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Abstract

Mercury pollution is a serious challenge faced by environmental chemists over the world. For several years now, our group has been developing
new compounds to precipitate and thereby remove mercury from water. In this paper, we present a new family of alkyl thiol mercury chelates to
add to the aromatic ligands we have previously reported. These new compounds are effective at precipitating mercury from water and with an
excess of the best compound, removal is quantitative. Furthermore, the precipitates are stable and released little to no mercury back into solution

during leaching studies.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mercury pollution is a global crisis facing society today, and
the presence of Hg in groundwater and the oceans will be a prob-
lem continuing into the foreseeable future. Due to mercury’s
use in gold-mining [1-4], chlor-alkali plants [5—6], and chemi-
cal synthesis [7,8], as well as its inadvertent release during the
combustion of fossil fuels, especially coal [9,10], contamination
is now widespread. This is of great concern due to the metal’s
high toxicity [11-17] and the tendency of organomercurials to
bioaccumulate in aquatic foodchains [18]. Therefore, mercury
remediation has become a critical global need.

A number of methods have been explored for the remediation
of mercury pollution [19]. Phytoremediation, the use of plants
to remove contaminants, is one significant area of study and
a potentially very cost-effective technique [20-24]. However,
many of these methods involve converting organo- or divalent
mercury species into metallic mercury, which is then released
by the plant as vapor. This has the net effect of simply moving
the mercury from water or soil into the atmosphere, where it
will eventually precipitate back to contaminate some other site.
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Methods that do not result in mercury release require the har-
vesting of the plants, thereby dramatically increasing the volume
of hazardous waste that will require disposal. Filters of various
types can be used to remove mercury [25-36]. While many of
these are very effective, they all require that the contaminated
water be diverted through the filter at a controlled rate. This is
very manageable for a wastewater treatment facility, but is not
practical for large bodies of water, such as rivers or lakes.

For large bodies of water, the simplest technique is the
precipitation of the metal with a ligand. A number of such
ligands have been suggested in the past, including sodium
N,N-dimethyldithiocarbamate (DMDTC) (Fig. 1a) [37], sodium
trithiocarbonate (STC) (Fig. 1b) [38], and sodium 1,3,5-triazine-
2.,4,6-trithiolate (TMT) (Fig. 1c) [39]. All of these ligands are
able to precipitate mercury. However, in all three cases there are
concerns about the long-term stability of the precipitates, which
leach mercury back into the water after the initial precipitation
[38]. Furthermore, DMDTC can decompose into thiram, which
is toxic to fish and STC decomposes into toxic carbon disulfide,
limiting the usefulness of these ligands for in situ remediation
[38]. TMT is a less effective precipitating agent than the others
and the TMT-mercury compound is unstable [39].

A new class of ligands (Fig. 1d and e) [38,40,41] has recently
been published by our group which contain aromatic backbones
with two terminal thiol alkyl amide arms and binds Hg in a lin-
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Fig. 1. Mercury precipitation agents: (a) DMDTC, (b) STC, (c) TMT, (d) and
(e) recent ligands from the Atwood group.

ear S—Hg-S arrangement [42]. These chelates have proven very
effective at removing mercury from water and have been suc-
cessful in remediating both lab and field samples. The resulting
complexes have so far proven very stable to leaching [38,40,41].

This paper describes the synthesis and initial testing of new
ligands designed to bind Hg in a tetrahedral geometry. Mer-
cury compounds are known to generally assume either a linear
or tetrahedral geometry [43,44] and studies have shown that
ligands which cannot permit mercury to assume one of these
favored geometries will, all other things being equal, be weaker
binders than those that can [45,46]. The ligands mentioned in
the previous paragraph are well suited to linear binding, so the
new ligands were designed with a tetrahedral geometry in mind.
Unlike the best previously reported ligands, these are alkyl rather
than aromatic-based compounds and are highly flexible in order
to allow for the tetrahedral geometry around Hg. Each has a
three or four carbon backbone with a sulfide group on both ends
and a two to four carbon alkyl arm attached to the each sulfide,
with each arm ending in a thiol group. The ligand structures and
abbreviated names are given in Fig. 2a—d. All but 3S2SH are new
compounds; a synthesis of 3S2SH has been reported previously,
but the compound was not utilized for mercury precipitation
[47]. A key feature of these ligands is that they provide Hg
with four sulfur bonds while remaining neutral, thereby reduc-
ing water solubility. When precipitated, the ligands “hide” the
Hg atom in a hydrophobic environment. Our preliminary stud-
ies suggest that these ligands are comparable to the aromatic
chelates as mercury precipitators and also yield highly stable
mercury ligand precipitates.

