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Complexes of Dibenzylsulfoxide with Lanthanide Nitrate
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Abstract

A new series of dibenzylsulfoxide (DBSO) com-
pounds of empirical formula [Ln(DBSO),(NOj);]
are reported, where x=3 for Ln=Pr; x=2.5 for
ILn=Nd, Sm, Eu, Gd, Er and La; and x =2 for
Ln=Dy. The compounds were synthesized from a
non-aqueous solvent and isolated as dibenzylsulfoxide
salts. Infrared spectral data established coordination
by the anion groups and also that coordination of
DBSO is through the oxygen. Additional information
based on the nature of bonding and geometrical
structure was obtained from the electronic absorption
spectra, X-ray diffraction analysis, molecular con-
ductivities and molecular weight measurements (as
well as magnetic susceptibility measurements). All
these physical measurements indicate octahedral
coordination. The 20% decrease in the metal ion
radius across the lanthanide series and the competi-
tion between DBSO and nitrate groups for the
coordination site affect the number of DBSO mole-
cules bonded to a tripositive lanthanide ion.

Introduction

Complexes of several derivatives of sulfoxides as
ligands have been reported by numerous authors [1].
Continuing our interest in sulfoxides as ligands [2],
we began investigating the chemistry of the DBSO
complexes of the lanthanide nitrates. The present
work is an attempt to investigate and correlate the
coordination chemistry of the 3d-type transition
metal complexes and the lanthanide complexes, by
using the title ligand.

In this paper, an account of preparation methods
and a description of structural properties are given.
Infrared data are used to show the presence or
absence of the coordination number of the DBSO
species and its variations as a function of the crystal
radius of the cation.

*Work done by M. M. Zulu in partial fulfillment of the
requirements for the M.S. degree at State University of New
York, Binghamton, New York, 1985. Part of this work was
presented at the NERM-15, New Paltz, N.Y., 198S.
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Experimental

Materials

Dibenzylsulfoxide was obtained from Aldrich
Chemical Company, Inc., in technical grade form,
and had to be recrystallized from 50% aqueous
ethanol. The melting point for pure crystals is 132--
134 °C. The lanthanide oxides were obtained from
Semi-elements Inc., Saxonburg, Pa., U.S.A. in 99.9%
purity or better.

Synthesis

The appropriate lanthanide oxide was converted
to the lanthanide nitrate by dissolving approxi-
mately 0.25 g of the oxide in a minimum amount of
water and adding 50% HNO; dropwise with stirring
until the solution cleared. A small amount of oxide
was added in excess. In some cases the application of
heat was necessary in order to avoid an excess of acid
(because the protons might block the reactive sites).
The solution was then filtered and allowed to crystal-
lize over a steam bath.

Crystals of the hydrated lanthanide nitrate were
dissolved in a mixture of 4 ml of t-butanol and a
stoichiometric amount of triethyl-orthoformate was
stirred with a magnetic stirrer for at least S min at
30-40 °C, and then a stoichiometric amount of
DBSO dissolved in warm t-butanol was added. The
solution was covered and agitated for an additional
hour. An equal volume of anhydrous ether was added
and stirred into the mixture for 30 min at room tem-
perature. The supernatant liquid was then decanted
and the product was stirred in a minimum amount of
anhydrous ether. The crystals were washed in succes-
sive portions of cold anhydrous ether until they
formed a fine powder. The product was filtered and
dried in vacuo over P,0O5 at room temperature over-
night. The yield was 90—98%.

Analysis

Carbon and hydrogen analysis for only a few com-
plexes was performed by R.C. Johnson, Mic-Anal.
Organic Microanalysis of Tucson, Ariz., U.S.A. The
percent nitrate content was determined by gravi-
metric precipitation with nitron, as described by
Welcher [3a].
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The metal content was estimated by complexo-
metric titration with EDTA, using xylenol orange as
an indicator. This indicator permitted the direct
titration of all the rare earth metals [3].

