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Abstract

A number of lead(IT) 0,0'-dialkyldithiophosphate complexes were studied by '*C, *'P, and **’Pb MAS NMR. Simulations of *'P
chemical shift anisotropy using spinning sideband analysis reveal a linear relationship between the S—P—S bond angle and the prin-
cipal values 0, and 033 of the 3IP chemical shift tensor. The 3'P CSA data were used to assign ligands with different structural func-
tions. In the cases of diethyldithiophosphate and di-iso-butyldithiophosphate lead(II) complexes, 2J(*'P, 2°’Pb)-couplings were
resolved and used to confirm the suggested assignment of the ligands. The SIMPSON computer program was used to calculate

3P and 2°7Pb spectral sideband patterns.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dialkyldithiophosphates (dtp) are widely used as col-
lectors in the selective froth flotation of sulfide minerals
and as analytical reagents for extraction and spectro-
photometric determination of metal ions [1]. Over the
years various O,0’-dialkyldithiophosphate metal com-
plexes have been investigated by single-crystal X-ray dif-
fraction (e.g., [2-11] and references therein). The
dithiophosphate ligands can adopt different structural
functions: terminal, bridging or combined, (tridentate),
which leads to a variety of structures of dtp compound,
i.e., mono-, bi- or polynuclear metal complexes [2-11].
Recently, we have reported on a correlation between
the *'P chemical shift tensor (CST) principal values
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and the type of dtp ligands in different nickel(II) and zin-
c(II) dtp complexes [12] found using spinning sideband
analysis on *'P CP/MAS NMR spectra. These correla-
tions have been further confirmed by quantum mechan-
ical ab initio calculations [12]. It has been revealed that
the principal value 6,,, but not d;; and 33, of the 3p
chemical shift tensor is very sensitive to the S—P—S
bond angle: 05, increases substantially with an increase
in the S—P—S bond angle, while both ¢;; and 33 are al-
most constant. Generally, the terminal ligands in nick-
el(IT) and zinc(Il) dtp complexes have smaller S—P—S
angles (95°-97°), and the phosphorus sites in these li-
gands have values for d,, ~ 6978 ppm, while the larger
S—P—S angles (97°-105°) in the bridging ligands corre-
spond to 9(*'P) &~ 94-124 ppm. These results can be
used for determining the type of surface coordination
and geometry of dialkyldithiophosphate ligands chemi-
sorbed on mineral surfaces, and for a better understand-
ing of the mechanisms in froth flotation of sulfide ores.
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In this study, we measure the >'P chemical shift
anisotropy of different O,0’-dialkyldithiophosphate lea-
d(IT) complexes and investigate further the correlations
between these data and the structural parameters of
the [O,PS,] -moiety, i.e., P—O, and P—S bond lengths
and O—P—O and S—P—S bond angles. The *'P CSA
analysis, based on a Mathematica program developed
by Levitt and co-workers [13], was performed by evalu-
ating the integrals of the spinning sidebands in the CP/
MAS NMR spectra obtained at moderate and slow
sample spinning (2-5 kHz). For diethyldithiophosphate
and di-iso-butyldithiophosphate lead(II) complexes,
two-bond J-couplings between *'P and °’Pb (/= 1/2)
nuclei were resolved in the *'P CP/MAS NMR spectra
and were also used in the assignment of the ligands. In
addition, *”Pb MAS NMR spectra of three lead(Il)
dtp complexes are also presented.

The SIMPSON [14] computer program was used to
calculate the MAS NMR spectra of the *'P to provide
direct comparisons with the experiments, and of the
207Pp to estimate the CSA parameters for the three lea-
d(IT) dtp complexes.

The crystal structures of a few Pb(II) dtp compounds
have been determined previously: (i) the diethyldithio-
phosphate lead(II) complex, [Pb{S,P(OC,Hs),},] [7],
consists of mononuclear units with two terminally coor-
dinated ligands (see Fig. 1A). The ligands are connected
to the neighboring monomeric units through weak S—0O’
and S—Pb’ bonds, forming a polymeric structure. (ii)
The di-iso-butyldithiophosphate lead(II) complex,
[Pb,{S,P(0-i-C4Hy),}4] [8], is a dimeric unit, including
pairs of ligands with terminally chelating or tridentate
structural functions (see Fig. 1B). (iii) The di-iso-propyl-
[9,10], (iv) dipropyl- [11], and (v) di-cyclo-hexyldithio-
phosphate [11] lead(II) complexes consist of polymeric
chains, [Pb{SQP(OR)z}Q]n (R = i-C3H7, C3H7, Cc-
Ce¢Hy1), in which the ligands display only tridentate
structural functions (see Fig. 1C).

Table 1 shows the most important crystallographic
data of the lead(11) dtp complexes presented in this study.

