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Abstract. The novel didentate ligand 2-(3,5-dimethyl-1-pyrazolyl)ethylamine (Naed) and the tri-
dentate ligand bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl] amine (ddaH) were immobilized onto silica by
two different methods. The first method involves the coupling of the ligand to silica, previously
modified with (3-glycidyloxypropyl)trimethoxysilane (GLYMO). The second method involves the
coupling of the ligand to the oxirane ring of GLYMO in a homogeneous reaction, followed by grafting
onto silica, yielding the highest ligand concentrations on the silica (about 0.3 mmol/g silica). With the
first method, only part of the epoxy group reacts with the ligand. With Naed, tertiary amines are also
formed through reaction of the primary amine group of the ligand with two epoxy groups.

These new ion-exchange materials selectively adsorb Cu?* (maximum capacity 0.11-0.26 mmol
Cu?* per gram of ion exchange) at pH > 2 from aqueous solutions containing a mixture of the
bivalent metal ions, Cu?*, Cd?*, Zn?*, Ni?* and Co?*. For products containing the didentate
ligand Naed as the chelating group, the metal-ion capacity decreases rapidly with decreasing pH,
while the Cu®* -uptake capacity for the product containing the tridentate ligand ddaH is compara-

tively high at low pH.

Introduction

Our attempts to investigate the effect of the solid support
on the metal-ion uptake characteristics of ion exchangers'?,
together with the need for hydrophilic support materials,
has led to the study of silica-bound ligands. Because of their
versatility and superior selectivity, chemically modified sili-
cas have been used as supports in a wide variety of chroma-
tographic applications*”.

The most convenient way to immobilize a ligand onto silica
is by modification of the silica surface with a bifunctional
spacer. The rather stable Si—-O-Si—C linkage can be formed
by reaction of the surface silanols with an alkoxysilane or
chlorosilane reagent®. For the present work, the bifunc-
tional spacer (3-glycidyloxypropyl)trimethoxysilane
(GLYMO) was used. The epoxide group reacts with nucle-
ophiles by ring opening, allowing the facile introduction of a
variety of amines.

The ligands which have been used in the present investi-
gation, i.e. 2-(3,5-dimethyl-1-pyrazolyl)ethylamine (Naed)*
and bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]amine (ddaH)*,
contain an aliphatic amine and one or two pyrazole rings. In
a previous study attachment of these ligands to the co-
polymer glycidyl* methacrylate-co-ethylene dimethacrylate
and their metal ion uptake characteristics was reported?.

* Naed is an acronym of N-aminoethane-dimethylpyrazole
ddaH is an acronym of di-(dimethylpyrazolylethyl)amine H
Glycidyl = (oxiranylmethyl)

In this paper, we present details of grafting of these ligands
to silica®, either by first attaching the spacer GLYMO to
silica and then attaching the ligand to the silica bound
GLYMO, or by first coupling the spacer GLYMO to the
ligand and then attaching the resulting molecule to
silica’®'?, and the characterization of the products obtained
via both methods.

Experiméntal

Starting materials

All reagents and solvents were purchased from commercial
sources and were used as received. Silica (SiS) was kindly pro-
vided by Shell Research, Amsterdam. Some structural information
about SiS was provided by the manufacturer: batch Shell
CLA-26404; mean diameter: 1.5 mm; average pore diameter:
15-20 nm: specific surface area: 253 m?/g; pore volume: 0.76 ml/g.
The beads were activated before use by heating them at 150°C
in vacuo for 24 h.

Analyses

Elemental analysis (C, H, N, S) of the silica products was per-
formed at the Mikroanalytisches Labor Pascher, Remagen-
Bandorf (Germany).

Analysis of the adsorbent-bound metal ions was carried out on a
Perkin-Eimer 460 atomic absorption (AAS) and flame emission
spectrometer using the standard addition method.
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Spectroscopic methods

'H- and H'*C-NMR spectra were recorded on a Jeol INM-FX200
spectrometer using frequencies of 199.50 and 50.10 MHz for 'H
and '*C, respectively. Chemical shifts are quoted with respect to
TMS as an internal reference.

Solid-state CP MAS '*C- and **Si-NMR spectra were recorded on
a Bruker MSL 400 spectrometer, operating at 100.6, 79.5 and
400.1 MHz for '*C, 2°Si and 'H, respectively. Sample-spinning fre-
quencies were varied from 2800 to 5100 Hz. For 'C and #°Si, the
cross-polarization contact time was 1.0 ms, with 3-5 second
recycle delays between successive scans. In general, about 17000
scans were used for '>C; for 2°Si, less than 1000 scans were used.
TMS was used as the reference compound.

