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A  sample  of  photoexcitation  effect  on  adsorption  of adsorbent  is proposed.
Adsorption  relies not  on  hydrogen  bond  but  charge  transfer  after  photoexcitaion.
Photoexcitation  effect  is  presented  as  a new  standard  for  detection  of adsorbent.
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a  b  s  t  r  a  c  t

There  is very  little  scientific  understanding  of photoexcitation  effect  on the  adsorption  properties  of
adsorbent.  The  adsorption  of  four  hazardous  gases  (SARIN  (propan-2-ylmethylphospho-nofluoridate),
methyl  dichlorophosphate  (MDCP),  trimethyl  phosphate  (TMP)  and  hydrogen  sulfide  (H2S))  on  silica
surface  is taken  as target  sample  in this  work. The  adsorption  energy  order  (MDCP  <  SARIN <  TMP)  in  the
ground  state  is  consistent  with  the  strength  order  of  intermolecular  hydrogen  bond  (inter-HB)  between
hydroxyl  group  of silica  surface  and  hazardous  gas,  and  the  desorption  order  of the  three  gases  in previ-
ous  reports.  However,  with  the adsorption  energy  increase  of  MDCP  and  the  decrease  of  SARIN  and  TMP,
this  order  changes  remarkably  to SARIN  <  TMP  < MDCP  after  photoexcitation  to  excited  state  by  absorbing
shortwave  ultraviolet  irradiation.  This  change  is  opposite  to the  inter-HB  weakening  of  MDCP  in  the  first
ydrogen bond
ilica surface

excited  (S1) state  and  the  strengthening  of  TMP  and  SARIN  in the second  excited  (S2)  state.  This  opposite
change  is caused  by formation  of intermolecular  charge  transfer  state  of MDCP  and  local  excitation  of
SARIN  and  TMP.  The  H2S is dissociated  after  photoexcitation  to the  S1 state.  This  work  presents  pho-
toexcitation  as a new  standard  for  the  design  and  detection  of  adsorption  properties  of  adsorbent  for  its

ion  b
striking  effect  on adsorpt

. Introduction

Many technologies have been developed to detect chemical
arfare agents (CWAs) and decompose them into nontoxic sub-

tances, because of their severe environment contamination and
ighly deleterious effects on humans [1–4]. Among these CWAs,
he nerve agents, such as SARIN and soman, have attracted much
oncern due to high lethality and have become one of the greatest
hreats in modern world for the possible use in warfare or terrorist
ttacks [1,3,5,6]. Surface chemistry of CWAs simulants on envi-

onmental materials has become a demanding scientific problem,
nd is also critical to the rational design of adsorbents and decon-
amination strategies [1,7–11]. Researchers have designed many
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304-3894/© 2017 Published by Elsevier B.V.
ehaviors.
© 2017  Published  by  Elsevier  B.V.

simulants of target nerve agents without extreme toxicity, which
cannot fully mimic real environmental fate [9,10]. Theoretical
approach can eliminate nerves agents’ hazards and bring funda-
mental insight into wide range of conditions, and thus has become a
forceful tool for investigating nerves agents-environmental surface
interaction [10].

As one of the most abundant materials in environment, the
amorphous silica has been utilized as excellent surrogate and test
system for exploring nerve agent gas-surface intermolecular inter-
actions [1,8,12–17]. It has been widely used as adsorbent and
catalyst support for its relatively high surface area and unique sur-
face properties [18]. The hydroxylation of silica surface is of critical
importance and major concern in the design of a decontamina-

tion system because of its controllability [1,11,19–27]. Adsorption
of gas-phase molecules to silica surface has been the subject of
research in many branches of science [19–28]. The adsorption of
silica is known to depend largely on the surface hydroxyl (silanol)
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roups by forming strong hydrogen bonds primarily between sur-
ace silanol groups and the oxygen atom of the P O moiety in the
dsorbate [12,28,29].

