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UMR 6226, Campus de Beaulieu, Bat 10C, 35042 Rennes Cedex, France. 

 

ABSTRACT.  

9,9’-Spirobifluorene (SBF) and Fluorene derivatives are extensively used as active layer in many 

organic electronic devices nowadays, thus careful examination of their structure and organization 

in thin films and monolayers are of primary importance. In the present work, immobilization of 

SBF and Fluorene isomers was performed via Click Chemistry coupling reaction onto well-

ordered ethynylbenzene monolayers on carbon substrates. Characterization of the as-prepared 

monolayers was performed by classical electrochemical techniques (CV), Scanning 

Electrochemical Microscopy (SECM) and Atomic Force Microscopy (AFM) highlighting the 

effect of SBF and Fluorene onto the structure and organization of the obtained monolayers. The 
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significant impact of their positional isomerism on the monolayers structuration was clearly 

evidenced. Indeed, 2-substituted SBF and Fluorene monolayers appear to be more compact and 

ordered than their 4-substituted analogues, and are orientated parallel to the surface. These 

findings should have an important impact on the construction and performances of SBF and 

Fluorene based organic electronic devices.  
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1. Introduction 

The discovery of the ‘spiro-concept’ which is constituted by the orthogonal junction of two 

fluorenyl cores via a spiro carbon was introduced in the nineties by Salbeck et al., 9,9’-

spirobifluorene (SBF). This concept has become a central scaffold in the emergent technologies 

of organic electronics.1,2 Indeed, due to the perpendicular arrangement of the π-systems, the SBF 

structure displays many appealing properties such as high thermal/morphological and emission 

color stability, which are key properties for Organic Light-Emitting Diodes (OLED) 

applications.1,2,3,4 The SBF fragment also presents a considerable interest in the design of solar 

cells as it is the central core of the famous hole transport material 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD).5,6 Due to its particular geometry, 

the SBF fragment is not only restricted to electronic applications and has also been successfully 

used in other applications such as chiral ligand,7,8,9,10 homogeneous11,12 and heterogeneous12,13 

catalysts or as building unit in coordination polymers,14,15,16 clearly showing all the versatility of 

this fragment. 

Thus, in the emerging technology of molecular electronics, immobilization of SBF-based 

materials on surface is also an important feature, which has been demonstrated by means of 

electro-polymerization techniques,12,17 sublimation3 or spin-coating process.18 These techniques 

offer a convenient way to immobilize SBF onto surfaces but lead to disordered multilayer films. 

To our knowledge, only one example in the literature describes the immobilization of SBF-based 

molecules into an ordered monolayer.19 This was accomplished by post-functionalization of a 

Self-Assembled Monolayers (SAMs) of acid-terminated alkanethiols on gold, forming either 

chemically bonded or physisorbed films. Even if SAMs are known from decades and allow the 
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preparation of well-ordered and compact monolayer films, this approach could only be applied to 

few materials and mainly coinage metals. 

Considering the practical applications, the use of coinage metals has to be limited or even 

suppressed due to their cost and limited supply. Since its discovery in the beginning of the 

nineties,20 the use of (electro) reduction of aryl diazonium salts becomes a more and more 

popular technique that tends nowadays to compete with SAMs as an efficient surface 

functionalization method. Compare to SAMs, this technique can be performed on a wider range 

of materials (conducting, semiconducting or insulating surfaces) including carbon, yields highly 

robust interfaces (involving covalent bonds in the case of carbon surfaces) which are in a frozen 

configuration and is fast (minutes compare to hours or even days for SAMs).21 The major 

drawback of the technique is the difficult controls of the reaction extend that generally leads to 

disordered multilayer films. This is due to the high reactivity of aryl radicals generated during 

the electrografting process. Since 2007, new methods have been developed for obtaining (sub) 

monolayer films via the (electro) reduction of aryl diazonium cations.22,23,24,25 Robust, post-

functionalized ordered monolayer films can now be easily obtained onto carbon surfaces using a 

protection – deprotection strategy.26 The density of immobilized molecules could be finely tuned 

by carefully choosing the protecting groups used during the electro-grafting process.27 After 

deprotection step, it leaves nanometric pinholes in the monolayer whose size is directly related to 

the steric hindrance of the protecting group that was removed. These monolayers can be then 

post-functionalized by a Huisgen 1,3-dipolar cycloaddition28,29 also known as “Click Chemistry”, 

allowing the immobilization  of a wide range of molecules and functional groups. 
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In this work, we have examined the preparation and characterization of SBF monolayers 

covalently bonded onto carbon substrates via the protection – deprotection strategy. Herein, the 

density of immobilized SBF-based molecules is controlled by the underneath monolayer. In 

order to evaluate the influence of the molecular arrangement onto the physico-chemical 

properties of the as-prepared monolayer, two different SBF positional isomers substituted either 

at C2 or at C4 were immobilized. Due to the specific perpendicular arrangement and bulkiness of 

