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Abstract:The catalytic activity and recycling of self-assembly electrochemical polymerized 1, 2-bis(3-

thiophene imine) ethylene (B3TIE) and N-octadecyl-3-thiophenylimine (NOTPI) monolayer (ECP-

SABM) with Li2PdCl4 were enhanced more than that of without electrochemical polymerized monolayer 10 

(SABM),which was also proved that it is a universal rule for thiophene derivatives in this way. 

Intrduction 

Thiophene chemistry has been developed for a long time and is well established.1 Polythiophenes are an important representative class 
of conjugated polymers,2 among them, functional oligothiophenes have attracted comprehensive interest as π-conjugated materials.3 

Furthermore, novel molecular architectures having more complicated conjugated structures and sophisticated topologies have emerged as 15 

a consequence of increased versatility of thiophene chemistry and currently represent a most interesting and quickly spreading field of 
research, in which a large number of transition metal-containing polythiophens are of interest. 4 

When the metal chelating units are incorporated to thiophenes or polythiophens, they show the electro-chromic behaviour of the 
polythiophene backbone, which is influenced by the coordinating metal center.5 Palladium is one of the most utilized and versatile 
transition metals in modern synthetic organic chemistry, and the scope of palladium-mediated cross coupling reactions continues to 20 

broaden,6 being commonly employed as bench test processes for new homo- and heterogeneous catalysts. Among of the metal complexes, 
Schiff based complexes are identified usually as building blocks of new conjugated polymers and supramolecular structures and have 
been used as materials for applications.7 Umani-Ronchi, Wolf group et al. recently explored the use of oligothiophenes as versatile 
ligands for catalysts corresponding Pd complexes.8 It is then of interest to construct model complexes in order to probe their interesting 
electronic properties and the catalytic activity by Wolf, M. O group, which show that the prepared cyclopalladated films are efficient in 25 

catalysing several cross-coupling reactions including the Suzuki-, Heck-, and Sonogashirain heterogeneous which is easily recovered and 
reused without loss of activity.9 

Thiophene derivatives and their metal complexes films mentioned above prepared via self-assembly monolayers (SAMs) or Langmuir-
Blodgett (LB) method which have attracted increasing interest during these years because they allow a straight forward preparation of 
chemically tailored surfaces with specific chemical and physical properties.10 Among of which thiophene derivatives are adsorbed on Pt- 30 

or Au-surfaces or other substrates to form densely packed SAMs and subsequently electropolymerized. The resulting thin films show 
high electrochemical stability.11 And at the same time, the application of Langmuir-Blodgett (LB) techniques to conjugated polymers 
offers a unique approach for constructing molecular devices and higher order thin films.12 Organometallic catalytic LB films used for 
catalysis is first investigated by To¨ llner, K etc.13 In our previous studies, we have synthesized a series of cyclopalladated 
ferrocenylimine (CPFI), which show satisfactory reactivity in Heck, Suzuki, Sonogashira and Kumada reactions etc. in homogenerous,14 35 

and also investigated molecule orientation and morphology of CPFI in LB films which clearly demonstrate that ordered structures have a 
major influence on a catalytic reaction.15 However, the LB films may desorb from solid slides to some extent when it is placed in organic 
solvents or under heating conditions, which would affect the experiment results. Then cyclopalladated arylimine self-assembly films 
were synthesized to overcome these disadvantages.16,17 which got better result that improved the catalytic activity and recycle ability.  
Although researches investigated above with self-assembly or LB technology for fabricating functional films have achieved excellent 40 

results, few investigation of order catalyst films fabricated by combining LB technology, electrochemical polymerization and self-
assembly (called as LB-ECP-SA) is presented. Therefore, considering the special properties of thiophene unit, we designed and utilized 
the thiophene imine LB films electropolymerized to afford order packing of the metal oligopolymer trying to enhance the activity and 
reusability. To this purpose, we report here a relatively unexplored strategy to prepare high order monolayer of heterogeneous 
organometallic catalyst via self-assembly (SA) of electrochemical polymerized (ECP) Langmuir monolayer (LB) of B3TIE with 45 

Li2PdCl4 (called as ECP-LB-SA).  
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Given our background in palladacycles and the requirements for the successful incorporation of transition metals into thiophene or 
polychiophene, we designed a bis-Schiff base-type group linking dithiophene groups (See Scheme S1), in which the Schiff base system 
was ability to coordinate a broad range of transition metals. 

