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Abstract--The adsorption of the pesticide Fluazifop, (RS)-2-[4-[[(5-trifluoromethyl)-2-pyridin- 
yl]oxy]phenoxy] propanoic acid, on homoionic Cn2+-, Fe3 +-, and Al-bentonites was investigated by infrared 
and electron spin resonance spectroscopy. For comparison, the binary complexes of the acid containing 
the above ions were prepared and characterized. On the whole, the results show that the interaction of 
the acid with the clay may have involved both the protonation of the pyridine nitrogen atom, due to a 
proton transfer from the acid metal-bound water, and the formation of direct bonds between the car- 
boxylate groups and the exchange cations. The extent of these interactions was dependent on the nature 
of the metal ions, the Cu ions being more effective in producing CHC13-extractable neutral carboxylate 
complexes, while AI and Fe favored the formation of species bearing protonated nitrogen atoms and un- 
dissociated carboxyl groups. 
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I N T R O D U C T I O N  

Adsorption by clay minerals is one of the most im- 
portant factors governing the fate and behavior of pes- 
ticides in soil (Mortland, 1975), and it may also strong- 
ly affect the extent of other processes. The reversibility 
of pesticide adsorption of clays is of fundamental im- 
portance, inasmuch as irreversible adsorption may 
produce a permanent soil contamination as well as 
block part of the soil cation-exchange capacity (CEC) 
(White, 1976). 

One aspect of clay-pesticide adsorption that should 
be considered is the mechanism by which the pesticide 
is held by the clay minerals. Studies on the adsorption 
of Fluazifop-butyl, a recently introduced herbicide, by 
bentonite (Gessa et al., 1987) have shown irreversible 
adsorption in the cationic form, due to the protonation 
of the pyridinic nitrogen. Such adsorption drastically 
reduced the CEC of the clay. Fluazifop-butyl is rapidly 
hydrolyzed in most aerobic soils, with a half-life of < 3 
days, to the free acid, Fluazifop (see below) (Bewick, 
1986). Other studies (Carr, 1986) have indicated that 
Fluazifop is the most likely phytotoxic moiety of Flu- 
azifop-butyl. Therefore, the present study was under- 
taken to learn the mechanism of interaction between 
Fluazifop and bentonite, a clay of the montmoril lonite- 
type. 
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EXPERIMENTAL 

Mater ia l s  

The <2-/~m size fraction of bentonite from Ponza, 
Italy, was obtained by sedimentation. X-ray powder 
diffraction analysis showed the clay to be predomi- 
nantly montmorillonite, with traces ofillite and quartz. 
The structural formula, calculated from chemical anal- 
yses obtained by dissolution of a sample with HF  in a 
Perkin-Elmer digestion bomb and analysis with a 
Beckman Spectraspan IV spectrometer, is (Si7.856AloA44) 
( m 1 3 . 1 3 3 F e 3 + 0 . 2 5 4 M g 0 . 5 9 3 ) ( O H ) 4 0 2 0  . Its surface area, de- 
termined by the ethylene glycol monoethyl ether 
(EGME) method (Carter eta[. ,  1965), is 643 m2/g. The 
Fe 3+-, AI-, and Cu2+-exchanged samples were prepared 
by exposing the clay to 1 N solutions of the corre- 
sponding metal chlorides for 24 hr. The samples were 
then centrifuged and washed with deionized water re- 
peatedly until  a test of the supernatant solution for 
chloride was negative. They were then dried at room 
temperature. 

Fluazifop (C15H12F3NO4), structurally (RS-2-[4-[[(5- 
trifluoromethyl)- 2-pyridinyl] oxy] phenoxy] propanoic 
acid, was prepared by alkaline hydrolysis of Fluazifop- 
butyl, supplied by ICI Solplant, according to the fol- 
lowing procedure: 40 ml of a 1 N NaOH solution was 
added to 1 g of oily Fluazifop-butyl. The suspension 
was stirred at room temperature until  clear (about 48 
hr). After the solution was washed with chloroform, 1 
N HCl was added and the acid precipitated. It was 
filtered and recrystallized from ethanol, giving 0.80 g 
of product (white crystals, m.p. 101~176 The com- 
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Table 1. Analytical data and proposed stoichiometry for the complexes.' 

