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Abstract 

To design effective personal protective equipment against chemical attacks, the understanding 

of chemical warfare agents (CWAs) decomposition chemistry is crucial. Metal oxides, particularly 

TiO2 have been found to be promising materials to trap and decompose CWAs. This work 

explores the possible decomposition pathways of sarin on a model rutile TiO2(110) surface with 

and without the presence of surface oxygen vacancies. Sarin adsorbs on the surface mainly by 

its P=O unit via a dative P=O-Ti5c bond, similar to its simulant dimethyl methylphosphonate 

(DMMP). Sarin decomposition on the pristine surface is possible at 455 K, and proceeds via O-

C bond cleavage, with a barrier of 1.17 eV, resulting in the production of surface-bonded 

monofluorophosphate and isopropoxy, while P-OR (R= C3H7 isopropyl)  or P-F cleavage is highly 

activated with barriers larger than 2 eV. However, the production of gas-phase propene after O-

C cleavage has a high activation barrier (1.6 eV). In the presence of O vacancies, the barriers 

to cleave the P-F and P-OR bonds are greatly reduced and these cleavages become possible 
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at a moderate temperature (425 K). In comparison to its simulant DMMP, the decomposition of 

sarin proceeds faster on the oxygen vacancy as the cleavage of the P-F bond is more facile and 

the binding of F on surface Ti creates a thermodynamically stable intermediate. The electronic 

effects of the F ligand also facilitate the P-OR bond cleavage at the O vacancy site. Frequency 

calculations validate the energy pathways: intact molecular adsorption of sarin can explain the 

experimental spectrum at room temperature, while further decomposition by C-O or P-F bond 

cleavage, presumably on the pristine surface and at O vacancies respectively, are responsible 

for the spectral evolution seen at 500K, in agreement with calculated barriers.   

 

Introduction 

One of the most used and dangerous chemical warfare agents (CWAs) is the nerve gas agent 

sarin (commonly referred to as GB), with its prevalent use dating back from the first world war, 

and more recently for terrorist attacks.1 However there is a lack of understanding of the molecular 

interaction and decomposition mechanisms of sarin on different types of materials, which poses 

a critical challenge in practical applications toward the neutralization of CWAs.  

Metal oxides are often the customary material chosen as the base material for protective 

equipment as they are efficient in trapping pollutants, present high surface areas, and are 

chemically stable.2–4 The ideal metal oxide should be able to strongly adsorb CWAs and 

simultaneously decompose CWAs under ambient conditions, transforming them into benign 

compounds. To understand the interaction of such CWAs with oxide surfaces, most 

experimental studies substitute CWAs with simulants. Accordingly, experimental studies 

regarding sarin on metal oxides often replace sarin with dimethyl methylphosphonate (DMMP). 

The basis of this choice lies in the similarities of chemical structures between sarin and DMMP 

(Fig. 1). It is unclear however if DMMP is a good simulant of sarin for the decomposition 

chemistry at oxide surfaces. 
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Figure 1: The chemical structures of sarin and its simulant DMMP (P: light grey, C: dark grey, O: 
red, F: blue, H: white) 

Past works have shown that the decomposition of DMMP is indeed sensitive to the type of metal 

oxide used, and the presence of defects and contaminants. FTIR studies showed that aluminum 

oxide, magnesium, and lanthanum oxides are able to cleave the P-OCH3 bond of DMMP at room 

temperature, and in the case of Fe2O3, Fe3O4, and CeO2 activation of the P-CH3 bond to produce 

dimethyl ether are also observed.5–10 In the case of ceria, the formation of product (methanol 

and formaldehyde) can only be seen above 575K, signaling decomposition via P-OCH3 between 

300 to 550K.6 On the other hand, combined experimental and theoretical studies showed that in 

the case of rutile-phased oxides in ultra-high vacuum conditions such as SnO2 and TiO2, the 

decomposition of DMMP via P-OCH3 bond cleavage have considerably high barriers, and thus 

decomposition may be initiated via O-CH3 bond cleavage instead.11,12 Similar phenomenon 

occurs for the decomposition of another sarin surrogate, diisopropyl methylphosphonate, on 

alumina. Ab Initio Molecular Dynamics predicted that decomposition via the O-C bond cleavage 

would lead to a release of propene at high temperatures (700-1000 K).13 Experimental studies 

combining X-ray photoelectron spectroscopy and temperature-programmed desorption of 

DMMP decomposition on rutile TiO2 (110) under ultra-high vacuum show a broad signal for intact 

