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Abstract 

A series of immobilized iron tris(β-diketonato) catalysts on a Si-wafer was prepared, by 

covalently anchoring the Fe(β-diketonato)3 complexes [where β-diketonato = 

(RCOCHCOR’)−, with 1 = acac (R = CH3; R’ = CH3), 2 = dbm (R = C6H5; R’ = C6H5), 3 

= tfaa (R = CH3; R’ = CF3), and 4 = hfaa (R = CF3; R’ = CF3)], onto an aminated 

functionalised Si-wafer. These new catalysts were characterised by X-ray photo-electron 

spectroscopy (XPS) and atomic force microscopy (AFM). XPS data revealed that ca. 27 - 

91% of all the amine groups anchored the catalyst, Fe(β-diketonato)3. Different Gaussian 

peaks could be fitted into the F 1s peak, due to the fluorine either being positioned 

adjacent to the -C-O-Fe-, or to the -C-N-Fe-. The binding energy of the Fe 2p3/2 peak 

varied between ca. 710.4 and 711.0 eV, depending on the electron donating properties of 

the R-groups on the β-diketonato ligands, expressed as the sum of the Gordy group 

electronegativities of the R-groups in the β-diketonato ligands. The AFM photographs 

showed that the surface changed dramatically after each treatment: after amination 
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(binding of the aminate silane onto the hydroxylate Si-wafer) the Si-wafer turned from 

flat with a few spikes, to a very wavy surface with smooth lumps. The surface 

topography again changed, after covalent anchoring of the iron tris(β-diketonato) 

complexes, to a nodular surface with poorly defined grain boundaries. These immobilized 

iron tris(β-diketonato) on Si-wafer catalysts, were evaluated for their catalytic activity, 

during the formation of hexamethylenediurethane from hexamethylenediisocyanate and 

ethanol. The TOF varied between 15 – 46 s
-1

, depending on the electron donating 

properties of the R-groups on the β-diketonato ligands. The more electron donating the R 

groups, the higher the TOF. 

 

Keywords: iron β-diketonates, catalysis, urethane, XPS, group electronegativity 

 

1. Introduction 

 

Immobilisation of homogeneous catalysts onto a solid support has recently enjoyed much 

attention due to the high selectivity and activity of the homogeneous part and the 

recoverability and stability of the heterogeneous part. One of the many different ways to 

immobilise the homogeneous catalyst onto the solid support, is by wet impregnation (or 

the two-dimensional version, namely spin coating) of the homogeneous catalyst onto the 

solid support,
1
 in which case the homogeneous catalyst is fixed onto the surface by means 

of Van der Waals forces. The homogeneous catalyst however, can also be anchored onto 

the surface by means of a ligand exchange type of reaction,
2
 but the most popular 

anchoring procedure is by covalently anchoring the metal complex onto the solid 
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support.
3
 This normally is achieved, by linking a functionalised silane to the solid support 

(via a silicon-ether type of bond) with an appropriate functional group on the other side, 

where the metal complex easily can bind to. Functional groups which have been used to 

anchor the metal complexes are amines,
4
 phosphines,

5
 allyls,

6
 and thiols,

7
 to name a few. 

The covalent anchoring of the homogeneous catalyst metal complex is favoured, since 

the linkage is stable towards most solvents, which still allows for the high selectivity of 

the catalyst, but also introduces recoverability. Iron complexes are known in nature for 

their importance in electron transfer processes,
8
 oxygen transfer reactions,

9
 substitution 

and reduction,
10

 but here we focus on iron-acetonato complexes. Metal acetylacetonato 

complexes have materialized as versatile catalysts for a wide range of different reactions, 

including enantioselective catalysis,
11

 acetylation,
12

 oxidative coupling of naphthol,
13

 

oxidation,
4d,14

 and polymerisation.
15

 The catalytic formation of urethane, as a 

representation for the catalytic formation of polyurethane by the homogeneous Fe(acac)3 

complex, has been shown to be very efficient, with a turnover rate of 74.2 h
-1

 in 

comparison with the commercially available catalyst, dibutyltin dilaurate (DBTDL), 

which has a turnover rate of 29.5 h
-1

.
16

  

In this publication, we describe the preparation and characterisation of the immobilized 

homogeneous catalyst Fe(β-diketonato)3, on an aminated flat two dimensional silicon 

wafer (as model catalyst) for a series of β-diketonato-ligands containing different 

electronic properties. The catalytic formation of the urethane derivative, N,N-1,6-

hexanediylbis-C,C-diethyl ester (hexamethylenediurethane), obtained from the reaction 

between hexamethylenediisocyanate (HDI) and ethanol (EtOH), to mimic the catalytic 

formation of polyurethane by this immobilized iron catalyst, is also described. Different 
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immobilized Fe(β-diketonato)3 heterogeneous catalysts [with β-diketonato = 

acetylacetonato (acac, 1), dibenzoylmethane (dbm, 2), trifluoroacetylacetonato, (tfaa, 3) 

and hexafluroacetylacetonato (hfaa, 4)] will be compared to each other and to their 

homogeneous counter parts. 

