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ABSTRACT. Imines are important building blocks in organic chemistry. Titanium-based metal-

organic framework MIL-125-NH2(Ti) can photocatalyze, under visible light and at room 

temperature, the selective aerobic oxidation of benzylamine to N-benzylidenebenzylamine. We 

investigated the reaction mechanism using catalytic tests, ex situ infrared spectroscopy, and density 

functional calculations. In the dark, the presence of MIL-125-NH2(Ti) alone does not improve the 

reaction yield with respect to a blank experiment. This poor catalytic performance in the dark is 

associated to the absence of polarizing species on the MOF surface, as confirmed by acetonitrile 

adsorption. Excitation with different spectral regions evidenced the determinant role of the 450 < 

λ < 385 nm range for the catalyst photoactivation. The calculations show that the last step of the 

reaction would have an energy barrier of 206 kJ mol-1 in anhydrous conditions, while it decreases 

to 91 kJ mol-1 only if the mechanism is mediated by two water molecules. 

 

1. INTRODUCTION 

Imines are among the most important intermediates in the synthesis of organic compounds in 

general1 and of pharmaceuticals in particular.2 These compounds are traditionally synthesized 

through the dehydrated condensation of the corresponding amine with an aldehyde or a ketone,2 

reactions characterized by a low selectivity due to the reactive nature of the carbonyl group.3 Direct 

oxidation of amines overcome this problem, although the oxidants used (e.g. N-tert-

butylphenylsulfinimidoyl chloride) are costly and not environment friendly.4 The use dioxygen as 

oxidant in the reaction would make the direct oxidation of amines the route of choice for the 

synthesis of these important compounds.5 Nevertheless, it is often accompanied by the formation 
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of several by-products.1 The discovery of new selective catalysts for this reaction is then a hot 

topic of research.6-13 

Metal organic frameworks (MOFs) are materials that have shown exceptional performances in 

several fields.14 Their structure is constituted by metal/metal oxide clusters connected through 

organic molecules. It is possible to modify separately the inorganic and the organic building units 

to tailor the material for a specific use. MOFs have been already reported as efficient catalyst and 

photocatalysts for several reactions,15-20 and in particular for imine synthesis.10, 21-22. Photocatalytic 

oxidation of amines to imines is particularly appealing because it requires reaction temperature 

close to room temperature. Moreover, it has been recently proposed to be combined with water 

splitting for hydrogen production as a way to increase the valuable products of the reaction.10, 23 

Titanium-based MOFs have been reported as photocatalysts for many reactions,24-27 due to their 

high thermal and chemical stability. MIL-125 family28 is the most studied among them.22, 25-26, 29-

33 An important feature that makes interesting MIL-125(Ti) family for applications is their good 

stability upon water adsorption/desorption.30 Their structure is constituted by Ti8O8(OH)4 rings 

(see Figure 1a) interconnected by bitopic organic linkers, to form a centered cubic structure. The 

pores have a square bipyramid shape of dimensions 18 and 15 Å. The top of both pyramids is 

truncated and there a Ti8O8(OH)4 ring is placed. The access to the cavity of guest molecules is 

guaranteed by the faces of the pyramids, being equilateral triangles with base of 11 Å.  

Among MIL-125 analogous, MIL-125-NH2(Ti) is the most studied one.24-26, 28, 34 The presence of 

the –NH2 group on the terephthalate linker of MIL-125-NH2(Ti) changes not only the 

hydrophilicity and basicity of the MOF but also improves its photocatalytic properties.35-36 In fact, 

MIL-125 is active as photocatalyst only under UV irradiation, whereas the additional NH2 group 

expands its activity into the visible light range.28 Moreover, as recently demonstrated by Santaclara 
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et al.,35-36 the difference in photoexcitation of the two isomorphous materials is not limited to a 

different absorption profile. In fact, exactly as in MIL-125, the photoexcitation in MIL-125-NH2 

is a ligand-to-cluster charge transfer (LCCT)37 where an electron is promoted from the linker to 

the Ti8O8(OH)4 cluster reducing Ti4+ to Ti3+. Unlike MIL-125(Ti), the presence of an electron 

donating substituent on the organic linker allows to increase the lifetime of the photogenerated 

hole by stabilising it on the amino group, intrinsically increasing its efficiency as photocatalyst.35-