DMMP desorption and suggest low reactivity of TiO2 up to 550 K.14 

Defects, such as oxygen vacancies or hydroxyls are known to modify DMMP decomposition 

pathways. FTIR studies on powder titania showed that the P-OCH3 bond cleavage is facilitated 

by the presence of surface hydroxyls at temperatures starting from 214 K.15 This is denoted by 
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the shift of the P-CH3 signal and a decrease of the surface O-H signal, and leads to the formation 

of adsorbed methyl phosphonic acid and possibly to the release of methanol.15–18 This is similar 

to the behavior of DMMP observed on ZnO, zirconium hydroxide, and Zr-based metal-organic 

frameworks (MOFs) where DMMP is transformed into penta-coordinated phosphor-center 

intermediate by surface hydroxyl groups prior to the release of methanol at room temperature.19–

23 Our previous work on rutile TiO2(110) also showed the effect of oxygen vacancies in facilitating 

the P-OCH3 bond cleavage, reducing its barrier from >2 eV to 1.4 eV and rendering the process 

possible at 600K. It was also found that the product formation (methanol and formaldehyde) 

could only result from a methoxy disproportionation reaction resulting from decomposed DMMP 

on defect sites.11 The influence of defects and different surface morphology on the 

decomposition of DIMP has been observed as well. On alumina, the release of 2-propanol is 

observed, however on silica, the release of propene was observed instead.24 To move from 

model molecules to real toxic nerve agents, it is important to also investigate if the reactivity of 

sarin with TiO2 surfaces is similar to that of the simulant DMMP and whether a similar influence 

of oxide surface defects can take place with sarin decomposition chemistry.  

Experimental studies on sarin are rare, but the decomposition chemistry of sarin has been the 

subject of theoretical investigations. Cluster studies on MgO showed that the cleavage of the P-

F bond has a barrier of 0.95 eV and that the fluorine ion stayed on the cluster. However, the 

presence of surface hydroxyl groups may reduce the barrier to 0.43 eV, resulting in the release 

of HF.25 A combined XPS and DFT work on MoO2(110) showed that the decomposition of sarin 

most likely proceeds via the elimination of propene, with surprisingly low barriers around 54 

kJ/mol, in contrast to the case of DMMP where the lowest barrier is calculated to 116 kJ/mol on 

the same surface.26 Another work on ZnO hints at the possibility of different decomposition 

reactivity between sarin and DMMP as the barrier to cleave the P-OR bond of DMMP on ZnO 

was found to be 1.77 eV, 0.6 eV higher than the barrier to cleave the P-F bond of sarin on pristine 

ZnO, which is 1.17 eV.19,27 On titania, a thermodynamic study by Quintero et al. showed that 

sarin adsorption is dissociative by transferring F towards the surface Ti cation, which would be 

analogous to DMMP’s P-OCH3 bond cleavage.28 Reaction barriers were not calculated. 

However, a recent work using combined IR and DFT studies on UHV-dry rutile TiO2(110) 

suggested that the first step of sarin decomposition most likely proceeds via propene elimination 

via O-C3H7 bond cleavages, with a barrier of 108 kJ/mol.29 A similar behavior is not observed, 
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however in the experimental study using FTIR of partially hydrated surface performed in the dark 

by Hirakawa et.al., where production of isopropyl methyl phosphonic acid (IMPA) is shown along 

with changes in OH bands linked with the displacement of OH groups, suggesting P-F bond 

cleavage instead.30 On alumina, both processes (propene formation and P-F bond cleavage) 

are deemed to be possible; the experimental IR work of Kuiper et.al. suggests two decomposition 

channels of sarin, via a P-F bond cleavage or the dealkylation to produce propene.31 To the best 

of our knowledge, past theoretical studies on titania have been focused only on the 

thermodynamic analysis or on the barrier for the first dissociation step and did not investigate 

further reaction steps nor studied the effect of oxygen vacancy.  

Finally, despite the fact that DMMP is structurally similar to sarin, it is still now an open question 

whether DMMP can accurately depict the decomposition chemistry of sarin due to the difference 

in chemical groups (methoxy on DMMP vs -F and -OC3H7 on sarin). Thus, in this study, we will 

focus on investigating the decomposition pathways of sarin on rutile TiO2(110) from quantum 

chemical calculations and compare these pathways with our previous work on DMMP 

decomposition on the same surface.11 TiO2 was chosen as it has been suggested as a promising 

material to quickly adsorb toxic agents and their degradation products. This can be seen by the 

strong adsorption energies of DMMP on dry rutile TiO2(110), found in previous works.28,32–36 Our 

work here aims not only to provide full and detailed decomposition studies of sarin on titanium 

oxide but also to serve as a benchmark comparison of the difference between sarin and DMMP 

decomposition on titania. Additionally, we will also investigate the effect of surface oxygen 

vacancy on the sarin decomposition pathways, in comparison with DMMP, and link our 

computational results with vibrational spectroscopy experiments through vibrational frequency 

calculations.  

