
Physical and 

Ch em ical Prop e r tie s 

Of Organic 

Pesticides 

As Related to 
LLOYD 1. ISENHOUR and GEORGE 1. BROWN 

Rohm & Haas Co., Philadelphia, Pa. 

Proper formulation can make the difference 
between poor and effective pesticide action . . . 
The right formulation depends on the properties 
of the pesticide 

HE ULTIMATE ACTIVITY of a pesticide T depends primarily upon its chemical 
constitution and its capability of entering 
into a suitable biological reaction. 
Realization of this ultimate capability 
depends upon proper formulation and 
application, which primarily anslyer the 
problem of handling the toxicant so 
that it can be distributed adequately to 
reach a specific pest in a specific area. 
We must economically answer that prob- 
lem without chemically or physically de- 
stroying, reducing. or masking the attri- 
butes which makes a chemical compound 
the good toxicant which we are trying to 
formulate and apply. 

For the purpose of this discussion lve 
must assume that the toxicant has been 
evaluated as to its basic activity. I t  will 
be classified as an insecticide, miticide, 
fungicide, bactericide, andl’or herbicide. 
I hope that in the not too distant future 
we will be able to include “virusides” 
in discussions such as this. it’ithin one 
or more of these categories the pesticide 

will be used as a contact or residual poi- 
son. The residual effect may result from 
surface deposits or from absorption into 
plant tissues. 

Distribution Requirements 
It is obvious from even a casual glance 

at the mathematics involved that the par- 
ticle size of pesticides must be quite 
small in order to be dispersed ade- 
quatelv. On an acre of cropland we can 
estimate that the exposed foliage surface 
area may be four to five times the soil 
surface area. In certain orchard crops 
it may be more. In round figures this 
may mean a minimum of 200 million 
square centimeters of foliage surface to 
be covered. M’ith concentrate spraying 
at  10 gallons per acre and all droplets 
50 microns in diameter. bve approximate 
300 drops per square centimeter. Figure 
1 shows that the surface is not completely 
covered, however, even when we assume 
perfect distribution and no loss from drift. 
It has been shown (76) that water drop- 

lets containing a uetting agent will 
spread to approximately three times their 
original diameter. This kvould make 
the droplet almost cover the area appor- 
tioned to it. Oil droplets may spread 
over fifteen times their original diameter 
and thus compensate for incomplete 
coleraqe. In the case of the same num- 
ber of dry particles. there is a disconcert- 
ing portion of uncovered surface even 
under these assumed perfect conditions. 
This must be taken into consideration 
Jvhen deciding hoiv to formulate a ma- 
terial that acts only as a contact insecti- 
cide or miticide. Distribution of 10 
micron particles would increase the num- 
ber 125 times and theoretically would 
solve the coverage problem. It has 
been shown (76), howeber, that particle 
sizes in excess of 30 microns are needed 
for good deposit and adherence. 

All efforts in this mechanical opera- 
tion of application must be a compro- 
mise. The ultimate in distribution is the 
formation of molecular vapors. In  an 
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some problem when it is desired to use 
them in dry carriers as wettable powders 
or dusts. Unless the dry carrier is rela- 
tively absorbent the powder becomes 
wet and sticky with only a small per- 
centage of added toxicant. This inter- 
feres mechanically with the dispersion of 
the individual particles. .4 carrier which 
will absorb 257, or more of nonvolatile 
liquid, and hold it as a dry base, may fail 
to release it adequately under many use 
conditions. LVe have seen several demon- 
strations of this situation with formula- 
tions of 2-chloroethyl 2-(p-tert-butyl- 
phenoxy) isopropyl sulfite. A 25% wet- 
table power has showm adequate toxicity 
to mites when used in rvater spray dis- 

enclosed space these give true fumigation 
and perfect coverage, but only a tiny 
fraction of our agricultural operations 
can be carried out in a fumigation tent 
or a greenhouse. If we expose to the 
air individual particles which are too 
small we have excessive evaporation and 
drift. The toxicant simply disappears 
into the atmosphere. For application we 
obtain one or two microns, or even frac- 
tional micron dispersions of a toxicant, 
however, by incasing it in water disper- 
sions or emulsions, in solvent solutions, or 
by attaching it to larger particles of a 
dust carrier. 