Many researches have been conducted to better understand
he adsorption of nerve agents to silica and design more effective
ensing methods [27,30]. Organophosphorous (OP) compounds
imic  the structure and surface chemistry of nerve agents with

ow toxicity [28]. Wilmsmeyer and coworkers have demonstrated
hat the simulants (methyl dichlorophosphate (MDCP), dimethyl
holor-ophosphate (DMCP), trimethyl phosphate (TMP), dimethyl
ethylphosphonate (DMMP) and diisopropyl methylphosphonate

DIMP)) are adsorbed on silica surface through intermolec-
lar hydrogen bond between P O group and the surface
ydroxyl, which is confirmed by their infrared spectroscopy
12,23,31,32]. The strength order of the adsorption follows the
rend MDCP < DMCP < TMP  < DMMP  < DIMP. MDCP, DMMP  and TMP
re desorbed from silica at 150 ◦C, 300 ◦C and at 400 ◦C respec-
ively [12,23,31]. Temperature is an important factor in affecting
dsorption properties of these organophosphorous gases to silica
33]. Moreover, it is demonstrated that the adsorption of DMMP  on
ilica surface depends largely on the hydroxyl coverage of the silica
urface [1].

Besides temperature and hydroxyl coverage, photoexcitation
ffect on the adsorption behaviors of adsorbent has not been exten-
ively studied to our best knowledge. Under normal conditions,
ilica and its adsorbed complexes are located at ground state, which
ndicates the lowest energy state and the zero-point energy of the
ystem [34–36]. The ground state of these molecular systems tends
o be stable unless the molecular system absorbs energy which is
qual to the difference between the ground state and higher state
called excited state). The excited state is a quantum state of the
ystem with higher energy than the ground state [36,37]. These
xcitation energies are often obtained from irradiation of different
ave band, laser, heat and other energy sources. This transition
rogress occurs with the molecular orbital transition, charge distri-
ution and geometric change, which will induce different changes
f adsorption/desorption behaviors. In this work, photoexcitation
ffect on the adsorption behaviors of four hazardous gases on silica
urface will be discussed in detail.

Adsorbent will be excited to the first excited (S1) state or higher
tate (Sn, n ≥ 2) after absorbing transition energy from ultravio-
et (UV) light or other energy sources, which will induce different
dsorption behaviors, such as adsorption strengthening, desorption
r dissociation. Adsorption in the ground state plays a crucial role
n the adsorption strength for the adsorbent with large transition
nergy. The analysis of transition energy and photoexcitation effect
ill become an important environment effect on adsorption prop-

rties of adsorbent. Many works have been reported on study the
dsorption of mimetic organophosphonates to silica in the ground
tate [9–12,22–24,8,31,38–41]. In this work, the adsorption of four
azardous gases to silica before and after photoexcitation is pro-
ided as target sample. Samples of nerve agents’ simulants (MDCP,
MP), SARIN and hydrogen sulfide are chosen to study their adsorp-
ion properties and dynamics behaviors on silica surface in the
round state and excited state. Hydrogen sulfide (H2S), a toxic gas
n the industrial gases, can cause irritation to human health and
cidic rains [41–43]. This study will take photoexcitation effect as

 new standard for the design and detection of adsorption proper-
ies of adsorbent, which will provide comprehensive explanation
n adsorption behaviors together with temperature and other envi-
onment effects.
. Theoretical methods

The geometric structures, electronic and infrared spectra of
he four complexes are calculated using Gaussian 09 program
Materials 341 (2018) 93–101

suite [44]. Becke’s three-parameter hybrid exchange function with
Lee-Yang-Parr gradient-corrected correlation functional (B3-LYP
functional), in combination with 6–31G* basis set, is used in
both the Density functional theoretical (DFT) and TDDFT methods
[45,46]. The entire local minimums are confirmed by the absence
of any imaginary frequency in vibrational analysis calculations.
The wave function analysis is performed by the Multiwfn program
in order to obtain the information about reduced density gradi-
ent (RDG), electrostatic potential value, electron-hole, the bonding
energy, and the Lorentz oscillator [47].

3. Results and discussion

The adsorption of organophosphorous compounds (MDCP,
SARIN, TMP) and hydrogen sulfide to silica surface is governed by
the intermolecular hydrogen bond interaction. Excited state hydro-
gen bonding dynamics have been demonstrated to be a reliable tool
for studying intermolecular interaction and their dynamic behav-
iors [48–53]. For convenience, hydrogen bonded complexes for
MDCP, SARIN, TMP  and H2S with silica suface are denoted as their
monomers. In this work, the adsorption change of MDCP, SARIN,
TMP  and H2S on silica surface in excited state are investigated by
focusing on the adsorption energy change and dynamics behaviors
of intermolecular hydrogen bonding before and after photoexcita-
tion.

