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Effects of Structural Rearrangement on the Molluscicidal Activity
of Certain Fluorinated Aromatic Compounds*
by J. DUNCAN 1 & J. W. PAVLIK 2

The molluscicides at present available still fall
short of the ideal. There would seem to be a case,
therefore, not only for continuing the search for
new pesticides of this class but also for examining the
factors that might make for more specific mollusci-
cides. The synthesis of 2,3,4,5-tetrafluoronitroben-
zene and the correspongingly fluorinated bromo-
benzene and their use in the further synthesis of other
tetrafluorophenyl and octafluoro-2,2'-biphenyl com-
pounds has been described by Belf, Buxton &
Tilney-Bassett (1967). This has presented an opportu-
nity to explore a large group of related compounds
for molluscicidal activity and to attempt to correlate
their activity with chemical structure.
The pH of natural waters quite often affects the

performance of molluscicides. A phosphate-buffered
artificial hard water has been used in the present
experiments which allows this effect to be tested.

Materials and methods
The chemicals have been screened against Biom-

phalaria glabrata, the intermediate host of Schisto-
soma mansoni. The snails used had a shell diameter
of about 10 mm and were bred by a method modified
from that of Hopf & Muller (1962). The chemicals
were also assayed against egg masses when these were
4-5 days old. For convenience in handling, sheets
of polyethylene were provided for egg deposition.
For their molluscicide bioassays Hopf & Muller

(1962) used a 100 artificial hard water (AHW)
containing 0.104 g anhydrous CaCl2 and 0.26 g
MgSO4-7H20 per litre of distilled water. Under
London atmospheric conditions, the pH of this
AHW is usually 5.5. It has been shown (Duncan,
1969) that the water uptake of B. glabrata in AHW
which has been diluted x 10 (1°AHW) and which
contains phosphate buffer of a final concentration of
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0.005 M is not statistically significant (0.05% level)
from that ofAHW alone. It was felt, therefore, that
this buffered medium could be used to test the
effect of pH on the performance of the chemicals.
For comparison, a parallel series of tests was run
using AHW alone.
To obtain a first estimate of the activity of these

compounds, about 20 mg of each chemical were
weighed accurately, dissolved in 0.25 ml Tween
80 and 1 ml dimethyl sulfoxide, and dispersed in an
appropriate volume of water to give a 20-ppm stock
solution. A range of dilutions was prepared from
this to include 20 ppm, 10 ppm, 5 ppm, 2 ppm, 1 ppm,
0.5 ppm and 0.1 ppm, and 5 snails were exposed to
each concentration. The snails were exposed alone
in 200-ml volumes to avoid possible pheromone
effects (Magalhaes Neto et al., 1957; Wright, 1960;
Duncan, 1969). In some cases, the 20-ppm stock
solutions were cloudy and therefore in later exami-
nations of the more active compounds about 10 mg
were dissolved in 1 ml Tween 80 and 9 ml dimethyl
sulfoxide, and 1 ml of this was dispersed in an
appropriate volume to give a 1-ppm, clear stock
solution. In these latter tests, dilutions of 1.0 ppm, 0.8
ppm, 0.6 ppm, 0.5 ppm, 0.4 ppm, 0.3 ppm, 0.2 ppm,
0.1 ppm and 0.05 ppm were prepared and 10 snails
exposed to each, again alone as before. Exposures,
in all cases, were made at 27°C for 24 h, followed by a
48-h recovery period at the same temperature, the
water being changed after the first 24 h of recovery.
The testing of egg masses followed the same pro-
cedure as above, 2 egg masses being exposed to 200-ml
volumes ofeach concentration. Both stages ofthe snail
were acclimatized, for 24 h before the tests began,
to the medium in which they were to be tested.

