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Abstract: A number of polycrystalline
copper() O,0O’'-dialkyldithiophosphate
cluster compounds with Cu,, Cug, and
Cug cores were synthesized and charac-
terized by using extended X-ray ab-
sorption fine-structure (EXAFS) spec-
troscopy. The structural relationship of
these compounds is discussed. The
polycrystalline copper(1) 0,0'-
diisobutyldithiophosphate cluster com-
pounds, [Cug{S,P(OiBu),}«(S)] and
[Cuy{S,P(OiBu),}¢s], were also charac-
terized by using *’P CP/MAS NMR
(CP = cross polarization, MAS =

magic-angle spinning) and static “Cu
NMR spectroscopies (at different mag-
netic fields) and powder X-ray diffrac-
tion (XRD) analysis. Comparative
analyses of the 3P chemical-shift
tensor, and the ®Cu chemical shift and
quadrupolar-splitting parameters, esti-
mated from the experimental NMR
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spectra of the polycrystalline copper(1)
cluster compounds, are presented. The
adsorption mechanism of the potassium
0,0'-diisobutyldithiophosphate collec-
tor, K[S,P(OiBu),], at the surface of
synthetic chalcocite (Cu,S) was studied
by means of solid-state *'P CP/MAS
NMR spectroscopy and scanning elec-
tron microscopy (SEM). *'P NMR reso-
nance lines from collector-treated chal-
cocite surfaces were assigned to a mix-
ture of [Cug{S,P(OiBu),}¢(S)] and [Cu,-
{S,P(OiBu),}s] compounds.
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Copper(1) and copper(11) complexes with 1,1-dialkyldithio li-
gands have been extensively studied because of their use in
a wide range of applications in industry (e.g., selective flota-
tion agents,!l antioxidants for motor oils®), agriculture (e.g.,
insecticides and pesticides™), and science (e.g., analytical re-
agents for extraction and spectrophotometric determination
of metal ions™). Copper(1) O,0'-dialkyldithiophosphate
compounds are polynuclear and contain only chelating-type
ligands, which bridge two or more metal ions. The internal
oxidation of the ligand to bis(thiophosphoryl) disulfide with
a concomitant reduction of copper(ir) to copper(1)F! leads to
the formation of copper(1) cluster compounds, or cage mole-
cules, containing Cu, (tetrahedral), Cu, (trigonal antipris-
matic), or Cug (cubic) cores in which the copper(r) ions
reside in a trigonal plane formed by sulfur atoms. Due to
difficulties in producing single crystals amenable to X-ray
diffraction, or the inability to distinguish between similar
clusters by conventional spectroscopic methods, a limited
number of the copper(i) O,0’-dialkyldithiophosphate clus-
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ters have been characterized crystallographically.*'?! Only
one structure for each of the first two classes of clusters has
been crystallographically characterized, [Cu,{S,P(OiPr),},]"
and [Cu,(S,P(OEt),}¢],’) whereas seven structures with the
octameric architecture, [Cug{S,P(OR),}((X)] (R = Et, nPr,
iPr; X = S$*, CI~, Br), have been reported.'**'? The octa-
nuclear clusters require a central anion X (S*7, Br~, CI") to
reduce the charge and in the case of the centered halides, a
positively charged [CugLy(X)]* cluster ion is formed. The
sulfide-containing cluster Cugl¢(S), and the Cu,L, and
Cyl; (L = S,P(OR),, R = alkyl) cluster compounds are
neutral.

To the best of our knowledge, the flotation recovery, con-
tact angle measurements, and electrochemical and wetting
behavior of chalcocite (Cu,S) in aqueous solution have been
studied only with reference to potassium O,O’-diethyldithio-
phosphate, used as the collector in the differential flotation
of mixed sulfide ores: Cu-Zn, Co-Ni and Cu-Co.'*" The
same collector was used when the surface was examined by
using DRIFT spectroscopic analysis.™®! However, data for
other collectors such as potassium O,O’-diisobutyl-, -isoam-
yl-, and -o-cresyldithiophosphates, widely used in mono-flo-
tation of sulfide copper and silver ores and native gold, have
not been reported and the mechanisms of the surface com-
plexation or precipitation of polycrystalline phases have not
yet been described and are not known.

In our previous work we have reported the solid-state *'P
CP/MAS NMR (CP = cross polarization, MAS = magic-
angle spinning) and ®Cu NMR spectroscopic data for the
tetranuclear  [Cu,{S,P(OiPr),},], hexanuclear [Cug{S,P-
(OEt),)¢], and a few octanuclear copper(i) O,0’-dialkyldi-
thiophosphate cluster compounds.*!*'”l We have recorded
copper K-edge extended X-ray absorption fine structure
analysis (EXAFS) data for a series of octanuclear O,0’-di-
alkyldithiophosphate cluster compounds and discussed the
stability of the CugS,,(S) core."”

This paper presents EXAFS analyses on polynuclear cop-
per()) O,0’-dialkyldithiophosphate clusters with different
core compositions (Cu,, Cug, and Cug cores) and their struc-
tural relationships. The clusters with known structures, tetra-
nuclear [Cu,{S,P(OiPr),},], hexanuclear [Cu4{S,P(OEt),}],
octanuclear [Cug{S,P(OR),}¢(S)] (R = Et, nPr, iPr), and
two polycrystalline cluster compounds with still unknown
structures, [Cug{S,P(OiBu),}¢(S)] (1) and [Cux{S,P(OiBu),}]
(2), are examined. The last two were also characterized
using *'P CP/MAS (at 8.46T) and static ®Cu NMR (at
14.1 T) spectroscopies, and powder X-ray diffraction (XRD)
analysis. Comparative analyses of the *'P chemical-shift ten-
sors, and the ®Cu chemical shift and quadrupolar-splitting
parameters that were estimated from the NMR spectra are
given. The solid-state ®Cu NMR spectra of 1 at 7.05 and
9.4 T are also provided and were used to increase the accu-
racy of the ®Cu spectral parameters obtained from simula-
tions of these spectra.

As previously reported, *'P chemical shifts can be success-
fully used for the assignment of the coordination mode
(bridging or terminal) of O,0’-dialkyldithiophosphate li-
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gands adsorbed on the surface of synthetic sphalerite and
galena."® The same approach was applied in our studies of
the adsorption of potassium O,0’-diethyldithiophosphate on
the surface of synthetic chalcocite.””? In this paper, we
extend this approach for the synthetic chalcocite by applying
another potassium O,0’-dialkyldithiophosphate collector,
K[S,P(OiBu),]. The morphological changes observed on
the chalcocite surfaces treated with different concentra-
tions of this collector and the assignment of the species
formed at the mineral surface were monitored using scan-
ning electron microscopy (SEM) and *P CP/MAS NMR
spectroscopy.