SBF molecules, we were particularly interested in studying the molecular packing (compactness) 

of the as-prepared monolayers. In order to highlight the influence of the spiro connected fluorene 

present in SBF isomers, 2-substituted and 4-substituted fluorene analogues were also 

immobilized in identical conditions. Characterization of the 2-substituted and 4-substituted SBF 

and fluorene monolayers were studied by classical electrochemical techniques, Scanning 

Electrochemical Microscopy and atomic force microscopy. This work not only reports the 

covalent immobilization of SBF monolayers onto carbon materials, but also shed light on the 

influence of positional isomerism (C2 vs C4) on the monolayers organization and 

electrochemical properties. 
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2. Experimental methods 

Chemicals. Unless specified, all compounds were commercially available reagents and were 

used as received. Tetrabutylammonium hexafluorophosphate (nBu4NPF6) of electrochemical 

grade and 2-bromofluorene (2-Br-F) was purchased from Aldrich. 4-((triisopropylsilyl)ethynyl) 

benzenediazonium tetrafluoroborate (TIPS-Eth-ArN2
+),30 4-azidomethylphenylboronic acid,31 4-

bromofluorene (4-Br-F),32 2-bromo-9,9’-spirobi[fluorene] (2-Br-SBF),33 4-bromo-9,9’-

spirobi[fluorene] (4-Br-SBF)34 was prepared according to previously described procedures. The 

synthesis of the azido derivatives was realized by Suzuki cross coupling reaction between 4-

azidomethylphenylboronic acid and the respective bromo derivatives (fluorene or 

Spirobifluorene). 

 

General procedure for Suzuki cross-coupling reaction:  

Bromo derivative (1 eq), (4-azidomethyl)boronic acid (1.5 eq), potassium carbonate (1 eq) and 

palladium tetrakistriphenylphosphine (5 mol%) were added in a schlenk tube under an argon 

atmosphere. THF (30 mL) and water (6 mL) were added and the solution was degased for 5 min 

prior to heating at 70°C overnight. After cooling, the reaction mixture was quenched with brine 

(30 mL) and extracted with dichloromethane (3 x 30 mL).The combined extracts were dried 

(MgSO4) and the solvent was removed in vacuo and purified by column chromatography on 

silica (see specific elution conditions in each part below) 

 

2-Azidomethylphenyl-9,9’-spirobi[fluorene] (2-SBF-Ph-CH2-N3): 2-Azidomethylphenyl-9,9’-

spirobi[fluorene] was synthesized according the general cross-coupling procedure starting from 

2-Br-SBF
33
 (50 mg, 0.13 mmol). Silica gel column chromatography was performed using a 
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70/30 mixture of petroleum ether/dichloromethane to afford 2-SBF-Ph-CH2-N3 as a white solid 

(53 mg); Yield = 94%. 1H NMR (300 MHz) in CDCl3: δ 4.40 ppm (s, 2H), δ 6.65 ppm (m, 1H), 

δ 6.70 ppm (m, 2H), δ 6.86 ppm (dd, J = 1.7, 0.6 Hz, 1H), δ 6.92 ppm (m, 1H), δ 7.01 ppm (d, J 

= 1.2, 1H), δ 7.03 ppm (d, J = 1.2 Hz, 1H), δ 7.06 ppm (d, J = 1.2 Hz, 1H), δ 7.27 ppm (t, J = 1.1 

Hz, 1H), δ 7.29 ppm (t, J = 1.1 Hz, 2H), δ 7.32 ppm (t, J = 1.1 Hz, 1H), δ 7.35 ppm (m, 2H), δ 

7.53 ppm (dd, J = 8.0, 1.73 Hz, 1H), δ 7.78 ppm (m, 2H), δ 7.79 ppm (m, 1H), δ 7.83 ppm (dd, J 

= 7.9, 0.65 Hz, 1H). 

 

4-Azidomethylphenyl-9,9’-spirobi[fluorene] (4-SBF-Ph-CH2-N3) : 4-Azidomethylphenyl-9,9’-

spirobi[fluorene] was synthesized according general coupling protocol starting from 4-Br-SBF34 

(50 mg, 0.13 mmol). Silica gel column chromatography was performed using a 1/1 mixture of 

petroleum ether/dichloromethane to afford 4-SBF-Ph-CH2-N3 as a white solid (50 mg); Yield = 

88%. 1H NMR (300 MHz) in CDCl3: δ 4.40 ppm (s, 2H), δ 6.71 ppm (m, 2H), δ 6.80 ppm (m, 

2H), δ 7.02 ppm (m, 3H), δ 7.15 ppm (m, 4H), δ 7.38 ppm (m, 2H), δ 7.51 ppm (m, 2H), δ 7.65 

ppm (m, 2H), δ 7.86 ppm (m, 2H). 

