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ABSTRACT: Jojoba wax was chemically bonded to a polymer 
matrix via stable C-N covalent bonds. The polymer matrix was 
prepared by amination of several types of styrene-divinyl ben- 
zene or styrene-vinylbenzylchloride-divinylbenzene copoly- 
mers with diamines or polyethylene imines (polyamines). The 
joloba wax was attached to the aminated polystyrene matrix by 
reacting an allyl-brominated derivative of joloba with the ma- 
trix to form a C-N bond between the matrix and the jojoba wax. 
The amount of bound jojoba wax added to the polymer was in 
the range of 20-70% (w/w), depending on the type of polymer 
matrix and reaction conditions. The double-bond regions in the 
jojoba wax bonded to the matrix were preserved, and they were 
subsequently functionalized by phosphonation and sulfur-chlo- 
rination reactions. 
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Jojoba (Simmondsia chinensis), a shrub that is native to the 
Sonoran Desert, is currently being cultivated as an industrial 
crop on semiarid lands (1). Jojoba nuts contain about 50% 
(w/w) of a unique liquid wax, which differs from common 
vegetable oils and animal fats in that it is composed mainly 
(97%) of linear wax esters and in that more than 80% of the 
esters present are produced from C20 and C22 monounsatu- 
rated alcohols and acids (Scheme 1). 

(Z,Z)-CH3(CH2)7CH =CH(CHe)mCOO(CH2)nCH=CH(CH2)TCH 3 

(I) 

m= 7, 9, 11, 13 n=8, 10, 12, 14 

average composition (%) 11, 71, 14, 1 1, 45, 44, 9 

SCHEME1 

*To whom correspondence should be addressed at the Department of Chem- 
istry, Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84105, 
Israel. 

Although the main application ofjojoba wax is currently in 
cosmetics (2), jojoba wax and its derivatives have many po- 
tential commercial uses in a variety of fields (3). In particular, 
phosphonated and sulfurized jojoba wax derivatives possess 
good extraction properties compared to the compounds com- 
monly used in solvent extraction for the extraction of metal 
ions, such as uranium and mercury (4-9). Similarly, polymer 
matrices, such as XAD-2, XAD-4, and XAD-8 (Rohm and 
Haas Company, Philadelphia, PA), impregnated with a sulfur- 
ized jojoba wax derivative, have been used for the extraction 
of mercury and cadmium from acidic solutions (10,11). 

The use of impregnated resins in solvent extraction tech- 
nologies for metal ions has a number of advantages, but the 
problems of the loss of expensive extractants and the contam- 
ination of aqueous solutions have yet to be solved (12-14). 
To overcome the disadvantages inherent in these technolo- 
gies, the extractant may be bound to a rigid polymer matrix 
without damaging its extraction properties. Some of the ad- 
vantages of using a natural product, such as jojoba wax, as 
the extractant, bound to a solid polymer support are its lack 
of toxicity, ready availability, and low cost. In the case of jo-  
joba wax, modification of the double-bond region by phos- 
phonation or sulfur-halogenation has been performed to ob- 
tain ion-exchange or chelate groups for the recovery of metal 
ions from wastewater. The modified jojoba derivatives may 
have unique properties: the products have a defined structure 
and size that is regulated by the basic polymer matrix; this 
will enable their general application without further structural 
modification. 

Polystyrene (PS) matrices were chosen as the substrates 
for our synthetic procedure for the following reasons: PS is 
commercially available with a wide range of matrix rigidity 
or macroporosity; it is mechanically strong and compatible 
with most organic solvents; and it is chemically stable but 
easily functionalized. In addition, the hydrocarbon backbone 
is resistant to attack by most reagents, so various transforma- 
tions can be carried out without degrading the polymer chain 
(15-17). 

A large number of functional resins have previously been 
synthesized by chemical modification of cross-linked PS 

Copyright �9 1996 by AOCS Press 1083 JAOCS, Vol. 73, no. 9 (1996) 



1084 S. BINMAN ETAL. 

(18-21). Functionalized resins have found numerous applica- 
tions as supports in solid-phase peptide synthesis and as 
reagents and supports for chromatography and catalysis (22, 
23). In each case, the optimal structure of the cross-linked PS 
depends on the application. In this study, a number of basic 
copolymer matrices with chloromethyl and sulfochloride 
functional groups were synthesized to produce a structure that 
would bind a relatively large organic molecule, such as jojoba 
wax [molecular weight (MW) -600]. 

The overall aim of our ongoing research is to prepare mod- 
ified jojoba bonded to a solid matrix and to investigate the use 
of a series of such compounds in the treatment of wastewater 
and recovery of heavy metal ions. In this paper, we describe 
the preparation of solid extractants, comprised of jojoba wax 
derivatives chemically bonded to a PS matrix by stable cova- 
lent bonds. The derivatives were prepared by functionaliza- 
tion of the preserved double bonds in the wax by phosphona- 
tion or sulfur-chlorination reactions. 

EXPERIMENTAL PROCEDURES 

Monomers, supplied by Aldrich (Milwaukee, WI), were 
washed free of inhibitor before use with 1 N NaOH and water, 
followed by drying over MgSO 4 and distillation under reduced 
pressure. The following amines and polyamines, also supplied 
by Aldrich, were used without further purification: ethylenedi- 
amine (EDA), diaminopropane (DAP), hexamethylene- 
diamine (HDA), diethylenetriamine (DETA), triethylene- 
tetramine (TETA), and tetraethylenepentamine (TEPA). 
N,N,N',N'-tetramethylethylenediamine (TMEDA) was sup- 
plied by Merck (Darmstadt, Germany). The AR-grade sol- 
vents dioxane, tetrahydrofuran (THF), cyclohexane, and ni- 
trobenzene were dried on a solid drying agent and distilled. 
All other solvents were AR-grade and used without further pu- 
rification. Crude jojoba wax was used in all experiments with- 
out purification [iodine value (Wijs), 84.0; acid number, 2.7; 
saponification number, 93]. 1H Nuclear magnetic resonance 
(NMR) spectra were determined on a Bruker WP-200SY in- 
strument (Spectrospin AG, Sallanden, Switzerland) in CDC13 
solution. Elemental analyses, based on ASTM methods, were 
performed in the Analytical Laboratory of the Institutes for 
Applied Research, Ben-Gurion University of the Negev, Is- 

rael. Synthetic polymer beads were sifted before use, and only 
the 0.2-mm fraction was used in the experiments. 

Preparation of polymer supports. A variety of cross-linked 
PS supports were prepared and functionalized, as described 
below. 