Results
Fifty-one compounds have been tested. The most

active of these may be subjected to field trial and it
could be of some advantage if their activity under
various conditions of pH were known before this
stage was reached. Toxicity values have, therefore,
been obtained in AHW alone and in the buffered
artificial hard water medium described above, and
these values are displayed in Table 1. It should be
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TABLE I
ACTIVITY a OF FLUORINATED AROMATIC COMPOUNDS AGAINST ADULT BIOMPHALARIA GLABRATA

Toxicity values (ppm)a

No. Compound In I" AHW buffered to: I
I In AHW at

| pH 6.0 pH 7.7 | pH 5.5

I Hexafluorobenzene >10.0 >10.0 >10.0
2 Tetrafluorobenzene - - >10.0
3 Perfluoromethylcyclohexane >10.0 >20.0 -

4 Decafluorocyclohexane >10.0 >20.0 -

5 Pentafluoroaniline >10.0 >20.0 -

6 Octafluorotoluene >10.0 >10.0 -

7 Undecafluorocyclohexane >10.0 - -

8 Dodecafluorocyclohexane >10.0 - -

9 Dlfluoro-1,2,4,5-benzenetetracarboxylic acid >20.0 >20.0 -

10 Tetramethyidifluoropyromellitate >20.0 >20.0 -

11 2,3,4,5,6-Pentafluorophenyl acetaldehyde hydrate >20.0 >20.0 -

12 Pentafluorophenol 10.0 10.0 10.0
13 Pentafluorothiophenol 5.0 10.0 5.0-10.0
14 3,4-Dibromotrifluorophenol (probable structure) 0.5-1.0 5.0-10.0 -

15 2,4-Dlbromotrifluorophenol (probable structure) 0.1-0.5 2.0-5.0 -

16 2,5-Dibromotrifluorophenol 2.0-5.0 5.0-10.0 -

17 Chlorotetrafluorophenol b 1.0-2.0 10.0-20.0 -

18 Bromotetrafluorophenol b 1.0-2.0 10.0-20.0 -

19 lodotetrafluorophenol b 1.0-2.0 >20.0 -

20 Tetrafluoro-4-hydroxybenzonitrile >20.0 >20.0 -

21 Pentafluorobenzonitrile 1.0-5.0 1.0-5.0 -

22 4-Ethoxytetrafluorobenzonitrile 10.0-20.0 10.0-20.0 -

23 4-Aminotetrafluorobenzonitrile >20.0 >20.0 -

24 2-Aminotetrafluorobenzonitrile 2.0-5.0 5.0-10.0
25 4-Nltrotetrafluorobenzonitrile 1.0-1.5 1.0-2.0 -

26 2-Bromotetrafluorobenzonitrile 1.0-5.0 1.0-5.0 -

27 2,3,4,6-Tetrafluoronitrobenzene 1.0-2.0 2.0-5.0 -

28 2,3,5,6-Tetrafluoronitrobenzene 5.0-10.0 5.0-10.0 -

29 Bromo-2,3,4,5-tetrafluoronitrobenzene 2.0-5.0 2.0-5.0 -

30 Bromo-2,3,4,6-tetrafluoronitrobenzene 1.0-2.0 0.5-1.0 -

31 Bromo-2,3,5,6-tetrafluoronitrobenzene 1.0-2.0 1.0-2.0 -

32 Tetrafluoro-4-nitrobenzoic acid >10.0 >10.0 -

33 Tetrafluoro-2-nitrobenzamide 1.0-5.0 1.0-5.0 -

34 Tetrafluoroterephthalonitrile 1.0 1.0 1.0-1.2
35 Tetrafluorophthalonitrile 0.1-0.4 0.1-0.4 0.4-0.6
36 1,2-Dlnitrotetrafluorobenzene 0.4-0.6 0.3-0.4 0.4-0.6
37 1,4-Dinitrotetrafluorobenzene 10.0 10.0 10.0
38 Decafluorobiphenyl 5-10.0 10.0 10.0
39 4,4'-Dimercapto-octafluorobiphenyl 1.0-2.0 20.0 -

40 4,4'-Dlhydroxyoctafluorobiphenyl 1.0-2.0 20.0 -

41 4,4'-Dibromodlhydroxyhexafluorobiphenyl 10.0-20.0 10.0-20.0 10.0
42 3,3'-Dlbromodihydroxyhexafluorobiphenyl 2.0-5.0 >20.0 5.0
43 2,2'-Dlbromodihydroxyhexafluorobiphenyl 8.0-10.0 >20.0 10.0-20.0
44 4,4'-Dibromo-octafluorobiphenyl 1.0-2.0 5.0
45 4,4'-Diiodo-octafluorobiphenyl 0.5-1.0 1.0 1.0-2.0
46 4,4'-Dinitro-octafluorobiphenyl 0.8 0.4-0.8 0.6-0.8
47 2,2'-Dinitro-octafluorobiphenyl 0.4-0.6 0.4-0.6 0.4-0.6
48 4,4'-Dicyano-octafluorobiphenyl 1.0-2.0 1.0-2.0 1.4
49 2,2'-Dicyano-octafluorobiphenyl 0.4-0.6 0.4-0.6 0.4-0.6
50 3,3'-Di(tert-butoxy)-4,4'-dinitrohexafluorobiphenyl 5.0-10.0 >10.0
51 2-Nitrononafluorobiphenylsulfide 10.0-20.0 10.0-20.0