2. Methods

2.1. Ligand syntheses

All reagents were purchased from Aldrich or Acros chemical
companies and were reagent grade or better unless otherwise

noted. NMR measurements were taken on a Varian Gemini
200 MHz NMR Spectrometer. IR spectroscopy was performed
using either a PerkinElmer model 1600 FT-IR spectrophotome-
ter or a Nicolet Magna 560 FT-IR. GC-MS data were gathered
using a Shimadzu QP2010S instrument, with a column flow
of 1.71 mL He/min, a total flow of 39 mL He/min and a 25 min
run (1.5 min at 150 °C, 2.5 min ramp to 275 °C, and 21 min at
275°C).

3S20H [47]. Sodium ethoxide (15.0 g, 220 mmol) was dis-
solved in approximately 200 mL of absolute ethanol, then
1,3-propanedithiol (1.00mL, 109 mmol) was added. After
this solution was stirred for a short time, 2-chloro-1-ethanol
(15.0 mL, 224 mmol) was added and refluxed for 2 h. The solu-
tion was filtered and the ethanol was removed through vacuum
evaporation. Methylene chloride was added to precipitate excess
salt, the mixture was filtered a second time, and the methy-
lene chloride was also removed through vacuum pumping. The
solution was distilled between 179 and 182 °C under vacuum
(0.5mmHg). Yield: 12.0 g (61.2 mmol), 56%. "HNMR (CDCl;,
200MHz, é§ ppm): 3.75 (t, 4H), 2.91 (s, 2H), 2.68 (m, 8H),
1.89 (p, 2H); '*C NMR (CDCl3, 200 MHz, § ppm): 60.7, 34.7,
30.4, 29.2; IR (thin film on NaCl plates, cm’]): 3300(s, b),
2918(s), 1640(w), 1420(s), 1340(m), 1290(s), 1260(s), 1226(m),
1164(m), 1044(s), 1010(s), 942(m), 824(m), 762(m), 586(m),
534(m), 522(m); GC-MS: peak at RT=4.52min, m/z=196
(M™), purity by GC: 99.5%.

3S2SH [47]. 3S20H (4.00 g, 20.4 mmol) was combined with
thiourea (3.32 g, 43.6 mmol) in 10 mL concentrated HCI. The
resulting solution was refluxed for 10 h. Potassium hydroxide
(6.90g, 123 mmol) in 40 mL of DI water was slowly added
and the solution refluxed for three more hours. The resulting
two-phase system was separated and the upper, aqueous phase
extracted with ether. The ether was added to the original
organic layer and the resulting mixture distilled between
159 and 161°C at 0.5 mmHg to yield 3S2SH. Yield: 2.51¢g
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Fig. 2. Ligands studied in this work: (a) 3S2SH, (b) 3S3SH, (c) 3S4SH, (d)
4S4SH.
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(54%). 'H NMR (CDCl3, 200 MHz, § ppm): 2.75 (m, 8H),
264 (t, 4H), 187 (p, 2H), 1.73 (t, 2H);
13C NMR (CDCl3, 200 MHz, § ppm): 36.06, 30.60, 29.26,
24.68; IR (thin film on NaCl plates, cm™!): 2914(s), 2842(m),
2544(m), 1608(w), 1428(s), 1342(m), 1272(s), 1256(s),
1210(s), 1140(m), 964(m), 888(w), 848(m), 770(m), 698(s),
518(w); GC-MS: peak at RT =5.43 min, m/z =228 (M*), purity
by GC: 97.6%.