Infrared spectra were recorded using KBr pellets or thin films
between KBr tablets on a Perkin-Elmer PES80 spectrophotometer
equipped with a data station.

Diffuse-reflectance Fourier-transform IR spectra (DRIFT) were
recorded on a Bruker IFS-113V instrument. The spectra were
obtained by the diffuse-reflectance technique'® in the range
4000-800 cm ~ !, using a liquid-nitrogen-cooled mercury-cadmium-
telluride detector. For elimination of the specular reflectance, a
blocker was used'®. The silica compounds were ground and mixed
with KBr in a 1/20 w/w ratio in an automatic mulling device
(Perkin-Elmer). The homogeneous powders were oven-dried for
24 h at 80°C in vacuo. Usually, 1024 scans were taken, with KBr as
reference. After base-line linearization, the spectrum was con-
verted to Kubelka-Munk units'®.

For detection of secondary and tertiary amines, functional group
test reactions were used. The dithiocarbamate reaction!” was used
to detect secondary amines. Reagents were prepared as described
by Siggia'’. The carbon disulfide-containing reagent (5 ml) and the
copper chloride solution (15 ml) were added to 0.3 g of the modi-
fied silica. After 2 h the beads were filtered off, washed three times
with ethanol and dried with ether. The beads were dried for 24 h
in vacuo. The cis-aconitic anhydride * reaction'” was used to deter-
mine tertiary amines. cis-Aconitic anhydride solution (3 ml) was
added to 0.3 g of the modified silica. The mixture was heated for
20 s on a boiling water bath and allowed to cool to room tempera-
ture. The beads were filtered off after 30 min, washed with toluene
and three times with ether and dried for 2 h in vacuo.

Electronic spectra in the visible- and near-infrared region were
recorded in the diffuse-reflectance mode on a Perkin-Elmer 330
spectrophotometer equipped with a data station.

Electron paramagnetic resonance (EPR) spectra were recorded on
a Varian E-3 spectrometer at X-band frequencies at room tem-
perature.

Batch metal-uptake experiments

Metal-uptake experiments were performed using 0.16 M standard
metal chloride solutions prepared from analytical grade reagents.
The buffer solutions (I 0.6 M) NaOAc/HOAc (pH 2.5-6) and
NaCl/HCI (pH 0.9-2.3) were prepared from analytical reagents.
All metal-uptake experiments were performed in polyethylene
bottles mounted on a shaker at room temperature.

The capacities for Cu2*,Cd?*, Zn?*,Ni?*, Co®* and Ca®"* were
determined as a function of pH. Batches of 0.2 g of the adsorbents
were used, together with a mixture of 25 m! of buffer or water and
25 ml of metal stock solution (0.16 M M?* ). The shaking time was
taken as 24 h. The samples were filtered, thoroughly washed with
water, ethanol and ether, successively, and dried in vacuo at 50°C.
For determination of the Cu®* capacity at pH > 3, a lower Cu**
concentration (12.5 ml of the standard Cu?* solution, 12.5 ml of
water and 25 ml of the buffer) was used to prevent precipitation of
Cu(OH),.

Samples for metal analyses were prepared by heating 0.1 g of the
loaded samples with concentrated H,50, and, subsequently, with
concentrated HNO; until colorless mixtures were obtained. After
filtration of the mixture, the metal contents of the resulting solu-
tions were measured by AAS spectroscopy using the standard addi-
tion method.

In order to study metal uptake under competitive conditions as a
function of pH, 0.2 g of resin was added to an aqueous solution

* IUPAC name: cis-1-propene-1,2,3-tricarboxylic acid.

containing 5.00 ml each of the standard metal chloride solutions of
Cu?*, Cd**, Zn2*, Ni** and Co?* and 25 ml of buffer.

H,S0, (0.1-0.5 M) was tested for its stripping potential. Batches
of ion-exchange materials (each 1.0 g) were loaded with CuCl,
(25 ml of the metal standard solution, 25 ml of water and 50 ml of
NaOAc/HAc buffer) at pH 5.5 (shaking time 24 h). The loaded
samples were stripped with H,SO, (0.1-0.5 M) (50 ml, shaking
time 2-24 h). This procedure was repeated several times with fresh
solutions.