Methods 

The density functional theory calculations were done using the Vienna Ab initio Simulation 

Package (VASP). 37,38 The Perdew-Burke-Ernzerhof (PBE) functional was used with Hubbard U 

correction of 4.2 eV on Ti sites to adjust the incorrect description of Ti 3d orbitals.39,40 The U 

value 4.2 eV was taken as it correctly depicts the electronic structure features observed 

experimentally with TiO2, particularly the localized nature of electrons on surfaces with oxygen 

vacancies.41 The dDsC dispersion correction was used to describe long-range van der Waals 
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interactions. 42–44 The electron kinetic energy cutoff is set at 500 eV. 45–47 The electronic energies 

and atomic forces were converged within 10#$ eV and 0.03 eV/A, respectively. The spurious 

dipole-dipole interaction between neighboring slabs in the z-direction was corrected using the 

Harris correction (Makov-Payne).48  

The transition states were calculated using the Nudged Elastic Band Method using 8 images.  

The adsorption energies/reaction pathway energies are calculated with equation 1: 

𝐸&'(/*+,-./-'*&,- = 𝐸(1.234556 − 𝐸89-&+	(1.2&8- − 𝐸;&.*+ <     (1) 

Computational Model 

The 2x4 TiO2(110) surface was cut from the bulk. The calculated bulk lattice constants using a 

gamma-centered k-points mesh of 4x4x4 are: a = 4.65 Å and c = 3.02 Å 49–51 The surface lattice 

vectors are: a = 13.16 Å and b = 12.07 Å (fig. S1). The surface consists of four O-Ti-O trilayers 

(12 atomic layers). A vacuum distance of 15 Å is set between slabs to avoid periodic interaction 

in the z-direction. The bottom-most three atomic layers are frozen to mimic the bulk. To model 

the defective surface, one oxygen atom in the bridging site (O2c) was removed (fig. S2) as it was 

found to be the most stable vacancy site. 52–54 The removal of 1 O2c represents a vacancy site 

coverage of 0.125 ML, which agrees well with the experimentally observed vacancy coverage 

of r-TiO2(110) crystals (between 0.08 to 0.15 ML)55–57. All surface calculations use the k-point 

mesh of 1x1x1. Literature and our test calculations11 showed that using a k-points mesh of 

3x3x1, larger surface or thicker surface models show no significant difference compared to our 

selected 2x4 surface calculated at the gamma point.11 

Results 

Pristine surface 

The most stable sarin adsorption geometries on pristine TiO2(110) from our DFT calculations 

can be seen in figure 2. Sarin adsorbs molecularly via the interaction between the O atom of the 

P=O group and a surface Ti cation (distance 2.09 Å) with an adsorption energy of -1.80 eV (Fig. 

2A). An additional bond either between the oxygen of sarin’s isopropoxy group and a surface Ti 

(2.60 Å) or fluorine with Ti (2.59 Å) further stabilizes the geometry with total adsorption energies 
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of -1.92 and -1.94 eV respectively (Fig. 2B and C). Finally, the adsorption geometry via the 

interactions of -F or -OC3H7 group with surface Ti atoms (with distances of 2.40 Å and 2.51 Å 

respectively) yields the weakest adsorption energy of -1.13 eV (Fig. 2D). Overall, our 

calculations showed that TiO2(110) is an excellent trap for sarin due to the strong molecular 

binding. The adsorption energy of sarin is however significantly weaker than that of its simulant 

DMMP (by 0.41 eV). 

A 
Eads = -1.80 eV 
(-174 kJ/mol) 

B 
Eads = -1.92 eV 
(-185 kJ/mol) 

C 
Eads = -1.94 eV 
(-187 kJ/mol) 

D 
Eads = -1.13 eV          
(-109 kJ/mol) 

    

Figure 2 Molecular adsorption modes of sarin on TiO2(110) with their adsorption energies. 

From the molecularly adsorbed sarin, we have the option to cleave the P-F, P-OC3H7, or O-C3H7 

bond. First, let us compare the decomposition initiated via the P-F and P-OC3H7 bond cleavages 

(fig. 3). The decomposition pathway initiated via the P-OC3H7 cleavage starts from geometry B 

of figure 2 and follows the B1-B3 pathway, whereas the pathway initiated via the P-F bond 

cleavage starts from geometry C of figure 2 and follows the C1-C2 pathway. Note that B1 is 

identical to B and C1 identical to C. 

Calculations show that the cleavage of either the P-OC3H7 or the P-F bond has significantly high 

barriers, P-F being the least difficult bond to break (2.27 eV and 1.77 eV respectively). The P-

OC3H7 bond cleavage transfers an isopropoxy towards a Ti5c site and yields the B2 intermediate. 

B2 is more stable by 0.64 eV than the molecularly adsorbed sarin B1. On the other hand, the P-

F bond cleavage to leave F on Ti5c yields intermediate C2 which is 0.96 eV more stable than C1. 