 

2-Azidomethylphenylfluorene (2-F-Ph-CH2-N3): 2-Azidomethylphenylfluorene was 

synthesized according general cross-coupling procedure starting from 2-Br-F (0.15 g, 0.61 

mmol). Silica gel column chromatography was performed for purification using a 1:1 mixture of 

dichloromethane/petroleum ether to afford 2-F-Ph-CH2-N3 as a white solid (111 mg); Yield = 

61%. 1H NMR (300 MHz) in CDCl3: δ 3.97 ppm (s, 2H), δ 4.40 ppm (s, 2H), δ 7.32 ppm (m, 

1H), δ 7.41 ppm (m, 2H), δ 7.42 ppm (t, J = 1.1 Hz, 1H), δ 7.55 ppm (m, 1H), δ 7.60 ppm (m, 

1H), δ 7.70 ppm (m, 2H), δ 7.78 ppm (m, 1H), δ 7.82 ppm (m, 1H), δ 7.86 ppm (m, 1H). 

Page 7 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 8

 

4-Azidomethylphenylfluorene (4-F-Ph-CH2-N3): 4-Azidomethylphenylfluorene was 

synthesized according general cross-coupling procedure starting from 4-Br-F32 (31.8 mg, 0.13 

mmol). Silica gel column chromatography was performed for purification using a 9:1 mixture of 

petroleum ether/dichloromethane to afford 4-F-Ph-CH2-N3 as a white solid (31 mg); Yield = 

81%. 1H NMR (300 MHz) in CDCl3: δ 3.88 ppm (s, 2H), δ 4.40 ppm (s, 2H), δ 6.83 ppm (m, 

1H), δ 6.98 ppm (m, 1H), δ 7.14 ppm (m, 3H), δ 7.25 ppm (m, 1H), δ 7.42 ppm (m, 5H). 

 

 

Scheme 1. Molecular structures of the molecules investigated in this work: 4-

azidomethylphenylfluorene (4-F-Ph-CH2-N3), 2-azidomethylphenylfluorene (2-F-Ph-CH2-N3), 

4-azidomethylphenyl-9,9’-spirobifluorene (4-SBF-Ph-CH2-N3) and 2-azidomethylphenyl-9,9’-

spirobifluorene (2-SBF-Ph-CH2-N3). 

 

Electrochemical measurements. All electrochemical measurements were performed with an 

Autolab PGSTAT 12 (Metrohm) and a conventional three-electrode system, comprising the 

modified substrate as working electrode, a platinum wire as the auxiliary electrode, and SCE 

electrode (Metrohm) as reference unless otherwise indicated. The glassy carbon electrodes were 

purchased from CH Instrument, Inc. (Tx, USA) as 2-mm-diameter rods. The electrodes were 
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polished successively with 1.0, 0.3, and 0.05 µm alumina slurry made from dry alumina powder 

and Milli-Q water on microcloth pads (CH Instruments, Inc. Tx, USA). The electrodes were 

thoroughly rinsed with Milli-Q water, acetone and ethanol. Before derivatization, the electrodes 

were dried with an argon gas stream. The preparation of pyrolized photoresist film (PPF) 

followed methods described previously.35 The PPF substrates were squares of 15 mm2. Different 

carbon substrates (glassy carbon (GC) and Pyrolyzed Photoresist Film (PPF)) were considered as 

carbon substrates for the modification. PPF layers and GC present similar reactivity but PPF is 

more suitable for AFM experiments because of a low roughness. Dry dichloromethane solution 

was used for cyclic voltammetry investigations of immobilized monolayers. For dry conditions, 

Ag/AgNO3 reference electrode was used. Ferrocene (Fc) was added at the end of these 

experiments and serves as an internal standard. All potentials are referred to SCE reference 

electrode that was calibrated at -0.405 V vs Fc/Fc+ system. 

 

SECM experiments. SECM measurements were performed using CHI900B from CH-

Instruments equipped with an adjustable stage for the tilt angle correction and using a typical 

three-electrode configuration, with a platinum counter electrode and an Ag/AgNO3 reference 

electrode. (The substrate is not electrically connected.) The tip (from IJ Cambria) was a gold disk 

with an effective 7-μm-radius and a typical RG = 10. The applied potential at the tip was chosen 

at the diffusion plateau of the mediator. For a defined sample, all approach curves are adjusted 

using the same zero origin. This was achieved by simply changing the solution containing the 

mediator between experiments without moving the tip. The fittings between experimental and 

theoretical curves were done following the C. Lefrou’s approximations based on the Bard-

Mirkin’s Formalism, where tips parameters (a and RG) were determined independently from 
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approach curves of an insulator sample.36,37,38 Analyses provide the dimensionless rate constant κ 

= keff a/D where keff is an apparent heterogeneous charge transfer constant between the mediator 

in solution and the substrate. Mira software, develop by Pr. Gunther Wittstock, was use to 

analyze and fit experimental curves.39 All SECM experiments were performed in the dark, at 

room temperature and using a typical mediator concentration of 10-3 mol L-1. 

 

Determination of the Apparent Charge Transfer Rate Constants kel. To obtain a more 

quantitative analysis, the global charge transfer process was characterized by the apparent charge 

transfer rate constants kel that is the apparent constant for the reaction between the oxidized (or 

reduced) mediator and the surface under analysis.36 This is an approximate procedure as charge 

transport (or conductivity) inside the film as the potential of the substrate is not controlled. 