Moreover, thiophene is an extremely well suited nucleus for special function, by leaving the more reactive 2- and 5-sites open, which 
is susceptible to electrochemical polymerization (ECP).18 

5 

Herein, 1,2-bis(3-thiophene imine)ethylene (B3TIE) and N-octadecyl-3-thiophenylimine (NOTPI) monolayer at water/air interface 
were characterized and can be transferred on to solid substrates to yield multilayers by Langmuir-Blodgett (LB) method. The B3TIE 
monolayer or electropolymerized B3TIE monolayer deposited on substrate was immersed in a solution of Li2PdCl4 to yield self-
assembly palladacycle monolayer (SABM) which was shown in Scheme 1 and the palladacycle monolayer (ECP-SABM). It is worth 
note that the catalytic activity and recycle ability of ECP-SABM were enhanced more than that of SABM and ECP-cast film, indicating 10 

that ordered and orientation of molecular are the crucial factors for improving catalytic activity. The similar result was also observed in 
the case of NOTPI, indicating that there may be a universal rule for thiophene derivatives through this combination way (called as LB-

ECP-SA). We attributed the higher catalytic activity to the order molecular packing, orientation and morphology to metal cheating with 
B3TIE, which is crucial in forming highly ordered, nanometersized domains with high density of active centre. These results represent a 
fundamental advancement in understanding the relationship between order, orientation and catalysis in heterogeneous and provide a 15 

general way to enhance the catalytic activity of thiophene-based palladium complexes for carbon-carbon coupling reaction. 
 

 
 
 20 

 
 
 
 
 25 

 
 
 

 
 30 

Results and Discussion 
 
Behavior and characterization of monolayer 

 

 35 

 

 

 

 

 40 

 

 
Figure 1. π−A isotherms of B3TIE (a) and NOTPI (b) obtained at 20 ºC. (Insets (a)): Orientation of B3TIE under investigation at three different surface 

pressures indicated by the arrows. Red dashed lines indicate the extrapolated area per repeat unit for the face-to (∼46.4 Å2), certain inclination angle 

(∼22.8 Å2) and vertical standing of (∼6.5 Å2) B3TIE orientations. 45 

 

B3TIE is not an amphiphilic, hence not ideally suited to manipulation by the Langmuir technique. However, it was found that good 
Langmuir monolayer could be made by judicious choice of surface pressure (SP). The surface pressure rises at a moderate rate with 
decreasing area until a surface pressure of 21 mN/m is attained, at which point, the rate of increase in surface pressure with barrier 
compression a little decreases (Figure 1a). This plateau region of the isotherm continues until a surface pressure ∼20 mN/m is reached. 50 

Further barrier compression leads to a much faster rate of surface pressure increase until evidence of film collapse appears beyond 
surface pressures > 45 mN/m.19 
Analysis of the first increase in surface pressure showed that the area per repeat unit when extrapolated to zero pressure corresponds to 
∼46.4 Å2, roughly two times larger than that of thiophene plane parallel to the water surface, in which the two thiophene in one 
molecular lies face to the water surface. 20,21 The shape of the isotherm of B3TIE is comparable to the reported by Groves, J. T etc.22 At 55 

25 mN m-1, the mean molecular area is ~ 6.5 Å2. This area is approximately half that of a single thiophene unit (14.5 Å2), estimated for a 
close-packed monolayer with the dithiophene rings standing vertically to the air/water interface. On the other hand, NOTPI with an 
imine with alkyl chain in the repeat unit exhibit small surface areas (∼21.26 Å2) with relatively gradual increases in surface pressure 
without plateau region due to the hydrophobic function of chain, in which the thiophene plane face to interface and the alkyl chain 
expanded from interface (Fig.1b). These results indicate that an order packing monolayer could be achieved for both NOTPI and B3TIE. 60 
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Water contact angles changes (WCA)23 and morphology of B3TIE monolayer deposited at different surface pressure (SP) on silicon 
were investigated with WCA and AFM shown in Figure 2, in which the water contact angles and surface configuration significant 
changed and meant that the B3TIE monolayer was successful transferred onto substrates. 