Results and Discussion

Structures of copper() O,0'-dialkyldithiophosphate cluster
compounds: In the crystal structure of the tetranuclear clus-
ter compound [Cu,{S,P(OiPr),},],”! each copper() ion is
bound to three sulfur atoms, forming a triangle, with the
copper ion in the center, and a mean Cu—S bond length of
2.267 A. Each of the four O,0'-diisopropyldithiophosphate
ligands bridges three copper(1) ions and displays a trimetallic
triconnective pattern: one of the sulfur atoms binds to one
copper ion while the second is bound to two.'”! The cop-
per(1) ions themselves form a somewhat distorted tetrahe-
dron with a mean Cu-Cu distance of 2.81 A. [Cu,{S,P-
(OiPr),}4] crystallizes in an orthorhombic space group,
P2.2.2,.

In the only crystallographically characterized hexanuclear
cluster, [Cus{S,P(OEt),}s], the ligands also display a trime-
tallic triconnective coordination mode with sulfur atoms
bound to either one or two copper ions, with somewhat
shorter Cu—S bond lengths (2.250 A).¥l The six copper(1)
ions form a trigonal antiprismatic configuration with a mean
Cu-+Cu distance of 3.129 A. [Cuy{S,P(OEt),}] crystallizes in
a space group with a high symmetry, R3 (trigonal).

The architectures of the octameric clusters, [Cug-
{S,P(OR),}¢(X)] (R = alkyl; X = S*, Cl, or Br), are dif-
ferent: the ligand displays the rare tetrametallic tetracon-
nective coordination pattern: each O,0’-dialkyldithiophos-
phate ligand bridges four copper(i) ions and every sulfur
atom is bound to two copper(1) ions."”! Each of the copper(1)
ions is bound to three sulfur atoms and is positioned slightly
above the S; plane. The average S-Cu-S angle is about 119°
and the mean Cu—S bond length is 2.29 A. In addition, all
copper centers are also attached to the central sulfide, chlo-
ride, or bromide ion, perpendicular to the CuS; planes, thus
completing a triangular pyramidal configuration around the
copper(1) ions. The eight copper(1) ions form a cubic config-
uration with a mean Cu--Cu distance that increases with in-
creasing size of the central ions: 3.01 (3.11 for [Cug(S,P-
(OiPr),}¢(S)]®), 3.11, and 3.17 A for the sulfide, chloride,
and bromide analogues, respectively."!!!  [CuyfS,P-
(OEt),})¢(S)] and [Cug{S,P(OnPr),}s(S)] crystallize in a space
group with a high symmetry, R3 (trigonal), while the [Cus-
{S;P(OiPr),}6(S)], [Cug{S,P(OiPr),}e(C1)]PFs, and [Cug{S,P-
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(OiPr),}¢(Br)]PF cluster compounds have lower symmetries,
C2/c (monoclinic).

In the structural configuration of [Cu{S,P(OEt),}s] it can
be seen that two copper atoms across a cubic diagonal and
the central counter ion in the CugS;,(S) core are omitted
and it is somewhat surprising that the average Cu--Cu dis-
tance in the former is longer than that in the CugS;,(S) core
in [Cug{S,P(OR),}¢S]. Measurements on the icosahedron
ligand shell show that it undergoes a slight shrinkage of
0.156 A when these copper atoms are removed. For the
[Cug{S,P(OR),}S] cluster compound, with R = Et, nPr, and
iPr,B1% it was found that the ligand shell remains fairly con-
stant and the changes are within 0.02 A.

The average Cu--Cu distances and Cu—S and Cu—S .,
bond lengths calculated from the aforementioned crystallo-
graphic structures, together with the EXAFS data (see
below), are shown in Table 1.

EXAFS studies of copper() O,O'-dialkyldithiophosphate
cluster compounds—the structural relationship between the
polynuclear clusters with different copper cores (Cu,, Cug,
Cug): EXAFS is a lattice-independent structure method,
which provides information about the structure around the
absorbing atom in the sample (in this case, copper). The
copper K-edge EXAFS data for the polycrystalline samples
of the [Cuy{S,P(OiPr)L], [Cu{S,P(OEt)y}e], [Cuy{S,P-
(OED),}6(S)]. [Cug{S,P(OnPr),}s(S)], and [Cug{S,P-
(OiPr),}6(S)] cluster compounds with known structures, and
[Cug{S,P(OiBu),}¢(S)] (1) and [Cuy{S,P(OiBu),}s] (2) with
still unknown structures are shown in Figure 1. The fits of
the EXAFS data are also shown in Figure 1, and the individ-
ual scattering path contributions can be also found in the
Supporting Information.

The cluster compounds display similar EXAFS functions
with only very small differences between the different types
of structures.

The structure parameters for the tetranuclear cluster com-
pound, [Cu,{S,P(OiPr),},], from X-ray crystallography and
EXAFS data are the same within the error limits: the mean
Cu—S bond length is 2.265 A and the mean Cu--Cu distance
is 2.81 A (see Table 1).
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Figure 1. The fit of the EXAFS data for cluster compounds 1 (no offset),
[Cug{S,P(OiPr),}6(S)] (offset 1.0), [Cug{S,P(OnPr),}¢(S)] (offset 1.5), [Cug-
{S,P(OEt),}s(S)] (offset 2.7), 2 (offset 5.0), [Cuy{S,P(OELt),}¢] (offset 6.0),
and [Cu,{S,P(OiPr),},] (offset 7.0). Solid lines = experimental data;
dashed lines = model.

The pairs of values obtained by means of X-ray crystallog-
raphy and EXAFS for the hexanuclear cluster compound
[Cue{S,P(OEt),}¢], however, are significantly different and
not within the error limits. The EXAFS data show a mean
Cu—S bond length of 2.266(3) A and a mean Cu-Cu dis-
tance of 2.85(3) A. Similar Cu—S and Cu--Cu distances are
observed for the polycrystalline hexanuclear compound 2
(R = iBu, see Table 1). The mean Cu--Cu distance is much
shorter than that reported in the crystallographic study by
Liu et al® The distances obtained with EXAFS are in
agreement with the values from the structures of the polynu-
clear copper(l) O,O’-dialkyldithiophosphate clusters (dis-
cussed above) and it is unlikely that a mechanism would be
present that could keep the copper ions separated by a dis-
tance of 3.129 A in the [Cuy{S,P(OEt),}] cluster compound,
while allowing the overall ligand cage to shrink by 0.156 A
(compared with those for the [Cug{S,P(OEt),}¢(S)] cluster
compound®).

Table 1. EXAFS mean distances d, Debye—Waller coefficients ¢, and number of distances N, of the polynuclear copper(r) O,0’-dialkyldithiophosphate
cluster compounds. The corresponding parameters obtained from crystallographic studies are given for comparison.

