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ABSTRACT 

The mechanism of the amide bond formation between non-activated carboxylic acids and amines 

catalyzed by the surface of amorphous silica in dry conditions is elucidated by combining 

spectroscopic measurements and quantum chemical simulations. Results suggest a plausible 

explanation of the catalytic role of silica in the reaction. Both experiment and theory identify 

very weakly interacting SiOH surface group pairs (ca. 5 Å apart) as key specific sites for 

simultaneously hosting, in the proper orientation, ionic and canonical pairs of the reactants. An 

atomistic interpretation of the experiments indicates that this coexistence is crucial for the 

occurrence of the reaction, since the components of canonical pair are those undergoing the 

amidation reaction while the ionic pair directly participates in the final dehydration step. 

Transition state theory based on quantum mechanical free energy potential energy shows the 

silica-catalyzed amide formation as relatively fast. The work also points out that the presence of 

the specific SiOH group pairs is not exclusive of the adopted silica sample, as they can also be 

present in natural forms of silica, for instance as hydroxylation defects on α-quartz, so that they 

could exhibit similar catalytic activity towards the amide bond formation.  

 

KEYWORDS 

direct amidation reaction mechanism, heterogeneous catalysis, surface chemistry, prebiotic 

chemistry, IR spectroscopy, cluster and periodic DFT simulations 
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INTRODUCTION 

Formation of amides by condensation of amines and carboxylic acids is a subject of paramount 

interest from both industrial and fundamental perspectives.1 In industry, the amide bond (AB) 

formation is a key reaction for pharmaceutical companies, by the adoption of powerful activating 

agents in the current synthetic routes. Unfortunately, they are both expensive, because of a poor 

atom economy, and environmentally unfriendly. 1 Thus, developing clean and low cost synthetic 

strategies with good atom economy is highly pursued.2 Homogeneous catalytic routes have been 

developed,3-7 as well as synthetic methods based on heterogeneous catalysts. Active materials are 

noble metals nanoparticles,8 but also common oxides such as SiO2, TiO2, ZnO were found to 

exhibit promising performances towards the catalyzed AB formation.9-12 Noteworthy, the 

exploitation of these catalytic materials contributes to the continuous search for heterogeneous 

catalysts non-based on noble/rare metals. The design of highly efficient oxide catalyst for AB 

formation also requires the elucidation of reaction mechanisms occurring at their surface. 

Relevant insights on a mechanistic elucidation have recently been reported for homogeneous 

catalyzed direct amidation.13 Conversely, to the best of our knowledge, there is no equivalent for 

direct amidation on surface oxides. Moreover, understanding the AB formation is also of 

fundamental importance, as it regulates the condensation of amino acids for the peptide 

synthesis, with profound implications in prebiotic chemistry and origin of life theories. Among 

the sequence of the organization events leading to the emergence of life, the peptide bond 

formation is still a not-well understood step, which is critical in the formation of the first 

biopolymers. From the seminal work of the British biophysicist Bernal,14 to more recent 

proposals by Smith15 and Orgel,16 a wide consensus on the key role of  mineral surfaces in 



 4 

favoring this reaction has been reached, as they present proper surface sites that can adsorb and 

concentrate amino acids, as well as lower the activation barrier.  

Based on these proposals, intensive investigations of the catalytic amide/peptide bond formation 

on mineral surfaces from experimental (e.g.,17-22) and computational (e.g.,23-25) viewpoints have 

been done and reviewed.26-30 Obviously, rationalization of these results would provide relevant 

hints on the role of mineral surfaces in the AB formation, but this can also be a daunting task 

since, just for the limited case of silica surfaces, they present a sheer variety of structures and 

pre-reaction treatments. 

A milestone common to both synthetic and prebiotic chemistry is the obvious “water problem” 

(i.e., in water solution the reaction is disfavored). Nevertheless, the elucidation of how it could 

have been overcome on the prebiotic Earth is not straightforward. An interesting hypothesis is 

based on daily fluctuations of temperature and seasonal fluctuations of humidity, which readily 

occurs under natural conditions. They could have led to cycles of drying and rewetting so that 

condensation reactions become possible during the drying cycle of a wetting/drying cycle. This 

theory is supported by experimental evidences, provided by. Lahav et al.17 and Muller and 

Schulze-Makuch.31 

The aim of the present work is to provide a deep understanding of the AB formation mechanism 

on silica surfaces and determining the actual role of the surfaces in the process, focusing on 

molecular phenomena occurring during the dry conditions. This has been done by combining 

synergistically IR spectroscopy measurements with quantum chemical calculations. To make the 

study more tractable, present work is constrained on the experiments by Martra et al.,19 where 

polyglycines were produced admitting glycine vapor on silica. Here, to avoid the progressive 
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polymerization of glycine and to focus only on the specific AB condensation reaction, in the 

experiments, glycine is replaced by formic acid and 1-pentanamine or methylamine. Pure silica 

(SiO2) is a solid compound consisting of a network of [SiO4] tetrahedral units that are connected 

in different ways giving rise to the different silica polymorphs, including crystalline and 

amorphous/glassy materials. At room temperature and low pressure, the most stable silica phase 

is α-quartz, followed by α-tridymite and α-cristobalite, which are also the most common high-

density crystalline polymorphs. Bare silica surfaces are characterized to present siloxane (Si-O-

Si) and silanol (Si-OH) groups. These chemical functionalities impart the 

hydrophobic/hydrophilic character to the silica surface. The nature, density and distribution of 

these surface functionalities determine the physico-chemical properties of silica surfaces, and in 

particular the adsorptive features. In the present work, AEROSILOX50, a highly pure 

pyrogenic amorphous SiO2 powder, was used. Noteworthy, silicas of the AEROSIL type were 

used in several studies on the abiotic polymerization of amino acids,19, 22, 27 and, very recently, on 

the formation of a nucleoside (adenosine monophosphate) and one of its molecular precursor 

under prebiotic conditions.32 AEROSILOX50 was selected for the purpose of this work 

because of its specific surface area (SSA) of ca. 50 m2/g. This SSA is, on one side, high enough 

to obtain clearly detectable IR signals of surface species, while on the other side, low enough to 

be unaffected by calcination up to 973 K (vide infra). Thus, the removal of surface silanols 

without changes of the texture of material is attained. 