 
 5 

 
 
 
 
 10 

 
 
 
 
 15 

 
 
Figure 2 Water contact angles changes and AFM images (b) of B3TIE monolayer depositedon silicon at (a) 8 mN/m, (b) 10 mN/m, (c) 12 mN/m, (d) 14 mN/m and 
(e) 16 mN/m.(The roughness (a, 0.564 nm; b, 0,772 nm; c, 0.505nm; d, 1.78 nm; and e, 2.56 nm)  

 20 

To gain some insight into the monolayer, electrochemical characterizations of B3TIE monolayer were performed. CVs of B3TIE 
monolayer on ITO at HCl compared to bare ITO are shown in a and b (see Fig. S1), respectively. Reduction peak of dithiophene imine at 
a potential of -0.2 to +0.3 V appeared, indicating that B3TIE monolayer was deposited. In the case of IR spectra, the special peak at 
around 1640 cm-1 which is designed to imine group was observed, indicating that the B3TIE monolayer was transferred onto substrate 
(Fig. S2). 25 

 
Characterization and catalytic property of B3TIE self-assembly film 

Catalytic property of self-assembly of B3TIE monolayer with Li2PdCl4 (SABM) was systematic investigated.The preparation of 
SABM was depicted in Scheme 1. 

Characterization with WCAs and AFM of self-assembly of B3TIE monolayer indicated that the surface configuration had significant 30 

changed and that SABM was successful obtained (see Fig. S3, S4). To determine the conditions necessary to SABM and to verify that 
the self-assembly time employed here, AFM processed images of SABM were measured (see Fig. S5), in which different roughness were 
measured as 0.546 nm, 1.969 nm,3.021 nm,2.260 nm, 4.732 nm，for (a) 0h, (b) 24h, (c) 36h,  
(d) 48h, (e) 72h. There are some aggregating for 24h and 36h and extremely aggregation for 72h. Therefore, the best time was selected 
for 48 h due to its tendency toward the homo-packing. 35 

The higher potential wave in CVs at about 0.94 V which is assigned to Pd2+ is irreversible (Fig. S6); Reduction peak of Pd2+/Pd0 at a 
potential of 0.7 to 1.1 increased and shifted with increasing assembly time until 48h and decreased for 72h, indicating that SABM was 
completed for 48h. It is also worth noting that in the amplified parts from inset of Figure S6 in which the B3TIE peak at 0 to - 0.2V 
decreased quickly with increasing time and disappeared in 48h and then, appeared in 72h. It is also consistence with the results obtained 
above. 40 

The peaks at 1637 cm-1 shifted to 1632 cm-1, 1628 cm-1, 1625cm-1 and 1632cm-1 while the intensity decreased with increasing self-
assembly time (Fig. S7). The changes of special peak at 1632 cm-1 designed to imine group is the evidence that SABM was formed. The 
absorption of UV at 245 nm which is the cyclopalladated arylimine increased with increasing the self-assembly time, which is the 
evidence of SABM formation (Fig. S8). In the case of X-ray photoelectron spectroscopy (XPS) of SABM, a Pd (3d5/2), Pd (3d3/2) peak 
at 337.3 eV and 243.5 eV was observed, which is consistent with Pd(II) (no Pd(0) or (IV) was detected), indicating that SABM was 45 

fabricated (Fig.S9).The Pd content of the catalyst was 7.09×10-10 mol/cm2 detected by ICP-AES analysis, which is consistent with that 
calculated value. 

Catalytic activity for Suzuki coupling reaction catalysed by SABM fabricated at different SP were investigated as shown in Table S1. 
The results showed that the best catalytic activity of SABM was determined at 12 mN/m, indicating that molecular orientation is one of 
the curial factor to catalyst15b. We also examined the reuse of SABM in Suzuki coupling reaction between 4-bromotoluene and phenyl 50 

boric acid under different conditions as shown in Table S2. Under the optimized conditions, the reaction of substrates extension were 
also investigated in detail (see Table S3). 

Concerning the use of the catalyst both for industrial and pharmaceutical applications, the recycling was an important point. The 
inference of stirring and solvent were investigated (Fig. S10 (a)), in which high yield could be obtained without stirring (first times) and 
dramatic decreased in second due to the stirring which result in the catalyst being removed from the substrate. On the other hand, 55 

Recycling of SABM without stirring could be performed for four run (Figure S10(b)) without significant loss of catalytic activity (86%, 
75% and 63% in sequence) (Table S4). It should also be noted that new phenomena might arise from the ability to organize catalysts into 
controlled assemblies to enhance the catalytic activity. At the meantime, changes in molecular design can also be used to improve their 
recycling ability compared to our previous research.17 