3S3SH. Cesium carbonate (40.2g, 124 mmol) was sus-
pended in approximately 250mL of DMF (N,N-dimethyl
formamide) and allowed to stir for 20 min, followed by addi-
tion of propanedithiol (15.0 mL, 148 mmol). The resulting white
suspension was stirred for 30 min. Diiodopropane (5.70 mL,
49.4 mmol) was then added dropwise using a dropping funnel
and the mixture left to stir for 48 h. The DMF was removed
by heating the suspension under vacuum. The remaining white
solid was acidified with dilute HCI (a significantly exothermic
reaction) and extracted with methylene chloride. The methy-
lene chloride layer was distilled between 143 and146°C at
0.4 mm Hg, yielding the product. Yield: 4.30 g, 34%. 'H NMR
(CDCl3, 200MHz, § ppm): 1.32 (t, 2H), 1.69-1.98 (m, 6H),
2.47-2.75 (m, 12H); '3C NMR (CDCl3, 200 MHz, § ppm):
33.03, 30.52, 30.02, 28.99, 23.19; IR (thin film on NaCl plates,
em™1):2922(s), 2844(m), 2564(m), 1650(w), 1605(w), 1440(s),
1342(w), 1296(m), 1250(s), 1206(w), 1028(w), 958(w), 838(w),
758(w), 654(w); GC-MS: peak at RT =16.236 min, m/z=256
(M*), purity by GC: 90.6%.

3S4SH. Cesium carbonate (75.0 g, 230 mmol) was suspended
in DMF along with butanedithiol (45.0 mL, 384 mmol). This
was stirred for 3 h, then dibromopropane (8.81 mL, 76.7 mmol)
was slowly added in 100 mL. DMF. The mixture was stirred
for approximately 48 h, then the DMF was removed through
heating under vacuum and after the residue was acidified,
it was extracted with methylene chloride. When the organic
layer was removed with vacuum, the residue was found to
be a mixture of butanedithiol and 3S4SH. This was distilled
between 149 and 156 °C at 0.4 mm Hg. Yield: 2.10 g (10%). 'H
NMR (CDCls, 200 MHz, § ppm): 2.39 (m, 12H), 1.75 (t, 2H),
1.55 (m, 10H); 3C NMR (CDCl3, 200 MHz, § ppm): 32.86,
31.40, 30.78, 29.22, 28.07, 24.12; IR (thin film on NaCl plates,
em™1): 2930(s), 2848(s), 2546(w), 1708(w), 1638(w), 1436(s),
1342(w), 12.82(m), 1246(m), 1202(w), 1132(w), 1026(w),
994(w), 914(m), 840(w), 724(m), 652(w); GC-MS: peak at
RT=21.10 min, m/z =284 (M"), purity by GC: 97.2%.

4S4SH. Cesium carbonate (21.1g, 64.9 mmol) was sus-
pended in approximately 350 mL of DMF. To this was added
technical grade (90%) butanedithiol (10.0 mL, 76.7 mmol). The
suspension was stirred for 30 min, followed by the slow addi-
tion of diiodobutane (4.00 mL, 30.2 mmol) and 48 h of stirring
at room temperature. The DMF was then removed by heating
under vacuum and the residue acidified with dilute HCIL. The
acidic solution was extracted with methylene chloride and dis-
tilled between 181 and 189 °C at 0.4 mm Hg. Yield: 1 g (11%).
'H NMR (CDCl3, 200 MHz, § ppm): 2.52 (m, 12 H), 1.73 (m,
12H), 1.38 (t, 2H); 1*C NMR (CDCl3, 200 MHz, § ppm): 32.82,
31.45, 31.32, 28.45, 28.01, 24.08; IR (thin film on NaCl plates,
em™1): 2930(s), 2852(s), 2546(w), 1708(w), 1638(w), 1450(s),

1350(w), 1280(s), 1238(m), 1202(w), 1178(w), 1134(w),
1026(w), 1002(w), 914(m), 724(m), 652(w); GC-MS: peak at
RT =20.12 min, m/z=298 (M™), purity by GC: 97.3%.

2.2. Mercury precipitation studies

The ligands are not soluble in water in their thiol form and
were used as solutions in THF (tetrahydrofuran). The ligand
solutions were added to 30 ppm mercury solutions (mercuric
chloride in water) in 1:1, 2:1, and 3:1 molar ratios. 4S4SH
(0.0446 g, 0.150 mmol), 3S4SH (0.0422 g, 0.149 mmol), 3S3SH
(0.0383 g, 0.150 mmol), and 3S2SH (0.0385 g, 0.167 mmol)
were each added to separate 100 mL volumetric flasks, which
were then filled to the line with THF. After vigorous stirring to
ensure an even distribution of ligand in the solutions, a 1 mL,
a 2mL, and a 3mL aliquot from each solution was added to
10 mL aliquots of a 30 ppm aqueous mercury solution (giving
a total of 12 samples). Upon addition of ligand solution, all the
mercury samples immediately became white and cloudy. Each
sample was filtered with a 0.2 pm syringe filter prior to analysis
via cold vapor atomic fluorescence spectroscopy (CVAFS). The
CVAFS analysis was performed using a Vasal VI2000 atomic
fluorescence spectrometer, calibrated using standard solutions
to accurately measure mercury concentrations of between 0 and
30 ppb. Samples were initially run at a 200:1 dilution factor,
then gradually analyzed at higher concentrations until they
yielded values located upon the calibration curve. All readings
were taken in triplicate or better to ensure reproducibility.

