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ABSTRACT

The effect of hydrophobic polymethylene and hydrophilic polyoxyethylene
'spacer' groups between the linear polystyrene backbone and acidic
phosphorus ligands in chelating polymers on metal absorption rates is
studied. A considerable Increase In the rate of metal uptake is observed as
the length of the spacer is increased . Hydrophilic spacer groups such as
oxyethylene and oxypropylene were more effective than the hydrophobic
spacers . The study includes the synthesis and characterization of the resins
by their acidic behavior, elemental analysis and copper kin loading capacity,
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INTRODUCTION

The importance of chelating sorbents in analytical
chemistry has become increasingly recongnized in
recent years [1] . Numerous organic reagents, such
as 8-quinolinol, chromotropic and salicylic acids,
pyrogallol, p-diketones, and many other chelating
ligands have been introduced into polymeric
matrices in order to obtain selective separations of
individual metal ions or groups of ions [2] . A
number of these polymeric sorbents show either
poor selectivity, loading capacity or metal exchange
kinetics [3, 4] . These problems may arise from
steric limitations because of the proximity of the
active sites to the polymeric backbone.

Polymeric acidic phosphorus ligands have

been the object of various recent studies . The
effect of the polymeric support and the degree of
crosslinking on the capacity of these ligands for the
extraction of first row transition metals have been
reported [5] . Although these resins exhibit a high
affinity for different metals, the rates of sorption
are too slow to permit their use in chelation
chromatography . Although spacer chains have
been introduced onto the polymeric backbone by
grafting or synthetic modifications in such organic
synthesis techniques as phase transfer catalysis [6],
photochemical reactions [7], and peptide synthesis
[8], it has rarely been used for immobilization of
ligands for solid-liquid extraction of metal ions,
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"Spacer' Modified Polymer

The concept of introduction of "spacer" groups is,
interesting since it may result in increasing the
accessibility of the reactants, ligands and it may
result in increasing the accessibility of the
reactants, ligands and metal ions and thereby
accelerate the equilibrium.

The present work has been undertaken in
order to study the effect of spacer arm length as
well as its nature (ie., hydrophobic vs. hydrophilic)
on the rate of extraction of metal ions by
immobilized acidic phosphorus ligands. A series of
phosphonic acid resins has been prepared by
introduction of the hydrophobic -(CH 2 ) n - and
hydrophilic -(CH 2CH2O)a spacers according to
Scheme 1 . The spacer modified resins were
characterized by their acidic propert ies, as well as
uptake rates and loading capacity ofcopper (II).
metal ions.

EXPERIMENTAL

Apparatus

An Eberbach box-type shaker was used to
equilibrate the solution-resin mixtures in the metal
exchange capacity measurements . An Orion
Research Model 701A digital ionanalyzer was used
for all pH measurements . A Sage Instruments
syringe pipette model 341A was used for titrations.

A Perkin Elmer Model 6500 Inductively
Coupled Plasma (ICP) spectrometer was used for
determination of metal ions . An Orion Cu? *
selective electrode (9429A) was used in
potentiometric techniques . Elemental analysis was
performed by Midwest Microlab, Indianapolis,
Indiana, USA.

NMR data were obtained on a Brucker
WM-150 instrument in the FT mode in
d-chloroform.

Reagents and Chenies&

Cyclohexane was purified by shaking with
concentrated H2S0 4, water, and then drying with
anhydrous CaCI2 . It was then refluxed over, and
finally distilled from P 2 O5 in an argon atmosphere .

Tetramethylethylenediamine (Aldrich Chemical
Company) was distilled under reduced pressure.
Linear polystyrene (Polyscience) was purified as
described below. Carbon tetrachloride was purified
by shaking with KOH solution and water, and
drying with anhydrous CaC1 2. It was then filtered
and distilled following refluxing over P 205 under
an argon atmosphere . n-Butyllithium, phenylli -
thium, dibromo and phenoxybromo compounds
(Aldrich Chemical Company) were used without
further purification.

Procedmres

Purification of Polymer: Linear Polystyrene (MW-
20,000) (10g) was dissolved in 100mL purified
CCId. Theresulting yellowish viscous solution was
slowly added to 1 :OL stirred MeOH . A white
powder was collected by filtration which was dried
at 60 °C.

Preparation of 4-phenyl-l-bromobutane 3:
1,4-Dibromobutane (21 .6 g, 12 mL, 0 .1 mol) was
taken into 100 mL of anhydrous ether under an
argon atmosphere and the mixture was cooled to
-40 'C in a dry ice/isopropanol bath . Phenyllithium
(50 mL, 0.1 mal of 2 molar solution) was added
slowly so that the temperature did not exceed -30
°C. Then the mixture was stirred at -40 'C for 1 hr
and gently warmed to room temperature; where it
was quenched with ice cold water . The organic
layer was separated, washedwith water and dried
with anhydrous MgSO 4. The filtered solution was
then concentrated invacuo and a brown oil was
collected . This was distilled at one torr and the
desired product was collected at 90 °C (10 .5 g,
49%) 1 H-NMR (CDC1 3 ) ; d 7 .8-7 .2 ppm (aromatic
protons), 3 .51 (triplet CH 2 -Br), 2 .9 (triplet,
CH2Ph), 2.7 and d 2.2 ppm (quintet CH2 proton).

