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Abstract 
A series of novel catalysts was developed using cationic Gemini surfactants intercalated in natural 
montmorillonite (MMT) clay. These Gemini surfactant-MMT intercalates were used to study the 
kinetics of a nucleophilic displacement reactions converting n-butyl bromide to n-butyl chloride in 
a triphase catalytic (TC) system. Most reaction rates compared favorably to those of biphase cata- 
lytic reactions where Gemini surfactants were used in the absence of MMT. Catalytic activity va- 
ried with Gemini surfactant structure, specifically with carbon spacer group and side chain length. 
In addition to the ease of catalyst separation that a triphase system affords, Gemini-MMT catalysts 
are stable and can be recycled and re-used several times. 
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1. Introduction 
Triphase catalysis (TC) is a unique form of phase transfer catalysis (PTC) in which the catalyst and each of a 
pair of reactants are located in separate phases [1]-[4]. In this catalytic system, reactants are usually located in 
the aqueous and organic phases while the catalyst is supported by the solid phase. In the last few decades, com- 
prehensive reviews both from chemistry and engineering viewpoints have been published on PTC [5]-[7]. While 
a large spectrum of reactions can be conducted using PTC, catalyst recovery from the liquid phase and recycling 
has been a problem limiting industrial application. TC on the other hand greatly facilitates catalyst recovery via 
simple filtration or centrifugation and thus provides considerable potential for commercial application. Low cost 
catalyst separation, mild reaction conditions, and catalyst recyclability in a triphase system also promote greener 
chemistry. 
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After the pioneering work of Regen [1] [2] on the application of polymer-supported catalysts in triphase ca- 
talysis, numerous quaternary onium salts immobilized on insoluble synthetic polymers as well as inorganic 
oxides have been widely explored [8] [9]. While TC drastically improves catalyst recovery, polymer supports 
and some inorganic oxides such as silica or alumina suffer from diffusion limitations and structural instability. 
Quaternary onium salts, such as conventional monomeric surfactants immobilized on natural clays via an inter- 
calation reaction, have been extensively investigated as triphase catalysts [10]-[12]. These intercalated com- 
plexes are quite stable catalysts for various organic syntheses. They have also been shown to be efficient and 
recyclable [4]. 

In the present research, we have developed a series of solid catalysts based on Gemini surfactant-Na+-Mont- 
morillonite (Na+-MMT) clay intercalates to carry out simple nucleophilic substitution reactions in order to 
demonstrate the efficacy and stability of these materials. Gemini surfactants represent a new class of surfactants 
that are composed of two amphiphilic moieties connected by a spacer group [13] [14]. The spacer group can be 
hydrophilic or hydrophobic, rigid or flexible. Gemini surfactants have several technological advantages over 
conventional monomeric surfactants such as lower critical micelle concentration (CMC), greater surface tension, 
and in particular better wetting properties that can be useful in phase transfer catalysis to promote reactivity. 

Montmorillonite (MMT) from the smectite clay family is a layered aluminosilicate in which isomorphous 
substitution in nature generates permanent negative charge on the clay layers. The negative charges are balanced 
by inorganic cations that are intercalated between the interlayer gallery surfaces. The inorganic cations can be 
replaced by larger cationic organic species with an associated increase in the interlayer spacing. MMT has a 
great affinity towards water as well as organic reagents. This unique characteristic that combines hydrophilicity 
with hydrophobicity makes it attractive for TC application. 

2. Experimental 
2.1. Chemicals and Instrument 
All the chemical reagents and solvents were purchased from Aldrich Chemical Co. and used with no further pu- 
rification. Sodium-rich Wyoming MMT clay (SWy-2) with a particle size of <2 µm was purchased in pre-cen- 
trifuged and spray-dried form from the Source Clay Repository, Purdue University. MMT clay has the chemical 
composition Na0.70[Mg0.70Al5.30(Si8.00)O20(OH)4 and a cation exchange capacity (CEC) of 76.4 meq/100g of air- 
dried clay. The clay was purified by removing carbonates using pH5 acetate buffer solution and eliminating 
non-lattice iron oxides by employing sodium hydrosulfate based on literature procedure [15]. 