A similar behavior persists for the second decomposition step (TS-B2 and TS-C2), where we 

can see that the P-F bond is easier to cleave than the P-OC3H7 bond, although both bond 

cleavages still have considerably high barriers (1.53 and 1.67 eV respectively). We conclude 
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that decomposition is unlikely to happen via the P-F or the P-OC3H7 bond cleavage on the 

pristine surface, unless at high temperature.   

 

Figure 3 The energy profile of sarin decomposition on pristine r-TiO2 via P-F and P-OC3H7 
bond cleavage starting from the two most stable adsorption modes (adsorption modes B 
and C). The decomposition via P-OC3H7 cleavage is shown in the path B1-B3 whereas the 
P-F bond cleavage occurs along the path C1-C3. Elementary reaction barriers are 
indicated as ∆Eact. 

On the other hand, decomposition via the O-C3H7 bond cleavage, transferring C3H7 towards a 

nearby O2c is more likely (fig 4). The barrier for this step stood at 1.17 eV, rendering it a possible 

pathway at 455 K (see SI table S1). Further P-F bond cleavage as the second step also has a 

comparable low barrier of 1.00 eV. It is interesting to note that the removal of C3H7 reduces the 

barrier to cleave the P-F bond, compared to the case in figure 3. With such barriers, the thermal 

decomposition of sarin on pristine r-TiO2 is possible at a high temperature (455K). However, the 

release of products such as HF and propene does not seem to be possible at low temperatures 

(fig. 4, intermediate C4*) as the barrier for C-H cleavage to form propene is 1.60 eV, which 

requires temperatures around ~610 K to overcome. Note that at any point during the 
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decomposition pathway, the P-containing intermediate may rearrange to a more stable 

configuration. We see such a case here where from C2* after O-C bond cleavage, the IMPA-like 

intermediate can rearrange first to an 𝜂? structure and be stabilized as an 𝜂@ structure (C2* 𝜂@), 

maximizing the P-O-Ti interactions.  This rearrangement of the C2* intermediate competes with 

the P-F bond cleavage. We will now investigate the effect of O vacancies on the surface toward 

the barriers associated with either P-F, P-OC3H7, or O-C3H7 bond cleavage.  

 
Figure 4. The energy profile of sarin decomposition on pristine r-TiO2 via C-O bond 
cleavage starting from the two most stable adsorption modes C.  

The effect of O vacancy 

With the presence of an oxygen vacancy site, the most stable molecular sarin adsorption 

geometries involve the P=O group occupying the vacancy site (figure 5) with two possible 

isomers depending on which group interacts with Ti5c (geometry E and F). In geometry E, in 

addition to P=O occupying the vacancy, there is a stabilizing interaction from a F-Ti5c interaction. 

This geometry has an adsorption energy of -1.95 eV. Similarly, with geometry F, there is an 

additional interaction between the oxygen of the isopropoxy substituent and a surface Ti5c, 

bringing the adsorption energy to -2.20 eV, which is the most stable configuration found. Further 
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sarin decomposition initiated via P-F and O-C bond cleavage may follow geometry E, whereas 

decomposition initiated with P-OR bond cleavage may follow geometry F.  

 

Figure 5 Sarin adsorption modes on the r-TiO2 surface with an O vacancy. 

 

Figure 6 shows the reaction pathway for O-C3H7 (E1-E2-E3) or P-F (E1-E4) bond cleavage 

starting from geometry E (E1=E). Since geometry F=F1 is more stable, it has also been included 

in the diagram, as the resting state of the molecule, and for the first step overall activation 

energies starting from F is indicated in the figure. The barrier to cleave the O-C3H7 bond from 

E1 is 1.4 eV (1.65 eV from F), which is higher than the case on the pristine surface (1.17 eV) 

and yields a stable intermediate E2 at -2.43 eV. Further P-F bond cleavage (E2-E3) as the 

second step is also exothermic by 0.35 eV (E3) with a barrier of 1.25 eV. Interestingly if we opt 

to first cleave the P-F bond (E1-E4), the barrier for this step is now greatly reduced from 1.77 eV 

(on the pristine surface) to only 0.85 eV from E1 (1.1 eV from F1). This process yields an 

intermediate E4 which is 0.79 eV more stable than the molecularly adsorbed sarin. Though 

further decomposition to cleave the P-OR bond from E4 is endothermic by 0.68 eV (not shown 

in figure 6), the intermediate may undergo C-H bond cleavage instead to produce gas phase 

propene. The barrier to release propene is 1.53 eV and the reaction is slightly exothermic by 

0.16 eV (E4-E5). This pathway shows that the O vacancy defect facilitates the P-F bond 

cleavage and enables it at a temperature as low as 425 K, even if starting from the most stable 

structure F (compared to 675K on the pristine surface, see table S1 and S3 in the SI).  