 

 

 

 



 6 

RESULTS AND DISCUSSION 

Evolution of surface silanol population along step-wise thermal treatment 

The amorphous silica surface, depending on the method of preparation, exhibits Si-OH groups 

which are usually in relatively strong mutual hydrogen bond (H-bond) interaction. When silica 

samples are heated at increasing temperature under continuous pumping, a dehydration process 

occurs involving the condensation of hydrogen bonded SiOH groups with the formation of 

siloxane bond (Si-O-Si) and water, usually removed during the pumping process. The 

dehydration process is complex and it is highly dependent on the nature of the considered silica; 

i.e., it depends on the silanol distribution. During the dehydration progress, the silica surface will 

become less rich in SiOH groups, eventually ending up with just isolated Si-OH group. These 

groups are well far apart (about one Si-OH per nm2) and are surrounded by Si-O-Si bonds. The 

hydrophobic character is also increased during the process (the Si-O-Si bond dominates over the 

Si-OH groups), driving the adsorption of molecules through dispersive interaction rather than 

through hydrogen bond with the Si-OH groups. During a high temperature treatment, it can also 

occur that pair of Si-OH groups will condense, giving rise to highly strained (and therefore 

reactive toward adsorbed molecules) (Si-O)2 and (Si-O)3 rings. A key point of the experimental 

part of the present work was the setup of proper thermal treatment conditions, which allows: i) a 

selective, progressive removal of distinct families of silanols (SiOH) differing in strength of 

mutual H-bond interactions because of the different inter-silanol distance, and ii) any presence of 

surface strained siloxane bridges (vide supra). The point ii) is crucial, as such bridges are known 

to be reactive with amine and carboxylic acids, as well as H2O molecules,33 all of them being 

species involved in our reaction of interest. These targets were successfully attained by 

calcination in static air at 723 K and then at 973 K (details on the heating rate and duration of 
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isothermal treatments are available in the Methods section). As anticipated above, the SSA 

remained unchanged, even after calcination at the highest temperature (see Table 1).  

 

Table 1 Specific surface area (SSABET) of silica samples in the pristine form and after 

calcination in air at 723 and 973 K. The accuracy of the measurement is ca ± 5%. 

Sample SSABET (m2 g-1) 

Pristine 47 ± 3 

Calcined in air at 723 K 47 ± 3 

Calcined in air at 973 K 49 ± 3 

 

For the sake of completeness, we also assessed the invariance of both XRD pattern and Raman 

spectrum (see Figure S1 of the Supporting Information, SI). 

Through IR spectroscopy in a controlled atmosphere we monitored the effect of the thermal 

treatments on surface silanols. Evidence of the irreversibility of the removal of silanols towards 

subsequent contact with water is depicted in Figure 1. The ν(OH) spectrum of pristine, thermally 

untreated silica outgassed at beam temperature (hereafter b.t.) appears composed by (Figure 1A, 

curve a) a narrow peak at 3747 cm-1 due to “isolated” silanols (i.e., not involved in any inter-

silanol interaction), and by a complex and broad absorption, asymmetric over the low frequency 

side, due to interacting  surface silanols and intraglobular Si-OH (vide infra).34 The pattern in the 

2100-1500 range is due to combination (1995 and 1870 cm-1) and overtone (1630 cm-1) modes of 

the silica bulk network,34 and was used to normalize the spectra of different samples with respect 

to the same silica amount. A H/D isotopic exchange was carried out by replicating D2O vapor 
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(20 mbar) admission/outgassing steps until invariance of the spectra (Figure 1A, curve b). 

Typically, 5 cycles ensured a full exchange. Surface silanols, now in the Si-OD form, produced 

the ν(OD) pattern in the 2800-2100 cm-1 range, whereas the ν(OH) pattern in the 3750-3000 cm-1 

range monitors the presence of intra-globular Si-OH, which are not accessible to H/D 

exchange.34 Noteworthy, evidence of the complete desorption of water molecules from the silica 

surface by outgassing at b.t. is provided by absence of changes in the 1700-1600 cm-1, where the 

δ(H2O) signal, if present, should disappear in favor of the downshifted δ(D2O) one. As expected, 

a D/H isotopic back exchange by contact with 20 mbar of H2O vapor fully restored the initial 

spectrum of the pristine silica sample outgassed at b.t. (Figure 1A, curve c). 

 

Figure 1. IR spectra of SiO2 samples: A) in the pristine form; B) calcined at 723 K; C) calcined 

at 973 K. In each section: a) sample outgassed at b.t.; b) after isotopic H/D exchange by 

admission (20 mbar)/outgassing at b.t. of D2O vapor; c) after isotopic D/H back exchange, by 

admission (20 mbar)/outgassing at b.t. of H2O vapor. 
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Equivalent sets of spectra were acquired for silica samples calcined at 723 K (Figure 1B) and at 

973 K (Figure 1C). In the following, we describe the effect of thermal treatments on surface 

silanols. It is worth mentioning that also for these cases the final contact with H2O vapor and 

subsequent outgassing restored the spectra obtained after the initial outgassing at b.t (curves a 

and c in Fig 1B and 1C), thus witnessing for the absence of reactive surface strained siloxane 

bridges. Moreover, the H/D exchange reveals that thermal treatment also promoted the 

condensation between intra-globular silanols (curves b in Figure 1B and 1C). 