In order to ascertain whether the catalysis is authentically heterogeneous, aliquots of liquid were removed from a Suzuki reaction run 60 

to completion from which the catalyst film had been removed, and a fresh K2CO3 mixture was added. In this case, the formation of only 
trace coupling product was observed (48 h reflux). This demonstrates that negligible activity results from leaching of catalyst from the 
films and that the catalysis is heterogeneous. Moreover, control experiments with the unmodified electrode (80 °C, 48 h, trace) showed 
that the support neither significantly affects the activity of SABM nor participates in the catalysis. 
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 10 

Figure 3 Cyclic voltammograms of SABM in the process of reaction 

 
CV and AFM images of SABM on ITO after different catalytic time were taken to discuss the topographic and electrochemistry 

properties.  
The curve of SABM acquired on ITO glasses had obvious difference after the catalytic reactions (Fig. 3). Reduction peak before 15 

catalysis was conspicuous from 0.7-1.0 V, which shifted to a range from 0.3 V to 0.75 V during reaction and the intensity decreased after 
catalysis. It indicated that the catalysts after catalytic reaction got harder to reduce and easier to oxidize, probably because the Pd 
catalysts had changed from oxidation state (Pd2+) to reduction state (Pd0). It suggested that Pd0 was the catalytic activity center at the 
interface. It is interesting that the position of reduction peak restore to the initial state after 48 h although the intensity became weaker. It 
is plausible reason that the SABM were no more ordered or covered by the reagents which were obstacles for the current.  20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

 

Figure 4 AFM images of SABM in the catalytic process of reaction acquired on silicon at (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 6 h, (e) 12 h, (f) 24 h 

 35 

The AFM images of one-layer SABM acquired onto glass after different catalytic time were shown in Figure. 4. Smooth, order and 
uniform surface morphologies of SABM with rms (2.26 nm) was observed (Fig.S2d), in which the WCA were 64.9°. However, Figures 
4a-e was the surface morphologies of SABM at different reaction time, in which remarkable morphological changes of catalyst film were 
detected. The confused aggregation phenomenon on the catalyst film surface with higher rms (35.5 nm, 27.7nm, 77.7nm, 25.5nm, 
23.4nm) appeared (Fig. 4a-d) at about 0.5-6 hour catalysis, which revealed that the drastic catalytic process happened. Regio-uniform 40 

reappeared in Figure 3e (rms, 39.5nm) and homogeneous and order pattern were observed when the catalytic reaction was nearly 
completed (Fig.4f, rms, 45.7nm). The morphological changes of the catalyst films were remarkable, which could be illustrated by the 
surface changes made by the catalytic reaction. 24 
There was an interaction between the reactants and the support catalyst films which was consistent with previous studies.25 It could be 
illustrated by the surface changes made by the catalytic active Pd on catalyst films.26 These results indicated that SABM as 45 

heterogeneous catalyst to catalyse the coupling reaction proceeded via surface-catalyse process. 
 
Catalytic properties of B3TIE fabricated with LB-ECP-SA way 

Catalytic activity of self-assembly Electrochemical polymerized B3TIE monolayer with Li2PdCl4 (called as ECP-SABM) was 
investigated (Scheme 2). The first electrochemical synthesis and their characterization as insoluble material were reported by Letheby.27 50 

Considering the advantage of ECP of thiophene oxidized state typically couple to yield oligomers or polymers and the solubility is often 
poor in solvents, we try to utility the electropolymerization of B3TIE Langmuir monolayer to form uniform polymer monolayer used to 
assembly with Li2PdCl4. It is expected to overcome the disadvantage of LB films as catalyst and enhance their catalytic activity as well 
as recycling. 
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In this experiment, the key advantages stem from combining polymer synthesis and film formation into a single step, limiting the need 
for oxidants to initiate polymerization. Moreover, it is well-known that morphological control can be achieved through the employment 
of LB technologies and ECP. The thiophene oxidative dimerization of the molecule was confirmed at positive potentials.28  
Manipulation of electrochemical parameters, such as scanning run, can control oxidation states, yielding variable catalytic properties, 
while also controlling the local concentrations of incorporated metal at the polymeric interface which influence the local density at the 5 

interface. Therefore, optimization condition of scanning laps was investigated (Table 1). Scanning times for B3TIE monolayer on the 
ITO over the potential range 0-1.5 V results in oligomer film (ECP-B3TIE) and then ECP-B3TIE was immersed in a solution of 
Li2PdCl4 to yielded ECP-SABM. Catalytic activity of ECP-SABM was investigated, in which the B3TIE monolayer obtained after 
scanning 10 times over the complete potential range presented the highest catalytic property. The molecular weight of the 
electropolymeized monolayer (ECP-SABM) was also measured to be about 500 with GPC, indicating that mainly dimer was formed. So, 10 

scan runs were selected for next as shown in Table 1. 
 