Volatile Toxicants 

Vapor formation makes possible the 
smallest particle sizes and best distribu- 
tion but these vapors must be adequately 
confined or maintained. Obviously 
highly volatile substances are limited to 
contact applications for immediate tox- 
icity. Toxicants in this category are the 
easiest to formulate and apply. For 
straight fumigation effects the undiluted 
toxicants can be mechanically dispersed. 
Highly potent ingredients may need to 
be diluted into solutions or emulsions in 
order to bring the dosage within the 
capacity of available mechanical equip- 
ment. Volatile toxicants may be impreg- 
nated on absorptive powders for use 
either in dust or spray dispersions. The 
powder deposits may serve as a reservoir 
to maintain a suitable vapor concentra- 
tion over a period of time in unconfined 
space. This is a familiar technique Lvith 
tetraethyl pyrophosphate. 

Liquid Toxicants 

Toxicants which are liquid below tem- 
peratures of 30' to 40' C. may present 

persions. In the presence of water and 
wetting agent combination the toxicant 
is released from the absorbent powder 
in lethal amounts. IVhen this same 25% 
dry concentrate is further diluted with 
nonabsorbent dust carriers such as pyro- 
phyllite, talc, or silica, the resulting 5% 
dust is relatively ineffective. A separate 
preparation of 5% liquid toxicant onto 
the same dust diluent, but avoiding the 
more absorbent carrier needed for the 
concentrate, gives an effecti\,e miticide 
dust. These observations wpre made on 

commercial field applications and detailed 
comparative figures cannot be quoted. 
This problem does not appear with com- 
pounds such as the organic phosphates 
which exhibit enough volatility to escape 
from absorbent carriers. 

Even when used as a spray dispersion, 
the wettable powder containing the 2- 
chloroethyl 2 - ( p  - tert - butylphenoxy) 
isopropyl sulfite only slowly releases its 
toxicant. Ebeling and Pence (6) have 
compared the 257' \vettable po\vder for- 
mulation with a 25% emulsifiable con- 
centrate under closely controlled condi- 
tions. Their figures show the emulsion 
formulation to be toxic a t  a significantly 
lower concentration than the suspension 
of wettable powder against ?-spotted 
mite when counts are made 48 hours after 
application. Residual activity is re- 
tained over a longer period of time by the 
reservoir system supplied by the wettable 
powder. In  contrast, 0,O-diethyl 
0-p-nitrophenylthiophosphate was more 
toxic during the first 48 hours when used 
as a wettable poivder, and the powder 
also maintained a longer residual action. 
This result Lvith the parathion will be 
referred to in more detail during the dis- 
cussion on emulsions. 

Solid Toxicants 

Toxicants melting above 50' C. can 
be distributed in dry nonabsorptive- 
type carriers in order to formulate them 
into a state of adequate subdivision. 
hlathematical calculation and field ex- 
perience .have established that the old 
inorganic toxicants such as calcium ar- 

New types of sprayers as well as dusters are increasing capacity as well as effi- 
cacy. The right type of formulation is important in getting best results 
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senate or cryolite require a n  average par- 
ticle diameter of 40 to 50 microns maxi- 
mum in order to obtain effective distri- 
bution and deposition (76, 27) at  dos- 
ages of 20 to 30 pounds per acre 
in full foliage. Studies have also shown 
this to be an optimum average particle 
size for carriers. When we use a more 
potent organic insecticide such as di- 
chlorodiphenyltrichloroethane at  a dos- 
age of only 1 or 2 pounds per acre 
it is axiomatic that we must produce at 
least this same number of particles from 
the smaller quantity. Theoretically, 
where experience has shown a 40 micron 
particle diameter is optimum for a toxi- 
cant used at  30 pounds per acre, a 1 pound 
dosage would require a particle diameter 
of approximately 13 microns. Experi- 
mental evidence has been reported (2, 
9, 72, 20, 22) to show that insecticidal 
potency increases with decrease in par- 
ticle size. This factor is due to both 
better distribution and better availa- 
bility, Many times there is a tempta- 
tion to compromise on the specification 
for particle size in order to reduce the 
difficulty and cost of preparing the for- 
mulation. This is a too common prac- 
tice on toxicants which have a melting 
point sufficiently high to permit grinding. 
If 1 pound of active toxicant is mixed 
with 19 pounds of diluent of the 
same density and both with an average 
particle diameter of 40 microns, the 
number of toxicant particles per particle 
of diluent is shown on the left side of 
Figure 2. There would be one particle 
of toxicant surrounded by 19 par- 
ticles of diluent. The chart'does not 
show every particle because in an aggre- 
gate not all of them would be visible in 
one plane. At 20 microns for the toxi- 
cant we would have eight active particles 
still surrounded by 19 particles of 
diluent. At 10 microns the toxicant 
outnumbers the diluent particles over 
three to one but the figure shows clearly 
that the carrier still tends to mask the 
availability of toxicant. At 4 microns, 
as shown on the right, adequate distribu- 
tion is readily apparent. It is equally 
obvious that too small a particle size on 
the carrier would mask the toxicant still 
more. This problem is well recognized 
as evidenced by the effort and thought 
that has been expended (4, 70, 7 7 ,  74) 
in a n  effort to improve the ease of grind- 
ing of DDT. In  actual commercial for- 
mulating practice it is too frequently ig- 
nored. 