A 300 MHz Varian Unity NMR was used to perform proton and carbon-13 NMR as well as correlation spec- 
troscopy (COSY) to verify Gemini surfactant structures. A Rigaku Miniflex X-ray Diffractometer with a copper 
X-ray source (Kα = 1.5418Å) was used to determine basal spacing of Gemini-MMT intercalates. A Perkin Elmer 
Clarus 500 Gas Chromatograph (GC) equipped with a flame ionization detector and a 20 m× 0.18 mm Elite-5 
capillary column were used for the kinetics analysis. 

2.2. Gemini Synthesis 
Gemini surfactants were synthesized and purified as described in the literature [16]. The surfactants were syn- 
thesized by reacting appropriate diamines and corresponding halides in dry ethanol solution (3 moles of alkyl 
bromide with 1 mole of alkyl diamine to minimize the potential of monosubstituted surfactant formation) at ref- 
lux temperature (~80˚C) for a duration of 48 to 200 hours depending on the structure. Once Gemini crystals 
formed, the solvent was removed from the reaction mixture under vacuum. The resulting solid was re-crystal- 
lized several times using an acetone-methanol mixture and washed with ether for further purification. The Ge- 
mini surfactants were characterized by NMR spectroscopy. 

2.3. NMR Results 
Due to structural similarity, only an exemplary of both hydrogen and carbon NMR results of Gemini C16-C4-C16 
is given below: 

1H NMR Spectrum of Gemini C16-C4-C16 (300 MHz, CDCl3): δ 3.29 (12H, s), 2.53 (4H, m), 2.14 (4H, m), 
1.77 (4H, m), 1.33 (4H, m), 1.28 - 1.37 (52H, m), 0.86 - 0.90 (6H, q). 

13C NMR Spectrum of Gemini C16-C4-C16 (300 MHz, CDCl3): δ 65.45 (N-CH2-side chain, C1), 63.69 
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(N-CH2-spacer group), 50.98 (N-CH3), 31.89 (CH2-side chain, C14), 29.21 - 29.68 (CH2 side chain, C4-C13), 
26.33 (CH2-side chain, C3), 22.90 (CH2 side chain, C15), 22.65 (N-CH2-CH2 side chain, C2), 19.90 (N-CH2- 
CH2-spacer group), 14.09 (CH3 end of side chain, C16). 

2.4. Intercalation Reaction 
An aliquot of 1% aqueous suspension of Na-MMT clay was added to an aliquot of aqueous solution of the ap- 
propriate Gemini surfactant with a concentration twice that of the clay CEC to ensure that all the interlayer so- 
dium cations were replaced by Gemini ions. The solution was stirred for 5 days at 50˚C until the exchange reac- 
tion was completed (verified by constancy of the X-ray diffraction pattern). Some of the less soluble Gemini 
surfactants were intercalated using a 50:50 ethanol/water solution instead of pure water. The organically-mod- 
ified clay was centrifuged and washed with ethanol and water a few times to remove excess Gemini salt. The 
intercalates were then re-suspended in water and washed until free of halide ion as tested by AgNO3 solution. 
The products were then collected by centrifugation and freeze-dried before storage in a desiccator. X-ray powd- 
er diffraction (XRD) analysis was performed to determine the basal spacing of all the Gemini-MMT intercalates. 
The d spacing of the intercalated MMT was analyzed using Bragg’s equation (nλ = 2d sinθ). 