2. Experimental
2.1. Materials

Eight polycrystalline potassium O,O’-dialkyldithio-
phosphates, K{S,P(OR),} (R =C,Hs, CsH,, i-C3H-,
C4H9, i-C4H9, S-C4H9, i'CSHlla C-C6H11), which are the
components of the commercial collectors Danafloats,
were provided to us by ‘CHEMINOVA AGRO A/S'.
0,0'-dialkyldithiophosphate lead(Il) complexes 1-8
(see Table 2) were prepared by mixing aqueous solutions
of Pb(NOj3), (‘Merck’) and corresponding potassium
0,0'-dialkyldithiophosphates. Precipitated complexes
were filtered off, washed with water, dried naturally, and
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Fig. 1. Molecular structures of monomeric lead(Il) diethyl- (A),
dimeric di-iso-butyl- (B) and polymeric di-iso-propyl- (C) dithiophos-
phate complexes.

recrystallized from organic solvents. The potassium dial-
kyldithiophosphate salts, as well as two of the lead(II)
dialkyldithiophosphate complexes, have been previously
characterized by solid state '*C CP/MAS NMR [4,11].
13C chemical shifts of the solid lead(II) dtp complexes
and potassium dtp salts are given below (9, ppm):

[Pb{S,P(OC,Hj5),},] (1): 1:1—65.4, 63.8, 62.1 (2:1:1,
—OCH,—), 18.2, 17.7, 17.3, 16.6 (1:1:1:1, —CH3). Cf.
data for the initial K{S,P(OC,Hs),}: (1:1)—63.2
(—OCH,—), 18.1, 18.0 (1:1, —CH3y).

[Pb{S,P(OC3H7),}>], (2): (1:1:1)—71.1, 70.4, 69.4,
69.0 (1:1:1:1, —OCH,—), 24.8, 24.5 (1:1, —CH,—),
10.7, 10.6, 10.5 (1:3:2, —CHj3;). Cf. data for the initial
K{S,P(OC;3H7),}: (1:1:1)—71.7, 68.9, 68.8 (2:1:1,
—OCH,—), 25.0, 24.1 (1:1, —CH,—), 10.2, 9.9, 8.9
(1:2:1, —CHy).

[Pb{S,P(0-i-C3H7),},], (3): (1:2)—75.4, 744, 71.9
(2:3:3, —OCH=), 26.1, 25.9, 25.2, 24.7, 24.5, 24.2,
23.9 (2:2:5:3:1:2:1, —CHs;). Cf. data for the initial
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Table 1
Crystal data for dialkyldithiophosphate lead(1I) complexes
Complex P—S (A) S—P—S (°) P—O (A) 0—P—0 (°) S—Pb (A)* O—Pb’ (A)
[Pb{S,P(OC;,H5),},] [7] 1.995 1154 1.59 100.1 275T 3.04
1.969 1.62 3.00T
347 B
1.991 116.2 1.61 105.2 279T 3.00
1.968 1.59 3.02T
348 B
[Pb{S,P(OC3H7),},], [11] 1.974 116.16 1.584 105.1 321 T 3.05
1.984 1.594 284 T
1.977 293 B
1.996 11491 1.581 100.7 280 T 3.43
1.576 3.14T
3.12B
[Pb{S,P(O'C3H;),}>], [9,10] 2.000 113.8 1.584 110.5 323T 3.43
1.982 1.582 276 T
1.958
1.944 114.6 1.556 100.7 298 B 3.56
1.584 277T
318 T
3.03B
[Pb,{S,P(O'C4Ho)>)4] [8] 1.994 1139 1.55 100.4 276 T 3.48
1.951 1.60 313 T
1.985 1.57 344 B
1.986 112.0 1.56 97.3 276 T
277T
[Pb{S,P(O°CsH11)5}>], [11] 1.994 114.35 1.580 101.0 286 T 3.80
1.994 1.588 333T
1.979 1.580 293 B
2.005 114.14 1.590 100.5 310 T 3.26
275T
320 B
% T, terminal distance (Pb—S); B, bridging distance (Pb’'—S).
Table 2
31P chemical shift data for lead dithiophosphate compounds. 95.4% joint confidence limit
Complex Jiso (PPm) J (Hz) Janiso (PPM) U d11 (ppm) 022 (ppm) 933 (ppm)
[Pb{S,P(OC,Hs),},] 98.54+ 0.1 83 —764+1.2 0.38 +0.06 151 +2 122+5 221412
97.24+0.1 79 —66.0 + 1.3 0.69 + 0.05 153.0 +2.0 107 +4 312+ 1.3
[Pb{S,P(OC3H7)>}2], 98.1 +£0.1 —66.6 + 0.9 0.64 + 0.04 1528 + 1.4 110+3 31.6 £ 1.0
97.3+0.1 —78.6 £ 0.9 0.22 +0.05 145+2 128+5 18.7+ 0.9
[Pb{S,P(0-i-C5H7),}>], 96.5+0.2 —60.1 +1.3 0.83 +0.05 151.6 + 1.8 102+ 4 364+ 14
96.2+£0.2 —57.7+1.0 0.86 +0.04 149.7+ 1.5 100 £3 384+ 1.0
[Pb{S,P(OC4Hy)>}>], 100.0 +0.2 —69.3+1.9 0.60 + 0.07 156 +3 114 +6 307+ 1.9
98.2+0.2 —81.8+1.5 0.22 +0.10 148 +4 130 +9 164+ 1.6
[Pby{S,P(0-i-C4Hy)5} 4] 98.1+0.2 309;57 —63.1+1.0 0.91 +0.03 1585+ 1.4 101 +£3 350+ 1.0
94.5 4+ 0.1 140 61.34+0.8 0.38 +0.05 155.8+0.8 76 +3 521415
[Pb{SzP(O-S-(:4H9)2}z:lna 944 4+1.1
[Pb{S,P(0O-i-CsH11)>} 5], 99.0 +£0.1 —69.4+1.1 0.59 £+ 0.05 154.1+1.9 113+4 29.7+ 1.1
98.7 + 0.1 —68.8+1.2 0.65 + 0.05 1554+ 1.8 111+4 299+1.2
[Pb{S,P(0-c-CsH11)2}21, 99.6 £0.2 —59.0+ 1.1 0.83 +0.05 153.5+ 1.7 105+3 40.7 + 1.1
95.6 £0.2 —644+1.2 0.88 +0.04 156.1 + 1.7 100 + 3 31.2+1.2