 

 

2. Experimental 

2.1. Chemicals and instruments 

Ethanol, iron nitrate and β-diketones were purchased from Aldrich or Merck, and were 

used without any further purification. Silicon wafers were obtained from Topsil, these are 

n-type, single crystalline of (100) orientation, with resistivity of 370-410 Ω.m. Attenuated 

total reflectance Fourier transformed infra-red (ATR FTIR) spectra were recorded on a 

Bruker Tensor 27 infrared spectrophotometer, fitted with a Pike MIRacle single bounce, 

and a diamond ATR. Atomic force microscopy was performed on a Shimadzu SPM – 

9600, with a 125 µm scanner. X-ray photoelectron spectroscopy (XPS) data was recorded 

on a PHI 5000 Versaprobe system, with monochromatic Al Kα X-ray source. Spectra 

were obtained, using the aluminium anode (Al Kα = 1486.6 eV), operating at 50 µm, 12.5 

W and 15 kV energy (97 X-ray beam). The survey scans were recorded at constant pass 

energy of 187.85 eV, and the detailed region scans at constant pass energy of 29.35 eV, 

with the analyzer resolution being ≤ 0.5 eV. The background pressure was 2 x 10
-6

 Pa. 

The XPS data was analysed, utilizing Multipak version 8.2c computer software,
17

 

applying Gaussian–Lorentz fits (the Gaussian/Lorentz ratios were always > 95%). 
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2.2. Synthesis of tris(β-diketonato)iron(III) complexes, [Fe
III

(β-diketonato)3], 1-4 

Four complexes, [Fe
III

(β-diketonato)3], 1-4, were prepared by the following general 

procedure
18

 adapted from literature.
19

 

A metal solution of 0.15 mmol Fe(NO3)3•9H2O, was buffered with 0.45 mmol 

CH3COONa•3H2O (dissolved in 10 ml water). Ethanol was added to this solution, to 

produce an 1:1 volume ratio water:ethanol solution. 0.53 mmol of the relevant β-diketone 

was added [if the β-diketone was a liquid (Htfaa and Hhfaa), it was added as is, while the 

solid β-diketone (Hacac and Hdbm) was dissolved in 10 ml dichloromethane (DCM), 

before addition]. The resulting solution was stirred for 30 min, and left to stand overnight 

(in a fume hood), allowing slow evaporation of the solvent. The precipitate was collected 

by filtration and washing with water. 

 

2.2.1. Characterization data for [Fe(CH3COCHCOCH3)3], 1 Fe(acac)3 

Yield 73%.  M.p. 180-182 ºC (reported: 179 °C,
20

 180 °C
21

).  UV: λmax 270 nm, εmax 

25842 mol
-1

.dm
3
.cm

-1
 (CH3CN).  MS Calcd. ([M]

-
, positive mode): m/z 352.2. Found: 

m/z 351.9.  Anal. Calcd. for FeC15H21O6: C, 51.01; H, 5.99.  Found: C, 50.42; H, 5.91. 

 

2.2.2. Characterisation data for [Fe(C6H5COCHCOC6H5)3], 2 Fe(dbm)3 

Yield 71%.  M.p. 264-265.2 ºC (reported: 261 °C,
22

 257 °C
23

).  UV: λmax 336 nm, εmax 

48608 mol
-1

.dm
3
.cm

-1
 (CH3CN).  MS Calcd. ([M]

-
, positive mode): m/z 725.6. Found: 

m/z 725.3.  Anal. Calcd. for FeC45H33O6: C, 74.49; H, 4.58.  Found: C, 75.29; H, 4.51. 

 

2.2.3. Characterisation data for [Fe(CH3COCHCOCF3)3], 3 Fe(tfaa)3 
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Yield 91%.  M.p. 113.5-116.1 ºC (reported: 115 °C
20,24

).  UV: λmax 271 nm, εmax 48996 

mol
-1

.dm
3
.cm

-1
 (CH3CN).  MS Calcd. ([M]

-
, negative mode): m/z 514.1. Found: m/z 

513.5.  Anal. Calcd. for FeC15H12O6F9: C, 34.98; H, 2.35.  Found: C, 34.48; H, 2.30. 

 

2.2.4. Characterisation data for [Fe(CF3COCHCOCF3)3], 4 Fe(hfaa)3 

Yield 51%.  M.p. 56-58 ºC (reported: 55 °C
25

).  MS Calcd. ([M]
-
, negative mode): m/z 

677.0. Found: m/z 676.8.  Anal. Calcd. for FeC15H3O6F18: C, 26.61; H, 0.45.  Found: C, 

26.17; H, 0.51. 

 

2.3. Preparation of Si-wafers, bearing 4-6 OH groups/nm
2,26,27 

A silicon wafer was cut into size, ca. 2 x 2 cm, and calcined in air, at 750 °C for 24 h, 

forming an amorphous 90 nm SiO2 over-layer. It was then submerged into a 1:1 (v/v) 

mixture of H2O2 (25% solution) and NH4OH (35% solution), at room temperature. 

Subsequently, the Si-wafers were kept submerged for 1 h in boiling doubly distilled 

water, before being left to dry for 16 h. The wafers treated in this manner, acquired 4 - 6 

–OH functional groups / nm
2,26,27

  The surface density of OH groups (the silanol number) 

is a physicochemical constant for a fully hydroxylated surface and does not change upon 

exposure to air.
27

  

 

2.4. Anchoring of 3-aminopropyltrimethoxysilane onto the silicon wafers
4a 

3-Aminopropyltrimethoxysilane was covalently anchored onto the hydroxylated Si wafer 

surface as follows: The previously prepared wafers were immersed in a solution of 3-

aminopropyltrimethoxysilane (500 mg) in dried toluene (20 ml), under gentle stirring for 
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60 h. These amino-functionalized wafers, were then washed three times with isopropanol 

in a sonic bath, and dried in a nitrogen stream.  