Preparaction of 6-phenyl-l-bromohexane 4 : This
compound was prepared from 1, 6-dibromohexane
and phenyllithium following the above procedure
(yield ; 10 .9 g, 91%). IR (neat), 1604 cm- i (C-C
aromatic) . 1 H-NMR (CDC13), d 7 .8-7 .31 ppm
(aromatic protons), 3 .27 (triplet CH 2-Br), 3 .07
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(triplet CH2-Ph), and 3 2.7-1 .3 ppm (complex. 8H,
CH 2 protons).

Preparation of 8-phenyl-l-bromooctane 5 : This
compound was prepared following the above
procedure for 3 from 1, 8-dibromooctane and
phenyllithium (yield ; 6 .0 g, 78%) . IR (neat) ; 1606
cm-' (C=C aromatic) . 'H-NMR (CDCI3), 3 7.9-7.3
ppm (aromatic protons), 3.7 (CH2Br), 3 .12 (triplet
Ph-CH 2) and d 2.2-1 .1 ppm (complex, 12 H, CH 2
protons).

Lithiation of Polymer : Purified soluble polymer
(8.32 g, 80 mmol) in cyclohexane was treated with
n-butyllithium (32 mL, 5 .4 g, 80 mmol of a 2 .6
molar solution) under an argon atmosphere and
the mixture heated to 70 °C. Tetramethylethylene-
diamine (TMEDA) (12 mL, 9.78 g, 80 mmol) was
added. The resulting deep red mixture was heated
at 70 °C for 2 hr under an argon atmosphere.
Treatment of Li-Polymer with Phenylalkylbromides
and Phenoxyalkylbromides : The lithiated polymer
was treated with 1 .25 molar excess of the
appropriate phenylalkyfbromide orphenoxyalk 4 -
bromide in cyclohexane . Following addition, Chip -- --
mixture was stirred for 4 ht . Solvents were
removed in vacuo and the pale yellow mixture was
slowly added to 1 .0 L of stirred methanol . The

solid was recovered by filtration, washed
thoroughly with methanol and dried in an oven at
60 °C/30 torr. Elemental analysis of the final
products showed 80 to 90% conversion (Table 1),
and Figure 1 shows the NMR of the phenyl -
alkylated polymers.

Treatment of Functionalized Polymer with
PChJAlC1s: Functionalized polymer was taken into
excess phosphorous trichloride and the mixture was
stirred at room temperature for one hour.
Aluminium chloride (two molar equivalent) was
added and the mixture was warmed slowly to 60 °C
and heated at this temperature for 4 hr . After
cooling, this was added to a concentrated sodium
chloride solution at 0 °C (ca 500 mL) and stirred
for , two hours . The residual polymer was collected
by filtration, washed thoroughly with water and
dried in vacuo at 70 °C and 30 torr.

Characterization

Acid-Base Titration : A weighed portion of finely
powdered functionalized polymer ( 120 mg) was
placed in a titration vessel containing 0 .1 M sodium
nitrate and the mixture stirred magnetically for 20
min before being placed in an ultrasonic bath for
10 min . The mixture was then titrated with 0 .1 M
NaOH (standardized with sodium biphthalate)

Table 1 . Elemental analysis results and degrees of
functionalization for "spacer" modified polymers.

a . Calculated on the basis of IDD% ruoctionalization and comparison with the

resin with no spacer (n=o).
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Fig .1 . Proton NMR of phenylalkylated polymers used in determination of degree of funetionalization
from the ratio of AQIA0 .
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which was added slowly and continuously using an
automatic syringe pipette. The pH values were
measured by a previously calibrated combination
glass electrode with a digital pH meter and the
titration curve recorded by a linear recorder.

Copper-Loading Capacity by ICP: The total metal
ion capacity of each resin was determined by the
following procedure : a weighed amount of the
powdered resin (0.12-0.14 g) was placed in each
series of stoppered glass tubes together with 10 ml.
of an aqueous copper (II) solution buffered at pH
4 .70 with a 0 .1 M acetate buffer. These were
shaken for 2 hr to ensure equilibrium. No
significant change in the pH of the solutions was
observed after Cu (II) absorption. The capacity of
each rein, expressed in mmol of Cu (II) per gram
of resin, was obtained by ICP of the excess of Cu
(II) remaining in the test solution (Table 2).