2.5. Triphase Catalytic Reaction 
The nucleophilic displacement reaction was conducted in 50-mL culture tube fitted with a Teflon-lined screw 
cap and magnetic stirrer using procedure detailed below. Rates of reaction were monitored by following the 
disappearance of the starting n-butyl bromide from the organic phase using gas liquid chromatography. To the 
culture tube was added 0.100 g Gemini-clay catalyst, an aliquot of 3 mL 3.3 M NaCl solution, and 2 mL toluene 
solution containing 1 mmol butyl bromide. The tube was sealed and stirred in an 80˚C ± 1 oil bath. Aliquots of 1 
µL organic solution were withdrawn at 30 minute intervals for GC analysis to measure the extent of reaction. 
For sampling, the tube was removed from the oil bath, quickly cooled by ice water to a temperature below room 
temperature, opened, resealed and returned to the bath after sampling with a small syringe. The value of Kobs 
was calculated by plotting Ln{[n-butyl bromide]t/[n-butyl bromide]t=0} vs. the time of reaction. The rate law ex- 
pression used to calculate the Kobs is given below: 

CH3(CH2)3-Br + Cl−1CH3(CH2)3-Cl + Br−1 
Rate = −d[CH3(CH2)3-Br]/dt = K [Cl−1][ CH3(CH2)3-Br] 
At high concentration of NaCl relative to CH3(CH2)3-Br the equation can be written as: 
Rate = −d[CH3(CH2)3-Br]/dt = Kobs [CH3(CH2)3-Br] or 
Ln{[CH3(CH2)3-Br]t/[CH3(CH2)3-Br]t=0}= −Kobst 
Note: For all the corresponding bi-phase reactions, the procedure was similar to tri-phase reaction with the 

exception that 0.07 mmole of pure Gemini surfactants were used as catalyst instead of solid Gemini-clay cata- 
lyst. 

For recyclability testing, the Gemini-clay intercalates were filtered and washed first with 10 mL ethanol and 
then with 10 mL deionized water prior to reuse. 

3. Results and Discussion 
3.1. Gemini Surfactant Synthesis and Characterization 
Gemini surfactants represent a new class of surfactants. Menger and Littau [17] assigned the name Gemini to 
bis-surfactants. They are made of two amphiphilic moieties (side chains) connected at the level of the head 
groups or very close to the head groups by a spacer group, as schematically represented in Figure 1. Gemini 
surfactants are remarkably different from conventional surfactants or quaternary alkylammonium salts in surface 
activity and solution properties such as critical micelle concentration, surface tension and viscosity [1] [14]. 
 

 
Figure 1. Schematic representation of Gemini (dimeric) surfactant.    
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We have synthesized several Gemini surfactants comprised of two N-alkyldimethylammonium bromide 
groups joined together by an alkyl spacer with the general formula Cn-Cx-Cn, where n is the number of carbons 
in the free N-alkyl side chain and x is the number of carbon atoms in the spacer group (see Table 1). An exem- 
plary chemical structure of a Gemini surfactant is given below for C16-C4-C16. 

The Gemini surfactants were characterized by NMR prior to the intercalation reaction. During the intercala- 
tion reaction (Figure 2), Gemini surfactant salts in excess of MMT clay CEC were added. Upon the exchange 
reaction, intercalates were washed a few times with water and ethanol to remove excess Gemini salts from the 
clay and air-dried prior to the catalytic reaction. The intercalation reaction for each Gemini surfactant was veri- 
fied by XRD. An example of XRD pattern of C16-C4-C16 Gemini-MMT vs. pure MMT is shown in Figures 3 
and 4 where a basal spacing of 34.2 Å was observed. Several Gemini surfactant-MMT intercalates were used as 
the solid phase in a triphase catalytic system as shown in Table 1. Not all possible combinations of side chains 
with spacer groups could be purified. 

3.2. Triphase Catalytic Reaction and Kinetic Study 
The chlorination of 1-bromobutane was selected as a suitable nucleophilic displacement reaction to demonstrate 
the effectiveness of Gemini-MMT clay intercalates as triphase catalysts. 