Styrene-2% divinylbenzene (DVB) copolymer. Styrene 
was copolymerized with 2% DVB by means of suspension 
polymerization (24). The copolymer was subjected to steam 
distillation to remove traces of unreacted monomer. To re- 
move surface impurities, the resin was then brought into con- 
tact with each of the following solutions in the following 
order for 1 h at 60-80~ 1 N NaOH, 1 N HCI, 2 N NaOH/ 
dioxane (1:2), 2 N HCl/dioxane (1:2), H20, and dimethylfor- 
mamide. Thereafter, the resin was washed at room tempera- 
ture with the following solutions: 2 N HCI in methanol, water, 
methanol, methanol/dichloromethane (1:3), and methanol/di- 
chloromethane (1:10). Finally, the resin designated C5 
(Table 1) was dried under vacuum at 70~ 

Styrene-vinylbenzylchloride (VBCI)-DVB copolymer. In a 
typical run a homogeneous mixture of the monomers styrene, 
VBC1, and DVB, plus benzoyl peroxide (1%) with or without 
n-heptane, was poured into a 1-L reactor that contained a 1% 
starch solution preheated to 40~ with vigorous stirring (1000 
rpm). The suspension in the reactor was heated to 60, 70, or 
85~ over a period of 1 h and maintained at those tempera- 
tures for 1 h, followed by 16 h at 90~ The resulting copoly- 
mer beads were filtered off, washed with hot water, cleaned 
by refluxing in a Soxhlet apparatus with a mixture of 
methanol/dichloroethane (1:1) for 24 h, and dried under vac- 
uum at 70~ The characteristics of the copolymers so ob- 
tained (C1, C2, C3, C4) are summarized in Table 1. 

Functionalization of the styrene-2% DVB copolymer. Two 
types of functionalization reactions were performed on the 
styrene-2% DVB copolymer designated C5 (Table 1 ) - -  
chloromethylation and chlorosulfonation. 

Chloromethylation of the copolymer was carried out with 
a mixture of C1SO3H and methylal (25). The polymer, 25 g 
(0.24 eq), was preswollen in 1,1,2-trichloroethylene (CM 1) 
or 1,1,1-trichloroethane (CM2) overnight, excess solvent was 
filtered off, and a mixture of 75 mL of methylal (1 mol) and 
115 mL of C1SO3H (1 mol), previously cooled in ice, was 
added. During the addition, the temperature was maintained 

TABLE 1 
Preparation and Characteristics of the Styrene-Vinylbenzylchloride-Divinylbenzene Copolymers 

Matrix Monomer mixture (%) CI (%) Swelling or solvent uptake (%) 

Designation Type St VBCI DVB n-heptane a Calc. Exp. DCE b Dioxane Toluene 

CI Macroporous c 45 45 10 90 10.4 10.2 120 100 150 
C2 Macroporous c 20 73 7 90 16.9 16.3 100 100 140 

C3 Gel d 50 48 2 0 11.1 10.9 150 150 160 
C4 Gel d 2 96 2 0 22.2 22.1 100 50 100 
C5 Gel d 98 0 2 0 0 0 200 150 250 

aPercentage by weight to monomer mixture, bDCE, 1,2-dichloroethane. CSolvent uptake by weight, dSwelling according to 
volume change. 
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TABLE 2 
Chloromethylation and Chlorosulfonation of Styrene-2% Divinylbenzene Copolymers a 
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Reaction mixture 

Matrix Preswelling C5 CISO3H Methylal Exp. (%) Swelling (%) 
designation solvent (g) (mL) (mL) S CI DCE Dioxane Methylal Toluene 

CM1 b 1,1,2-TCE 25 115 75 >0.1 25.7 50 20 70 70 
CM2 b 1,1,1-TCE 25 115 75 0.7 23.5 100 50 110 120 
CS DCE 10 70 0 12.0 11.5 250 - -  - -  250 

'~See Table I for abbreviation, bThe maximum calculated C1% for PS-CH2CI is 23%: the higher CI content probably re- 
sulted from double substitution of CH2CI group on several phenyl rings. 

at 10-15~ and thereafter the temperature was increased to 
30~ After 2 h, the resin was filtered off. The chloromethy- 
lated polystyrene was washed with 1,2-dichloroethane 
(DCE), methanol/toluene (1:1), and methanol, cleaned by re- 
fluxing in a Soxhlet apparatus with DCE and then with ace- 
tone, and dried under vacuum at 60~ The chloromethylated 
PS was characterized in terms of elemental analysis and 
swelling capacity (Table 2). 

Chlorosulfonation of the copolymer was carried out with 
CISO3H (CS, see Table 2). Ten grams (95 meq) of copolymer. 
preswollen in DCE, was added to 70 g (0.61 mol) of chloro- 
sulfonic acid. The reaction mixture was maintained at room 
temperature for ! h, and then at 40~ for 4 h. The copolymer 
was filtered off and washed with DCE, cleaned by refluxing 
in a Soxhlet apparatus with DCE for 24 h, and dried in 
air overnight. 

Amination of the chloromethylated styrene-DVB or 
styrene-VBCI-DVB copolymer. A sample of the copolymer 
was allowed to swell in a mixture of dioxane and the relevant 
diamine for 3 h at room temperature, after which time a fur- 
ther quantity of the same diamine was added. In a typical ex- 
perimental run, 10 g (31 mmol CI) of the chloromethylated 
styrene-DVB copolymer was preswollen in a mixture of 9.6 g 
(93 mmol) of diethylenetriamine in 20 mL of dioxane. After 
preswelling at room temperature, another portion of the di- 
amine-dioxane mixture was added to bring the final copoly- 
mer-to-diamine molar ratio to 1:6. The reaction mixture was 
then maintained at 70~ for 16 h with mechanical stirring. 
The suspension was filtered off, and the aminated copolymer 
was washed with dioxane, dioxane/I N HCI (1:1), 2 N HCi, 
and water until the washing water was free of chlorides. The 
weak anion exchanger prepared in this way was then shaken 
overnight with 1 N NaOH and washed with water until the 
washing water was neutral. The iodine number of  the ani- 
mated PS was determined as described below (Table 3). The 
total ion-exchange capacity of the aminated copolymers was 
determined, and potentiometric titration and elemental analy- 
sis were performed (Tables 4-6). 

Amination of the chlorosulfonated styrene-D VB copoly- 
mer. In a typical experimental run, 19.2 g (192 mmol) ofdi-  
ethylentriamine in 40 mL of dioxane was added to l0 g (32 
mmol C1) of the chlorosulfonated styrene-DVB copolymer 
(CS in Table 2). The reaction mixture was maintained at room 
temperature for 16 h with mechanical stirring. The suspension 

was filtered off, and the product was washed and character- 
ized as described above for aminated chloromethyl PS. 

A cross-linked aminomethyl PS PS-CH2NH 2 resin was 
also synthesized from the chloromethylated matrices by a 
Gabriel-type alkylation with potassium phthalimide (26). 

Preparation of allyl-dibrominated derivatives of jojoba 
wax (J-2Br). Allylic bromination of the crude jojoba wax (I) 
was carried out with N-bromosuccinimide (NBS) in CC14 as 
previously reported (27). The dibromo allyl derivative of 
jojoba wax (J-2Br) was produced at a molar ratio of 2:1 of 
NBS to jojoba wax. The J-2Br derivative contained 21.7% Br 
(calc. 21.05%) and had an iodine number of 60.0 (mg 1/100 g) 
(calc. 66.8). 

Binding of jojoba wax to the polymer matrix. J-2Br were 
bound to the polymer matrix by reacting them with aminated 
PS, as described below. 

Binding of J-2Br to aminated copolymers. Ten grams of 
aminated copolymer were preswollen overnight in 60 mL of 
a solution of 30% J-2Br in dioxane (w/w) at room tempera- 
ture. The reaction mixture was maintained at 60-65~ for 
24 h. The product was filtered off, washed with dioxane and 
methanol, cleaned by refluxing in a Soxhlet apparatus with 
CCI~, and then washed again with methanol, methanol/water 
( I : I ), 10% NaHCO 3, water, methanol/water ( 1 : 1 ), and ace- 
tone. The product was dried under vacuum at 60-70~ The 
amount ofjojoba wax bound to the polymer matrix was cal- 
culated from differences in weights. The nature of the bind- 
ing and the composition of the product were determined from 
elemental analysis and iodine number (Tables 7-9). 