2.3. Mercury precipitate analysis

Mercury precipitation was repeated on a larger scale using
mercury solutions of higher concentration so as to isolate
sufficient precipitate for analysis. The precipitates were iso-
lated for both a 1:1 and a 3:1 ratio of ligand to mercury and
studied by mass spectral analysis (JEOL JMS-700T magnetic
sector instrument), infrared spectroscopy (Nicolet Magna 560
FT-IR), elemental analysis, and thermogravimetric analysis. Ele-
mental analyses were performed by Galbraith Laboratories in
Knoxville, TN. The percentage of carbon and hydrogen was
determined by combustion according to the ASTM D5373 and
D5291 methods. The percentage of sulfur was determined by
combustion according to ASTM D4239 Method B and ASTM
D1552. There was a £0.5% uncertainty in the measurements.
TGA (thermogravimetric analyses) were performed by Edi-
son Laboratories in Schenectady, NY, using a TA Instruments
YGA2950, with a N flow of 100 mL/min and a heating rate of
10 °C/min. The results are as follows.

3S2SH+HgCl, in a 1:1 ratio. Mercury chloride (1.19g,
4.38 mmol) was dissolved in 35mL of DI water. To this
solution was added 3S2SH (1.00g, 4.39 mmol) in 11 mL of
HPLC grade THF. Upon addition of the ligand, a white
precipitate immediately formed. The suspension was fil-
tered to isolate the solid, identified as 3S2SHg-0.5 3S2SH.
Yield: 0.369 g (0.683 mmol), 23%; IR (KBr pellet, cm™!):
2935(s), 2823(m), 2523(w), 1634(w), 1427(m), 1407(m),
1331(w), 1303(s), 1265(m), 1204(m), 1144(m), 1018(w),
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988(w), 900(m), 848(m), 801(w), 723(w), 692(w), 666(W),
634(w); mass spectrum: m/z =427 (M*); TGA: one mass loss
from 190 to 345°C of 83.83%, one mass loss from 345
to 410°C of 13.19%. Anal. for 3S2SHg-0.5 3S2SH. Calcd.
(found): C 23.28% (22.99%) H 4.09% (3.92%), S 35.52%
(35.85%).

3S2SH +HgCl, in a 3:1 ratio. Mercury chloride (1.18 g,
4.21 mmol) was dissolved in 40mL of DI water. To this
solution was added 3S2SH (2.88 g, 12.6mmol) in 11 mL of
HPLC grade THF. Upon addition of the ligand, a white pre-
cipitate immediately formed. The suspension was filtered to
isolate the solid, identified as 3S2SHg-1.4 3S2SH. Yield:
1.22 g (1.63 mmol), 39%, IR (KBr pellet, cm™b): 2903(s),
2810(m), 2515(w), 1621(w), 1423(m), 1407(s), 1329(w),
1302(m), 1265(m), 1206(m), 1143(m), 1005(w), 959(w),
899(m), 847(m), 793(w), 723(w), 693(m), 663(w), 634(w);
mass spectrum: m/z=427 (M"), TGA: one mass loss from 165
to 440°C of 96.90%. Anal. for 3S2SHg-1.4 3S2SH. Calcd.
(found): C 27.02% (33.56%), H 4.91% (4.63%), S 41.21%
(41.49%).

3S3SH+HgCl, in a 1:1 ratio. Mercury chloride (1.59 g,
5.86 mmol) was dissolved in 40mL of DI water. To this
solution was added 3S3SH (1.50g, 5.86 mmol) in 10 mL of
HPLC grade THF. Upon addition of the ligand, a white pre-
cipitate immediately formed. The suspension was filtered to
isolate the solid, identified as (3S3S)g ¢7HgClp66. Yield: 1.33 g
(3.38 mmol), 58%, IR (KBr pellet, cm™): 2914(s), 2841(m),
2489(w), 1667(w), 1590(w), 1442(s), 1334(m), 1293(w),
1242(m), 1182(w), 1044(w), 1000(w), 953(w), 846(w), 740(m),
660(w); mass spectrum: m/z =455 (M*); TGA: one mass loss
from 150 to 245°C of 16.45%, one mass loss from 245
to 500°C of 78.63%. Anal. for (3S3S)g.67HgClpgs. Calcd.
(found): C 18.39% (17.97%), H 2.92% (2.97%), S 21.82%
(22.96%).