C4H9-Br(org) + Cl−(aq)  Gemini-MMT  C4H9-Cl(org) + Br−(aq) 
Pseudo-first order kinetics was observed for the chlorination reaction. This is similar to the behavior of con- 

ventional monomeric surfactant-clay intercalates that have been extensively studied by several authors [4] [12] 
[18]-[21]. Here the concentration of the nucleophile Cl− was kept in many fold equivalent excess over the or- 
ganic substrate, C4H9Br. Thus the observed rate constant (kobs) could be derived and measured by the equation 
below: 

−d[n-butyl bromide]/dt = kobs[n-butyl bromide] 
In a control experiment where no catalyst was used, no catalytic activity was observed. We also studied the 

catalytic activity of Gemini surfactants in a biphase reaction where no solid MMT intercalated material was used. 
The catalytic activities of these biphase systems are also listed in Table 1. We found that the rate constant in- 
creases with both spacer group length and carbon side chain length in the biphase setting (Figure 5). Since the 
solubility of some of the long chain Gemini surfactants in water was low, no biphasic reaction could be carried 
out for those surfactants (i.e., 18 carbon side chain length). 

Interestingly, we observed much higher catalytic activity for all MMT-supported Gemini surfactant catalysts 
used in our studies except for C8-C2-C8 compared to non-intercalated counterparts. An increase in catalytic ac- 
tivity in triphase systems has been reported for conventional monoionic surfactants when supported by smectite 
clay [22]. However, in most cases, a decrease in catalytic activity is seen in triphase systems perhaps due to 
onium ion immobilization and decreased accessibility of the catalytic site on clay interlayer surfaces. 

We also observed no significant catalytic activity after removing Gemini-MMT solid from the reaction mix-  
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Table 1. Gemini surfactant-MMT as triphase catalysts for the chlorination of n-C4H9Br.      

Gemini surfactant-MMT 
intercalates Basal spacing (Å) Kobs × 102(h−1)  

triphase reaction 
Kobs ×102(h−1) ±2% 

biphase reaction 

C8-C2-C8 13.4 0.193 ± 0.005 0.34 

C8-C6-C8 13.5 0.96 ± 0.04 0.90 

C12-C2-C12 14.8 1.92 ± 0.03 0.60 

C12-C4-C12 14.9 2.62 ± 0.04 1.8 

C12-C6-C12 16.0 4.94 ± 0.10 2.1 

C12-C8-C12 17.2 3.50 ± 0.07 2.4 

C12-C12-C12 18.4 3.27 ± 0.06 3.0 

C16-C2-C16 16.3 1.27 ± 0.06 1.2 

C16-C4-C16 34.2 6.53 ± 0.06 2.1 

C16-C6-C16 35.3 15.4 ± 0. 5 2.9 

C18-C2-C18 43.3 1.85 ± 0.02 - 

C18-C4-C18 20.1 6.79 ± 0.13 - 

C18-C6-C18 19.2 6.83 ± 0.15 - 

All reactions were carried out at 80˚C under the following stoichiometric conditions: 1.0 mmol of n-butyl bro- 
mide in 2.0 mL of toluene; 10 mmol of NaCl in 3.0 mL of water; 0.100 gram of Gemini surfactant-MMT. X-ray 
basal spacing of Gemini surfactant-MMT was measured at 25˚C under dry condition. 

 

 
Figure 2. Schematic representation of Gemini surfactant intercalation.                               

 

 
Figure 3. Representative X-ray diffraction pattern of Gemini (C16-C4-C16) intercalated MMT clay.   
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Figure 4. X-ray diffraction pattern of Na+-MMT clay.                                             

 

 
Figure 5. Biphase rate constant with varying Gemini surfactant structure.                        

 
ture by filtration. This suggests that Gemini surfactants are not desorbing from the MMT surface under triphase 
catalytic reaction conditions and that Gemini-MMT catalysts are quite stable and can be recycled. In fact, re- 
cycled supported catalysts retained better than 95% of original catalytic activity. This is also consistent with ob- 
servations made in the literature regarding conventional monoionic surfactant-clay catalyst [11] [22]. 

The reaction mixture (Gemini surfactant-MMT, organic and aqueous phase) forms a uniform emulsion that is 
easily broken by centrifugation. This type of emulsion formation has been reported previously for monomeric 
surfactant-clay catalysts [4] [18] [12] [23]. Pinnavaia et al. [4] have argued that organo clays can form thin, 
membrane-like assemblies of platelets at the liquid-liquid interface of an oil/water type of emulsion, and rea- 
gents in emulsified liquid phases are readily transferred to the interface of clay assemblies for facile reaction. 