TABLE 3 
Iodine Number of Aminated Polystyrene Matrices a 

Aminated No. 
matrix Amino nitrogen Iodine number 
designation group atoms (mg I/100 mg) 

AM-1 EDA 2 11.0 • 0.5 
AM-2 DAP 2 11.5 _ 0.5 
AM-3 DETA 3 28.0 _+ 1.0 
AM-4 TETA 4 36.0 _+ 1.0 
AM-5 TEPA 5 44.0 +_ 2.0 

"AM, aminomethyl polystryene; EDA, ethylenediamine; DAP, diamino- 
propane; DETA, diethylenetriamine; TETA, triethylenetetraamine; TEPA, 
tetraethylenepentamine. 
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TABLE 4 
Amination of Chloromethylated Polystyrene Matrices with Tetraethylenepentamine (TEPA) 

Amine attachment a Aminated Amination _CH2CI 
polymer Polymer matrix a TEPA b mmol CI mmol amine reacted Single Double 
designation Designation mmol Cllg Solvent (%) left/g c introducedlg c groups (%) (%) (%) 

IEC (meq/g) e 

QH + Qcl- 

AMT-1 C3 3.07 Dioxane 20 0.46 1.19 85 45 55 2.40 2.21 
AMT-2 C3 3.07 DMF r 20 1.33 0.72 57 42 58 1.85 1.57 
AMT-3 C3 3.07 Dioxane 30 1.75 1.09 43 82 18 2.38 2.48 
AMT-4 C3 3.07 Dioxane 50 1.10 1.42 64 72 28 4.43 4.50 
AMT-5 CM2 6.62 Dioxane 50 3.80 1.57 43 56 44 4.30 4.32 
AMT-6 C1 2.87 THF t 50 0.30 1.15 90 87 13 1.92 1.87 
AMT-7 C2 4.60 THF 50 1.85 0.72 60 25 75 1.35 1.21 
AMT-8g CS 3.24 Dioxane 50 0.50 0.53 85 h 18 82 1.25 0.05 

aFrom Tables 1 and 2. b% TEPA in solvent; molar ratio of amine to polymer of 6:1 ; reaction at 60~ 24 h. cCalculated values on the basis of experimental el- 
emental analysis of C1% and N% in aminated polystyrene, dCalculated value on the basis of mmol introduced amine/g and mmol reacted CI/g. elon ex- 
change capacity, fDMF, dimethylformamide; THF, tetrahydrofuran, gAmination at room temperature, hSO2CI reacted group (%). 

Reactions of the double-bond region in jojoba wax bonded 
to the polymer matrix (PS-Joj): phosphonation. Five grams 
of polymer matrix with 20-40% (w/w) of bonded jojoba 
wax were allowed to swell in a reaction mixture that con- 
tained 10 g (72 mmol) of diethylphosphite, 0.5 g (2.6 mmol) 
of butyl perbenzoate, and 20 mL of toluene for 4 h at room 
temperature. After addition of a further 0.5 g of initiator, the 
reaction mixture was maintained at 110~ under agitation 
and an Ar blanket for 6 h. The reaction was monitored 
by sampling and analyzing for phosphite content by the 
addition of 0.2 N NaOH and back titration with 0.2 N HCI. 
Thereafter, the suspension was filtered off, and the resin 
was washed with toluene, methanol, 10% NaHCO 3 (x4), 
water (until the washing water was neutral), methanol, and 
acetone. After drying under vacuum, the resin was weighed, 
and the composition was determined by elemental analysis 
(Table 10). 

Sulfur-halogenation. The polymer matrix with the bonded 
jojoba wax (1.76-3.4 mmol) was preswollen in 10 mL of ni- 
trobenzene for several hours. A mixture of 0.2-0.6 mL of 
$2C12 in 5 mL of nitrobenz'ene was added with mechanical 
stirring to the suspension. After 24 h at room temperature, the 
polymer was filtered off, washed with nitrobenzene, toluene, 
THF, acetone, 5% NaHCO 3, water, ethanol, and acetone, and 
dried at 40~ under vacuum for two days (Table 11). 

Properties of the polymer matrices: swelling. Substituted 
polymer matrix (1 mL) was placed in a 5-mL volumetric 
flask, which was then filled with solvent, and the polymer was 
allowed to swell for 48 h. The degree of swelling was calcu- 
lated from the difference in volume between the swollen and 
dry polymer. 

Properties of the polymer matrix: capacity determination. 
The ion-exchange capacity of the weak anion exchangers ob- 
tained after amination of the styrene-VBCI-DVB copolymer 
with diamines was determined as follows: 1 g of polymer in 
the OH- form was shaken for 24 h at room temperature with 
100 mL of 0.1 N HC1. Concentrations of H § and CI- ions in 
the solution were determined by potentiometric and argento- 
metric titration. From the differences in the concentrations, 
QH § and Qcl- (meq/g) were calculated. 

Determination of the iodine number of the polymer matri- 
ces. CC14 (20 mL) and 20 mL of Wijs solution (0.1 N ICI in 
acetic acid) were added to 100-150 mg of the dry polymer 
matrix. The mixture was shaken and then left to stand in the 
dark for 1 h. Then, 20 mL of 15% aqueous KI solution and 
100 mL of distilled water were added, and the mixture was 
stirred with a magnetic stirrer for a few minutes. In this 
method, excess I § reacts with I -  and 13 to form 12, which is 
then titrated with 0.1 N thiosulfate solution; toward the end 
of the titration 1% starch solution is added and the color 

TABLE 5 
Amination of Chloromethylated Polystyrene Matrices with Ethylenediamine (EDA) 

o C Aminated Amination _CH2CI Amine attachment (%) 

polymer Polymer matrix EDA a mmol CI mmol amine reacted Single Double 
designation Designation mmol CI/g Solvent (%) left/g b introduced/g b groups (%) (%) (%) 

IEC (meq/g) d 

QH + QCl- 

AME-1 C3 3.07 Dioxane 30 0.18 1.43 94 50 50 2.01 2.03 
AME-2 C3 3.07 Dioxane 50 0.16 2.11 94 80 20 2.80 2.60 
AME-3 CM2 6.62 Dioxane 50 3.10 2.85 53 46 54 2.43 2.40 
AME-4 C1 2.87 THF 50 0.71 1.85 75 79 21 2.40 2.37 
AME-5 e CS 3.24 Dioxane 50 0.10 1.92 97 t 59 41 1.65 0 

a% EDA in solvent; molar ratio of amine to polymer of 6:1; reaction at 60~ 24 h; see Tables 3 and 4 for abbreviations, bCalculated values on the basis of 
experimental elemental analysis of C1% and N% in aminated polystyrene. CCalculated value on the basis of mmol introduced amine/g and mmol reacted 
CI/g. ~ exchange capacity, eAmination at room temperature, fSO2CI reacted group (%). 
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TABLE 6 
Amination of the Chloromethylated Polystyrene (PS) Copolymer (C3) with Different Diamines 
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Aminated 
polymer 
designation Amine a Functional group 

mmol Reacted Amine attachment C IEC (meq/g) e 

CI mmol N mmol amine -CH2CI Single Double QH § Qcl- 
left/g introduced/g b introduced/g b groups (%) (%) (%) pKa d (meq/g) (meq/g) 