A similar barrier decrease can also be seen for the decomposition initiated with the P-OR bond 

cleavage from geometry F (fig. 7). Oxygen vacancies reduce the barrier to cleave the P-OR bond 

from 2.27 eV (pristine surface) to 1.05 eV (defective surface), and this cleavage can occur at 
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410K (table S3 in SI). The P-OC3H7 bond cleavage transition state shows a hexa-coordinated P 

atom, with an extra P-O bond involving a three-fold O atom on TiO2, trans to the P-F bond. This 

additional P-O interaction stabilizes the transition state and is not present in the initial state F1 

nor in the product state F2 of that elementary step. The following step to cleave the P-F bond 

remains relatively more facile in comparison to the case of pristine surface as well with a barrier 

of 1.01 eV.  

 

 

Figure 6 Sarin decomposition on the r-TiO2 (110) surface with an O vacancy initiated via 
P-F (blue) or O-C (black) bond cleavage. The decomposition starts from Sarin’s most 
stable adsorption mode (intermediate F here is written as F1, the numbering is to denote 
the step of the reaction). Activation energies for the first step are calculated from F1. 
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Figure 7 Sarin decomposition pathway on the r-TiO2 (110) surface with an O vacancy 
initiated via P-OR (R= isopropyl) bond cleavage. The sarin initial adsorption geometry is 
structure F = F1. 

Vibrational analysis 

To strengthen the interaction with experimental observation on the nature of adsorbed sarin and 

decomposition intermediates, vibrational analysis calculations were performed on the 

molecularly adsorbed species and selected intermediates which are accessible at 500 K from 

our pathways (following previous experimental work by Tsyshevsky et.al.29). However, it is 

known that the PBE functional tends to underestimate frequencies in comparison to the 

experiment. A work by Le et al. comparing experimental and theoretical frequencies for sarin 

adsorbed intact on anatase TiO2(101) suggested that PBE underestimates sarin characteristic 

modes by 60 cm-1 in comparison to experimental observation.58 In order to better understand 

the intrinsic error on frequencies from our first principle calculations, IR frequencies for gas 

phase sarin were calculated with the DFT PBE-dDsC functional as a benchmark and compared 

with the experimental result (Table 1). In comparison to the experiment, PBE-dDsC 

underestimates IR frequencies by ~ 50 cm-1. This value is used here as a correction shift term 
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when comparing the frequencies of the molecularly adsorbed sarin and the intermediates 

obtained after thermal treatment.  

Table 1 Experimental and calculated vibrational frequencies for gas phase sarin. 
Experimental data is from ref 29. 

IR band assignment GB vapor phase 
(exp.) 

GB vapor 
phase (theory) 

𝚫 

ν(P–O) 1303 1250 -53 
ν(C–O–(P)) 1020 978 -42 
ν(P–F) 845 792 -53 
δ(P–CH3) 1328 1285 -43 

 

Table 2 shows the characteristic IR frequencies for molecularly adsorbed sarin prior to the 

thermal decomposition treatment. The four best geometries of molecularly adsorbed sarin were 

chosen to represent the ensemble of surface species (on the pristine surface, structures A, B, 

and C from Fig. 2, on the defective surface with O vacancies, structures E and F from Fig. 5). 

Corrected values (shown in parenthesis in table 2) show good agreement with experimental 

observation. The ensemble of frequencies observed experimentally in the range 1271-1200 cm-

1 can be assigned to the P=O bond stretch, more or less weakened by the interaction with 

surface Ti (dative bond P=O-Ti) compared to the gas phase species. Such frequencies are seen 

for the chemisorption structures on the pristine surface, structures A, B, and C, wherein A sarin 

is interacting with the surface with only one P=O-Ti bond while in B and C, an additional P-OPr-

Ti or P-F-Ti interaction is created. The modes associated with these frequencies are not purely 

located on the P-O bond but show small couplings with deformations on other ligands of P. For 

C, which is the most stable chemisorption structure, one mode is lowered to 1125 cm-1 and can 

be described as a P=O stretch, coupled with the O of the alkoxy ligand in a symmetric (O-P-O) 

stretch modes, which is seen in the experiment. Adsorption modes on defective surface E and 

F (P=O occupies an O vacancy with either F or O-Pr interacting with Ti) also show similar (O-P-

O) stretch modes. Amongst all structures, these calculated (O-P-O) stretching modes at 1125-

1173 cm-1 are slightly overestimated in comparison with the experimental peak assigned to (O-

P-O) at 1090-1145. All sarin adsorption configurations possess the (C-O-(P)) stretch modes and 

the (P-CH3) seen experimentally, with significant weakening of the frequency for geometry B 

and F. Note that the experiment was performed on a powder P25 sample which contains a 
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mixture of anatase and rutile phase of titania. Vibrational modes on the anatase phase of the 

sample might differ somewhat and are not included in the calculation.  