Ligand tail Cluster Average Cu-Cu distance Average Cu—S distance Average Cus X distance (X = S*, Cl, Br")
R L = Rydtp XRD EXAFS XRD EXAFS XRD EXAFS

d[A] 7 N d[A] 7 N d[A] @ N
iPrl® Cu,L, 2.810 2.82(2) 0.023(2) 3 2267 2.265(3) 0.00443) 3
Et CugLg 3129 2.85(3) 0.033(2) 3 2250 2.266(3) 0.0061(3) 3
iBu (2) CugLg na 2.85(3) 0.032(2) 3 na 2.265(3) 0.0055(3) 3
Et¥ CugLy(S)t! 3.009 3.01(3) 0.040(4) 3 2305 2.293(3) 0.0065(4) 3 2.606 2.62(3) 0.032(4) 1
nPrll CugLy(S)t! 3.011 3.02(3) 0.034(4) 3 2302 2.294(3) 0.0090(4) 3 2.607 2.64(3) 0.032(4) 1
iPrie!l CugL(S)t! 3111 2.99(3) 0.0443) 3 2283 2.285(3) 0.0086(4) 3 2.694 2.64(2) 0.015(3) 1
iBu (1) CugLy(S)t! na 297(3) 0.047(4) 3 na 2.290(3) 0.0102(4) 3 na 2.63(2) 0.020(3) 1
ipr!t [CusL(CI|PF,  3.112 na na na 2283 na na na 2.695 na na na
iPrlf [CugL¢Br]PF, 3.166 na na na 2296 na na na 2.742 na na na

[a] na = not available. dtp = S,P(OiBu),. [b], [c] and [c1], [d], [e], [f] The average XRD distances are obtained from the structures described in
ref. [7,8,9,10,11], respectively. [g] The detailed simulations of EXAFS data for the CugL4(S) compounds are shown in ref. [10].
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Copper(1) Cluster Compounds

The mean Cu--Cu distances in the hexameric O,0’-di-
alkyldithiophosphate cluster compounds, [Cue{S,P(OR),}]
with R = alkyl, are expected to be longer than those in the
[Cu,{S,P(OR),},] cluster compounds due to the larger clus-
ter, and shorter in comparison with the largest structure, the
[Cug{S,P(OR),}¢(S)] type (see below).

The mean Cu—S bond lengths in [Cu,{S,P(OiPr),},], [Cu,-
{S,P(OEt),}¢], and 2 are very similar (Table 1), which is ex-
pected because of the identical chemical surroundings of the
copper ions in these two structure types. The structural pa-
rameters for the [Cue{S,P(OEt),}s] and 2 cluster compounds
are almost identical, which strongly indicates that the struc-
ture of the Cuy(S,P), core is independent of the length and
branching of the alkyl chains.

The mean Cu—S bond lengths and the Cu--Cu distances
in the [Cug{S,P(OR),}¢(S)] (R = Et, nPr, iPr, and iBu) clus-
ter compounds are slightly longer than those in the tetra-
meric and hexameric cluster compounds (Table 1) due to
the fact that the copper() ions are tetracoordinated in the
octameric clusters. The Cu—S bond lengths in the octanu-
clear [Cug{S,P(OR),}¢(S)] structures are slightly longer (by
about 0.02 A) relative to those in the tetranuclear, [Cu,{S,P-
(OiPr),}4], and hexanuclear, [Cu,{S,P(OR),}s] (R = Et and
iBu), cluster compounds. The bond to the central sulfide
ion, Cu—S....r» is Weaker in comparison with the bonds to
the O,0’-dialkyldithiophosphate ions, which range from 2.6
to 27A in all reported octameric structures, [Cug-
{S,P(OR),}5(S)].*"? The EXAFS data for the cluster com-
pounds [Cug{S,P(OR),}s(S)] (R = Et, nPr, and iPr) and 1
are almost identical, showing that the structure of the Cug-
(S,P)eS core is also independent of the length and branching
of the alkyl chains.'” However, it must be stressed that even
though the compounds are isostructural, the symmetry of
the clusters decreases with increases in the length and
branching of the alkyl chains, which is also seen in the space
groups in which [CugS,P(OR),}4(S)] cluster compounds
crystallize (see above).

Table 2. *'P chemical shift and chemical-shift anisotropy data (68.3% confidence limit) for the copper(1) 0,0’

dialkyldithiophosphate cluster compounds.

FULL PAPER
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Figure 2. *'P CP/MAS NMR spectra (at 8.46 T) of O,0'-diisobutyldithio-
phosphate compounds: surface-formed compounds on the synthetic chal-
cocite treated with a) 0.1, b) 1, and c¢) 10 mmol dm~* aqueous solutions of
K[S,P(OiBu),], 20000 signal transients; d)cluster compound 1 and
e) cluster compound 2, 32 signal transients. 3 kHz spinning frequency. Ex-
panded regions with center bands are shown in the insets.

P CP/MAS NMR and SEM studies of 1 and 2: The *'P
CP/MAS NMR spectrum of the octanuclear cluster 1 is
shown in Figure 2d. The compound displays three resonance
lines (1:1:1) with isotropic shifts
at 9, = 103.7, 100.2, and
96.8 ppm, and slight splitting of

the two peripheral lines are ob-

Cluster Jio [PPM. Oaniso [PPM Oy Oy 0, Ref. .

compound [ppm] Lppre] - es " served (see. the inset and
1 1037 (103.1)£0.1  —702+12  050+0.04 1564+17 12144 334410 [16] Table 2). ,Th,l,s means that the
100.240.1 691412 02401 1413435 12744 311+1.0 six  0,0'-diisobutyldithiophos-
96.8 (96.4)£0.1 —64.5+£0.8  0.140.1 129.141.6 12943  323+1.0 phate ligands are chemically
) almost equivalent in pairs.'" It
2 101.60.1 ~746+0.5 034002 1516+18 12644 27.0£1.0 thiswork oo e 4ot the 3P CP/MAS
Surface-formed compounds®! NMR spe'ctrum of 1 (Figure 2d)
A 101.6+0.5 —761+17 038+£0.06 15445 12549 2545 this work ~ Wwas drastically changed by re-
A 96.8+0.5 —645+10 0101  131+4 12748 3245 crystallization in CH,Cl, (Fig-
B 103.7+0.5 —81+7 03+03 155412 133425 2345 ure 2¢). Instead of the three
B 101.60.5 7245 024£02 14447 131415 2945 resonance lines. fust one with

B 1002405 —83+13 04404 158419 125437 17£13 X nes, ju )
B 96.8+0.5 —65+4 03+£03 13849 120420 32+4 an isotropic chemical shift at
101.6 ppm was observed, which
K[S,P(OiBu),] 110.940.2 1230420 0001 17349 172419 —1242  [25] suggests that the chemical

[a] Estimation of 0,y and 7cs for *'P chemical sites was performed in two different ways: two (A) and four

(B) sets of lines were used in the deconvolution procedures.
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lar in this new copper(l) O,0'-diisobutyldithiophosphate
cluster.

In our previous study we reported that the [Cug{S,P-
(OEt),)¢] cluster compound also displays a single resonance
line in the *'P CP/MAS NMR spectrum, with an isotropic
shift at d,, = 101.0 ppm and the *'P chemical-shift anisotro-
py (CSA) parameters 0,,, = —74.6 ppm and 7. = 0.34
(for comparison to the data in Table 2).'"”! Based on the
EXAFS data of 2 (see Table 1) and the similarity in the *'P
CSA data for [Cu4{S,P(OEt),}s] and 2, the single *'P reso-
nance in the spectrum of 2 was assigned to the [Cug{S,P-
(OiBu),)¢] cluster compound.