For each sample, the subtraction of the ν(OH) pattern of intra-globular silanols (curves b) from 

that obtained after initial outgassing at b.t (curves a) allows to obtain the ν(OH) spectral profile 

due to surface Si-OH only. The results are shown in Figure 2A. For the pristine SiO2 (curve a), 

the ν(OH) pattern of surface silanols is constituted by: i) the narrow peak at 3747 cm-1 due to 

isolated SiOH, asymmetric on the low frequency side, ii) a shoulder at 3720 cm-1 (SiOH 

terminating chains of interacting silanols), iii) an ill resolved sub-band at 3665 cm-1 (weakly H-

bonded silanols), and iv) a broad component with maximum at 3530 cm-1 (asymmetric down to 

3000 cm-1) due to H-bonded SiOH.34 ν(OH) signals below 3735 cm-1 were almost depleted by 

thermal treatment at 723 K (Figure 2A, curve b), monitoring the removal of the overwhelming 

part of H-bonded silanols. This depletion is accompanied by an increase in intensity of the peak 

at 3747 cm-1, still asymmetric on the low frequency side, due to the additional contribution of 

silanols that remained isolated after removal of their interacting partner(s). By increasing the 

temperature treatment up to 973 K, condensation of all types of surface silanols absorbing below 

ca. 3730 cm-1 appeared completed, and the peak at 3747 cm-1 becomes narrower and more 

symmetric and intense (for the same reason indicated above). A clearer and more detailed view 

of the evolution of the surface silanols population, as monitored through the ν(OH) pattern, is 
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provided by the difference between the spectra of the silica before and after each step of the 

thermal treatment (Figure 2B). The correctness and effectiveness of this spectral subtraction is 

guaranteed by the possibility to normalize the original spectra with respect to the mass of silica 

and the constancy on the SSA. The difference between the spectra of the sample calcined at 723 

K and the pristine one (Figure 2B, curve b-a) results in a broad negative band, with the high 

frequency onset at 3735 cm-1, constituted by the overlapping of several components, located at 

lower frequency as the strength of inter-silanols interaction (likely of the H-bond type) increases. 

The difference between the spectra of samples calcined at 973 or at 723 K (Figure 2B, curve c-b) 

provides evidence that the increase of the calcination temperature mainly results in the removal 

of very weakly interacting silanols, characterized by a ν(OH) of 3742 cm-1 (minimum of the 

negative part of the difference spectrum). In both difference spectra, the sharp peak at 3747 cm-1 

is due to the newly formed isolated silanols.  
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Figure 2. IR spectra of SiO2 samples with different surface SiOH populations (spectra collected 

after outgassing at b.t.). Data in section A are the result of the subtraction of the ν(OH) pattern 

due to intraglobular silanols (inaccessible to reactants; curves b in Figure 1) from the total ν(OH) 

pattern (surface + intraglobular; curves a in Figure 1). a) pristine SiO2; b) after calcination at 723 

K; c) after calcination at 973 K. The differences between pairs of spectra in panel A are depicted 

in panel B, showing the decrease and increase in intensity of ν(OH) components due to surface 

Si-OH removed (negative signals) or affected by a change in intersilanol interaction (positive 

signal) as a consequence of the thermal treatments. Curve b-a) effect calcination at 732 K. Curve 

c-b) effect of the subsequent calcination at 973 K. 

 

The much larger integrated intensity of the negative band in curve b-a with respect to the 

negative part of curve c-b does not correspond to the ratio of amounts of silanols removed by 

calcining at a different temperature. The same occurs for the positive sharp peak. In fact, the 

integrated intensity of OH stretching absorption increases linearly as the ν(OH) decreases, with a 

factor of ≈ 4 passing from H-bonded silanols absorbing at ca. 3530 cm-1 to very weakly 

interacting and isolated silanols absorbing in the 3730-3750 cm-1 range.35-36  

Interaction of reactants with the silica surface 

We initially considered methylamine (MA) and formic acid (FA) as reactants for amide bond 

(AB) formation because of the possibility to simplify quantum chemical calculations aimed to 

provide an atomistic interpretation of experiments (see below). Nevertheless, the expected 

product of the MA + FA condensation reaction (i.e., presumably methyl formamide) was found 

to be poorly stable against hydrolysis (as from HR-MS analysis of an aqueous MFA solution, see 

Figure S2A of SI). Thus, the final step of the experimental procedure described in the following, 

requiring the contact with D2O of the species remained on the silica surface, could result also in a 
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partial hydrolysis of methyl formamide. For this reason, 1-pentanamine (PA), with a longer alkyl 

chain likely protecting the amide-derivative from hydrolysis (see Figure S2B of SI) was also 

used. The spectra collected along the sequential admission of PA and FA on a silica sample are 

shown in the main text, while the analogous series obtained for MA and PA are reported in SI 

(Figure S3-S6 of SI), for the sake of completeness.  

As a preliminary step, samples of thermally untreated silica were contacted in separated 

experiments with PA and FA vapors. The contributions of dispersive interactions between PA 

and the silica surface resulted in the resistance to outgassing at b.t. of a non-negligible fraction of 

adsorbed PA molecules (see Figure S7 of SI). Conversely, FA appeared to be reversibly 

adsorbed under outgassing at b.t. (Figure S3 of SI). These results were considered representative 

of the adsorptive behavior towards these molecules also for thermally treated SiO2 samples, 

carrying at their surface fractions of the silanol population present on the pristine silica, and 

without the additional presence of reactive strained siloxane bridges, as commented above. Thus, 

the AB reaction between PA and FA was carried out, using the IR cell as a batch reactor, with 

the inlet for reactants on the top and the sample at the bottom (see Figure S8 of SI). SiO2 samples 

were contacted first with PA vapors and outgassed at b.t., leaving adsorbed amine molecules, and 

