Inorg. Chem. 2007, 46, 1975-1980

[norganic Chemisir

y

* Article

Cd, Hg, and Pb Compounds of Benzene-1,3-diamidoethanethiol
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Benzene-1,3-diamidoethanethiol (BDETH,) is an exceptional precipitant for removing soft heavy metals from water.
The present work will detail the bonding arrangement of BDETH, to the metals Cd, Hg, and Pb, along with the full
characterization data of the BDET—M compounds. It was found that the Hg compound has a linear S—-M-S geometry.
The characterization data consisted of Mp, EA, IR, Raman, MS, XANES, EXAFS, and solid-state multinuclear

NMR.

Introduction

Benzene-1,3-diamidoethanethiol (BDEJ)kvhich has the
trade name MetX was originally designed and synthesized
for use as a precipitation agent for the removal of soft metals
from water!~® It can be delivered as either the sodium salt
or as an ethanolic solution of the unmetallated ligand. The
ligand was found to be very effective at removing metals
from water and in producing nonleaching precipitates. The
reaction that occurs between BDET &ihd a divalent metal
cation is shown in Scheme 1.

In aqueous solutions at 50 ppm Pb or Hg, the addition of
BDETH, in EtOH at pH 4 and 6 levels drops the metal
concentration to below either ICP-OES (for Pb) or CVAF
(for Hg) detection limits in 6 K:?

In actual applications, BDETHwas effective in metal
removal from gold mining effluent, lead battery recycling,
and acid mine drainage. When samples collected from an
active gold-mining site in South America were treated with
the sodium salt of this ligand, mercury from solutions
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Reaction between BDETHand a Metal Cation.
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containing cyanide was found to be irreversibly bound and
precipitatec®. For samples taken from lead battery recycling
sites (LBRS), it was observed that more than 99.4% of lead
could be removed within 15 min starting with an average
initial concentration of 3.61 ppm using a stoichiometric 1:1
molar dose of BDETNato lead* When acid mine-drainage
(AMD) solutions were treated with BDETHIit was found
that the divalent metals were almost completely precipitated.
The Fe concentration was reduced<t6.009 ppm from an

\c
H /
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initial concentration of 2.70 ppm and that of Mn t®.001
ppm from an initial concentration of 0.913 ppm.

In summary, BDETH has been shown to remove soft
heavy metals from water under a variety of conditions.
However, the chemical identity of the metal compounds that

were formed in the treatment process were not determined.

The ligand was designed to provide a linearNs—S
geometry in binding and precipitating mercury (Scheme 1a),
while providing two strong covalent bonds, along with
additional coordination by the nitrogens, to give at least a
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1479 ¢C=C), 1274m [in-plane bending-€H(arom)], 729m [out-
of-plane bending €H(arom)]. Raman (cmt): 205, 174 (Cd-S).

The compound was found to be insoluble in water, methanol,
ethanol, water/methanol, water/ethanol, dimethylsufoxide, dimethyl-
sulfoxide/water, dimethylformamide, acetone, ethyl acetate, tetra-
hydrofuran, diethyl ether, acetonitrile, acetonitrile/water, chloroform,
dichloromethane, hexanes, toluene, nitrobenzene, nitromethane,
carbon disulfide, and 10% acetic acid.

BDET —Hg (2). A solution of HgC} (1.36 g, 0.005 mol) in DI
water (30 mL) was added to a stirred solution of BDETH.42 g,
0.005 mol) in 50 mL of 95% ethanol. A white precipitate formed

four-coordinate bonding environment for Cd and Pb (Scheme immediately which was filtered under vacuum and dried in air to
1b). The present work will present the complete characteriza-yield 2.51 g (100%) of the product. mp: 186. Anal. Calcd for

tion data for the BDET compounds of Cd, Hg, and Pb.