3S3SH+HgCl, in a 3:1 ratio. Mercury chloride (1.59 g,
5.86 mmol) was dissolved in 40mL of DI water. To this
solution was added 3S3SH (4.5g, 17.6mmol) in 20mL of
HPLC grade THF. Upon addition of the ligand, a white pre-
cipitate immediately formed. The suspension was filtered to
isolate this solid, identified as 3S3SHg-1.3 3S3SH. Yield:
1.61g (2.05mmol), 35%, IR (KBr pellet, cm™!): 2915(s),
2844(m), 2544(w), 1636(w), 1430(s), 1384(w), 1337(w),
1294(w), 1247(s), 1198(w), 1046(w), 955(w), 844(w), 741(w),
668(w); mass spectrum: highest mass at m/z =382 (MH" minus
(CH»)3S); TGA: one mass loss from 110 to 370 °C of 85.69%,
one mass loss from 370 to 530°C of 10.93%. Anal. for
3S3SHg-1.3 3S3SH. Calcd. (found): C 31.48% (31.34%), H
5.61% (5.33%), S 37.35% (37.59%).

3S4SH +HgCl, in a 1:1 ratio. Mercury chloride (1.43 g,
5.27mmol) was dissolved in 40mL of DI water. To this
solution was added 3S4SH (1.50g, 5.28 mmol) in 11 mL of
HPLC grade THF. Upon addition of the ligand, a white pre-
cipitate immediately formed. The suspension was filtered to
isolate this solid, identified as 3S4SHg-0.8 3S4SH. Yield: 1.81 g
(2.56 mmol), 87%, IR (KBr pellet, cm™'): 2919(s), 2854(m),
1634(w), 1430(s), 1339(w), 1307(m), 1248(m), 1190(m),
1113(w), 993(w), 913(w), 872(w), 738(m); mass spectrum:

highest mass at m/z=396 (MH* minus (CH3)4S); TGA: one
mass loss from 105 to 380 °C of 99.43%. Anal. for 3S4SHg-0.8
3S4SH. Calcd. (found): C 33.41% (33.51%), H 5.83% (5.72%),
S 32.43% (32.19%).

3S4SH+HgCl, in a 3:1 ratio. Mercury chloride (1.43 g,
5.27 mmol) was dissolved in 40 mL of DI water. To this solution
was added 3S4SH (4.50 g, 15.8 mmol) in 15 mL of HPLC grade
THF. Upon addition of the ligand, a white precipitate immedi-
ately formed. The suspension was filtered to isolate this solid,
identified as 3S4SHg-2.7 3S4SH. Yield: 1.56g (1.25 mmol),
29.3%, IR (KBr pellet, cm™D): 2919(s), 2854(m), 2510(w),
1625(w), 1431(s), 1340(w), 1308(m), 1251(m), 1190(m),
1048(w), 910(w), 872(w), 739(m), 668(w); mass spectrum:
highest mass at m/z=396 (MH* minus (CH3)4S); TGA: one
mass loss from 100 to 380 °C of 98.51%. Anal. for 3S4SHg-2.7
3S4SH. Calcd. (found): C 39.06% (38.54%), H 6.99% (6.81%),
S 37.92% (39.95%).

4S4SH +HgCl, in a 1:1 ratio. Mercury chloride (0.319 g,
1.17 mmol) was dissolved in 30 mL of DI water. To this solu-
tion was added 4S4SH (0.350 g, 1.17 mmol) in 10 mL of HPLC
grade THF. Upon addition of the ligand, a white precipitate
immediately formed. The suspension was filtered to isolate
this solid, identified as 4S4SHg-0.1 4S4SH. Yield: 0.442¢g
(0.834 mmol), 78%; IR (KBr pellet, cm_l): 2927(s), 2855(m),
1558(w), 1445(s), 1304(m), 1277(m), 1227(w), 1199(m),
1110(w), 983(w), 933(w), 900(w), 731(m), 668(W); mass spec-
trum: highest mass at m/z=411 (MH" minus (CH3)4S); TGA:
one mass loss from 130 to 220 °C of 54.77%, one mass loss from
220 to 415 °C of 44.40%. Anal. for 4S4SHg-0.1 4S4SH. Calcd.
(found): C 30.18% (30.65%), H 5.11% (4.54%), S 26.86%
(26.13%).