Rate of Metal Absorption by Potentiometric
Techniques : The following procedure was
employed : a weighed amount of powdered resin
(0 .12-0 .14 g) placed in a potentiometric cell was
equilibrated with 50 mL of a 0 .1 M acetic/acetate
buffer solution by stirring it overnight . An
electrode system including a Cu2+ selective
electrode (Orion 9429A) and a double junction
reference electrode (Orion 9002) was introduced
in contact with the continuous stirred solution . A

given volume of a buffered Cu (II) stock solution
was injected to obtain a copper concentration of
0.5-2.0 mmoL From this point, for 1 hr, the emf of
the cell was recorded each 5 sec by using a
computer interfaced digital potentiometer.
Previous to this, the electrode system was

calibrated with standard Cu (II) solutions, using
the 0.1 M buffer solution as electrolyte
background . The results of these ' experiments,
expressed in the form of % Cu '(TI) absorbed vs.
time, for modified resins with' { ~spacer=

	

gtoiips
are shown in Figure 2. Figure sh the effeitt of
hydrophobic spacer (n=8) vs hydrophiIi 'cspkE~er
(oxypropylene) on the %Cu'absor'tied'i~s. 'tntte . 'MI
experiments were carried out a# '25 x

	

°C. '

RESULTS AND DISCUSSION

The use of polymeric reagents for the recovery of
metals offers many advantages over the use of
liquid-liquid extraction : (a) the ease with which the
solid-liquid separation can be achieved, (b) the
-absence of emulsion and crudding, and (c) loss of
ligands due to their solubility into aqueous phase,
and by entrainment during phase separation . In
addition, polymeric extractants avoid the problem
of water pollution from solubility/entrainment of
the organic solvent . The ability of derivatized
polymeric supports to stabilize unstable and
reactive species through reduced intermolecular

Table 2. Properties of "spacer" modified resins.

spacer Protons' Cu (II) Uptake Uptake Rate Time for 1t2

	

Relative
(meglg)

	

(mmol/g)

	

(min. ') Saturation (min)

	

Rate

None

	

2.9 0 .812 9 .66E-3 71 .7 1
(CH2) 2	2 .0 0 .578 1405E-3 49.3 1 .5
(CH2)g	2 .1 0 .710 70 .04E-3 34.6 2.1
(CH. )6

	

2.6 0 .830 27 .5E-3 25.2 2.9
(CH2)g	2 .5 0.750 32 .4E-3 21 .4 3 .4

(OCH2CH 2)

	

2.5 0.699 21 .3E-3 32.5 2.2
(OCH2CH2CH2) 2.5 0.665 53 .3E-3 13 5.5

a. Calculated on the basil; of dissociable protons in phasphonic acid.
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interactions is well established [s] . For all these
reasons, the concept of immabt~iz, ation of metal ion
extractants is of great Interest, "

Although the tedni{ques of immobilized
ligands for the separation of meal ionshave been
utilized previously, the major prob,lem encountered
was the unacceptably low rates , of exchange
observed [5] . Even proton exchange, normally
almost instantaneous, requires several hours in
some cases . These materials . have metal
complexing groups attached diree to a phenylEs,
ring, part of the polymeric_ ackbone of
polystyrene . The sluggish kinetics may1F dueto
(a) adverse steric conditions because of the
proximity of the metal complexing, pup to the
ring and polymer backbone, and 6) slow ditfuslon
rates in the polymer below it is glass :transition
temperature. In the glassy state, polymers do not
swell in contact with an aqueous mobile phase .

We have started to test hypotheses by
incorporating phenylalkyl and phenoxyalkyl
"spacer" links between the metal complexing group
and polymer backbone of various sizes, i .e .,
-(CI-12),,-Ph, where n=2 to S and -(CHzCH20)„Ph
and -(CH 2 CH 2 CH 2 O)m Ph, where m=1 . Such
spacers will not only hold the metal complexing
group clear of any steric effects arising from
proximity to the polymer backbone, but they will
provide changed environments for the immobilized
ligand . Aseries of derivatized polystyrenes were
prepared according to the following Scheme 1.

Elemental analysis of the modified polymers
showed a degree of functionalization greater than
85% based on the amount of bromine present
(Table 1) . The appropriate phenylalkyl halides
were either availabe commercially (n=2), or they
were prepared ac

c
ording to the following Scheme

2 in good yield.