Synthesis of Naed (Scheme 3)

2-(3,5-Dimethyl-1-pyrazolyl)ethyl-p-toluenesulfonate'® (16.0 g, 55
mmol) was dissolved in 100 ml of DMF. Potassium phthalimide
(10.1 g, 55 mmol) was added to the stirred yellow solution. The
turbid solution was heated to 100°C for 1 h. The resulting clear
red-brown solution was poured into water (400 ml) and extracted
three times with 100 ml chloroform. The collected chloroform lay-
ers were extracted twice with 100 ml of water. After drying on
anhydrous calcium sulfate, the chloroform layer was evaporated to
dryness. The resulting oil was crystallized from hot water/ethanol
2/1 v/v and dried for 24h at 50°C invacuo. The product
N-[2-(3,5-dimethyl-1-pyrazolyl)ethyl]phthalimide consisted of fine
white needles. Yield 10.3g (70%); m.p. 94-100°C. 'H-NMR
(CDCl,) 6: 2.07 (3H, s, pyrazole-CH,); 2.21 (3H, s, pyrazole-CH,);
4.02 (2H, t, CH,-pyrazole); 4.25 (2H, t, CH,-phthalimide); 5.75
(1H, s, pyrazole C(4)H); 7.72 (2H, m, phthalimide); 7.82 (2H, m,
phthalimide) ppm.

Hydrazine hydrate 98, (1.9 g, 37 mmol) was added to a solution
of  N-[2-(3,5-dimethyl-1-pyrazolyl)ethyl]phthalimide (100 g,
37 mmol) in 80 ml of ethanol. The solution was refluxed for 1 h.
After 15 min, a white precipitate formed. Concentrated hydro-
chloric acid (15 ml) was carefully added and the solution was
refluxed for another hour. The phthalhydrazide was filtered and
washed with water. The filtrate was partially evaporated to yield
more phthalhydrazide. After drying for 24 h at 80°C in vacuo, the
total yield was 4.89 g (81%). Sodium hydroxide was added to the
filtrate to pH 13. The filtrate was extracted three times with 50 ml
of chloroform. The collected chloroform layers were dried over
anhydrous calcium sulfate. After evaporation of the solvent, a light
yellow oil resulted (Naed). Yield 4.20 g (81%). "TH-NMR (CDCl,)
3. 168 (b, NH,); 2.16 (3H, s, pyrazole-CH,); 220 (3H, s,
pyrazole-CH;); 3.08 (2H, t, CH,-N), 3.99 (2H, t, CH,-pyrazole),
5.78 (1H, s, pyrazole C(4)H) ppm.

Synthesis of ddaH (Scheme 4)

The synthesis of ddaH was carried out according to Sorrell and
Malachowski'®. The 'H-NMR spectrum of the product was in
agreement with the spectrum reported earlier'®. However, the
melting point of the product was found to be considerably higher
(i.e., 73-76°C) than reported earlier (50-54°C).

Synthesis of SiSEp (Scheme 1)

SiS (silica, 50 g) was added to a solution of GLYMO (96%,, 25 ml,
108 mmol) in dry toluene (100 ml). The mixture was refluxed under
a nitrogen atmosphere for 5 h. After cooling, the beads were fil-
tered off and washed with toluene. In all cases, the beads were
directly used for further synthesis. To characterize the product, the
beads were extracted with THF using a Soxhlet apparatus. The
white product SiSEp was dried for 24 h at 50°C in vacuo.

Synthesis of SiSNI1 (Scheme 1)

A solution of Naed (5.9 g, 42 mmotl) in 100 m} of dry dioxane was
added to SiSEp. After refluxing the mixture for 40 h under an
insert nitrogen atmosphere, the beads (SiSN1) were filtered off
and washed with dioxane. The product was purified by extraction
with ethanol using a Soxhlet apparatus, after which the beads were
dried for 24 h at 80°C in vacuo. The product was isolated as pale
yellow beads.

Synthesis of SiSD1 (Scheme 1)

SiSD1 was synthesized as described for SiSN1, except that ddaH
(13.6 g, 52 mmol) in 120 ml of dry dioxane was used. The mixture
was refluxed for 114 h. The product was isolated as pale yellow
beads.
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Synthesis of SiSN2 (Scheme 2)

Naed (1.0 g; 7.2 mmol) and GLYMO (969, 1.18 g, 4.8 mmol) were
dissolved in 40 ml of methanol and refluxed for 65 h under an inert
nitrogen atmosphere. The solution was evaporated to dryness. The
oily product GLYMO-Naed was dissolved in 50 ml of toluene and
silica beads (6 g) were added. After refluxing for 5 h under an inert
nitrogen atmosphere, the product was filtered and extracted with
ethanol using a Soxhlet apparatus. The product was dried at 80°C
in vacuo for 24 h, resulting in off-white colored beads (SiSN2).

Synthesis of SiSD2 (Scheme 2)

The synthesis of SiSD2 was carried out according to the method
for synthesis of SiSN2. However, in this case, a solution of ddaH
(1.0 g; 3.8 mmol) and GLYMO (96%, 0.94 g, 3.8 mmol) in 40 ml of
methanol was used. The solution was refluxed for 96 h, yielding
GLYMO-ddaH. For reaction with silica, 5 g of silica beads were
used. The color of the dried product (SiSD2) was off-white.