Experimental Section

General Considerations.All chemicals were purchased from
commercial sources and used without further purification. Solvents

CioH14NS,0Hg: C, 29.8; H, 2.9; N, 5.8; S 13.3. Found: C, 29.2;
H,2.4;N,5.4; S, 12.6. IR (KBr, cri): 3300s ¢NH), 3062m pC—
H(arom)], 2923m {C—H(methylene)], 1642ssvCO), 1533ss
(6NH), 1478m ¢C=C), 1275m [in-plane bending-€H(arom)],
728m [out-of-plane bending -€H(arom)]. Raman (cm): 293
(Hg—S). The compound was found to be insoluble in the same

were of reagent grade. Elemental analyses and Raman spectra (Usingolvents as compourtl

a Nicolet FT-Raman 906 ESP Spectrometer) were obtained at the

University of Kentucky’s Center for Advanced Energy Research.
Infrared spectra were recorded as KBr disks, using a Nicolet 320
FTIR spectrophotometetH NMR spectra were run on a Varian
INOVA 400 MHz instrument, and3C NMR spectra were run on

a Varian Gemini 200 MHz instrument. XAFS experiments were
performed at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, Long Island, NY. A Finnigan

Incos 50 Quadrupole instrument was used for recording El mass

spectra. Thermogravimetric analyses were carried out on a TA
instruments TGA 2950 thermogravimetric analyzer. Solid-state
MAS NMR with cross polarization was performed on a Varian
INOVA 400wb Solids NMR spectrometer. Spectrometer/Larmor
frequencies for thé3Cd, 19Hg, and?°"Pb nuclei were 88.8, 60.8,
and 41.58 MHz, respectively, with magic angle spinning at 3 kHz.

Metal analyses were obtained on a Varian Vista-Pro Simultaneous

ICP-OES (Cd and Pb) and a Varian CETAC M6000A CVAA (Hg).

Leaching Studies.Two 100 mL aqueous solutions (100 ppm)
of each of the metal salts of mercury, lead, and cadmium were

prepared using deionized water. To these were added an equimola

amount of BDETH dissolved in 95% ethanol. The reaction

mixtures were stirred for one hour, and the resulting precipitates
were filtered under gravity and dried overnight open to air. The
precipitates were transferred into Erlenmeyer flasks, followed by
addition of 100 mL of deionized water to each. The flasks were
divided into two categories. The pH values of one category of flasks
(labeled A) were adjusted to 1 and those for the other category
(labeled B) were adjusted to 3 by adding concentrated HCI with

continuous stirring. The pH values were measured using a pHTestr

(Sigma-Aldrich). Ten milliliter aliquots were transferred by syringe
into tubes after 1, 7, 14, and 28 days for metal concentration

BDET—Pb (3). A solution of Pb(CHCOOQO)-3H,0 (0.9490 g,
0.0025 mol) in DI water (10 mL) was added to a stirred solution
of BDETH; (0.71 g, 0.0025 mol) in 25 mL of 95% ethanol. A
yellow precipitate formed immediately which was filtered under
vacuum and dried in the air to yield 1.14 g (93%) of the product.
mp: 178°C. Anal. Calcd for GH14N,S,0,Ph: C, 29.4; H, 2.9;
N, 5.7; S, 13.1. Found: C, 28.6; H, 2.7; N, 5.7; S, 12.7. IR (KBr,
cm™1): 3318s ¢NH), 3079m pCH(arom)], 2887m}CH(methyl-
ene)], 1633ssuC0O), 1535ssdNH), 1478m ¢C=C), 1277m [in-
plane bending €H(arom)], 693 [out-of-plane bending-&H(arom)].
Raman (cm?): 306, 164 (Pb-S). The compound was found to be
insoluble in the same solvents as compodnd

Results and Discussion

Synthesis and Characterization.In a typical reaction,
an aqueous salt solution of a metal was added to an ethanolic
solution of BDETH. Precipitates formed immediately after
gombination of the two solutions. Compounti$BDET—
Cd), and2 (BDET—Hg) were white, while compound
(BDET—PDb) was yellow. Yields of the products ranged from
65% for compound. to 100% for compouna@.