355 

Complex C (%) H (%) N (%) H202 (%) 

Cu(C, 5H, ,F3NO4)2' 2H20 49.16 (47.91) 3.06 (3.48) 3.84 (3.72) 5.0 (4.79) 
AI(C~sH.F3NO4)2OH.H20 50.86 (50.43) 3.58 (3.53) 4.04 (3.92) 2.5 (2.52) 
Fe(CIsHHF3NO4)2OH-2H20 47.26 (47.32) 3.50 (3.57) 3.94 (3.68) 5.0 (4.73) 

Calculated values in parentheses. 
2 Thermogravimetric determination. 

pound was soluble in organic solvents, but only spar- 
ingly in water. 

Fluazifop hydrochloride was obtained by bubbling 
HC1 into a chloroform solution of Fluazifop. The pre- 
cipitate was filtered and dried in vacuo. 

The Fe 3§ and AI complexes of Fluazifop were pre- 
pared by mixing warm equimolar aqueous solutions 
of the acid (1.5 x 10 -3 mole in about 5 ml, pH 6.2) 
and Fe(NO3)3-9H20 or A1C13-6H20 (1.5 x 10 -3 mole 
in about 2 ml). On cooling at 0~ precipitates were 
obtained, filtered, and washed with ethanol (99.5%, 
0~ Crystals produced by recrystallization from a small 
amount  of boiling water were washed with ethanol. 
The Cu 2§ complex was prepared similarly, but precip- 
itation occurred immediately. The product was re- 
crystallized in ethanol (99.5%). Microanalytical (C, H, 
and N) and thermogravimetric data were consistent 
with a 1:2 metal : ligand molar ratio for all three com- 
plexes. Therefore, the stoichiometry shown in Table 1 
is proposed for the complexes. 

Adsorption of pesticide 

The adsorption of the pesticide onto the clay surfaces 
was carried out by immersing air-dried, self-supporting 
clay films into a 20% solution of Fluazifop in CHC13. 
After 24 hr the films were separated from the solution, 
washed with CHC13 to remove excess pesticide, and 
then air-dried. The amount  of copper released into 
solution after CHC13 washing was determined with a 
Beckman Spectraspan IV spectrometer. 
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Figure 1. Infrared spectra (KBr disks) of (a) Fluazifop and 
(b) its hydrochloride. 

Physical measurements 

Infrared (IR) spectra were recorded with a Perkin- 
Elmer 683 spectrophotometer. Those for Fluazifop, 
Fluazifop hydrochloride, and the metal complexes were 
obtained using KBr disks, whereas those for the pes- 
ticide-clay complexes were obtained as differential 
spectra using self-supporting films. The IR spectrum 
of Fluazifop was recorded also in a CHC13 solution. 
Electron spin resonance (ESR) measurements at X-band 
were carried out at room temperature using a Varian 
E 9 spectrometer. Microanalyses (C, H, and N) were 
made using a Perkin-Elmer 240 analyzer. Thermo- 
gravimetric measurements were made on a Perkin- 
Elmer TGS 2 apparatus at the heating rate of 5~ 
under a nitrogen flow. 

RESULTS AND DISCUSSION 

The IR spectra of Fluazifop and Fluazifop-hydro- 
chloride are compared in Figure 1. The main  distin- 
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Figure 2. Infrared spectra (KBr disks) of (a) A1, (b) Fe, and 
(c) Cu complexes of Fluazifop. 
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Table 2. Infrared absorptions (cm l) of carboxylate groups 
for metal and metal-clay complexes of Fluazifop. 

M e t a l  c o m p l e x e s  M e t a l - c l a y  complexes 

M e t a l  Va. Vs M e t a l  vas v s 

AI 1 6 0 0 s  1450m AI 1600sh 2 
Fe 1 6 2 0 s  1430m Fe 1 6 2 0 s  1430w 
Cu 1635sb 1420m Cu 1590s 2 

1 Va5 and vs = carboxylate antisymmetric and symmetric 
stretches, respectively. 

2 Not detected. 
s = strong, m = medium, w = weak, sh = shoulder, b = 

broad. 

guishing features of protonated Fluazifop are: (1) the 
occurrence of a weak absorption in the N - H  stretching 
region centered at 3065 cm -l due to the protonated 
pyridinic nitrogen, and (2) the shift of the v8a ring vi- 
bration from 1580 (Wilmshurt and Bernstein, 1957) 
to 1655 cm -1, the latter value being typical of pyridin- 
ium compounds (Cook, 1961; Farmer and Mortland, 
1966). 