However, kel values could easily be derived from adjustments between the experimental 

approach curves (It versus L) and dimensionless theoretical curves assuming irreversible electron 

transfer kinetics for which semi-empirical solutions have been published.36,37,38 Following the 

Bard-Mirkin formalism, these fittings provide the dimensionless parameter κ = kel a/D (where a 

is the electrode radius and D the diffusion coefficient of the redox mediator). Diffusion 

coefficient was taken equal for charge and neutral species of the mediator. The diffusion 

coefficient of dopamine was measured to be equal to 9.3 × 10-6 cm² s−1.40 

 

Electrode modification. The electrochemical procedure used for the modification of the carbon 

electrodes (GC or PPF substrates) is presented in Scheme 2 and is based on the method described 

in reference [26]. Briefly, the first step consists on the electro-grafting of the protected TIPS-Eth-

ArN2
+ onto carbon electrode from an acetonitrile solution containing 10-2 mol L-1 TIPS-Eth-

Page 10 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 11

ArN2
+ and 10-1 mol L-1 nBu4NPF6 and using 5 cycles between +0.6 and -0.75 V (vs SCE) at a 

scan rate of 50 mV s-1
. After rinsing the modified electrodes with acetone and stirring them for 

20 min in THF, deprotection of the silyl group was achieved by immersing the modified 

electrodes in a stirred THF solution containing 0.1 M nBu4NF (tetrabutylammonium fluoride) for 

20 min. Post-functionalization of the obtained covalently bonded ethynylbenzene monolayers 

were performed by a Huisgen 1,3-dipolar cycloaddition (Click Chemistry). The modified 

electrodes were immersed in a 5 mL solution of azido terminated SBF or fluorene derivatives (2 

mg) in THF with 2.5 mL of a 0.01 mol L-1 aqueous solution of CuSO4. 2.5 mL of a 0.02 mol L-1 

aqueous solution of L(+)-ascorbic acid (containing 80 mg of NaHCO3) was added dropwise after 

degazing the solution for 15 min with argon. The reaction mixture was left stirring for 1 hour. 

The modified surfaces were cleaned successively in a saturated solution of EDTA, water and 

acetone. 
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Scheme 2. Schematic representation of the preparation of functionalized carbon surfaces: (i) 

electro-grafting of TIPS-Eth-ArN2
+ (ii) deprotection step and (iii) attachment of 2-substituted or 

4-susbtituted fluorene and spirobifluorene based derivatives via Click Chemistry. 

 

Atomic Force Microscopy (AFM) experiments. All atomic force microscopy (AFM) 

experiments have been performed on a NT-MDT Ntegra microscope. Experiments were 

performed in order to estimate the thickness of the organic layers by the McCreery AFM 

“scratch” procedure.41 The term "AFM scratching" is used here to describe intentional damage to 

a modification layer on a relatively hard substrate. These experiments were obtained by scanning 

the surface in contact mode on a 500 x 500 nm square with a force setpoint sufficient to remove 
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the organic layer without damaging the PPF substrate (this force setpoint was preliminary 

determined from scratching experiments on a bare PPF surface). Note that careful examination 

confirmed that scratching of the underlying PPF substrate did not occur. Loose debris from the 

scratch often created AFM tip-surface tracking problems, but these could be overcome by gentle 

air convection near the AFM tip to remove most of the debris. After scratching, the surfaces were 

imaged in semi-contact mode and the images were treated by Gwyddion open-source software.42 

The heights of organic layers were extracted from the depths of the scratched zones averaged on 

different profiles. 

 

Modelization. The conformation of the immobilized molecules was optimized using DFT 

calculations at the B3LYP/6-31G* level. All calculations were performed using the Gaussian 03 

package with the default parameters.43 
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3. Results and discussions 

3.1. Preparation and electrochemical investigations of SBF and fluorene monolayers 

Immobilization of SBF and fluorene based molecules on carbon surfaces were performed using 

the protection – deprotection strategy as shown in Scheme 2. Briefly, it first consists in the 

electro-reduction of an ethynylbenzene diazonium salts protected by a tri(isopropyl)silyl group 

(labelled TIPS-Eth-Ar-N2
+ below). The TIPS group has herein a dual role. It hides the alkynil 

hydrogen atom hence avoiding unwanted side reactions, but also has a structuration role due to 

its bulkiness avoiding the formation of multilayers. Deprotection of TIPS groups is then 

performed by immersing the modified electrodes in a THF solution containing 

tetrabutylammonium fluoride (nBu4NF) as deprotecting agent, leading to an ethynylbenzene 

monolayer onto the carbon substrates. In order to be able to immobilized SBF and fluorene 

derivatives by Click Chemistry onto these monolayers, 4-azidomethylphenylfluorene (4-F-Ph-

CH2-N3), 2-azidomethylphenylfluorene (2-F-Ph-CH2-N3), 4-azidomethylphenyl-9,9’-

spirobifluorene (4-SBF-Ph-CH2-N3) and 2-azidomethylphenyl-9,9’-spirobifluorene (2-SBF-Ph-

CH2-N3) were synthesized in one step by Suzuki cross-coupling reaction between 4-

azidomethylphenylboronic acid and the corresponding 2-substituted or 4-substituted 

bromospirobifluorene or bromofluorene derivatives (see experimental methods). 