Infrared spectroscopy data obtained for all three com-
pounds show that the peak at 2556 ¢énfrom the S-H
stretching ¢SH) is absent from the spectra indicating that
the protons of the thiol groups in BDETHvere displaced
by the metals and that the metals formed bonds with the S
atoms

Raman spectroscopy exibited metallfur stretches for

measurements. The metal concentrations of the Cd and Pb solutionsll of the compounds. For example, the band at 205'%m
were measured using ICP-OES, and those of Hg were measureccompoundL was attributed to CéS. This is similar to values

by CVAA.

Synthesis and Characterization of BDET-Metal Compounds.
BDET—Cd (1). A solution of CdC} (0.916 g, 0.005 mol) in
deionized (DI) water (10 mL) was added to a stirred solution of
BDETH, (1.42 g, 0.005 mol) in 50 mL of 95% ethanol. A white
precipitate formed immediately which was filtered under vacuum
and dried in air to yield 1.28 g (65%) of the product. mp: 2@6
Anal. Calcd for GoH14aN>S,0.Cd: C, 36.5; H, 3.6; N, 7.1; S, 16.3.
Found: C, 35.9; H, 4.3; N, 6.9; S, 15.6. IR (KBr, chr 3414s
(vNH), 2926m pC—H(methylene)], 1632s3/CO), 1541ssqNH),
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found in the literature fonCd—S in tetrahedral cadmium
compounds like Cd(TAA)(TAA = monothioacetylacetone)
and [Cd(Etdtc))]. (Et.dtc = diethyldithiocarbamate) The

band at 293 cm' for compound2 can be attributed to a
linear Hg—S bond very similar to linear HgS bonds

(7) Wright, J. G.; Nathan, M. J.; MacDonnel, F. M.; Ralston, D. M.;
O’Halloran, T. V.Prog. Inorg. Chem199Q 38, 323.

(8) Canty, A. J.; Kishimoto, R.; Deacon, G. B.; Farquharson, Galg.
Chim. Actal976 20, 161.
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reported in the literaturéFor example, for the HgS bands
in Hg(SMe), the values 297 2951* and 2982 cm™! have
been reported by different groups. The band at 164*cm
was assigned toPb—S. These values are similar to values
for vPb—S reported in the literature for tetrahedral lead
compounds such as {8s)sPbSGHs.:

The compounds were found to be very stable in air, light,
and water. They were found to be insoluble in over twenty-

two common laboratory solvents/solvent systems such as
water, methanol, ethanol, water/methanol, water/ethanol, etc.

Therefore, no solution NMR experiments could be performed
with these compounds.

In the mass spectroscopic data for BDETd, the peak
at 282 corresponds to [M— Cd], while the peaks at 112,

Table 1. Results of Leaching Studies for BDETd, BDET—Hg, and
BDET—Pb

concentration (ppm)

metal pH 1d 7d 14d 28d
Cd 1 <0.008 <0.008 <0.008 <0.008
Cd 3 <0.00& <0.008 <0.008 <0.00&
Hg 1 <0.000% <0.000% <0.000% <0.000%
Hg 3 <0.000% <0.000% <0.000% <0.000%
Pb 1 <0.02¢ <0.02¢ <0.02¢ <0.02¢
Pb 3 <0.02¢¢ <0.02¢ <0.02¢¢ <0.02¢

a|CP-OES detection limit;> CVAA detection limit

Hg NMR shift of =816 ppmt”8lt is important to note that
BDETH2 provides the same binding environment and
geometry for Hg as the MerP protein. However, no signals

111, and 110 correspond to the isotope peaks of Cd. In thewere also detected fdrand3 in the 1*3Cd and**’Pb MAS

spectrum for BDETHg, peaks at 204198 correspond to

solid-state NMR. This can be attributed to the lack of any

the isotopic peaks of Hg. The peak at 282 corresponds toproton near the metal center resulting in very long relaxation

[M* — Hg]. Similarly, in the spectrum for BDETPb, peaks

times and not to the presence of a linear\—S (M = Cd,

at 208, 207, and 206 correspond to the isotope peaks of PbPb) bond since these compounds are expected to be ligated

The peak at 282 corresponds to {M- Phb].