36 

The photocatalytic activity of MIL-125-NH2(Ti) for the aerobic oxidation of benzylamine to N-

benzylidenebenzylamine was recently reported by Sun et al.11-12 They have considered different 

reaction media, determining acetonitrile as the optimum solvent allowing to reach a conversion of 

73% with a selectivity of 86% after 12 h of irradiation with a 300 W Xe lamp. The MOF structure 

was stable under the photocatalytic conditions used and the catalytic activity was verified to be 

stable upon cycling.11-12 Several possible mechanisms can regulate the reaction.3, 38 Sun et al.11 

suggested that the oxidation of benzylamine in MIL-125-NH2(Ti) could pass through the oxidation 

of one benzylamine molecule to benzaldehyde (step a in Scheme 1). This is the step where the 

MOF will play its photocatalytic activity by converting O2 to an O2
- radical anion. An electron is 

transferred from a photogenerated Ti3+ center to O2 with the formation of Ti4+ and O2
-. Then, the 

benzaldehyde molecule undergoes a nucleophilic attack by a second benzylamine molecule (step 

(b)). The way the reaction proceeds to the formation of the imine can be very influenced by several 

factors as the pH and the reaction medium.3, 38 We suggest steps (c) and (d) as in Scheme 1 as the 

most plausible ones in the experimental conditions used (aprotic solvents, basic conditions).3, 38 

The zwitterionic species formed in step (b) undergoes in step (c) a first intramolecular proton 

transfer with the formation of the carbinolamine. Step (c) can proceed only through the mediation 
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of water molecules:38 in fact, the high strain four-ring reported in Scheme 1 is characterized by a 

high formation energy. This is significantly lowered in presence of water molecules being the four 

ring replaced by a six- or eight-ring with a significant decrease in the activation energy.38 The last 

step of the reaction, step (d), corresponds to the intramolecular proton transfer in the carbinolamine 

species (CA in the following) with the formation of imine and elimination of one water molecule 

(BI intermediate) through the transition state TS (last row in Scheme 1). As step (c), also step (d) 

requires the formation of a high strain four-ring in the transition state. Nevertheless, unlike step 

(c), in this case the presence of water molecules in similar reactions38 is less beneficial, as they 

cannot completely remove the strain of the ring, because of the presence of the (O=C)-NH bond. 

Step (d) is then the rate determining step in imine formation reactions for pH≥7.3, 38 Few theoretical 

studies have been reported in literature on imine formation mechanisms3, 38-39 and none on the N-

benzylidenebenzylamine one.  

 

Scheme 1. Mechanism proposed for the aerobic benzylamine coupling reaction to N-

benzylidenebenzylamine photocatalyzed by MIL-125-NH2(Ti). MIL-125-NH2(Ti) would play a 
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role as photocatalyst in step (a) and (a’). The rectangle highlights the reaction step investigated 

using DFT methods in this work. 

 

In the present study, we have synthesized a MIL-125-NH2(Ti) sample using a recipe slightly 

modified with respect to those reported in the literature. We have assessed the quality of the 

material through comparison of its experimental Powder X-Ray Diffraction (XRD) pattern, 

infrared spectrum, and surface area with the corresponding theoretical values obtained for a 

periodic model optimized using Kohn-Sham Density Functional Theory (KS-DFT) methods. MIL-

125-NH2 activity as photocatalyst for benzylamine oxidation in acetonitrile was tested irradiating 

the batch with a Xe lamp for 6 h by selecting different irradiating conditions. Ex situ infrared 

spectroscopy characterization of the reaction was also conducted in order to identify possible 

reaction intermediates. Cluster calculations have been performed on step (d) in Scheme 1 to 

determine the feasibility of the proposed mechanism in our experimental conditions. In particular, 

we have evaluated the effect of the presence of water molecules on the energetics of the CA → BI 

conversion. These results have been exploited for the identification of strategies aimed at 

improving the efficiency of the reaction. 
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Figure 1. MIL-125-NH2(Ti) structure and material characterization. a. MIL-125-NH2 structure as 

obtained from optimization at the B3LYP-D*/6-31G level. View along the [010] direction. The C 

atoms are reported in gray, H atoms in white, O in red, Ti in light blue (octahedron), N in blue. 