A known weight of the complex (=107 M) was
dissolved in water and acetate buffer (pH 5, 10 ml).
One drop of pyridine was added, followed by three
drops of xylenol orange indicator. The solution was
then titrated with 0.01 M EDTA until the color of
the solution changed from red to yellow, then
another drop of pyridine was added. If the pH of
the solution dropped too much, the red color would
reappear. The titration was completed to a permanent
yellow end-point.

The total sulfoxide content was determined
indirectly by following a procedure outlined by
Douglas [4]. Standard solutions of potassium
permanganate, sodium oxalate and ferrous sulfate
were prepared following the prescribed methods of
Kolthoff and Sandell [5], and Day and Underwood
[6].

Approximately 30—50 mg of sample was dissolved
in 50 ml of 0.5 N sulfuric acid and a few drops of
phosphoric acid. An excess of 0.1 N KMnQO, was
added to oxidize the sulfoxide to a sulfone. After the
reaction, the excess permanganate was reduced to
Mn?* by the addition of ferrous sulfate (006 N
FeSO,:7H,0). The clear solution was then titrated
with KMnO, until a very slight pink color appeared.

Physical Measurements

Melting points for the complexes were obtained
with a Thomas-Hoover Capillary Melting Point
apparatus and were uncorrected.

The infrared spectra of the complexes were ob-
tained from a Perkin-Elmer Model 283B recording
spectrophotometer in the region 250—4000 cm™,
using CsBr plates.

Conductance measurements were performed with
an Industrial Instrument Model RC 16B2 conduc-
tivity bridge and a conventional cell calibrated with
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aqueous KCl solution. All measurements were con-
ducted with nitromethane at 25 °C. Molecular weight
measurements were obtained using a Hewlett-Packard
Model 301A vapor pressure osmometer. All deter-
minations were done at 37 °C with a non-aqueous
probe and nitromethane as the solvent. Standard
solutions of benzil dissolved in nitromethane were
used for a molecular weight calibration curve. X-ray
diffraction patterns of the complexes were deter-
mined by the use of a General Electric Model XRD-5
and a direct reading diffractometer. A copper Ka
radiation source was used in conjunction with a
nickel filter (A =1.54178 A at 33 KV and 15 mA).
The sample holder was packed by the backpacking
technique. The relative intensities were estimated by
their relative peak heights.

The electronic absorption spectra of the com-
plexes were obtained with two different recording
spectrophotometers: a Hewlett-Packard Model 8450A
(350—800 nm) and a Perkin-Elmer Model 559A
(190—900 nm). Nitromethane solutions of colored
complexes were used to record the visible spectra.
Methylene chloride was the solvent for all complexes
which absorb light in the ultraviolet region. The
reflectance spectra of the solid compounds were ob-
tained with a Beckman DU spectrophotometer over
the wavelength range of 350—1000 nm. The reference
standard used to obtain the reflectance spectra was
U.S.P. magnesium carbonate.

Results and Discussion

The method used for the synthesis of the
lanthanide nitrate complexes was that described by
Bertan and Madan [7] for the tetramethyl sulfoxide
complexes of the lanthanide nitrates, except for
minor modifications. The complexes were found to
be non-hygroscopic and air-stable. The yield for all
DBSO complexes was in the range of 90—98%. The
analytical data and some physical properties of these
complexes are summarized in Table I; no coordinated

TABLE I. Analytical Data and some Physical Properties of the Lanthanide Nitrate Complexes of Dibenzylsulfoxide

Complex® Theoretical (%) Experimental (%) Color Yield Melting point
M NO, DBSO M NO,3 DBSO %) e
[P1(DBSO)3(NO3);]? 13.84 18.27 67.88 14.25 18.58 67.44 green 98 133
[Nd(DBSO); 5(NO3)3] 15.92 20.53 63.55 15.83 20.36 63.53 lavender 97 142
[Sm(DBSO); 5(NO3)3] 16.49 20.39 63.12 16.44 20.30 62.97 white 97 146
[Eu(DBSO); 5(NO3);3] 16.63 20.36 63.02 16.52 20.28 62.94 white 97 150
[Gd(DBSO), s(NO3)3] 17.11 20.24 62.65 17.02 20.20 62.51 white 97 151
[Dy(DBSO),(NO3)3] © 20.08 22.99 56.93 20.09 22.87 56.88 white 94 151-2
[Ex(DBSO), 5(NO3)3] 2  18.00 20.02 61.98 18.06 19.97 61.81 pink 97 154
[La(DBS0O); 5(NO3)3) 15.42 20.60 63.93 1541 20.26 63.87 white 96 118

a[DBSO = C14H1480].
H, 3.95%].