3.1. Optimized geometric structures in the ground state and the
excited state

The bond lengths and angles of the four complexes in ground
and excited states are denoted in For MDCP in Fig. 1A and B,
the bond length of P O· · ·H O is calculated to be 1.813 Å in the
ground state, which lengthens to 1.855 Å after photoexcitation to
the excited S1 state. The bond lengths of P O and O H, which
are involved in the formation of P O· · ·H O, respectively lengthen
about 0.105 Å and shorten about 0.002 Å in the S1 state. The angle
OHO changes little from ground state (163◦) to the S1 state (165◦),
implying a slight change in hydrogen bond interaction sites of
P O· · ·H O. These changes indicate that the intermolecular hydro-
gen bond P O· · ·H O is weakened when excited to the S1 state,
indicating that the adsorption strength of MDCP on silica surface
is weakened compared to that in the ground state. We  focus on
the second excited (S2) states of SARIN and TMP  because of their
small transition probability in the S1 states. For SARIN in Fig. 1C
and D, the bond length of P O· · ·H O decreases from 1.741 Å in
the ground state to 1.477 Å in the excited S2 state. The bong length
change of P O· · ·H O of TMP  is similar to that of SARIN, decreas-
ing from 1.716 Å in the ground state to 1.477 Å in the S2 state. The
changes of SARIN and TMP  indicate that the intermolecular hydro-
gen bonds are both strengthened compared to the ground state,
implying that the adsorption of SARIN and TMP  are both strength-
ened in the S2 state compared to ground state. The bond lengths
of intermolecular hydrogen bonds of MDCP, SARIN and TMP  are
consistent with the theoretical results obtained by Troya [28]. In
Fig. 1G and H, the silica with two silanol groups is hydrogen bonded
with hydrogen sulfide by two  O H· · ·S  intermolecular hydrogen
bonds, denoted as O1 H1· · ·S and O2 H2· · ·S. It is observed that the
bond lengths of O1 H1· · ·S and O2 H2· · ·S are 2.602 Å and 2.574 Å
respectively, which change to 2.580 Å and 2.603 Å when excited to
the S2 state. This change indicates that intermolecular hydrogen
bond O1 H1· · ·S is strengthened and O2 H2· · ·S  is weakened in the
S2 state compared to that in the ground state. The angle O1H1S

changes little, while the angle O2H2S decreases largely from 166◦

in the ground state to 79◦ in the excited S2 state. It is interesting to
observe that one of the S-H bonds is cleaved in the S2 state, indicat-
ing dissociation of H2S after photoexcitation. The bond length and
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Fig. 1. The calculated bond length and angles of M

ngle of these four complexes after photoexcitation change in dif-
erent ways, providing evidence for the adsorption change of the
hree organophosphorous compounds and hydrogen sulfide. The
eason for these changes will be discussed in detail in the following
ection.

.2. Excitation energy and adsorption energy analysis

The calculated electronic excitation energies (nm) and corre-
ponding oscillator strengths (f), and three indicators (�r, S and
) of MDCP, SARIN, TMP  and H2S are shown in Table 1. It is
eported by Gasparro that ultraviolet radiation is composed of
avelengths between 100 and 400 nm that are further divided

nto UVC (100–290 nm), UVB (290–320 nm)  and UVA (320–400 nm)
54]. The destruction of ozone apparently leads to an increase
n shortwave-ultraviolet (UV) on earth because ozone can effi-
iently absorb UV radiation with wavelength shorter than 300 nm,
n particular UVC (below 280 nm), and UV-B (in a specific range of
80–300 nm)  [55,56]. By absorbing UVC irradiation, the four com-
lexes can be photoexcited to excited states.