Table 1 Selection of scanning runs for Suzuki coupling reaction 

Entry Scanning laps Isolated yield (％) TON 

1 5 43 8392 

2 10 94 18345 

3 15 73 14246 

4 20 79 15417 

5 25 84 16393 

6 30 80 15613 

  

6 30 80 15613 

Reaction condition: PhB(OH)2 (0.30 mmol), 4-Bromotoluene (0.25 mmol), K3PO4.7H2O (0.30 mmol), H2O (8 mL), TBAB (0.3mmol), 40℃ for 48 h. 15 

SP=12 mN/m 

 

The key role played by ECP-SABM in a high level of catalytic activity was further evidenced by comparing with SA films analysis. 
Especially, orientation of B3TIE in monolayer electrochemical polymerized between the inner thiophene proved to be essential to create 
the stereochemical environment necessary to ensure high levels of chemical activity. Preparation of several catalysts films in different 20 

experiments (Cat. ED-SABM, SABM, ECP-SABM, ECP-SABM) was shown in Scheme 3 and their catalytic properties were exploited 
(Table 2). It is obvious that ECP-SABM has highest catalytic activity than that prepared in other methods, indicating that orientation of 
catalyst is one of the curial factor to catalysis. This method allowed the formation of nanometer size layers of ECP-SABM with normal 
orientation on the surface which can improve their catalytic activity. 

 25 

 

 

 

 

 30 

 

 

 

B(OH)2
Cat, K3PO4.7H2O

H2O, 40 ¡æ
CH3Br CH3
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Scheme 3 Fabrication of catalytic films via different route 

Table 2 Data of catalysed Suzuki coupling reaction 

Entry aYields(%) bYield(%) TON 

Cat. ED-SABM  23.8 30.0 5503 

Cat. SABM 82.4 89.6 6726 

Cat. ECP-SABM 94.0 >99.0 18345 

Cat. SABM-ECP 31.4 39.2 7191 

Reaction condition: PhB(OH)2 (0.30 mmol), 4-Bromotoluene (0.25 mmol), K3PO4.7H2O (0.30 mmol), H2O (8 mL), TBAB (0.3mmol), 40℃ for 48 h. a, 

Isolated yield , b. Yield determined by GC, based on the product. 5 

 

Characterization of ECP-SABM has been examined by infrared, UV, XPS, AFM, Water contact angle as follow: Changes of WCA of 
hydrophilic substrate, B3TIE monolayer. ECP-B3TIE monolayer, B3TIE monolayer with Li2PdCl4 (SABM) and ECP B3TIE 
monolayer with Li2PdCl4 (ECP-SABM) were measured, in which various WCAs were induced by the changing of the properties of the 
surface (Fig. S11). The morphology of B3TIE monolayer, ECP-B3TIE monolayer, SABM and ECP-SABM on ITO surfaces were 10 

investigated (Fig. 4), in which ECP-B3TIE monolayer (c) generated regular Z-type linelike arrangement with low rms (5.6nm). In 
agreement with experimental results that thiophene only paralleled to the surface is favors coupling steps with neighboring monomer 
moieties.29 Highly organized and closely packed Ziger-Ziger rodlike of ECP-SABM could be formed from ECP-B3TIE monolayer (e). 
However, in the case of SABM, region-regular orientation (d) was observed. These different arrangements would be easy to be 
controlled by direct ECP way,which will influence their catalytic activity. That is to say that the preorganization of a close-packed 15 

B3TIE monolayer prepared by LB method allows for the electrochemical generation of an order layer of the dimer that is highly 
organized and closely packed. 