 

2.5. Covalent binding of [Fe
III

(β-diketonato)3], 1-4, onto aminated silicon wafers 

The amino-functionalized wafer was cut into smaller pieces (1: 0.5 cm x 0.48 cm = 0.24 

cm
2
; 2: 0.5 cm x 0.52 cm = 0.26 cm

2
; 3: 0.3 cm x 0.6 cm = 0.18 cm

2
; 4: 0.45 cm x 0.46 

cm = 0.21 cm
2
) and immersed in a 0.5 mol·dm

-3
 solution of the desired [Fe

III
(β-

diketonato)3] complex, 1-4, in toluene. This suspension was refluxed gently at 111 ºC for 

~ 16 h. The wafers were then removed from the solution, and washed three times with 

isopropanol. Finally, the obtained wafers were dried by a nitrogen stream. A catalyst 

loading of 0.5 – 2.7 Fe-complex molecules / nm
2 

onto the silicon surface was obtained, as 

determined by atomic ratios from XPS data (see Table 3). 

 

2.6. Catalytic formation of hexamethylenediurethane from hexamethylenediisocyanate 

and ethanol 

The catalytic reactions were performed under an argon atmosphere, at 30 ºC in a closed 

10 ml reaction vessel. A 0.1 ml solution of 1 equivalent hexamethylenediisocyanate 

(HDI) and 10 equivalents ethanol (giving a HDI concentration of 0.22 mol.L
-1

) was 

placed into the reaction vessel, in the absence of any other solvent, sufficient to cover the 

iron model catalytic Si-wafer of surface area ca. 25 mm
2
, in a thin layer of HDI solution 

(see Figure 1). This thin layer of HDI was not stirred with a magnetic stirrer to prevent 

damage of the catalytic surface. Convection currents within the HDI solution ensured 

contact between the catalytic sites and the reactants. Small samples of the reaction 
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mixture were removed with a syringe (or Pasteur pipette) at specified times, and analysed 

by ATR FTIR. The catalytic behaviour of the different iron tris(β-diketonato)-model 

catalysts, were evaluated on the basis of turnover frequency. In order to test the stability 

of these catalysts, the catalytic reaction was repeated 8 times under the same conditions, 

after excessive washing of the catalyst with EtOH and acetone. 

 

Figure 1.  ABOUT HERE 

 

 

3. Results and Discussion 

Preparation of the catalyst 

The synthesis of the [Fe(β-diketonato)3] complexes, [where β-diketonato = 

RCOCHCOR’, with 1 = acac (R = CH3; R’ = CH3), 2 = dbm (R = C6H5; R’ = C6H5), 3 = 

tfaa (R = CH3; R’ = CF3), and 4 = hfaa (R = CF3; R’ = CF3)], involved the buffering of an 

aqueous solution of Fe(NO)3•9H2O with sodium acetate. This buffering assists the next 

step of the reaction, which is the coordination of the β-diketone ligand onto the Fe. With 

the exception of complex 4 (51 %), all compounds produced good yields of 71 - 91 %. 

The anchoring of these homogeneous catalyst, namely the [Fe(β-diketonato)3] complexes 

(1-4) onto the two-dimensional solid support, is illustrated in Scheme 1. The preparation 

of the immobilized iron catalyst starts by modifying the two-dimensional silicon wafer. 

The silicon wafer with a (100) surface orientation, is calcined in air, to produce a thin 

amorphous -O-Si-O- layer on the surface of the Si. This surface is then hydrolyzed to 

yield ca. 4-6 silanol (Si-OH) groups per nm
2
, to become hydrophilic.

26,27
 These hydroxyl 
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groups provide a good anchoring point for covalent bonding of silanes, to form a silyl 

ether bond. 3-Aminopropyltrimethoxysilane, 5,
28

 was allowed to react with the hydroxyl 

groups on the modified silicon wafer, forming a silicon surface which is covered with a 

mono-animated layer, surface 6. The reaction between amino groups of surface 6 and the 

[Fe(β-diketonato)3] complexes (1-4), results in the formation of amine bonds between the 

aminated silicon surface and the iron complex, producing surfaces 1a-4a. These surfaces 

(1a-4a) were characterized by XPS and AFM, obtaining information on the metal 

content, the chemical environment of the atoms, and the morphology of the surfaces. 

 

Scheme 1. ABOUT HERE 

 

 

X-ray photoelectron spectroscopy (XPS) characterization 

X-ray photo-electron spectroscopy (XPS) characterization of surfaces 1a-4a was 

performed, obtaining information on the atomic ratios, binding energy and chemical 

environment of the silicon, iron, nitrogen and fluorine atoms. The binding energies of the 

elements detected on the surfaces 1a-4a, were referenced according to the C 1s position 

at 284.90 eV and summarized in Table 1. 