The pore voids are represented as light yellow spheres, allowing appreciating their bcc 

arrangements. b. Powder X-ray diffraction pattern of MIL-125-NH2: experimental (as-synthesized 

material, in air, black curve), theoretical pattern (blue curve). The theoretical pattern has been 

calculated using the B3LYP-D*/6-31G optimized structure. c. Infrared spectrum of a fully 

desolvated MIL-125-NH2(Ti) (black curve) compared to the corresponding theoretical (blue line). 
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d. Excess nitrogen isotherms at 77 K (full scatters: adsorption branch; empty scatters: desorption 

branch). 

 

2. MATERIALS AND METHODS 

Detailed description of the theoretical methods used and of the synthesis and characterization of 

MIL-125-NH2(Ti) is reported in the Supporting Information. 

Photocatalytic tests. The reaction was performed by contacting benzylamine (0.1 mmol, 10.7 

mg) and 1.5 mg of catalyst in 2 ml CH3CN at room temperature. The solution, kept under stirring 

(600 rpm), was irradiated with a Hamamatsu 150W Xe lamp for 6 h, either without optical filters 

or with two different filters, for λ >385 nm and λ >450 nm, respectively. For comparison, the 

yields of the reaction at 60°C in the dark or in absence of the catalyst have been also obtained. 

 

3. RESULTS AND DISCUSSION 

3.1 Material characterization. 

Characterization of the synthesized material and the comparison of the experimental data set so 

obtained with reference values from the periodic model confirmed the purity of the MIL-125-

NH2(Ti) sample and its negligible concentration of defects (see Table S1). The X-ray powder 

diffraction pattern measured for the synthesized material is reported as black line in Figure 1b, 

along with the corresponding theoretical pattern (blue line). In Table S1, it is also shown the very 

good agreement among the theoretical and the experimental cell parameters. 
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Adsorption measurements are a more sensitive tool than X-ray diffraction to detect the presence 

of defects and impurities in MOFs.40 In particular, the presence of mesopores, that are often 

associated with structural defects or collapse in this class of materials, can be easily detected by 

recording adsorption isotherms of low interacting molecules at their condensation temperature. 

Excess nitrogen isotherms obtained at 77 K for MIL-125-NH2 are reported in Figure 1d. These 

isotherms are of type I, typical of microporous materials, without mesopores.41 The experimental 

Langmuir surface area is equivalent within the experimental error to the value calculated on the 

theoretical structure (1557 vs. 1801 m2 g-1, see Table S1). 

Infrared spectroscopy is another tool that can be used to assess the quality of MOF materials. 

Defects in carboxylate-based materials are often associated with the partial hydrolysis of the 

structure with the creation of hydroxo species that give extra peaks in the 3700-3500 cm-1 region 

and a large band associated to H-bond interaction in the 3600-2500 cm-1 range.42 Meanwhile, the 

presence of impurities and extra phases (such as titanium (oxo)hydroxide species) can be detected 

by comparison with a reference spectrum. The ATR-FTIR spectrum of MIL-125-NH2(Ti) is 

reported as black line in Figure 1c. In Figure 1c it is also reported the B3LYP-D*/6-31G computed 

infrared spectrum of MIL-125-NH2(Ti) as a blue line. The similarities of the two spectra allow to 

rule out the presence of extra phases. In particular, in the –OH stretching region a single peak is 

present at 3655 cm-1, indicating the presence of a single type of isolated hydroxo species, thus 

supporting at the atomic scale the low defectivity of the structure. The absence of a peak at 1690 

cm-1 indicates the full removal of DMF in the washing procedure.42 A full assignment of all the IR 

peaks with the help of the calculations is reported in Table S3.  