Table 2 IR band assignment comparison between sarin adsorption experiments at room 
temperature (ref 29)and theoretical frequencies for molecularly adsorbed sarin. 
Corrected frequencies are shown in parentheses. *Data is not included ref 29. 

IR band 
assignment 

 Molecularly adsorbed 
exp theory  

(A) 
theory 

 (B) 
theory  

(C) 
theory 

(E) 
theory (F) 

ν(P–O) 1271-
1200 

1180, 1190 
(1230, 1240) 

1171, 1167 
(1221, 1217) 

1159 
(1209) 

  

νs(O–P–O) 1090   1075 
(1125) 

  

νas(O–P–O) 1145    1116 
(1156) 

1123 
(1173) 

ν(C–O–(P)) 1038 1007 
(1057) 

921, 917 
(971, 967) 

998 
(1048) 

1033 
(1083) 

924 
(974) 

ν(P–F) * 836 
(886) 

836 
(886) 

727 
(777) 

819 
(869) 

845 
(895) 

δ(P–CH3) 1320 1298 
(1348) 

1296 
(1346) 

1299 
(1349) 

1291 
(1341) 

1293 
(1341) 

 

Table 3 shows the characteristic IR frequencies for decomposed sarin after thermal treatment. 

Experiment at 500 K shows a decrease of intensity for the modes in the region 1271-1200 cm-1, 

an increase in the broad region 1200-900 cm-1, mainly at 1145-1135 and 1095-1075 cm-1, and 

a decrease at 1038 cm-1. From the calculated reaction profiles, on the pristine surface, the most 

abundant decomposition intermediate should be C2*𝜂@ (Fig. 4), where the sarin O-C bond is 

cleaved, followed by a rearrangement to form two Ti-O-P interactions. Consistently with the 

experiment, no mode occurs in the 1271-1200 cm-1 region, while O-P-O stretching modes arise 

at 1114  and 1088 cm-1, associated with the Ti-O-P-O-Ti linkage formed in C2*𝜂@. Since the O-

C bond is cleaved, no mode occurs at 1038 cm-1 (where the C-O-(P) stretching mode of 

chemisorbed sarin was). The vacancy defects pose a challenge to IR spectroscopy because of 

their low concentration. The most abundant intermediate after decomposition on the defective 

surface should be the intermediate E4, following sarin P-F bond cleavage. The release of 

propene from this intermediate is not accessible at 500 K. This intermediate is similar to IMPA 

and has three P-O bonds, two with the surface (one of them corresponds to the filing of the 

vacancy by the oxo (P=O) of sarin), hence generating three modes. One of them occurs at 1132 
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cm-1, close the 1145-1135 cm-1 enhanced region in the experimental spectrum. The other two 

(1029, 1054 cm-1) are lower. The C-O-(P) stretch is present but it is shifted to 1073 cm-1, which 

is close to the experimental IR band peak assigned to O-P-O stretching, hence compatible with 

the decrease in the experiment around 1038 cm-1, initial value of the C-O-(P) stretch in intact 

chemisorbed sarin.  

Table 3 IR band assignment comparison of decomposed sarin after heating to 500 K 
between the experiment and theory. A negative sign (-) indicates disappearing bands 

and a positive sign (+) indicates increasing bands.  

IR band 
assignment 

Heated to 500 K 
exp theory (C2*𝜂@) theory (E4) 

ν(P–O) 1271-1200 
(-) 
 

  

νs(O–P–O) 1095-1075 
(+) 

1038 
(1088) 

1082(1132) 
 

νas(O–P–O) 1145-1135 
(+) 

1064 
(1114) 

994, 979 
(1054, 1029) 

ν(C–O–(P)) 1038 
(-) 

 1023 
(1073) 

ν(P–F) * 821 
(871) 

 

δ(P–CH3) 1310 1294 
(1344) 

1278 
(1328) 

 

Therefore, the calculated vibrational frequencies validate the surface species obtained with our 

total energy calculations, with an ensemble of sarin chemisorbed structures at low temperatures, 

and intermediates of decomposition from C-O or P-F bond cleavage after thermal treatment. 