then doses FA vapors at low pressure were sequentially admitted in the cell. The effect of the 

sequential admission of reactants on the thermally untreated SiO2 samples, as monitored by IR 

spectroscopy, is displayed in Figure 3 and Figure 4. The admission of PA molecules results in a 

perturbation of the ν(OH) pattern of the surface silanols, and in particular the sharp component 

peaked at 3747 cm-1 is converted in a broad band at lower frequency spread over the 3300-2400 

cm-1 range, indicating that SiOH behaves as a donor of a strong H-bond towards adsorbed amine 

molecules (Figure 3, curves a and b and Figure S7 of SI). In a first experiment, the subsequent 
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outgassing of PA was stopped when the narrow ν(OH) feature at high frequency started to 

reappear (Figure 3, curve b). The perturbation of the ν(OH) pattern is accompanied by the 

appearance signals at 3374 and 3311 cm-1 (asym and sym ν(NH2), respectively), 3000-2800 cm-1 

(-CH3 and –CH2 stretchings), 1605 cm-1 (δ(NH2)) and 1470 cm-1 (asym δ(CH3)).37 

 

 

 

Figure 3. Infrared spectra of pristine SiO2 outgassed at b.t. and subsequently contacted with 1 

pentanamine (PA) and formic acid (FA): a) dotted black line, sample outgassed at b.t.; b) after 

admission of PA and subsequent outgassing  until the initial reappearance of the narrow silanol 

ν(OH) peak high frequency ; b→d) after admission of FA until depletion of ν(NH2) signals at 

3374 and 3311 cm-1; d, e) after subsequent outgassing at b.t.; f) after D2O admission (20 

mbar)/outgassing at b.t. until spectral invariance. 
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Increasing amounts of FA were then admitted on the silica sample in contact with PA, until 

depletion of the ν(NH2) stretching signals (curves b→d). In parallel bands due to formate species 

(2815 cm-1: ν(CH); 1575 cm-1: asym ν(COO-))38 and to protonated PA (ca. 3300 cm-1: –NH3
+ 

stretchings; 1620 cm-1(shoulder): mainly asym δ(NH3
+), since the sym δ(NH3

+) is likely 

contributing to the low frequency side of the asym ν(COO-) band)37 appear. If present, the 

ν(C=O) signal due to possibly formed amide molecules is expected to fall in the 1670-1650 cm-1 

range, thus overlapped to the deformation band of the co-produced H2O (see above) and the 

asym δ(NH3
+) signal. To assess the presence or absence of a ν(C=O) sub-band, the sample was 

outgassed at b.t (curves d,e), and then underwent D2O adsorption/desorption cycles (see above, 

Figure 1 and related comments), in order to downshift the signals due water and protonated 

amine groups, converted in ND3
+ by isotopic exchange, leaving almost unperturbed only the 

ν(C=O) component, if present. This was not the case (curve f), indicating that amide molecules 

were not formed. An additional view of this result is shown in Figure 5, in comparison with 

those obtained by carrying out the PA-FA reaction in different conditions 
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Figure 4. Infrared spectra of pristine SiO2 outgassed at b.t. and subsequently contacted with 1 

pentanamine (PA) and formic acid (FA): a) dotted black line, sample outgassed at b.t.; b) after 

admission of PA until halving the intensity of the peak at 3747 cm-1, due to isolated silanols; 

b→g) after admission of FA until depletion of ν(NH2) signals at 3374 and 3311 cm-1, grey 

curves show intermediate amounts of FA; g→m) after subsequent outgassing at b.t. until 

invariance of spectra (grey curves show intermediates steps of outgassing); n) after D2O 

admission (20 mbar)/outgassing at b.t. until spectral invariance. 

 

The experiment was then repeated on a different silica pellet, this time prolonging the outgassing 

of initially adsorbed PA molecules in order to recover in a larger extent the high frequency 

ν(OH) signal of silanols (Figure 4, curves a,b). Thus, doses of FA were subsequentially admitted, 

with a consequent decrease in intensity of the ν(OH) band of unperturbed surface silanols 

(curves b→g). After subsequent outgassing (curves g→m), the isotopic exchange by 
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admission/outgassing of D2O vapor was carried out, and in this case a band at 1656 cm-1, 

assignable to the ν(C=O) of amide molecules is clearly detected (curve n). 

IR data collected along equivalent experiments on silica samples calcined at 723 K and 973 K 

are reported in Figure S9 and S10 of SI. 

Detection of reaction products 

For the sake of clarity, the spectral features due to species remaining on the surface of pristine 

and calcined silica samples after the sequential contact with PA and FA, and the final H/D 

exchange are shown in panel A of Figure 5, focusing on the range relevant for the ν(C=O) band 

of amide species. For the sake of completeness, also the spectra obtained for the MA+FA 

reaction are reported in panel B of Figure 5 (original spectra in Figures S4-S6 of SI). As reported 

above, the ν(C=O) signal is absent in the spectrum resulting from the experiment carried out on 

thermally untreated silica loaded with PA molecules occupying all surface silanols (panel A, 

curve a0). Conversely, this signal is present for experiments carried out by dosing FA on 

thermally untreated silica samples loaded with PA or MA molecules occupying only a fraction of 

surface silanols (curves a, panel A and B, respectively). As far as the effect of removal of surface 

silanols by thermal treatment of silica is concerned, data resulting from both the PA+FA and 

MA+FA sets of experiments  show an equivalent trend: a ν(C=O) band at 1656/1665 cm-1 

assignable to penthylformamide/methylformamide present when the catalyst is silica in the 

pristine form (curves a) and calcined at 723 K (curves b), whereas only traces of these signals 

appear for experiments carried out on silica calcined at 973 K (curves c). The resistance of 

penthylformamide towards hydrolysis allowed to confirm its formation by HR-MS analysis of 

the washing aqueous solution of samples contacted with PA and FA (panel A inset: m/z = 
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116.1069, and Figure S2 and S11 of SI). This collection of data clearly indicates that amidation 

between PA/MA and FA occurred on silica only in the presence of silanols responsible of the 

3742 cm-1 peak, no longer present after calcination at 973 K (see Figure 2B). Furthermore, 

formation of ionic pairs from adsorbed PA and FA (as monitored through the νasym(COO-) signal 

at 1584 cm-1 in panel A) also seems to depend on the presence of silanols characterized by the 

ν(OH) at 3742 cm-1.  

