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Abstract 

A theoretical model of hydrogenated amorphous carbon (HAC) is developed and applied 

to study the interaction of glycine with HAC surfaces at astronomical temperatures. Two 

models with different H content are tried for the HAC surface. The theory is applied at 

Density Functional Theory (DFT) level, including a semiempirical dispersion correlation 

potential, d-DFT or Grimme DFT-D2. The level of theory is tested on glycine adsorption on 

a Si (001) surface.  

Crystalline glycine is also studied in its two stable phases, α and β, and the metastable γ 

phase. For the adsorption on Si or HAC surfaces, molecular glycine is introduced in the 

neutral and zwitterionic forms, and the most stable configurations are searched.  

All theoretical predictions are checked against experimental observations. HAC films are 

prepared by plasma enhanced vapor deposition at room temperature. Glycine is 

deposited at 20 K into a high vacuum, cold temperature chamber, to simulate 

astronomical conditions. Adsorption takes place through the acidic group COO- and when 

several glycine molecules are present, they form H-bond chains among them. Comparison 

between experiments and predictions suggests that a possible way to improve the 

theoretical model would require the introduction of aliphatic chains or a polycyclic 

aromatic core.  

The lack of previous models to study the interaction of amino-acids with HAC surfaces 

provides a motivation for this work. 
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1. Introduction  

The degree of chemical complexity attainable in different space regions is a subject of 

intense current investigation.1 Special attention has been devoted to the search of 

organic molecules related to biological compounds. Glycine, the simplest amino acid, has 

been detected in Solar System objects and its presence is suspected, though not yet 

firmly established,2 in the interstellar medium (ISM) where molecules of comparable 

complexity have been observed.3 The routes toward chemical complexity and thus 

toward the formation of glycine involve most likely reactions on grain surfaces.1 Once 

formed, glycine would tend to remain on the grains in cold environments, but would 

desorb from the grains with rising temperature. The equilibrium between adsorption and 

desorption is determined by the strength of the interaction between the amino acid and 

the dust grain surface. The infrared (IR) spectroscopic properties and the survival 

probabilities of glycine in various astronomical media have been investigated by various 

groups, see e.g.4-8 and references therein.  

Other kind of organic compounds of interest in interstellar space are hydrocarbon 

polymers. In fact a large amount of interstellar carbon is locked into polycyclic aromatic 

hydrocarbons and carbonaceous dust grains.1, 9 The composition of these grains is 

believed to be similar to that of hydrogenated amorphous carbon (HAC),10-12 which is a 

complex disordered form of carbon consisting of diamond-like sp3 and graphite-like sp2 

bonded carbon atoms that can exhibit diverse properties depending on its formation 

conditions.13, 14 A   usual way of preparing HAC films in the laboratory is through plasma 

enhanced chemical vapor deposition (PECVD) of suitable gas precursors.15 The IR spectra 

of HAC films generated by PECVD of small hydrocarbons (CH4, C2H2) reproduce reasonably 

well the main absorption bands of interstellar carbonaceous dust.11  

The interaction of the neutral and ionic forms of glycine (Gly) with the surfaces of 

metals and oxides has been recently studied using Density Functional Theory (DFT) 

methods.16-20 These investigations have allowed a precise characterization of the 

biomolecule/surface systems at microscopic level. As far as we know, no such detailed 

investigations have been carried out for the interactions of glycine with analogues of 
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interstellar dust and in particular with HAC. We aim to provide the first model for this 

effect.  

In the present work, we report a DFT study of bulk crystalline glycine, and of the 

adsorption of this amino acid on HAC and on a Si(001) 2x1 surface, which is used as a 

reference. The study is focused on the determination of stable structures, adsorption 

energies and infrared (IR) spectra for the systems of interest. IR spectra of crystalline β 

glycine and of a Gly/HAC sample are also recorded to provide points of comparison for 

the predicted spectra. 

 

2. Experimental  

The experimental set-up consists of a high vacuum cryogenic system coupled to a Vertex 

70 FTIR spectrometer.21, 22 The stainless steel cylindrical chamber, with a residual pressure 

of 5·10-8 mbar, contains a closed cycle helium cryostat, whose cold finger holds an IR 

transparent Si window in close thermal contact. The temperature of the Si substrate can 

be varied between 14 K and 300 K with 1 K accuracy. The IR spectrometer is arranged in 

normal incidence transmission configuration. A rotatable flange allows the orientation 

under vacuum of the Si substrate toward different chamber ports. In one position, it faces 

a sublimation mini-oven of our own design, used previously for glycine5 and alanine 

deposition.23 The oven temperature for glycine sublimation was 140 ± 5o C. After glycine 

deposition the Si substrate was turned to another window to record transmission IR 

spectra. The spectra were recorded with a Mercury Cadmium Telluride (MCT) detector, 

adding between 50 and 300 scans, with 2 cm-1 resolution. The thickness of the glycine 

samples was estimated by comparison of the absorbance values recorded in the present 

measurements with literature spectra for samples of known thickness. Specifically we 

adopted the spectra of ten Kate et al.24 for vapor deposited crystalline glycine at room 

temperature and those of Gerakines et al.
25 for amorphous glycine at 13 K. 