Discussion 

The complete decomposition pathways of sarin on the pristine and defective surface of rutile 

TiO2(110) have been investigated via DFT calculations. On the pristine surface, the most stable 

sarin adsorption geometries involve the dative P=O---Ti5c bond, with an additional stabilizing 

interaction from either the isopropoxy or fluorine groups, with adsorption energies of -1.92 eV (-

185 kJ/mol) or -1.94 eV (-187kJ/mol), respectively. Our results agree very well with the data for 

other rutile metal oxides. The adsorption of sarin has previously been theoretically studied on 

MoO2(110) where the most stable structure found is identical to that of structure C (P=O-Ti and 
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F-Ti binding modes) in figure 2, with a stronger adsorption energy of -229 kJ/mol.26 The 

differences in adsorption energies may be attributed to the difference in surface cation acidity 

between titania and molybdenum. Additionally, our result agrees well with the work of Quintero 

et al. on rutile TiO2 (sarin adsorption of -178 kJ/mol vs -187 kJ/mol). A slight difference may be 

attributed to the difference in dispersion correction employed.28 

On the pristine surface, the cleavage of the P-OC3H7 or P-F bond of sarin was found to have 

high barriers (2.27 eV and 1.77 eV respectively). This behavior has been observed as well on 

DMMP, where the cleavage of a P-OCH3 bond requires overcoming a barrier higher than 2 eV.11 

On the pristine surface, the P-F bond of sarin is less difficult to cleave compared to the P-OC3H7 

bond, but still, the barrier is large. On the defective surface, both barriers to cleave the P-OC3H7 

or P-F bond are considerably lowered and they become similar in magnitude. The barriers 

calculated with respect to the most stable isomer F1 of sarin are 1.1 and 1.05 eV, for the P-F 

and P-OC3H7 bond cleavage respectively. These bonds can therefore be broken on defective 

TiO2 at moderate temperature (~425 K).  

Calculations of vibrational frequencies of chemisorbed species and intermediates enable the 

validation of the dominant species proposed by the DFT reaction profiles and the interpretation 

of the experimental spectra in details. Two main results arise. First, Intact chemisorbed sarin 

configurations can introduce new O-P-O stretching frequencies, compared to the gas phase 

spectrum, seen in the room temperature experiment at 1145 and 1090 cm-1. This is especially 

the case for the most stable configuration C. When interpreting their room temperature 

experimental spectrum, Tsyshevsky et al. interpreted the two new IR modes (1145 and 1090 

cm-1) as arising from decomposition products of sarin via P-F or P- O(Pr) bond cleavage (Pr 

stands for the isopropoxy moiety). Our vibrational calculations provide an alternative 

interpretation as intact chemisorbed sarin can explain the features at 1145 and 1090 cm-1 which 

is consistent with DFT calculations (ours and those from Tsyshevsky et al.) which show a 

sizeable barrier (>1eV) for decomposition which cannot be passed at room temperature. 

Second, our vibrational analysis showed that dissociated sarin formed after temperature 

treatment reinforces the occurrence of frequencies at 1145 and 1090 cm-1 while decreasing 

modes in the higher range of 1200-1271 cm-1. In the presence of oxygen vacancies, 

unavoidable on rutile titania in UHV conditions, decomposition at moderate temperature (~425 



17	
	

K) can involve P-F or P-OC3H7 bond cleavages. The barriers are very similar for these two 

pathways, but P-F bond cleavage is more exothermic so products from P-F bond cleavage 

should dominate on the surface (intermediate E4). O-C bond cleavage is favored on the pristine 

surface, and afterward, the remaining surface intermediate may rearrange to a more stable 

adsorption geometry. Such a rearrangement is very accessible as the barrier is very low (+0.35 

eV) and the reaction is quite exothermic (fig, 4 C2* to C2*𝜂@ Δ𝐸 = -0.72 eV). If the intermediate 

adopts the C2*𝜂@ conformation, further decomposition is unlikely. Our frequency calculations 

show that both the formation of C2*𝜂@ and E4 agree with the experimental spectra where 

Tsyshevsky et.al observe the disappearance of 1200-1271 cm-1 and an increase of intensity 

around 1145 and 1090 cm-1 frequencies.  

Table 4: Barrier comparison of the first step of sarin decomposition via P-O, P-F, and O-
C bond cleavage on pristine and defective surface 

Bond cleaved Pristine surface (activation T in K) Defective surface (activation T in K) 

P-OC3H7 2.27 eV (>800 K) 1.05 eV (~410 K) 

P-F 1.77 eV (~675 K) 1.10 eV (~425 K) 

O-C3H7 1.17 eV (~455 K) 1.39 eV (~535 K) 

 

Upon decomposition, the P-containing intermediate persists on the surface, as P coordinates 

itself with surface oxygens. Gas products such as propene may arise from the alkoxy resulting 

from the decomposition via C-H bond cleavage.  However, the barrier to cleave C-H is very high 

and both P-containing intermediates and alkoxy may poison the surface over time. The 

phenomenon of surface passivation for sarin is expected and has been before observed on 