Diffuse reflectance UV-Vis spectra of MIL-125-NH2 is reported as light yellow curve in Figure 

2b. The spectrum obtained for the linker is also reported as dark yellow curve. The MOF optical 
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features are similar to those reported previously28, 36, 43 with two bands with maxima at 277 and 

373 nm, associated with Ti-O oxo-cluster absorption and ligand to cluster charge transfer (LCCT) 

transitions, respectively. MIL-125-NH2 absorption spectrum zeroes at 498 nm that is in the visible 

range. The experimental band gap (calculated as the lowest energy inflection point of the UV-Vis 

spectrum) is estimated to be 2.95 eV (420 nm), in good agreement with previous results and in 

excellent agreement with the calculations (2.96 eV, see Table S1).  
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Figure 2. MIL-125-NH2(Ti) as a catalyst for benzylamine coupling reaction. a. Reaction yield of 

N-benzylidenebenzylamine (BI) using different irradiation conditions at room temperature (see 

Table 1). The yield obtained without the catalyst is also reported for comparison (grey bar). b. 

Diffuse reflectance UV-Vis spectra of MIL-125(Ti) (black curve), MIL-125-NH2(Ti) (light 

yellow curve), and 2-amino-terephtalic acid (dark yellow curve) as obtained in air in a 1:100 

dilution in weight in Teflon. The wavelength positions of the > 385 and > 450 nm filters used in 

the catalytic tests are marked with a violet and a light blue vertical line, respectively. c. Reaction 

profile for the last step of the benzylamine coupling reaction to N-benzylidenebenzylamine in 

acetonitrile (step (d) in Scheme 1) as calculated at the M06/6-311++G(3df,2p) considering the 

reaction being mediated by 0 (black line), 1 (light blue line), and 2 water molecules (violet line). 

For the two water molecules case, the profile calculated in the absence of the solvent (dark blue 

line) is also reported for comparison. d. Transition state structure for the two water-mediated 

case in CH3CN as optimized with M06/6-311G(3df,2p). Color code as in Figure 1. The hydrogen 

atoms of the phenyl rings are omitted for clarity. 

 

3.1.1. Surface acidity. In a MOF without open metal site such as MIL-125-NH2(Ti), the 

structural Ti-OH groups can have a role in determining the activity of the MOF as an acid catalyst. 

In order to measure the polarity of these groups, and then to determine if they can have a role in 

the reaction, we have used the perturbation of infrared signals of deuterated acetonitrile upon 

adsorption on the MOF surface. This adsorbate can also evidence the presence of other polarizing 

species, such as coordinatively unsaturated Ti4+ Lewis acid sites associated to defects. CD3CN is 

in fact a suitable molecular probe for monitoring both surface acidity and basicity.44-46 The spectra 

recorded on MIL-125-NH2(Ti) are reported in Figure 3. They show two signals in the C-N 
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stretching region: a main peak at 2261 cm-1 and a shoulder at 2272 cm-1. The peak at 2261 cm-1 

corresponds to the molecules unperturbed (physisorbed) inside the MOF pores. The shoulder at 

2272 cm-1 can be assigned to the formation of Ti-OH···NCCD3 and –NH2·· ·NCCD3 adducts. The 

interaction with Ti-OH groups is confirmed by the perturbation of OH bands upon CD3CN dosing 

both in the 3700-3500 cm-1 (-OH stretching) and 980-920 cm-1 (-OH bending, see Figure S2). In 

particular, the band at 3655 cm-1 experiences a significant decrease in intensity with corresponding 

broadening. A significant perturbation of the amino bands is also observed (see Figure S2). The 

small blue shift of the ν(C≡N) band at 2272 cm-1 of adsorbed CD3CN with respect to the 2261 cm-

1 of physisorbed CD3CN is of the same order to that observed for acetonitrile interacting with 

silanols in zeolites,46 indicating a very low acidity of the Ti-OH species of MIL-125-NH2. 