Results and discussion

Synthetic aspects

The synthetic routes to SiSEp, SiSN1, SiSD1, GLYMO-
Naed, GLYMO-ddaH, SiSN2 and SiSD2 are shown in
Schemes 1 and 2. In the second step of the preparation of
compounds SiSN1 and SiSD1 (Scheme 1), either dioxane
or ethanol were used as solvent. This appeared to have no
effect on Cu?* capacity of the resulting products, suggest-
ing that the ligand concentrations of these products are
similar.

In method 2 (Scheme 2), ring opening of the epoxide occurs
in the homogeneous phase. A possible complication in the
reaction of GLYMO with Naed could have been the
reaction of Naed with the trimethoxysilyl group. However,
a possible Si—N (ligand) bond would have been readily
converted to an Si—OCH, bond?’, as dry methanol was
used as the solvent. An excess of Naed was used for
synthesis of GLYMO-Naed to prevent the reaction of the
primary amine of Naed with two epoxy groups, which
would result in the formation of a tertiary amine. After the
reaction, the excess was not removed from the product, as
Naed is unlikely to interfere with the reaction of GLYMO-
Naed with silica. The GLYMO-Naed and GLYMO-ddaH
products, which were obtained as oils, solidified within a
week upon standing in the air, probably due to polymeri-
zation. Purification of these compounds is difficult due to
the reactivity of the trimethoxysilane substituent. Never-
theless, this reaction sequence has several advantages over
method 1, as the soluble products obtained in the homo-
geneous reaction are easier to characterize and to purify
than the silica-bound species.

Characterization of low-molecular-weight compounds

13C NMR was used to characterize the soluble products
and the results are listed in Table I. The numbering of the
carbon atoms is shown in Scheme S. In the spectrum of
GLYMO, the peak at 43.9 ppm can be assigned to one of
the C atoms of the epoxide ring. For GLYMO-Naed,
obtained with GLYMO/Naed = 1/1.5 in dilute methanol
solution, no peak is observed at 43.9 ppm, which implies
that most of the epoxy groups have been converted. Com-
parison of the spectra of Naed and GLYMO-Naed shows
that the signal from C(8) has shifted from 41.5 ppm (pri-
mary amine) in the spectrum of Naed to 47.9 ppm
(secondary amine) in the spectrum of GLYMO-Naed. In
the spectrum of GLYMO-ddaH, the C(8) peak is found at
54.5 ppm, which is typical for a methylene group next to a
tertiary amine. Small peaks at 46.5 and 58.0 ppm in the
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Table I Tentative '*C-NMR chemical shift assignment. Chemical shifis are reported relative to TMS. The numbering of the carbon atoms is shown

in Scheme 5.
3C-NMR (solutions in CDCl,) 3*C CP MAS NMR
Carbon
GLYMO- GLYMO- . SiSN1 SiSD1

Naed Naed ddaH ddaH GLYMO SiSEp SiSN2 SisD2
C(1) 50.1 49.5 50.2 10 10
C(2) 5.1 5.0 5.0 8 23 23
C(3) 225 22.8 22,6 23 72 73
C4) 73.3 73.8 73.2 73 72 73
C(5) 73.3 71.4 71.2 73 72 73
C(6) 68.7 68.8 50.6 49 49 58
cn 51.7 58.0 439 43 49 58
C(8) 41.5 479 48.1 54.5 49 49
C9) 51.0 48.9 49.0 46.4 10 10
C(10) 10.7 10.8 10.9 10.5 10 10
C(11) 13.0 13.2 13.3 12.9 139 140
C(12) 138.7 139.1 139.0 1389 146 147
C(13) 147.0 147.2 1474 147.0 103 104
C(14) 104.6 104.9 104.7 104.7

spectrum of GLYMO-Naed were assigned to small
amounts of tertiary amine. The spectrum of GLYMO-ddaH
shows small peaks at 8 59.4 and 77.0 ppm, which may result
from CH or CH,; groups of a by-product. Using a ratio
GLYMO/ddaH different from 1/1 had no effect on the inten-
sity of these peaks. No unreacted GLYMO could be
detected in the NMR spectrum, while free ddaH is clearly
present in the product. The results suggest that the by-
product is a reaction product of GLYMO and methanol
(denoted as GLYMO-MeOH). Apparently, the reaction of
the epoxy groups with ddaH is not fast enough to prevent
the incorporation of a considerable amount of methanol
into the product.

The presence of GLYMO-MeOH in GLYMO-ddaH implies
that the silica product derived from this compound, i.e.,
SiSD2, is a poorly defined product. This was confirmed by
elemental analysis of SiSD2 (see below). Therefore, it was
decided not to use this compound for metal-uptake experi-
ments.

