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Co-vaporization of surface water layer
Before casting the DCM containing VX, the powdery TiO2 film is treated by the UV-irradiation for decomposing and removing the organic contaminant adsorbed at the surface of TiO2. Then, the surface condition become hydrophilic and the IR frequency at around 3000 to 4000 cm-1 broadly increased as a results of the increase of the surface adsorbed water coming from experimental atmosphere.[1] The hydrophilic surface condition is used as the base line of the IR measurement before casting DCM including VX. By casting DCM solvent containing VX, the IR frequency at around 3000 to 4000 cm-1 is decreased as seen at the IR spectrum of 4.5 VX molecule / nm2 casting in Figure SI-1, it is indicating that the water adsorbed at the surface of TiO2 is desorbed from the surface. We could not estimate actual number of water molecules vaporized from the surface. Then it may be suggested that the IR peaks of adsorption of VX at surface OH groups is sunk in the decrement of the IR intensity of water layer. That is, the desorption of the water molecule is attributable to the co-vaporization with DCM. The similar phenomenon had observed in our previous study. [2] Notice here that some surface OH groups is then consumed as a result of a hydrolysis of VX to EMPA [2][image: ]

Figure SI-1. ATR-FTIR spectra observed from VX adsorbed at the surface of TiO2. The number of VX molecule is stepwise increased from 4.5 to 27.0. The IR spectrum is at 2000 – 4000 cm-1.


IR Spectrum of Liquid condensed VX
Figure SI-2 shows IR spectrum of liquid condensed VX molecule provided from supplier. The characteristic IR frequencies appear. From 1500 to 2500, 3100 to 4000 cm-1, there are no any characteristic IR frequency. Similar IR spectrum have also reported from other research groups. [3]

[image: ]
Figure SI-2. IR spectrum of condensed liquid VX. The data sheet is obtained from supplier. 

IR frequency of isopropoxide at the surface of TiO2
The IR frequencies of an isoporpoxide as iPrOH adsorbed at the surface of TiO2 as has been reported by other research groups are listed in Table SI-1. The VX has iPr as function groups and the IR frequency of that basically appear similar to iPr.[4-7] TABLE SI-1: Spectroscopic assignments of the vibrational modes of isopropoxide adsorbed at the surface of TiO2. 
[image: ]
a The IR frequency is taken from reference [4]. b the value taken from reference [5]. c value taken from reference [6]. d assignments from references [7].



IR frequency of 2-aminoethanthiol adsorbed at the surface of Ag(111) and Au(111), and n-butanol adsorbed at the surface of TiO2
The IR frequencies of 2-aminoethanthiol (AET) adsorbed at the surface of Ag(111) and Au(111) as has been reported by other research groups are listed in Table SI-2.[8] The IR frequencies of n-BuOH adsorbed at the surface of TiO2 as has been reported by other research groups are listed in Table SI-3.[9, 10] The chemical structure of AET is partially similar to the VX molecule as DESH and 2-(buthylamino)ethanthiol, 2-BAET as VX simulant. In this study, BAET is used as simulant of DESH groups of VX. Therefore, the IR frequency of AET and n-BuOH is used as reference to assign the 2-BAET adsorbed at the surface of TiO2 in this study as shown in Figure SI-4. 
TABLE SI-2: Spectroscopic assignments of the vibrational modes for 2-aminoethanthiol (AET) adsorbed at the surface of Ag(111) and Au(111).[8]

[image: ]
TABLE SI-3: Spectroscopic assignments of the vibrational modes for n-Butanol adsorbed at the surface of TiO2.[9,10]

[image: ]


IR frequency of DIIPA and 2-BAET at the surface of TiO2
The VX adsorbed at the surface of TiO2 is decomposed to DESH and EMPA. Since we could not obtain the DESH as chemical reagent, 2-BAET as VX simulant is used as analysis to assign DESH. The observation procedure of 2-BAET at the surface of TiO2 are described in Experimental section of manuscript. The 2-BAET reagent spreads at the surface of powdery TiO2 film. After casting, the FTIR spectrum is measured. The observation of the IR spectrum starts immediately after casting the solvent.
Figure SI-3 shows the IR spectrum of 2-BAET adsorbed at the surface of TiO2. The IR frequency of S-H mode is not observed, it is indicating that the S of 2-BAET is directly adsorbed at the surface of TiO2. The characteristic IR peaks of 2-BAET appear, and the IR frequencies are assigned based on the IR vibration mode as listed in Table SI-2 and 3, and the assignment of 2-BAET are listed in Table SI-4. 
Here, as secondary amin, diisopropylamine, DIIPA is also used as the partial function groups of DESH. Figure SI-4 shows the IR spectrum of DIIPA adsorbed at the surface of TiO2. The characteristic IR peak appear, and the IR frequencies are assigned based on the IR vibration mode as listed in Table SI-1 and reported frequencies as listed in reference [8,9], and the assignment of DIIPA are listed in Table SI-4. The IR vibration mode is mainly attributable to iPr. 
[image: ]
Figure SI-3. IR spectrum observed from 2-(butylamino)ethanthiol (2-BAET) adsorbed at the surface of TiO2. 

[image: ]
Figure SI-4. IR spectrum observed from diisopropylamino (DIIPA) adsorbed at the surface of TiO2. 