 

Classical surface characterization techniques such as X-ray Photoelectron Spectroscopy (XPS) 

or Infrared Spectroscopy (IR) are not relevant techniques in these experiments as the present 

monolayers are mainly constituted of C and H atoms and immobilized on carbon substrates. 

However, fluorene and SBF derivatives are also known to be electro-active materials44,45 and 

electrochemical investigations has been proven to be a powerful tool to characterize 
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functionalized surfaces.46 First, ferrocyanide was chosen as a redox probe in solution to 

investigate the blocking behavior of the surfaces at each step of their modifications. The redox 

behavior of ferrocyanide has already been used to probe the formation of ethynylbenzene 

monolayers on carbon.27 Ferrocyanide has an inner sphere character which allows the 

observation of subtle surface modifications which is an essential feature for the analysis of such 

monolayers. As shown in Figure 1, after electro-grafting step, the ferrocyanide oxidation is 

totally inhibited (Figure 1, green curves) probing the compact and pinhole free structure of the 

monolayers obtained by the electro-reduction of TIPS-Eth-Ar-N2
+. After the deprotection of the 

monolayer (removal of the TIPS group to release the alkynil hydrogen atom), ferrocyanide 

oxidation current reappears, but displays a larger peak to peak potential separation and a global 

decrease of the current (Figure 1, blue curves) compare to the bare carbon surfaces (Figure 1, red 

curves). As the size of the TIPS group is bulkier than the underneath ethynylbenzene monolayer, 

the deprotection step induces the presence of nanometric pinholes in the monolayer structure. 

Previous simulations studies,27 assuming a model of interacting pinholes, has confirmed that the 

electrochemical response of ferrocyanide/ferricyanide redox couple is governed by diffusion 

channels, highlighting that the reappearance of ferrocyanide electrochemical response is 

dependent on the number and size of nanometric pinholes created during the deprotection step. 

Immobilization of SBF and fluorene derivatives by Click Chemistry on these nanostructured 

monolayers will have a strong impact on the electrochemical response of 

ferrocyanide/ferricyanide redox couple, as it will modulate the number and size of nanometric 

pinholes, depending on the structure of each immobilized molecule and on their organization on 

the modified surfaces. Immobilization of 2-SBF-Ph-CH2-N3 totally inhibits the oxidation of 

ferrocyanide in the potential range studied (Figure 1a, black curve). This result first confirms the 
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very good immobilization of SBF derivatives by this strategy. It also indicates that 

immobilization of 2-SBF-Ph-CH2-N3 on the monolayer is dense and homogenous, and decreases 

the size of the nanometric pinholes at least down to the size of the ferrocyanide redox probe (see 

below). Immobilization of 4-SBF-Ph-CH2-N3 also inhibits ferrocyanide oxidation. (Figure 1b, 

black curve) However and oppositely to the above described 2-SBF-Ph-CH2-N3, the inhibition is 

only partial. Thus the immobilization of 4-SBF-Ph-CH2-N3 is efficient but clearly leads to less 

dense monolayer than their 2-substituted analogues, highlighting the influence of molecular 

arrangement and hence of regioisomerism on the packing of the obtained monolayer. The same 

behavior is detected for the immobilization of the two other regioisomers, 2-F-Ph-CH2-N3 and 

4-F-Ph-CH2-N3 (Figure 1c and 1d), clearly confirming the influence of the substitution position 

(C2 vs C4) on the monolayer’ organization. 

 

Figure 1. Cycle voltammetry of ferrocyanide (10-3 mol L-1) in H2O (+ 0.1 M KCl) at 100 mV s-1 

on bare glassy carbon (red curves), on glassy carbon modified by the electro-reduction of TIPS-

Eth-Ar-N2
+ before (green curves) and after (blue curves) deprotection with TBAF and modified 
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by Click Chemistry (black curves) with (a,c) 2-substituted and (b, d) 4-substituted (a, b) SBF and 

(c, d) fluorene derivatives. 

 

Scanning Electrochemical Microscopy (SECM) was then used to characterize the modified 

surfaces. By comparison to previous classical electrochemical techniques, here the sample is 

analyzed from the solution side. It uses the interaction of an electro-generated probe (redox 

mediator) that diffuses from a tip electrode to the sample. A typical SECM experiment in 

feedback mode consists of recording approach curves where the normalized current I = i/iinf is 

plotted versus the normalized distance L= d/a, in which i is the current at the tip electrode 

localized at a distance d from the substrate, iinf  is the steady-state current where the tip is at an 

infinite distance from the substrate and iinf = 4nFDCa, with n the number of electrons transferred 

per species, F the Faraday constant, D the diffusion coefficient, C the initial concentration of the 

mediator, and a the radius of the UME.47,48 The charge transfer properties of the redox mediators 

toward the modified surfaces could be quantified through the apparent kinetic charge transfer 

constant kel, which is obtained from the numerical fitting of the approach curves. Figure 2a 

provides a schematic representation of the measurement principle using SECM. Dopamine was 

chosen as a redox mediator in these experiments as it was shown that the reversible oxidation of 

dopamine to the corresponding o-quinone in aqueous acidic solution is particularly sensitive to 

surface modification because the molecule needs to reach the substrate to transfer its charge.49 

Indeed, dopamine has already been demonstrated to be a highly sensitive redox mediator in 

SECM experiments being able to probe ultrathin layer.50 In the present work, the formal redox 

potential of dopamine (0.49 V vs SCE)50 is not sufficient to oxidize the immobilized fluorene and 
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SBF derivatives. Hence, regeneration of dopamine can only occurs at carbon surfaces via 

pinholes or defects.  