The S1 state of MDCP has large oscillator strength than that of
2 state and has excitation energy about 203 nm.  For SARIN and
MP, the electronic excitation energies and corresponding oscil-
ator strengths of the S1 and S2 states are similar to each other,
nd the S2 state has larger oscillator strength than that of S1 state.
herefore, the S2 states of SARIN and TMP  are discussed in this
ork. Three indicators (�r, S and T) are provided to check whether

he excited states of four complexes are local excited (LE) or charge
ransfer (CT) states. The �r  index is proposed as a quantitative indi-
ator of electron excitation mode [57]. The smaller the �r  index is,
he more likely the excitation belongs to a LE state. The index S
s integral of overlap of hole-electron, and D denotes the distance
etween centroid of hole and electron. The S1 state of MDCP has

mall S and large D/�r,  which indicates that the two excited states
f MDCP are charge transfer (CT) state. The S2 state of SARIN has
arger S, smaller D and �r,  indicating that the S2 state of MDCP
s local excited (LE) state. The S2 state of TMP  is similar to that of
SARIN, TMP  and H2S in ground and excited states.

SARIN and the S1 state of H2S is a LE state. The analysis of electronic
transition energy can provide evidence for high or low transition
energy with corresponding transition probability, and then decide
which state to be studied.

The adsorption energies of MDCP, SARIN and TMP are calculated
to be −40.678 kJ/mol, −54.283 kJ/mol and −57.831 kJ/mol respec-
tively in the ground state. These adsorption energies follow the
order MDCP < SARIN < TMP, which is consistent with the strength-
ening of intermolecular hydrogen bond interaction and desorption
order of MDCP and TMP  in previous related reports [28]. This order
implies that intermolecular hydrogen bond is the major contribu-
tion to the adsorption strength. The adsorption energy of MDCP
increases to −53.433 kJ/mol when excited to the S1 state, while
that of SARIN and TMP  respectively decreases to −9.207 kJ/mol and
−10.566 kJ/mol in the S2 states. The intermolecular hydrogen bond
of MDCP is weakened while that of SARIN and TMP  is strength-
ened. It should be noted that the adsorption energy change of the
three complexes is opposite to the change of intermolecular hydro-
gen bonds in excited state, implying that adsorption behaviors in
excited state are remarkably different from those in the ground
state and that intermolecular hydrogen bond may not be the major
contribution to the adsorption strength. The adsorption energy of
H2S changes to 56.783 kJ/mol in the S1 state from −27.464 kJ/mol
in the ground state, implying desorption of H2S in the S1 state.
This change is consistent with the dissociation of H2S in geometric
structure analysis.

3.3. Reduced density gradient (RDG) analysis

Johnson et al. have developed an approach to detect noncova-
lent interactions in real space based on the electron density and its
derivatives [58]. The wave functions were analyzed by the Multi-
wfn program for information on RDG [47]. Fig. 2 shows the gradient

isosurfaces and related plots of the reduced density gradient versus
the electron density multiplied by the sign of the second Hessian
eigenvalues. The gradient isosurfaces are colored according to the
corresponding values of sign(�2)�, which is found to be a good indi-
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Table 1
Excitation energy (nm) and corresponding oscillator strengths of MDCP, SARIN, TMP  and H2S in the S1 and S2 states. The symbol f denotes oscillator strength, S is integral
of  overlap of hole-electron, D denotes the distance between centroid of hole and electron, �r  denotes quantitative indicator of electron excitation mode. �E denotes the
adsorption energy (kJ/mol).

MDCP SARIN TMP  H2S

S1 S2 S1 S2 S1 S2 S1 S2

203 201 157 154 154 152 196 168

f 0.0032 0.0000 0.0003 0.0037 0.0002 0.0042 0.0002 0.0003
S  0.141 0.006 0.200 0.225 0.189 0.210 0.239 0.021
D  3.726 7.006 0.509 1.025 1.829 0.814 0.208 4.796
�r  4.844 7.333 2.198 2.549 2.655 3.157 1.382 4.392

S0 S1 S0 S2

�E −40.678 −53.433 −54.283 −9.207 

BSSE  −31.214 −42.679 −39.393 7.268 
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ig. 2. Gradient isosurfaces (A, C, E, G and A′ , C′ , E′ , G′) and the corresponding plots
f  the reduced density gradient (RDG) versus the electron density multiplied by the
ign of the second Hessian eigenvalues (B, D, F, H and B′ , D′ , F′ , H′).