The IR frequency at 1608 and 1643 cm-1 observed from 2-BAET and DIIPA is assigned to combination band of 2  ν(N-C) mode.[11] Similar IR vibration mode is calculated to combination band of 820 cm-1 in which is assigned to ν(N-C) as the vibration mode by DFT calculation in this study. [11] 

TABLE SI-4: Observed and calculated infrared absorption bands and mode assignment for diisopropylamine (DIIPA) and 2-(butylamino)ethanthiol (2-BAET).
[image: ]
a Measured in this study. b the IR assignment is referred by [8-11].

Identification of IR frequencies at barren region: Adsorption
The IR frequencies at 2606 and 2708 cm-1 are observed from condensed liquid VX as shown in Figure SI-2 and VX molecule adsorbed at the surface of TiO2 as seen in Figure 1-(b). The similar IR spectrum of VX molecule has been observed from other research groups. [3] The IR frequency at 2606 cm-1 may be attributable to the S-H vibration mode. The VX molecule have P-(S)-C groups and the S have no hydrogen bonding as S-H in the VX molecular structure. When the VX molecule is hydrolyzed by self-hydrolysis, the S-H vibration mode may appear at around 2600-2580 cm-1 as a consequence of the P-S cleavage. However, we believe the purity of the VX is high even though some of VX molecule is hydrolyzed. In the case of the IR frequency at 2708 cm-1, the IR frequency may be attributable to tertial amine as >NH+- (2700 to 2330 cm-1).[12-14] 
Here, these IR frequencies are also computationally estimated by DFT calculation. The IR vibration mode of the IR frequency at 2606 cm-1 is then calculated to an anhamonic vibration modes as the combination of C-H vibration mode in the hydrocarbon of iPr, EtO and ET, by DFT calculation.[15] About 2707 cm-1, the combination band similar to the case of 2606 cm-1 is also calculated and the overtone band is also estimated at 2702 cm-1 of which is attributable to the vibration of δ(CH3)-Et and δ(CH2)-Et. These results mean that the IR frequencies might be attributable to aliphatic function groups as EtO and iPr including tertial amin of VX.
On the basis of the molecular structure of VX, these vibration modes may be plausible and the IR frequencies at 2606 and 2708 cm-1 may be the overlapped of the vibration mode as stated above. However, these assignments are not conclusive in the present stage. 

Identification of IR frequencies at barren region: Photocatalysis
Under the photocatalysis, the IR frequencies newly appear at 2496 and 2719 cm-1. These IR frequencies then may be generally attributable to the secondary as -NH2+-. [12-14] Such IR vibration mode as amine salts are observed from the H-bonding between amine and hydrohalides species in liquid and solid phase. [12-14] Then the IR frequency of secondary amine species appear.  
[image: ]
Figure SI-5. IR spectrum of DIIPA adsorbed at the surface of TiO2. The concentration of DIIPA is changed from 1 to 10 μL for evaporation. 

Similar IR frequencies are observed from DIIPA and 2-BAET/EMPA mixture adsorbed at the surface of TiO2. Figure SI-5 shows the IR spectrum of DIIPA at the surface of TiO2. The IR spectrum region is from 2100 to 2900 cm-1 as barren region. The IR frequencies are observed at 2492, 2528, 2615, 2724 and 2788 cm-1. The IR peaks at 2724 and 2492 cm-1 are similar position as the IR frequencies observed from VX decomposition by the TiO2 photocatalysis. As shown in Figure SI-6, the IR spectra observed from 2-BAET/EMPA mixture adsorbed at the surface of TiO2 are showed. The 2-BAET did not show the characteristic IR frequency at around the barren region even though it is secondary amine. In the case of EMPA, the IR frequency at 2300 cm-1 which is assigned to P-OH is observed. By mixing the 2-BAET and EMPA, the characteristic IR frequency as secondary amine appear at 2480 and 2741 cm-1. The IR frequencies are quite similar to the IR frequencies observed from the decomposition of VX molecule. This result indicates that the IR frequencies at 2496 and 2719 cm-1 are assigned to secondary amine such as DIIPA, SH-ET-N-iPr and so on.

[image: ]
Figure SI-6. IR spectrum of 2-BAET, EMPA and mixture of 2-BAET and EMPA adsorbed at the surface of TiO2.  


DFT calculation
In all calculation, the VX molecule structure is relaxed into lowest-energy conformations to optimize the structure. Under optimization, the geometry structure of VX molecule is specially not frozen. The total energy after optimization is calculated to -1379.6252 Hartree.[15] The calculated IR frequency do not have any imaginary number. In the DFT calculation of the adsorption structure of VX at the surface of Al2O3, the difficulty to calculate precise VX structure adsorbed at the metal oxide has suggested because the parameters of the structure of metal oxide and the conformation of VX strongly affects the energy state of them.[16] For instance, the state of the surface hydroxyl groups and the physisorbed water strictly affects the structure and energy level. Therefore, in this study, the complete conformation of VX molecule, the adsorbed condition including the surface OH groups and water at the surface of TiO2 is not considered, so the calculated structure is one of the rotational conformations of free VX molecule under vacuum condition as a gas phase. 

General discussion
Although the DESH production by the P-S cleavage under TiO2 photocatalysis was identified, bis(diisopropylaminoethyl)disulfide, ((iPr)2(N)-ET-S)2 so called as (DES)2 was not observed. Compounds having -S-S- structure would be produced, but the aliphatic function groups of DESH or (DES)2 are oxidized to various kinds of byproducts in the TiO2 photocatalysis and overlapped with the IR vibration mode of the other byproducts. In addition, the IR vibration mode as -S-S- bonding appeared at higher energy and IR regions are not analyzed in this study due to the limitation of ZnSe crystal. 
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