C3 
AM-1 
AM-2 
AM-3 
AM -4 
AM-5 
AM-6 
AM-7 

- -  PS-CH2CI 3.07 . . . . . . . .  
Phthalimide PS-CH2NH 2 0.48 2.64 2.64 84 100 0 - -  1.50 1.60 
EDA PS-CH2NH(CH2)2NH 2 0.16 4.22 2.13 94 73 27 8.4 2.01 2.03 
DAP PS-CH2NH(CH2)3NH 2 0.09 3.86 1.93 97 72 28 8.2 2.71 2.79 
HDA PS-CH2N H(CH2)6N H 2 1.83 2.14 1.01 49 86 14 7.5 1.20 1.09 
DETA PS-CH2(NHCH2CH2)2NH 2 0.21 5.64 1.88 93 66 34 7.8 4.50 4.50 
TETA PS-CH2(NHCH2CH2)3NH 2 0.16 5.61 1.40 95 48 52 7.9 4.70 4.71 
TEPA PS-CH2(NHCH2CH2)4NH 2 1.10 7.09 1.42 64 72 28 6.7 4.42 4.50 

aAmines: HDA, hexamethylenediamine; other abbreviations as in Table 3. bCalculated values on the bases of experimental elemental analysis of C1% and 
N% in aminated polystyrene. CCalculated value on the basis of mmol introduced amine/g and mmol reacted CI/g. C/Experimental results, elon exchange ca- 
pacity. 

changes from dark blue to white. The iodine number is calcu- 
lated as follows: 

iodinenumber(mgI/100mg) = (B-V)N• [1] 
S 

where B = 0.1 N Na2S203 (mL) added to the blank, V = 0.1 N 
Na2S203 (mL) added to the sample, N = concentration of 
thiosuifate solution (eq/L), and S = sample weight (g). 

For the aminated polymer matrices with bonded jojoba 
wax, the iodine number was higher than expected from HBr 
elimination, even if a high degree of HBr elimination oc- 
curred. The color of the white polymer during iodine number 
determination turned to brown, which led us to assume that 13 
was adsorbed onto the polymer matrix, attaching itself to the 
protonated amino groups. This would lead to less 12 being de- 
tected, and as a result a higher iodine number would be ob- 
tained. We found that this iodine could be eluted from the 
polymer by addition of thiosulfate or sodium hydroxide solu- 
tion. Thus, the real value of the iodine number in aminated 
matrices to which jojoba was bonded was much lower than 
the measured value. Correction of the measured iodine num- 
ber was made as follows: 

M - A . D  
C (mg I/100 r a g ) = - -  [2] 

100 

where C = corrected iodine number, M = measured iodine 
number of the polymer matrix (mg 1/100 mg), A = aminated 
fraction in the polymer (%), and D = iodine number of the 
aminated polymer (mg I/I 00 mg). 

Aminated polymer matrices were tested for iodine capac- 
ity by the iodine number test, and the results were expressed 
in mg 1/100 mg polymer (Table 3). A correlation was found 
between the iodine number and the number of nitrogen atoms. 

Potentiometric titration. The experimental pKa of the am- 
inated matrices was calculated from the potentiometric titra- 
tion curve of the resins (28). 

RESULTS A N D  D I S C U S S I O N  

Scheme 2 summarizes the process of preparation of the solid 
extractants, comprising phosphonated or sulfur-chlorinated 
jojoba wax derivatives chemically bonded to a PS-type ma- 
trix via an amine "spacer" in the following order: selection of 
the solid polymer matrix; attachment of the amine spacer; 
chemical bonding of jojoba wax to the matrix via the amine 
spacer; and functionalization of the double bond in jojoba 
wax by phosphonation or sulfur-chlorination. 

Polymer matrices. The first step in our research was the 
selection of suitable polymeric matrices because the structure 

TABLE 7 
Binding of Allylic Dibromojojoba Derivatives to Different Polystyrene Matrices 
Aminated with TEPA (AMT) or EDA (AME) a 

Basic Increase 
Exp. CM-PS Aminated polystyrene in weight Br left 

no. matrix Designation mmol aminelg (%) (%) 

Iojoba wax 
in product 

(%) 

mmol 
Iojoba/g 
product 

I-1 C3 AMT-4 1.42 39 0.9 27 0.46 
J-2 CM2 AMT-5 1.57 18 0.3 15 0.26 
J-3 C1 AMT-6 1.15 32 0.3 24 0.41 
J-4 C2 AMT-7 0.72 17 0.5 10 0.17 
J-5 C3 AME-2 2.11 74 4.2 38 0.65 
J-6 CM2 AME-3 2.85 14 0.8 12 0.20 
J-7 C1 AME-4 1.85 41 1.7 28 0.48 
J-8 PAN Lewatite E304/88| b 5.85 14 0.5 12 0.20 

aSee Tables 3 and 6 for abbreviations. PAN, polyacrylonitrile; CM-PS, chloromethylated-PS. 
bBayer Company, Levelkusen, Germany. 
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TABLE 8 
Binding of Allylic Dibromojojoba Derivatives to the Chloromethylated-PS Copolymer Designated C3 
That Had Been Aminated with Different Diamines 

Increase lojoba wax Br Iodine mmol mmol 
Exp. Aminated in weight in product left no. lojoba/g Br/g 
no. matrix no. Amine a (%) (%) (%) (Wijs) ~ product product 

IEC (meq/g) d 

mmol DBC/ QH+ Qcl- 
mmol jojoba (meq/g) (meq/g) 

J-10 AM-1 -NH 2 6 5 0.1 5.0 0.09 0 2.31 
J-11 AM-2 EDA 74 38 4.2 34.0 0.65 0.53 2.07 0.52 0.53 
J-12 AM-3 DAP 62 34 3.6 38.1 0.58 0.45 2.61 0.56 0.57 
J-13 AM-4 HDA 28 20 2.2 25.1 0.34 0.28 2.91 0.63 0.63 
J-14 AM-5 DETA 66 40 0.1 43.2 0.68 0 2.51 0.54 0.54 
J-15 AM-6 TETA 64 38 1.0 37.8 0.64 0.13 2.31 0.85 0.76 
J-16 AM-7 TEPA 39 27 0.9 24.8 0.46 0.12 2.13 1.70 1.41 

aSee Tables 3 and 6 for abbreviations, bCorrected iodine number. CDB, double bond. dlon-exchange capacity. 

of the matrix influences the success of binding the jojoba wax. 
Both gel and macroporous types of PS were used. Introduc- 
tion of chloromethyi groups was achieved by direct copoly- 
merization of VBCI, styrene, and DVB with or without poro- 
gen or by chloromethylation of the PS matrix with a mixture 
of chlorosulfonic acid and methylal. 

