4) [29]. Clearly the constants M and N change for each
combination and are determined by the nature of the pesticide-
polymer bond and by the chemical and physical characteristics of

the resultant macromolecule. Therefore, by proper selection of bond
energies coupled with variations in the chemical and physical micro-
environment of the bonding site, a wide range of different release

rates 1s obtainable. Practical application of these findings is
now being utilized for the selective suppression of unwanted weeds

and deciduous brush.

10,000

1.000

=
=

=]

Level of application of active ingredient. (mg)

30 60 30 120 150 180
Duration of herbicidal sction, (days)
Fig. 4. Dependence of the duration of herbicidal action on the
level of application for 2,4-dichlorophenoxyacetic acid
(2,4-D) in chemical combination with water-insoluble poly-
mers. (0) 2,4-D Alone; (A) 19.7% 2.4-D/Douglas fir bark;
(8) 39% 2,4-D/kraft lignin.
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As an example of this utilization, the reforestation of com=-
mercial forest lands with coniferous species is often severely
retarded by the rapid invasion of unwanted vegetation in these
plantations [84]. In spite of the recognition of this problem, its
control by herbicide application is far from straightforward. The
characteristics of the problem require the application of a herbi-
cide with selective toxicity to the unwanted vegetation only, and
with a period of duration on the order of several years. The most
promising materials, in terms of their selective toxicity, are the
chlorophenoxybutyric acids [85]. Unfortunately, these butyric acid
herbicides are readily enzymically oxidized in the soil to the
corresponding chlorophenoxyacetic acids, which have considerable
toxicity to conifers [84]. In this case the controlled release
concept is being utilized to perform a dual function: to greatly
increase the duration of effectiveness achieved through a single
application of the herbicide and to protect the butyric acid herbi-~
cide from soil oxidation to the corresponding acetic acid analog.

To achieve this goal, ester combinations of 2,4-dichloro-
phenoxybutyric acid with bark were synthesized, and their selec-
tive toxicity to western red alder (Alnus rubra Bong.) in the
presence of Douglas fir (Pseudotsuga menziesii (Mirb. Franco) was
evaluated. The results clearly indicated a favorable effect from
this type of treatment, and the lower levels of application showed
no damage to the conifer while effectively eliminating the red
alder [84]. A field evaluation of the practicality of this approach
was therfore initiated [86]. The field site near Sedro Woolley,
Washington covers an area of 10,000 yd2, experiences an annual
rainfall of 30 to 40 in., and contains approximately 800 Douglas
fir seedlings. The seedlings were treated with bar combinations
containing 377 esterified herbicide at four levels of application.
After one growing season the height increase for the treated seed-
lings was more than double that of the controls. At the same time
the vegetation level, on a scale of 1 to 10, was an average of 2 for

the area around treated seedlings in contrast to a reading of 8 for
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the area around untreated seedlings. To assess the possible effect
of varying climatic conditions on these results, field trials of a
similar nature have been initiated near Glenwood (annual rain fall
25 to 30 in.) and Gray's Harbor (annual rainfall 90 to 100 in.),
Washington.

The compete suppression of vegetation is also being investi~
gated in field trials utilizing controlled release formulations of
the herbicides 2,4,5-trichlorophenoxyacetic acid and 2-chloroprop-
ionic acid as esters of bark and crab shells. These materials, when
applied on railroads, firebreaks, and power-line right-of-ways, pro-
vided complete suppression of all vegetation for a period of 2 years
at the highest level.

Although these two vegetation control examples demonstrate the
potential of chemical attachment as a viable method of improving the
efficiency of pest control, this approach is precluded for a large
number of biologically active compounds due to their lack of func-
tional moieties amenable to polymeric attachment. Fortunately,
this restraint can be overcome by the incorporation of such com-

pounds into polymeric matrices.

CONTROLLED RELEASE FROM POLYMERIC MATRICES
Efforts to secure improvéments in the volatility, solubility,

toxicity, and period of duration for a wide variety of biologically
active materials, through polymer incorporation, have been reported
in the literature [11-28]. While at first glance they appear to be
a hodgepodge of different concepts and inventionms, they all can be
separated into two major classes. The simplest classification in-
volves the pesticide interacting with the polymer to afford a solid
solution wherein the low energy of individual 1nter§ctiohs is supple-
mented by the additional constraint of diffusion through appreciable
masses of plastic. Notable examples in this class include Shell's
No Pest Strip [88-90] and the increasingly popular flea collars for
cats and dogs. Physical combinations in which the active ingredient
is dispersed or encapsulated inapolymeric matrix in which they have

low solubility comprise a seconh classification. This concept has
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been discussed in the pharmaceutical literature for the prolonged
dissemination of birth control hormones [91], and it forms the

basis of Pennwalt's new microencapsulated methyl parathion [92].