Efforts were made to run solid-state NMR since it has
been reported in the literature th&fHg MAS solid-state
NMR could be utilized to determine the coordination
geometry of Hg-containing compounds from the shielding
anisotropic shift§. The anisotropic shift for tetrahedral Hg
is small (<1200 ppm); for trigonal, it is intermediate (1260
1400 ppm), and for linear, it is large- @000 ppm). Thé*Hg
MAS solid-state NMR for BDEFHg resulted in a spectrum
with no detectablé®Hg signal. Linear Hg compounds tend

to feature high anisotropic shifts that are large and broad,

often to the point of being undetectable. In the literature,

there is evidence that Hg signals are not observed for Hg-

thiolates containing linear HgS bond<:141%In one study
it was reported that no Hg signals were obtained in the solid-
state’®*Hg NMR of Hg(Ph}, CH3HgO.CCHs, or PhHgQ-

in a Tq4 geometry by the BDET ligand.

The coordination geometries of many model compounds
have also been examin&é® The most common primary
coordination number for Hg(ll) is 2. These compounds have
covalent bond lengths that vary between 2.316 and 2.361 A
and bond angles that vary between 180ahd 167.4.°
Recently, it was demonstrated that a linear compound,
[Ho{ S(CH,).NH3} ;](Cl),, is formed when HgGlreacts with
cysteamine hydrochloric®. Cysteamine forms the side
chains of BDETH. The observed HgS bond lengths are
2.333(9) and 2.338(9) A, and the-8lg—S bond angle is
168.53(3j. Distortions from linearity are generally caused
by longer secondary bonding interactions found in the solid
state.

Single-crystal X-ray analyses could not be performed
because of the insolubility of the compounds in all the solvent

CCHs.2 This was attributed to excessive sideband patterns combinations tested.

(>>125 kHz) which result from the large shift anisotropy
expected for linear compounds. Similad$#Hg NMR signals
for [Hg(18S6)](Pk). (18S6 = 1,4,7,10,13,16 (hexathia-

Leaching Study. The compounds were stirred at pH 1
and 3 for 1, 7, 14, and 28 days and extracts taken for ICP
and CVAA analyses. The extracts were found to contain

cyclooctadecane)) were not observed because of the identicagssentially no metals (Table 1). The exceptional stability of

length (2.689(2) A) of all six HgS bondss The lack of a
19%Hg NMR signal provided indirect evidence that compound
2 contained a linear-SHg—S bonding unit. By comparison,
the solutionstructure of the MerP protein, where the Hg is
bound by two cysteine group$,the geometry of the
S—Hg—S bond was found to be 17 with a **%solution

(9) Iwasaki, N.; Tomooka, J.; Toyoda, Bull. Chem. Soc. Jpril974

47, 1323.

(10) Biscarini, P.; Fusina, L.; Nivellini, GJ. Chem. Soc., Dalton Trans.
1974 2140.

(11) Siiman, O.; Titus, D. D.; Cowman, C. D.; Fresco, J.; Gray, HJ.B.
Am. Chem. Sod974 96, 2353.

(12) Haberkorn, R. A.; Que, L., Jr.; Gillum, W.O.; Holm, R. H.; Liu, C.
S.; Lord, R. C.Inorg. Chem.1976 15 (10), 2408.

(13) Epshtein, L. M.; Shubina, E. S.; Rokhlina, E. M.; Kravtsov, D. N.;
Kazitsyna, L. A.lzv. Akad. Nauk SSR, Ser. KhidB82 9, 2042.

(14) Harris, R. K.; Sebald, AMagn. Reson. Cheni987 25, 1058.

(15) Helm, M. L.; Helton, G. P.; VanDerveer, D. G. Grant, Glnbrg.
Chem.2005 44, 5696.

(16) S&lman, L.; SKafstad, E. GBiochem. Biophys. Res. Comm@A93
196, 583-588.

the compounds may be attributed to the hydrophobic nature
of the ligand environment which would prevent access to
the metal atoms by water soluble species suchs@s Hrable

1 summarizes the results of this study.