Characterization of silica compounds

Elemental analysis. Results of elemental analysis of the
modified silicas are listed in Table II. Method 2 leads to a
lower concentration of the spacer group on silica, but to a
higher ligand concentration on silica than method 1. The
bulkier GLYMO-Naed and GLYMO-ddaH molecules
apparently cannot reach all the reaction sites on silica
which can be reached by the GLYMO molecule itself. Still,
method 2 must be preferred over method 1, because of the
low conversion of attached epoxy groups in method 1. This
low conversion is probably a consequence of inhomogene-
ous ligand-immobilisation reaction, while the size of the

Table 11 Elemental analysis of silica products.

ligands also plays a role, as this effect is more pronounced
for the ligand ddaH, than for the less bulky ligands Naed
and histamine®?'. In the case of Naed and histamine, the
reaction of their primary amine substituents with two epoxy
groups may also be responsible for the low conversion.
With method 2, the ligand concentrations of Naed and
ddaH on silica are comparable. Apparently, the effect of
ligand size is less important in this case, as it will have a
relatively little influence on the size of the whole
“GLYMO + ligand” molecule. For SiSD2; the large differ-
ence between the concentration of the ligand (0.28 mmol/g)
and that of the spacer (0.53 mmol/g) implies that a con-
siderable amount of GLYMO-MeOH is bound to the silica.
13C solid state NMR. The peaks in the *C-CP-MAS-NMR
spectrum of SiSEp (Figure 1A) can all be assigned to car-
bon atoms of GLYMO (TableI). Spectra of both
compounds have already been published®**}, The strong
peaks at 18 (CH,) and 58 ppm (CH,-O) in the spectrum of
SiSEp suggest the presence of adsorbed ethanol, which was
probably introduced during the washing procedure.

The spectra of SiSN1 and SiSD1 are very similar (Figure 1,
Table I) and show pyrazole peaks at ca. 104 ppm [pyrazole
C(4)] and in the region 139-147 ppm [pyrazole C(3) and
C(5)]. In the spectrum of SiSNI1, the peak at 49 ppm is
more intense than that in the spectrum of SiSDI, which
agrees with the presence of secondary amines in the former
product. The peak at 58 ppm in the spectra of SiSNI and
SiSD1 was assigned to methylene carbon atoms next to
tertiary amines. Apparently, SiSN1 contains a small but
significant amount of tertiary amine. The CH,-O group of
adsorbed ethanol, which is clearly present in the starting
compound SiSEp (Figure 1A), may also contribute to the
intensity of this peak. However, the low intensity of the

Compound C (%) N (%) ligand (mmol/g) spacer (mmol/g)|
SiSEp 47 0.65
SiSN1 6.6 0.26 0.61
SiSN2 5.6 0.32 0.39*
SiSD1 715 09 0.12 0.74
SiSD2 89 20 0.28 0.53*

In the calculation of the spacer concentration, it is assumed that the epoxy groups that do not react with the ligand, are converted with

methanol. Furthermore, it is assumed that the silicon-bound methoxy groups are all hydrolyzed during the immobilization procedure.
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peak at 18 ppm [CH, (ethanol)] in the spectra of SiSN1 and
SiSD1 suggests that most of the adsorbed ethanol is
removed during ligand attachment. The spectra of SiSN2
and SiSD2 are not given here, as they resemble qualita-
tively the spectra of SiSN1 and SiSD1, respectively: The
ligand peaks are relatively stronger due to the higher ligand
concentrations of the products obtained by method 2.

B
Pp s P
C
|
M
Pp s P
Lo beona b bea b b
250 200 150 100 50 0
ppm
Figure I. CP/MAS '“C-NMR spectra of A, SiSEp

(1029 FIDs collected at 3-s intervals; 100-Hz LB; SSR
3063 Hz); B, SiSNI1 (14,029 FIDs collected at 3-s intervals;
40-Hz LB, SSR 5000 Hz); C, SiSD1 (3102 FIDs collected at
3-s intervals; 40-Hz LB; SSR 5014 Hz). p = pyrazole peak,
s = spinning sideband.