 

Figure 5. IR spectra, in the 1700-1500 cm-1 range, of species left adsorbed on the surface of SiO2 

samples after the sequential contact with PA + FA (panel A) or MA + FA (panel B). Curve a0 

(dotted line) in panel A is the result of the differences between the last and the first spectra in 
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Fig. 3 (curves f and a, respectively). The other curves are the results of the difference between 

the last and the first spectra in Figure 4, S9 and S10 (PA + FA reaction, panel A), and Figure S4-

S6 (MA+FA reaction, panel B):  a) pristine SiO2; b) SiO2 calcined at 723 K and at c) 973 K. 

 

This was not the case of the MA+FA reaction (panel B, band at 1582-1589 cm-1), where 

adsorbed amine molecules were in equilibrium with molecules in vapor phase (see comments on 

Figure S4-S6 in SI), and these latter underwent salification with incoming FA, irrespective of the 

hydroxylation state of the silica surface.  

Rationalization of experimental results by means of quantum chemical calculations 

Our experimental findings pose a fundamental question: why the presence of the specific SiOH 

peaked at 3742 cm-1 is mandatory for the occurrence of AB formation? Answering this question 

will indeed shed some light into the role of the silica surface in the reaction. To this end, we use 

quantum chemical calculations as they can provide an atomistic interpretation of the 

experiments. Calculations adopt a cluster approach within the ONIOM2[B3LYP/6-

311++G(d,p):MNDO] method for optimization and frequency calculations and refining the 

energetics with single-point energy calculations at full B3LYP-D3/6-311++G(d,p) level, 

inclusive of dispersion interaction estimate. Further computational details are shown in the 

Methods section. The silica cluster model (shown in Figure 6A) presents two very weakly 

interacting SiOH groups, with a H···O and a O···O intersilanol distances of about 4.9 and 5.5 Å, 

respectively, as imposed by the rigidity of the model. It is worth noting that the four-Si-

membered ring hosting the silanol pair did not play any specific role in the reaction, as it simply 

derives from the edingtonite mineral adopted to define the cluster model (see Computational 

details). Calculated ν(OH) frequencies (see Figure S12.A and Table S1 of SI) are 3746 and 3751 
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cm-1 (using a scaling factor of 0.95939); i.e., exactly mimicking the frequency shift of 5 cm-1 of 

the experimental 3747 and 3742 cm-1 bands. Rotation of the SiOH groups to break the weak 

attractive through-space interaction equalizes the ν(OH) values, as expected (3751 and 3752 

cm-1, see Figure S12.B). These results indicate that the model reported in Figure 6A does account 

quantitatively for the measured spectroscopic features on the real silica sample outgassed at 

723 K.  

The adopted cluster model exhibits H atoms to cap the Si dangling bonds. In the real material, 

exposed surface tetrahedra exhibit OH groups as termination, which renders the material 

hydrophilic to various degrees. To check for the dependence of the results upon H or OH 

termination, we repeated some calculations for cluster terminated by OH groups. The optimized 

structural parameters of this cluster model are very similar to those in the H-saturated one, with 

the H···O and a O···O inter-silanol distances of about 5.0 and 5.6 Å (see Figure S13 of SI). The 

calculated ν(OH) frequencies of 3750 and 3745 cm-1 (using the 0.959 scaling factor) are very 

close to those for the H-saturated cluster with the same frequency shift of 5 cm-1 (see Table S2 of 

SI). In conclusion, details of the H-terminated cluster model adopted in this work are 

indistinguishable from the OH-terminated one. 
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Figure 6. A) cluster model for the SiO2 surface, where atoms in balls belong to the high-level 

zone and in sticks to the low-level zone in the ONIOM2 calculations. B) The pre-reactant 

structure, since now referred to as REACT, for AB formation, presenting ionic and canonical 

forms of the FA/MA pair. Only the reactive part is presented. Bond distances are in Å. 

 

As mentioned above, to simplify the calculations, we adopted FA and MA as reactants to give 

methylformamide (MFA). Experimentally, salification is observed, meaning that 

CH3NH3
+/CH3-(CH2)4-NH3

+ and HCOO- are present. However, these ionic species are not 

reactive towards AB formation since neither the amino groups can carry out the nucleophilic 

attack (they are in the ammonium cationic form) nor the C of the carboxylic groups are 
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pairs, which are indeed prone towards AB formation. Since the experimental results indicate that 

amide bond formation actually occurs, there must be a co-presence of ionic and canonical pairs, 

the latter feeding the reaction channel giving the amide product. Thus, a suitable initial state for 

the reaction is REACT, shown in Figure 6B, in which two FA and two MA interact with the 

silica sites, with one FA/MA pair in ionic form and the other as canonical pair. It is worth noting 

that forcing REACT towards a structure (ION, Figure S14) in which all pairs are set up to be in 

the ionic state, brings about an increase in the free energy by about 5 kcal mol-1 (Table S3 of SI), 

with only one SiOH engaged in the interaction. When all SiOH groups are occupied like the one 

in ION, we end up with only ion pairs at the surface, in agreement with FA interacting with an 

initially PA loaded silica surface (see Figure 3 and related comments). While REACT may bring 

to AB formation, ION like structures are obviously inactive (see supra). 