4S4SH + HgCl, in a 3:1 ratio. Mercury chloride (0.319 g,
1.17 mmol) was dissolved in 30 mL of DI water. To this solu-
tion was added 4S4SH (1.05 g, 3.52 mmol) in 11 mL of HPLC
grade THF. Upon addition of the ligand, a white precipitate
immediately formed. The suspension was filtered to isolate
this solid, identified as 4S4SHg-1.9 3S4SH. Yield: 0.538 ¢
(0.502 mmol), 43%; IR (KBr pellet, cm™1): 2922(s), 2856(m),
2490(w), 1667(w), 1441(s), 1305(m), 1278(m), 1233(w),
1199(w), 1070(w), 1048(w), 730(w), 668(w); mass spectrum:
highest mass at m/z=411 (MH* minus (CH3)4S); TGA: one
mass loss from 175 to 380 °C of 99.98%. Anal. for 4S4SHg-1.9
3S4SH. Calcd. (found): C 39.32% (39.77%), H 6.96% (6.89%),
S 34.99% (34.32%).

2.4. Leaching studies

Between 0.20 and 0.26 g of each mercury ligand precipitate
was added to two solutions, each containing one Metrepak pHy-
drion buffer capsule (either pH 7.00 4= 0.02 or pH 2.00 = 0.02)
dissolved in 100 mL of DI water, then stirred vigorously, covered
with parafilm, and left in a fume hood for 53 days. Three 10 mL
aliquots from each sample were then filtered through a Corning
0.20 uM syringe filter. The resulting 48 filtrates (along with three
DI water blanks) were analyzed for mercury concentration with a
QuickTrace M-7500 cold vapor atomic absorption spectrometer.
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Table 1

Results of the mercury precipitation Study, with comparison to commercial mercury precipitation agents [38]

Ligand Ratio of ligand to mercury Initial mercury concentration (ppb) Mercury concentration after Percent of mercury removed
addition of ligand (ppb)

3S2SH 1:1 30,000 538 98.21
3S2SH 2:1 30,000 666 97.78
3S2SH 3:1 30,000 635 97.88
3S3SH 1:1 30,000 2,714 90.95
3S3SH 2:1 30,000 367 98.78
3S3SH 3:1 30,000 119 99.60
3S4SH 1:1 30,000 214 99.29
3S4SH 2:1 30,000 7 99.98
3S4SH 3:1 30,000 0 100.00
4S4SH 1:1 30,000 1,269 95.77
4S4SH 2:1 30,000 2,101 93.00
4S4SH 3:1 30,000 2,152 92.83
SDTC [38] 1:1 50,000 1,010 97.98
SDTC [38] 10% excess 50,000 690 98.62
STC [38] 1:1 50,000 8,590 82.82
STC [38] 10% excess 50,000 6,720 86.56
TMT [38] 1:1 50,000 18,070 63.86
TMT [38] 10% excess 50,000 15,150 69.7

3. Results and discussion
3.1. Ligand synthesis

The synthesis of relatively large dithioether dithiol ligands
as described in this paper is not a trivial undertaking. A num-
ber of different methods were initially attempted to synthesize
these compounds, but none proved to be satisfactory [48]. The
scheme finally decided on, a straightforward SN2 substitution
with a dihalide and two dithiols, offered several potential side-
products. To limit these undesired reactions, a large excess of
dithiol was used and the dihalide was added dropwise to this
dithiolate solution, thereby assuring that each dihalide molecule
would see an excess of dithiol molecules. However, if a normal
base (such as a sodium or potassium salt) was used to create
the dithiolate, the reaction yielded none of the desired prod-
uct. The reason for this was established by Ochrymowycz in
1974 [49]. In attempting to make thiocrown ethers by a similar
methodology, he observed interchain cyclization during the reac-
tion of dithiols with dihalides, creating a sulfonium intermediate
that replaced the halide as the leaving group for the SN2 attack.
Literature precedent suggested, however, that SN2 substitutions
involving dithiols and dihalides could be successful if Cs,CO3
is used as the base [50]. This proved to be the case for the new
dithioether dithiol ligands as well, although the yields remained
low. It is believed that the large size of the cesium cation leads
to sulfur—cesium bonds that can be considered especially ionic,
making cesium thiolates more nucleophilic [51]. This leads to
the thiolates reacting more rapidly, therefore, increasing the rate
of halide displacement by metal thiolate compared to the rate of
cyclization and yielding more of the desired product.

