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Binding Ability of Pesticides. X-ray, Spectroscopic, and Polarographic
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The copper(II) complexes formed by the herbicide Acifluorfen [5-[2-chloro-4-(trifluoromethyl)phenoxy]-
2-nitrobenzoic acid] in aqueous solution have been studied by polarographic techniques. The herbicide
binds the metal ion acting mainly as a carboxylic ligand, although the simultaneous involvement of
the nitro group is suggested by the value of the measured stability constant. Rather insoluble complexes
having a dimetallic structure of the tetra-u-acetatodiaquadicopper(II) type, as determined by single-
crystal X-ray diffraction, precipitate from more concentrated solutions.

INTRODUCTION

Our previous studies on the interaction of metal ions
with pesticides have shown that these compounds widely
used in agriculture can form stable complex species with
metal ions (Decock et al., 1985; Lerivrey et al., 1986; Pu-
sino et al., 1988). Metal ions, on the other hand, may affect
remarkably the fate of pesticides, e.g., catalyze their
decomposition (Pusino et al., 1988) or inactivate them
(Hensley et al., 1978). Among others, the Cu(II) ion is very
active in influencing pesticide chemistry and biochemistry,
due to its efficient binding ability. The herbicide Aci-
fluorfen [5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-
nitrobenzoic acid (AF)] is provided with a carboxylate

COOH

CFaQOONOZ

ClI

group which, although not very effective in principle, is
a potential binding site for metal ions. Besides, the
presence of a neighboring nitro group could stabilize the
complex formed between the Cu(II) ion and the pesticide
molecule.

The results obtained in our laboratory indicate that this
herbicide can precipitate the saturating metal ions of soil
clays by forming complexes sparingly soluble in water. This
molecule acts as a complexing agent also in the soil solution,
although the involved species are still unknown.

The purpose of this work was to describe the copper-
(II)-AF chemistry to obtain the basic information needed
to fully understand the Acifluorfen interaction with metal
ion bearing soil components. Therefore, the complex
species formed in dilute aqueous solution were investigated
by using polarography. The solid compound precipitated

t This work was supported by the Italian Ministry of
Agriculture and Forests (Project: Lotta Biologica e In-
tegrata per la Difesa delle Piante Agrarie e Forestali; Sub-
project: Residui) and the Polish Academy of Sciences
(Project 01.12).

t University of Wroctaw.

§ Istituto di Chimica Agraria, Universita di Sassari.

t Medical Academy of Wroclaw.

L Dipartimento di Chimica, Universita di Sassari.

0021-8561/90/1438-1989$02.50/0

from more concentrated solutions was examined by single-
crystal X-ray diffraction and spectroscopic techniques.

MATERIALS AND METHODS

Materials. Acifluorfen was obtained by acidification of an
aqueous solution of sodium Acifluorfen (Rhone-Poulenc AG Co.)
with 1 N HCL. The acid was filtered off and recrystallized from
benzene-petroleum ether, mp 157-162 °C (Johnson et al., 1978).

Polarography. Polarographic experiments were per-
formed by using a PP-04 instrument (Telpod) in direct current
(DC, TAST) and differential pulse polarography (DPP) modes.
All experiments employed a three-electrode system with a drop-
ping mercury electrode (DME), as a working electrode, a plat-
inum wire as an auxiliary electrode, and a saturated calomel
reference electrode. The drop time was 3 s. The DPP mea-
surements on a hanging mercury drop electrode (HMDE) were
carried out on a PA-4 polarographic analyzer by using a three-
electrode configuration with platinum counter and saturated
calomel reference electrodes. A pulse amplitude of 50 mV was
applied in DPP measurements. Aqueous solutions containing
5 X 105 M Cu?* were titrated with 20-140 uL of 5 X 1073 or 102
M alcoholic solutions of Acifluorfen. The metal-to-ligand mo-
lar ratios ranged from 4:1 to 1:24. The measurements were car-
ried out at 20 °C over the pH range 4.9-5.2 (I = KNOQ;, 0.20 M,
or NaClQy, 0.15 M). The solutions were purged with argon for
10 min before measurements to remove dissolved oxygen.