SOLID SOLUTION FORMULATIONS
The equations which describe diffusion from solid polymeric

solutions are well-known and characterized [93-95]. 1In particular,
descriptions and mathematical analyses for diffusion-controlled
release systems, especially in the pharmaceutical field, are
numerous [95-101]. Although each analysis is predicated on a

unique set of predetermined boundary conditions, in all case re-
lease is moderated by the rate of diffusion of the active component
to the polymer surface as well as the rate of its subsequent detach-
ment therefrom, Fundamentally, these two constraints on release are
governed by the concentration and diffusivity of the active compound
in the polymer, and by the geometry, surface area, and surface
resistance of the pesticide-polymer combination.

The functional relationship between concentration and diffus-
ivity, common in the description of diffusion within polymers, re-
sults from the additional mobility imparted to the polymer segments
by the plasticizing diffusant [102]. Thus, as the plasticizer con-
centration decreases with time, the free volume within the polymer
becomes exponentially harder to generate and the diffusivity de-
creases, often by several orders of magnitude., Quantitatively,

this concentration dependence can be expressed in equation form as

where DC is the diffusivity at concentration ¢ , and a is a positive
real constant. In addition, even if the diffusivity is assumed to
remain constant throughout the period of release, the flux or driv-
ing force of diffusion has been shown by Fick's law [103] to de-
crease with decreasing concentration of the diffusant. Thus the
mathematical description of diffusion in solid solutions, as a re-~
sult of the above considerations, is represented by the following

nonlinear, parabolic partial differential equation [104]:
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where the change in concentration of the active component with time
(3c/3t) varies with the change in concentration (c) and diffusivity
(D) throughout the polymeric matrix. Numerical solutions of this
equation predict release rates which decrease exponentiélly with
time [104]. However, variations in the geometry of the pesticide-
polymer combination show limited ability in overcoming this pro-
clivity. For example, normalized computer models of the release
rate from cylindrical and planar geometries show relative release
rates, after 50% of the biocide has been dissipated, which are only
30 and 100% greater than the rate of release from a spherical con-
formation with an equal surface to volume ratio [104]. Moreover, a
substantial improvement in the efficiency of solid solutions can be
realized by coating the formulation with an enveloping £ilm through
which diffusion of the active component is slow [89]. In this
instance the rate of release is no longer controlled by diffusion
of the biocide to the matrix surface, but instead it is controlled
by the subsequent step of detachment into the environment. Thus
the rate-controlling resistance is concentrated at the surface of
the polymer matrix, and the solid solution functions as a reservoir
maintaining a constant flux on the outer envelope of diffusion-
resistant polymer. As a result, the concentration and diffusivity
of the active component remain constant in the surface coating,
thereby linearizing the rate of loss of the pesticide from the
polymer matrix. The magnitude of this effect is amply demonstrated
in Fig. 5, where the proportion of biocide released from plane
geometry solid solutions is plotted versus time for various dimen-
sionless surface transport coefficients (k) [104]. Clearly, for
high surface resistances (k = 1, 0.5, or 0.1) the release rate is
effectively constant, Therefore,>formulations in which the surface
resistance 1s increased by surface coatings represent an efficient
method of applying a constant dosage of active ingredient over an

extended period of time.
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Fig. 5. The proportion of pesticide released as a function of time
for the indicated values of k (the dimensionless surface

transport coefficient).

The basic factors influencing the design of this type of con-
trolled-release system are the chemical and thermodynamic compati-
bility of the resultant pesticide~polymer matrix. While chemical
reactions between the pesticide and polymer are to be avoided,
thermodynamic compatibility is a prerequisite to the formation of
stable solid solutions of pesticides within polymer matrices.
Through modification of the solubility parameter theory originally
developed by Hildebrand and Scatchard [105-107], relatively simple
guidelines are available for assessing the thermodynamic free
energy of mixing. Thus pesticides which are probably compatible
with a polymer may be easily selected by comparing their respective
solubility parameters [104]. This ability is demonstrated in a
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recent patent which claims a new controlled-release method based on
novel polymer mixtures in which the applicable polymers and pesti-
cides are delineated by solubility parameter ranges [108]. It
should be recognized, however, that every pesticide will not be
amenable to solid solution formulation. In fact, the formation of
stable solid solutions is largely limited in scope to relatively
nonpolar compounds. The primary difficulty in extrapolating the
solid solution concept to more polar compounds lies in their in-
herent incompatibility with the common commercial flexible poly-
mers [104]. However, this disability forms the basis of an altern-
ative general formulation concept which utilizes solid suspensions

of the active component in a polymer matrix.

SOLID SUSPENSION FORMULATIONS

A solid suspension or dispersion refers to a mixture of one

or more active ingredients in a polymeric carrier or matrix. The
attainment of a finely divided state of biocide particles within the
polymer is critical to the success of this type of sustained release
formulation since a pseudo-steady state between the rate of solute
release from the matrix and the rate of particle fragment dissolu-
tion within the pellet must be established. In this manner the

rate of release is still governed by diffusion of the bilocide through

the polymer. However, the suspended particles now maintain a
constant concentration of the biocide within the matrix phase.