Once successful syntheses had been confirmed by initial
GC—mass spectra, the ligands were readily purified by vacuum
distillation. The characterization data for the compounds were
largely unremarkable. Both proton and carbon NMR spectra
showed all the peaks predicted for these molecules with the

proper integration. The IR spectra also showed the expected
bands, particularly peaks between 2500 and 2600, where one
would expect to find S—H stretching and peaks between 700 and
650, evaluated as C—S—C bending. The mass spectra showed
molecular ions for all four ligands and the gas chromatographs
indicated acceptable purity levels.

3.2. Mercury removal from water

The amount of mercury removed from 30 ppm aqueous solu-
tions (Table 1) was found to vary significantly by ligand used,
with 3S4SH giving the best overall result and 4S4SH giving the
worst. In the case of the 3S4SH ligand, at all ratios, over 99%
of the mercury was removed and with the 3:1 ratio, the mercury
concentration in the filtrate was below the detection limits of the
instrument used (below 0.5 ppb). It is possible that the relatively
poor performance of the 4S4SH ligand was due to solubility
issues, since this proved to be the least soluble (even in THF)
of the set. It is noteworthy that with the addition of excess lig-
and, with the exception of 4S4SH, there was an increase with
mercury removal with ligand size. This is consistent with the
hypothesis that larger ligands can more easily assume a tetrahe-
dral geometry around mercury and this leads to better binding. A
possible reason that this trend was not observed for a 1:1 ratio of
mercury to ligand will be put forward when the structure of the
precipitates is discussed. With all ligands and ratios, however,
at least 90% of the mercury was removed.

All of these ligands proved to be highly effective mercury
removal agents. They are comparably effective to the commer-
cially available DMDTC ligand (with a greater stability in the
precipitates) and superior to the TC and TMT reagents [38].
In fact, the 3S4SH gave results that were as good and perhaps
slightly better than the previously discussed aromatic ligands,
which are arguably the best compounds currently known for
precipitating mercury from water.
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3.3. Mercury precipitates

To further investigate the nature and stability of the mercury
precipitates, the 1:1 and 3:1 ratio reactions were repeated at much
higher concentrations so as to generate enough precipitate to
study. As before, white precipitate appeared immediately upon
addition of the ligand in THF to the mercury solutions. The
precipitates (which were insoluble in both water and organic
solvents) were isolated by filtration and analyzed by IR, mass
spectroscopy, thermogravimetric analysis (TGA), and elemental
analyses (%C, H, and S).

The mass spectra clearly showed the presence of ligand bound
to the mercury. The highest mass peak generally corresponded to
amercury atom with either an entire ligand attached (the precipi-
tates made from 3S2SH and 3S3SH in the 1:1 ratio) or a mercury
atom with one ligand minus a small sulfur ring ((CH)3S for
the 3S3SH 3:1 precipitate (CH3)4S for the others). The TGAs
showed a steady loss of essentially all of the compound’s mass
for all the precipitates. The mass loss occurred over different
temperature ranges for each ligand used; however, for a given
ligand the decomposition occurred in approximately the same
temperature range for both the 1:1 and 3:1 ratios. Although for
some of the compounds there were small changes in the slope of
the TGA curve during the decomposition, these did not appear to
indicate truly separate weight loss events. In total, this evidence
suggests a distinct similarity between the precipitates resulting
from the 1:1 ratio and the 3:1 ratio.

However, much of the other data suggested that the precipi-
tates’ composition was more complex than just one ligand bound
to one mercury. Many of the IR spectra showed a slight S—-H
stretching peak, suggesting that not all of the terminal sulfurs
were bound to mercury. The elemental analyses also pointed
to differences between the 1:1 and 3:1 precipitate and proved
most useful for characterizing these compounds. In the case
of every precipitate, except that resulting for 3S3SH ligand in
a 1:1 ratio with mercury, the C, H, and S% was higher than
predicted for a 1:1 ligand to metal stoichiometry. Furthermore,
the reaction involving excess ligand always produced precip-
itates with a higher C, H, and S% than the reactions with a
stoichiometric amount of ligand. The analysis suggests that the
ligand is present in the precipitates in a greater than stoichio-
metric amount, except in the case of the previously mentioned
3S3SH compound, where the composition agrees with a ratio of
approximately two ligand to three mercury. The presence of this
extra, still fully protonated, ligand in the majority of the precip-
itates also accounts for the SH peaks observed in the IR spectra.
It is worth noting that the data for the 4S4SH precipitates are
not remarkably different than the others (with the exception of
the TGA), supporting the idea that its poor performance was
due to solubility issues rather than an inherent difference in its
reactivity with mercury.