 

 

Figure 2. (a) Schematic representation of the SECM measurements on a monolayer (here with 

the example of the 4-fluorene based monolayer). (b) SECM approach curves using dopamine as 

redox mediator in an aqueous solution + 0.1 mol L-1 H2SO4 on surfaces modified with 4-F-Ph-

CH2-N3 (�, ―), 4-SBF-Ph-CH2-N3 (�,―), 2-SBF-Ph-CH2-N3 (Δ,―) and 2-F-Ph-CH2-N3 

(�,―). Lines are the fitting curves considering irreversible electron transfer kinetics with the 

constants reported in Table 1. Black dot curve correspond to totally negative feedback behavior. 

 

As shown in Figure 2b, SECM approach curves performed with dopamine led to negative 

feedback behavior on all modified surfaces. One could expect to observe a totally negative 

feedback behavior (Figure 2b, black dot curve) for SECM experiments performed with dopamine 

as redox mediator on a carbon surface uniformly blocked by a dense and compact organic 

monolayer. As above mentioned using ferrocyanide as redox probe in solution, monolayers of 2-

substituted and 4-substituted SBF and fluorene derivatives are defect-free. Therefore, 
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regeneration of dopamine in SECM experiments occurs via nanometric pinholes, bringing out a 

more precise and comparative view of the molecular arrangement of SBF and fluorene 

monolayer onto carbon substrates. While it was impossible to clearly differentiate the molecular 

arrangement of 2-subtituted SBF monolayers from that of 2-substituted fluorene ones using 

ferrocyanide in classical electrochemical experiments, it is clear from SECM experiments that 2-

substituted fluorene monolayers exhibit a more blocking character than its SBF analogue. Table 

1 summarized the apparent kinetic charge transfer constants kel of dopamine on each monolayer, 

giving an indication of the blocking properties of each organic monolayer. 4-Substituted SBF 

and fluorene monolayers show a similar feedback character with an apparent kinetic charge 

transfer constant of ~ 4 x 10-3 cm s-1 for both monolayers. Despite the fact that fluorene 

derivatives have intrinsically lower steric hindrance than their SBF analogues, such similar 

behaviors in SECM experiments highlight that the structure and organization of the monolayers 

are imposed by their substitution at C2 and not by the bulkiness induced by the substitution of 

the fluorene bridge (i.e. two hydrogen atoms in fluorene vs a spiro-connected fluorene in SBF). 

This is an interesting finding for further fluorene-based monolayers fabrication. Compare to their 

4-substituted analogues, 2-substituted SBF and fluorene monolayers exhibit higher blocking 

properties as shown by their respective kel value in Table 1, which clearly indicates that 2-

substituted SBF and fluorene monolayers are more dense and compact monolayer than their 4-

substituted analogues, highlighting again (see above) the influence of the positional isomerism 

on the monolayer arrangement. 
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Table 1. Apparent kinetic charge-transfer constants, kel, of dopamine redox probe derived from 

SECM approach curves and surface concentration, Γ, of immobilized SBF and fluorene 

derivatives onto ethynylbenzene monolayers.  

 4-Fluorene 4-SBF 2-SBF  2-Fluorene 

Kel (cm s-1) 4.1 x 10-3 3.9 x 10-3 2.2 x 10-3 3.2 x 10-4 

Γ x 10-10 (mol cm-2) 1.3 ± 0.4 1.5 ± 0.3 1.7 ± 0.3 1.3 ± 0.1 

As above mentioned, fluorene and SBF derivatives are also known to exhibit electrochemical 

activities.44,45 The electrochemical oxidations of 2-phenyl-9,9’-Spirobifluorene (2-Ph-SBF) and 

4-phenyl-9,9’-Spirobifluorene (4-Ph-SBF) exhibit two irreversible oxidation peaks at 1.60 V and 

1.93 V vs SCE and 1.66 V and 1.88 V vs SCE respectively.33 The first peaks are ascribed to the 

oxidation of the phenyl/fluorene fragments of each molecule. The differences in oxidation 

potentials between 2-Ph-SBF and 4-Ph-SBF originated from the restricted π-conjugation of the 

latter. Indeed, in 2-Ph-SBF, thanks to the para linkage between the fluorene and the phenyl 

fragment, the π-conjugation pathway is longer than that found in 4-Ph-SBF. Indeed, in 4-Ph-

SBF, the π-conjugation is strongly restricted due to the ortho linkage which leads to a sterically 

hindered environment.32 The second oxidation has been attributed to the oxidation of the 

fluorene. After oxidations, polymeric films deposited on electrode materials exhibit 

oxidation/reduction wave between 1.0 V and 2.0 V vs SCE. 