Figure 7A shows the proposed mechanism for the AB formation alongside the corresponding 

free energy profile at 323 K, as we considered that the reaction occurs under the thermal effect of 

the infrared beam. Potential energy values and free energy values at 298 K are available in 

Figure S15 and Table S4 of SI. The canonical forms of MA and FA of the initial state (the 

REACT structure of Figure 6B) react through a C-N coupling (TS1) to form the metastable 

CH3NH2(+)CHOHO(-) zwitterionic species (INT). The calculated free energy barrier at 323 K 

(∆G≠
323) of this coupling is 11.5 kcal mol-1, with INT at 9.6 kcal mol-1 with respect to REACT. 

The second step involves the dehydration and final formation of MFA. It takes place by two 

simultaneous processes (TS2): i) a proton transfer from CH3NH3
+ to the OH group of INT to 

release H2O; and ii) a proton transfer from the NH2 moiety of the metastable species to the 

deprotonated HCOO-. This step has an intrinsic ∆G≠
323 of 18.5 kcal mol-1 and the overall process 

is favorable by -7.8 kcal mol-1 (see PROD-n). Interestingly, the initial ionic FA/MA pair 
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transforms into a canonical pair after AB condensation (see PROD-n). An interesting point is to 

assess whether this canonical pair can be converted back to the ion pair, restoring its catalytic 

activity for a new condensation cycle. This process is shown in Figure 7B: FA transfers its 

proton to MA, which moreover is assisted by the H2O molecule resulting from the AB 

condensation. The calculated intrinsic ∆G≠
298 is very low (1.2 kcal mol-1, TS3) and the final state 

is more stable by 1.3 kcal mol-1 (PROD-i).  

The proposed mechanism clearly shows that silica surface is essential for the occurrence of the 

AB formation, as the uncatalyzed gas-phase AB process proceeds in a concerted way with a high 

kinetic barrier of ∆G≠
323 ≈ 48 kcal mol-1 (see Figure S16 and Table S5 of SI). The key point is 

the presence of the spatially specific SiOH surface sites, allowing the coexistence of FA/MA 

pairs in their ionic and canonical states. The FA/MA ion pair actively participates in the AB 

formation between the FA/MA canonical pair, particularly in the dehydration step, in which the 

acidity of CH3NH3
+ lowers the energy barrier for the H2O elimination. Remarkably, the removal 

of one silanol group from our model cluster leads to the transformation of the canonical FA/MA 

pair into its ionic form, which is stabilized by the interaction with the other FA/MA ion pair (see 

Figure 8) de facto preventing the nucleophilic step essential for the AB formation. Thus, the 

presence of only isolated surface SiOH does not provide a suitable scenario for the AB 

formation, in full agreement with the spectroscopic evidence provided by Figure 5A, B, curves c 

for the silica sample outgassed at 973 K 
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Figure 7. Free energy profiles at 323 K (in kcal mol-1) for the AB formation mechanism (A) and 

the restoring of the ionic FA/MA pair (B). Bond distances are in Å. 
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It can be then proposed that the actual reaction is between canonical FA and MA in the presence 

of the ionic CH3NH3
+/HCOO- pair, in which the role of the weakly interacting silanol groups is 

essentially to help setting up the coexistence of both canonical and ionic pairs. The silanol 

groups, in fact, are not directly involved in making/breaking bonds during the catalytic process. 

Noteworthy, this can be compared with the role of solid state surfaces in heterogeneous catalytic 

processes carried out by frustrated Lewis pairs (FLP). In these cases, surfaces are simply used to 

immobilize the FLP, while the actual catalysis is performed by the supported Lewis acid/base 

components of the FLP.40-42 Nevertheless, in our case the difference is that one of the two SiOH 

of the weakly interacting pair acts as an anchoring site for surface bound CH3NH3
+/HCOO- pair 

which is the actual catalyst in the dehydration step, and the other acts as an anchoring site for the 

reactant; i.e., the canonical CH3NH2/HCOOH pair. 

 

Figure 8. ONIOM2-optimized geometry (H-bond distances in Å) of a system with 2 formic 

acids and 2 methylamines on a silica surface model with only one SiOH group. The initial guess 

structure is REACT in which one SiOH group was removed. 
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Moreover, the interaction of the canonical FA with both SiOH and the CH3NH3
+ species 

activates the C atom of the C=O group towards the nucleophilic attack, as shown by the 

formation of the metastable CH3NH2(+)CHOHO(-) species (INT in Figure 7A). Remarkably, 

formation of this kind of metastable intermediates was also identified in simulations on the 

peptide bond formation in the ribosome,43 which induces a lowering of the energy barriers 

compared to the uncatalyzed processes. The stabilization of these metastable species, in our case, 

is due to the interaction with one silica SiOH group and the FA/MA ion pair adsorbed on the 

other SiOH, whereas in the ribosome a sugar OH functionality and a water molecule play this 

role.  

The experimental set up available and the reaction procedure adopted (a series of small doses of 

FA admitted on preadsorbed PA) prevented the possibility to obtain experimental insights on the 

kinetic features of the reaction. However, by adopting the standard transition state theory using 

the DFT data for the potential free energy surface of the AB reaction (see Figure 7A) allows to 

derive the kinetic constants for each reaction step, as highlighted in Scheme 1. Results are:  k1 = 

1.11×105 s-1, k-1 = 3.48×1011 s-1, k2 = 5.46×106 s-1, K = 3.19×10-7 and k = 1.74 s-1, with (by 

assuming first-order in the REACT adduct) a half-life time of τ1/2 = 0.2 s.  
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Scheme 1. Kinetic model adopted to derive rate constants for the AB formation. 