The Si 2p peaks 

In all cases, the silicon Si 2p peak was resolved into three peaks, which were found to be 

between 100.74 and 103.83 eV for al four surfaces, 1a-4a. The first peak at ca 101.5 eV, 

is assigned to -O–Si-CH2-
29

 of the silane, the second peak at ca.102.6 eV is assigned to  

-O-Si-OH while the peak at ca. 103.5 eV is related to the -O-Si-O- on the surface.
30

 The 

ratio between the two different Si peaks detected, was ca. 1 : 1.97 : 0.48 (29% : 57% : 
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14%, see Table 1), showing that there are ca. one -O–Si-CH2- group for every two -O-Si-

OH groups, with no metallic silicon detected at 99 eV.  

The N 1s peaks 

For the surfaces where groups R = R’ (1a, 2a and 4a), the N 1s peak (resulting from the 

amine silane, bound to the surface) could be resolved into two distinct peaks, while for 

surface 3a, where R ≠ R’, the N 1s peak was resolved into three different peaks. The N 1s 

peak at the higher binding energy (401.15 - 402.72 eV, see Table 1) is associated with the 

unreacted amino groups of the silane layer on the surface (Scheme 1); this is in 

agreement with literature.
31

 The N 1s peak at the lower binding energy (398.65 – 401.03 

eV, see Table 1) is attributed to the amine group (Scheme 1), which covalently binds 

(anchors) the iron complexes onto the solid support.
32

 A possible rationalization for the 

wide range of binding energies associated with each assignment, could be the influence 

of the different R-groups on the β-diketonato ligands, which have different electron 

donating properties as expressed by the Gordy group electronegativities (χCF3 = 3.01,  

χCH3 = 2.34, χPh = 2.21),
33

 which are known to greatly influence the chemical 

environment (chemical and physical properties) of the surrounding molecules,
34

 which 

could cause these shifts in binding energies.  

For surface 3a, where R ≠ R’, the N 1s peak could be resolved into two distinct peaks. 

The fitted peak at the highest binding energy (401.95 eV), is assigned to the unbound 

nitrogen of the amine, due to it having similar binding energy with the other unbound 

nitrogen amines, as well as being in agreement with literature.
31

 The other two Gaussian 

fitted peaks at binding energies of 398.65 and 401.03 eV, are associated with the nitrogen 

atoms of the amine groups bound to the iron catalyst. The reason why there are two 
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separate peaks, (unlike with surfaces 1a, 2a and 4a), is since for surface 3a, the 

functional groups are not identical, R ≠ R’. These different R-groups on the same ligand 

have very different Gordy group electronegativities (χCH3 = 2.34 and χCF3 = 3.01), which 

dramatically alter the chemical environment of the atoms surrounding them (Figure 2).
34

 

When the amine group is adjacent to the –CH3 group (with χCH3 = 2.34, which is electron 

donating), the binding energy will be lower (namely 398.65 eV) than the binding energy 

(401.03 eV) when the amine group is adjacent to the –CF3 group (with χR = 3.01, which 

is electron withdrawing); since the more electron withdrawing the effect the nitrogen 

atom experiences, the more tightly it will bind to its core electrons, leading to a higher 

binding energy. 

Between 27 and 91% of the available amino groups react with the iron complexes, again 

depending on the different R groups (see Table 1). The low anchoring concentration in 

case of surface 2a relative to the other surfaces, could possible be attributed to steric 

hindrance of the phenyl groups that are larger than the CF3 or CH3 groups; after one Fe-

complex reacted, it blocks other Fe-complexes from reacting with free amino groups in 

its close vicinity. Another possible explanation could be that there is hydrogen bonding 

between the free amino groups on the surface, causing them to clump together in long 

smooth lumps as can be see from the AFM data (see Figure 5b). This association does not 

allow easy access for reaction with the Fe-complex to occur. Low anchoring of metal 

complex to these type of amino groups on a surface is quite common. For example, when 

Mn(acac)3 was reacted with 3-aminoprolylsilica,
14

 ca. 50% anchoring occurred, while 

only 7 - 25% anchoring occurred during the anchoring of different metallocenylaldehydes 

onto amine-functionalized flat Si-surfaces.
4a
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Figure 2. ABOUT HERE 

 

 

The F 1s peaks 

For the two catalysts with fluorine-containing ligands, namely surfaces 3a–4a, multiple 

Gaussian fitted peaks again could be fitted into the F 1s peak. Surface 4a showed only 

two F 1s peaks attributed to the fluorine of the CF3 group, namely either the fluorine 

bound to the ether bond (-O-C-CF3, see 4a
f
 in Table 1) or the amine bond (-N-C-CF3, see 

4a
e
 in Table 1), at binding energies of 688.27 and 684.69 eV respectively. The lower of 

these two binding energies is associated with the amine bond, since the Pauling 

electronegativity of the nitrogen atom is lower (3.04) than that for oxygen (3.44).
35

   

However, the F 1s peak of surface 3a, was fitted with three different Gaussian peaks, one 

fitted peak for the two β-diketonato ligands, which are not involved in the amine bond 

and two fitted peaks for the β-diketonato ligand involved in the amine bond (Figure 2). 