ator of interaction strength. Large negative values of sign(�2)�
re indicative of attractive interactions, such as hydrogen bond-
ng; large positive values of sign(�2)� are indicative of nonbonding.
alue of sign(�2)� near zero indicates very weak van der Waals

vdW) interaction [47,55].
In Fig. 2, the vdW interaction, hydrogen bond and steric effect

f the four complexes are denoted. Blue denotes hydrogen bond
nteraction, yellow denotes vdW interactions and red denotes
teric effect. In Fig. 2A and A’, the intermolecular hydrogen bond

 H· · ·O P of MDCP is located at −0.035 in the ground state and

ight-shifts to −0.030 in the S1 state. This shift implies its strength-
ning after photoexcitation. In Fig. 2B, the strong hydrogen bond
nteraction between O H and O P of SARIN is denoted as blue.
his strong intermolecular hydrogen bond O H· · ·O P is located
S0 S2 S0 S1

−57.831 −10.566 −27.464 56.783
−44.474 6.805 −21.727 67.791

at −0.040 in Fig. 2B’ and disappears due to the strengthening of
O H· · ·O P bond. The disappearance of hydrogen bond O H·  · ·O P
indicates that the strong hydrogen bond O H· · ·O P is significantly
strengthened in the S2 state. The change of TMP  system (in Fig. 2C,
C′, C′ ′) is similar to that of SARIN system. It is noted in Fig. 2D that
the spike point located at −0.012 corresponds to the weak hydro-
gen bonds O1 H1· · ·S and O2 H2· · ·S, which respectively left-shifts
to −0.03 and right-shift to −0.01 when excited to the S1 state in
Fig. 2D′. This change indicates that O1 H1· · ·S  is strengthened while
O2 H2· · ·S is weakened after excitation to the S1 state. The RDG
analysis is consistent with the results of geometric structure analy-
sis and provides reliable evidence for the change of intermolecular
hydrogen bond interaction.

3.4. Frontier molecular orbital analysis

Analysis of molecular orbitals (MOs) can provide insight into the
nature of the excited states [59,60]. The frontier molecular orbitals
(MOs) of MDCP, SARIN, TMP  and H2S and corresponding transi-
tion percent are shown in Fig. 3. It can be seen that the S1 state
of MDCP corresponds to HOMO–5 → LUMO and HOMO–6 → LUMO
transition. The electron density of HOMO-5 and HOMO-6 of MDCP
complex is distributed in all of the molecular system and trans-
fers to MDCP moiety when excited to the S1 state. This transfer
implies that the S1 state of MDCP is an intermolecular charge
transfer (CT) state, which is consistent with the results of elec-
tronic excitation analysis. The electron density decrease of O = P
bond in LUMO induces the weakening of intermolecular hydro-
gen bond interaction after the orbital transition. This result is
consistent with the geometric structure analysis. For SARIN sys-
tem, the electron density of HOMO and HOMO-3 is located at the
silica moiety, which hardly changes in the LUMO, implying that
the S2 state of SARIN is a LE state. This change induces the elec-
tron density increase of O P bond and thus the strengthening of
intermolecular hydrogen bond interaction between P O and H O
groups. The S2 state of TMP  corresponds to HOMO → LUMO and
HOMO → LUMO + 2 transitions. The electron density change corre-
sponding to HOMO → LUMO transition of TMP  is similar to that of
SARIN complex, which induces the strengthening of intermolecular
hydrogen bond interaction P O· · ·H O. The S1 state of H2S system
corresponds to HOMO → LUMO transition. The electron density of
HOMO transfers from silica moiety to H2S moiety, which induces
the electron density increase of S atom. The electron density of S
atom causes the strengthening of O1 H1· · ·S  and the weakening of
O2 H2· · ·S with the twisting of O2 H2 group in the excited S1 state.
3.5. Electron and hole analysis

In order to explain the reason for adsorption change of silica
with three organophosphorous compounds and hydrogen sulfide
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Fig. 3. The frontier molecular orbitals of MDCP, SARIN, TMP  and H2S corresponding to excited state and their transition percent.
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ig. 4. The electron-hole transfer of MDCP, SARIN, TMP  and H2S in the excited S1 and
fter  photoexcitation. (For interpretation of the references to colour in this figure le

fter photoexcitation, the electron transfer in the excited S1 and S2
tates of four hydrogen bonded complexes is calculated and pro-
ided in Fig. 4. The electron transfer of these four complexes after
hotoexcitation is analyzed by Multiwfn program [47]. Green and
lue correspond to the region where electron density is respectively
ncreased and decreased after photoexcitation. For MDCP, the elec-
rons of O atoms in O P and O H groups decrease when excited to
he S1 state, which induces the weakening of hydrogen bond inter-
ction between O P and O H groups. The charge transfer from
tes. Green color denotes electron increase and blue color denotes electron decrease
 the reader is referred to the web version of this article.)