Preparation of the Complexes. The copper complex was
obtained by preparing an equimolar (1 X 107 mol in 5 mL, pH
5.77) aqueous solution of sodium Acifluorfen and CuCl,. A pre-
cipitate was obtained at room temperature almost immediate-
ly after the reactants were mixed. After filtering, washing with
EtOH, and air drying, the powderlike compound was analyzed
as [Cu(C;4HsCIF3NO;)2(H,0)],:2H;0. Anal. Calced for
C25H1sclzchsN20121 C, 4097, H, 196, N, 3.41; Hzo, 4.4.
Found: C, 41.22; H, 1.94; N, 3.38; H;0, 4.0. By recrystalliza-
tion from EtOH suitable crystals having the formula [Cu-
(C14H¢ClF3NO;5)2(C,H;0H)), separated. Anal. Calcd for
C30H1BClzchsN2011: C, 4336, H, 2.18; N, 337, CszOH, 5.54.
Found: C, 43.40; H, 2.15; N, 3.41; C;H;OH, 5.5.

Crystallographic Measurements. Approximate unit-cell
dimensions were determined from rotation and Weissemberg
photographs. A specimen of 0.45 X 0.55 X 0.70 mm was select-
ed for diffraction studies. More accurate cell dimensions and an
orientation matrix used for data collection were obtained by a
least-squares analysis of the diffractometer settings of 15 high-
order Mo Ka reflections measured on a Syntex P2; computer-
controlled four-circle diffractometer equipped with a
scintillation counter and a graphite monochromator. The in-
tensities of 5590 independent reflections were measured at room
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Figure 1. De Ford-Hume approximation according to the
equation y = log 8y + N log Cp, where y = (0.4343nFAE;) /RT)
+ log (1p/ipk), ipx and i are the limiting currents of Cu(II) reduction
wave before and after the addition of ligand, respectively; AE
is the difference of half-wave potential; and Cy is the ligané
concentration.

temperature by the 9-2¢ scan technique, up to a 20 s, value of
48°. Two standards were monitored after every 50 reflections.
The maximum variation of the intensity value was 6%. The in-
tensities were corrected for Lorentz and polarization effects, not
for absorption; 3355 reflections with I > 3.564(I) were used for
structure determination. The structure was solved by direct
methods using the sHELX-76 set of programs (Sheldrick, 1976) and
refined by the full-matrix least-squares technique. All the hy-
drogen atoms were placed at computed positions, as deter-
mined from the successive Fourier difference maps. The
refinement of coordinates and thermal parameters (anisotro-
pic for non-hydrogen and isotropic for hydrogen atoms) con-
verged at R = 0.059, R, = 0.063, and w = 1/0¢%(F). Neutral
atomic scattering factors for all atoms were taken from the In-
ternational Tables for X-ray Crystallography (1974), and the
calculations were performed on a PC/AT computer using the
Syntex (1976) xTL/XTLE structure determination package. Crys-
tallographic data: CeoHasCliCuoF;2N4Oge; monoclinic, 12/a; a =
28.000(7), b = 14.855(3), ¢ = 17.320(4) A and 8 = 100.20(3)°; V
= 7090.2(3) A% M = 165983, Z=4; D, = 1.55and D. = 1.555 ¢
cm,

Physical Measurements. X-band ESR spectra were re-
corded on a Varian E9 instrument at 110 K. Infrared spectra
(KBr disks) were obtained with a Perkin-Elmer 683 spectro-
photometer. Microanalyses (C, H, and N) were performed on
a Perkin-Elmer 240 B analyzer. The water and EtOH content
in the solid complexes was determined by thermogravimetry us-
ing a Perkin-Elmer TGS-2 apparatus under a nitrogen atmo-
sphere at a scanning rate of 2 °C min-L.

RESULTS AND DISCUSSION

Polarographic Analysis. The data obtained by three
different techniques, DPP on either a dropping mercury
electrode or a hanging mercury drop electrode and DC
TAST, indicate that the preponderant complex formed
between Cu(Il) and AF in dilute solution is the equimo-
lar Cu(AF) species. The stability constant for this complex
was calculated by direct calculations using the con-
centration of unbound and bound metal ion or by the De
Ford-Hume (De Ford and Hume, 1951) method (Figure
1 and Table I). Almost the same value was given by the
two different methods (Table IT), confirming the reliability
of the experimental approach used.

The only major binding site available to copper in the
formed complex is the carboxylate group, as supported also
by the crystal structure determination of the solid complex

Kozfowski et al.