The 1735-cm-1 absorption of the free carboxyl group 
is absent, and two bands in the ranges 1600-1635 and 
1420-1430 cm -~, attributable to the vas(COO) and 
Psyrn(COO) modes, respectively, of a metal-bound car- 
boxylate group, are present in the spectra of the Fe 3§ 
A1, and Cu 2§ complexes of Fluazifop (Figure 2 and 
Table 2). 

The band assignments made for Fluazifop and its 
complexes were used to interpret the spectra of the 
clay-Fluazifop complexes. The IR spectra of Fe 3§ AI-, 
and Cu2§ complexes (Figure 3) were sig- 
nificantly different from each other and from the spec- 
trum of the acid in KBr. In all spectra (1) a weak and 
broad absorption in the 3090-3115-cm -l range (N-H 
stretch) and a band at 1655 cm l (v8~) exist, both in- 
dicative of pyridinium ions; (2) bands are present in 
the 1590-1620-cm -1 range, assigned to v~s(COO); and 
(3) a band at 1740-1750 cm -~ assigned to the stretching 
mode of the un-ionized carboxyl group was observed. 
Deuteriation shifted the NH-stretching bands toward 
lower wavenumbers (VH/VD ~ 1.06). The Usym(COO) 
mode was easily distinguishable for the Fe complexes 
(1430 cm-t), but the assignment was more difficult for 
Cu and A1 complexes. 

It should be noted that the IR spectra of the acid 
showed a stretch absorption at 1735 and 1740 cm -~ in 
KBr and CHC13, respectively, indicating that the un- 
ionized carboxyl groups of the adsorbed molecules 
scarcely interacted with the surroundings, and, if the 
spectral differences are significant, they were less per- 
turbed by hydrogen bonds than in the pure state or in 
CHC13 solution. 

Despite these common features, remarkable differ- 
ences were observed in the spectra of the three com- 
plexes. The intensities of the NH and COOH absorp- 
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Figure 3. Infrared differential spectra of ~uazifop-treated 
homoionic clays: (a) Cu and (b) Cu after CHC13 washing. 

tions were, in fact, higher for the A1 and Fe complexes, 
whereas an opposite trend was observed for the car- 
boxylate bands. These observations suggest that the 
adsorbed molecules may have contained both pyridinic 
and carboxyl groups in protonated or deprotonated 
forms, the extent ofprotonat ion being higher in the Fe 
and A1 clays. 

After the adsorption of Fluazifop, part of Cu, con- 
trary to A1 and Fe, was apparently extracted by re- 
peatedly washing with chloroform and, after removal 
of the solvent, was recovered as the corresponding bi- 
nary complex with Fluazifop (see below). Typically, 
almost 10% of Cu was extracted from the clay treated 
with an amount  of pesticide equivalent to its CEC, 
whereas much less Cu was extracted for lower Fluazi- 
fop concentrations. After Cu extraction, the intensity 
of the carboxylate bands in the IR spectra was less than 
before washing (Figure 3). This behavior is different 
from that previously observed by Gessa et al. (1987) 
for the butyl ester of Fluazifop. No significant amount  
of metal ions was released from clays treated with the 
ester, indicating that the interaction involved only pes- 
ticide molecules protonated at the nitrogen atom and 
electrostatically bound to the clay interlayer. Evidently, 
adsorption of Fluazifop on clay produced CHC13-ex- 
tractable neutral species, in addition to the organic 
cations. 