silica moiety to the MDCP moiety implies that the S1 state of MDCP
is an intermolecular charge transfer (ICT) state. The electron of O P
increases significantly, implying the strengthening of O P· · ·O H
in the excited S2 state. For SARIN in the excited S2 state, the elec-
tron decrease of O H induces the electron of H atom to be more

positive compared to ground state. The charge transfer of SARIN
in the S2 state indicates that the S2 state is a LE state. The hydro-
gen bond interaction between O P and O H will be strengthened
in the S2 state. The change of TMP  is similar to that of SARIN. For
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Fig. 5. The electronic potential surface and some important 

2S system, the electrons of O atoms in two O H groups decrease
hen excited to the S1 state, while that of S atom in H2S increases
hen excited to the S1 state. This change will induce the strength-

ning of two intermolecular hydrogen bonds O H· · ·S in the S1
tate compared to that in the ground state. However, this result
s not consistent with that of geometric analysis that O1 H1· · ·S
s strengthened while O2 H2· · ·S  is weakened. This difference in

2 H2· · ·S between electron-hole and structure analysis is due to
he twisting of O2 H2 group in the S1 state.

.6. Electrostatic potential analysis

Molecular electrostatic potential (ESP) is related to the electron
ensity of molecular and can depict the size, shape, charge den-
ity and site of chemical reactivity of the molecules [61,62]. It is
idely used in understanding the sites for electrophilic attack and
ucleophilic reactions, such as intermolecular or intramolecular
ydrogen bonding interactions. An electron density isosurface is
apped with electrostatic potential surface. The different color of

lectrostatic potential represents different value, with red repre-
enting regions of most electron negative electrostatic potential,
lue representing regions of the most positive electrostatic poten-
ial, and green representing regions of zero potential.

The electrostatic potential and corresponding value of some
elated atoms on these four complexes’ molecular surface are pro-
ided in Fig. 5. It can be seen that the red regions are located at
he electronegative atoms, and that the blue regions are located
t the hydrogen atoms. For MDCP, the ESP date for the O atom
f O P group changes from −22.26 kcal/mol in the ground state
o −35.01 kcal/mol in the S1 state, which may  be induced by the
lectron transfer after excitation. The value of H atom decreases
rom 17.88 kcal/mol in the ground state to 9.36 kcal/mol in the S1
tate. This decrease induces the weakening of hydrogen bond inter-
ction between O P and O H groups. For SARIN, the ESP value
round the O atom of O P group increases about 11.43 kcal/mol
hen excited to the S2 state, and that around H atom changes
rom 11.05 kcal/mol to −12.89 kcal/mol. This change induces the
trengthening of hydrogen bond interaction between O P and O H
roups. The result of TMP  is similar to that of SARIN. For H2S, the
SP value around S atom is 9.07 kcal/mol in the ground state, which
 of MDCP, SARIN, TMP and H2S in ground and excited states.

changes to −16.49 kcal/mol in the S1 state. The values of H1 and
H2 atoms increase about 9.79 kcal/mol and 28.67 kcal/mol when
excited to the S1 state. These changes of S, H1 and H2 atoms induce
the strengthening of hydrogen bond interaction between O1 H1
and S atom, and the weakening for O2 H2· · ·S due to the twisting
of O2 H2 in the S1 state. These ESP results are consistent with the
analysis of molecular orbital.