Glycine samples were also deposited at 20 K on Si substrates previously covered 

with a HAC layer. The HAC layer was produced by PECVD in an inductively coupled RF 

discharge reactor described in detail in Maté et al.
21. The reactor consisted of a pyrex 

tube of 4 cm diameter with a 10-turns Cu coil placed externally around its central part. 

The coil was fed by a 13.56 Mhz RF generator to produce the plasma, which was 
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maintained at a constant power of 40 W during deposition. A mixture of CH4 (40%) and 

He (60%), kept at a pressure of 0.3 mbar, was used as discharge precursor. The estimated 

gas residence time in the reactor was ~ 1 s. For the present experiments, the Si substrate 

to be covered by the HAC layer was placed ~ 5 cm outside the coil in the direction of gas 

flow. The deposited films, which were found to reproduce the main mid-IR experimental 

features of interstellar carbonaceous dust, exhibited series of circular interference 

fringes, which could be used for the estimation of their thickness as indicated in Maté et 

al.
21  

3. Theoretical models 

3.1  Theoretical set-up 

 All calculations have been carried out using two modules of the Materials Studio 

package,26 the CASTEP code27 and the Amorphous Cell (AC) module. With these, 

amorphous solids of a given composition, density and temperature of generation can be 

created. CASTEP is used to refine the geometrical structure searching for a minimum in 

the potential energy surface. At the minimum, the vibrational spectrum is predicted as a 

list of wavenumber and intensity values for each normal mode.28 CASTEP can be applied 

to amorphous or crystalline solids, metals, and to bulk structures or surfaces.  

For this type of calculations the DFT level is usually chosen, as it offers a balanced 

level of accuracy and computer requirements. However, in our case we are dealing with 

molecular crystals with van der Waals interactions resulting from dynamical correlations 

from fluctuating charge distribution,29 and it was necessary to add a semi-empirical 

dispersion correlation potential. We selected either the so-called dispersion corrected 

DFT (d-DFT) method,30 or the Grimme DFT-D2 approach.31 A similar methodology was 

used in previous studies of the adsorption of glycine on surfaces.16, 32 The generalized 

gradient approximation (GGA) has been employed with two different types of functionals, 

PBE33 and PW91.34 Geometry optimization was carried out using the Broyden–Fletcher–

Goldfarb–Shanno optimization scheme35 with a convergence threshold on atomic forces 

of 0.05 eV/Å. A 5 k-point mesh was adopted36 to ensure good convergence for computed 

structures and energies.  

For the calculations of vibrational properties, the linear response density 

functional perturbation theory37 implemented in CASTEP was used, where the phonon 
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frequencies at the gamma point of the Brillouin zone are computed using atomic 

displacement perturbations. The frequencies presented in this work have not been scaled 

to correct for anharmonicity and correspond to the harmonic approximation of the force 

field.  

The main points to consider for the comparison between experimental and 

predicted spectra concern the special characteristics of the theoretical results. First, since 

no information is available on bandwidths of the calculated spectra, all vibrational modes 

are depicted using a Lorentzian broadening function of half width at half maximum 

(HWHM) specified in each case. In particular, some observed bands, especially those with 

H-bonding character in the 2500-2800 cm-1 range, can be very broad. Moreover, 

theoretical calculations are performed in the harmonic approximation, and therefore 

overtones or combination bands are not predicted. Although these bands are normally 

weaker than the fundamentals, they can be visible in the observed spectra, mainly in the 

mid-to-high wavenumber zone. Finally, for the spectral assignment, a visualization of the 

predicted modes in terms of atomic displacements is available with the CASTEP program. 

However, it is not always easy to assign modes to specific vibrations in solids, as usually 

several parts of one molecule, or several molecules within the unit cell, are involved in 

each mode. Use of numerical values from the eigenvectors of the normal modes is not 

practical either, since often the vibrations are spread over various normal modes with 

similar eigenvector coefficients. Besides, more than 700 modes can exist in the larger 

samples with HAC and several glycine molecules (see below), making this task almost 

meaningless. 

 

3.2 Bulk glycine modeling. 

As a previous step to glycine adsorption on different surfaces, we have studied in 

depth the structural and vibrational properties of the phases of crystalline glycine. 

Structural results are shown in Tables 1 and 2, and spectroscopic results, in Table 3. Initial 

geometries were taken from crystallographic data, referenced in Table 1. Table 3 presents 

the spectral assignment and a comparison with previous investigations. We list the 

calculated intensity for each normal mode, a value that can be relevant to estimate band 

strengths when experimental data are not available. 
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Room temperature crystalline glycine takes the zwitterionic form, +NH3CH2COO-, 

for which three phases have been reported.5 The unit cell of the α-phase contains 4 

molecules, whereas there are only two in the β- or the metastable γ-phase. Since all three 

have comparable densities, the volume of the α-structure is nearly double that of the 

other two, and the calculated band intensities for the α-phase are much larger than those 

of the corresponding vibrations for the β-structure. In the gas phase or in low-

temperature matrices, glycine can adopt its neutral form, NH2CH2COOH. When glycine is 

deposited from the vapor phase on a low-temperature substrate, a mixture of the neutral 

and zwitterionic forms is produced, with proportions that depend on the temperature of 

the substrate. The neutral form irreversibly transforms into the ionic form when the 

temperature of the substrate is increased. Each species is characterized by its own 

infrared spectrum; the proportion in the mixture can thus be estimated from the relative 

intensities of some particular bands or spectral regions. 