The Cu2+-clay complexes formed by Fluazifop and 
its butyl ester were studied by ESR spectroscopy. Al- 
though slight, the spectral differences were enough to 
allow reasonable hypotheses about the chemical form 
of Cu in the interlayer. In fact, the spectra of the Cu- 
clays, untreated and treated with Fluazifop butyl ester, 
were similar to each other and consisted of isotropic 
resonances due to the freely tumbling hexa-aquaion for 
the hydrated samples and anisotropic signals (g~ = 2.35, 
All = 165 x 10 -4 cm-l), most likely due to the tetra- 
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aquaion in the interlayer for the samples heated at 
120~ (Figures 4a and 4b). In contrast, those of  the 
samples treated with Fluazifop showed anisotropic sig- 
nals (g, = 2.31 and A, = 170 x 10 -4 cm -[) (Figure 4c), 
suggesting that Cu 2§ was immobi l ized  in mononuclear  
arrangements, having a coordinat ion geometry more 
elongated than that in the untreated Cu-clays. These 
changes may be expected, e.g., upon substituting at 
least part of  the equatorially bound water of  the aquaion 
by carboxylate groups. 

Reliable structural information was obtained only 
for the Cu 2+ complex of  Fluazifop. The powder ESR 
spectra is typical o f  dinuclear copper(II) complexes in 
the triplet state (gll = 2.34, g• = 2.08, and zero-field 
splitting D = 0.34 cm -~) clearly indicating a dimeric,  
tetra-carboxylate-bridged arrangement for the Cu 2§ ions 
(therefore different from those formed in the clay), like 
that occurring in cupric acetate monohydrate  (Brown 
and Chidambaram,  1973). Accordingly, the IR ab- 
sorptions of  the carboxylate groups were significantly 
different from those in the clay-Fluazifop complexes. 
Based on the coincidence of  the carboxylate absorp- 
tions, the AI (and Fe) structures in the complexes and 
in the Fluazifop-treated clays may be the same. 

CONCLUSIONS 

The results of  this study clearly demonstrate  that the 
adsorption of  Fluazifop in the interlayer of  smectite 
clays occurs by means of  more than one interaction 
mechanism. The first mechanism involves the proton- 
ation of  the pyridinic nitrogen a tom by the acid water 
associated with the exchangeable cations, analogous to 
the behavior  of  Fluazifop-butyl.  Another  adsorption 
mechanism, which is peculiar for Fluazifop, is con- 
nected with the coordinat ion of  carboxylate groups to 
the exchange metal  ions. 

These mechanisms could be related; in fact, the for- 
mat ion of  a pyr idinium ion should consume surface 
protons and decrease the surface acidity, thereby, pro- 
moting the dissociation of  the COOH groups. 

Thus, several species should arise from such inter- 
actions: (1) Fluazifop molecules containing protonated 
pyridinic and un-dissociated carboxyl groups; (2) Flu- 
azifop molecules containing protonated pyridine ni- 
trogens, but  deprotonated carboxylic groups bound to 
the metal  ions, and (3) adsorbed molecules having de- 
protonated nitrogens and metal-bound carboxylates. 
The distr ibution of  these species should vary mainly 
as a function of  the interlayer water acidity, which is 
metal-ion dependent.  Among the ions herein consid- 
ered, Cu 2+ is well-known to be responsible for acidic 
properties weaker than those of  Fe 3+ and A1 ions. Thus, 
the species distr ibution in the Cu2+-clay-complexes 
should be more shifted toward species (2) and (3). 

This conclusion is supported not only by the IR re- 
sults, which indicate that the protonated groups are 
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Figure 4. X-band electron spin resonance spectra of (a) Cu- 
bentonite after heating at 120~ (b) Cu-bentonite treated with 
Fluazifop-butyl after heating at 120~ and (c) Cu-bentonite 
treated with Fluazifop. Expanded spectra of a, b, and c are 
labelled by a', b', and c', respectively. 

less numerous in the Cu 2§ clays, but  also by the fact 
that part  of  Cu may have been extracted and thus 
should be present in the interlayer mostly in the form 
of  neutral (3) species. 

Presumably, other factors, such as the complexity of  
the molecular structure, could contribute to make Cu 
more extractable than A1 and Fe. In fact, the Cu-clay- 
Fluazifop complex should adopt  a rather simple struc- 
ture, in which, as suggested by the spectral results, the 
Cu 2§ ion is bound to two monodentate  carboxylate 
groups and two water molecules. In contrast, the in- 
terlayer Fe 3§ and AI complexes, as is usual in the co- 
ordination chemistry of  these ions, may form more 
complicated structures, possibly charged and/or  poly- 
nuclear. 
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