2¥Si solid-state. **Si solid-state CP/MAS NMR is a power-
ful technique to study silica surfaces, as the signals of the
surface species are strongly enhanced by cross-polarization.
The spectrum of activated silica (not shown) shows a single
asymmetric broad peak at § — 101 ppm, indicating the pres-
ence of mainly (= Si-0),Si-OH on the silica surface®®. After
reaction with GLYMO, additional peaks appear at & —49,
—57 and - 66 ppm in the spectrum of SiSEp (Figure 2A),
which are assigned to (=Si-O)OR),SiR’,
(=8Si-0),(OR)SiR’ and (=Si-0),SiR’, respectively. The
peak at 6 - 109 ppm, due to (=Si-0),Si, becomes more
pronounced, due to reaction of the surface hydroxyl groups
with the silane compound. In the *°Si-NMR spectra of
SiSNI1 and SiSDI, the intensity of the peak at —49 ppm
has decreased, while the intensities of the peaks at — 57 and
— 66 ppm have increased compared to those found in the
spectrum of SiSEp. This suggests that the reaction between
Si-OCH,; and surface Si-OH groups proceeds during
coupling of the ligand, yielding more Si-O-Si links. The
spectra of SiSN2 and SiSD21 show no peak at —49 ppm,
indicating that no (= Si-O)SiR’(OR), is present in this case.
As demonstrated by the spectra of SiSN1 and SiSN2
(Figures 2B and 2C, respectively), the final surface struc-
tures of the products prepared by methods 1 and 2 are
qualitatively similar.

Si-0),Si(OH)

Si-0),Si

Si-0)SiR'(OR),
Si-0),SiR(OR)

Si-0),Si{OH),

B
N
C
N T N I VI OO YO O
0 20 40 60 80 100 120 140
ppm
Figure 2. CP/MAS 2*Si-NMR  spectra of A, SiSEp

(1000 FIDs collected at 2-s intervals; 100-Hz LB; SSR
4139 Hz); B, SiSNI (500 FIDs collected at 2-s intervals;
100-Hz LB; SSR 4530 Hz); C, SiSN2 (801 FIDs collected ar
2-s intervals; 100-Hz LB; SSR 4173 Hz).

DRIFT spectroscopy. DRIFT (diffuse-reflectance Fourier
transform) spectroscopy is a relatively new method to study
surface modification'#?*. The DRIFT spectra of modified
silica show the organic modification, especially the strong
C-H stretching vibrations near 3000 cm ~'. For detailed
analysis of the organic modification, a frequency range is
needed in which silica itself does not absorb. A useful range
appears to be the 1600-1300-cm ™' region. The DRIFT
spectra of SiS, SiSEp, SiSD1, SiSD2, SiSNI and SiSN2
are shown in Figure 3. In the spectra of the pyrazole-
modified products, the peak at 1554 cm ~' can be assigned
to a vibration of the pyrazole ring. For SiSN2 and SiSD2,
these peaks are stronger compared to those in the spectra
of the products obtained by method 1, which confirms the

CH, bend epoxy

AV

[
AN

absorbance

.
<

1600 1550 15'00 1450 1400 1350 1300
wavenumber (cm”)

Figure 3. DRIFT spectra of SIS (A), SiSEp (B), SiSD1 (C),
SiSD2 (D), SiSN! (E) and SiSN2 (F).
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higher degree of modification obtained by method 2. The IR
spectruin of GLYMO shows intense bands at 1339 cm !
and 1413cm~', which can be assigned as CH-bending
vibrations of the epoxy group?*. In the DRIFT spectrum of
SiSEp, these peaks appear at 1348 and 1413 cm ™!, respec-
tively (Figure 3). The observed shift of the first peak may
indicate hydrogen bonding between the epoxy group and
the surface silanol groups. In the DRIFT spectra of SiSN1
and SiSDI, the peaks at 1413 cm ™' and 1348 cm ! have
not completely disappeared. This implies that part of the
epoxy groups has not reacted, possibly due to steric hin-
drance on the surface. In the case of SiSN2, the peak at
1413cm ! is missing, while a peak is observed at
1348 cm = ', which may be due to a weak ligand vibration
not originating from the epoxy group. Immobilized Naed
and ddaH have very similar spectra in the frequency range
used.

Functional-group tests. A number of functional-group tests
was carried out to investigate the presence of secondary
and/or tertiary amines in the silica products. Secondary
amines are detected by adding the sample to carbon disul-
fide and a solution of CuCl, (resulting in the so-calied
secondary-amine test reagent)!’. The dithiocarbamic acids
formed on the silica surface react with Cu®>* to form a
yellow-coloured salt, which can be detected spectrophoto-
metrically. Tertiary amines do not react with carbon disul-
fide, but can be detected selectively with cis-aconitic acid
(the so-called tertiary amine test reagent)'’.