b[Found: C, 48.50; H, 4.07. Calc.: C, 49.20; H, 4.16%].
d[{Found: C, 45.58; H, 3.95. Calc.: C, 45.29; H, 3.80%].

€[Found: C, 43.06; H, 3.66. Calc.: C, 42.60;
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water molecules were present. From the total —_ o~
analysis, it appeared that the lanthanide nitrate com- . S*g, o E E
plexes are eight-coordinate. This was confirmed by S| 72 N 2 52 oy
taklgg Physwal measurements which agreed with our g 53‘ | E? ~0 g S g 3o ) Q
predictions. F 225 23%L22Z20 /! 28 d <

It is well known that the lanthanides form com- <| ¥4 YALXITLPLIXTXX
plexes most easily with oxygen donor ligands, so one
would expect lanthanide sulfoxide complexes to form
easily. However, upon examining the literature, most 5
chemists found lanthanide complexes to be either 2% EEZ EEZ © =EE
six-, seven-, eight- and/or nine-coordinated, depending LRIL2LKFAI28zw 288
upon the size of the central metal ion [8]. These g X7 E2e x®eemw oo
workers suggest that in many of these complexes,
one or more of the three nitrate groups are present
as bidentate. It can also be pointed out that as the 5
size of the metal ion decreases, steric repulsion of 2% EEZ EEZ =ESEE
ligands is increased and so, as a consequence, the eal38333cI2szR2es
number of ligands coordinated decreased by going Bl LII-"See ®-mrEvnTan
from Pr3* to Dy>*, due to the well-known lanthanide
contraction. The sharpness of the melting points
indicate the purity of the respective complexes. g

The infrared spectral data for the DBSO com- 2% EEZ EEZ 3EcEE
plexes of the lanthanide nitrates are given in - PR RERRE I NN B R RE S
Table 11. The infrared spectra for all complexes were g |O|IZTEER ®mEmvnsToa
characterized by the lack of water bands and dis- T
placement of S=0 stretching from 1030 cm™! in g
the free ligand to approximately 988 cm™ in the ] g g E g g E E E 2 3 z E E
complexes. This is in good agreement with results g Rl ElcRn8ao2Res
previously reported by Cotton et al. [9], indicating Z | 2| 22728 ®ooesvnsan
coordination through the oxygen atom. Bonding 3
via the oxygen atom of the sulfoxide group should E
definitely result in the draining of the electron 5 . 5
density from the sulfoxide functional group double = £ EEY EE: = B=EE
bond and, therefore, in a lowering of the force g 285228392238 ges
constant of the S=0 bond, with a resulting decrease K 127880 =wwerw von
in the infrared stretching frequency of the S=O in =
the complexes compared to that of the free ligand. = 4
The IR data also indicate that only coordinated g 5 g
nitrate groups (symmetry C,,) are present. The I £% EEZ EEEZ =ESEE| "
absence of the two infrared active bands of the B - POEVLRYgeeguagzacee =3 Z
nitrate ion (symmetry Dj,) in all these complexes ‘_E: Z| 37229 wxccvanven| g
at 720 and 1390 cm™' is also a further proof that = g
no ionic nitrate is present [10]. To determine the E = "
distinction between unidentate and bidentate nitrate 2 G g
groups by only the use of IR-spectra is difficult. The 2 2% EEZ EE: 2EmEE g"
assumption that large values of A(vs — »,) indicate § LIRSS FIATRE| 3
the presence of a bidentate nitrato group cannot be S | &|X2TESEe oo vavTan | g
proven without additional confirmation by the use 3 t
of Raman spectral data [11]. Thus far, though, it is % _ i
believed that these complexes contain one mono- £ ] | 8
dentate and two bidentate groups bonded to each A 22 EE? EEEZ =%sEE| E
central metal atom (to form a coordination number o IRV ILISSaj22G| N
of eight, which is confirmed by subsequent physical 5|3 TR72ee @oosvnven| g
measurements). The band shifts for all respective & g8
groups for the lanthanide nitrate complexes are = o
shown in Table II. The complexes in our study have 4 E Z G g
a C—S stretching vibration near 691 cm™. Srivastava 22 S = ® 3 A
and coworkers [12] reported that the C—S stretching = 1A = = eoT &
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TABLE III. Conductance and Molecular Weight Data for the Lanthanide Nitrate Complexes of Dibenzylsulfoxide in