The results in Table 1 show that the optimized structures do not deviate much 

from the crystallographic parameters. This ensures a good starting point for the 

calculation of the vibrational properties of these species. The unit cell parameters of the 

α- and β-polymorphs calculated at DFT, GGA–PBE level are in an excellent agreement with 

the experiments as shown in Table 1.  

Table 1 Crystallographic parameters of the α-, β- and γ-glycine structures. Theoretical 
results correspond to DFT, GGA-PBE level of calculation. All three unit cells have 
monoclinic symmetry, with α and γ = 90o. 

System a /Å b /Å c /Å β /deg Vol /Å3 ρ /(g/cm3) 

β-Exp* 5.08 6.27 5.38 113.20  158.13 1.62** 
calculated 5.05 6.22 5.39 112.55 156.65 1.59 

α -Exp* 5.10 11.97 5.46 114.74 310.10 1.62** 

calculated 5.08 11.88 5.47 111.79 305.78 1.63 

γ -Exp* 6.93 6.93 5.43 120 225.77 1.62** 

calculated 6.97 6.97 5.51 120 231.90 1.61 

* Ref38 **Ref39 

 

Further comparison with experimental results can be made in terms of the main bond 

lengths and angles of molecular glycine in the β-phase. They are collected in Table 2. As 

far as we know, this phase had never been studied at this level of theory.  
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Table 2 Structural data for zwitterionic glycine in the β-phase. 

Parameter Calculated, 
this work 

Ref. 40 

C-C / Å 1.53 1.54 
C-N / Å 1.49 1.48 
N-H / Å 1.03  
C-O / Å 1.26 1.25 
C-H / Å 1.10  
N-C-C / deg 112.45 111.80 
C-C-O / deg 116.46 116.66 
O-C-O / deg 125.25 126.39 

 

 

Table 3 Assignment of the infrared spectra of glycine crystals in the α- and β-phases. Very 

weak bands are not listed. The main observed bands of the experimental spectrum of β-
glycine are also included, measured in this work (Fig. 1) and in ref. 40. 

Vibrational 
mode

a
 

α-glycine 
Theor.  

 
Intens.  
Km/mol 

β-glycine 
Theor.  

 
Intens. 
Km/mol 

β-glycine 
Exp.   
This work 

β-glycine 

Exp. 
(Ref.40) 

νNH3 o.o.p 
νNH3 i.p. 

3137.7 
3112.4 

803 
2116 

3224.1 

3208.3 
99 
768 

3183.1 
 

3180.2 
 

νCH2 2992.5 69 2980.7 17   

νNH3, Hbond 2855.0 
2857.3 
2678.8 

5918  
82 
10085 

2852.4 
2845.0 
2645.7 

2914 
175  
5110 

2982.5 
 
2606.4 

 

δNH3 1611.8 
1563.7 
1498.0 

281 
1227 
4130 

1628.8 
1571.1 
1493.4 

127  
669  
1807 

1594.9              
 
1520.7 

1658.5 
 
1512.4 

δCH2 1418.2 
1374.2 

105 
1088 

1420.0 
1373.4 

36   
689 

1414.6 1444.3 
1410.2 

ωCH2, ωNH3 1308.6 
1302.1 

496  
526 

1309.8 403 1336.5 1334.2 

ρNH3 1147.1 
1111.9 

128  
150 

1138.7 
1095.0 

140 
138 

1136.9 
1119.5 

1134.2 
1117.6 

νCN 1010.7 55 1018.2 24 1041.4 1040.6 

ρCH2 906.2 
903.0 

96 
132 

884.5 60 917.1 915.2 

νCC 882.8 102 883.2 95 893.9 893.2 

δCOO 701.6 193 692.5 115 702.1 701.6 
ω(CO2) 577.1 32 608.1 15 607.5   

τ (CN) 499.3 316 476.61 137 482.1 
519.8 

 

aAbbreviations: ν: stretching; δ: bending; ω: wagging; ρ: rock; τ:torsion; o.o.p.: out 
of phase; i.p.: in phase. 
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Table 3 presents the assignment of the main features of the infrared spectrum of 

glycine, with calculated values of wavenumber and intensity for the α- and β-structures. 

The predicted spectra are compared to the observed spectrum of the β-form, recorded at 

room temperature and reproduced in Fig. 1. As discussed above, the assignments 

presented in Table 3 are slightly subjective, and might be revised in some cases. For 

example, in the 1500-1600 cm-1 region, the NH3 bending is the main mode (see also ref. 

41), but the asymmetric COO stretching can be appreciated as well in the atomic motions. 