a A range of toxicity values Is given In most instances, the lower value indicating the highest concentration (ppm) causing
no or very low mortality and the higher value the lowest concentration causing 100 % or nearly 100 % mortality.

b Position of halogen atom unknown.
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TOXICITY VALUES a OF CERTAIN
TABLE 2

FLUORINATED AROMATIC COMPOUNDS AGAINST
OF BIOMPHALARIA GLABRATA

Toxicity values (ppm)a

Compound In 1° AHW buffered to: In AHW at
(and No. in Table 1) pH 6.0 pH 7.7 pH 5.5

Eggs Adults Eggs Adults Eggs [ Adults

Tetrafluorophthalonitrile (35) 0.1-0.4 0.1-0.4 0.1-0.4 0.1-0.4 - 0.4-0.6

1,2-Dinitrotetrafluorobenzene (36) 0.1-0.3 0.4-0.6 0.1-0.3 0.3-0.4 0.1-0.3 0.4-0.6

4,4'-Dinitro-octafluorobiphenyl (46) 0.25-0.5 0.8 0.5-0.8 0.4-0.8 0.5-0.8 0.6-0.8

2,2'-Dinitro-octafluorobiphenyl (47) 0.25-0.5 0.4-0.6 0.25-0.5 0.4-0.6 0.5-0.8 0.4-0.6

2,2'-Dicyano-octafluorobiphenyl (49) 0.5-0.8 0.4-0.6 0.8-1.0 0.4-0.6 0.8-1.0 0.4-0.6

a See Table 1 for explanation of range.

noted that insufficient screening data were obtained
for a complete statistical analysis to be carried out
and the figures in Table 1, especially for the more

active compounds, indicate only a range in which the
LC50 might be expected to fall. In other words, the
lower values are those at which no or low mortality
occurred while the upper values are those at which
100% or nearly 100% mortality was obtained.
However, it is felt that this information is sufficient
to demonstrate the effects that the various chemical
substituents had on the biological activity of the
parent molecules.
The five most active compounds against adult

snails were found to be tetrafluorophthalonitrile
(LC50 between 0.1 ppm and 0.6 ppm), 1,2-dinitro-
tetrafluorobenzene (LC50 between 0.3 ppm and
0.6 ppm), 4,4'-dinitro-octafluorobiphenyl (LC50
between 0.4 ppm and 0.8 ppm), 2,2'-dinitro-
octafluorobiphenyl (LCF0 between 0.4 ppm and
0.6 ppm) and 2,2'-dicyano-octafluorobiphenyl (LC50
between 0.4 ppm and 0.6 ppm). In general, the toxicity
values obtained in the two media of equivalent pH
were similar and therefore the buffered medium
would not seem to alter the susceptibility of the test
organisms.
The most active compounds against adult snails

have generally maintained their activity against
snail eggs in both media (Table 2). The values in
respect of adult snails are also given in Table 2
for comparison. Table 3 shows that the non-fluorina-
ted analogues of four of the most active compounds
possessed no activity against adult snails.

Discussion
It was hoped that this study would show how

certain chemical substituents and rearrangements of
such substituents would affect the activity of the
parent molecules. In attempting, then, to develop an
hypothesis concerning the effects of substitution in
a polyfluorinated aromatic system on molluscicidal
activity, a series of polyfluorinated benzenes contain-
ing a variety of substituents were examined from
the point of view of electronic and steric structural
considerations. In the discussion that follows
numbers 1-51 in parentheses refer to the numbers of
the compounds in Table 1.