Copolymerization. Details of the suspension copolymer- 
ization of VBCI, styrene, and DVB are summarized in Table 
1 and Scheme 3. The two gel-type copolymers C3 and C4 
were synthesized with different amounts of VBCI in the ini- 
tial reaction mixture. The percentage of active chloromethyl 
groups in copolymer C4 was 96%, a value twice that in C3. 
Both copolymers contained low amounts of cross-linking 
agent (2%). The two macroporous-type cross-linked copoly- 
mers C1 and C2 were obtained by the addition of n-heptane 
(as a porogen) during the course of the copolymerization of 
the same vinyl monomers. The solvent uptake by these two 
matrices was almost the same, being independent of the 
amount of chloromethyl groups. The conversion of VBCI in 
the copolymerization reaction was high, as can be seen from 
the agreement between the experimental and calculated CI 
contents (Table 1). Because the commercial VBCI monomer 
is a mixture of two isomers, in which the -CH2C1 group is 
substituted at the meta and para positions on the styrene ring 
in a 2:1 ratio, we can assume that both meta and para isomers 
of VBC1 were incorporated into the copolymer structure. 

Table 1 shows that the swelling of the copolymers decreased 
as the amount of the incorporated chloromethyl groups in- 
creased. Because of its cross-linked structure, C4 was 
dropped from the program, and we decided to concentrate on 
the macroporous C1 and C2 and the gel-type C3 matrix. 

Chloromethylation. Chloromethylated polystyrene 
(CM-PS) gel-type beads were also prepared (Scheme 4). 
Chloromethylation was performed by reaction of the styrene- 
DVB (2%) copolymer designated C5 (Table 1) with a mix- 
ture of C1SO3H and methylal (Table 2). The high amount of 
chlorine incorporated into the copolymer (25.7 and 23.5% for 
CM 1 and CM2, respectively) probably resulted from double 
substitution of the -CH2CI group on certain phenyl rings (the 
maximum calculated percentage of C1 for CM-PS is 23%). 

The swelling of the CM 1 matrix was half that of CM2, ev- 
idently due to some cross-linking via -CH 2- bridges between 
PS rings during the chloromethylation reaction (29). This ma- 
trix was therefore not included in subsequent experiments. 
The chloromethylated copolymers (all with a high C1 con- 
tent), obtained by the two different synthetic routes showed 
low swelling in the same solvents. In the chloromethylation 
route, the -CH2C1 groups substituted mainly in the para posi- 
tion on the phenyl rings, in contrast to the copolymerization 
procedure (23,24). 

Chlorosulfonation. Chlorosulfonation of polystyrene 
(CS-PS) with chlorosulfonic acid was also carried out to ob- 

TABLE 9 
Nature of Jojoba Wax Bonding to Aminated Polystyrene (PS) (C3) 

Jojoba wax Composition (%)a 

Matrix in product mmol Br/g Allylic Diene Bound 
designation Amine (%) product Br b formation c to polymer d 

J-10 -NH 2 5 . . . .  
J-11 EDA 38 0.53 81 4 15 
J-12 DAP 34 0.45 78 22 0 
J-13 HDA 20 0.28 81 19 0 
J-14 DETA 40 0 0 20 80 
J-15 TETA 38 0.13 19 14 67 
J-16 TEPA 27 0.12 26 15 59 

~Composition of the far side of the jojoba wax molecule bound on the near side to aminated PS. See 
Tables 3 and 6 for abbreviations, bBased on 8r analysis. CBased on iodine number, dCalculated value. 
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TABLE 10 
Phosphonation with Diethyl Phosphite of Jojoba Wax Bound to Polystyrene (C3) via Amine Spacers 

1089 

Phosphonated Reagent Phosphonated product 

matrix Functional mmol Jojoba/g mmol DBa/g Qcff P P mmol/g 
designation Matrix group product product (meq/g) (%) product Yield b 

IP-I C3 c PS-CH2CI - -  0 0 1.13 0.35 - -  
IP-2 AM-7 d PS-CH2-TEPA - -  0 4.50 2.13 0.67 - -  
JP-3 J-16 e PS-CHe-TEPA-Jojoba 0.46 0.98 1.41 1.98 0.62 64 
JP-4 J-15 e PS-CH2-TETA-Jojoba 0.64 1.49 0.76 3.17 0.99 66 
JP-5 J-14 ~' PS-CH2-DETA-Jojoba 0.68 1.70 0.54 4.16 1.30 77 
JP-6 J - 1 2  PS-CH2-DAP-Jojoba 0.58 1.51 0.57 3.22 1.04 69 

aDB, double bond; see Tables 3 and 6 for other abbreviations, bEfficiency of double-bond phosphonation. ~'Table 1. dTable 6. eTable 8. 

tain a resin with active -SO2CI groups (CS in Table 2). 
Introduction of amine spacers. The amination of chloro- 

methylstyrene by a variety of diamines has been reported 
(30-33). However, the wide range of possible reaction condi- 
tions during our amination reaction resulted in each case in 
aminated PS with different structural variations. The aim of 
the second stage of our study was to attach amine spacers to 
the polymer, which would subsequently be used to bind jo- 
joba wax to the solid matrix. The experiments described 
below were carried out to study the effects of the following 
parameters on the efficiency of the amination reaction of the 
CM-PS (CI,  C2, C3, and CM2) and CS-PS matrices: di- 
amine and polyamine concentrations in the reaction solution; 
type of solvent; and type of polymer matrix. In most experi- 
ments, the C3 matrix (the best swollen gel-type matrix, see 
Table 1) was selected to react with the different amines. The 
amination reactions are presented schematically in Schemes 
5 and 6, and the results are summarized in Tables 4-6. 

Diamine concentration in reaction solution. The influence 
of amine concentration on the course of the amination re- 
action was tested in the C3 polymer matrix. Increasing the 
concentration of TEPA in dioxane laminated polystyrene with 
TEPA (AMT)- 1,3 and 4 in Table 4] and EDA laminated poly- 
styrene with EDA (AME)- 1,2 in Table 5], but keeping a con- 
stant molar ratio of 6:1 of the amine to chloromethyl groups in 
the polymer, resulted in a higher amount of introduced amine. 
At the same time, the CH2C! conversion was reduced with 
TEPA (from 85% to 43-64%), while with EDA it remained 
high (94%). 

However, Tables 4 and 5 show that the conversion (per- 
centage or mmol of reacted chloromethyl groups) of-CH2CI 
groups was higher than the degree of amination (mmol of at- 
tached amine), and this leads us to the conclusion that the am- 
ination was accompanied by an additional chemical cross- 
linking side reaction in the copolymer. It seems that, after the 
first primary amine in EDA or TEPA reacted, the second pri- 
mary amine and/or the secondary amine (CH2CH2NH) in the 
multifunctional polyamine reacted with another-CH2C1 
group, which increased the cross-linking in the matrix. The 
reaction of the -CH2C1 group with secondary amines is pos- 
sible, although less probable, and it has been reported that the 
degree of amination with - N H  groups in multifunctional 
polyamines of the type used by us is low (34). 

The percentage of double (PS-CH2NH--NHCH2PS) and 
single ( P S - C H 2 N H - - N H  2) attachment of the diamine was 
evaluated (Tables 4 and 5). It is clear that, at higher amine 
concentrations, monoamination prevails, as expected in an 
amine alkylation reaction. This result was also reflected in the 
higher ion-exchange capacity of the aminated PS matrices. 

Nature of the polymer matrix. To explore the influence of 
the nature of  the CM-PS matrix on the course of  amination 
reaction, a number of different PS matrices with chloromethyl 
functional groups were aminated with TEPA and EDA under 
the same conditions (Tables 4 and 5). 

