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Abstract-The adsorption from chloroform solution of the herbicide diclofop, (RS)-2-(4-(2,4-dichloro­
phenoxy)phenoxy)propionic acid, and its methyl ester diclofop-methyl on Cu2+_, AI3+_, and Fe3+-ex-
changed bentonite samples was investigated. For comparison, the complexes formed by diclofop were 
synthesized and studied. Diclofop adsorbed on the clays and formed carboxylate bonds to the interlayer 
ions. Diclofop-methyl also adsorbed, but its interaction involved the formation of hydrogen bonds with 
water molecules in the interlayer. Traces of diclofop were observed in both the solution and the clays 
after adsorption of diclofop-methyl, indicating that some hydrolysis of the ester to the corresponding acid 
occurred. Thus, pesticides forming neutral complexes with interlayer cations in montmorillonite in soils 
may be extractable by solvents and therefore released into the environment. 

Key Words-Adsorption, Bentonite, Diclofop, Diclofop-methyl, Interlayer cations, Interlayer complexes, 
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INTRODUCTION 

Because of the increasing use of herbicides in agri­
culture, the mechanisms of interaction of these com­
pounds and soil are important. Insofar as the adsorp­
tion of organic molecules is concerned, clay minerals 
are among the most active soil components (Mortland, 
1970, 1975; Crosby, 1976). The adsorption of pesti­
cides onto clay minerals is generally disfavored because 
of the competition with water. Pesticides having com­
plexing properties, however, may interact with the sat­
urating metal ions in the interlayer. The extent of this 
interaction may strongly affect other processes that 
contribute to the inactivation of pesticides in soil. 

Diclofop-methyl is commonly applied in post-emer­
gence treatments to control wild oats and other annual 
grasses in a variety of crops. In soil, the hydrolysis of 
the methyl ester to the corresponding acid, diclofop, 
the structural formula of which is shown below, is rapid 
and complete within 9 days after application (Smith et 
aI., 1986). 

00-< (-0-< }o-~-COO" 
CH 3 

CI 

The acid is strongly bound to soil (Karanth et al., 
1984), from which it can only be liberated by treatment 
with hot alkali (Smith, 1977). No attempt has been 
made to understand the mechanisms through which 
diclofop and its ester are retained by soil components. 
The present study was undertaken to gain information 
about the interaction of diclofop-methyl or diclofop 
and Fe3+-, AP+-, and Cu2+-exchanged bentonite. 

Copyright © 1989, The Clay Minerals Society 

EXPERIMENTAL 

Materials 

Montmorillonite 25 (bentonite) from Upton, Wyo­
ming, supplied by Ward's Natural Science Establish­
ment, Rochester, New York, was used in this study. 
The <2-/Lm size fraction was obta.:ned by sedimenta­
tion. The cation-exchange capacity (CEC) was 90.2 meq/ 
100 g. The Fe3+-, AP+-, and Cu2+-exchanged samples 
were prepared by exposing the bentonite to 1 N solu­
tions of the corresponding metal chlorides. The sam­
ples were centrifuged, washed repeatedly with deion­
ized water until Cl--free, and dried at room temperature. 
Diclofop-methyl (C'6H'4CI204) was supplied by Rous­
sel-Hoechst Agrovet S.p.A. (Milan, Italy) as a colorless 
crystalline solid (m.p. 41 °-42°C). The solubility in water 
was 3 mg/liter and much higher in organic solvents. 
Diclofop (C'SH'2Cl204) was prepared by alkaline hy­
drolysis of diclofop-methyl according to the method 
described by Smith (1976). The acid was recrystallized 
from ethanol as white crystals (m.p. 108°-109°C). The 
compound was soluble in organic solvents, but only 
sparingly in water. 

The Fe3+, AP+, and Cu2+ complexes of diclofop were 
prepared by mixing equimolar aqueous solutions of 
the organic acid (1.5 x 10-3 mole) in about 5 ml (pH 
6.2) and Fe(N03h' 9H20, AICI3· 6H20, or CuCI2 ' 2H20 
(1.5 x 1 0-3 mole) in about 2 ml. The precipitates were 
filtered and washed with ethanol (99.5%). After re­
crystallization from absolute ethanol + chloroform (2: 1 
v:v), the compounds were air-dried. 