The two unequal R-groups on the β-diketonato ligand that are involved in the amine bond 

can cause two different binding modes, due to either the CF3 or the CH3 group being 

adjacent to the amine bond (Figure 2). The fitted peak at the lowest binding energy 

(684.63 eV) is associated with the amine bond (-CN-CF3, see 3a
g
 in Table 1) of the 

enaminone ligand (which bonds to the Fe metal via only one O and one N atom; and 

where the CF3 group on the ligand is located cis to the Si surface, Figure 2 right). While 

the peak at intermediate energy (686.24 eV) is associated with the ether bond (-O-C-CF3, 
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see 3a
h
 in Table 1) of the same enaminone ligand (but where the CF3 group on the ligand 

is located trans to the Si surface, Figure 2 left). This assignment was made, again 

considering the relative Pauling electronegativities of the oxygen and nitrogen atoms. The 

F 1s peak fitted at the highest binding energy (688.5 eV), is associated with the ether 

bond (-O-C-CF3, see 3a
i
 in Table 1) of the two β-diketonato ligands which are not 

involved in the amine bond (i.e. where the ligands bond to the Fe metal via two oxygen 

atoms). This interpretation gives a clearer understanding of the preferential binding of the 

fluorine-containing iron tris(β-diketonato) complexes onto the aminated silicon surface.  

 

 

Figure 3. ABOUT HERE 

 

 

The Fe 2p3/2 and 2p1/2 peaks 

The Fe 2p3/2 peaks were found between 710.37 and 710.94 eV, while the Fe 2p1/2 peaks 

were found 13.95 eV higher; see Figure 3 for surface 3a as an example. A plot of the sum 

of the Gordy group electronegativities of the R-groups on the β-diketonato ligands, vs the 

binding energy of the Fe 2p3/2 XPS peak, revealed that as the sum of the Gordy group 

electronegativity of the R-groups on the β-diketonato ligand increases, the associated 

binding energy of the Fe 2p1/2 peak also increases (see Figure 4). This is to be expected, 

since the more electron withdrawing the R-group, the more strongly the iron atom will 

bind to its core electrons, thereby increasing the associated binding energy. The 

relationship of Fe 2p3/2 XPS peak vs Gordy group electronegativity, follows the same 

trend. 
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Figure 4.  ABOUT HERE 

 

 

Table 1 . ABOUT HERE 

 

 

The concentration of the amount of iron on the surface was calculated, using the XPS 

data. From previously published results, it is known that there are ca. 4 – 6 OH groups 

per nm
2
.
26

 From the Si 2p XPS data, 1 : 1.97 : 0.48 (29% : 57% : 14%, see Table 1), 

silane (-O–Si-CH2-) to –O-Si-OH to –O-Si-O- ratio (see Table 1) implies that there are 

ca. one -O–Si-CH2- group for every two -O-Si-OH groups, thus there are ca. 2 – 3 silane 

molecules per nm
2
. Thus there are 2 – 3 nitrogen atoms per nm

2
. Knowing the ratio 

between the unbound and bound silanes, as well as the amount of iron present which is 

the same as the bound silanes, we can determine the amount of Fe per nm
2
 (Table 3). 

Using surface 1a as an example: the atomic ratio between the nitrogen and iron is 2.7 : 1 

(Table 1) thus 37% of the nitrogen are bound. State otherwise there are 37% iron atoms 

per nitrogen atoms, thus if there are 2 – 3 nitrogen atoms per nm
2
, there are 37% x (2 – 3) 

= 0.7 - 1.1 Fe atoms per nm
2
.  

It is interesting to note, that the concentration of the iron catalyst (Fe/nm
2
) on the surface, 

is related to the electron donating properties of the different β-diketonato ligands as 

expressed by the sum of the Gordy group electronegativities of the R-groups on the β-

diketonato ligands. A higher sum of the Gordy group electronegativities, is associated 
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with higher iron catalyst loading. A possible explanation could be that as the group 

electronegativity increases, more electron density is pulled away from the ether-type 

oxygen, making it more susceptible for the replacement reaction of O of the β-diketonato 

ligand by the nitrogen on the aminated Si-surface. 

 

Atomic force microscopy (AFM) characterization 

AFM has been utilized to investigate the morphology of surfaces 1a-4a and 6, as well as 

of the hydroxylated silicon wafer. The root mean roughness and the surface areas of these 

surfaces are listed in Table 2, while Figure 5 shows the respective 3D AFM images, 

performed in contact mode with the various functionalized wafers.  

The surface topography of the hydroxylated Si-wafer changed completely, after 

functionalisation with the 3-aminopropyltrimethoxysilane, 5, to produce surface 6. The 

flat –Si-OH surface with a few spikes, changed to a very wavy surface with smooth 

lumps, which do not exhibit defined boundaries. These oblong structures have 

dimensions of about 50 nm x 250 nm. This shows that instead of just forming a smooth 

uniform thin layer on the surface, the 3-aminopropyltrimethoxysilane’s amino groups 

tend to aggregate together, probably due to hydrogen bonding. The surface topography 

changed again, after the different iron tris(β-diketonato) complexes, 1-4, were anchored 

onto surface 6. The new surface structures which formed 1a-4a, showed a nodular 

surface with poorly defined grain boundaries. The covalently anchored iron tris(β-

diketonato) complexes forms semi-spherical nodes of 50 – 100 nm in diameter. This 

show that when the iron complexes react with the amino groups of the 3-

aminopropyltrimethoxysilane, the oblong structures are broken up into smaller semi-
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spherical nodes. The nodes formed by the iron tris(β-diketonato) complexes are smaller 

than the oblong structures of the 3-aminopropyltrimethoxysilanes, probably due to 

weaker van der Waals force interaction between the iron tris(β-diketonato) complexes. 