Nitromethane

Complex Concentration A, (ohm™! cm? Concentration Apparent molecular Actual molecular
(mM) mol™1) at 25 °C (mM) weight at 37 °C weight g/mole

(Pr(DBSO)3(NO3);] 3.00 9.49 10.00 1017.0 1017.90
2.00 10.03 5.00 1003.1
1.00 13.47 2.02 998.4

[NAd(DBSO),5(NO3)3]  5.98 2.68 9.00 893.5 906.07
3.98 3.21 3.60 893.2
2.00 5.44

[Sm(DBSO),,5(NO3)3]  6.00 1.95 9.08 902.2 912.22
3.96 2.51 3.64 900.5
2.02 4.23

[Eu(DBS0), 5s(NO3)3) 5.96 2.38 9.14 910.8 913.77
4.00 2.59 3.58 908.4
2.00 4.17

[GA(DBSO), 5(NO3)3]  6.00 2.06 9.22 915.9 919.08
4.00 2.51 3.88 915.9
2.00 4.02

[Dy(DBSO);(NO3);]  6.02 2.55 8.00 802.5 809.16
4.02 2.87 3.24 800.2
2.02 5.02

[Ex(DBSO), 5(NO3)3) 6.00 2.38 9.18 921.5 929.09
4.00 3.09 3.46 912.7
2.00 4.02

[La(DBSO);5(NO3)3]  6.02 3.57 9.00 886.2 900.73
4.00 4.34 3.58 886.2
2.00 6.18

absorption undergoes a slight positive shift on com-
plexation from 685 to 700 cm™! in their complexes.
The positive shift in the C—S stretching frequency is
an indication of the decrease in the double bond
order of the SO group (pr—dn back-bonding) and an
electron shift from the aryl group to the S atom of
the ligand.

Conductivity data of these complexes are given in
Table III. Geary [13] tabulated the molar conduc-
tances of various types of electrolytes in concentra-
tions of approximately 107®> M in nitromethane
solvent and found that 1:1 is 75-95;2:1 is 150—180;
3:1 is 200-260; and 4:1 is 290-330 ohm™ cm?
mol™, The choice of nitromethane solvent is based
on its weak donor properties; consequently, all elec-
trolytes are allowed to exhibit their relatively high
conductivities. The molar conductance data for these
complexes, consequently, indicate that they are non-
electrolytes and neutral species. Our values ranged
from 1.95-14.0 ohm™ cm? mol™. This provides
additional proof that nitrate groups are strongly
bound to the metal ion [14]. This was also confirmed
by the IR spectra. It can be stated that these com-
plexes can undergo a slight dissociation with in-
creased dilution (which could be proved by plotting

Am versus c'’?, excluded in this report). The
molecular weight measurements for the lanthanide
nitrate complexes, given in Table III, suggest that
these complexes exist as one particle in CH3NO,,
relative to the empirical formula. The Pr complex
proved conclusively to be monomeric and undisso-
ciated in solution, while the rest of the lanthanide
nitrate complexes may be non-monomeric in
character with respect to stoichiometric and stereo-
chemical requirements.