Table I. Peak Potentials (E;) and Peak Currents (ip) for
the Copper(1I) Complexes with Acifluorfen as a Function
of the Ligand Concentration (Cp)*

CL, M E, V ipy MM
0 0.018 108.0
1.9960 x 104 0.016 87.0
3.9841 x 10~ 0.010 67.5
5.9642 x 107 0.008 56.0
7.9365 X 107 0.006 48.0
9.9010 x 10~ 0.004 42.0
1.1858 x 1078 0.002 36.5
1.3807 x 1072 0.000 33.0

8 Couzr = 5 X 105 M; I = 0.15 M NaClO,.

Table II. Stability Constants (log 8) Evaluated from
Polarographic Measurements for Cu(II)-AF Species

technique species log 8
DPP-HMDE Cu(AF) 3.23¢
DC-TAST Cu(AF) 3.18¢
DPP-DME Cu(AF) 3.200
DPP-DME Cu(AF) 3.18%
DPP-DME Cu(AF), 5.80¢

a Stability constant calculated from measurements of the free metal
concentration directly from the decrease of the limiting current of
the metal reduction wave. ® Stability constant calculated according
to the De Ford—-Hume approach (Figure 1). ¢ See text for comments.

(vide infra). The stability value, log 8 = 3.2, calculated
for the solution species is, however, significantly higher,
by more than 1 order of magnitude, than those usually
observed for equimolar copper complexes with pure car-
boxylate coordination, e.g., log 8 = 1.5~1.8 [see Micera et
al. (1989) and references cited therein]. This increase in
stability may indicate that in the Cu(AF) species also the
nitro group takes part in metal binding. This mode of
coordination would lead to the formation of a chelate ring,
with a consequent increase in the stability of the formed
species. The plot shown in Figure 1 also indicates that,
in the presence of a high excess of ligand, other complex
species may be formed (see the two experimental points
obtained at the highest ligand concentration). The
estimation based on these points indicates the formation
of the Cu(AF), species with log 8 = 5.8. These evaluations
are, however, very rough because they are based on too
few experimental points. In addition, the high ligand
excess causes the polarograms to be badly resolved, due
to an increase of viscosity in solution and the reduction
waves of the metal ion to exhibit local maxima, thus
hindering a precise evaluation of the experimental data.
Crystallographic Results. The final positional
parameters for the computed structure are listed in Table
ITI. A view of the complex is presented in Figure 2, whereas
relevant bond lengths are listed in Table IV. The crystal
structure of the compound is composed of centrosym-
metric dimers. Four bidentate carboxylate anions form
bridges between isolated pairs of copper atoms separated
by 2.660(1) A. The structure is closely related to that of
the most representative complex of this type, tetra-u-
acetatodiaquadicopper(II) (Brown and Chidanbaram, 1973;
De Meester et al., 1973), where the Cu—-Cu separation is
2.62 A. The coordination about the Cu atom is square
pyramidal, neglecting the Cu—Cu interaction. The fifth
position is occupied by a weakly bound ethanol molecule
with a Cu~O distance of 2.122(7) A [the Cu-O(H0) api-
cal distance in the acetate complex is 2.16 A]. The copper
atoms are displaced toward the ethanol molecule from the
plane containing the four carboxylate oxygens, as indicated -
by the O(carbox)-C-O(EtOH) angles. The mean Cu-O-
(carboxylate) bond length is 1.96 A, which is almost the
same value (1.97 A) as that found for the corresponding
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Table III. Unit-Cell Positional and Thermal (A2)
Parameters and Their ESD’s*