Moreover, the two signals growth in parallel, indicating that the adsorption energy of CD3CN on 

the MOF surface species is comparable with its liquefaction energy. No bands are observed at 

>2300 cm-1,46 allowing to rule out the presence of exposed Ti(IV) Lewis acid sites on the MOF 

surface. Also the position of the symmetric C-D stretching signal (2111 cm-1) suggests a very low 

interaction energy, being coincident with its liquid-like value.47 The acetonitrile molecules were 

fully removed from the MOF surface at beam temperature (40-60 °C) upon pumping. We can then 

say that there are not strong adsorption centers on the MOF surface. Moreover, being the 

interaction of acetonitrile with the MOF very weak, would suggest acetonitrile as an ideal 

dispersing medium in photocatalytic reactions involving MIL-125-NH2(Ti).  
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Figure 3. FTIR spectrum of MIL-125-NH2(Ti) in contact with 1 mbar of CD3CN (green line) at 

beam temperature. The other spectra were recorded by decreasing gradually CD3CN equilibrium 

pressure to vacuum (light grey curves). The spectrum obtained after degassing one hour at beam 

temperature was coincident with the spectrum recorded initially in vacuum (black curve) and 

then it is not reported. a.u. = absorbance units.  

 

3.2. Benzylamine oxidation reaction 

3.2.1. Catalytic tests. The catalytic activity of MIL-125-NH2(Ti) was tested in four different 

irradiation conditions in order to identify the spectral range that more influence the photoactivity 

of the MOF. Besides using the Xe lamp in its full spectral range, two different filters were adopted 

in order to select only the photons with either a wavelength λ > 385 nm or λ > 450 nm, respectively. 

These filters were chosen based on the UV-Vis spectrum of the MOF that shows a strong 
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absorption in the visible in the region, due to the presence of the amino functionality on the linker 

(see Figure 2b). Additionally, the reaction was carried out in the dark by heating the sample at 60 

°C. This temperature was selected to account for the heating effect of the Xe lamp, occurring in 

the irradiated experiments. As the reaction medium, we used acetonitrile based on the work of Sun 

et al. 11 that indicates acetonitrile as the optimum medium in terms of conversion and selectivity. 

Finally, we have performed a parallel set of reactions in the absence of the MOF to verify its 

photocatalytic activity. 

The results obtained from the catalytic tests are reported in Table 1 and in Figure 2a. In Table 1, 

it is reported a small review on the conversions obtained for other MOFs10, 22, 48-53 and those 

reported in Ref. 11 for MIL-125-NH2. For a complementary review on MOF-based catalysts for 

this reaction, please refer to the work of Aguirre-Díaz et al.49 

The experiments conducted in the absence of MIL-125-NH2 show that the reaction can proceed 

also without the MOF with a yield of 40% and that this result is almost unaffected by the irradiation 

conditions used. This means that the benzylamine coupling happens just because of the heating. If 

the MOF is added to the reaction, the yield significantly increases up to 78% only if the irradiating 

light includes the 385 < λ < 450 nm range. This result confirms the photocatalytic activity of the 

MOF and in particular the role of the amino group in determining its activity. The UV-Vis 

spectrum of the unfunctionalized MIL-125 is reported as black line in Figure 2b. The titanium 

oxides nanoclusters in the material absorb the light in the region below 350 nm. The coincidence 

of the yield obtained by exploiting the full spectral range of the lamp and that using only λ > 385 

nm, suggests that the amino group does not play a role only in stabilizing the generated electron-

hole couple but also the accessing to its HOMO-LUMO levels allows a larger fraction of electron-
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hole couples to be formed. The data reported in Table 1 indicate also that the nanoconfinement of 

the reagents in the MOF pores does not influence the reaction: the yield in dark conditions for the 

MOF coincides to that for the blank. This can be explained based on the acetonitrile measurements 

(see Section 3.1.1.). 