Estimation of the *'P CSA parameters, 0,5, and 7¢s, for 1
and 2 was based on the analysis of the spinning-sideband
patterns in the NMR spectra obtained at three different
spinning frequencies.™” The results of the deconvolution
and the subsequent evaluation of the CSA data are given in
Table 2. The phosphorus sites in 2 (d;, = 101.6 ppm) have
more asymmetric *'P chemical-shift tensors (57cs = 0.34)
than two of the P sites in 1 (d;,, = 96.8 and 100.2 ppm, 7
= 0.1 and 0.2, respectively (Table 2)). The least deshielded
resonance for 1 (9, = 96.8 ppm) has an almost axially sym-
metric tensor with 7 close to zero.

The SEM images of compounds 1 and 2 are shown in
Figure 3. After recrystallization in CH,Cl,, the needlelike
structures of 1 (see Figure 3a) are not detected using a SEM
microscope and only stacked polycrystalline polyhedra were
observed (Figure 3b).

Figure 3. SEM images of cluster compounds a)1 and b) 2 (1 recrystal-
lized in CH,CL,).

Chemical effects of the recrystallization of 1: The recrystalli-
zation of 1 was performed by using CH,CI, (as previously
mentioned), CHCl,, CH;l, and CCl, as solvents. The *'P CP/
MAS NMR spectra obtained for the samples after recrystal-
lization in CH;I and CCl, are shown in Figure 4a and b, re-
spectively. The samples are mixtures of compounds 1 and 2;
the three resonance lines at ¢, = 96.8, 100.2, and
103.7 ppm (from 1) are overlapped with the singlet (from 2)
at 101.6 ppm (see also Table 2). The corresponding SEM
images of these samples are shown in Figure 5a and b. Com-
pound 1 was recrystallized separately in EtOH/acetone (3:2
by volume) and toluene/cyclohexane (2:1) solvent mixtures
and no compositional or structural changes were detected.
However, only the resonance lines from 1 were observed in
the *'P CP/MAS NMR spectrum (not shown) after recrystal-
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Figure 4.*'P CP/MAS NMR spectra (at 8.46 T) of 1 recrystallized in
a) CH;I and b) CCl,; 32 signal transients. 3 kHz spinning frequency. Ex-
panded regions with center bands are shown in the insets. Traces of 1 are
shown with asterisks.

Figure 5. SEM images of 1 recrystallized in a) CH;lI and b) CCl,.

lization in CHCl;. This is probably due to the fact that the
commercial product contains EtOH as a stabilizer. Attempts
to separate the two phases (needlelike from polyhedral crys-
tals) were unsuccessful.

Fackler and co-workers have suggested that the tetranu-
clear compound, [Cu,{S,P(OR),},], undergoes an oxidation-
induced transformation that results in cubanes with anions
(such as S*7, CI7, or Br™) encapsulated in the cavity of the
Cug cage.”!! However, it is not clear how [Cu,{S,P(OR),},]
transforms into the final product, [Cug{S,P(OR),}s(S)]. The
transformation from [Cuglg]*™ to [Cug(S,L)s]* with L =
iIMNT (isomaleonitrilethiolate, 1,1-dicyanoethylene-2,2-di-
thiolato) when powdered sulfur is added has been report-
ed.™

The chemical reaction mechanisms with respect to the for-
mation and recrystallization of compound 1 are not fully un-
derstood and have not yet been described. Evidently, the
formation of compound 2 during the “recrystallization” of 1
does not include formation of Cu,S, as it is very insoluble in
the solvents used. It is most probable that additional O,0’-
diisobutyldithiophosphate ions are required at the formation
of 2 to achieve such a transformation. It is also evident that
the S*~ (the center ion, involved in the formation of 1) is a
decomposition product of the O,0’-diisobutyldithiophos-
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phate ion, which is the only source of sulfur in the synthesis,
and it is known that in the formation of analogous molybde-
num clusters the S*~ originates from the oxidized ligand
(R,P(S)SS(S)PR,; R = alkyl)."™™ The hexameric copper(i)
0,0'-diisobutyldithiophosphate (2) can only be formed by a
partial decomposition of the octameric cluster compound 1.
The properties of the solvent used in the recrystallization/
reformation reaction are certainly very important for the
transformation reaction mechanisms, and thereby the most
preferable cluster structure in a given solvent would be sta-
bilized.

Powder X-ray diffraction study of 1 and 2: All our attempts
to prepare single crystals of the aforementioned cluster com-
pounds that would be suitable for X-ray diffraction mea-
surements were unsuccessful. The obtained “needles” of 1
were extremely fragile (Figure 3a) and twinned. Samples of
1 and 2 were therefore additionally characterized using
powder XRD analysis (see Figure 6a and 6b), which resulted
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Figure 6. XRD powder patterns for a) 1 and b) 2. Expanded regions (260
= 5-25°) are shown in the insets.

in rather similar diffraction patterns, with the main differen-
ces occurring in the relative intensities of the first three re-
flections. Unexpectedly, the pattern obtained from 2 (i.e., 1
recrystallized in CH,Cl,) has a more amorphous character
with a broad background (see Figure 6b), which is probably
due to the presence of a large number of very small parti-
cles.®

Previous studies of [CugLy(S)] and [CusLg] (L = O,0'-di-
ethyldithiophosphate) have shown that these two copper(1)
cluster compounds contain almost-regular icosahedra of
sulfur atoms. When all metal sites are fully occupied, the
structure of the Cu¢S;, core in the [Cucl¢] cluster corre-
sponds to the cubane CugS;, in [Cugl4(S)], without the
center sulfur atom. Moreover, the Sj,-icosahedral cage (L
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cage) exhibits the same type of disorder also in the
[Zn,Ly(S)] cluster in which four Zn atoms form a tetrahe-
dron.® Calculations using the reported single-crystal struc-
tures®? show that [Cugl«(S)] and [Culdy (L = 0,0-
diethyldithiophosphate) have very similar diffractograms.
Therefore, copper(1) cluster compounds with six O,0’-diiso-
butyldithiophosphate ligands but with different numbers of
copper atoms in the core (six or eight), are expected to have
similar XRD powder patterns (as seen in Figure 6a and b
for the polycrystalline compounds 1 and 2, respectively). It
is reasonable to assume that they are crystallizing in the
same or similar space groups, as has been seen for the ethyl
analogues (see above).