The reaction of the secondary amine test reagent with
SiSN1 and SiSN2 results in a light yellow-brown colour
(Amax 440 nm), indicating the presence of secondary amines.
The reaction of the secondary amine test reagent with silica,
SiSEp, SiSDI, and SiSD2 results in very little color change.
The addition of the tertiary amine test reagent to the silica
products SiSN1, SiSN2, SiSD1 and SiSD2 immediately
results in a deep-purple color, qualitatively indicating the
presence of tertiary amines in all these products, with a
broad peak at A, 515nm in their reflectance NIR-VIS
spectra. As pyrazole also contains a tertiary amine and,
therefore, could interfere in the analyses, spectra were
recorded of reaction products of the tertiary amine test
reagent with 2-(3,5-dimethyl-1-pyrazolyl)ethanol (Nhed)
and with triethylamine. The Nhed test product absorbs at
significantly higher energy (i.e., at 542 nm) than the triethyl-
amine-test product (i.e., at 520 nm). Furthermore, the inten-
sity of the peaks are different: (A 520 nm) > > g(A 542 nm).
Thus, although the pyrazole ring itself reacts with the
reagent, the presence of tertiary amines in the silica samples
is evident. This implies that part of the NH, substituents of
Naed reacts twice with epoxy groups to form tertiary
amines.

Metal-uptake experiments

Elemental analysis of the Cu’* -loaded products. The data
for Cu?* -loaded SiSN1 (pH 4.5), i.e. C 5.7%, N 0.8%, Cu
0.99%, correspond to a Cu? * -Naed ratio of 0.7/1. For Cu?*-
-loaded SiSN2 (pH 4.5), the Cu?* -to-ligand ratio is signifi-
cantly higher, i.e., 1.1/1, from C 4.3%,, N 1.0%, Cu 1.7%,.
This may be ascribed to better accessibility of the ligand in
SiSN2, due to the lower concentration of spacer molecules
on the surface (see below). The data for SiSD1 (pH 4.5),
ie, C171%,N09%, Cu0.7%, correspond to a Cu**-to-
ddaH ratio of 0.9/1, which is higher than the Cu®* -to-ddaH
ratios found for ddaH immobilized on glycidyl methacrylate-
co-ethylene glycol dimethacrylate?. This may be ascribed to
low ligand concentration on the silica, causing less steric
hindrance. The Cu?®* -to-ligand ratios suggest that 1/1 com-
plexes are formed in all cases.

Capacity measurements. The metal-ion capacities of
SiSN1, SiSD1 and SiSN2 were measured under non-
competitive conditions as functions of pH for Cu?*, Ni2+,
Cd?*, Zn?*, Co*>* and Ca?*. The results are given in
Figure 4. The capacities of SiSEp itself (i.e., the control
experiment) were found to be very low, i.e.,
0.001-0.004 mmol M?2*/g. Therefore, it can be assumed
that unreacted epoxy substituents do not affect the metal-
uptake behaviour of SiSN1 and SiSDI.
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Figure 4. Capacity of SiSNI (a), SiSDI (b) and SiSN2 (c)
Jor divalent metal ions as function of pH.

The capacity determinations gave promising results: above
pH 2, all materials exhibited a substantially higher capacity
for Cu?* than for any of the other metal ions; at pH 4.5, the
uptake capacities were 0.14, 0.11 and 0.26 mmol of Cu?*
per g of silica for SiSN1, SiSD1 and SiSN2, respectively. At
low pH, the capacity was lower for all metals, due to pro-
tonation of the amine groups in the ligand. No detectable
uptake of Ca®* took place in the pH range studied. The
high capacity for SiSN2, compared to that of SiSNI, is
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Figure 5. Capacity of SiSNI (a), SiSD1 (b) and SiSN2 (c)

JSor divalent metal ions under competitive conditions as function
of pH.

caused by both the higher ligand concentration of SiSN2
and the higher Cu?* -to-Naed ratio in the final product (see
above). The higher Cu?*-to-Naed ratio for SiSN2 may be
explained by better accessibility of the ligands in this pro-

duct. The higher concentration of the spacer in the products
obtained via method 1 causes more steric hindrance in
SiSN1, which may result in a lower Cu?*-to-Naed ratio.
Although the adsorption capacity of SiSN2 for all the metal
ions tested was higher than that of SiSNI1, the capacity
patterns look similar (see Figure 4). This suggests that the
method of immobilization does not influence the metal-ion
selectivity of the immobilized species, resulting in equal
M2+ -to-M3+* ratios for both resins. The origins of the rela-
tively low Cu®* uptake by SiSN2 at pH 5.6 is not clear. For
SiSD1, the capacity for Cu?* is comparatively high at low
pH. This may be explained by the presence of two pyrazole
groups per ligand. Pyrazole substituents are much less basic
{pK ,(pyrazole) 2.5]*° than tertiary amines and will be capa-
ble of binding metal ions even at low pH values.