 

Table 1. Yield for the benzylamine condensation reaction in acetonitrile in contact for 6 h over 

MIL-125-NH2 in the dark at 60°C and irradiating the batch with a 150 W Xe lamp without and 

with two different filters, λ >385 nm and λ >450 nm. The yields obtained in absence of the catalyst 

are also reported for comparison. A small review on the results reported in the literature for MIL-

125-NH2 and other MOFs is also presented. 

sample irradiating conditions solvent Conversion (%) 

MIL-125-NH2 without cut-off filters CH3CN 78 

   >99a 

 without cut-off filters DMF 67a 

 λ >385 CH3CN 76 

 λ >450 nm CH3CN 42 

 420 < λ < 800 nm CH3CN 73a 

 dark, 60°C CH3CN 38 

 dark, RT CH3CN 0a 

blank without cut-off filters CH3CN 40 

 λ >385 CH3CN 38 

 λ >450 nm CH3CN 37 

 420 < λ < 800 nm CH3CN 0a 
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aAfter 12 h, 300 W Xe lamp, no heating, 0.1 mmol benzylamine, 5 mg MOF, 2 ml solvent, air, 
from Ref. 11. bEt2L6 = [RuII(bpy)2(dcbpy)]Cl2 (bpy = 2,2′-bipyridine; dcbpy = 2,2′-bipyridine-5,5′-
dicarboxylic acid). After 1 h, 1 mol % catalyst loadings, 5 cm in front of a 300 W Xe lamp and 
60°C, air, from Refs. 22, 48. cADBEB= 4,4′-(diethynylanthracene-9,10-diyl)dibenzoic acid. After 
50 min, 0.2 mmol amine, 6 mg MOF, O2 atmosphere, 300 W xenon arc lamp, 1 mL DMF/DMA 
(1/1), Ref. 50. dPDI = perylene diimide. After 4 h, amines 1 mmol, Zn-PDI 0.01 mmol (1 mol%) 
and acetonitrile 5 mL, air, 500W Xe lamp placed in a distance of 25 cm, Ref. 51. ePCN-22 = Zr6(µ3-
OH)8(OH)8(TCPP)2 (TCPP = tetrakis(4-carboxyphenyl)porphyrin). After 1 h, 0.1 mmol 
benzylamine, 5 mg PCN-222, 100 mW cm2 Xe lamp, 3 mL CH3CN, air. Ref. 52. fUNLPF-12 = 
SnL[In(COO)4]2(BF4)2, H2L = tetrakis 3,5-bis((4-hydroxycarbonyl)-phenyl)phenylporphine. After 
1h, (1.0 μmol, 0.4 mol % catalyst based on porphyrin moiety), benzylamine (0.27 mmol), 1 mL 
dry CH3CN, 14 W CFL (distance ≈8 cm), air, Ref. 53. gRPF-30-Er = 
[Er3(Hsfdc)3(sfdc)3(H2O)]·xH2O (H2sfdc = 9,9′-spirobi[9H-fluorene]-2,2′-dicarboxylic acid). 
After 18 h, benzylamine (0.05 mmol); catalyst (10 mol %); ACN as the solvent (1 mL); an oxygen 
atmosphere purged with balloon at 25 °C; 3000K LED 14 W (100 W) of warm light (distance ≈ 8 
cm). air, Ref. 49. 

 

3.2.2. Ex situ ATR-FTIR. We monitored in time the reaction photocatalyzed by MIL-125-NH2 

by recording ex situ ATR-IR spectra, with the aim to identify key reaction intermediates and to 

provide some indications about the mechanism followed in our reaction conditions among all those 

possible. The spectra recorded after 0 and 15 h of irradiation with a solar lamp are reported in 

 dark, 60°C CH3CN 38 

UiO-67-Et2L6 without cut-off filters CH3CN 83b 

Et2L6 without cut-off filters CH3CN 96b 

Mn(ADBEB)2(DMF)2 420 < λ < 800 nm DMF/DMA 99c 

Zn-PDI λ > 420 nm CH3CN 74d 

Zn-PDI in dark CH3CN 3d 

PCN-222 λ > 420 nm CH3CN 100e 

PCN-222 dark CH3CN 0e 

UNLPF-12 without cut-off filters CH3CN >99f 

UNLPF-12 dark CH3CN ~0f 

RPF-30-Er without cut-off filters CH3CN 76g 
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Figure 4a as orange and blue curves, respectively. The spectra were also collected at intermediate 

reaction times of 1, 3, 5, 6.5, 8.5, and 10 h. These spectra are showed as grey curves in the same 

figure. We selected the band at 1643 cm-1 band associated to the C=N stretching in N-

benzylidenebenzylamine as the signal to follow the reaction proceeding in time (see Section S2 

for the details on this choice). The dependence of the intensity of this band on the reaction time is 

reported in Figure 4b. The smaller conversion after 6 h reported in Figure 4b than that obtained in 

the catalytic tests (<30% vs. 73%, respectively) is due to the absence of acetonitrile, which 

presence has been reported to cause an increase of the reaction rate.11 It is noteworthy that the 

MOF spectrum did not show any modification after 15 h even in this very basic environment, and 

especially changes connected with degradation processes (e.g. change in the carboxylate bands). 