+

	

X-(CHZ); Ph

(CHrCH)'

Li

(CHrGI) -

(CHz),-Ph

(CH2.CH)-

+ X-(CR2CH20)=Ph ~---

or1X(CHxCH2C 20)sPh

n=2-S
m1
x=Cl,Br

Scheme 1

(CH2CH2O).Ph

or/(CH2CH2CH20)kPh

1I0
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Br-13rEr + E
-70°C

Yield

(3) n=4

(4) n=6

(5) n=8

Scheme 2

85%

81%

78%

®P -(cH2c120)

P(O)(OH)z

P(O)(OH)2

g+

pK4 .2 p

+
P(O)(OH)(OH) 0 P(O)(OH)(O- P(OXO-)(O-)

Alexandratas et al . [5] have reported the
reaction of crasslinked polystyrene (2% OVA) with
PC13 in the presence of A1C1 3 to produce a
phosphinic acid (R2POOH) resin whose structure
is dependent upon the conditions of synthesis . At
very low temperatures, only primary phosphinic
acid forms . With increasing temperatures or
catalyst levels, a non-acidic moiety also forms in
addition to the primary product . Under forcing
conditions (still higher temperatures and AJC13) the
reaction results in a rise to high substitution and in
both primary and secondary phosphinic acid sites.

With the above modified polystyrenes at 60
°C and an excess of AlC13 , we obtained resins
containing two different acidic protons according
to the potentiometrictitration results . In order to
determine the neutralization capacity (equivalent
weight and the acidity (pK values) of the resins, a
weighed amount of the resin was titrated with
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polymers with hydrophilic spacers determined by
ICP.

sodium hydroxide in the presence of sodium
nitrate. The titration curve indicated the presence

110-

]1{10

90
m

•

1
80

70

GO
0

r

n

• • n

n .

0.a

a a r"

n 0.
r•

rr

Iranian faunal ofPole Science and Technology. Vol 3, No ?, hurt 1994

	

IIl



'Spacer' Modified Polymer

of two different acidic protons with pIC, values, 4 .0
and 8.5 . These results, indicate the •formation of a
phosphonic acid [RPO(OH)a1 rasa',

From these data, the acid content of our resin has
been determined to be about 2-2.9 meglg resin
(Table 2).

The copper exchange capacity of these resins
was determined both by ICPand potentiometric
techniques . In the first method, vials containing a
known weight of resin and a known volume of
copper solution were agitated in a box-type shaker .

The copper content of the solution was monitored
as a function of time using ICP . All the "spacer"
modified resins showed a capacity (0 .6-0.8 mmollg)
for Cu (II) metal absorption. These results for the
resins containing hydrophilic spacer arms are
shows in Figure 2 . In the second method, a Cu e+

selective electrode was used to monitor the
percent of Cu (II) absorption. The results of the
potentiometric studies (Figure 3 and 4) are
comparable with those results obtained from ICP
studies.

The results of both methods indicate that the
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Fig .3 . Rate of copper absorption of modified polymers with hydrophobic spacers determined by
potentiometric techniques.
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Fig .4 . Effect of hydrophilic vs . hydrophobic spacer groups on metal absorption rate determined by
potentiometric techniques.

'spacer" group has a dramatic effect on the rate of
the extraction (Figure 5). While the resin with no
spacer (NS) shows the same order of copper
absorption with the resins containing spacers, the
rate of exchange is significantly higher and rises
with increasing spacer arm length . The nature of
the spacer group has a significant effect on the
absorption rate . About 75-80% of the available
phosphonic acid group was saturated with Cu (II)in

less than 5 minutes . The nature of the Cu
(II)uptake experiments monitored by ICP allowed
us to measure the rates for Cu (II) uptake for the
remaining 20% of the available phosphonic acid
groups. In other words, the phosphonic acid groups
on the surface of the polymers that are readily
accessible are saturated in less than 5 minutes . The
rate measured after this time represents the rate of
saturation of these phosphonic groups inside the
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Spacer length

o data : regression

Fig.S . Effect of spacer length on metal uptake rate.

derivatized particle . As the experiments
demonstrate, the introduction of spacers makes
these groups more readily accessible .' Our ultimate
goal is to introduce a spacer that could make all
the phosphonic acid groups readily accessible, i .e.,
can be saturated in the five minute time period.
The fastest rate was obtained when an
oxypropylene group was used as spacer (Table 2).
This is probably due to faster swelling in contact
with the aqueous phase, better solvation, and/or an
increase in the polarity of the ligand, which is
under further investigation.

CONCLUSIONS

Several polymer bonded phosphonic acids
containing spacer arms of various lengths with
hydrophobic and hydrophilic spacer arm chains
have been prepared in good yield . Our results
indicate that the spacer arm has a dramatic effect
on the exchange kinetics of those phosphonic acid
groups inside the derivatized polystyrene core,
probably due to steric effects and proximity of
those metal complexing groups to the polymer
backbone . This effect becomes more pronounced
with increasing distance of the metal complexing
groups from the polymer backbone . The

hydrophilic groups have even more dramatic
effects, probably due to the faster swelling in
contact with aqueous phase or possibly solvation of
metal ions.
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