2 Too broad signal to make unambigious simulations of *'P CSA parameters.

K{S,P(0-i-C5H,),}: (1:2)—73.0, 72.8, 70.5, 69.9 (1:1:1:1,
—OCH=), 27.0, 26.7, 26.3, 25.4, 25.0, 24.1 (1:1:2:6:2:4,

[Pb{S,P(OC4Hy),},] (the molecular structure is not
reported) (4): 1:1:1:1—69.2, 67.9, 67.5 (1:1:2, —OCH,—),

33.5, 33.1 (5:3, —CH,—), 20.1, 19.5 (1:3, —CH,—), 16.2,
15.2, 14.9, 14.7 (1:1:1:1, —CH3). Cf. data for the initial
K{S,P(OC4Hy),}: (1:1:1:1)—70.3, 67.9 (1:1, —OCH,—),
34.9,31.7,31.5(2:1:1,—CH,—), 19.7, 19.3 (1:1,—CH,—),
14.8,14.4,14.0, 13.5 (1:1:1:1, —CHy,;).
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[Pby{S,P(0-i-C4Ho)»}4] (5): (1:1:2)—75.1, 73.8, 73.2,
72.8 (1:1:1:1, —OCH,—), 29.9, 29.8, 29.6, 29.5 (1:1:1:1,
—CH=), 20.7, 20.1, 19.9, 19.8 (1:3:3:1, —CH3). Cf. data
for the initial K{S,P(O-i-C4Hy),}: (1:1:2)—75.1, 74.2,
73.5, 73.2, 72.9 (—OCH,—), 29.9, 29.8, 29.7 (—CH=),
21.1, 21.0, 20.9, 20.8, 20.7, 20.6, 20.4, 20.3, 20.2, 20.1
(—CH3).

[Pb{S,P(0-s-C4Hy),},] (the molecular structure is not
reported) (6): (1:1:1:1)—77.1 (OCH—), 31.3, 30.9 (1:1,
—CH,—), 22.1, 21.6, 21.2, 20.9 (1:9:4:2, —CH3;), 10.1,
9.7 (3:1, —CH3;). Cf. data for the initial K{S,P(O-s-
C4Ho),}: (1:1:1:1)—77.5 (OCH—), 31.7, 31.5, 31.1
(—CH,—), 22.0, 21.2 (—CH3), 12.0 (—CHa3).

[Pb{S,P(0-i-CsH11),}»] (the molecular structure is
not reported) (7): (1:1:3)—67.0, 65.2 (3:1, —OCH,—),
40.0, 39.6 (1:1, —CH,—), 26.2, 25.8, 24.7, 24.3, 24.2,
24.0, 23.8, 22.7, (—CH;). Cf. data for the initial
K{S,P(O-i-CsHy;),}: (1:1:1:2)—66.6 (—OCH,—), 41.0,
39.1 (1:1, —CH,—), 26.7, 264, (1:1, —CH=), 25.0,
23.9, 23.6, 22.9, 22.7 (—CHs;).

[Pb{S,P(0-c-CsH11),}>], (8): (1:2:3)—78.8, 76.0, 74.2
(2:1:1, —OCH=), 35.5, 34.3, 31.9 (2:1:1, 0-CH,—), 26.2,
25.5, 21.9 (3:2:1, m-, p-CH,—). Cf. data for the initial
K{S,P(O-c-CsHy)-}: (1:2:3)—79.9, 78.8, 78.1, 77.1
(1:1:1:1, —OCH=), 35.7, 35.2, 34.7, 33.9 (0-CH,—),
26.2 (m-, p-CH,—).