Adsorption of pesticide 

The adsorption ofthe pesticide onto the clay surfaces 
was carried out by immersing air-dried self-supporting 
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Table I. Analytical data and proposed stoichiometry for the complexes with diclofop acid. I 

Complex 

Cu(C"H"Cl204)2·I.5H20 
AI(C"H, ,CI204)20H· 2H20 
Fe(C"H"CI20 4)3' 3H20 

I Calculated values in parentheses. 
, Thermogravimetric determination. 

C(%) 

50.10 (48.50) 
49.64 (49.20) 
49.66 (49.65) 

J Binary oxides CuO, A120 3, and Fe20 J• 

bentonite films in a - 2% solution of diclofop-methyl 
or diclofop in CHCI3 • After 24 hr the films were sep­
arated from the solution and washed with CHCl3 to 
remove excess pesticide. After air-drying, the films were 
examined by infrared spectroscopy (IR), and the amount 
of released metal (Fe3+, AP+, and CuH ) was determined 
by analysis of the leachates using colorimetric methods 
(Bandemer and Schaible, 1944; Chenery, 1948; Ne­
besar, 1964). 

High-performance liquid chromatographic analysis 

High-performance liquid chromatography (HPLC) 
analyses were carried out using a Waters 501 liquid 
chromatograph equipped with a 125 x 4 mm i.d. Li­
chrosorb RP 18, 5-lLm analytical column, a Waters 
detector operating at 254 nm, and a Waters 740 data 
module. The mobile phase (l ml/min) was composed 
of acetonitrile + water + acetic acid (70 + 29 + 1, by 
volume). The retention times were 3.8 and 7.6 min for 
diclofop and diclofop-methyl, respectively. 

Physical measurements 

IR spectra were recorded with a Perkin-Elmer 683 
spectrophotometer. The spectra for diclofop-methyl, 
diclofop, and the metal complexes of diclofop were 
obtained using KBr disks, whereas those for the pes­
ticide-bentonite complexes were recorded as differen­
tial spectra using self-supporting films. Electron spin 
resonance (ESR) measurements at X-band were carried 
out at room temperature using a Varian E 9 spectrom­
eter. Microanalyses (C and H) were made using a Per­
kin-EImer 240 analyzer. Thermogravimetric measure­
ments were made with a Perkin-Elmer TGS 2 apparatus 
at the heating rate of 5°C/ min under a nitrogen flow. 
The pH of solutions was measured by a Radiometer 
PHM 84 pH-meter. XRD data were obtained on a 
Philips PW 1730 instrument equipped with an Olivetti 
M-20 computer, using CoKa radiation. 

RESULTS AND DISCUSSION 

Metal complexes of diclofop 

The elemental analyses of the Cu and Al complexes 
of diclofop (Table 1) are consistent with a ligand-to­
metal molar ratio of 2: I . The chemical composition of 
the iron complexes indicates the presence of three de­
protonated ligands per metal ion. The ESR spectrum 

H(%) 

3.50 (3.39) 
3.82 (3.71) 
3.52 (3 .61) 

H,O'(%) 

4.0 (3.63) 
5.0 (4.91) 
5.0 (4.97) 

Residue' 

11.0(10.71) 
7.0 (6.96) 
7.5 (7.34) 

of the copper complex (gIl = 2.39, g1. = 2.07, and zero­
field splitting D = 0.36 cm- I , see Figure 1) is typical 
of dinuclear complexes in which two metal ions are 
bridged by four carboxylate groups, as in the well­
known compound copper(II) acetate (Brown and Chi­
dambaram, 1973). A similar structure was previously 
found for the Cu'+ complex of fluazifop (Micera et at., 
1988). Carboxylate coordination was also found for 
the AJ3+ and Fe3+ complexes, inasmuch as the 1745-
cm- I absorption band for the undissociated carboxyl 
group of the free ligand was absent in the IR spectra 
of all complexes (Figure 2 and Table 2). In its place, 
two new bands were observed near 1620-1630 cm- I 

and 1425-1443 cm- I and assigned to the v • • (COO) 
(asymmetric) and vsym(COO) (symmetric) modes, re­
spectively, of metal-bound carboxylate groups. 