We verified by IR spectroscopy that the reaction can be stopped at any time by switching off the 

lamp and storing the reaction batch in the dark at room temperature for long time (15 h). This was 

verified by comparing the spectra before and after the dark period. For what concerns other bands 

in the spectra, we observe a continuous decrease in time of the intensity of the signals associated 

to benzylamine and the parallel increase of the bands associated to N-benzylidenebenzylamine (see 

Figure 4b). Two extra signals than those associated to the reagent and the product can be detected 

by comparing the reference spectra with the spectrum recorded after 15 h of reaction (see Figures 

S6 and S7). In particular, it is observed a signal at about 1670 cm-1 and a significantly larger 

intensity of the broad band in the 3200-2000 cm-1 range than that in the reference spectra. These 

two signals grow continuously while the reaction proceeds and they cannot be associated to an 

increase in the water absorbed by the mixture from the atmosphere. The signal at 3200-2000 cm-1 

can be associate to a larger presence of generic species able to develop a H-bond. The signal at 

1670 cm-1 is associated to a carbonyl group, supporting the mechanism suggested by Sun et al.11 
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This band is close to the position of the C=O group in benzaldehyde (1695 cm-1), although it is 

more likely associated to a C=O species directly linked to an amine group in aromatic compound 

(having absorption in the range 1680-1630 cm-1), that is to carbinolamine. Preliminary ATR-IR 

results would agree that the reaction cannot proceed if anhydrous conditions are adopted. Also this 

result supports indirectly the mechanism in Scheme 1: in fact it is well known that step (a) (and 

step d, see Section 3.2.3) requires the presence of water to proceed.3 

 

 

Figure 4. Time evolution of the benzylamine to N-benzylideneamine reaction. a. Ex situ ATR-

FTIR spectra of MIL-125-NH2 solvated with benzylamine recorded after reaction time of 0 

(orange line) and 15 h (blue line) at RT in air and upon irradiation in a solar box. Grey lines refer 

to intermediate time of reaction (1, 3, 5, 6.5, 8.5, and 10 h). Black line refers to the spectrum of 

the MOF in air. All the spectra have been normalized with respect to the band at 1377 cm-1. In 

the inset the region around the 1643 cm-1 band of N-benzylideneamine is shown. b. Intensity of 

the band at 1643 cm-1 in the spectra of part a as function of the reaction time. 
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3.2.3. Cluster calculations. The Gibbs free energies calculated for the intramolecular proton 

transfer in carbinolamine using KS-DFT methods are reported in Figures S8 and S10. The MOF 

has not been included in the calculations. We have adopted this approximation based on the 

catalytic tests indicating that the presence of the MOF itself does not influence the reaction in the 

dark. The A and B conformers of carbinolamine are indicated by the calculations to be almost 

isoenergetics and their reaction path are equivalent (see Table S5 and Section S.8 in Appendix A). 

In the following we will discuss only the data obtained for one of them, the conformer A.  

The reaction profiles obtained for the A conformer are reported in Figure 2c, considering the 

proton transfer mediated by zero (black line), one (light blue line), and two water molecules (purple 

line). It is evident that the presence of water molecules significantly decreases the barrier 

associated to the proton transfer, from 206 kJ mol-1 in anhydrous conditions to 112 and 88 kJ mol-

1 for one and two H2O, respectively. The decrease of the ∆GTS on increasing the number of water 

molecules from zero to two is coincident to that reported for the reaction between methylamine 

and formaldehyde38 (~120 kJ mol-1). The calculations would suggest that the presence of water is 

necessary for the reaction to proceed not only in the step (a), notoriously water mediated, but also 

for step (d). 