 

Fig. 1 Infrared spectra of crystalline glycine. Top: experimental spectrum recorded at room 

temperature, β-phase. Below, calculated spectra of the α- and β-phases. The calculated 

spectra are presented as bars with heights proportional to the calculated intensities, and 

using Lorentzian functions to broaden the peaks, for a better comparison to the experiment. 

All vibrations are broadened with HWHM of 15 cm
-1

, except the H-bond modes, which are 

broadened with HWHM of 100 cm
-1

 (see text). 
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 The calculated spectral intensities can be misleading if bandwidths are not taken 

into account. H-bond vibrations are known to be very strong and wide, and only when 

they are broadened with a large bandwidth, as in Fig. 1, can a comparison between 

calculated and experimental spectra be meaningful. Even so, our model seems to predict 

a larger intensity ratio between amino-group vibrations and CH2 or C-involved modes 

than that observed in the experimental spectrum. The main modes are predicted with 

reasonable wavenumber agreement with the recorded spectrum. The spectra of the α- 

and β-crystalline structures look fairly similar, with a small red-shift of the νNH modes in 

the former. Our crystalline β-glycine spectrum gives a slightly better agreement with the 

experimental one than that of Stievano et al,42 obtained with a similar level of theory.  

A peak at ~ 2150-2200 cm-1 is present in the experimental spectrum, but it is not 

reproduced in the calculations. This band was observed also by Rosado et al
43 (Fig. 3) who 

assigned it to a combination mode δas NH3+τ NH3. They assigned δas NH3 to a peak at 1616 

cm-1, but τ NH3 was not listed in their Table 2. Second order combination bands are not 

predicted by our harmonic model, and thus our assignments can only be based on 

wavenumber coincidence and strength of the fundamentals. Thus, from our calculated 

values in Table 3, we propose the assignment of the 2200 cm-1 band to a combination 

δNH3+δ COO, both of which are strong bands, at 1493.4 cm-1 and 692.5 cm-1, respectively.

   

3.3 Silicon 2x1 (001) surface modeling 

 
 

From the theoretical point of view, the construction of a surface model for the 

study of adsorption of molecules entails two conditions: 

(a) A large simulation cell, formed by a single layer with adequate surface area, 

and a suitable number of slabs to account for all possible interactions. 

(b) Relatively limited computational cost, not only for the electronic structure 

calculation, but also for atomic forces. This last proposition is also important 

because an accurate force convergence is essential to obtain a reliable 

prediction of the infrared spectrum.  
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These aspects have been taken into account to design the surface models for Si and HAC, 

prior to the study of glycine adsorption. The 2x1 (001) surface of silicon has been well 

characterized in previous investigations where silicon was modeled as a substrate for 

adsorptions of different species.44, 45 The full procedure used in this work is as follows. We 

have started by optimizing the Si unit cell, which yielded a lattice constant value of 5.423 

Å and a dSi-Si value of 2.348 Å, very close to the experimental results of 5.43 Å and 2.35 Å 

respectively.46 Next, the 2x1 (001) surface was selected and optimized, whereby the 

asymmetric dimer configuration47 was formed, with bond distances dSi-Si = 2.32 Å and a 

tilt angle of 18o. The slab representing (2x1) coverage used in the calculations reported 

here contained 7 layers of Si atoms, terminated by 8 H atoms in a way similar to that 

described in ref 48. This slab was doubled in order to get enough surface space to adsorb 

a few glycine molecules. In the whole, we have dealt with a total of 72 atoms (56 Si and 

16 H). The end H atoms were included to saturate the Si dangling bonds in the slab and 

were initially placed along the bulk Si directions. Then the Si–H distances were optimized 

using the primitive surface cell with all Si atoms fixed. When calculating reconstructed Si 

surfaces, the H atoms and the bottom two layers of the Si slab were kept fixed while 

atoms in the rest of the slab were allowed to relax until the forces on individual atoms 

were less than 0.05 eV Å– 1.   

 
3.4 Hydrogenated amorphous carbon (HAC) surface modeling 

 

We have followed a similar scheme to the one used by Jacob49 to model the HAC 

surface. In the first step, we have generated two bulk models for HAC particles, called 

“hard” and “soft” in reference to the amount of hydrogen atoms included in the sample. 

In both cases, we started by creating a unit cell of cubic symmetry using the Amorphous 

Cell module of Materials Studio, fixing a temperature of 300 K. For the hard HAC model, 

the concentration was C0.7H0.3, H/C ratio = 0.43, the density was 2.0 g cm-3 and the unit 

cell side length was 5.24 Å. For the soft model, the corresponding values were C0.5H0.5, 

H/C ratio = 1, density, 1.1 g cm-3 and unit cell length, 7.23 Å. The geometry of the atomic 

arrangement was then optimized using CASTEP with the parameters specified in Section 

3.1, keeping always the volume cell, and therefore the density, fixed. Fig. 2 presents a 

diagram of the final structure of both models. Convergence to a minimum in the potential 
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energy surface for these models was always a slow process, but for the “soft” system it 

was also troublesome, as local minima usually prevented the achievement of a good 

relaxation. Moreover, the amount of carbon locked in astrophysical HAC solids has been 

estimated in an H/C ratio of ≈ 0.50,50 close to the 0.43 value of this work for the “hard” 

model. Consequently we have chosen the “hard” model system for the rest of the 

calculations performed in this work. 