Adsorption of diclofop on the bentonite 

Only very weak absorptions at 1745 cm- I , assignable 
to un-ionized carboxyl group, were observed in the IR 
spectra of Fe3+-, AP+-, and Cuz+-bentonite samples 
treated with dic1ofop (Figure 3 and Table 2). Bands 
attributable to the v •• (COO) and v.ym(COO) modes of 
carboxylate groups appeared in the ranges 1603-1572 
cm- I and 1435-1385 cm- I , the former being less in­
tense than the latter. The frequencies of the carboxylate 
bands, in addition to depending on the metal ion, were 
different from those ofthe sodium salt of diclofop (Ta­
ble 2). Thus, the interaction between dic1ofop and the 
bentonite involved the coordination of the pesticide to 
the exchange cation through the carboxylate group. Note 
that the IR bands of the carboxylate group in the clay 
complexes were different from those of the pure com-

Table 2. Infrared absorptions (em-I) of carboxylate groups 
for metal and metal-clay complexes of diclofop. I 

Metal complexes Metal-clay complexes 

Metal p • • ", "u ", 

Al 1620s l443w 16035 1385m 
Fe 1625s 1435m 1572s 1432m 
Cu 1630s 1425m 1590s 1435w 

s = strong; m = medium; w = weak. 
I p .. and P, = carboxylate antisymmetric and symmetric 

stretches, respectively. Absorptions for the Na-saJt = 1615 
and 1420 em-t 
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Figure I. X-band electron spin resonance spectra recorded 
at room temperature on (a) Cu2 • complex of diclofop and (b) 
Cu 2+-bentonite treated with diclofop. Resonance marked by 
asterisk is that of structural Fe'+. Units for the magnetic field 
(x-axis) are Tesla x 10- 1 (I Tesla = 104 Gauss). 

pie xes in the solid state. Although variations of these 
band-positions were expected due to the presence of 
water molecules in the interlayer, the observed shifts 
were rather high, suggesting that they are diagnostic of 
a coordinating mode of the carboxylates on the clay 
different from that of the pure complexes in the solid 
state. Direct evidence for this hypothesis was obtained 
for Cu2 +. Thus, the ESR spectra (Figure I) indicated 
that, after adsorption of the pesticide, the Cu2+ ions (at 
least in part) formed monomeric complexes on the clay. 
No spectral feature was detected to substantiate strong 
magnetic exchange between metal ions, like that of the 
copper(II) acetate and related complexes. The spectral 
parameters (gil = 2.330 and All = 160 x 10-4 em- I) 
indicate coordination through carboxylate groups. Thus, 
all the evidence points to the conclusion that in the 
interlayer, each ligand molecule was bound to a single 
copper ion through its carboxylate group. 

During the equilibration between the clays and di­
clofop, some of the interlayer cations were released into 
the CHCI, solution. Their relative amounts were 24.5 , 
18.7, and 5.8% ofCEC for the Cu2+-, Fe3+-, and AP+­
clays, respectively, treated with an amount of diclofop 
equivalent to the CEC. The only explanation of this 
finding was that complexation following the adsorption 
of pesticide resulted in formation of neutral species 
that were extractable by CHCI). 

a 

b 

c 

1800 1600 1400 1200 

Wavenumber (cm- 1) 

Figure 2. Infrared spectra (KBr disks) of complexes of di­
clofop with (a) AI'+, (b) Fe'+, and (c) Cu". 