Hexafluorobenzene (1) was found to have an
LC50 of greater than 10.0 ppm at pH values 5.5 and

TABLE 3
ACTIVITY OF NON-FLUORINATED ANALOGUES OF SOME
OF THE MORE ACTIVE FLUORINATED AROMATIC

COMPOUNDS AGAINST ADULT
BIOMPHALARIA GLABRATA

Toxicity values (ppm)

Compound In I' AHW buffered to: In AHW at

pH 6.0 pH 7.7 pH 5.5

1,4-Dicyanobenzene >10.0 >10.0 >10.0

1,2-Dinitrobenzene >10.0 >10.0 >10.0

2,2'-Dinitrobiphenyl > 5.0 > 5.0 > 5.0

4,4'-Dinitrobiphenyl > 5.0 > 5.0 > 5.0

EGGS AND ADULTS
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7.7. Substitution of one of the fluorine atoms with
an amino (5), trifluoromethyl (6), hydroxy (12),
thio (13) or cyano (21) is accompanied by a significant
increase in toxicity only in the case of the latter
compound (21).

All the above-mentioned substituents withdraw
electrons from the ring by an inductive (-I)
mechanism (Gould, 1959). The electronic results due
to this effect are part of the ground-state polarization
of the molecule. Of these substituents, only the cyano
group, in addition to having a - I effect, is also
capable of withdrawing electrons from the benzene
ring by the time-variable mesomeric (- M) or

resonance mechanism. Such electronic effects are not
considered to be part of the ground-state polarization
of the molecule but are called into operation due to a
perturbation of the molecular electronic environ-
ment by the close approach of some reactive species.
Mesomeric effects, more than inductive effects, can

exert a profound influence on the course and rate of
chemical reactions.
Whereas the trifluoromethyl group exerts a strong

- I effect, it does not enter into any type of resonance
interaction with the benzene ring. Although the
amino, hydroxy, and thio groups exhibit -I effects
to a varying degree, they all donate electrons (+ M)
to the ring by the resonance mechanism. These
substituents (-I, + M) create a different electronic
environment in the ring from that created by a -I,

-M group such as cyano.

The variation of activity with pH of pentafluoro-
aniline (5) may be rationalized by assuming that,
although the basicity of this amine is suppressed by
the -I effects of the fluorine atoms, it exists at pH 6
as an equilibrium mixture of the free amine and
protonated anilinium ion. Partial protonation would
greatly reduce the +M character of the amino
group while enhancing its -I effect. Although this
assumption is made without a knowledge of the
pKb, it seems likely, since at pH 7.7 there is a sharp
decrease in activity. Certainly at this latter pH the
equilibrium would be on the side of the free amine.
Similarly, in the thio derivative (13), because of an

increase in acidity due to the fluorosubstituents, it is
likely that at pH 7.7 compound 13 exists as the nega-

tive ion with a correspondingly enhanced +M effect.
Ideally, a chemical which is not affected by pH

may be the most suitable for field use but this need
not necessarily preclude all others, for in some condi-
tions certain chemicals may be particularly active.
Such is the case with the phenols reported (Table 1)
where it appears that the suppression of their ioniza-

tion may be linked with their increased toxicity.
Unfortunately, pK values for these compounds are
not available and it is not possible, therefore, fully to
assess the effect of pH. It might also be pointed out
here that pentafluorophenol (12) shows none of the
molluscicidal activity normally associated with
pentachlorophenol.

Thus, so far, it would seem that substitution for a
polyfluorinated benzene of a -I, -M substituent
enhances activity while the reverse is true for a - I,
+M substituent.
A similar trend is observed if a second fluorine

atom is substituted on the benzene ring as, in the
ortho- and para-disubstituted tetrafluorobenzene
derivatives. Thus, if pentafluorobenzonitrile (21) is
substituted in thepara position by a +M substituent,
as in 4-hydroxytetrafluorobenzonitrile (20), 4-ethoxy-
tetrafluorobenzonitrile (22) or 4-aminotetrafluoro-
benzonitrile (23), there is a loss of activity while
activity is enhanced by para substitution of - M
groups, as in 4-nitrotetrafluorobenzonitrile (25) and
tetrafluoroterephthalonitrile (34). Although the nitro
group has a stronger -M effect than a cyano group,
the latter two compounds, (25) and (34), exhibit
almost identical activity. It is possible that steric
and/or field effects between the nitro group and the
two adjacent fluorine atoms reduce the electron-
withdrawing power of this group and make it equal
to that of the cyano group. Because of its linear
structure, such effects would be less important with
the cyano group.