2-Substituted and 4-substituted SBF monolayers were investigated by cyclic voltammetry in 

similar conditions. As shown in Figure 3a and 3b, irreversible oxidation peaks are observed at 

1.54 V and 1.60 V vs SCE for 2-substituted and 4-substituted SBF monolayers respectively. 

These oxidation peaks appears at a similar potential than their phenyl substituted analogues 2-

Ph-SBF and 4-Ph-SBF in solution. However, no second oxidation peaks are observed for the 
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immobilized SBF probably because the second oxidation potential is out of the present 

electrochemical windows (above 2V vs SCE). If so, it should be noted that second oxidation 

peaks should be separated by more than 400 mV from the first one, when in solution they are 

separated by a maximum of 330 mV. (Figure 3) Such difference in oxidation peak potentials 

suggests a high constrain of the SBF moieties when they are immobilized in such monolayers. 

One can note that oxidation peaks disappear if a second scan is recorded, highlighting that all 

SBF derivatives are oxidized during the first scan (Figure 3, red curves) as expected for a 

monolayer. On the other hand, no clear electrochemical signal can be attributed to the formation 

of polymeric films on carbon surfaces on consecutive scans (Figure 3, green curves). The 

absence of the formation of polymeric films may results from an inappropriate distance between 

SBF moieties onto the surface. Similar observation can be made on 2-substituted and 4-

substituted fluorene monolayers. For both monolayers, the only noticeable difference is the 

presence of an irreversible oxidation peak observed at the same value, around 1.46 V vs SCE. 

This means that substitution of fluorene derivatives in ortho or para position have no significant 

effect on the electrochemical behavior of the obtained monolayers. 
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Figure 3. Cycle voltammetry of carbon surfaces modified by (a, c) 2-subtituted and (b, d) 4-

substituted (a, b) SBF and (b, d) fluorene monolayers in dry dichloromethane (+ 0.2 M 

nBu4NPF6) at 100 mV s-1. Red and green curves corresponding respectively to the first and 

second scan. 

 

An estimation of the number of SBF and fluorene molecules immobilized onto carbon surfaces 

could be performed by integration of the electrochemical current of the irreversible oxidation 

peak. Estimation of the surface concentration, Γ = Q/nFA (with n the number of electron 

exchange by molecules, F is the faraday number and A is the geometrical surface of the 

substrate), of each immobilized molecule are presented in Table 1. We derived an average 

surface concentration value of 1.5 ± 0.2 x 10-10 mol cm-2 for each molecule. Considering that the 

maximum number of immobilized molecules is here imposed by the size of the protecting group 

used during the electrochemical grafting step, which has been calculated to be theoretically 2.3 x 

10-10 mol cm-2 for TIPS group, and the roughness factor of carbon materials, it shows that not all 
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ethynylbenzene functional groups have been post-functionalized. This indicates that the steric 

hindrance of 2-SBF-Ph-CH2-N3, 4-SBF-Ph-CH2-N3, 2-F-Ph-CH2-N3 and 4-F-Ph-CH2-N3 is 

greater than that of the TIPS group and imposes the structure and organization of the as-prepared 

monolayers.  

 

3.2. Topological studies of SBF and fluorene monolayers 

Atomic Force Microscopy (AFM) experiments were performed on these monolayers as a 

complementary technique to characterize the molecular packing and arrangement of the as-

prepared monolayers. Roughness and thickness of each monolayer are compiled in Table 2. In all 

case, roughnesses of the monolayers are measured to be less than 5 Å showing the absence of 

aggregates or large defects. However, whereas 2-substituted SBF and fluorene monolayers 

exhibit a roughness of 1 Å which is similar to that of the blank PPF substrate, 4-substituted SBF 

and fluorene monolayers display a high roughness of 4 Å. In good agreement with previous 

SECM experiments, this difference in surface roughness tends to confirm that 4-substituted 

monolayers are less compact than the 2-substituted ones. Estimation of the thickness of each 

monolayer was performed using “AFM Scratching” protocol (see experimental section for 

details). Briefly, in a first step, it consist in scratching the substrate with an AFM tip to detach a 

small square portion of the organic film without damaging the underneath substrate. Then, AFM 

picture of the “damage” area is recorded and the thickness of the organic layer can be estimated 

through line profiles. Example of such experiments is shown in Figure 4, on 2-substituted 

fluorene monolayers. Experimental measurements of 2-subtituted SBF and fluorene monolayers’ 

thicknesses were found to be similar and close to 6 – 7 Å, whereas 4-substituted SBF and 

fluorene monolayers’ thicknesses are estimated to be 1.9 nm and 1.2 nm respectively. 

Page 23 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 24

 

Table 2. Roughness, experimental and theoretical thickness estimation of 2-substituted and 4-

substituted SBF and fluorene monolayers measured by AFM experiments and DFT calculations. 