%Cu NMR spectroscopic study of 1 and 2: Solid-state static

%Cu NMR experimental spectra for the central-transition
region of 1 and 2 at 14.1 T are shown in Figures 7 and 8§,

141T
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a-1)

- 23

L I L L B L AL LA L B
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v/ kHz
94T
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b)
b')
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c)
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Figure 7. Solid-state static *Cu NMR spectra (at 14.1, 9.4, and 7.05 T) of
cluster compound 1 (a—c), together with simulations (a’—¢’); a’-1 and a’-2
show the individual line shapes used in a’. The broad component was not
visible at 9.4 and 7.05 T. The probe background (at 9.4 T) is denoted with
an asterisk.
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Figure 8. Solid-state static ®Cu NMR spectrum (at 14.1 T) of cluster com-
pound 2 (a), together with simulations (a’).

respectively, together with their corresponding simulations.
%Cu NMR data for 1 at 9.4 and 7.05 T are also shown in
Figure 7. Table 3 summarizes the NMR parameters used to
simulate the ®°Cu static NMR spectra of these compounds.
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Table 3. ®Cu NMR parameters for copper(i) O,0'-diisobutyldithiophosphate cluster compounds 1 and 2.1

presence of two copper centers

Oio Co Mo Oaniso Nes ¢ % Y Integral ~ with very different EFGs, de-
[ppm] [MHz] +0.02 [ppm] +0.02 [°] (&1°) (&5°) intensity ~ gpite the similarity in the local
1 410+£20 19.3£0.1 0.40 450430 0.00 - 10 65 0.48 configuration. This indicates
120£50 46.0+0.2 0.05 nd nd - - - 0.52 that the copper centers in the
cube are coordinated in such a

2 250+50 46.1+0.2 0.10 nd nd - - - 1 .
way that the local electronic

[a] nd = not detected; — = does not affect the line shape.

These parameters describe the two interaction tensors: the
quadrupolar interaction (C, and 7,) and the Cu chemical-
shift anisotropy (0, and 7¢g)-

In principle, a nuclear quadrupolar interaction takes place
between a nucleus’ quadrupole moment and the electric-
field gradient (EFG), at its position, caused by the charge
distribution around it. The size of the quadrupolar interac-
tion experienced by a nucleus is described by the constant
Co, whose value depends on the size of the EFG. The de-
pendency of the EFG on nearby charges (typically up to
several Angstroms) means that this quadrupolar interaction
is sensitive to the number, position, and electronic configu-
ration of the atoms surrounding the target nucleus. C, tends
to have a smaller value when a nucleus is positioned at a
site with a higher symmetry; in a cubic symmetry it is equal
to zero. The asymmetry parameter, 75, shows the deviation
of the EFG from the axial symmetry.

In our previous work on the hexanuclear [Cusl¢] (L =
S,P(OEt),) cluster compound, only a single Cu NMR reso-
nance central-transition line shape with C, = 45.6 MHz was
observed.!"”! A similar broad (more than 10000 ppm or
about 2000 kHz) second-order-type quadrupolar powder-
pattern line shape with Cy = 46.1 MHz was also observed
in the solid-state static ®Cu NMR spectrum of 2 (Figure 8).
This means that in both the hexanuclear cluster compounds
there is an overlap of six almost identical resonances (from
six different copper sites), which indicates that the copper
centers are situated at positions that experience almost iden-
tical local charge symmetry (having similar EFGs) and
hence have similar quadrupolar constants, C, values.

The %Cu NMR spectrum of 1, however, reveals two quad-
rupolar line shapes with relative intensities close to 1:1 (see
Figure 7a and Table 3) suggesting the existence of two types
of site with equal-sized populations.'® These are substantial-
ly overlapped as the differences in isotropic chemical shift
are much smaller than the quadrupolar line widths, as ex-
pected. The relative orientation dependence of the two in-
teraction tensors (the chemical shift and quadrupolar inter-
actions) for the narrower component of 1 (at 14.1 T) is re-
flected in the angle parameters (see Table 3). The accuracy
of the parameters used to describe NMR data is increased
by comparing powder spectra of 1 obtained at multiple mag-
netic-field strengths. This study provides more accurate
values for the NMR interaction tensors and their relative
orientations than that reported earlier.!'"!

The presence of two quadrupolar line shapes with very
different characteristics (see Table 3) is an indication of the
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charge distribution for one half

of the sites is significantly dif-

ferent from the other half.
Local electronic environments with higher symmetries tend
to produce smaller EFGs and therefore quadrupolar line
shapes that can be characterized by smaller values of C,.
The line shape for compound 1 that is characterized by a
smaller Cj, is therefore associated with such an electronic
environment. For the copper sites in 1 displaying a weaker
quadrupolar interaction (Co = 19.3 MHz, d;, = 410 ppm),
%Cu CSAs are likely to be more comparable in strength
with the second-order quadrupolar broadening, and a single
static quadrupolar line shape was found to not adequately
model the spectrum. The CSA interaction was consequently
included in the simulations (see Table 3 and the Supporting
Information). The sites with larger quadrupolar constants
(Cqo = 46.0 MHz, 0, = 120 ppm) can be considered as a
superposition of the copper sites in the core exhibiting elec-
tronic environments with lower symmetries.!'

As mentioned earlier, the structure of the CugS;,(S) frag-
ment is independent of the type of alkyl chain but the sym-
metry of the cluster compounds decreases with increasing
length and branching of the alkyl chains. The larger the
ligand, the lower is the symmetry group in which the cluster
compounds crystallize. Therefore, the local electronic con-
figurations for the copper centers may change if a larger
ligand is used (with R = /Bu in comparison with the R =
iPr), resulting in different EFGs being experienced by the
copper centers.

The static solid-state Cu NMR spectrum of 1 can there-
fore be considered as an example in which the eight copper
sites with chemical environments of the same CuS;-S type
(as seen in the EXAFS data of 1) display two different local
electronic configurations. Due to the lack of structural data
for 1, the “Cu NMR spectrum was originally interpreted as
a superposition of two quadrupolar line shapes, characteriz-
ing copper sites with different chemical environments (CuS;
and CuS;-S. ., Tespectively) originating from distortions
of the Cug cube.' The EXAFS data show unambiguously
that the Cug cube is ‘equally distorted’ in all octanuclear
cluster compounds, [Cug{S,P(OR),}s(S)] with R = Et, nPr,
iPr, and i/Bu, and all copper atoms are tetracoordinated
(CuS;--S).

It is notable, however, that the copper sites with larger
quadrupolar constants (C, = 46.0 MHz) in 1 have similar
EFGs to those in 2, in which only the CuS;-type chemical
environment is present (the chemical environment with a
lower symmetry relative to the pyramidal CuS;S type).
This shows that very small differences in the local geometry
of the copper sites in 1 are producing large differences in
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the quadrupolar parameters, with corresponding differences
in the electronic charge distribution.

The quadrupolar parameters (Table 3) provide relatively
good fits to the spectra at 7.05, 9.4, and 14.1 T for the nar-
rower line shape, and a fit for all three fields cannot be ach-
ieved without including the CSA component. However, the
values for the broad line shapes in 1 and 2 are somewhat un-
certain and would benefit greatly from higher field measure-
ments (e.g., 21.1 T), where the strength of the *Cu CSA in-
teraction is expected to be more similar to that of the
second-order quadrupolar-interaction terms. The similarity
is still somewhat surprising because EFGs are determined
by local charge distributions and are therefore sensitive to
the bonding characteristics for a site of interest, so the large
differences in C, described above are indicative of signifi-
cant differences in the bonding or bond strengths at the two
sites, despite the apparent structural similarities found using
other techniques in this study.