2.2. NMR measurements

Solid-state *'P magic-angle-spinning (MAS) NMR
spectra were recorded on a Varian/Chemagnetics Infin-
ity CMX-360 (By = 8.46 T) spectrometer using cross-po-
larization (CP) from the protons together with proton
decoupling [15]. The *'P operating frequency was
145.73 MHz. The proton mw/2 pulse duration was
5.0 ps, CP mixing times varied between 3 and 5 ms for
different samples and the nutation frequency of protons
during decoupling was w,./2n = 64 kHz. The acquisi-
tion length was 4096 and the spectrum width was
50 kHz. From 4 to 32 transients spaced by a relaxation
delay of 5s were accumulated. Powder samples were
packed in zirconium dioxide standard double bearing
7.5 mm rotors. Spectra of all samples were recorded at
two or more different spinning frequencies, between 2
and 5 kHz, and their isotropic chemical shift data (in
the deshielding, J-scale) are given with respect to 85%
H;PO4 [16] (here 0 ppm, externally referenced), which
was mounted in a short 5 mm glass tube and placed in
a 7.5mm rotor to avoid errors due to differences in
the magnetic susceptibility.

Solid-state '*C CP/MAS NMR spectra for all sam-
ples were recorded with an operating frequency of at
90.52 MHz. The proton nr/2 pulse duration was 4.5 ps,
CP mixing time 2 ms and the nutation frequency of pro-
tons during both cross-polarization and decoupling was
Wau/27 = 58 kHz. From 664 to 1644 transients spaced

by a relaxation delay of 2 s were accumulated. The iso-
tropic chemical shifts are referenced to the least shielded
resonance of solid adamantane at 38.56 ppm relative to
TMS [17].

Solid-state *°’Pb MAS NMR spectra were recorded
with a single-20° pulse experiment with proton decou-
pling. The *°’Pb operating frequency was 75.28 MHz.
The acquisition length was 8192 and the spectrum width
was 1000 kHz. Powder samples were packed in zirconi-
um dioxide standard double bearing 4 mm rotors. Ca.
10,000-20,000 transients spaced by a relaxation delay
of 8s were accumulated. Two different spinning fre-
quencies (11.3 and 12 kHz) were used and the isotropic
chemical shifts are given with respect to Pb(NOj3),,
externally referenced, and temperature calibrated:
Oiso = —3492.5 ppm, (T =292 K) [18].

207pb CP/MAS experiments were not successful on
these compounds as the distance between 2°’Pb and pro-
tons is long and the T, relaxation time is probably
short. In addition, problems with ringing from the probe
made the initial part of the FID signal heavily distorted.
The attempt to avoid the latter problem by using a ro-
tor-synchronized echo experiment under MAS was
unsuccessful due to large distortions in the line shape:
(1) the large anisotropy of the lead sites makes the direct
excitation of the spectral edges insufficient, (ii) relaxa-
tion of the signal to thermal equilibrium occurs faster
at the edges than in the central region of the spectrum,
near the carrier frequency. 180° echo pulses aggravate
the problems since the pulse delay must be chosen to
be unreasonably long to avoid saturation of the NMR
signal. To avoid all these problems a single-pulse exper-
iment with proton decoupling was performed and a 20°
pulse (0.45 ps) was used instead of a 90°-pulse, to short-
en the experimental time. To decrease the distortions of
the lineshape caused by acoustic ringing of the probe,
the first 40 data points in the FID were deleted, and
44 (40 + 4 for the acquisition and receiver delays, total-
ling 45 ps) zero points were then added at the beginning
of the FID to avoid phasing problems in the spectra.
This procedure had only minor effects on the spectral
line intensities because the FID of the samples under
study last for ~1.3 ms.

2.3. CSA simulations

Simulations of the *'P chemical shift anisotropies
were performed in a Mathematica-based program devel-
oped by Levitt and co-workers [13]. The input file to the
Mathematica program consists of the experimental side-
band intensities, the experimental spinning frequency,
the Larmor frequency and the experimental noise vari-
ance. The program plots the y° statistics as a function
of the two chemical shift anisotropy parameters J,piso
and #», with a minimum at certain values of J,,;s, and
n. The joint confidence limits of the two CSA parame-
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ters are bound by the contours y* = 2. +2.3 (68.3%
confidence limit) and 3> = 2. + 6.17 (95.4% confidence
limit) [19].

The principal values of the tensor can thus be recalcu-
lated from the two parameters d,,so and 7 and the iso-
tropic chemical shift:

5)0( + 5}3} + 522

(siso = 5
3
5aniso = 522 - (Sism
Oy — O
n==5—

The sideband intensities were measured with the
deconvolution method using the Varian ‘Spinsight’ spec-
trometer software. Values of duniso and 1 from 3'P sim-
ulations at two different spinning frequencies were
obtained and their mean and the mean error were calcu-
lated using the following equations:

xnlsn +xnsm

A
<S2> — (m - 1)Si + (n - I)Si
m+n—2 ’

where x is the value (J,ni50 OF 1) and s is the confidence
interval of x for simulations of spectra obtained at two
different spinning frequencies with m and n equal to
the number of spinning sidebands used in each of the
simulations.