At the same TEPA concentration of 50% in dioxane or 
THF (Table 4), more amine was introduced with C3 and CM2 
(AMT-4, AMT-5) gel-type matrices than with macroporous 
CI and C2 matrices (AMT-6, AMT-7). Consequently, the re- 

TABLE 11 
Sulfur-Chlorination of Bonded Jojoba Wax to AM-PS (C3) Matrices a 

Sulfur- 
chlorinated Reagent 

matrix Basic Functional mmol Jojoba/g mmol D.B./g CI Br S CI 
designation matrix group product product (%) (%) (%) (%) 

Sulfur-chlorinated matrices 

mmol S/g mmol CI/g mmol CI/ Yield b 
product product mmol S (%) 

JS-1 C3 c PS-CH2C[ 0 - -  10.2 0 1.9 
JS-2 AM-7 d PS-CH2-TEPA 0 - -  3.9 0 8.3 
JS-3 J-16 e PS-CHz-TEPA-Jojoba 0.46 0.98 2.0 1.0 4.7 
JS-4 J-15 e PS-CH2-TETA-Jojpba 0.64 1.49 0.2 1.0 6.1 
JS-5 J-14 e PS-CH2-DETA-Jojoba 0.68 1.70 0.5 0.1 5.0 
JS-6 J-12 e PS-CH-DAP-Jojoba 0.58 1.51 0.5 0.1 5.3 

9.8 0.620 2.760 - -  0 
2.0 2.594 0.563 0.22 0 
2.7 1.484 0.775 0.52 79 
7.7 1.922 2.169 1.13 100 
6.1 1.563 1.718 1.10 100 
5.9 1.656 1.661 1.00 100 

aSee Tables 3, 6, and 8 for abbreviations, bEfficiency of double-bond sulfur-chlorination. ~Table 1. C/Table 6. eTable 8. 
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Attachment of the amine spacer Chloromethylation 

Amination reaction 
+ ii. 

Gabriel synthesis or 

NH2(CH2)nNH2 or CH2NH(CH2)nNH2 
CH2CI NH2(CH2CH2NH)mH 

Gel or macroporous types 
of chloromethyl polystyrene Bonding of dibromo- 

allyl derivative of jojoba wax 

+ J-2Br 

Phosphonation ~ + XHBr 

CH2.Amine.jp CH2NH~ ~ -NH-J-(2-X) Br 

CIS03H. 
Methylal 

SCHEME 4 

Chloromethylated-polystyrcee (CM-PS) 

1 
gel-type 

CMI,CI~ 

Sulfur-chlorination 

polystyrene bead 

Jojoba 

SCHEME 2 

CH2-Amine-JS 

suiting weak anion-exchange resins of  the macroporous type 
also showed poor ion-exchange properties. 

The same behavior was observed for amination with EDA 
(Table 5). The gel-type matrices C3 and CM2 (AME-2 and 
AME-3) yielded aminated PS that contained 2.11 and 2.85 
mmol amine/g, while in the macroporous C1 matrix (AME-4) 
1.85 mmol amine per gram was introduced. 

In the copolymer C3, in which half of  the matrix is 
chloromethyl styrene, only 64% of  the -CH2C1 groups re- 
acted with TEPA (AMT-4), whereas 94% reacted with EDA 
(AME-2). In the CM-PS CM2 polymer, whose -CH2C1 group 
content was twice that of  the C3 matrix, a higher degree of  
double diamine attachment was observed (AMT-5 vs. AMT-4 

Copolymerization 

C H ~  CH~-CH C H ~  

0CH2CI 
CH2=CH 

Styrene Vinylbenzyl Divinylbenzene 
Chloride 

Copolymer 

/ ' , , ,  
gel type macroporous 
C3,C4 C1,C2 

in Table 4 and AME-3 vs. AME-2 in Table 5). This picture 
repeated itself for the macroporous copolymers, but to an 
even greater extent (AMT-6 vs. AMT-7 in Table 4). These re- 
suits confirm the previous findings (typical of  amine alkyla- 
tion) that a higher chlorine content (a higher concentration of 
electrophile) leads to increased substitution, and hence to in- 
creased double attachment (Scheme 5). 

Amination of  CS-PS with the same amines was carried 
out at room temperature (Scheme 6). The CS-PS,  which 
had the same amount o f - S O 2 C 1  reactive groups as C3 
had -CH2CI groups, underwent solely a cross-linking reac- 
tion with TEPA (AMT-8 in Table 4) and EDA (AME-5 in 
Table 5), leading to a product with bisulfonamide groups 
(PS-SO2NH--NHSO2-PS)  (Scheme 6). These matrices did 
not exhibit anion exchange capacity (Qcl- = 0) and did not 

gel and macroporous cross-linked polystyrene 

"NH2(CH2)nNH 2 n = 2.3, 6 

-NH2(CH2CH2NH)mH m = 2, 3, 4 

relative ratio: uraeacted aminated additional chemical 
chloromethyl polystyrene cross-linking 

groups 

simple diamines: 0 4 (8O%) l (2O%) 

multifunctional: 
amines 

2 (33%) 3 (50%) 1 (17%) 

SCHEME 3 SCHEME 5 
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chlorosulfonated polystyrene 

NHz.,,V~,N,N H 2 

0 0 0 
SO2NH,.NVV'HNSO 2 SO2NH,,NVV~H3+ SO 3- 

internal salt 

additional chemical cross-linking 

SCHEME 6 

swell in water. As a result, the polymers cannot bind jojoba 
wax and were dropped from subsequent studies. 

Amination of the chloromethylated (C3) copolymer 
with diamines and polyamines. The aim of these experiments 
was to study the effect of the length of the amine on the 
amination reaction and to produce PS beads with amine 
spacers of different lengths. To this end, the chloromethyl- 
ated copolymer C3 was aminated with amines of the 
type NH2-(CH2)n-NH 2 (n = 2, 3, 6) and muhifunctional 
polyamines NH2-(CH2CH2NH)m-H (m = 2, 3, 4) (Table 6). 
The substitution of-CH2CI groups with diamines and multi- 
functional polyamines was high (93-97%), with the excep- 
tion of the longest amines in each series--HDA [aminated PS 
(AM)-4] and TEPA (AM-7)--for which the conversion (re- 
acted chloromethyl groups) was 49 and 64%, respectively. 
The amount of introduced amine decreased as the length of 
the amine increased. In general, the degree of additional 
chemical cross-linking during amination with the simple di- 
amines was lower (14-28%) than with multifunctional 
polyamines (28-52%). The amines with the longest aliphatic 
chains, HDA (AM-4) and TEPA (AM-7), gave products with 
a lower degree of cross-linking in each series but also with a 
lower degree of first substitution due to their relatively low 
reactivity, which stemmed from the steric factor. 

Aminated polystyrene matrices are, in fact, weak anion ex- 
changers that may be characterized in terms of ion-exchange 

capacity of QH+ and Qcv" The superior ion-exchange capaci- 
ties in the aminated matrices, prepared from the polyamines 
DETA, TETA, and TEPA (AM-5, AM-6, and AM-7), are a 
function of the presence of free secondary amino groups 
(-NHCH2CH2-) [which is not true for simple diamines EDA, 
DAP, and HDA (AM-2, AM-3, and AM-4)]. 

The pKa values of aminated matrices were determined 
from potentiometric titrations of the resins (Table 6). The re- 
suits show that the basicity of the amino groups attached to 
solid PS was reduced as the length of the diamine increased. 