Surfaces 1a-4a displayed a root mean square (Rq) roughness of ca. 9.04 - 12.28 nm. The 

three-dimensional data provided by the AFM is important in this study, since these 

surfaces will be used for catalysis, which will benefit from increased surface area. In this 

case the surface area and root mean roughness is an indication of accessible the iron 

centre is for interaction with reagents. It could be argued that the more accessible the iron 

centre is, the better catalyst the surface would be, however there are other factors that 

also influence the rate of a reaction. 

 

 

Figure 5.  ABOUT HERE 

 

 

Table 2. ABOUT HERE 

 

Catalytic testing for the formation of urethane  

The catalytic properties of surfaces 1a – 4a were investigated
 
towards the self-solvating 

formation of diurethane, to mimic the industrial preparation process of polyurethane, in 

order to prove that the two-dimensional iron tris(β-diketonato) supported catalysts, can be 

utilized in the investigation of organic reactions. The catalytic reaction is shown in 

Scheme 2. This reaction was monitored by ATR FTIR (see Figure 6), following the 

appearance of the hexamethylenediurethane (product) carbonyl stretching peak at 1691 
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cm
-1

, and the disappearance of the cyanate (-N=C=O) (reactant) stretching peak of the 

hexamethylenediisocyanate at 2248 cm
-1

. 

 

 

Scheme 2. ABOUT HERE 

 

 

Figure 6.  ABOUT HERE 

 

 

Table 3 shows the performance data of the catalytic formation of 

hexamethylenediurethane, from hexamethylenediisocyanate and EtOH, in the presence of 

the catalyst surfaces, 1a-4a. The % disappearance of hexamethylenediisocyanate, % 

appearance of the hexamethylenediurethane and turnover frequency, were determined 

after 180 min. Data of the homogeneous complexes 1 – 4 is not included and since very 

little to no product was formed without a catalyst and/or only the Si-wafer. However, all 

four catalysts which were tested, 1a-4a, showed the disappearance of the starting 

materials, namely hexamethylenediisocyanate and EtOH, as well as the formation of the 

hexamethylenediurethane product, N,N-1,6-hexanediylbis-C,C-diethyl ester.  

 

Table 3. ABOUT HERE 
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Even though no detailed kinetic study has been conducted, the turnover frequency (TOF) 

of the catalytic reactions was determined, since this would provide an indication of the 

catalytic performance of the different model catalysts, 1a-4a. In the estimation of the 

TOF, a 0.1 ml solution of 0.22 mol.L
-1 

hexamethylenediisocyanate (2.2 x 10
-5

 mol, 1.33 x 

10
19

 molecules) was converted during 180 min (10800 s), to yield the remaining % given 

in Table 3 for each catalyst. Using catalyst surface 1a as an example, of the 1.33 x 10
19

 

molecules of hexamethylenediisocyanate present during catalysis, only 50.6% HDI 

molecules (see Table 3) were converted during 180 min (10800 s), giving the amount of 

urethane molecules formed as 6.7 x 10
18

 . From the XPS data, catalyst 1a has 0.7 - 1.1 

active sites (Fe molecules) per nm
2
, thus a total of 1.7 – 2.6 x 10

13
 active sites (as 

calculated from a catalyst with a total surface area of 0.5 x 0.48 cm; this differs for each 

catalyst). The TOF was determined using equation (1). For catalyst 1a, the TOF was 

determined to be 23 - 37 s
-1

. From the calculated TOF for catalysts 1a-4a, in Table 3 and 

Figure 7, it can be seen that the TOF is dependent on the sum of the Gordy group 

electronegativities, χR + χR’, of the R-groups on the β-diketonato ligand of the 

immobilized iron catalyst. As χR + χR’ increased, a decrease in TOF was observed. 

Catalyst 2a (χR + χR’ = 4.42) gave the highest TOF (33 - 46 s
-1

), while catalyst 4a (χR + 

χR’ = 6.01) had the lowest TOF (16 - 23 s
-1

). From the AFM discussion it would have 

been expected that surface 3a would perform the best since it has the largest surface area 

and root mean roughness. However, in this case it is clear from the catalysis data that the 

electronic properties of the catalyst play a far more important factor in determining the 

TOF than the surface area. 
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From the Gordy group electronegativities in Table 3 it is evident that an iron centre 

which is a bit more electron rich, enhances the TOF for the catalytic formation of the 

hexamethyldiurethane from hexamethylenediisocyanate and ethanol. These two-

dimensional model catalysts, with TOF varying from 15- 46 s
-1

, are much more effective 

than the homogeneous catalyst Fe(acac)3, which was investigated in DCM as solvent, to 

have a TOF of 74.2 h
-1

 (0.021 s
-1

),
16

 and than catalyst CuCl2/NaI with a TOF of 1.37 h
-1

 

(3.8 x 10
-4

 s
-1

).
36

  

 

TOF = 

amount of molecules converted
amount of active sites

time in sec
  (Equation 1) 

 

Figure 7. ABOUT HERE 

 

 

The % disappearance of hexamethylenediisocyanate, the % appearance of the 

hexamethyldiurethane, showed dependence on the sum of the Gordy group 

electronegativities of the R-groups on the β-diketonato ligands of the iron catalysts. In 

general, the trend appears to be that, an increase in the sum of the Gordy group 

electronegativities of the R-groups is accompanied by an increase in the % disappearance 

of hexamethylenediisocyanate and an increase in the % appearance of the 

hexamethyldiurethane. This is expected, since the catalyst loading (amount of Fe 

molecules per nm
2
) also increased with an increase in the sum of the Gordy group 

electronegativities of the R-groups.  A higher catalyst loading, may, however, lead to a 



  

 21

lower TOF (as was found in this study), since the amount of molecules converted is 

divided by the amount of active sites (Fe molecules in this study).  