 

From amorphous silica to α-quartz: relevance in prebiotic chemistry 

While the present results are fully valid for technological applications, it is stimulating to 

consider how to put them in the prebiotic context due to the absence of amorphous silica as 

natural material. In nature, silica is present in its crystalline polymorphs, mainly α-quartz or β-

cristobalite. The question is, therefore, whether the presence of the specific silanol pair 

responsible of the stabilization of the ion/canonical reactive species is exclusive of a specifically 

treated amorphous silica material. To elucidate this aspect, we have studied the occurrence of 

specific surface SiOH pairs at the α-quartz hydroxylated (010) surface, one of the most common 

crystal faces of α-quartz. This surface has a surface OH density of 7.4 OH nm-2 and has been 

exhaustively characterized theoretically by some of us.44 Due to the high degree of 

hydroxylation, most of the silanol groups are H-bonded so that the pristine surface does not 

exhibit the specific SiOH non-interacting pairs (see “pristine surface” of Figure 9A). However, 

mutually interacting silanol groups can undergo condensation reactions yielding the formation of 

siloxane groups; i.e., SiOH + SiOH → Si-O-Si + H2O, a process quite common on such a highly 

hydroxylated surface. Hence, “defects” are created in the silanol population of an ideally perfect 

crystalline surface.  

We have easily identified condensation processes (between those silanol pairs present in the 

insets of Figure 9A) giving rise to a pair of silanols no longer involved in H-bonding (labeled 

with an asterisk in Figure 9A). We optimized at B3LYP/6-311G(d,p) level with the 
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CRYSTAL14 program45 the surface structure upon condensation of these silanol groups. The 

resulting surface (see the top and lateral view of the “condensed surface” in Figure 9A and 

Figure 9B, respectively) exhibits the specific SiOH pair with H···O and O···O inter-silanol 

distances (about 5.0 and 5.6 Å, respectively), very close to those for the cluster model adopted 

here. Moreover, the calculated ν(OH) frequencies for the SiOH pair are 3737 and 3733 cm-1, 

with a frequency difference almost coincident with that recorded experimentally (i.e., 5 cm-1). 

Additionally, to determine if the condensed α-quartz surface can host the ion/canonical reaction 

species, we have optimized the REACT structure on top of the (010) α-quartz surface to assess 

its structural stability. The optimized structure (see REACT-analogue of Figure 9B) shows a 

structure exhibiting the same H-bond patterns as those computed for the cluster model.  

It is reasonable, however, wondering if the formation of the specific weakly interacting silanol 

pair via condensation of silanol groups is exclusive to the α-quartz (010) surface or is common 

also for other hydroxylated surfaces. For this reason, we extended the condensation processes to 

other α-quartz hydroxylated surfaces; namely, the (001), the (011) and the (100) ones, to see 

whether the resulting surfaces also present the specific weakly interacting silanol pair. Results 

indicate that this is indeed the case for most of them. These pairs of silanol groups are separated 

by about 4.6 – 5.0 Å, while frequency calculations revealed frequency difference of about 5 – 8 

cm-1 (see Figure S17-S19 of SI).  

In view of these results, we argue that other common silica forms with moderate degree of 

surface hydroxylation can exhibit similar catalytic activity towards the AB formation to that 

occurring on our amorphous silica sample.  
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Figure 9. A) Top view of the crystalline (010) α-quartz surface in its pristine and condensed 

forms. The SiOH groups labelled by asterisk are those constituting the specific SiOH pair while 

the insets show the condensing silanols and the resulting siloxane groups. B) Lateral view of the 

optimized geometry of the condensed (010) α-quartz surface (above), and optimized structure of 

the pre-reactant complex for AB formation (that is, the REACT-analogue) on the condensed 

(010) α-quartz surface, presenting the ionic and canonical forms of the FA/MA pairs (below). 

Bond distances are in Å. Unit cell borders are highlighted in blue. 
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CONCLUSIONS 

This work focuses on the direct amide bond formation between amines and carboxylic acids 

occurring on silica surfaces by combining IR measurements and quantum chemical calculations 

based on established accurate model chemistry. IR results indicate that AB formation occurs only 

if specific weakly interacting SiOH pairs are present. The amount of these pairs depends on the 

“thermal history” of the material. In the present case, we adopted a pyrogenic silica with an 

initial low silanol density (ca. 1.5 OH nm-2). We proved that thermal treatment at 973 K almost 

depletes the active pairs. Quantum chemical calculations provided the atomistic model for this 

SiOH pairs, which in turn are responsible, as absorbing site, of the coexistence of 

amine/carboxylic acid pairs in their canonical and ionic forms. This coexistence is an essential 

point for the occurrence of the AB formation, as the canonical pair is the reacting one while the 

ion pair acts as catalyst for the dehydration step. Moreover, the interaction of the canonical pair 

with both surface SiOH and the ion pair stabilizes a metastable intermediate species, inferring a 

significant decrease of the overall energetics compared to the uncatalyzed gas-phase process. 

Standard transition state theory on the DFT free energy barriers indicates that the kinetic of our 

silica-catalyzed mechanistic proposal for the AB formation is reasonably fast. The work also 

points out that the presence of the specific SiOH group pairs is not exclusive of the adopted SiO2 

sample, but they can also be present in other types of silicas with moderate surface silanols 

populations. This might be also the case of natural common forms of silica polymorphs present 

in early Earth, so that they may have behaved as a cradle for the prebiotic amide bond formation. 

METHODS 

Experimental Details 
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The commercial silica powder AEROSIL OX50 (by EVONIK; SiO2 content ≥99.8 wt%, as 

from www.aerosil.com) was used as catalyst. Formic acid, 1-pentanamine and D2O (99.90% D) 

were high-purity Sigma-Aldrich products. The vapors of these chemicals, as well as those of 

Milli-Q water (Millipore system), were admitted onto the samples in the IR cell after several 

freeze-pump-thaw cycles. Pure gas N-methylamine was purchased from PRAXAIR (UCAR). 