A two-tailed F test was performed to confirm that the
values for the two different spinning frequencies did not
differ significantly from each other [20].

The principal values ., d,,, and J.. and their confi-
dence intervals, S5y, S5y, and s;.., were calculated with
the partial derivative method [21]using the values of J,nis0
and u at 95.4% confidence limit. The values for 0.y, d,,
and J.. were then converted to d;1, d2, and 033, according
to the convention of Mason, ;1 > d,5 > 933 [22].

The SIMPSON program [14] was used to calculate
the *'P spectra for the experimentally determined CSA
parameters, using a CSA tensor to propagate an I, den-
sity matrix, with the crystal file zcw376 and 19 y angles.
The spectral width, resolution and MAS rate were set to
the values used experimentally.

The 2°’Pb CSA parameters for the dtp complexes can
not be simulated using the current version of the Math-
ematica program [13], because the values of J,,;, are
outside the current computational range of the program
(Oaniso o/ @, < 10, where wq is the Larmor frequency
and w, is the spinning frequency). A rough estimate of
the CST principal values from the spectra gives
[Oanisol & 2000 ppm. Therefore, a sample spinning fre-
quency >15 kHzis required to enter the current computa-
tional range of the CSA simulation program. This high
spinning frequency can not be reached in our MAS probe.
Moreover, at such high spinning rates, the first rotational

echo in the FID is largely distorted by the ring-down sig-
nal from the coil, which creates large phase and baseline
distortions in the single-pulse 2°’Pb NMR spectra.

However, the SIMPSON program [14] can be used to
predict the **’Pb CSA parameters. By looking at the
sideband patterns in the experimental spectra an initial
guess of the CSA parameters can be made, and further
estimates and simulations can be performed until rea-
sonable results are obtained.

3. Results and discussions
3.1. *'P chemical shift anisotropy

Fig. 2 shows *'P CP/MAS NMR spectra of three of
the polycrystalline lead(II) dialkyldithiophosphate com-
plexes: diethyl-, di-iso-propyl- and di-iso-butyl-, repre-
senting the three different types of molecular
structures, i.e., mononuclear with van der Waals interac-
tions between the monomers, polynuclear with covalent
bonds between the monomers, and binuclear with one
terminal and one tridentate ligand in each monomer,
respectively, (recall Fig. 1).

These spectra, as well as the spectra of all the other
lead(IT) dtp complexes studied (see Table 2), display
two resonance lines (94.4-100.0 ppm), flanked by spin-
ning sidebands, which implies structural nonequivalence
between the dtp ligands in these complexes. Note also
the subsplitting of the resonance lines due to the two-
bond 2J(*'P-""Pb)-couplings in some of the spectra
(see Figs. 2A and B). These J-couplings will be discussed
later in this article.

The shapes of the spinning sideband patterns are
similar for all dtp ligands (except the more shielded res-
onance (dj, = 94.5 ppm) in the di-iso-butyldithiophos-
phate complex), and are typical for the bridging
ligands, or ligands with large S—P—S bond angles [12].
3P chemical shifts and *'P CSA parameters for the
complexes are given in Table 2. These data can be
correlated with the known structural parameters of
these compounds given in Table 1.

Fig. 3 shows the spectra obtained using the SIMP-
SON program [14] to calculate the spinning sideband
pattern from the CSA data given by the spinning side-
band analysis (Table 2). The sideband patterns are in
excellent agreement with the experimental spectra
(Fig. 2), and therefore, the >'P CSA data given in Table
2 are reliable and can be further correlated to the known
structural parameters of lead(II) dtp compounds given
in Table 1.

All the lead(Il) dialkyldithiophosphate complexes
(see Table 2) have similar values of d,,is, (in the range
of —58 to —82 ppm). 5 varies between 0.2 and 0.9. There
is only one exception: the more shielded phosphorus site
in the di-iso-butyldithiophosphate lead(Il) complex 5
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B
*
* —r 1 T 71 T 7T 1
100 98 96 94
I
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Fig. 2. 3'P CP/MAS NMR spectra of polycrystalline lead(Il) diethyl- (A), di-iso-butyl- (B), di-iso-propyl- (C) dithiophosphate complexes. The
spinning frequency was 2 kHz. Centrebands are marked by *. Insets show the central expanded region of the spectra.

has a positive value of Juniso, Oaniso = 01.3 ppm,
n = 0.38. According to our previous results [12] the sign
of daniso depends on the S—P—S angle, which strongly
affects the 05, principal value of the *'P chemical shift
tensor. A plot of the principal components of the *'P
CST versus S—P—S bond angle (see Fig. 4A) shows that
for the lead(Il) dtp complexes in this study a change of
sign of J.niso Occurs in the region around 113°. The
S—P—S angles in the lead(II) dtp complexes with known
crystal structures are between 114° and 116° [7-11] (see
Table 1). The only exception is the S—P—S angle of the
purely terminal ligand in the di-iso-butyldithiophos-
phate complex 5, which has an S—P—S angle of 112.0°
[8]. This relatively small difference in comparison with
the other lead(Il) dtp complexes is enough to cause a
change in sign of J,,;. It can also be seen from 3p
CSA data that n for the ligands with S—P—S angles
close to 114° is close to 1, indicating a proximity to
the “conversion point” where J,,iso changes sign. Fol-

lowing the plot in Fig. 4A, the phosphorus sites with
the largest d,, values can be assigned to ligands with
the largest S—P—S angles.