Although not reported here, the magnetic suscep-
tibility data for our complexes fell within the
expected theoretical range for free ions [15].

The X-ray data, not shown here for the DBSO
complexes of the lanthanide nitrates, indicate two
sets of structures for this series of complexes: one
structure for the complexes of the smaller metal
jons (Pr™, Na™, Sm™, Eu™ and La™) and the
other structure for the larger lanthanide metal ions
(Gd™ Dy™ and Er™). The intensity maxima, how-
ever, occur at almost the same values of 28 (which
gives an idea of the identical spacings between the
lattice planes in the crystals). This suggests that
isomorphism exists among all these compounds
[16]. The difference observed from the X-ray spectra
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TABLE IV. Visible Spectral Data for the Colored Dibenzylsulfoxide Complexes of the Lanthanide Nitrates in Nitromethane and

Methylene Chloride Solvents (and Solid Reflectance Spectra)
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Complex Transitions Using CH3NO, solvent Using CH,Cl, solvent Using solid
(ref. 18) reflectance
A (nm) Emax A (nm) Emax A (nm)
M Tem™) M lem™) Eonar)
max
[P1(DBS0O)3(NO3)5] 3H,- 3P, 600 5.01 590 4.00
552 8.17 552 9.12 558(-)
472 10.82 472 11.00 485(-)
3H,- D, 450 14.30 450 15.13 453(-)
[Nd(DBSO); 5(NO3)3] g — *Gsp 800 8.30 800 8.60 765(-)
745 5.33 745 6.00
583 15.71 583 14.99 586(—-)
Hopn = 2Grp 525 3.32 526 3.95 530(-)
513 1.60 513 1.92
[Ex(DBSQO); s(NO3)3] 15,2~ ‘G 680 3.30 685 3.62
654 5.40 654 495 655(-)
552 8.21 552 6.21
Mysp— Hnp 522 14.50 522 14.40 525(-)
490 2.19 490 3.00 385(-)
8Shoulder.

for the two sets) was due to the ability of the larger
lanthanide ions to accommodate a close arrangement
of the atoms [16, 17].

The hypersensitive bands observed for the colored
lanthanide nitrate complexes of DBSO are shown in
Table IV. For the [Pr(DBSO)3;(NO;);] complex,
3H, - 'D, transitions appeared as a strong band at
450 nm and as a weak band at 472 nm in nitro-
methane and also in methylene chloride. For the
[Nd(DBSO), s(NO3);] complex, the hypersensitive
transitions *Iy,, > *Gs,, and °G,,, appeared as a
strong band at 583 nm in nitromethane and also in
methylene chloride, but were found at 595 nm in
methanol, which proves solvolysis of this complex
in this solvent. For the [Er(DBSO), s(NO3);] com-
plex, the hypersensitive transition *I;s,, > *Hy;,y
appeared at 522 nm in all solvents employed. The
shape and intensity of these bands correspond with
bands of the eight-coordinate (CHj3);NHNd(hfaa),
and (CH;);NHEr(hfaa), complexes, studied by
Karraker [18]. He also found that, in each case, as
the coordination number of the lanthanide ion de-
creased, so did the intensity of the hypersensitive
bands in the visible spectrum.

Conclusions

There is a variability of the coordination number
of ligands which is due to the differences in cationic
sizes, electrostatic forces of attraction or repulsion
and ligand lability, rather than bond orientation [19].
This also indicates competition between the nitrate
ion and DBSO for the coordination sites. Forsberg

and Moeller [20] proved the ability of the anion to
enter the coordination sphere in a decreasing order,
NO; >CI” > Br” > ClO4 . Their work also showed
that the radii of the lanthanide ions influenced the
change in coordination number of the ligand in
[Ln(en),X;] compounds, where X =anions and
y=2-4, It is also significant that the nitrate group
has sufficient donor strength for the DBSO groups
to ‘make room’ for it in the coordination sphere. So
the additional space available for ligand coordination
then becomes affected, and selectively in terms of
ligand size results.
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