 

 

(a) Hard HAC model    (b) Soft HAC model 

 

 

Fig. 2 Optimized geometry of the (a) hard and (b) soft HAC models generated in this work. 

Hydrogen atoms, white spheres; carbon atoms, grey spheres. 

 
 To study glycine adsorption, one surface of the bulk needs to be selected. Since 

we have built a cubic cell, in principle we opted by the (001) face. The number of cells 

necessary to define our system was optimized to ensure a full description of all possible 

interactions with the adsorbed species. Thus, we chose a (2x2x2) unit cell and created a 

vacuum of 19 Å along the c-axis to avoid interactions between periodic slabs. The full 

system then contained 64 H atoms and 144 C atoms. When glycine was added to the 

upmost surface, the system was allowed to relax until the residual forces on each atom 

were 0.01 eV Å−1 or smaller, always keeping the volume fixed. 

 

4. Glycine adsorption on Si and HAC surfaces  
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4.1 Silicon surface 

The adsorption of glycine on a Si surface was studied previously by Qu et al.
51 

These authors reported an energetically more favorable adsorption link through the 

carboxylic acid part instead of through the amino group of glycine. They discussed 

dissociative adsorption and molecular adsorption. Glycine dissociation on surfaces 

constitutes an interesting subject on its own, that we intend to tackle in the future. Our 

preliminary calculations on the dissociation through the acidic part show that this 

reaction is not produced on Si surfaces, in agreement with Qu et al.,51 whereas on HAC 

surfaces the H atom is initially attached to a C atom of the surface, but during the 

relaxation process, it finds its way back to the molecule. Further work needs to be carried 

out to check and enlarge this study. In the present investigation we deal with molecular 

adsorption only. 

With this fairly simple system, we can concentrate on the details of the adsorption 

at molecular level. These include, for example, whether glycine adopts the neutral or 

zwitterionic structure for the surface attachment, whether the presence of multiple 

glycine molecules affects the system, and if the results of Qu et al. are corroborated.   

The structure of neutral glycine (NG) used in this investigation for adsorption 

purposes has been taken from the electronic ground state calculation of Pacios et al.,
52 in 

agreement with conformation I of Ramaekers et al.
53 and Gutowski et al.

54 The initial 

structure of the zwitterionic form (ZG) was also taken from Pacios et al.
52. 

Table 4 summarizes our main results of the adsorption of glycine on the Si surface. 

Energy values listed in this table have been calculated according to standard definitions.55-

57 The adsorption energy Eads for a specific coverage is the difference between the total 

energy of the adsorbed system, ET, and the energy associated to the components. These 

components are the clean substrate, with energy denoted Esurface, and the aggregate of 

adsorbate glycine molecules, with energy Egly-aggregate:  

 

      Eads  = ET − (Esurface +  Egly-aggregate)      (1) 

This last term includes the individual molecules plus the possible interactions 

among them.55 It is calculated by placing the molecules inside a cell without the adsorbing 
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surface. A negative value of Eads indicates therefore that the glycine molecules have been 

bound to the surface.   

The procedure employed consists in placing one or more glycine molecules in 

different arrangements close to the surface and allowing the system to find the 

energetically most favorable configurations.  

Exploratory calculations have predicted that the most stable alignment is that 

where the C-C-N plane of glycine is perpendicular to the surface. We have thus started 

with one NG or one ZG either with the carboxylic group or the amino group closer to the 

Si surface, labeled ↓ or ↑, respectively, followed by calculations with 4 and 6 ZG 

molecules. Table 4 reveals that adsorption takes place in all cases, with binding via the 

carboxylic group leading to more stable configurations, and with NG adsorption being 

clearly preferred, as the ionic structures undergo internal redistribution to adopt the 

neutral form. The highest adsorption energy for a single molecule is -0.62 eV, indicating 

that a mild adsorbant-adsorbate interaction is taking place. This value is in good 

agreement with the calculation of Folliet et al.
16, -0.57 eV, but far from that calculated by 

Ferraz and Miotto,44 -1.56 eV, for a different silicon surface, Si(001)–(2x2). These authors 

also use DFT theory within a GGA method, but they do not include corrections for van der 

Waals interactions, as in this work or in other previous calculations.14,30 However, the 

main dissimilarities may arise in their optimized Si surface, which looks quite different to 

our model. 