Similarly the phosphorus sites with the largest 35 val-
ues can be assigned to ligands with the smallest S—P—S
angles. The two S—P—S angles in lead(Il) di-cyclo-hex-
yldithiophosphate are almost identical and the values of
d,5 are the same to within their the confidence limits. In
this case d33 can be used to assign the ligands as this
parameter differs significantly between the two phospho-
rus sites. Note that as d,, and d33 change simultaneous-
ly, but in opposite directions, the isotropic chemical shift
is almost independent of the S—P—S angle, with a slight
tendency towards larger shielding of the phosphorus
sites with small S—P—S angles. Therefore, isotropic
chemical shifts must be used with a certain degree of
precaution in the assignment.

Fig. 4B shows a plot of the principal components of
the 3'P CST versus the O—P—O angle. J,, passes
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Fig. 3. 3'P MAS NMR spectra of different phosphorus sites in lead(II)
diethyl- (A), di-iso-butyl- (B), di-iso-propyl- (C) dithiophosphate
complexes as calculated by the SIMPSON program. The spinning
frequency was 2 kHz. Centrebands are marked by *.

through a maximum at O—P—O =~ 105° while J53 passes
through a minimum at the same value of the O—P—O
bond angle. No noticeable correlations between S—P
and O—P bond lengths and the principal values were
found (see Figs. 4C and D).

We have previously reported the results of ab initio
quantum mechanical calculations of the *'P chemical
shift tensor for a number of Ni(II) and Zn(II) dtp com-
plexes, as well as calculations for a model fragment
[O,PS,]” in which different structural parameters such
as O—P and S—P bond lengths and O—P—O and
S—P—S angles were varied (between 93° and 125°)

[12]. The results showed that, in the relevant range,
when the S—P—S angle increases J,, also increases
(31P becomes less shielded), while d55 decreases (° 'P be-
comes more shielded). For increasing O—P—O bond an-
gle d33 increases, although this effect is less pronounced,
and J,, passes through a maximum at ca. 100° [12]. An
increase in the S—P and O—P bond lengths will lead to a
deshielding of the phosphorus sites [12]. However,
experimental data on different dialkyldithiophosphate
nickel(IT) and zinc(II) complexes confirmed only the cor-
relation between the S—P—S angle and 4,,, probably be-
cause of the relatively small variation in P—S and P—O
bond lengths in these systems and the dominating effect
of the S—P—S over the O—P—O bond angles on the
principal values of the *'P CST in these compounds [12].

The lead(II) dtp complexes follow the same trends as
were found in our previously reported ab initio calcula-
tions on the model fragment [O,PS,]". For very small
and very large S—P—S angles the >'P chemical shift ten-
sor adopts an almost axially symmetric shape (7 — 0),
and is either oblate (positive d,yiso, for small S—P—S an-
gles) or prolate (negative d,,is0, for large S—P—S an-
gles). Fig. 5 shows the central fragment of a
dialkyldithiophosphate lead(II) complex, with the prin-
cipal axes frame of the *'P CST given as in the
[O,PS,]” model fragment [12]. d33, the axis correspond-
ing to the smallest principal value, bisects the S—P—S
angle, J,, is perpendicular to the plane formed by the
S—P—S atoms and d;; is orthogonal to both d,, and J33.

In our previous study of different potassium, nickel(11),
and zinc(Il) dialkyldithiophosphates [12], the S—P—S
bond angles in the terminal ligands were in the range of
101° to 110° and in the bridging ligands these angles var-
ied between 115° and 117°. For the lead(II) dtp complexes
in this study the S—P—S angles are all between 112° and
116°. There is almost a linear dependence of the S—P—S
angle on the *'P CST principal value d,, for the nickel(II),
zinc(Il) and lead(IT) dtp complexes. However, the slopes
of the lines between the data points of d,, versus the
S—P—S angle are different for the zinc(II), as compared
with the lead(IT) dtp complexes, (see Fig. 6). Note that
02 1s more sensitive to changes in the S—P—S angle in
the lead(IT) dtp complexes, as compared to the zinc(II)
dtp complexes. For S—P—S angles larger than ~114°
0»7’s in the lead(Il) dtp complexes are larger compared
with d,,’s in the zin¢(II) complexes, whereas at small an-
gles the opposite is true.