XAFS and XANES Study. To examine the Hg bonding
environment in compoung, X-ray absorption fine structure
(XAFS) spectroscopy was performed at the K-edge of sulfur
and the l-edge of Hg on BDETKHand BDET-Hg. HgS
(cinnabar) was used as a reference material; elemental sulfur
and elemental mercury were used as energy calibration
standards. Figure 1 shows the sulfur K-edge XANES spectra
for BDETH,, BDET—Hg, and HgS (cinnabar). The onset

(17) Steel, R. A.; Opella, S. J. Biochem 1997, 36, 6885-6895.

(18) Quian, H.; Sahlman, L.; Eriksson, P.-O.; Hambraeus, C.; Edlund, U.;
Sefnson, 1Biochemistry1l998 37, 9316-9322.

(19) Utschig, L. M.; Wright, J. G.; O’Halloran, T. Wethods Enzymol.
1993 226, 71-97.

(20) Chong-Hyeak, K.; Parkin, S.; Bharara, M.; Atwood, D.Palyhedron
2002 21, 225-228.
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and the amplitude of the oscillations is significantly greater
for HgS. The spacing of the oscillations is similar for both
materials, although the two curves are offset from each other.
The radial structure function (RSF) spectra shown in
Figure 3b were obtained by applying a Fourier transform to
the spectra in Figure 3a. One main peak is observed in the
RSF of both materials; it represents the first coordination
shell between Hg and sulfur. The peak occurs at about the
same position in both spectra, but its amplitude is almost
twice as high in HgS than in BDETHg. By application of
FEFF 6.0 fitting procedurésto the EXAFS region data, it
is possible to estimate the bond distanBer( A) between
Hg and S and the coordination number (CN) for the Hg.
This was achieved using HgS (cinnabar) as a model
compound for the EXAFS data for BDETHg. Cinnabar
of absorption shifts to higher energy in the order of HgS has a d|s+torte_d N?‘C"type structure (Sp";‘ce g_rcRBzZl);
(2470.9 eV)< BDET—Hg (2472.3 eV)< BDETH, (2472.7 e_ach Hg*" cation is surrounded by two?S anions at7a
eV). It is well-knowr?*~23 that the position of the first peak distance of _2'_37 A, and the—S_Hg—S b(_)nd angle is 172
(white line) in the K-edge XANES spectra of sulfur Tshe FEFF fitting can be achieved using the RSI):Qr the _
compounds is a measure of the sulfur oxidation state. Thekx spectrum K) or the back-transform C?f the major peak in
peak position observed for BDETGHelative to that of the RSF, which Sseparates the contribution of the-Sgshell
elemental sulfur, which is assumed to occur at 2,472.0 eV, f_ro.m the O_VGra"kX, spectrumIQ). T.he FEFF least-squares
is similar to those observéd?: for aliphatic monosulfides fitting of cinnabar is summarized in Table 2. )
containing G-S—H functional groups (thiols, mercaptans) These values were then used to model the EXAFS region

and significantly removed from the peak position for the data for BDEF-Hg. The resulting least-squares values are
sulfide anion in HgS. BDEFHg, which involves sulfur shown in Table 3. The comparison of data and fit returned

bonded between carbon and¥gis appropriately interme- by this procedure is shown in Figure 4 for cinnabar and

diate in peak position between those for HgS and BDETH BDET—Hg. Also indicated in Figure 4 is the close cor-
Figure 2a shows the mercury,tedge XANES spectra respondence of th&-space EXAFS spectrum for Hg in

for both HgS (cinnabar) and BDETHg. The spectra are §DI|E('|:[—Hgfand thfel:r—]spaceSE);Allle Stﬂecggr derived from
similar, although HgS has more pronounced fine structure ack-transform of the HgS s E_" n e_ T

as a consequence of the smaller and more regular unit cell 1he @greementamong the different fitting bas¢, and
and three-dimensionally ordered crystal structure. g, is reasonable and within anticipated experimental errors.