Emulsion Formulations 

Many factors involved in the economi- 
cal choice of solvents and emulsifiers have 
been recently summarized by Selz (77), 
and these comments need not be re- 
peated. As previously indicated, for- 
mulation has as a primary purpose the 
development of a mechanism of adequate 
dispersement of the pesticide. Many 

Figure 1. Comparative area. 
foliage surface 

10 gallons in 50 micron drops on 5 acres 

commercial formulators, however, place 
false emphasis on ease and economy at  
the possible expense of adversely af- 
fecting the potency of the toxicant. It 
is not enough simply to observe spon- 
taneous dispersibility and emulsion sta- 
bility in a graduated cylinder. We have 
seen how inadequate grinding or highly 
absorbent carriers can mask the effective- 
ness of toxicants dispersed in dry car- 
riers. We need further keep in mind 
that every toxicant displays certain ef- 
fectiveness correlated with its ability to 
penetrate a biological system (5). Theo- 
retically an excellent solvent or wetting 
agent could improve that penetration. 
Such benefits from wetting agents have 
been reported in the case of herbicides 
(7, 8, 73, 78). I believe that most 
such benefits are due more to better ad- 
herence and distribution rather than to 
any effect on the penetration or the bio- 
logical reaction of the toxicant. Some 
herbicides are selective, for example, be- 
cause the formulation does not wet and 
adhere to certain types of foliage where 
the toxicant would be phytocidal if ac- 
tually deposited on the foliage surface. 
A good toxicant is good partially because 
it has in itself the hydrophile-lipophile 
balance required for penetration to the 
site of the desired biochemical reaction. 
We should avoid solvents and emulsifiers 
which may physically reduce the pene- 

trating ability of the toxicant. We believe 
that this may be a factor in the work re- 
ported by Ebeling and Pence (6). The 
parathion showed more potency in im- 
pregnated wettable powder than in emul- 
sions. They do not report the solvent 
used but it perhaps stayed with the 
parathion and interfered with its absorp- 
tion but did not reduce volatility and 
loss into the atmosphere. On the other 
hand-the volatility and inherent solvent 
power of the straight toxicant enabled it 
to free itself from the absorbent dry 
carrier and penetrate to sites where it 
could exert its biological activity. 

From the viewpoint of safety and con- 
venience in handling we desire to use 
solvents with low volatility. This must 
be balanced against the advantage of 
having the solvent evaporate rapidly so 
that it does not inhibit the fundamental 
biological activity of the toxicant. In  
the case of a pesticide such as DDT, 
where we need small well distributed 
crystals for maximum surface residual ef- 
fect, the crystal size and general insecti- 
cidal effectiveness will be inversely pro- 
portional to the volatility of the solvent 
(2, 3, 20). 

Water Solubility 

To this point our consideration of the 
solubility of pesticides has been directed 
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toward the solvents used for liquid for- 
mulations. Many obvious and well rec- 
ognized points are being ignored or 
barely mentioned in order to stay within 
the time limit. We have indirectly re- 
ferred to the solubility of the toxicant in 
the biological system to which it is to be 
applied. This point relates primarily to 
basic toxicity. \Ye must formulate in a 
manner to take advantage of, and par- 
ticularly not to interfere with those in- 
trinsic properties. During formulation 
and storage, and during and after ap- 
plication, we always have water with us. 
Water constitutes a major percentage of 
any biological system. The degree of 
water solubility of the toxicant will have 
a primary effect on the way it can be 
used. 

High water solubility, on any bio- 
logically active material, dictates that the 
compound may be phytocidal to an ob- 
jectionable degree. As an example, di- 
sodium ethylene bisdithiocarbamate is 
sold as a fungicide in a water concen- 
trate solution. I t  has little practical 
value, however, until it has been in- 
solubilized and made safer by reaction 
with a heavy cation such as zinc or iron. 
Tetraethylpyrophosphate is insecticidal 
within concentrations safe to plants but 
its water solubility contributes to phyto- 
toxic properties which make it hazard- 
ous to apply in concentrate solutions. 