 

Figure 8.  ABOUT HERE 

 

In order to test the deactivation and recyclability of catalysts 1a-4a, a series of eight 

consecutive catalytic runs was performed. These were all done under the same reaction 

conditions, while each catalyst was properly washed with ethanol and acetone after each 

run. The results are presented in Figure 8. The catalytic performance generally stayed 

fairly constant for the first three cycles, and then gradually started to decrease up to a 

point, where a 10% decrease in the formation of urethane is observed. This decrease 

could be contributed either to some leaching of the iron catalyst, or to coking of the 

catalyst. 

 

4. Conclusion 

A series of four different Fe(β-diketonato)3 complexes were covalently anchored onto a 

flat two-dimensional aminated Si-wafer. Characterisation by XPS revealed that two 

Gaussian peaks could be fitted into the N 1s peak, belonging to the unreacted amino 

groups and the amine group. The XPS of the fluorine-containing catalysts (3a and 4a) 

showed that more than one Gaussian peak could be fitted into the F 1s peaks, which was 

attributed to the CF3 group either being bound to the ether bond (-O-C-CF3) or to the 

amine bond (-N-C-CF3). The XPS revealed that the binding energy of the Fe 2p3/2 peaks 

are dependent on the sum of the Gordy group electronegativities of the R-groups on the 



  

 22

β-diketonato ligands. The atomic ratios obtained from the XPS data, were used to 

calculate the iron concentration on the surface, which was found to be ca. 0.5 – 2.7 Fe 

atoms per nm
2
, depending on the catalyst used. AFM revealed the topography of the 

catalyst surface to be nodular, with poorly defined grain boundaries. 

The catalytic activity of the different immobilized iron catalysts, for the formation of 

hexamethylenediurethane from hexamethylenediisocyanate and ethanol, was tested. The 

iron tris(β-diketonato) immobilized catalyst, with β-diketonato = dbm, which possessed 

the lowest sum of the Gordy group electronegativities of the R-groups on the β-

diketonato ligand, showed the highest TOF (33 - 46 s
-1

) for the catalytic formation of the 

diurethane. It can thus be concluded, that the more electron rich the iron centre, the 

higher the catalytic activity of the catalyst. 

 

Supplementary Information 

XPS spectra of surfaces 1a-4a. 
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Figures and Schemes 

 

Figure 1. Schematic representation of the reaction vessel. 
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Scheme 1. The functionalization of the aminated Si wafers, surface 6, with four [Fe(β-diketonato)3] complexes (1-

4), producing surfaces (1a-4a). The gray layer at the bottom is Si-metal, while the blue layer on top of it consists of -

O-Si-O-. 
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Figure 2. Schematic representation of the different binding possibilities of Fe(CF3COCHCOCH3)3 to the aminated 

surface, which could either be adjacent to the –CH3 or –CF3 group on the ligand. 



  
 

Figure 3. Detailed XPS spectra of Fe 2p (2p3/2 peak at 710.75 eV and 2p1/2 peak at 724.70 eV) and N 1s (unbound N 

at 401.95 eV, bound N at 398.65 and 401.03 eV), of surface 3a. 
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Figure 4.  Graph of the sum of the Gordy Group electronegativities of the R-groups on the β-diketonato ligand of 1a 

– 4a vs binding energy, of the bound Fe 2p3/2 XPS peak. 
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Figure 5.  Three dimensional images as obtained from AFM of (a) the hydrophilic hydroxylated Si-wafer, (b) the 

aminated silicon surface 6, and (c) surface 2a, as a representative of the four catalyst surfaces containing the iron 

complexes.  
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Scheme 2. Schematic representation of the catalytic formation, via surfaces 1a-4a, of the hexamethylenediurethane, 

8, from hexamethylenediisocyanate, 7, and EtOH, using a ten times excess of EtOH in a self-solvating reaction. 
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Figure 6. ATR FTIR spectra of EtOH (reactant, top), the hexamethylenediurethane (product, middle) and 

hexamethylenediisocyanate (reactant, bottom). 
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Figure 7. Graph of the sum of the Gordy group electronegativities of the R-groups on the β-diketonato ligand of 1a 

– 4a, vs the TOF of surface catalysts 1a-4a. 
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Figure 8. Yields of the batch-wise catalytic formation of the diurethane, using surface catalysts 1a-4a, for eight 

cycles. 