 

 

 20 

 

 

 

 

 25 

 

 

 

Figure 5 AFM images of (a) hydrophilic ITO；(b) B3TIE monolayer；(c) ECP-B3TIE monolayer；(d) SABM and (e) ECP-SABM 

 30 

CVs of (A) SABM and (B) ECP-SABM were presented in Figure 6. Compare to the CV of SABM, the voltammogram of (B) ECP-

SABM showed reversible wave, in which contains a broad feature at lower potential assigned to reduction of Pd0 (0.2-0.7V) and oxide 
peak at higher potential assigned to Pd2+ at range from 0.3-0.7V. It is possible that when the ECP B3TIE monolayer was put into 
Li2PdCl4 solution, most palladium were chelated into ECP B3TIE monolayer in the form of Pd0 with the two nitrogen instead of 
cyclopalladated Pd2+ because that palladium is a strong transition metal binding ligand used to facilitate and control the assembly of 35 

molecular architectures, resulting the amount of Pd in ECP-SABM which is the half of SABM shown in Figure 4(B). As we known that 
the active specie in initial process usually is Pd0, it is the reason that the catalytic activity of ECP-SABM is higher than that of SABM. 

 

 

 40 

 

 

 

 

 45 

 

 

Figure 6 Cyclic voltammograms of SABM and ECP-SABM 
 

B(OH)2

Cat, K3PO4.7H2O

H2O, 40 ℃
CH3Br CH3
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Figure 7 presented the results of recycling of catalyst of ECP-SABM without stirring. Five runs were performed without significant loss 
of catalytic activity. The nice thing in these investigations was that new micro-phenomena of ECP-SABM might arise from the ability to 
organize molecular catalysts into controlled assemblies to enhance the catalytic activity and can also be used to improve their recycling 
ability compared to SABM because that the adhesive force with substrate of dimer is stronger than that of monomer. At meantime, it is 5 

also noted that the amount of Pd is a few loading30, but high catalytic activity and recycling can be achieved with the combination way. 
Indeed, Pd chelated with ECP-SABM exhibited improved catalytic activity and stability. However, the structure of the catalyst in films 
was not clear, hindering to discuss catalytic mechanism. So, rational design of suitably catalysts should be closely linked to deeper 
insights into mechanisms involved at molecular level in future. 
 10 

Figure 7 Yields obtained recycled catalyst of ECP-SABM 

 
 
Contrast experimental 

Combination of LB technology, ECP, and self-assembly (called as LB-ECP-SA), catalytic activity and recycle ability of B3TIE can be 15 

enhanced according to the results obtained above. That is to say that it is also possible to tailor the degree of molecular order by LB 
technology, to enhance mechanical property of films with ECP and chelate metal into certain form with molecular to afford a higher 
order packing of the metallic oligopolymer film which exhibits significantly catalytic property. In order to deeply prove it, other catalytic 
films prepared in different ways, such as self-assembly of B3TIE cast films with Li2PdCl4 (SA-B3TIE-Cast), self-assembly of 
electrochemical polymerized B3TIE cast films with Li2PdCl4(SA-ECP-B3TIE-Cast), were designed and the results obtained presented 20 

in Table 3, in which orientation of molecular and fabrication are very important for higher catalytic activity. 
Whether or not the combination used in present research is universal prepared in various ways. 
 

Table 3 Data of Suzuki coupling reaction catalyzed by B3TIE films  

Entry Isolated Yield（%） TON 

SA-B3TIE-Cast 47.5 3877 

SA-ECP-B3TIE-Cast 62.1 5069 

SABM 82.4 6726 

ECP-SABM 94.5 18345 

Reaction condition: PhB(OH)
2
 (0.30 mmol), 4-Bromotoluene (0.25 mmol), K3PO4.7H2O (0.30 mmol), H2O (8 mL), TBAB (0.3mmol), 40℃ for 48 h. 25 

 
for compounds containing thiophene group. NOTPI LB films were prepared at different SP, followed by self-assembling with Li2PdCl4 
(SANOTPI) or by ECP process and then self-assembling with Li2PdCl4 (ECP-NOTPI). The data were presented in Table 4. The results 
also showed that not only the orientation of NOTPI in film but also the ECP technology play an important role for improving catalytic 
activity. Such a combination system used for thiophene-based compounds shows a model for improving catalytic activity, with which we 30 

can expand the functionality of the modified surface and provide new insights into the heterogeneous catalyst. 
 

 

 

 35 

 

 

 

 

B(OH)2

Cat, K3PO4.7H2O

H2O, 40 ℃
CH3Br CH3
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Table 4 Catalytic property of SANOTPI fabricated at different SP (entry 1-3) and ECP-NOTPI (entry 4).  