At low coverage our aim was to investigate whether the Si surface is able to 

stabilize the zwitterionic form of glycine, or the neutral one prevails, as experimentally 

observed for low-temperature solid formed by vapour deposition.5 Our results agree with 

the observations, i.e. for a single incident glycine molecule the final structure is always 

the neutral one. When starting with one ZG, the binding to the Si surface converges to the 

neutral conformation II described by Ramaekers et al.,
53 which is slightly less stable than 

conformation I. With increasing number of initial glycine molecules, the ZG structure 

becomes more stable, probably because it favors the creation of H-bonds among several 

molecules. The last structure listed in Table 4 is shown in Fig. 3. One glycine is bound to a 

Si atom via the carboxylic O atom, and makes part of a network of H-bonds with other 

molecules, with H-bond distances varying between 1.7 and 2.7 Å. The O-Si distance is 
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calculated as 1.78 Å, close to the value of Ferraz and Miotto44 of 1.84 Å. When several 

glycine molecules are included, 4 or 6 in the last two rows in Table 4, the calculated 

adsorption energies grow to values higher than 4 or 6 times the adsorption energy for a 

single molecule. In view of Fig. 3, this effect can be explained in terms of other minor 

interactions taking place between the surface Si atoms and other closer glycine 

molecules, particularly through the ionic amino groups. 

 

Table 4 Energetics and glycine configuration for glycine molecules adsorbed on the 2x1 
(001) Si surface. Fixed volume is 2921 Å3 for all systems. Super indexes ↑ and ↓ refer to 
structures with one single glycine whose molecular plane is vertically oriented CCN or 
NCC respectively with respect to the Si surface. 

Initial 
configuration 

 

Final 
configuration 

ET/eV Eads/eV 
 

Si surface (Sis)  0 -6234.966  
Sis+1NG↑ 1NG↑(conf.I) -7756.241 -0.45 

Sis+1NG↓ 1NG↓(conf.I) -7756.413 -0.62 

Sis+1ZG↑ 1NG↑(conf.II) -7756.231 -0.44 

Sis+1ZG↓ 1NG↓(conf.II) -7756.300 -0.51 

Sis+4ZG 3NG+1ZG -12323.288 -2.62 

Sis+6ZG 1NG+5ZG -15366.264 -5.06 
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Fig. 3 Optimized structure of the Si 2x1 (001) surface with 6 added glycines. Atoms of 

hydrogen, carbon, oxygen and nitrogen are displayed as white, grey, red and blue spheres, 

respectively. 

  

 

4.2 Amorphous Hydrogenated Carbon (HAC) surface 

 A similar procedure to that used for the Si surface was applied to the HAC surface 

described above. Since this is the most relevant part of this paper, we extended the 

calculation to cover a larger variety of initial systems. The configuration and adsorption 

energies for each run are summarized in Table 5. 

 

Table 5 Energetics and glycine configuration for glycine molecules adsorbed on the HAC 
surface. Fixed volume of 3857 Å3 for all systems. 
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Initial configuration Final 

configuration 
ET/eV Eads/eV 

 

HAC-surface (HACs) 0 -23218.826  
NG - -1520.986  
ZG - -1520.067  

HACs + 1NG 1NG -24739.972 -0.16 
HACs + 1ZG 1NG -24740.110 -0.30 
HACs + 2NG 2NG -26261.039 -0.05 
HACs + 2ZG 2ZG -26262.199 -0.04 
HACs + 4NG 3NG+1ZG -29305.103 -0.44 
HACs + 6NG  6NG -32347.134 -0.11 

HACs + 5NG+1ZG 5NG+1ZG -32348.794 -0.05 
HACs + 4NG+2ZG 5NG+1ZG -32349.161 -0.16 
HACs + 3NG+3ZG 5NG+1ZG -32347.238 1.91 
HACs + 2NG+4ZG 2NG+4ZG -32349.547 0.32 
HACs + 1NG+5ZG 2NG+4ZG -32349.337 0.10 

HACs + 6ZG 1NG+5ZG -32349.655 0.03 
 HACs + 12ZG 12ZG  -41677.471*  0.20 

HACs + 6ZG+6NG 6ZG+6NG -41673.753* 0.25 

HACs + 1ZG+11NG 1ZG+11NG -41672.395*  -0.05 

*This energy is calculated using different pseudopotentials for computational 
requirements. 
 

For a single incident glycine, the final configuration is that of the neutral form, 

attached to the HAC surface via the carboxylic part, similarly to the Si case. The calculated 

adsorption energy, -0.30 eV, is relatively close to a value calculated for adsorption on 

graphene, -0.40 eV.58 The shortest distance between glycine and the HAC surface is 

estimated as 2.4 Å. The presence of H atoms in the HAC surface should favor, in principle, 

the creation of H-bonds to the carboxylic O of glycine. However, in comparison to the Si 

surface case, where the corresponding values for adsorption energy and distance to the 

surface of a single glycine were -0.62 eV and 1.78 Å, respectively, we can conclude that 

glycine is more weakly attached to the HAC surface than to the Si surface.  

This weak kind of binding interaction may explain why when more glycine 

molecules are added to the system, the initial NG to ZG ratio is not very much altered, as 

indicated by the values of Table 5. Fig. 4 shows the lowest energy configuration, where 3 

NG and 1 ZG molecules are linked by a network of H-bonds, and also bound to the HAC 

surface through the carboxylic O atom of the zwitter molecule, at a distance of 2.66 Å. 