TOXICANT 

Water solubility in the range of a hun- 
dred parts per million or more will pre- 
vent the use of a toxicant as a surface 
residual insecticide, miticide, or fungi- 
cide. Moisture precipitation will 
quickly remove such residues. Such 
solubility may, however, contribute 
greatly to the successful application of 
the pesticide as a systemic poison. 
Water solubility facilitates translocation 
within a plant. Octamethyl pyrophos- 
phoramide and 0- [2(ethylmercapto)- 
ethyl] 0.0-diethylthiophosphate are two 
well-known examples of this in the insecti- 
cide field. Otherwise, such water soluble 
compounds are limited to use as contact 
insecticides or herbicides. or as eradicant 
fungicides and bactericides. No known 
method of formulation will change their 
classification. 

\Vater solubility to the extent of 2 to 10 
p.p.m. is permissible for pesticides which 
exhibit surface residual effects. Protec- 
tive fungicides require such solubility 
because otherwise they are not available 
to poison the water in which the spores 
germinate. Such water solubility ex- 
plains how imperfect coverage of fungi- 
cide particles, as shown in Figure 1, is 
extended to cover the remaining surface 
where disease spores are germinating in 
the film of moisture. Such fungicides 
must be effective at  these low concentra- 
tions in water. .4t higher degrees of 
solubility it would be impossible to main- 

Figure 2 

TOXICANT 
DISTR I BUT1 0 N 

in 5% Dust 

tain residual deposits which serve as 
reservoirs for active fungicide under 
conditions of moisture formation. I t  
has been postulated that exudates of the 
plant or fungus may dissolve and ac- 
tivate a fungicide. This can be a factor 
but it does not eliminate the need for 
slight water solubility. Zinc ethylene 
bisdithiocarbamate is an excellent fungi- 
cide. The iron salt is effective. One 
might expect the cupric salt to be doubly 
effective because of the added value of 
the copper. Actually this copper salt 
is so insoluble that it is of little value. 
It is imperative to recognize that where 
water solubility is necessary in the bio- 
logical reaction we must not formulate 
in a manner to inhibit completely that 
solubility. To  a limited extent we might 
advantageously reduce the rate of water 
solubility and thus increase the length 
of the residual surface activity. One 
mechanism for this would be to solu- 
bilize the toxicant in, or coat it with, a 
hydrophobic but slowly volatile material. 
This is a poor substitute, however, for 
having a toxicant with the needed solu- 
bility factors, and then formulating SO 

as to not mask those properties. 

Solubility in Biological Systems 
Ebeling and Pence ( 6 )  have done a 

commendable piece of work in demon- 
strating the multiple benefits of toxicants 
that have relatively lower water solubili- 
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ties along with enough lipid solubility to 
permit penetration of foliage cuticle and 
cell tissue. Miticides such as 2-chloro- 
ethyl 2 - ( p  - tert - butylphenoxy) iso- 
propylsulfite, 4:4’-dichlorobenzilic acid 
ethylester, and 0,O-diethyl O-p-nitro- 
phenylthiophosphate give in the field 
results which exceed any normal expecta- 
tion based on average surface coverage. 
They show that these results are due as 
much to a unique combination of solu- 
bilities as to high biological potency 
against mites. These and other com- 
pounds are able to penetrate foliage but 
do not have enough water solubility to 
be readily translocated as true systemics 
following foliage application. This 
creates a localized subcuticular toxic re- 
servoir within the sprayed foliage and 
serves as a stomach poison to mites which 
feed thereon, \Yith this mechanism 
miticides applied to one side of a leaf 
\vi11 kill mites feeding from the other side. 
This permits effective pest control in spite 
of marginal application techniques. 

Solubility in water is an important 
factor affecting the suitability for use 
and the efficiency of any toxicant in a 
pesticide category. The solubility po- 
tential in water should be determined as 
a part of the evaluation of any toxicant. 
Changes in the molecule to modify water 
solubility could be a significant factor 
toivard improving the performance of a 
compound. 

When formulating an emulsion con- 
centrate it is important to find solvents 
Mhich have little or no solubility in water. 
Otherwise, during emulsification, there 
\vi11 be a partitioning effect in the water. 
If the toxicant has been employed close 
to the saturation point in the organic sol- 
vent it will be precipitated out of solu- 
tion. This factor has been well impressed 
upon those formulators Lvho have at- 
tempted to find suitable solvents for mak- 
ing emulsion concentrates of isopropyl 
lY-phenylcarbamate. 