Although the precipitates can hardly be assigned a defini-
tive structure on the basis of these data, it does seem reasonable
to conclude that excess ligand is bound to the primary mer-
cury ligand precipitate (although we cannot definitely say how
the excess ligand is bound). This interpretation is consistent
with the majority of the characterization data and the observed

results, namely that a greater mercury removal was seen when
excess ligand was added. The exception to this is the TGA of the
4S4SH precipitates, in which the mass loss begins at a higher
temperature in the 3:1 solid than in the 1:1 precipitate; this is
the reverse of what is seen for the others and what would be
predicted. However, while perplexing, this does not rule out the
presence of excess ligand with the precipitate, it merely sug-
gests its association is more complex than it might otherwise
appear.

If there is excess ligand in the precipitate, then those
molecules are not available to bind a mercury atom and a greater
than 1:1 stoichiometery is desirable for quantitative removal.
In the previous section it was noted that, when a greater than
stoichiometric amount of ligand was added, and excepting the
poor-performing 4S4SH, larger ligands yielded greater mer-
cury removal. The excess ligand in the precipitate explains why
that trend did not hold true for a 1:1 ligand to mercury ratio;
that is an insufficient amount of ligand to precipitate all the
mercury. Therefore, if these ligands are utilized for mercury
remediation, an excess of ligand should be used to maximize the
precipitation.

3.4. Leaching studies

To examine the long-term stability of the precipitates, leach-
ing studies were performed. Acidic as well as neutral water
was used for the leaching studies because mercury contami-
nated waters, such as mine runoffs, are often acidic. Overall,
the results (Table 2) are very positive; in only one sample was
the average concentration greater than 10 ppb and the majority
of the samples contained less than 1 ppb mercury. A number of
samples (once corrected for the slight background mercury in
the blanks) contained no mercury at all. It appears that leaching

Table 2
Results of the leaching study

Precipitate studied (named by ligand pH
and ratio of ligand to mercury used to
form precipitate)

Hg concentration after
leaching study (ppb)

3S2SH 1:1 2 0.01
7 3.48
3S2SH 3:1 2 0.11
7 5.60
3S3SH 1:1 2 0.12
7 14.66
3S3SH 3:1 2 0.00
7 0.12
3S4SH 1:1 2 0.00
7 0.41
3S4SH 3:1 2 0.00
7 0.00
4S4SH 1:1 2 0.00
7 0.00
4S4SH 3:1 2 0.00
7 0.00
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of mercury from the precipitates will not be a major problem for
these ligands. It is interesting to note that for several of the com-
pounds, there was greater leaching in the neutral solution than
in the acidic one. While initially counterintuitive, this suggests
that the major mechanism for leaching in these compounds is
not acidic attack on the mercury sulfur bond. Therefore, these
ligands have some potential for in situ remediation of acidic
waste streams.

4. Conclusions

The new ligands appear to perform as intended and are com-
petitive with the previously published aromatic compounds. Not
only does 3S4SH remove mercury near quantitatively; the result-
ing precipitates appear to be stable. The relatively lesser removal
of mercury by the 4S4SH ligand appears to be a result of its lower
solubility in a water/THF mix, not any inherent difference in its
chemistry, as indicated by the analysis of the precipitates and the
leaching studies. Furthermore, it must be kept in mind that these
results were generated by simply adding unmodified ligand in
an organic solvent to the mercury solution. Unlike the commer-
cial reagents mentioned above, the new ligands were not used
as water-soluble group 1 metal thiolates. The insoluble thiol lig-
ands are, in and of themselves, highly effective mercury removal
agents for any system in which they can be safely added with
an organic cosolvent. It would be expected that a water-soluble
version of these compounds might be even more effective. Our
current research is being directed towards the development of
such a water-soluble variant and its testing on more complex
samples (such as those containing potentially interfering ions
such as Ca>*, Mg?*, and Fe>*/Fe3*).
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