The thermal treatments of the samples were carried out in a muffle furnace. SiO2 powder was 

pressed in form of self-supporting pellets which were introduced in the furnace and ramped for 

30 min up to 723 K and kept at this temperature for 2.5 hours. Samples were then left to cool 

down to room temperature (required time ca. 5 hours). A set of so treated pellets was then 

ramped for 30 min up to 973 K, again kept at this temperature for 2.5 hours, and left to cool 

down to room temperature (required time ca. 9 hours).  

Volumetric measurements of the specific surface area (N2 adsorption at 77 K; BET method) were 

carried out on pieces obtained by manual crushing in mortar pellets of the pristine silica or 

resulting from the thermal treatments. The instrument used was an ASAP2020 by Micromeritics. 

Before measurements, samples were outgassed overnight at room temperature (residual pressure: 

10-4 mbar). 

For IR spectroscopic measurements, pellets of the pristine silica or resulting from the thermal 

treatments described above were placed in a traditional IR cell equipped with CaF2 windows and 

a valve for connection to vacuum lines (residual pressure 1.0⋅10-5 mbar) allowing 

adsorption/desorption experiments to be carried out in situ. The spectra were collected with a 

Bruker VECTOR22 instrument (DTGS detector) at beam temperature (ca. 323 K) with a 

resolution of 4 cm-1, by accumulating 100 scans, to attain a good signal-to-noise ratio. 
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After experiments involving the contact of both reactants (amines and formic acid) with the 

samples, pellets were removed from the cell, manually ground in an agate mortar and suspended 

in 0.5 mL of Milli-Q water. Suspensions were shaken for 15 min by a Vortex mixer and then 

centrifuged for 10 min at 10k rpm. After removal of the supernatant, the solid was treated a 

second time with the same volume of water. The two aliquots of the aqueous solutions were then 

mixed, and analyzed by high-resolution mass spectrometry. 

High-resolution mass spectrometry analyses of the washing solutions were performed using an 

LTQ Orbitrap mass spectrometer (Thermo Scientific) equipped with an atmospheric pressure 

interface and an electrospray ionization (ESI) source. The source voltage was set to 4.48 kV. The 

heated capillary temperature was maintained at 538 K. The tuning parameters adopted for the 

ESI source were: capillary voltage 0.02 V, tube lens 24.77 V; for ions optics: multipole 0 offset 

−4.28 V, lens 0 voltage −4.36 V, multipole 0 offset −4.28 V, lens 1 voltage −13.69 V, gate lens 

voltage −8.84 V, multipole 1 offset −18.69 V, front lens voltage −5.09 V. Mass accuracy of 

recorded ions (vs calculated) was ± 1 mmu (without internal calibration). Samples, added of 100 

µL of a 0.1 M HCOOH aqueous solution, were delivered directly to the mass spectrometer via a 

hamilton microliter syringe at constant flow (10 µl min-1). 

Computational Details 

Calculations were run on a cluster model to simulate a silanol-containing amorphous silica 

surface (shown in Figure 6A). The cluster was derived from a secondary building unit of the 

crystalline all-silica edingtonite structure to ensure sufficient rigidity in the models during 

geometry optimization as envisaged by the presence of four-Si-membered rings in the 

framework. 
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All molecular calculations were performed using the Gaussian 09 program.46 To increase the 

speed of the calculations, the structures of the reactants, transition states, and products were 

optimized using the ONIOM2[B3LYP/6-311++G-(d,p):MNDO]47-50 method, where atoms in 

balls belong to the high-level zone and in sticks to the low-level zone (see Figure 6A). For 

consistency, reactant molecules were included in the high-level zone of the ONIOM2 

calculations. The reaction energetics were refined by performing full B3LYP-D3/6-311++G(d,p) 

single-point energy calculations on the optimized ONIOM2 stationary points, with dispersion 

interactions taken into account by including the Grimme’s D3 correction term.51 Structures were 

characterized by the analytical calculation of the harmonic frequencies as minima (reactants and 

products) and saddle points (transition states). Free energies were computed including enthalpy 

and entropy contributions obtained at the ONIOM2 level to the B3LYP-D3/6-

311++G(d,p)//ONIOM2 energies resulting from the standard rigid-rotor/harmonic-oscillator 

treatment.52 In order to check the accuracy of the adopted theoretical level, the un-catalyzed gas-

phase process has also been calculated at the CCSD(T)/aug-cc-pVTZ level on the ONIOM2 

geometries. Comparison of the energetics between the two methods indicates that they are in 

very good agreement (data available in Table S5 of SI), thus supporting the suitability of the 

employed methodology.     

Calculations based on crystalline models of α-quartz surfaces were performed using the periodic 

ab initio CRYSTAL14 code45 For these calculations, we used the B3LYP density functional 

method and the all electron Gaussian 6-311G(d,p) standard basis set. 

 

SUPPORTING INFORMATION 
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The Supporting Information is available free of charge on the ACS Publications website. 

Supplementary experimental results: XRD patterns and Raman spectra of the SiO2 powder, 

scheme of the cell used for the in-situ IR measurements, additional IR spectra of silica samples 

outgassed, contacted with methylamine/pentanamine or formic acid, and contacted with 

methylamine/pentanamine with formic acid, and HR-MS spectra of methylformamide and N-

pentylformamide. 

Supplementary computational results: optimized geometries and related energetic data of: i) 

different conformers of the silica cluster model, ii) H-saturated an OH-saturated silica cluster 

models, iii) the REACT structure with a silica cluster model containing two and one SiOH 

surface group, iv) the uncatalyzed gas –phase reaction of CH3NH2 + HCOOH → CH3NHCHO + 

H2O, and v) pristine and condensed (001), (011) and (100) α-quartz surfaces; Cartesian and 

fraction coordinates of all the optimized structures. 
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