3.2. 270" P2 Pb )-coupling

Two-bond spin-spin couplings 2J(*'P, *’Pb) were
observed in the NMR spectra of the two Pb(II) dtp com-
plexes 1, [Pb{S,P(OC,H5s),},], and 5, [Pb{S,P(O-iso-
C4Ho),}4] (see Figs. 2A and B). Of the stable lead iso-
topes (*°°Pb, *“’Pb, 2°*Pb) only *°’Pb has I#0 (I=
1/2, 22.1% n.a.), which gives rise to a splitting in the
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Fig. 4. Correlation between the chemical shift tensor principal values d;1, d2,, d33, and the S—P—S angle (A), the O—P—O angle (B), the S—P bond
length (C), and the O—P bond length (D) in the dialkyldithiophosphate lead(11) complexes. The lines in (A) represent 6 (°) = 0.084706,, + 105.65 or
92> (ppm) = 11.8060 — 1247.34 (R*> = 0.931) and 0 (°) = —0.1229933 + 118.69 or 433 (ppm) = —8.1370 + 965.74 (R> = 0.8659), respectively.
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Fig. 5. Directions of the *'P chemical shift tensor principal axes in the
molecular fragment [O,PS,Pb].

3'P NMR spectra (two ‘wing’ lines in the three-line pat-
tern, with relative intensities ca. 1:7:1). The phosphorus
atom in each of the ligands is bonded to one lead atom
through the terminal chelating P—S,—PDb type of coordi-
nation. The two-bond J-coupling constants for the
Pb(II) diethyldithiophosphate complex are ca. 80 Hz
for each of the two non-equivalent P-sites. The outer
doublet (1:1) is due to this J-coupling of phosphorus
spins with one 2°’Pb spin.
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Fig. 6. 0y, versus the S—P—S angle for dialkyldithiophosphate zinc(1I)
and lead(II) complexes. The lines represent 0 (°) = 0.185d,, + 94.969
or &5, (ppm) = 5.4050 — 513.35 (R> = 0.881), for the zinc complexes,
and 0(°) =0.0850,, + 105.65 or dy (ppm)=11.8060 — 1247.34
(R?=0.931), for the lead complexes, respectively.

The *'P NMR spectrum of lead(II) di-iso-butyldithio-
phosphate is more complex. The most shielded *'P site
with ;5o = 94.5 ppm, which we assigned to the terminal
ligands because of the smaller S—P—S angle and posi-
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Fig. 7. The two P-atoms in the bridging ligands of the di-iso-
butyldithiophosphate lead(II) complex are J-coupled to the two lead
atoms in two different ways, either through terminal (P1) or bridging
(P2) paths, leading to a double splitting in the *'P NMR spectrum.
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tive Jdaniso (see Table 2) shows a splitting of ca. 140 Hz
(outer doublets). The least shielded *'P site in this com-
plex with ;o = 98.1 ppm, which we assigned to the li-
gands with combined structural functions, shows a
major splitting of ca. 309 Hz (outer doublets). However,
each of these peaks is, in turn, additionally split with a J-
coupling constant of ca. 57 Hz. This is an interesting
case, seldomly seen in solid state NMR due to the lack
of resolution. Therefore, we discuss it here in detail.

The central resonance line at 98.1 ppm stems from
3P nuclei in isotopomers (molecules with different com-
bination of different isotopes) with only non-magnetic
lead isotopes (i.e., either °°Pb or 2°*Pb). This central
line is split by ca. 309 Hz due to J-coupling between
3P and 2’Pb (I = 1/2) within the terminal path of the
complex (P1 in Fig. 7). The relative probability for such
isotopomers is 22%, giving rise to a spectral pattern with
intensity ratio 1:7:1. The central line is additionally split
(ca. 57 Hz) by *J-coupling through the bridging path in
the molecule (P2 in Fig. 7). The doublet (J = 309 Hz) is
additionally split into a doublet by the presence of iso-
topomers in which both lead atoms are magnetic
(*’Pb). Since the probability of having two **’Pb-atoms
within the same molecule is only ca. 5% the intensity of
this subsplitting is small (1:7:1 in each satellite).

3.3. 27 Pb chemical shift anisotropy

Fig. 8 shows the *°’Pb spectra of three different dial-
kyldithiophosphate lead(II) complexes. The anisotropy
is large and the general shapes of the spinning sideband
patterns are similar for lead(II) dipropyldithiophosphate
(Fig. 8B) and lead(Il) di-iso-butyldithiophosphate
(Fig. 8A), while the shape is different for the lead(Il)

A
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Fig. 8. 2’Pb MAS NMR spectra of polycrystalline di-iso-butyl (A),
dipropyl (B), and diethyl (C) dithiophosphate lead(II) complexes. The
MAS frequency was 12 kHz. Number of signal transients ca. 10,000—
20,000. Centreband marked by *.

diethyldithiophosphate (Fig. 8C). The J-coupling be-
tween >'P and 2°/Pb seen in the *'P spectra of diethyl
and di-iso-butyldithiophosphates can not be resolved
in the *“’Pb spectra due to the large linewidths (ca.
750 Hz).