AM- 1 with 2.64 mmol amine/g was obtained by means of 
Gabriel synthesis and has the shortest "spacer" for jojoba 
binding. 

The following conclusions may be drawn from the experi- 
ments described above. The PS gel-type matrices yielded am- 
inated products with higher amine contents than the macro- 
porous polystyrene. The gel-type copolymer type (C3) 
yielded mainly monoaminated products (70-80%) (Scheme 5 
and Tables 4 and 5), while the chioromethylated matrix 
(CM2) was less reactive [only 50% of its CH2CI reacted with 
the amines (Scheme 5 and Tables 4 and 5)], and the ratio of 
single to double bonding was about 1 : 1, which indicates less 
free primary amines for the reaction with brominated jojoba. 
A higher concentration of CH2CI on the polymer matrix re- 
sulted in increased double attachment. The higher the concen- 
tration of the amine in solution, the higher the amount of 
monoamination, leaving the second primary amine free (less 
double attachment). Even though shorter amines gave rise to 
higher substitution than longer amines, the amount of double 
attachment was higher with the shorter amines. The optimal 
conditions for monoamination were: a gel-type matrix, less 
CH2CI groups, and a high concentration of amine in solution. 

Bonding of J-2Br to aminated PS via amine groups. The 
crucial step in the synthesis of the final products was the bind- 
ing of jojoba wax to the amine spacer by nucleophilic substi- 
tution of the primary amino group to the bromo allyl deriva- 
tive of jojoba wax (Scheme 7), as described below. 

Different aminated resins. Aminated PS polymers 
(AM-PS) with TEPA functional amino groups (series AMT 
in Table 4) or EDA functional amino groups (series AME in 
Table 5) were reacted with the J-2Br. These two series differ 
in their basic polymeric matrices (C3 and CM2, gel type; and 
C ! and C2, macroporous type) and their degree of amination. 
Only those matrices that exhibited high degrees of single 
amino attachment were used for this stage. In addition, the 
commercial weak anion exchange resin Lewatite E304/88| 
(Bayer Company, Levelkusen, Germany), which is based on 
a polyacrylonitrile (PAN) matrix and has multifunctional 
amino active groups, was used for comparison. The amounts 
of chemically bonded jojoba wax in the resins are summa- 
rized in Table 7. 

The percentage of total increase in weight of the starting 
AM-PS matrices after J-2Br bonding fell in a wide range of 
values, from 14 up to 74%, while the commercial resin based 
on PAN with a higher content of similar amino groups bound 
only 14% jojoba wax (J-8). 
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A 

CH2NH(CH2)nNH2 

+ J-2Br 

CH2NH(CH2)n CH2NH(CH2)nNH 2 

CH3(CH2)s(~HCH=CH(CH2)mCOO(CH2)nCH=CHCH(Br)(CH2)6CH3 

CH2NH(CH2) n CH2NH(CH2)nNH 2 

CH3(CH2)6~HCH=CH(CH2)mCOO(CH2)nCH=CHCH=CH(CH2)sCH 3 

CH2NH(CH2CH2N H)mCH2CH2NH 2 

+ J-2Br 

CH2NH(CH2CH2NH)m CH2NH(CH2CH2NH)m 

CH2 ICH2 CH2~I H2 
NH NH 
I I 

C H3(CH2)6CHCH=CH(CH2)mCOO(CH2)nCH--CHCH(CH2)sCH3 

polystyrene bead 

amine spac 

polystyrene bead 

SCHEME 7 

The AM-PS polymer .with EDA (PS-EDA), produced on 
the basis of the gel type CM-P_S copolymer designated C3 
(AME-2), yielded a product that contained the maxi- 
mum amount of bound jojoba wax- -38% (J-5)--while the 
PS-EDA resin (AME-3),,based,on the CM2 matrix, gave a 
product with only 12% of~botmd~-j0joba wax 0-6). 

The same picture repeated itself with PS aminated with 
TEPA (PS-TEPA). The percentage 0fjojoba,wax in the prod- 
uct based on the C3 matrix (AMT-4) mas 27% (J-1), whereas 
only 15% (J-2)jojoba wax was present in AMT-5, which was 
based on CM2 matrix. 

The aminated resins based on chloromethylated gel-type 
matrix CM2, which were cross-linked during dhloromethyla- 
tion by -CH 2- bridges (CM2) and later on during amination 
(AMT-5 and AME-3), were not able to swell sufficiently to 
allow the jojoba to penetrate into the matrixto react with the 
active groups (J-2 and J-6). In contrast, the solvent,swollen 
aminated resins (AMT-4 and AME-2) based on cop01ymer C3 
(styrene-VBCl-DVB),  in which the degree of additional 
chemical cross-linking during amination of CM-PS matrix 

was low, contained the highest amounts of bound jojoba wax 
(J-1 and J-5). The macroporous aminated PS resins (AMT-6 
and AME-4) based on copolymer C 1, in which the degree of 
additional chemical cross-linking was also low (J-3 and J-7), 
still bound a high percentage of jojoba, but less than the gel- 
type C3. This is probably due to the lower amount of  func- 
tional amino groups in these resin obtained after amination. 

To summarize, the percentage of jojoba wax that was 
bound to the polymer strongly depended on the nature of the 
polymer matrix. The final products contained about 10-38% 
of bound jojoba wax. This was achieved due to a nucleophilic 
substitution reaction, in which the functional amino groups in 
the AM-PS resins were active as nucleophiles that attacked 
the bromoallyl electrophilic sites in the J-2Br derivative of 
jojoba wax. As a result, the jojoba wax was chemically bound 
to aminated polystyrene matrices via stable C-N covalent 
bonds: 

PS--NH 2 + J-2Br ~ PS--NH-J-(2-n)Br + nHBr [3] 

Different amino groups as spacers. In the next series of ex- 
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periments, the gel-type PS matrix, C3, was aminated with 
different simple diamines of the type NH2(CHe)nNH 2, 
(n -- 2, 3, 6) and multifunctional polyamines of  the type 
NHa(CHeCH2NH)mH (m = 2, 3, 4) under the same conditions, 
and was then reacted with bromojojoba. The amount of J-2Br 
bound to the aminated matrices and characterization of the 
products are presented in Table 8. 

The smallest amount of bound jojoba wax, -5%, was 
found when the aminomethyl (-CH2NH2) group was attached 
directly to the polystyrene (J-10). When aliphatic diamines 
EDA, DAP, and HDA (J-11, J-12, and J-13) were used as the 
spacer group, the amount of bound jojoba decreased as the 
amount of attached amino groups decreased and the length of 
the aliphatic chain in AM-PS resins increased. 

AM-PS that contained the multifunctional amines DETA, 
TETA, and TEPA 0-14, J-15, and J-16) bound jojoba wax to 
the same extent as the aliphatic ~z,tg-diamines, and the amount 
of bound jojoba decreased as the length of the amine spacer 
increased. 

Nature of bonding ofjojoba wax. On the basis of our ex- 
perimental observations, a mechanism for the bonding of jo-  
joba wax bonding can be proposed. The allyl brominated jo- 
joba wax derivative J-2Br has two reactive allyl bromines, 
one on each side of the ester group. During nucleophilic sub- 
stitution by the amino groups on the AM-PS resins at the al- 
lylic position, one side of the jojoba molecule will be bound 
to the polymer via a C-N bond. There are three possible paths 
for the second bromine (Scheme 7): the allyl bromine may re- 
main unreacted; a competitive HBr elimination reaction may 
take place, followed by diene formation; or another nucle- 
ophilic substitution of allylbromine may occur to create an 
additional new C-N bond. Thus, the wax will be bound at two 
sites to the polymer. 