Loss of activity when an amino replaces a nitro
group has also been noted by Schraufstatter (1962)
during the development of niclosamide (5-chloro-
salicylic acid 2-chloro-4-nitroanilide). This may be
equivalent to an in vivo detoxication mechanism
similar to the aromatic nitro-reductase ofmammalian
liver (Fouts & Brodie, 1957) or a bacterial nitro-
reductase (Saz & Slie, 1954). Alternatively, the
fluorinated aromatics could be excreted as glucuro-
nides after conversion to the corresponding phenol.
Certainly, ortho- and para-nitrodiphenyls caused a
marked increase in glucuronide excretion in rabbits
(Deichmann & Thomas, 1943). Schraufstatter (1962)
also points out that activity resides in the 4-nitro-
rather than the 2-nitro derivative of niclosamide and,
of further interest to the present discussion, that
more than three halogen atoms leads to an " over-
loading " of the molecule with a decrease in activity.
At the same time, these compounds became more
toxic to mice. As yet, no information exists on the
toxicity of fluorinated aromatics to higher animals.
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A similar, although less regular trend is observed
in the case of ortho-disubstituted tetrafluorobenzene
derivatives. Thus, while pentafluorobenzonitrile
(21) has an LC50 of 1.0 ppm-5.0 ppm, the ortho-
substituted cyano derivative, tetrafluorophthalo-
nitrile (35), shows a dramatic increase in activity,
i.e., 0.1 ppm-0.4 ppm under the same test conditions.
Since a bromine atom would not produce major
electronic differences from a fluorine atom on a
benzene ring, it is not surprising that 2-bromotetra-
fluorobenzonitrile (26) possesses the same activity as
the parent pentafluorobenzonitrile (21).
More inconsistent with this trend is the activity of

2-aminotetrafluorobenzonitrile (24). Whereas at
pH 7.7 a loss of toxicity is in fact observed, at pH 6.0
its activity is almost identical with that of the parent
compound (21). Protonation to the corresponding
anilinium ion may provide a partial reason, although
the basic properties of this amine would be small
owing to the adjacent fluorine atoms and ortho-cyano
group. There may exist, however, interaction between
one of the amino hydrogens and the cyano nitrogen.
Such hydrogen bonding could serve to enhance the
-M character of the cyano group. Significantly, in
thepara-amino compound (23), where this interaction
is impossible, there is a marked loss of activity.
The three isomeric dibromotrifluorophenols, (14),

(15) and (16), represent an apparent reversal of the
trend thus far observed, since these compounds
include a powerful +M substituent yet exhibit a
marked increase in activity over similarly substituted
tetrafluoro- and pentafluoro- derivatives. Such a
comparison is not necessarily valid and would be
better made with other trifluoro- derivatives substi-
tuted with strong -M substituents. Unfortunately,
these latter compounds were not available for the
present study.
The high toxicity of these trifluoro- derivatives

poses an intriguing question concerning the relation-
ship between toxicity and the number of fluorine
atoms on the ring. Certainly more trifluoro- deriva-
tives, including those containing -M substituents,
deserve consideration.
A more enlightening possible correlation between

structure and activity is observed in the case of the
two isomeric tetrafluoronitrobenzenes, (27) and (28).
Whereas 2,3,4,6-tetrafluoronitrobenzene (27) and
2,3,5,6-tetrafluoronitrobenzene (28) each have the
same number and kinds of substituents on the ring,
the former compound (27) is considerably more
active. The significant electronic difference between
these two compounds is that in the more active

compound (27) the nitro group is in conjugation
with three of the four fluorine atoms while in the less
active isomer (28) only two of the four fluorine atoms
are conjugated with the nitro group.