Characterization of chalcocite surfaces after treatment with
KI[S,P(0iBu),]|—SEM and *'P CP/MAS NMR studies: The
3'P CP/MAS NMR spectrum of synthetic chalcocite (Cu,S)
treated with a 0.1 mmoldm > aqueous solution of potassium
0,0'-diisobutyldithiophosphate, K[S,P(OiBu),], the lowest
concentration of the collector used in this study, is shown in
Figure 2a. Despite the high sensitivity for the *'P nuclei (I =
'/, 100% natural abundance), the signal-to-noise ratio in
the NMR spectrum of the sample was about 3:1 after accu-
mulating 20000 signal transients. However, two broad reso-
nance peaks (with isotropic shifts at about 101 and 96 ppm,
and line widths of 5 and 3 ppm, respectively) flanked by
spinning sidebands can be readily recognized. To assign
these resonance lines, samples of chalcocite treated with
higher concentrations of the collector (1 and 10 mmol dm )
were prepared (see Figure 2b,c). Higher concentrations of
the ligand compound, K[S,P(OiBu),], resulted in spectra
with resonance lines at the same chemical shifts and with
the same relative intensities (including the spinning side-
bands) as for the 0.1 mmoldm * sample, but with improved
signal-to-noise ratios. These observations indicate that the
same O,O'-diisobutyldithiophosphate species are formed on
the chalcocite surfaces at low and high concentrations of the
collector, with increasing amounts of these species at higher
collector concentrations.

The SEM images of the surfaces of synthetic chalcocite
used in this study, before and after the treatment with K-
[S,P(OiBu),] at different concentrations (1, 5, and
10 mmoldm™?), are shown in Figure 9. The initially smooth
chalcocite surface was only slightly affected when using a
low concentration of O,0’-diisobutyldithiophosphate during
the conditioning of the sample (Figure 9b). At medium-low
concentrations (5 mmoldm™ K[S,P(OiBu),], Figure 9c),
needlelike structures were observed on the surface. When
the concentration of the ligand was doubled (10 mmol dm )
the needlelike structures became more abundant, covering
the entire surface (Figure 9d). The sample treated with the
most dilute solution of K[S,P(OiBu),] (0.1 mmoldm~3, not
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Figure 9. SEM images of a)a pure chalcocite, and chalcocite samples
treated with b) 1, ¢) 5, and d) 10 mmol dm* K[S,P(OiBu),].

shown), did not show any changes in morphology, although
the P CP/MAS NMR spectrum revealed the presence of
the same O,O’-diisobutyldithiophosphate species (as dis-
cussed above). Both SEM and *'P NMR spectroscopic data
indicate that the type of polycrystalline O,0’-diisobutyldi-
thiophosphate species formed at the surface of synthetic
chalcocite is independent of the collector concentration in
the range 0.1-10 mmol dm>.

It was noticed that the isotropic *'P chemical shifts of the
phosphorus sites in the cluster compound 1 are very similar
to those detected for the collector-treated chalcocite surfa-
ces (see Table 2). Furthermore, similarities in the spinning-
sideband patterns (compare Figure 2b,d) indicate that the
chemical-shift anisotropies of the P sites in compound 1 are
similar to those for the species formed on the mineral sur-
face. To more accurately assign the two broad *'P resonance
lines in the NMR spectra of the substances formed on the
chalcocite surfaces (see Figure 2b,c) these spectra were de-
convoluted in two different ways (using either two or four
sets of resonance lines) using the spectrometer’s in-built
Spinsight program. A comparative data analysis (of both *'P
isotropic chemical shifts and *'P CSAs) confirms the exis-
tence of two dominating copper(l) O,0’-diisobutyldithio-
phosphate polynuclear species (1 and 2) at the Cu,S surfa-
ces. Furthermore, the ratio of the relative amounts of 1 and
2 on the mineral surfaces was estimated to be 0.7:0.3 (as cal-
culated from the intensities of the spinning sidebands when
the spectrum was deconvoluted using a set of four lines, see
row (B) in Table 2). The *'P CSA parameter d,,, varies be-
tween —64 and —80 ppm for both the individual cluster
compounds and the species formed on the mineral surface,
thus confirming the presence of just bridging-type coordina-
tion of the ligands in these copper(1) O,0’-diisobutyldithio-
phosphate species.’™ The large uncertainty in these data is
due to the noise level in the spectra, an overlap of the broad
resonance lines, and the poorer resolution for the higher-
order spinning sidebands.
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The solubility product of chalcocite is very low (pKgp =
53).2 In spite of this fact, a very small amount of copper(1)
ions will be dissolved and quickly oxidized to copper(m) in
the presence of water. This process allows additional cop-
per(1) ions to be released and oxidized until an equilibrium
is reached. However, in the presence of O,0’-dialkyldithio-
phosphate, the copper(i) ions will be reduced to copper()
during the formation of copper(l) O,O’-dialkyldithiophos-
phate cluster compounds accompanied by the oxidation of
0,0'-dialkyldithiophosphate ions to bis(dialkylthiophosphor-
yl) disulfide.””) Recent studies have shown that copper
atoms at a chalcocite surface can react with the formed di-
sulfide molecules to form more copper(1) O,0'-dialkyldithio-
phosphate species.”! The fact that no traces of disulfides
were observed in the *'P NMR spectra of any of the collec-
tor-treated Cu,S samples is therefore a further indication of
the existence of this process. As these reactions take place
in very close vicinity to the chalcocite surface, the aforemen-
tioned compounds will be formed as an extension of the sur-
face as can be seen in the SEM images. A similar interaction
mechanism could be considered for ZnS surfaces when
sphalerite is activated by copper(i1) ions prior to the flota-
tion process.

It is worth noting that adsorption of O,0’-dialkyldithio-
phosphate ligands could also occur prior or parallel to the
oxidation process (Cu' to Cu"). This has been observed in
3P CP/MAS spectra when nonactivated synthetic sphalerite
and O,0'-dialkyldithiophosphate ligands were applied."™
However, such a primary reaction product was not detected
in the *'P CP/MAS NMR spectra of the collector-treated
chalcocite surfaces studied here.