The nature of the J-2Br bonding to the aminated PS was 
calculated on the basis of the analytical results given in 
Table 9. One side of the jojoba molecule is bound to the AM- 
PS resin, while the structure on the second side of the mole- 
cule could be the product of one of the three possible path- 
ways mentioned previously. 

It is clear that the bonding of jojoba to resins aminated 
with simple diamines differs from that of those aminated with 
multifunctional polyamines. The AM-PS resins that con- 
tained the simple diamines DAP or HDA (J-12 or J-13) re- 
acted with J-2Br only on one side of the molecule, while on 
the other side of the chain, -80% of allyl bromine sites were 
left unreacted and 20% diene formation occurred due to HBr 
elimination. Only in product J-I 1, obtained from the resin am- 
inated with EDA, 15% jojoba wax was bound at two sites to 
polystyrene matrix via amine spacer. 

In the AM-PS resins aminated with multifunctional 
polyamines, 59-80% of the jojoba wax was bound at two 
sites to the polymer (J-14, J-15, and J-16) due to a high de- 
gree of substitution on the second side of the bound jojoba 
(Scheme 7B). The degree of additional bonding at the second 
site decreased as the length and number o f - N H -  groups in 
the multifunctional animo spacer increased. This indicates 

that steric effects were the predominant factors dictating the 
type of reactions involved. The main substitution reaction 
was accompanied by diene formation (15-20%). The amount 
of unreacted allyl bromine sites increased slightly as the 
length of amine spacer increased. In all cases except one 
(J- 11), the main substitution reaction was accompanied by 
diene formation (14-22%). 

The chemical C-N bond between the jojoba wax and the 
polymer matrix is stable. No losses in weight were observed 
after washing and cleaning of the final products obtained in 
further modifications. The double bonds in jojoba wax were 
preserved during the bonding, which enabled further func- 
tionalization of the jojoba moiety. 

The solvent remaining after the reaction of J-2Br with am- 
inated polystyrene was evaporated, and the residue was ana- 
lyzed by IH NMR spectroscopy. The oily residue contained 
the unreacted J-2Br derivative in admixture with a diene de- 
rivative ofjojoba wax. No traces ofjojoba wax alcohol were 
detected. These findings indicate that there was no competi- 
tive aminolysis reaction of the ester group in J-2Br during 
bonding to the polymer. 

The final products contained 20-40% of jojoba wax (w/w) 
per gram of product. Our new polymers contain free - N H  2 
and/or - N H  ion-exchange hydrophilic groups, as well as the 
bound jojoba wax, which is hydrophobic in nature. This is 
probably the reason why there was no difference in swelling 
of the products between polar or nonpolar solvents, the value 
being in the range of 40-60%. 

Functionalization of the double-bond region of jojoba wax 
bound to the PS matrix. The double-bond region in the bound 
jojoba was functionalized by two different addition reactions: 
phosphonation (JP) and sulfur-chlorination (JS). The reac- 
tions were carried out with the aminated gel-type C3 matrix, 
which contained the minimum amount of allylic bromine (see 
above). 

Phosphonation. The phosphonate derivative of liquid 
jojoba wax (JP) (II) was obtained in a radical reaction be- 
tween jojoba wax and dialkyl phosphite in the presence of an 
initiator: 

~2H--CH- + (RO)2P(O)H ---> -CH2-CH-P(O)(OR) 2- [4] 

( I I )  

When two equivalents of phosphite were used, both double 
bonds of jojoba wax were phosphonated (10). 

The same phosphonation reaction was carried out on a 
number of our PS carrier polymers with jojoba wax bound to 
the matrix via an amine spacer (PS-Amine-Joj). In addition, 
the stabilities of the basic CM-PS matrix PS-CH2CI (C3), and 
its aminated derivative PS-TEPA (AM-7), were tested in the 
phosphonation reaction (Table 10). Table 10 shows that both 
the chloromethyl (JP-1) and amino (JP-2) functional groups 
reacted with dialkylphosphite, resulting in the insertion of P 
into the copolymer C3 (1. ! 3% P) and aminated resin AM-7 
(2.13% P). The phosphite radical probably reacted with the 
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chloromethyl group in C3 and amino groups in AM-7 accord- 
ing to the following competitive reactions: 

(RO)2POH + PS-CH2C1 ~ PS-CH2OP(OR) 2 + HCI [5] 

(RO)2POH + PS-CH2(NHCH2CH2)nCH2CH2NH 2 ---) 

PS-CH2(NHCH2CH2)nCH2CH2NH-P(OR) 2 

In the series of PS-Amine-Joj with different amine spacers, 
the content of phosphorus increased as the amount ofjojoba 
wax and double bonds in the polymer increased (Table 10). 
The yield of double-bond phosphonation in jojoba wax bound 
via polyamines (64-77%) was similar to that in jojoba wax 
bound via simple diamines (69%). 

From earlier results, we know that, as the length of the 
amine spacer decreased, the amounts of free -CH2C1 and 
-NH 2 groups in the polymer decreased. Thus, even if the two 
previously described competitive reactions to the radical 
competitive phosphonation of double bonds occur during 
modification of PS-Amine-Joj polymers, their efficiency will 
be considerably reduced. 

Sulfur chlorination. Sulfur-chlorination of the double bond 
region in the jojoba wax bound through an amine spacer to 
the polymer was carried out with sulfur monochloride $2C12 
in nitrobenzene (Table 11). Reaction of $2C12 with a poly- 
styrene containing TEPA (AM-7) as the spacer yielded a 
product with a high content of S (JS-2). It is known that sec- 
ondary and primary amines can react with sulfur monochlo- 
ride to give stable N,N-thiobisamines (35). 

R2NH + $2C12 ~ R2N-S2-NR2 + 2R2NH �9 HCl [7] 

Even when jojoba wax is bound to the PS by a TEPA 
spacer (J- 16), the sulfur monochloride reacts with the double 
bonds ofjojoba as well as with the free amino groups, even 
though to a lesser extent (JS-3). 

When the amino spacer DETA or TETA is shorter than 
TEPA and there is a smaller number of free amino groups (J- 
14 and J-15), the main reaction is addition of $2C12 to the dou- 
ble bond: the molar ratio CI:S -1 is the same as that in the sul- 
fur monochloride. The reactivity of the double bond in bound 
jojoba wax in the sulfur-chlorination reaction was high--all 
double bonds reacted with $2C12. 

PS-CH2-~NH-CH(R)CH=CH(R' ) + $2C12 ---) 

PS~CH2---NH-CH(R)CHCHCI(R') 
I 

PS-CH2~-NH-CH(R)CHCHCI(R' ) 

In conclusion the results presented in this work clearly 
show that the gel-type matrix, which produces a better 
swollen polymer, is the matrix of choice for binding jojoba 
wax via an amine spacer, as well as for functionalization of 
the double bonds in the wax. At present, phosphonated and 
sulfur-halogenated derivatives ofjojoba wax bound to poly- 

mer matrices are being tested for metal ion recovery from 
aqueous solutions. 
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