Entry SP (mN/m ) Isolated Yield (%) TON 

1 9 24 1959 

2 11 55 4489 

3 13 17 571 

4 11 72 10253 

Reaction condition: PhB(OH)
2
 (0.30 mmol), 4-Bromotoluene (0.25 mmol), K3PO4.7H2O (0.30 mmol), H2O (8 mL), TBAB (0.3mmol), 40℃ for 48 h. 

 5 

Conclusion 
 
1,2-bis(3-thiophene imine)ethylene (B3TIE) and N-octadecyl-3-thiophenylimine (NOTPI) monolayer at water/air interface were 
characterized and can be transferred on to solid substrates to yield multilayers by Langmuir-Blodgett (LB) method. The B3TIE 
monolayer or electropolymerized B3TIE monolayer deposited on substrate was immersed in a solution of Li2PdCl4 to yield self-10 

assembly palladacycle monolayer (SABM) and the palladacycle monolayer (ECP-SABM). It is worth note that the catalytic activity and 
recycle ability of ECP-SABM were enhanced more than that of SABM and ECP-cast film, indicating that ordered and orientation of 
molecular are the crucial factors for improving catalytic activity. The similar result was also observed in the case of NOTPI, indicating 
that there may be a universal rule for thiophene derivatives through this combination way (called as LB-ECP-SA). We attributed the 
higher catalytic activity to the order molecular packing, orientation and morphology to metal cheating with B3TIE, which is crucial in 15 

forming highly ordered, nanometersized domains with high density of active centre. These results represent a fundamental advancement 
in understanding the relationship between order, orientation and catalysis in heterogeneous and provide a general way to enhance the 
catalytic activity of thiophene-based palladium complexes for carbon-carbon coupling reaction. 
 
Experimental Section 20 

 

General 

All solvents were obtained from commercial sources and used without purification. X-ray photoelectron spectroscopy (XPS) data were 
obtained with an ESCALab220i-XL electron spectrometer from VG Scientific using 300W AlKα radiation. The base pressure was about 
3×10-9 mbar. The binding energies were referenced to the C1s line at 284.8eV from adventitious carbon. Scanning electron microscope 25 

images were taken by JSM-6700 (10.0kV). A SPM-9500 J3 (Shimadzu Corporation, Japan) was employed for AFM measurements in air 
at ambient temperature. Cyclic Voltammetry (CV) curves were obtained by CH 1650A,Experiments were performed in three electrodes 
cells in 0.5 M HCl. The counter electrode was platinum; the reference electrode was Ag/AgCl/(0.1M)KCl. All the Suzuki reaction was 
accomplished without the protection of inert gas. HPLC was conducted on a Waters 600 liquid chromatograph. Atomic Absorption 
Spectroscopy (AAS) analysis was obtained by Z-8000 polarized Zeeman atomic absorption spectrophotometer (Hitachi Corporation, 30 

Japan). Melting points were measured using a WC-1 microscopic apparatus and are reported were uncorrected. C, H, and N analyses 
were performed on a FLASH EA1112 analyzer. Infrared spectra were recorded on a Bruker VECTOR22 spectro-photometer.1H NMR 
and 13C NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3 with TMS as an internal standard. Mass spectral data 
were acquired on an LC-MSD-Trap-XCT instrument. UV-visible absorption spectrum was obtained on Lambda 35 UV-Visible 
spectrophotometer (Perkin Elmer Inc. USA). The molecular weight was determined with PL-GPC 50 in tetrahytdrofuran (THF) with 35 

polystyrene standards. Measurement of surface pressure (π)-area(A) isotherms and the deposition of monolayer were carried out with a 
computer controlled Langmuir trough Langmuir -Blodgett system (KSV-5000-3, KSV Instruments, Helsinki, Finland) .Water contact 
angle is measured on an HARKE-SPCX1 instrument(Bejingjing). 
 
General synthesis process for NOTPI, B3TIE (Scheme S1) 40 

In a 50 mL flask, mixture of alkylamine or alkyldiamine or 3-Thiophenaldehyde (6 mmol), MgSO4 (15 mmol), 600 ℃L of 3-
Thiophenaldehyde and p-Toluenesulfonic acid dissolved in 30 mL of CH2Cl2 was added. The mixture was stirred at room temperature 
for 48 h under nitrogen. The mixture was then filtered through column with diatomite and the solvent was removed under reduced 
pressure. The residue was dissolved with proper amount dichloromethane again and methanol was added. The product was obtained by 
filteration, washed with methanol and dried under vacuum.  45 

N-octadecyl-3-thiophenylimine (NOTPI): white solid, mp: 45.8-46.3 ℃. Yield, 83%. IR (KBr, Pellet) (cm-1): 3059, 2918, 1615, 1502, 
1447, 1367, 1257, 831. MS: 364 [M+H]+. 1HNMR (400 MHz, CDCl3 ): δ(ppm)=8.18 (1H, s, -CH=N-), 7.46 (2H, m, -CH-S-CH-), 7.2 
(1H, s, -CH-CH-S-), 1.21 (34H, d, J=8.1Hz, CH3-(CH2)16-CH2), 0.80 (3H, t, CH3-). 