X y 2z B.q

Cu 0.2679 (1) 0.2173 (1) 0.6896 (1) 31 (1)
Cl(1) 0.0736 (1) 0.6059 (2) 0.5084 (2) 6.8 (1)
Cl(2) 0.1096 (1) —0.1464 (2) 0.5361 (2) 8.4 (2)
0o(1) 0.2553 (2) 0.3392 (3) 0.6481 (3) 3.8 (2)
0(2) 0.2252 (2) 0.3953 (3) 0.7511 (3) 4.1 (3)
0(3) 0.1643 (2) 0.5735 (4) 0.5405 (3) 4.8 (3)
0(4) 0.3047 (2) 0.5160 (4) 0.7695 (4) 6.3 (3)
0(5) 0.2727 (3) 0.6415 (4) 0.7934 (4) 8.2 (4)
0(6) 0.2000 (2) 0.1859 (3) 0.6453 (3) 4.0 (2)
o) 0.1698 (2) 0.2405 (3) 0.7479 (3) 3.9 (2)
0(8) 0.0433 (2) -0.0287 (4) 0.6011 (4) 7.4 (4)
0(9) 0.1295 (2) 0.3615 (4) 0.6185 (4) 7.8 (4)
0(10) 0.0532 (3) 0.3877 (5) 0.6159 (6) 11.1 (5)
0(11) 0.2992 (3) 0.1656 (6) 0.5957 (4) 8.8 (4)
FQ1) 0.0025 (3) 0.2784 (6) 0.3893 (4) 14.0 (5)
F(2) 0.0264 (3) 0.2741 (6) 0.2855 (5) 15.5 (6)
F(3) -0.0222 (3) 0.3677 (6) 0.3088 (6) 16.8 (6)
F(4) 0.0976 (3) -0.3366 (6) 0.8450 (5) 14.9 (6)
F(5) 0.1440 (4) -0.3640 (5) 0.7742 (5) 16.1 (6)
F(6) 0.1632 (3) -0.2706 (5) 0.8635 (5) 14.4 (5)
N@@) 0.2760 (2) 0.5767 (4) 0.7509 (4) 4.9 (3)
N(2) 0.0880 (3) 0.3363 (5) 0.6176 (5) 6.6 (4)
C() 0.2378 (3) 0.4005 (5) 0.6837 (5) 3.8 (4
C(2) 0.2289 (3) 0.4902 (5) 0.6407 (5) 3.4 (3)
C(3) 0.2447 (3) 0.5728 (5) 0.6732 (5) 3.8 (4)
C(4) 0.2336 (3) 0.6527 (5) 0.6337 (5) 46 (4)
C(5) 0.2069 (3) 0.6514 (5) 0.5590 (5) 46 (4)
C(6) 0.1909 (3) 0.5700 (5) 0.5271 (5) 3.7 (4)
C(7) 0.2020 (3) 0.4896 (5) 0.5659 (5) 3.8 (4)
C(®) 0.1298 (3) 0.5078 (5) 0.4282 (5) 4.0 4)
C(9) 0.0847 (3) 0.5180 (5) 0.4488 (5) 4.3 (4)
C(10) 0.0476 (3) 0.4600 (6) 0.4193 (5) 4.6 (4)
C(11) 0.0573 (3) 0.3897 () 0.3714 (5) 4.8 (4)
C(12) 0.1029 (3) 0.3789 (6) 0.3518 (5) 5.2 (5)
C(13) 0.1389 (3) 0.4395 (6) 0.3807 (5) 50 4)
C(14) 0.0183 (4) 0.3261 (7) 0.3380 (6) 7.7 (6)
C(15) 0.1663 (3) 0.2051 (5) 0.6816 (4) 3.6 (4)
C(16) 0.1147 (3) 0.1792 (5) 0.6431 (4) 3.5 (3)
can 0.0779 (3) 0.2392 (5) 0.6159 (5) 4.0 (4)
C(18) 0.0315 (3) 0.2123 (6) 0.5850 (5) 53 (4)
C(19) 0.0209 (3) 0.1220 (8) 0.5803 (5) 5.3 (5)
C(20) 0.0565 (3) 0.0606 (5) 0.6070 (5) 4.7 (4)
C(@1 0.1035 (3) 0.0855 (5) 0.6391 (5) 44 (4)
C(22) 0.0665 (3) -0.0910 (5) 0.6559 (6) 5.7 (5)
C(23) 0.0978 (3) —0.1539 (6) 0.6298 (5) 5.3 (6)
C(24) 0.1177 (3) -0.2208 (6) 0.6798 (5) 54 4)
C(25) 0.1072 (3) -0.2251 (6) 0.7530 (5) 5.7 (5)
C(26) 0.0776 (4) —0.1643 (7) 0.7796 (6) 7.5 (6)
C(27) 0.0569 (4) —-0.0967 (7) 0.7308 (6) 7.7 (6)
C(28) 0.1261 (4) -0.2978 (7) 0.8086 (7) 8.8 (7)
C(29) 0.3529 (12) 0.1480 (19) 0.5698 (11) 32.7 (27)
C(30) 0.3632 (7) 0.0948 (13) 0.6332 (11) 17.9 (14)
H(1) 0.245 0.712 0.660 6.0

H(2) 0.200 0.711 0.527 6.0

H(3) 0.191 0.431 0.540 6.0

H(4) 0.014 0.467 0.435 6.0

H(5) 0.110 0.327 0.317 6.0

H(6) 0.172 0.435 0.364 6.0

H(7) 0.005 0.260 0.566 6.0

H(8) -0.014 0.101 0.558 6.0

H(9) 0.129 0.043 0.661 6.0

H(10) 0.141 -0.267 0.663 6.0

H(11) 0.072 -0.170 0.839 6.0

H(12) 0.034 -0.055 0.753 6.0

® Boq = 1/33:2Bijar*a;*a:a;.
acetate complex. The bond parameters of the carboxy-
late groups are normal (C-O bond length of 1.25~1.28 K)
and similar to those of the bridging acetate ligand.