Chemical Stability 

The major chemical reactions con- 
cerning us in the formulation and ap- 
plication of pesticides are those which af- 
fect decomposition. In  any formulation 
it is obviously necessary to avoid the use 
of any carrier, solvent. or emulsifier 
which could react with the toxicant. 
Constant attention should be paid to 
possible hydrolysis by water. either alone 
o r  in the presence of alkalis, acids, or 
natural enzymes. I t  is possible, even 
though not always economical, to avoid 
harmful amounts of acid or alkali in for- 
mulation and storage. The highly chlor- 
inated organics, for example, may release 
free chlorine which forms hydrochloric 
acid in the presence of water. This 
catalyzes further decomposition in addi- 
tion to corroding the container. .4 basic 
solution to this problem is to have the 
formulation free of \vater contamination 

and to incorporate inhibitors. It is sel- 
dom practical to formulate in order to 
buffer against the low or high pH condi- 
tions which may be encountered during 
and after application. We simply must 
choose toxicants and emulsifiers which 
are sufficiently stable under the use condi- 
tions. We must make this same type of 
selection in order to avoid objectionable 
inactivation under enzymatic influence, 
and recognize that the enzyme source 
may be in the plant, the pest, or inci- 
dental microbial flora (7 :  79).  

As indicated above: water is always 
with us in pesticide applications. Ct‘her- 
ever we make spray mixtures we must 
also remember the effect of those 
heavy metal salts Lvhich cause what we 
call water hardness. Such ions as cal- 
cium, iron? and magnesium may react 
directly to insolubilize and inactivate such 
toxicants as amine or sodium salts of 
2.4-dichlorophenoxyacetic acid. The!- 
also interfere lvith the activity of many 
emulsifiers and spreaders (77). 

Oxygen is another substance in nature 
which we have always Lvith us, and it is 
very potent. If a toxicant has reducing 
properties, and it is exposed to oxygen 
during storage, it will lose potency. Di- 
sodium ethylene bisdithiocarbamate is 
stable almost indefinitely in water solu- 
tion in full containers. If the consumer 
holds a partially full container, and agi- 
tates it occasionally. the compound will 
slowly react with the available oxygen, 
and lose potency. After applicatio-n 
this same compound, in a thin spray de- 
posit intimately exposed to the air, is 
fungicidal only a few hours. The slightly 
soluble zinc and iron salts are not so 
reactive. They maintain available po- 
tency over several days. Similar effect 
from oxygen, in varying degrees, can be 
anticipated with almost all organic pesti- 
cides. 

We know that photoradiations can 
have a catalytic effect on organic pesti- 
cide decomposition. There have been 
few specific reports identifying the inter- 
relationship of the various causative fac- 
tors of chemical decomposition. Typical 
reports (75) simply attribute loss of ac- 
tivity to the combined effects of sunlight. 
heat, wind, and rain. 

Enzymatic decomposition of DDT in 
resistant flies (79) has been reported. as 
has the decomposition of 2,4-dichloro- 
phenoxyacetic acid in soil. We cannot 
formulate or apply pesticides in a manner 
to avoid such enzymatic effects. \Ye 
must avoid them by our selection of toxi- 
cants or combination of toxicants. 

These decomposition factors may ac- 
tually be a blessing in disguise. It would 
be most embarrassing in this world if 
nothing decomposed. \Ye would have 
serious difficulty in producing uncon- 
taminated and safe food if insecticide resi- 
dues remained in their full potency over 
an indefinite period. 

One other point should be considered 

by every worker who designs, uses, or 
advises on the use of application equip- 
ment. Insecticides and miticides which 
give surface, systemic, or subcuticular 
residues and the hormone-type herbi- 
cides are effective even with relatively 
incomplete coverage of foliage surfaces. 
This has encouraged habits of careless 
application and the use of low capacity 
equipment. .4vailable fungicides have 
not yet reached this approach to perfec- 
tion. Thorough coverage is essential on 
all foliage surfaces where plant diseases 
present a threat of epidemic loss. Lt‘e 
might even find ourselves returning to the 
use of less spectacular contact toxicants 
if insects and mites continue to adapt 
themselves to the remarkable nerve 
poisons noiv in use. Good equipment 
and carefully used equipment are neces- 
sary if we are to realize the full benefits of 
even the best pesticide formulation. 
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