Predictive equations for the release rateas from such solid
suspension formulations have been developed by Higuchi and others
[98-101] using the following set of restrictions: (1) the rate-
limiting step is diffusion of the pesticide within the matrix; (2)

a pseudosteady state exists between the release rate and the rate

of particle dissolution; (3) the initial concentration of the active
component in the matrix greatly exceeds its solubility in the polymer;
(4) the initial matrix porosity is negligible; and (5) the receiving
medium is a perfect sink. Under these assumptions [99] the total
release of biocide (Q) after some time (t), for the case of a

planar geometry, is given by
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_ 1/2
Q= [(p,t(2a - ¢ )c )]

where Dm is the diffusivity of the active component in the polymer
phase, A is the concentration per unit volume of the active compon-
ent in the polymer matrix, and Cs is the solubility of the active
compound in the polymer phase. This class of formulations offers
an improvement over simple solid solutions in terms of the con-
stancy of release. However, it still suffers an everdecreasing
rate of release. Consideration of the diffusion pathlength, as a
function of time, offers a clear explanation of the phenomena.
During the period of release, the suspended biocide is depleted
from the surface inward. Thus the thickness of the depleted zone,
through which diffusion must take place, steadily increases with
time. Hence the change in the amount of active ingredient released
per unit area corresponds to this change in the thickness of the
depleted zone and so the decrease in the release rate varies with
the square root of time. Nonetheless, the efficiency and lifetime
of the active material are substantially improved, and numerous
pharmaceutical investigators have considered variations of this re-
lease mechanism [109]. When the active component is only sparingly
soluble in the environmental eluent, one such variation is partic-
ularly useful.

Thus, when the eluent solution bathing the formation is cap-
able of penetrating the matrix through pores or capillaries, then
the rate of release becomes dependent on the dissolution, leaching,
and subsequent diffusion of the biocide out of the pellet along a
tortuous path. Therefore, the equation describing the release rate
of an active component from a porous, solid suspension takes the
following form [99]:

Q= [(de/T(2a - ecyp_t)]*/?

where Q is the mass per unit surface area of biocide leached from
the matrix at time t, Df is the diffusivity of the blocide in the
permeating fluid, e and T are the porosity and tortuosity factors

for the matrix, respectively, A is the concentration per unit
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volume of the bioactive component in the matrix, and Cs is the
solubility of the diffusant in the permeating fluid. The validity

of this equation for the release of biologically active compounds
from a tablet matrix of polyethylene was demonstrated by Desai et al.
[110]. As predicted, a linear relationship for the release of

sodium salicylate was found experimentally when Q was plotted against
the square root of time.

It is clear from the above discussions that no one type of
formulation can be the ideal candidate for all applications. Rather,
the delivery system employed will largely be determined by the
physicochemical characteristics of the active component and the
duration and rate of release desired. In addition, the character
of the environment in which the formulation is placed cannot be
overlooked.

The above derivations, while applicable for aqueous media, may
require modifications to compensate for the soil environment. The
pertinent differences between aqueous and soil conditions are
numerous and include the presence of soll particles, variances in
water content, cyclical temperature changes, biological activity,
erosion forces, and possibly even chemical reactivites [104,111-114].
The integration of all of these factors to provide a suitable formu-

lation-ecosystem balance is the necessary prerequisite to achileving
efficient pest control. Clearly, such pesticide-polymer combina-

tions are likely to be of special value for the economic control of
pest infestations where systemic chemicals are effective but do not
possess a sufficient perilod of activity. This sitution abounds in
forest management, particularly in the tropics where increasing
efforts are being made to specifically cultivate commercially valu-
able tree species.

A typical acre of tropical forest contains perhaps 150 trees
species of which only one or two are commercially useful. However,
planting efforts to extend the numbers of valuable trees such as
Spanish cedar or mahogany in tropical forests have been frustrated

in the Americas by devastating attacks of a lepidopteran shootborer,
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Hypsipyla grandella Zeller (104, 115-117]. The larvae of this moth
tunnel into the stems of developing seedlings causing crippling
distortion or death. Conventional protection by pesticides is
economically impossible because applications of systemic insecti-
cides last only 2 to 3 weeks under the climatic conditions of
frequent, heavy rainfall and high biological activity [118]. How-
ever, these samereadily biodegraded organophosphate and carbamate
insecticides, when formulated as solid suspensions in a fatty poly-
amide, give much longer periods of protection - over 13 months in
the best case [113]. These trees have thus been protected from the
massive attack potential of eight pest generations. Modified de-
signs which will extend and linearize this period of protection for
a period of 3 years are now being evaluated in Costa Rica, Puerto

Rico, and the Virgin Islands.

CONCLUSIONS

Although not all-inclusive, the release mechanisms and examples
reviewed in this paper reveal the very extensive breadth and depth
of the controlled release technology which has been researched over
the last 10 years and which is now more than adequate to deal with
the vast majority of existing pesticides.

The current combined and mounting pressurés of pésticide short-

ages and concern for the quality of the enviromnment will inevitably
increase the rate at which the obsolete and wasteful conventional

application techniques are discarded.

However, it is the belief of the authors that the pace of
introduction of controlled-release technology has been funereal
from a societal point of view. To remedy this situation in the
pesticide area, research should now emphasize development of the
existing reservoir of technology so that practical and sensible

new delivery systems can be expeditiously introduced.
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