This molecule is not vertically attached to the surface, but tilted, in a position favoring a 
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relaxed structure of the cluster. The overall glycine-HAC interaction is very weak, 

probably as a result of a balance between attractive and repulsive forces between the 

surface H atoms, and the carboxylic O or the amino groups of glycine respectively. 

Whereas the trend on the Si surface was for glycine molecules to bind individually to the 

surface, on a HAC surface the glycine molecules tend to group themselves in clusters 

reducing the adsorption to nearly negligible values. Addition of further molecules does 

not therefore favor the adsorption. 

The configurations of glycine molecules often change along the optimization 

process. Their motion can be followed with the facilities provided by CASTEP. One such 

video file is deposited with the Supplementary Material. 

We tested a bigger system, with 12 glycine molecules. In this case we were forced 

to employ a different theoretical model to face the large demand on computing 

resources. We therefore chose ultrasoft pseudopotentials,59
 instead of norm-conserving 

functions as had been employed for all other calculations, with a cut-off of 350 eV. This 

means that the quoted total energy ET should not be directly compared to the results of 

the other systems. The adsorption energy Eads has been calculated as described in Eq. (1). 

In these calculations with 12 glycine molecules, we observe two facts: first, the initial 

configuration ratio ZG/NG is kept; and, second, only when a comparatively large number 

of NG molecules is included, a favorable system for adsorption, with negative energy, is 

reached.  
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Fig. 4 Representation of the optimized system with the HAC surface and 3NG and 1ZG 

molecules, the energetically most stable configuration found in this work. Atoms of 

hydrogen, carbon, oxygen and nitrogen are displayed as white, grey, red and blue spheres, 

respectively. 

 

Fig. 5 presents in the upper panel the recorded spectrum of glycine deposited on a 

HAC surface at 20 K, obtained as indicated in the experimental section above. At this 

temperature, the glycine deposit consists of a mixture of NG and ZG molecules5 in 

accordance with the theoretical predictions. The lower panel displays the predicted 

spectrum of the sample depicted in Fig. 4, namely the optimized HAC surface with 3 NG 

and 1 ZG molecules, the energetically most stable configuration found in this work. The 

estimated thicknesses of the experimental deposits of HAC and glycine are 425 and 140 
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nm respectively and correspond roughly to 1/3 of the thickness ratio of the glycine/HAC 

model sample used in the theoretical calculations. In the experimental case the IR 

absorptions correspond essentially to the bulk phases of the two materials, whereas in 

the calculated spectra a significant fraction of the absorbing species are at the interface 

between them; however, given the weak interaction between glycine and HAC 

commented on above, specific interface effects are not expected to be large. A summary 

of the main peak assignments is given in Table 6. Inspection of Fig. 5 shows that both 

spectra are characterized by two absorption regions, one between 3300 and 2500 cm-1 

with an outstanding feature close to 2900 cm-1 and weak absorptions to both sides of it, 

and another between approximately 2800 and 1000 cm-1 with a series of peaks of 

comparable magnitude. It must also be born in mind that the predicted spectrum is 

depicted using a single width value for broadening all modes, irrespective of their nature, 

which may be quite different in some cases, especially when H-bonds are involved. We 

have not attempted to use various broadening widths for different modes, as we did in 

Fig. 1, because of the heavily mixed characteristics of these spectra.   

The prominent absorption between 3000 and 2800 cm-1 that dominates in the 

experimental spectrum has three peaks that correspond to CH3 and CH2 stretching 

vibrations of aliphatic groups in HAC.11, 12 In the calculated structure there are no methyl 

groups and consequently only one peak of medium intensity, associated with CH2 

stretching vibrations, is observed at 2900 cm-1. Other weak features in the 3300-2500 cm-

1 interval are attributed to NH3
+, NH2 and CH2 stretching vibrations from NG and ZG.40, 53 

Two comparatively intense bands, characteristic of NG, are observable in the 

experimental spectrum at 1720 and 1238 cm-1. They are assigned to C=O stretching and 

COH bending motions respectively. The theoretical predictions do not produce an intense 

C=O band but yield weaker absorptions mixed with NHx bendings at 1619 and 1559 cm-1. 

On the other hand, an intense NG absorption is predicted at 1185 cm-1 which most likely 

corresponds to the observed 1238 cm-1 peak. Other intense peaks assigned to various 

NH3
+ , NH2 and CH2 bending modes and to COO- stretching vibrations of ZG and NG 

molecules are found both theoretically and experimentally between 1670 and 1100 cm-1. 

In fact, individual assignments in this zone are difficult because the pictorial 

representations of the vibrations usually show several modes being excited 
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simultaneously. The same assertion applies to the lower frequency zone of the spectrum. 

Simultaneous excitation of various modes takes place preferentially within the same 

material (either glycine or HAC), but mode mixing between glycine and HAC is rare. The 

calculated spectrum has also a pronounced peak at 966 cm-1 attributed to CH bending 

modes of HAC, which is absent from the measurements. In the experimental spectrum 

two typical HAC peaks at 1456 and 1375 cm-1 associated with CH3 and CH2 bending 

vibrations60 are also observed, but they have no counterpart in the theoretical 

predictions. These results further suggest that the calculated HAC structure has too many 

CH and too few CH2 groups as compared with the experimental one.  