. . o Interestingly, despite the apparent factor of almost 2 in
Figure 2b shows the_ flrsto_lerlvatl_ve XANES s_pgctrumthqt amplitude of the Hg S peaks in the RSF (Figure 3), the
accentuates the two inflection points on the rising edge in

the XANES spectrum. A parameter known as the inflection FEFF fitting indicates that the coordination numbers of Hg
point difference, IPD, is defined as the separation in electron in both HgS and BDET Hg are the same. The bond distance

volts of the two prominent peaks that occur in the derivative ];?nr dt?r?e l_[l)%_bs t\’/?/gﬁsr 'fgc?gEz'ggi Iiizggrzjttl Oh?4hé\r-lf,2?her
XANES spectrum. This separation appears to reflect the ye 75 9 Y higner,

nature of the anion to which the Hg is bou#d?Both HgS of which will result in less amplitude in the RSF peak. The
(cinnabar) and BDEFHg have similar values for IPD (7.7 distance estimated for the Hg bonds in BDETHg was

% 0.3 eV for HgS and 7.5t 0.3 eV for BDET-Hg), 2.42 A, which falls in the range of values (2:32.53 A)

i i i 29
reflecting the fact that Hg is principally bound to sulfur prewously.reported in the I|t§ratuFéT . ,
atoms in both materials. The derived Hg-S bond distance is relatively long for

Figure 3 compares the EXAFS region of the Hg XAFS two-coordinated H in mercury-sulfur complexes and

spectra for HgS and BDETHg. Figure 3a shows the isolated SfUCh el_ongatlon_ may indicate additional Seco”dafy Interac-
L : tions with other ligand$More complex FEFF modeling was
EXAFS oscillations converted to a reciprocal space repre-

) : . attempted to assess, in particular, the possibility that oxygen
sentation K-space, in A1) and weighted by3. As can be P ; np har, the p y Y9
- . . or carbon was in the first coordination sphere. However, such
seen, these oscillations occur at regular intervalsspace,

fitting did not improve the fits significantly nor did it return
any meaningful results. Hence, it can be concluded that,

Figure 1. Sulfur XANES spectra for HgS, BDETHg, and for BDETH.

(21) George, G. N.; Gorbaty, M. L.; Kelemen, S. R.@Geochemistry of
Sulfur in Fossil Fuels ACS Symposium Series 429; American

Chemical Society: Washington, DC, 1999; Chapter 12, pp-229. (26) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. J.
(22) Huffman, G. P.; Mitra, S.; Huggins, F. E.; Shah, Bhergy Fuels Phys. Re. B 1995 52, 299.
1991, 5, 574-581. (27) Wyckoff, R. W. G.Crystal Structures2nd ed.; Wiley-Interscience:
(23) Vairavamurthy, ASpectrochim. Acta A998 54, 2009-2017. New York, 1963; Vol. 1.
(24) Akesson, R.; Persson, |.; SandstrdVl.; Wahlgren, Ulnorg. Chem. (28) Qian, J.; Skyllberg, U.; Frech, W.; Bleam, P. R.; Petit, PGEOI.
1994 33, 3715-3723. Environ. Sci.1995 2, 62—63.
(25) Huggins, F. E.; Yap, N.; Huffman, G. Bpn. J. Appl. Phys1999 (29) George, G. N.; Pickering, I. J.; Prince, R. C.; Zhou, Z. H.; Adams,
38, 588-591. M. W. J. Biol. Inorg. Chem1996 1, 3, 226—230.
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Figure 2. (a) Hg Ly-edge XANES spectra for HgS and BDEHg. (b) The first derivative Hg l,-edge XANES spectra.

Figure 3. (a) EXAFS oscillations isolated from the XAFS spectrum and displayddyass k. (b) Radial structure function obtained by applying a Fourier
transform to thek®y spectra shown in panel a. The single main peak represents the firs$ Idgordination shell, uncorrected for the phase shift.