Conjugation effects are expressed more subtly in the
three isomeric bromotetrafluoronitrobenzenes, (29),
(30) and (31). Thus, bromo-2,3,4,6-tetrafluoronitro-
benzene (30), in which three of the four fluorine
atoms are conjugated with the nitro group, has the
same activity as the above-mentioned 2,3,4,6-
tetrafluoronitrobenzene (27). The isomeric bromo-
2,3,5,6-tetrafluoronitrobenzene (31), in which only
two of the four fluorine atoms are in conjugation
with the nitro group, exhibits, however, an identical
toxicity. In addition to the two fluorine atoms,
the para-bromine is also conjugated with the nitro
group. One might assume that replacement of fluor-
ine by bromine does not alter activity so long as the
bromine is in conjugation with the-M group. Indeed,
this suggestion is supported by the identical activ-
ities of pentafluorobenzonitrile (21) and 2-bromo-
tetrafluorobenzonitrile (26). The slight loss of acti-
vity in bromo-2,3,4,5-tetrafluoronitrobenzene (29)
may again be due to steric and field effects between
the large bromine atom and the nitro group when
they are ortho to each other.
On the basis of these trends, it is possible to begin

to formulate a more general hypothesis about struc-
ture and molluscicidal activity in the tetrafluoro- and
pentafluoro- compounds. The relationship between
the presence of a -M substituent and an increase in
activity has been adequately established. It thus
appears that the toxification mechanism is most
significant during a chemical reaction rather than as
part of the ground state of the molecule. Such
reasoning thus precludes a simple static or mechanical
toxification mechanism.

If the -M substituent is to assist in the toxification
mechanism, it is likely to do so by altering the rate
of the chemical reaction or reactions responsible for
toxicity. By stabilizing the transition state or states
of these chemical processes, for example, it would
lower the energy of activation for the process and
thus considerably increase the rate of the process.
One such possible process that would be extremely

sensitive to the presence of -M substituents is
nucleophilic displacement of the fluorine atoms by a
hydroxyl group or other nucleophile. It is well known
from in vitro experiments (Bunnett & Levitt, 1948)
that the rate of this reaction is greatly increased by
the presence of -M substituents provided that they
are in conjugation with the fluorine atom being
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replaced. Certainly, the same over-all process of
nucleophilic displacement would proceed by a
different mechanism when carried out in vivo. Such
a mechanism would still be characterized by well-
defined transition states, activation energies, and
rates that would be susceptible to the presence of
substituents in much the same manner as the in vitro
mechanism.

It is tempting to hypothesize that toxicity is
directly related to the ease of a nucleophilic substitu-
tion process. Such an hypothesis is supported by all
series of compounds thus far discussed.
A somewhat serious contradiction to this hypo-

thesis appears, however, in the case of the isomeric
dicyanotetrafluoro- compounds (34) and (35). In
both of these compounds all fluorine atoms are in
conjugation with the cyano groups and should thus
have the same susceptibility to nucleophilic attack.
In spite of the identical electronic effects, however,
the ortho-dicyano derivative, tetrafluorophthalo-
nitrile (35), is clearly more toxic than the para-
dicyano derivative, tetrafluoroterephthalonitrile (34).

It may not be accurate, however, to suggest that
these two isomers have identical electronic environ-
ments. It is well known that substituents situated
ortho to each other often exhibit anomalous beha-
viour when compared with their meta and para
isomers (Roberts & Carboni, 1955). Thus, the close
proximity of the ortho substituents may, presumably
because of strong field effects, exert an unusual
influence.
A more serious contradiction to a simple nucleo-

philic displacement mechanism is apparent when one
examines the isomeric 1,2- and 1,4-dinitrotetra-
fluorobenzenes, (36) and (37). Again, the ortho
isomer (36) is considerably more toxic than its para
isomer (37) even though all four fluorine atoms in
compound (37) are in conjugation with the power-
fully -M nitro groups. In compound (36), however,
one of the nitro groups will be forced by steric
interaction perpendicular to the ring, thus precluding
resonance interaction with other ring substituents.
Any attempt to correlate biological activity with

the chemical structure of such highly substituted
compounds is likely to be complicated by competing
or reinforcing biochemical pathways. Thus, it is likely
to be too limited to assume that biological activity
resides only in the polyfluorinated ring and that
non-fluorine substituents have no direct biological
activity of their own.

Such a correlation, however, has provided useful
insight into the effect of structure on molluscicidal
activity and-more important-has provided un-
usual insight into the direction of further research
with polyfluorinated aromatic compounds. Certainly,
the trends observed here suggest that the trifluoro-
benzenes deserve further consideration. Particularly
useful would be the synthesis and testing of various
trifluorobenzenes further substituted with nitro and
cyano groups. The effects of the positions of the
nitro and cyano groups relative to each other on
biological activity as well as the effects of other
substituents on this activity have also emerged as an
intriguing and possibly rewarding direction for
further study.
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