13CNMR (100 MHz, CDCl3): δ(ppm)=154.11, 139.55, 
126.99, 125.29, 124.75, 60.78, 28.69, 28.44, 28.36, 26.32, 21.68, 13.11.  

B(OH)2

Cat, K3PO4.7H2O

H2O, 40 ℃
CH3Br CH3

Page 9 of 12 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

1,2-bis(3-thiophene imine)ethylene (B3TIE): brown solid, m.p: 91.8-91.9 ℃, Yield, 52%. IR (KBr, Pellet): 3047, 2919, 2848, 1711, 
1638, 1420, 825, 714cm-1. MS: 248.9 [M+H]+. 1HNMR (400MHz, CDCl3): δ(ppm)=8.29 (2H, s, -CH=N-), 7.54 (4H, m, -CH-S-CH-), 
7.30 (2H, m, -CH-CH-S-), 3.91 (4H, s, -CH2-N=). 13CNMR (100MHz, CDCl3 ): δ(ppm)=156.0, 139.42, 127.49, 125.37, 124.68, 60.68.    
Cyclopalladated dithiophendiimme (CPDTDI) were prepared as follow: A mixture of Li2PdCl4 (1.0 mmol), sodium acetate (1.0 mmol), 
thiophenediimine (1.1 mmol) in methanol (10 ml) was stirred for 24 h with ice bath, then filtered and washed with ethanol. Yellowshi 5 

products were obtained and purified in chromatograph with dichloromethane and ethanol (2:1) as eluent. Mp：>300 ℃. 
 
Suzuki cross-coupling reactions 

Aryl halide (0.25 mmol), aryl boric acid (0.3 mmol), catalyst (0.1 mmol %) and TBAB (0.3 mmol) were combined with base (0.3 mmol) 
and deionized water (1.5 mL) in a small round-bottom flask. The reaction mixture was stirred and then extracted with ethyl acetate for 10 

three times. The combined organic phase was dried with MgSO4, filtered, and the solvent was analyzed by gas chromatography. 
 
Self-assembly of dithiophene derivatives monolayer with Li2PdCl4 

The thiophene derivatives monolayer deposited on substrates were put into a solution of Li2PdCl4 for certain time and then taken out, 
washed with methanol for several times. 15 

 
Preparation of the Langmuir monolayer and LB films 

Spreading solution of palladacycles was carefully spread onto the ultrapure water surface, and the Langmuir monolayer was compressed 
after evaporation of solvent (all the solvent was chloroform) for 30 min and stabilization for ca. 1 h in the uncompressed state at a 
compression speed of 5 mm/min at 20±1 ºC. LB films were transferred onto ITO glasses (for electrochemical study), quartz (for UV 20 

studies) and silicon slides (for AFM instruments and catalysis study). The silicon, quartz and glass slides were cleaned in boiling 
concentrated H2SO4 for 1 h and then washed with pure water. The ITO glasses were ultrasonic washed in acetone, ammonia, ethanol and 
pure water in sequence. 
 

Hydrophilic treatment 25 

The silicon and glass wafers were put into the mixed solvent of concentrated nitric acid and concentrated sulphuric acid (v:v=2:1) and 
heated to boiling for 1-1.5h. Then, the wafers were washed by amount of deionized water. The ITO glasses were ultrasonic washed in 
acetone, ammonia, ethanol and pure water in sequence. 
 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) analysis 30 

After the reaction was over, the wafer was removed and the reaction mixture was centrifuged and broken down with nitrolysis, in which 
the Pd concentration was measured by ICP-AES. 
 
Recovery and reuse of the modified ITO electrode in Suzuki reaction 

Optimal reaction conditions were employed for each run. The electrode was then removed from the reactor, washed with methanol, dried 35 

under vacuum and reused without further purifications. 
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