A structural change is also observed in the TS upon increasing the hydration degree. In particular 

the C-O bond length increases from 1.855 for the zero molecules case to 2.398 and 2.337 Å for 

the 1 and 2 H2O molecules, respectively (for the 2 H2O molecules cluster, see Figure 2d, green 

dotted line). A slight increase is also observed in CA (from 1.412 Å to 1.433 and 1.436 Å, for 0, 

1, and 0 H2O molecules respectively), that can be explained as the carbinolamine being more prone 

to dehydrate in presence of molecules that can mediate the proton transfer. The N-H bond does not 
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change significantly in CA upon hydration. The increased number of water molecules also 

decreases the planarity of the TS. 

For what concerns the solvent, it has been proven experimentally that a polar solvent can 

increase the conversion in imine formation.3, 11 This is likely associated to the polar nature of the 

TS that can be then stabilized by the presence of the solvent. An important role of the solvent as a 

proton shuttle has been excluded based on previous experiments on imine formation.3, 11 

Accordingly, the calculations indicate a decrease of the barrier by inclusion of the reaction medium 

as implicit solvent with respect to the gas phase case, although its effect is lower than that of the 

water.  

 

4. CONCLUSIONS 

MIL-125-NH2(Ti) was synthesized and tested as photocatalyst for the aerobic benzylamine 

condensation to N-benzylidenebenzylamine, determining a yield of 78% in acetonitrile after 

irradiating the batch with a Xe lamp for 6 h. Using different irradiating conditions, we verified the 

photocatalytic activity of MIL-125-NH2 and the important role of the amino group in determining 

the MOF photo-activity under visible light. The band gap of MOFs based on closed-shell metal 

ions is mainly determined by the electronic levels of the organic linkers.54 Among common 

functional groups, the amino group is the functionality determining the smallest band gap. 

Moreover, the band gap narrows on increasing the number of amino functional groups.54 We can 

then conclude that the efficiency of the catalyst can be improved increasing the number of amino 

groups on the linker, in analogy to what has been reported for other reactions,28, 55 
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The comparison between the results obtained in the dark and in absence of the catalyst proved the 

negligible influence of the MOF surface on the reaction. This result is in agreement with the 

absence of strong polarizing centres on its surface as indicated by acetonitrile measurements. The 

reaction has been followed in time using ex situ infrared spectroscopy. The presence of a signal at 

1670 cm-1 would support the mechanism suggested previously by Sun et al.11 that considers the 

oxidation of one benzylamine molecule to benzaldehyde as first step of the reaction. Cluster 

calculations on the last step of the reaction (i.e., the intramolecular proton transfer in 

carbinolamine) strongly suggests that, although water is not recommended as solvent in this 

reaction because it is often associated to low selectivity, the presence of water impurities can 

facilitate the reaction to proceed at temperature close to RT. The preferential adsorption of water 

molecules upon acetonitrile in the MOF pores can be facilitated for example by increasing the 

number of amino groups on the linker, that is by increasing the hydrophilicity of the MOF.56 

Nevertheless, the energetic barrier associated to this step is computed to be 88 kJ mol-1 that is it 

has still room for improvements. Strategies aimed to decrease the energy of its TS should be 

foreseen to improve the kinetics. Two possible directions can be suggested on the basis of the 

results obtained in this work. We verified that MIL-125-NH2(Ti) surface is not able to influence 

the reaction. One possibility to allow the involvement of the MOF in the reaction beyond the O2 

oxidation step, can be the introduction of charged species in the MIL-125-NH2 pores in order to 

facilitate the adsorption of the reagents on the MOF surface and then their coupling reaction. 

Another possibility would be to decrease the pH of the reaction mixture. The mechanism reported 

in Scheme 1 is known to work in neutral and basic conditions. In acid conditions, although amine 

protonation can likely happen, so avoiding the reaction to proceed, the last step is substituted by 
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the iminium ion formation that is known to ask for lower energetic barrier in the intramolecular 

proton transfer that that required for the formation of the neutral imine. 
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