Metal uptake under competitive conditions. Figure 5 presents
the uptake of Cu?*, Cd?*, Zn?*, Ni** and Co®* under
competitive conditions for SiSN1, SiSD1 and SiSN2. It is
clear that all ion exchangers tested are selective for Cu?*,
SiSNI1 and SiSN2 being more selective than SiSD1.

Regeneration of ion exchangers. H,S80, was tested for its
stripping potential and results for 0.5 M H,SO, are given in
Table IIL. Unfortunately, the Cu?* capacities of SiSN1 and
SiSD1 were found to have decreased considerably after
four cycles of loading and stripping (24 h) with 0.5 M
H,S0,. Apparently, the silica-ligand bound was hydrolyzed
by the acid. Therefore, both the acid concentration and the
duration of the stripping procedure were varied. The
stripping of SiSN1 with 0.1 M H,SO, (24 h) did not result
in a decrease of the Cu?* capacity. For SiSN2, complete
stripping of Cu?* could be achieved within 2 h using 0.5 M
H,SO,. No decrease of the Cu?* capacity was observed
after 5 cycles of loading and stripping. These results show
that H,SO, solutions can be used as the stripping reagent.

Ligand-field and EPR-spectroscopic data of the loaded samples

The ligand-field (LF) spectra of the light blue Cu?* com-
plexes on SiSN1, prepared in the pH 2.2-5.8 range, show
absorption bands at ca. 13.0-14.3-10°> cm ™' with tails on
the low energy side. This shows that pH has a considerable
effect on the position of the absorption band. Around pH 5,
the coordination number is probably higher than that at low
pH, due to coordinating acetate ions and/or water
molecules. The LF spectra of SiSD1-bound Cu®* com-
plexes prepared in the pH 2.0-5.6 range show bands at ca.
13.9-14.3-10° cm ~ ! with a tail on the low energy side. In
this case, the pH effect is much less important, which is
consistent with the relatively small pH dependence of the
Cu?* uptake (see above).

Table III  Cu* capacities for SiSN1, SiSD1 and SiSN2 (mmol Cu®* [g-resin) after several cycles of loading (24 h with 0.08M CuCl, solution
containing acetate buffer) and stripping (24 or 2 h with 0.5M H,SO, or 0.I1M H,S0,).

Cvyele SiSN1 SiSD1 SiSN1 SiSN2
¥ (0.5M, 24 h) (0.5M, 24 h) (0.1M, 24 h) (0.5M, 2 h)
1 loaded 0.14 0.08 0.15 0.29
stripped 0.00 0.00 0.00 0.00
2 loaded 0.14 0.07 0.16 0.28
stripped 0.00 0.00 0.00 0.00
3 loaded 0.10 0.07 0.17 0.27
stripped 0.00 0.00 0.00
4 loaded 0.10 0.07 0.27
stripped 0.00 0.00 0.00
5 loaded 0.08 0.06 0.29
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The EPR spectra of Cu?*-loaded SiSN1 and SiSD1 are all
axial with well-resolved hyperfine-splitting patterns and
similar values for g, (2.06-2.09), g, (2.26-2.28) and 4,
(138-150 G). The pH was found to have a negligible
influence on these parameters. These spectral data are nor-
mal for Cu®* in a ligand environment of nitrogen donors?’.
The LF spectra of the green Ni’*-loaded beads of SiSN1
and SiSD1 prepared at pH 3.4-5.7 are consistent (spectra
with bands at ca. 9.9, 16.2, and 25.3 cm ~ ') with a distorted
octahedral coordination geometry?’.

The LF absorption bands of the purple Co?* -loaded beads
of SiSD1 are weak, broad and, therefore, difficult to inter-
pret, which is due to low Co®>* concentration on the modi-
fied silica. The purple color of the sample suggests that
Co?* in the complexes is five-coordinated. When water is
added to the Co?*-loaded beads, their color changes to
pink, suggesting that octahedral complexes are formed?"-23,
No spectra could be obtained of Co?*-loaded SiSN1, due
to low Co?* concentration on the silica surface.

Conclusions

Immobilization of the pyrazole ligands Naed and ddaH via
method 2 (spacer and ligand assembled in the homogeneous
phase followed by grafting on silica) leads to higher degrees
of modification than immobilization via method 1 (grafting
of the spacer on silica followed by reaction of the ligand
with the immobilized spacer). The higher modification
degree results in considerably larger metal-uptake capaci-
ties.

As described elsewhere?, both Naed and ddaH have also
been immobilized onto the organic polymer glycidyl
methacrylate-co-ethylene dimethacrylate (GMA-EDMA).
Their metal-uptake characteristics, both capacities and
selectivity for Cu?* over Zn?*, Cd®* and Co?*, are some-
what better than for the analogous silica modifications.
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