 

 

  



  

 

Tables 

Table 1 . The concentration of the Fe on the Si-surfaces and binding energies in eV, for N, Si, F and the Fe center, 

derived from XPS measurements. (AR = atomic ratios obtained from detailed XPS scans) 

Compound 
χR + 

χR' 
a

 

N 1s F 1s Si 2p 
Fe 

2p3/2 

Fe 

2p1/2 

Fe molecules 

per nm
2
 

1a 4.68 399.36
b 

(37%)
j 

- 100.74 (29%)
l
 710.46 724.41 0.7-1.1 

Fe(acac)3  401.73
c 
(63%)

 
- 102.56 (57%)

m
 - - - 

    103.65 (14%)
n
    

AR
k 

 2.7 - 8.3 1 - - 

2a 4.42 399.85
 b 

(27%)
 j
 - 101.54 (29%)

l
 710.37 724.32 0.5-0.7 

Fe(dbm)3  401.15
 c 

(76%) - 102.58 (57%)
m

 - - - 

    103.57 (14%)
n
    

AR
k
  4.1 - 5.3 1 - - 

3a 5.35 398.65
b 

(29%)
j
 684.63

g 
(13%)

 
101.64 (29%)

l
 710.75 724.70 1.5-2.3 

Fe(tfaa)3  401.03
d 

(47%)
j
 686.24

h 
(21%)

 
102.78 (57%)

m
 

- 
- - 

  401.95
c 
(24%)

 
688.52

i 
(67%)

 
103.83 (14%)

n
 

- 
- - 

AR
k
  1.3 3.2 6.65 1 

- - 

4a 6.02 399.91
 b 

(91%)
j 

684.69
e
 (17%) 101.60 (29%)

l
 710.94 724.89 1.8-2.7 

Fe(hfaa)3  402.72
 c 

(9%) 688.27
f
 (83%) 102.53 (57%)

m
 - - - 

    103.47 (14%)
n
    

AR
k
  1.1 7 5.5 1 - - 

a) The group electronegativity (χR + χR') is calculated on the Gordy scale, with χCF3 = 3.01, χCH3 = 2.34 and χPh = 2.21.
37

  

b) Bound nitrogen (-N-C-CH3 for 1a, -N-C-Ph for 2a, -N-C-CH3 for 3a, -N-C-CF3 for 4a) 

c) Unbound nitrogen (-NH2) 

d) Bound nitrogen (-N-C-CF3 for 3a) 



  

e) -N-C-CF3 

f) -O-C-CF3 

g) CH3-(O)-C-CH-C-(N)-CF3 

h) CH3-(N)-C-CH-C-(O)-CF3 

i) CH3-(O)-C-CH-C-(O)-CF3 

j) % of the bound nitrogen relative to the % of the unbound nitrogen 

k) Atomic ratios were obtained from the XPS wide scan 

l) –O-Si-CH2- of the silane 

m) –O-Si-OH on the surface 

n) –O-Si-O- of the surface 

 

Table 2. The root mean roughness (Rq) and surface area, of surface 1a-4a, 6 and the hydroxylated Si-wafer, as 

estimated by AFM. 

Surface 

Root Mean 

roughness (Rq) 

Surface area  

(µm
2
) 

Si-wafer 0.75 0.259 

6 12.39 0.283 

1a 10.93 0.275 

2a 9.04 0.257 

3a 12.28 0.279 

4a 9.04 0.260 

 



  

Table 3. Performance data of the four catalyst surfaces:  The combined Gordy group electronegativity (χR+χR’), the 

amount of Fe-molecules per square nm, the total amount of Fe-molecules per surface, turnover frequency (TOF in s-

1), % disappearance of hexamethylenediisocyanate after 180 min (% HDI), % appearance of the 

hexamethylenediurethane product (% HDU) after 180 min  

 χR+χR’
 a 

Fe molecules 

per nm
2 b 

Fe molecules x 10
-13

 

per surface
c 

TOF 

(s
-1

) 

% Dissappearance 

of HDI 

% Appearance 

of HDU  

1a 4.68 0.7 – 1.1 1.7 – 2.6 23-37 49.6 50.6 

2a 4.42 0.5 – 0.7 1.3 – 1.8 33-46 47.3 47.3 

3a 5.35 1.5 – 2.3 2.7 – 4.1 15-24 50.6 51.8 

4a 6.02 1.8 – 2.7 3.8 – 5.7 16-23 70.4 70.7 

a)  The group electronegativity (χR+χR’) is calculated on the Gordy scale with χCF3 = 3.01, χCH3 = 2.34, χPh = 2.21.
37

  

b) Using surface 1a as an example: the atomic ratio between the nitrogen and iron is 2.7 : 1 (Table 1) thus 1 of 

every 2.7 or 37% of the nitrogen are bound. State otherwise there are 37% iron atoms per nitrogen atoms, thus if 

there are 2 – 3 nitrogen atoms per nm
2
, there are 37% x (2 – 3) = 0.7 - 1.1 Fe atoms per nm

2
. 

c) To calculate the total Fe molecules per surface, the amount of Fe per nm
2
 was multiplied by the total surface 

area in nm
2
. Using surface 1a as an example: (0.7 -1.1 Fe atoms per nm

2
) x 2.4 x 10

13
 nm

2
 = 1.7 – 2.6 x 10

13
 Fe 

molecules per surface. The surface for each sample was measure individually to be: 1a = 2.4 x 10
13

 nm
2
, 2a = 2.6 x 

10
13

 nm
2
, 3a = 1.8 x 10

13
 nm

2
, 4a = 2.1 x 10

13
 nm

2
.
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A series of immobilized Fe(-diketonato)3 on Si-wafers were prepared, and tested for 

their catalytic activity in the heterogeneous phase for the formation of diurethane. It was 

found that more electron donating R-groups on the -diketonato ligand (RCOCHCOR`)
-
 

increases the catalytic activity. 
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