The °’Pb chemical shifts for the three lead(Il) dtp
complexes are increasing when going from ethyl
(0iso = —1040 ppm) to propyl (disc = —857 ppm) and
further to iso-butyl (J;,, = —650 ppm) ligands. Wrack-
meyer has discussed that the **’Pb chemical shifts de-
pend on the coordination number of the lead atom in
the complexes studied [23]. The higher the coordination
number, the more shielded the lead site is. From the
known X-ray structures the coordination numbers of
lead in the dtp complexes given in Table 3
(Pb[SZP(OR)z]z, R = C2H5, C3H7, i—C4H9) would be 4,
6, and 5, respectively. This can not explain the isotropic
207Pb chemical shifts (see Table 3), as the lead(I1) sites in
the diethyldithiophosphate lead(II) complex would be
most deshielded, and not most shielded according to
the empirical rule of Wrackmeyer [23]. However, if the
van der Waals bonds are considered as strong enough
to contribute to the coordination sphere around the lead
atom, the coordination numbers of Pb would be 8, 6,
and 5, respectively. This hypothesis is currently under
investigation and the results of theoretical DFT calcula-
tions will be reported elsewhere.

As mentioned earlier, CSA simulations with the
Mathematica program could not be made for **’Pb be-
cause J.niso Was outside the computational limit of the
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Table 3
207pp chemical shift tensor parameters for lead(Il) dialkyldithiophosphates, as simulated by the SIMPSON program
Complex (Siso (ppm)d 5uniso (ppm) n 51I (ppm) 522 (ppm) 533 (ppm)
[Pb{S,P(OC,H5),}>] —1040 +2320 0.31 1280 —1840 —2560
[Pb{S,P(OC;H7),}>] —857 —1900 0.60 663 —477 —2757
[Pb{S,P(O-i-C4Hy),},] —650 —2020 0.60 966 —246 —2670
# Experimentally determined.
A
B
C
*
1500 1000 500 0 -500 -1000 -1500 -2000 -2500 -3000

O(ppm)

Fig. 9. 27Pb MAS NMR spectra of di-iso-butyl- (A), dipropyl- (B), and diethyl- (C) dithiophosphate lead(II) complexes as simulated by the
SIMPSON program. The MAS frequency was 12 kHz. Centrebands are marked by *.

program. Therefore, the SIMPSON program [14] was
used to estimate the >°’Pb CSA parameters. The simula-
tions were performed using a method similar to that de-
scribed for the 'P spectra. The CSA parameters were
estimated using an iterative process, and correlate well
with the experimental spectra. Fig. 9 shows the spectra
given by the simulations using the SIMPSON program,
and Table 3 gives the CSA parameters for these spectra.

The **’Pb chemical shift tensor of the lead(Il) diet-
hyldithiophosphate complex has a more oblate form,
as compared to the other two lead(II) dithiophosphates
studied, whose tensors have a more prolate shape. The
direction of the tensor within these complexes are not
known, and therefore it is difficult to draw any conclu-

sions regarding which structural factor(s) are causing
this difference. However, a hypothesis can be suggested
by looking at the coordination spheres around the lead.
In all three cases the coordination spheres are distorted.
The coordination sphere around Pb in diethyldithio-
phosphate is square-antiprismatic [8], with the lead atom
located between the two square-planes, while the coordi-
nation sphere is pentagonal bipyramidal in propyl- [11]
and square-based bipyramidal for iso-butyl- [8]. The
fifth position in the pentagonal plane in the lead(11) dip-
ropyldithiophosphate is occupied by a stereochemically
active electron pair [11]. In lead(Il) di-iso-butyldithio-
phosphate the stereochemically active lone pair occupies
the top of one of the pyramids. In these two cases the
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lead atom is located more or less in the plane. These dif-
ferences in location of the lead atom should have an
influence on the chemical shift tensor.

4. Conclusions

A number of polycrystalline O,0’-dialkyldithiophos-
phate lead(IT) complexes were prepared and studied by
solid-state °C, *'P CP/MAS, and **’Pb MAS NMR.
3P isotropic chemical shifts revealed chemical and mag-
netic nonequivalence between the dialkyldithiophosphate
ligands in the complexes, which is in accord with known
crystal structures. Linear relationships between the
S—P—S bond angle and the principal values d,, and d33
of the *'P CST were established.

For two of the complexes, 1 and 5, J-couplings be-
tween *'P and **’Pb were resolved in the CP/MAS *'P
NMR spectra, which assists in the correct assignment
of the resonance lines to phosphorus sites in either ter-
minal ligands or in ligands with combined terminal
and bridging functions.

207pp spectra were acquired in 20° single-pulse exper-
iments with proton decoupling. **’Pb CSA parameters
for three lead dialkyldithiophosphates were estimated
using the SIMPSON program.
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