Adsorption of diclolop-methyl on clays 

The IR spectra of the air-dried complexes of the 
Fe3+ -, AP+ -, and Cu2+ -bentonite samples with diclofop­
methyl (Figure 4) were very similar. A common feature 
was the shift of the 1 770-cm- 1 absorption band of pure 
diclofop-methyl to 1730 cm- I, demonstrating the per­
turbation of the CO estereal group. This shift was prob­
ably the result of hydrogen bonds between the carbonyl 
oxygen atom and water molecules surrounding the in­
terlayer cations. A similar behavior has been observed 
for fluazifop-butyl adsorbed on clays (Gessa et aI., 1987). 
An additional feature was the occurrence of weak IR 
bands due to ionized carboxyl groups, similar to those 
observed for absorbed diclofop acid. These observa­
tions, of course, indicated that diclofop-methyl partly 
hydrolyzed on the clay to generate the acid. Traces of 
diclofop acid were also detected directly in the equi­
librium solution by HPLC. The ESR spectra of Cu2+_ 
clay confirmed the absence of direct interaction be­
tween metal ions and adsorbed ester, because they 
showed the signals of the immobilized aqua-ions. These 
ESR signals were similar to those observed on Cu2+­
clays after dehydration at 120°C or after sorption of 
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Figure 3. Infrared spectra of (a) diclofop (KBr disk) and 
homoionic clays treated with diclofop, (b) All+, (c) Fe'+, and 
(d) Cu2+ . Spectra of clays were recorded as difference spectra 
with respect to those of untreated samples. 

hydrophobic, non-coordinating compounds, e.g., the 
butyl ester of fluazifop (Micera et aI., 1988). 

XRD results 

The XRD d(OO 1) values (Table 3) indicated that both 
the organic acid and ester occupied the interlamellar 
space of the phyllosilicate, forming monolayers. In par­
ticular, d(OO 1) increased for the Cu2• -clay kept at room 
temperature, but decreased under the same conditions 
for the AP+ -and Fe3+ -clays, probably because of hy­
drophobic effects produced by the intercalation of the 
organic molecule. Moreover, the collapse of the inter­
layer after heating under vacuum was lower than for 
the corresponding untreated samples. The larger in-

a 

b 

c 

d 
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Figure 4. Infrared spectra of (a) diclofop-methyl (KBr disk) 
and homoionic clays treated with diclofop-methyl, (b) All+, 
(c) FeH , and Cu2+. Spectra of clays were recorded as difference 
spectra with respect to those of untreated samples. 

terlayer distance measured for AP+-clay treated with 
diclofop may have been due to the lower extent of 
metal desorption observed for this clay. 

SUMMARY AND CONCLUSIONS 

Diclofop and diclofop-methyl interacted differently 
with the Fe 3+ - , AP+ -, and Cu2+ -exchanged bentonite 
samples. Most of the free acid molecules interacted 
with the interlayer metal ions and coordinated to at 
least some of them by forming carboxylate complexes. 
The methyl ester of diclofop was also adsorbed, but it 
was engaged in hydrogen bonding with the water mol­
ecules rather than being directly coordinated to the 
metal ions. Some of diclofop-methyl may have hydro­
lyzed to the free acid, which then coordinated to the 
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Table 3. d(OOI) values (A) for homoionic bentonites un­
treated and treated with diclofop or diclofop-methyl. 

Diclofop·methyl· 
Untreated Diclofop-treated treated 

Cation 25'C 120'C 25'C 120'C 25'C 120'C 

Fe3+ 15.0 11.5 13.8 12.8 14.6 14.1 
AIJ+ 15.5 11.9 14.9 14.0 15.0 14.0 
Cu2+ 12.3 11.3 13.2 12.6 14.6 13.1 

metal ion. Metal complex formation may therefore have 
been an important mechanism here as well. 

The d(OOI) values measured after adsorption are in­
dicative of monolayer intercalation of molecules be­
tween the silicate sheets. Also, according to the ESR 
results for the Cu2+ clay, mainly mononuclear com­
plexes are formed in the interlamellar space, conceiv­
ably because polynuclear arrangements are favored only 
in concentrated systems. For example, in dilute aqueous 
solutions, similar to those in the montmorillonite in­
terlayer, complexes of the Cu2+ -acetate type have not 
been observed. 

The present results suggest that pesticides forming 
neutral complexes with interlayer ions are extractable 
by solvents. Thus, in a soil they may be released into 
the environment. Similar behavior was observed by 
Micera et at. (1988) and Pusino et al. (1989). Thus, the 
solubility of metal-pesticide complexes may be one of 
the factors governing both metal and pesticide cycling 
in soil. 
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