Conclusion

The structural relationships between the polycrystalline clus-
ter compounds Cu,L,, CusLg, and CugL¢(S) (L = S,P(OR),
with R = alkyl) were studied by copper K-edge EXAFS. It
was shown that by increasing the nuclearity of the clusters a
proportional increase in the Cu--Cu distance occurs. The
Cu—S bond length is the same in the Cu,L, and Cugl¢ clus-
ters because of the identical chemical environments of the
copper ions (CuS;), but slightly longer (by ca. 0.02 A) in the
CugL¢(S) clusters due to the tetracoordinated copper(1) ions
(CuS;+S). It was also found that the structures of the Cus-
(S,P)s and Cug(S,P)4(S) cores are independent of the length
and branching of the alkyl chains. The polycrystalline cop-
per() O,0’'-diisobutyldithiophosphate cluster compounds,
[Cug{S,P(OiBu),}«(S)] and [Cue{S,P(OiBu),}s], were charac-
terized using *'P CP/MAS and static ®Cu (at multiple mag-
netic-field strengths) solid-state NMR spectroscopies,
powder XRD, SEM, and EXAFS analyses. The *'P and ®*Cu
isotropic and anisotropic chemical shifts and ®Cu quadrupo-
lar interaction parameters for [Cug{S,P(OiBu),}s(S)] and
[Cue{S,P(OiBu),}¢] cluster compounds were estimated by
simulating the experimental NMR spectra. The adsorption
mechanism of potassium O,0’-diisobutyldithiophosphate on
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the surface of synthetic chalcocite was studied by means of
solid-state *'P CP/MAS NMR spectroscopy and SEM analy-
sis. From these data, it was concluded that the same species
were formed at synthetic chalcocite surfaces in the collector
concentration range used (0.1-10 mmoldm ™). The *'P chem-
ical-shift data (both isotropic chemical shifts and CSAs) for
substances formed at the synthetic chalcocite surfaces al-
lowed the assignment of these species to a mixture of
[CugLg(S)] and [Cuels] (L = S,P(OiBu),) compounds.
These are formed in a reaction where copper(i) from the
chalcocite is oxidized to copper(m), before being reduced
back to copper() in copper(l) O,O’-diisobutyldithiophos-
phate cluster compounds.

Experimental Section

Materials: Copper(1) chloride (CuCl) and all solvents (analytical grade)
were obtained from Merck. N,N'-Dimethylformamide (DMF) and di-
chloromethane (CH,Cl,) were distilled before use. Potassium O,0’-di-
alkyldithiophosphate ligands, K[S,P(OEt),], K[S,P(OnPr),], K]S,P-
(OiPr),], and K[S,P(OiBu),], the commercial collectors Danafloat 123K,
133K, 233K, and 245K, respectively, were provided by CHEMINOVA
AGRO A/S and used as received. Synthetic chalcocite, Cu,S, was ob-
tained from STREM CHEMICALS. The structural identity of the chal-
cocite was confirmed using X-ray powder diffraction data.

Synthesis and characterization of the cluster compounds
[Cu,{S,P(OiPr),},] and [CuS,P(OEt),}s]: The polycrystalline cluster
compounds were obtained by following the methods of Kokotailo
etalland Liu et al.,”® respectively, and were characterized as reported
elsewhere.!"!

[Cug{S,P(OR),}s(S)] (R = Et, nPr, iPr): The polycrystalline cluster com-
pounds were obtained using the method of Matsumato et al.”! and char-
acterized as reported earlier."”!

[Cug{S,P(OiBu),}4(S)] (1): The cluster compound was prepared by react-
ing CuCl (1 mmol) and K[S,P(OiBu),] (1 mmol) in DMEF, also following
the method of Matsumato et al.’! The mixture was left for 24 h at RT
under stirring, allowing the CuCl to dissolve. The solution was filtered
and left for a spontaneous crystallization to take place in an open vessel
at RT for 3-4d. Fine white needlelike crystals were obtained (40%
yield). These were collected, dried, and recrystallized separately in an
EtOH/acetone mixture (3:2), a toluene/cyclohexane mixture (2:1), and fi-
nally in halogen-containing solvents (CCl,, CH;Cl, CH,Cl,, CH;I). M.p.
204-205°C. The FAB mass spectrum for a freshly prepared sample
showed a peak at m/z = 1990 for the S-centered cluster, [CugS,P-
(OiC,Hy),}eSH] ™, and a strong peak at m/z = 977, consistent with the
formation of [Cu,{S,P(OiC,H,),};] fragments. S/P elemental ratio calcd
for CugH;0sCugO,PeS 5 (M, = 1988.36): 2.24; found: 2.23.

[Cu{S,P(OiBu),}s] (2): The cluster compound was obtained by recrys-
tallizing [Cug{S,P(OiBu),}s(S)] (1) in freshly distilled CH,Cl,. This com-
pound was also independently obtained as a main product using the syn-
thesis procedure reported by Liu et al. (with K[S,P(OiBu),] being used
instead of the NH,[S,P(OiBu),] salt and with [Cu(CH;CN),]PF, as a
source of copper(1)).®! In the latter synthesis, traces of 1 were also found
in the *'P CP/MAS spectrum, while no traces of PF, anions were ob-
served indicating that no PF¢~ anions were incorporated in the lattice of
the obtained compound. S/P elemental ratio calcd for C,sH;,sCusO1,P¢S;,
(M, = 1829.21): 2.07; found: 2.08.

The elemental analysis for 1 and 2 was performed at Mikrokemi AB,
Uppsala, according to procedures described on their homepage:
http://www.mikrokemi.se/.

Surface-formed compounds: 1g of synthetic chalcocite (Cu,S) powder
was immersed in an aqueous solution (50 mL) of K[S,P(OiBu),| at
pH 9.2 (borate buffer) and kept under stirring for 30 min. The ligand was
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dissolved in deionized water, and after conditioning, the samples were
centrifuged at 4000 rpm for 5 min, rinsed with deionized water, centri-
fuged once more, and dried in a vacuum desiccator. In this study, the
aqueous solutions used were in the concentration range 0.1-
10 mmol dm ™ K[S,P(OiBu),]. The procedure was repeated using a dilute
aqueous solution of KOH (instead of the borate buffer) to adjust the pH
to 9.2 and no change in the *'P CP/MAS NMR results was observed. The

synthetic chalcocite has a specific surface area of about 1 m*g~".

Analytical methods

General: All experiments were performed at ambient temperature
(298 K).

3P CP/MAS NMR spectroscopy: Solid-state 'P MAS NMR spectra were
recorded at 14573 MHz on a Varian/Chemagnetics Infinity CMX-360
(B, = 8.46 T) spectrometer with cross polarization (CP) from the pro-
tons and proton decoupling.””! The CP mixing time was 3 ms. The 'H 90°
pulse width was 5 ps. 32 (for the pure compounds) and 20000 signal tran-
sients (for the surface compounds) were accumulated with 3 s relaxation
delays. The samples were packed in standard ZrO, rotors: 4 mm for the
pure cluster compounds and 7.5 mm for the surface compounds. To in-
crease the reliability of the simulations of the chemical-shift anisotropy
parameters, the P NMR spectra were obtained at three different spin-
ning frequencies (3-5 kHz). The spectra were externally referenced to
85.5% H,P0O,.*"

By analyzing the intensities of the spinning sidebands in the *'P spectral
patterns, the CSA parameters (0,5, and 7¢s) for the copper(n) O,0’-di-
alkyldithiophosphate cluster compounds were estimated. A simulation
program in the Mathematica front-end was used for this purpose. The
calculations involved the integrated intensities of the spinning sidebands,
the Larmor resonance frequency, the spinning frequency, and the noise-
level variance."!