Magnetic and Spectroscopic Results. The ESR
spectra of both the crystalline and powderlike compounds
(g) =236, g, = 2.08, D = 0.34 cm™], see Figure 3) are
typical of Cu(Il) dinuclear carboxylate complexes without
a strong interdimeric exchange interaction, e.g., isolated
Cu-Cu couples, accordingly with the observed crystal
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Figure 2. Atomic numbering and molecular structure of the
complex Cuyx(AF),(EtOH),.

Table IV. Selected Bond Distances (Angstroms) and
Angles (Degrees) with Their ESD’s*

) Distances
Cu-Cu! 2660 (1) Cu-0(11) 2.122 (7)
Cu-0(1). 1.958 (5) Cu~O(6)! 1.985 (5)
Cu-0(2)! 1.954 (5) Cu-0O(7) 1.976 (5)
Oo(1)~C(1) 1.247 (9) 0O(6)-C(15) 1.252 (9)
0(2)-C(1) 1.281 (9) O(7)~C(15) 1.257 (9)
C(1)-C(2) 1.525 (10) C(15)-C(16) 1.529 (10)
) Angles

Cu~Cu-0(1) 83.22 (14) (1)~Cu-0(11) 97.21 (24)
Cul-Cu-0(2)! 85.12 (15) 0O(2)-Cu-0(6)! 89.33 (20)
Cu--Cu-0(6)! 82.69 (14) 0O(2)-Cu-0(7) 90.02 (21)
Cul-Cu-0(7) 85.47 (15) 0O(2)-Cu-O(11) 94.45 (25)
Cu-Cu-0O(11)  177.83 (20) O(6)~Cu-O(7) 168.15 (21)
O(1)-Cu-0(2)! 168.34 (21) O(6)Cu-O(11) 95.17 (24)
0(1)-Cu-0(6)!  89.56 (20) O(7)-Cu-0(11) 96.67 (24)
0(1)-Cu-0(7) 88.69 (20)

Cu-0(1)-C(1) 1237 (5) Cu-0(7)-C(15) 120.6 (5)
O(1)-C(1)-0(2) 127.0 (7) 0(8)-C(15)-0(7)  127.7 (7)
0(1)-C(1)-C(2) 116.2 (6) 0(6)-C(15)-C(16) 114.9 (6)
0(2)-C(1)-C(2) 116.8 (6) 0(7)-C(15)-C(16) 117.4 (6)

C(1)-C(2)-C(3) 1242 (7) C(15)-C(16)-C(17) 125.2 (7)
C(1)-C(2)-C(7) 117.9 (6) C(15)-C(16)-C(21) 117.1 (6)

¢ Symmetry code: (i) 0.5-x;0.5-y; 1.5-2.

structure. The infrared spectrum displays stretching values
for the carboxylate groups at the expected frequency values
(1620 and 1395 cm™).

CONCLUSIONS

As shown by the results presented here, the pesticide
Acifluorfen is an effective ligand toward copper(II). The
binding properties of the ligand, which are evidenced by
both the solution and the solid-state studies, are mainly
those expected for a carboxylic ligand. Carboxylic
complexes are formed in dilute solutions, and they are more
stable than expected, likely due to the assistance of the
nitro group in metal coordination. Rather insoluble
complexes having a dimeric structure precipitate from more
concentrated solutions.

In soil, while the former behavior (metal ion specia-
tion) is expected to occur in solution, the conditions
favoring the precipitation of the metal-pesticide com-
plexes could be met in the phases containing high metal
concentrations, i.e., in mineral colloids. Therefore, these
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Figure 3. X-band polycrystalline ESR spectrum of the complex
Cuy(AF)(EtOH),.

interactions could be responsible for mutual effects,
including immobilization and inactivation, between the
pesticide and metal ions in the environment.

Supplementary Material Available: Anisotropic thermal
parameters of the non-hydrogen atoms and complete lists of bond
distances and angles with their ESD’s (5 pages). Ordering
information is given on any current masthead page.
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