3.7. Infrared spectra analysis

To delineate the changes of adsorption of MDCP, SARIN, TMP  and
H2S on silica surface before and after photoexcitation, the infrared
spectra of the four complexes in the ground and the excited states
are calculated and provided in Fig. 6. In Fig. 6A, the peaks located
at 1226 cm−1 and 3435 cm−1 correspond to P O and O H groups
of MDCP system, which respectively red-shifts and blue-shifts to
984 cm−1 and 3482 cm−1 when excited to the S1 state. The value of
O H group (3435 cm−1) of MDCP system is consistent with exper-
iment results (3425 cm−1) [23,31]. These shifts are consistent with
the bond length change of P O and O H groups before and after
photoexcitation. The opposite change of P O and O H groups indi-
cates the weakening of intermolecular hydrogen bond interaction
between P O and H O. In Fig. 6B, peaks located at 1220 cm−1 and
3325 cm−1 correspond to P O and O H groups of SARIN system,
which red-shift about 87 cm−1 and 859 cm−1 respectively when
excited to the S2 state. The red-shifts of P O and O H groups in
the excited S2 state imply the strengthening of hydrogen bond
interaction between P = O and O H. The infrared spectra change
of TMP  system is similar to that of SARIN system. For H2S system in
Fig. 6D, the stretching absorption peaks located at 3595 cm−1 and
3572 cm−1 correspond to the O1 H1 and O2 H2 groups respec-
tively, red-shifting to 3509 cm−1 and 3548 cm−1 when excited to
the S1 state. This change is consistent with their bond length change
before and after photoexcitation. The peaks located at 2620 cm−1

and 2597 cm−1 correspond to S-H groups of H2S molecule. One peak
disappears and the other is located at 2612 cm−1 when excited to

the S1 state. The red-shift of O1 H1 group induces the strengthen-
ing of hydrogen bond interaction between O1 H1 group and S atom.
Nevertheless, the red-shift of O2 H2 group induces the weakening
rather than strengthening of hydrogen bond O2 H2· · ·S in the S2
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ig. 6. The infrared spectra of MDCP, SARIN, TMP  and H2S in ground and excited state
esult.  (For interpretation of the references to colour in this figure legend, the reade

tate for the twisting of O2 H2 group. The infrared spectra of the
our complexes demonstrate the change of adsorption in excited
tate indirectly.

. Conclusion

Many researchers have synthesized a large number of adsorbent
nd detected the environment effect on their adsorption properties,
ncluding temperature and substituent groups. The photoexcita-
ion effect has not been seriously studied to our best knowledge.
e  propose a scheme for detecting adsorbent with different transi-
ion energies that: large transition energy will induce ground state
dsorption; middle transition energy will induce partly ground
nd excited adsorption, and their ratio will change effected by
 red line in spectra of TMP  in the ground state indicates corresponding experimental
ferred to the web version of this article.)

environment factor; low transition energy will mainly induce
higher excited state adsorption. For this purpose, the adsorption
of MDCP, TMP, SARIN, and H2S to silica surface is provided here
as target sample to be theoretically studied. The adsorption ener-
gies of MDCP, SARIN and TMP  in the ground state follow the
trend MDCP < SARIN < TMP, which is consistent with the adsorption
strengthening governed by intermolecular hydrogen bond inter-
action, and the desorption order of MDCP and TMP  in previous
related reports (J. Phys. Chem. C, 2013, 117, 14625). However, the
adsorption energy of MDCP increases in the S1 state, while that of

SARIN and TMP  decrease in the S2 states. The intermolecular hydro-
gen bond of MDCP is weakened while that of SARIN and TMP is
strengthened. It should be noted that the adsorption energy change
of the three complexes is opposite to the change of intermolecu-
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ar hydrogen bonds, implying that adsorption behaviors in excited
tate are remarkably different from those in the ground state and
hat intermolecular hydrogen bonded may  not be the major fac-
or for the adsorption. The H2S is dissociated in the S1 state for its
dsorption energy of H2S changes to 56.783 kJ/mol in the S1 state
rom −27.464 kJ/mol in the ground state. By analyzing the frontier

olecular orbital and charge transfer trends, we attribute the dis-
greement of adsorption energy and hydrogen bond interaction in
xcited state to their different charge transfer types. That is, the S1
tate of MDCP is an intermolecular charge transfer state inducing
he increase of adsorption energy, while the S2 states of SARIN and
MP  are local excited states. It is concluded that hydrogen bond
lays major role in the adsorption strengthen in the ground state
or the adsorbent with large transition energy, and that the charge
ransfer types plays a major role in the S1 state or higher state for
he adsorbent with small transition energy. This work gives a rea-
onable interpretation of the photoexcitation effect on adsorption
roperties of silica and presents photoexcitation effect as an impor-
ant factor for the design and detection adsorbent with different
ransition energy.
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