Static ®Cu NMR spectroscopy: The ®*Cu and ®Cu isotopes both have spin
I = 3/, and large quadrupole moments. Despite the lower natural abun-
dance of the ®Cu isotope, it was preferred in this study, because its reso-
nance frequency falls in a spectral window that is relatively free from
other isotopes and the effect of the quadrupolar interaction is slightly
smaller. Excitation at a single frequency was insufficient to excite the
whole central-transition spectrum because of the width of the powder
line shapes, and the spectra were therefore acquired by repeatedly step-
ping the carrier frequency by 100 kHz, retuning the probe and acquiring
a new set of data, before finally adding all the sub-spectra together.*"

The solid-state ®Cu NMR spectra of 1 and 2 were recorded at
170.40 MHz on a Varian/Chemagnetics Infinity CMX-600 spectrometer
equipped with a wide-bore 14.1 T magnet. The static spectra were collect-
ed using a Bruker 5 mm static probe. In all cases, a spin-echo pulse se-
quence was utilized (1.1 us—7—1.1 ps, 7 = 15 ps). The spectra were ob-
tained with a pulse delay of 40 ms and 50000 transients were averaged.
The solid-state ®Cu NMR spectra of 1 were also recorded at two addi-
tionally applied magnetic field strengths: at 7.05 T using a Bruker CXP-
300 spectrometer, and at 9.4 T, using a Bruker MSL-400 spectrometer.
The reference frequencies for “Cu were 85.20 and 113.62 MHz, respec-
tively. The spectra were acquired using Bruker 7 mm static probes and
spin-echo pulse-sequence experiments. At 9.4 T, the radio-frequency field
strength, B;, was 116 kHz, the pulse timings were (1.0 us—7-1.0 us, 7 =
20 us) with 0.5 s relaxation delays, and 40960 transients were averaged
per resonance offset. At 7.05T, B; was 125 kHz, the same experimental
timings as those for 9.4 T were used, and 170000 transients were averaged
per resonance offset. The ®Cu NMR spectra at 7.05 and 9.4 T were ob-
tained in a similar way to those for 14.1 T, with the transmitter frequency
being stepped by increments of 100 kHz. The energy-level splittings that
are utilized in NMR spectroscopy are smaller at lower field strengths,
and the resulting weaker signal strengths are exacerbated further by the
broader width of spectra such as those studied here. The range of trans-
mitter frequencies used was therefore limited to those in the region of
line shapes with smaller quadrupolar coupling constants and therefore
narrower widths. All ®Cu NMR spectra were externally referenced to a
secondary standard of powdered CuCl at 6 = 0 ppm.*

These NMR data were processed with the free induction decay (FID)
data left-shifted to the echo maximum prior to the Fourier transform
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(FT) (half echo). The second-order quadrupolar line shapes for the cen-
tral transition of ®*Cu nuclei, including a chemical-shift anisotropy (CSA)
contribution where necessary, were simulated by using the DMfit pro-
gram.®! The errors were estimated by changing the value of one parame-
ter when all of the other parameter values were kept constant. Further-
more, the ®Cu NMR spectra were simulated using the SIMPSON simula-
tion program®™! to confirm independently the NMR parameters obtained
by DMFit.

EXAFS measurements: 20 mg of each solid compound [Cu,{S,P(OiPr),},],
[Cug{S,P(OEL),}], [Cug{S,P(OR),}4(S)] (R = Et, nPr, and iPr), 1, and 2
were diluted in 25 mg boron nitride (BN), and carefully grained, to give
an edge step in the transition mode of approximately one unit in the log-
arithmic intensity ratio. The cell was a 1 mm aluminum frame with Mylar
tape windows.

Copper K-edge EXAFS measurements were performed at the wiggler
beam line I811 at the MAXII Synchrotron, the MAX Laboratory, Lund
University, Sweden. The EXAFS station was equipped with a Si(111)
double-crystal monochromator and higher-order harmonics were reduced
by detuning the second monochromator crystal to reflect 60% of the
maximum intensity at the end of the scans. The internal-energy calibra-
tion was made with a copper metal foil with the first inflection point as-
signed to 8980.3 eV.*l The experiments were performed in transmission
mode at ambient temperature. Two scans (with a recording time of
90 min for each scan) were averaged to give a good data quality in the k
range 2-16 A~' (k>-weighted data), for which k = /02625(E—E,),
where E is the actual energy and E; is the threshold energy of the ad-
sorption edge. Calculated model functions using ab initio calculated
phase and amplitude parameters obtained by the FEFF7 and GNXAS
programs were curve-fitted in k space.®)

The EXAFSPAK and GNXAS program packages were used for the data
treatment. The data analyses were performed by means of the GNXAS
code in order to obtain the best possible splines. The GNXAS code is
based on the calculation of the EXAFS signal and a subsequent refine-
ment of the structural parameters.”’”? The GNXAS method accounts for
multiple scattering (MS) paths, with correct treatment of the configura-
tional average of all the MS signals to allow the fitting of correlated dis-
tances and bond-length variances (Debye-Waller factors). A correct de-
scription of the first coordination sphere of the studied compound has to
account for asymmetry in the distribution of the absorber—scatterer dis-
tances.*® Therefore the Cu—S two-body signals associated with the first
coordination shells were modeled with I™-like distribution functions that
depend on four parameters, namely the coordination number N, the aver-
age distance R, the mean-square variation o, and the skewness 8. The
term is related to the third cumulant C; through the relation C; = o’f.
However, the 8 term was negligible for all distances of importance in this
study. R is the first moment of the function [47(g(r))?]dr, in which g =
splitting factor and r = distance.

The standard deviations given for the refined parameters in Table 1 are
obtained from k’-weighted least-squares refinements of the EXAFS func-
tion x(k), and do not include systematic errors of the measurements.
These statistical error estimates provide a measure of the precision of the
results and allow various reasonable comparisons, including the signifi-
cance of relative shifts in the distances. However, the variations in the re-
fined parameters, including the shift in the E, value (for which k = 0),
using different models and data ranges, indicate that the absolute accura-
cy of the distances given for the separate complexes is within +0.01-
0.02 A for well-defined interactions. The “standard deviations” given in
the text have been increased accordingly to include the estimated addi-
tional effects of systematic errors.

SEM images: The morphologies of the samples were studied with a Phi-
lips XL 30 scanning electron microscope equipped with a LaB4 emission
source. A Link ISIS Ge energy-dispersive X-ray detector (EDS) attached
to the SEM was used to additionally probe the composition of the poly-
crystalline copper(1) O,0'-dialkyldithiophosphate cluster compounds.
Surface-area determination: A chalcocite sample was degassed at 575 K
overnight and nitrogen-adsorption measurements were performed on a
Micromeritics ASAP 2010 instrument. The specific surface area was cal-
culated using the BET equation.?]
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X-ray powder diffraction: X-ray powder diffraction patterns were collect-
ed using a Siemens D5000 diffractometer and Cug, radiation, 1 =
1.5418 A.
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