 Roughnes

s 

Experimental thickness Theoretical thickness 

Blank PPF 0.11 nm - - 

2-fluorene monolayer 0.10 nm 0.75 ± 0.15 nm 1.40 nm 

2-SBF monolayer 0.10 nm 0.60 ± 0.03 nm 1.25 nm 

4-fluorene monolayer 0.43 nm 1.20 ± 0.40 nm 1.58 nm 

4-SBF monolayer 0.38 nm 1.91 ± 0.18 nm 1.70 nm 

 

Finally, Density Functional Theory (DFT) calculations were performed in order to evaluate the 

theoretical thicknesses of these monolayers. As a first approximation, only a single molecule is 

taken into account here and in gas phase, instead of fixed on a substrate and surrounded by other 

molecules. Secondly, optimization calculations were performed on SBF and fluorene derivatives 

link to a benzene ring via a 1,2,3-triazole ring, mimicking the covalent immobilization of these 

molecules onto the ethynylbenzene monolayers through Click Chemistry coupling reaction. All 

DFT calculations in these conditions lead to a dihedral angle of 109.3° between the 1,2,3-triazole 

ring and the mean plane of the pendant phenyl ring of SBF or fluorene derivatives (calculated on 

ADF software51) due to the presence of the CH2 group between these two fragments. From 

previous calculations,27 the initial ethynybenzene monolayer covalently bonded to the carbon 

substrate before post-functionalization is estimated to be in a perpendicular arrangement with 

respect to the substrate. Hence, the main factor influencing the estimated theoretical monolayers’ 
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thicknesses is the dihedral angle between the mean plane of the pendant phenyl ring and the 

triazole one. Estimated theoretical thicknesses of each monolayer are presented in Table 2. 

Comparison of the estimated experimental and theoretical thicknesses should give us information 

about the orientation of the immobilized molecules with respect to the substrate. Considering that 

2-substituted SBF and fluorene monolayers have similar experimental thicknesses of 6-7 Å, 

which is similar to the thickness of the initial ethtynylbenzene monolayer, the phenyl/triazole 

dihedral angle should be 90°, i.e. lying parallel to the substrate, instead of the 109.3°. Contrarily, 

4-substituted SBF and fluorene monolayers have experimental thickness values higher than the 

theoretical ones, indicating that these molecules should be linked to the 1,2,3-triazole ring via an 

angle superior to 109.3° and can be estimated to be as high as 136°. 

 

 

Figure 4. (a) Optimized molecular structures of 2-substituted fluorene derivative attached via a 

1,2,3-triazole ring to a benzene ring, mimicking the immobilization onto the surface, using DFT 

calculations. (b) Topographic picture of PPF substrate modified with 2-substituted fluorene 

monolayer showing a 0.5 x 0.5 µm scratch. (c) Line profile (black) and adjustment curve (red) of 

the AFM picture. 

4. Conclusion 
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Monolayers of 2-substituted and 4-substituted 9,9’-Spirobifluorene (SBF) and Fluorene 

derivatives were prepared by coupling a protection-deprotection strategy using the electro-

reduction of a protected aryl diazonium salts and Click Chemistry coupling reaction onto carbon 

substrates. Electrochemical investigations using redox probes (ferrocyanide and dopamine) in 

solution show important differences between the permeation properties of the as-prepared 

monolayers. Monolayers of 2-substituted SBF and Fluorene derivatives are found to be 

sufficiently compact and organized to totally impede ferrocyanide electro-activity whereas 

partial ferrocyanide electro-activity is still observable with 4-substituted SBF and Fluorene 

monolayers evidencing less blocking properties towards molecules in solution. Local 

electrochemical experiments reveal the presence of nanometric pinholes in all investigated 

monolayers. However, when the pinholes’ number and size seem to be similar for 4-susbtituted 

SBF and Fluorene monolayers, 2-substituted SBF monolayer exhibits larger pinholes and/or 

more pinholes than its Fluorene analogue which presents nearly ideal compactness, as it can be 

expected considering the steric non planar structure of SBF derivatives compare to Fluorene 

ones. Electro-activities of the studied organic layers are in good agreements with a monolayer 

arrangement exhibiting an average high surface coverage of 1.5 ± 0.2 x 10-10 mol cm-2. Finally, 

Atomic Force microscopy (AFM) investigations were in good agreements with previous 

observations. Comparison between theoretical and experimental layer thicknesses tends to 

suggest that 2-susbtituted SBF and Fluorene derivatives lie parallel to the substrate whereas 4-

susbstituted ones are orientated with an angle than can be as high as 46° from the substrate. 

Thus, in this work, we report the first comparative study on the immobilization of monolayer of 

Fluorene and SBF based materials. The strong impact of the regioisomerism has particularly 

been highlighted and may be used in the future to construct other monolayers. These findings are 

Page 26 of 36

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 27

of major interest considering the construction of SBF and Fluorene based organic electronics 

devices where molecular arrangement has an important impact on the performances of the 

devices.  
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