DMMP and DIMP on titania and other metal oxides experimentally such as cupric, manganese, 

alumina, and iron oxides. 8,11,59–61  

It is also interesting to note that F- is stable on Ti sites. An experimental (FTIR) work by Hirakawa 

et.al. suggests that the formation of F-Ti species is favorable on fully hydrated powder titania in 

which all the Ti sites are occupied with water and proton molecules. Upon F- ion injection towards 

a hydrated titania surface, Hirakawa et al. observed v(OH) and 𝛿(H2O) shift, which indicates that 

either the dissociated water molecules (Ti-OH and proton on O2c) or molecular H2O on Ti sites 

are substituted by F- ions.30 Our calculations agree well, as we see large stabilization of the 
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intermediates in steps involving the formation of Ti-F species on the surface, compared to the 

intermediates which involve the formation of Ti-OC3H7. On a defective surface, P-F bond 

cleavage and subsequent Ti-F and P-containing (similar to IMPA) surface intermediate formation 

are exothermic by 0.79 eV. The P-F bond cleavage renders the following P-OC3H7 bond 

cleavage difficult, which is in agreement with the experimental observation reporting the 

presence of IMPA-like surface fragments.29,30  

Our results shed light on the question of whether DMMP is a good enough simulant for sarin 

decomposition reactivity. The decomposition profiles of sarin and its simulant DMMP show 

similarities but also key differences. Similarities are: (1) strong adsorption of both molecules 

which involves the dative P=O---Ti5c bond, (2) difficult P-OR/P-F bond cleavage on the pristine 

surface, the O-C bond being the easiest to cleave on the pristine surface, and (3) the decrease 

of the barrier for P-OR (or equivalently P-F) bond cleavage in the presence of O vacancies.  The 

key difference between sarin and DMMP chemistries lies in the presence of the P-F bond itself 

in sarin and not in DMMP. The P-F bond cleavage is significantly less difficult than the P-OR 

bond cleavage on the pristine surface. Additionally, the Ti-F formation upon P-F bond cleavage 

is much more favorable than the Ti-OC3H7 formation. As a consequence, there is a pathway 

initiated by P-F bond cleavage for sarin, which is absent for DMMP. The most obvious difference 

is in the case of the O vacancy containing TiO2(110) surface with a first decomposition step of 

sarin by P-F bond cleavage possible at 425 K (with much higher exothermicity), while the 

reactivity of DMMP starts at 600K by P-OR or O-C cleavage.11 The F substituent also has an 

influence in facilitating the P-OR bond cleavage of sarin in the presence of the O vacancy, the 

energy barrier being 1.05 eV for sarin versus 1.4 eV for DMMP. An additional bond between P 

and surface O atoms is created in the transition state for P-OC3H7 bond cleavage of sarin: the 

electronegative F ligand positively polarizes P, which is more prone to interact with surface O 

atoms.  

Therefore, DMMP is not an accurate simulant of sarin for chemical reactivity since sarin is 

significantly more reactive for decomposition than DMMP. 

 

Conclusion 
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In conclusion, our analysis shows that the reactivity of sarin on pristine rutile titania is low, despite 

the strong adsorption energy, and that decomposition most likely initiates via the O-C bond 

cleavage (barrier 1.17 eV) while P-OR (R= C3H7 isopropyl)  or P-F cleavage is highly activated 

(barriers larger than 2 eV). In contrast on the defective rutile surface containing O vacancies, a 

first decomposition step by P-OR or P-F cleavage can occur at moderate temperature (~425K), 

with a barrier of ~1.1 eV. The transition state for the P-OR bond cleavage is stabilized by an 

additional interaction between P and surface O, facilitated by the electronic effect of the F ligand. 

These relatively easy initial decomposition paths for sarin on rutile TiO2 in the presence of O 

vacancies are in sharp contrast with the reactivity of the less toxic simulant DMMP, for which the 

decomposition only initiates at 600K on the same O vacancy-containing model surface. The 

formation of the Ti-F bond stabilizes the system significantly which gives thermodynamic 

preference towards the P-F bond cleavage. The produced surface IMPA-like intermediate is 

unlikely to undergo further decomposition via P-OC3H7 bond cleavage. It may react to produce 

propene, but the reaction is significantly activated and requires a higher temperature (585 K). 

Frequency calculation indicates that intact molecular adsorption of sarin can explain the 

experimental spectrum at room temperature, while further decomposition by C-O or P-F bond 

cleavage, presumably at O vacancies, is responsible for the spectral evolution seen at 500K, in 

agreement with calculated barriers.  This theoretical work, therefore, reconciles theory and 

experiments for the sarin decomposition pathway on TiO2 surfaces, proposes a pathway for 

initial moderate temperature decomposition by P-F or P-OC3H7 cleavage on O vacancies, and 

demonstrates the limited accuracy of DMMP as a reactivity simulant for sarin.  
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