Table 2. FEFF Parameters Derived for Cinnabar (hexagonal HgS) 3.19% between 77 and 272 indicates that the compound

2 CN & R(A) o2 Rt may be hydrated. However, the gbsence of broad bands at
crystallography’ 5 537 3415 ¢OH) and 1642 cmt (6H20_) in the IR spectrum _and
R(1.3-2.6 A) 041 2 84 2386 0003 0008 the results of elemental analysis do not support this pos-
k(3-13 A1) 041 2 82 238 0003 0.044  gjpility. The thermogram of shows that the compound is
q(Hg—S) 040 2 81 2385 0.003 0.006

error @) 10,005 112 40.005 -0.0006 very stable up to 239C. The observed weight losses of 13.76
(between 239 and 303C) and 62.32% (between 303 and

a A value for CN of 2 was assumed for the fitting to derive values for 383 °C) did not correspond to any structural feature of the

2
compound. The thermogram f8rshows that the compound
Table 3. FEFF Parameters Derived for BDEFg on the Basis of the is fairly stable up to 280C, after which it begins to lose
Cinnabar Parameters mass. The weight losses observed indicate that all three
$* CN @ REA 0? Riact compounds decompose without producing any stable inter-

R(1.3-2.6 &) 0.41 2.15 5.4 2.42 0.008 0.024 mediates. This could be an indication that the compounds
_ —1 . .
g((3Hg£3S))& ) %i%) 22'%)% 2‘2 22'122 %‘%%% %'%32% are polymeric rather than molecular (Figure 5a), an observa-
error (q) ' 4025 +16 +001 +0.001 ' tion in keeping with the insolubility of the compounds.
This is further supported in the literature where BDETH
a A value forS2 of 0.41 was assumed for the fitting to derive values for . . . pp. . B
CN. is used in passivating gold surfaces in self-assembled

monolayers. In these studies the mode of bonding is either

although such interactions may indeed be present to accountopen” (Figure 5b) or with the two sulfurs bonded to two
for the longer Hg-S bond, they are not reflected in the Mmetals (Figure 5c¢)> For the present compounds, then, a
EXAFS data presumably because of their nonsystematicbridging, polymeric structure is most likely.
nature. Such a result is more consistent with the BBE The elemental analyses clearly indicate that the compound
mercury complex being polymeric rather than crystalline. formulations are &HiN>$0,Cd, G2H1N2S0,Hg, and

TGA Study. Thermogravimetric analyses (TGA) were Ci2H1N-S,0,Pb for 1, 2, and3, respectively. Fod (anal.
conducted ori—3to gain further information on the stability ~ calculated for &H1.N>S,0.Cd), the experimental values
and Composi[ion of the Compounds_ The thermograrn‘]_for agreed very well with that of the calculated ones. While the
sh(_)ws'that the compound is fairly stable up t°°E_7v after (30) Vance, A. L.; Wiley, T. M.; Nelson, A. J.; van Buuren, T.; Bostedt,
which it begins to lose mass. The observed weight loss of C.; Terminello, L. J.; Fox, G. ALangmuir2002 18, 8123-8125.
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Figure 4. Comparison of FEFF model function and data for (a) the-Sgshell in RSF back-transformed kespace for cinnabar, HgS, (b) the H§ shell
in RSF back-transformed tospace for BDEF-Hg, and (c) the totak-space EXAFS oscillations for BDETHg.

SH
< RN
S S S
—éHg—S S% Au Au Au

(@) (b) ()

Figure 5. (a) Mercury binding to sulfurs, polymeric, (b) gold binding,
open mode, and (c) gold binding through two sulfur atéfs.

calculated values for C, H, N, and S were 36.51, 3.58, 7.10,

and 16.25%, respectively, the corresponding experimental

torted tetrahedral. Scheme 1 illustrates the possible structures
for 1, 2, and3. However, it should be mentioned here that
although Pb(IV) compounds have a tendency to be four-
coordinate and tetrahedral, Pb(ll) compounds exist as both
discrete and polynuclear complexes exhibiting a broad range
of coordination numbers from 2 to £2.It has also been
reported that the most common coordination numbers are
two [16% of all Pb(ll) compounds reported in the CSD],
four [24% of all Pb(ll) compounds], and six [15% of all
Pb(Il) compoundsf?
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The previous observations and the results of the current;cqg07639

study support the presence of a linear coordination environ-

ment for BDET-Hg (2). It is likely that the BDET-Cd (1)
and BDET-Pb @) structures are four-coordinate and dis-
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