We observed that Gemini surfactant-MMT emulsions were broken with low-speed centrifugation (<2000 
RPM) and sometimes with long term storage (about 2 weeks). This property allows efficient separation of cata- 
lyst from product. However, pure Na-MMT is unable to emulsify in the triphase system and as a result no cata- 
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lytic activity was observed. 
In general, organo-clay assemblies with higher basal spacing are expected to have higher catalytic activities; 

however, this is not always the case (Table 1). An order of magnitude difference in catalytic activity was ob- 
served between C18-C2-C18 and C16-C6-C16. While C18-C2-C18 has larger basal spacing (43.3 Å compared to 35.3), 
it shows much lower reactivity (Kobs × 102 h−1 = 1.85 and 15.4, respectively). 

In Gemini surfactant-MMT systems, molecular structure plays a significant role in catalytic activity. We no- 
ticed marked variation in catalytic activity using Gemini surfactants with varying side chain lengths and spacer 
groups. For 4 and 6 carbon spacer groups, longer carbon side chain length generally resulted in higher catalytic 
activity (Figure 6). The length of the carbon side chain had little effect on activity when a 2 carbon spacer group 
was present. The highest catalytic activity was observed for Gemini surfactants with a 6 carbon spacer group 
regardless of carbon side chain length. 

3.3. Mechanistic Approach 
Lagaly [24] demonstrated that alkyl ammonium ions intercalated in smectite clay form ordered assemblies in 
which alkyl chains and onium head groups adopt specific orientations. The structure of these ordered assemblies 
depends in part on the length of the alkyl chains and the charge density of the clay layers. In the case of Gemini 
surfactants, surfactant orientation on the clay surface is more complex because of the presence of two cationic 
centers. 

As described by Williams-Daryn and Thomas [25], three possible conformations exist for an idealized Gemini 
vermiculite clay intercalate where the surfactant has some choice in how to interact within the clay interlayer 
surfaces. The Gemini surfactant can attach to either one or two negative clay surface charges along the same 
surface, it can act as a bridge between two surfaces, or only one of the two charges need be directly attached to 
the clay layer while the other exists as an ion pair. Due to the heterogeneous charge density distribution in natu- 
ral MMT, a combination of the aforementioned conformations is likely (Figure 2). 

These factors can not only affect basal spacing but may also change the hydrophilic/hydrophobic character of 
Gemini surfactant-MMT intercalates. The specific ordered assemblies may be related to the extent or conforma- 
tion of the spacer group, distance between the two charged groups of the dimeric surfactant and the charged sites 
of the clay surface, or may be random. Regardless, the catalytic activity of Gemini surfactant-MMT intercalates 
varies with Gemini surfactant structure, which affects ordered catalyst assembly. The exact mechanism for the 
impact on catalytic activity is unclear at this time. Considering the near infinite possibilities that exist to gener- 
ate Gemini surfactants using conventional amphiphilic moieties and various spacer groups to form any desired 
structure opens a vast opportunity for exploring efficient catalysts in a triphase catalytic system. 

4. Conclusion 
We have developed a series of novel catalysts to be used in a triphase system using Gemini surfactants interca-  
 

 
Figure 6. Triphase rate constant with varying Gemini surfactant structure.                    
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lated in MMT clay. Advantages of triphase catalysis include efficient and low cost catalyst recovery via filtra- 
tion or centrifugation, catalyst recyclability and mild reaction conditions, which not only improve the potential 
for commercial application but also promote greener chemistry. We have characterized the kinetics of a nucleo- 
philic displacement reaction using these catalysts and have demonstrated that catalytic activity varies with sur- 
factant structure, notably with Gemini spacer group length. Interestingly, triphase catalytic activity is improved 
when compared to the biphase system for most Gemini surfactants studied. Gemini surfactant-MMT catalysts 
are also recyclable with no significant loss in reactivity. There remains much potential for exploring new effi- 
cient catalysts in a triphase system given the many possibilities of Gemini surfactant structure. 
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