According to Dartois et al. 12 carbonaceous dust in the diffuse interstellar medium 

is dominated by an aliphatic/olefinic backbone structure. The structure of the HAC 

generated in this work is of this type, although the proportion of the CHx units (with x=1, 

2 or 3) is biased towards lower x values in comparison with the observations. Recent 

publications by other groups9, 60 indicate however that interstellar carbonaceous dust is 

likely formed by a polycyclic aromatic core surrounded by short aliphatic chains. These 

results invite further theoretical work on HAC modeling in order to take into account the 

new proposed structures.   
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Fig. 5 Infrared spectra of glycine attached to a HAC surface. Above: experimental 
spectrum recorded at 20 K; below: calculated spectrum for the HACs+3NG+1ZG model. 
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Table 6 Main absorption bands of the IR glycine spectrum. Experimental values are 
measured in this work. Calculated values are harmonic frequencies (cm-1) not corrected 
for anharmonicity of the HACs+3NG+1ZG model.  
 

Vibrational mode Exp (cm
-1

) Neutral (cm
-1

) Zwitterion (cm
-1

) HAC surface (cm
-1

) 
 

νasymNH2 3300-2500 3440   

νsymNH2 3300-2500 3294   

νCHHAC 

νCH2HAC 

νaCH2HAC 

νaCH3HAC 

νsCH3HAC 

3300-2500 

3300-2500 

2928 

2956 

2871 

  3118-3000 

2984-2910  

 

νCH2  2948 3000, 2914  

νsymNH3 3300-2500  2878  

νasymNH3 3300-2500  2832  

νOH  2722   

νC-C, no C-H    1873 

νC=C, no C-H    1684 

νC-C, with C-H 
νC=O 

 
1720 

  1636 

νaCOO- 1680-1490    

δNH2 1680-1490 1638, 1583 
 

  

δNH3 1680-1490 1606 1619, 1580  

νC=C, with C-H    1600  

δNH, νC=O,    1559   

Umb NH3   1464   

δOH  1458,1450    

δCH2+δCH3 1456    

δCH2 
1406    

νCOO 
δsCH2 

1406 

1375 

   

ωCH2, ωNH3 

δCOH + νCO 

1325 

1238              1185 

 1338   

τ CH2 

νCN 

1170 

1129 

   

ρNH2,ρNH3  1134 1134   

δ or ω CH    966  

νCC + ωNH2 

ω CH2 

934 
 
 

  
876,872  
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ωNH2 + νCC 862 

δHAC    686,676,621,617…  

 

 

Summary and Conclusions 

Theoretical calculations of the structure and IR spectra of crystalline glycine and of glycine 

adsorbed on HAC have been performed at DFT level. The adsorption of glycine on a Si 

surface has also been studied. The results of the calculations have been compared with 

spectra of β glycine and of Gly/HAC samples generated in our laboratory and with 

literature data whenever available. The main conclusions of the work are listed below.    

Our theoretical methodology allows a correct reproduction of the crystalline structure of 

α and β glycine, and of their IR spectra. The calculations include dispersion forces. As far 

as we know the structure and IR spectrum of β glycine had never been calculated at this 

level of theory.  

The characterization of the Si surface is straightforward, but for the hydrogenated 

amorphous carbon (HAC), different models are possible. We tested two models, with 

different H content, and chose the one with lower H proportion (”hard”) because it was 

reported to be closer to the astrophysical observations. 

The adsorption of glycine on Si or HAC surfaces is studied by allowing a variable number 

of glycine molecules to approach the surface, and then by searching for a minimum in the 

potential energy of the surface+adsorbate systems. Stable configurations are found when 

some binding is created between glycine and the surface. The binding takes place through 

fairly weak bonds between the carboxylic part of glycine, rather than the amino part, and 

the surface atoms. 

Rather surprisingly, the adsorption of a single glycine molecule on Si is slightly stronger 

than on HAC, with shorter binding distance (1.78 Å for Si, 2.40 Å for HAC) and higher 

adsorption energy (-0.62 eV for Si and -0.30 eV for HAC). This reveals a quite weak 

reactivity of the HAC surface for glycine, and probably for other amino acids. 
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When several glycine molecules approach the HAC surface, the most stable configuration 

usually consists in glycine clusters formed by H-bonding links among them, being attached 

to the surface through the carboxylic part of a glycine molecule in its zwitterionic 

structure. Although the structure of glycine molecules may vary between the neutral and 

zwitterionic forms along the adsorption process, the final outcome of NG vs ZG is usually 

close to the one chosen for the initial configuration.  

The IR spectra calculated for the HAC+ glycine model reproduce reasonably well most of 

the experimental absorptions of a glycine layer deposited on HAC. Spectral features 

specific of the interface are not relevant in the calculated spectrum, in accordance with 

the weak interaction found between HAC and glycine. The comparison of experimental 

and measured spectra suggests that the HAC structure should be refined to 

accommodate CH3 groups and to diminish the proportion of CH groups.  
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