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Abstract

The cluster approximation was applied at M05/tzvp level to model adsorption of 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) on (001) surface of a-quartz. Structures of the obtained CL-20-silica
complexes confirm close to parallel orientation of the nitrocompound toward surface. The binding between CL-20
and silica surface was analyzed and bond energies were calculated applying the atoms in molecules (AIM) method.
Hydrogen bonds were found to significantly contribute in adsorption energy. An attaching of electron leads to
significant deviation from coplanarity in complexes and to strengthening of hydrogen bonding. Redox properties of
adsorbed CL-20 were compared with those of gas-phase and hydrated species by calculation of electron affinity,
ionization potential, reduction Gibbs free energy, oxidation Gibbs free energy, reduction and oxidation potentials. It
was shown that adsorbed CL-20 has lower ability to redox transformation as compared with hydrated one.
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CTPYKTYPA I OKHUC/JIIOBAJIBHO-BIZIHOBHI BJIACTUBOCTI
2,4,6,8,10,12-TEKCAHITPO-2,4,6,8,10,12-TEKCAA3AI3OBIOPLIITAHA (CL-20),
AZICOPBOBAHOTI'O HA ITIOBEPXHI KBAPLLY.

MO05 PO3PAXYHKOBE AOC/IIAKEHHA

Jlroagmuia K. CBarenko”,! Jleonig 'op6,2 Cepriit I. OkoBuTHIA!

1lninponemposcukuil HayionaabHuil yHisepcumem imeni Onecs Fonuapa, npocn. Fazapina, 72,
JHinponemposcek 49010, Ykpaina
2HX5, LLC, Bixcoype, Miccicini 39180, CLIIA

AHoTalis

Apcop6uis 2,4,6,8,10,12-rekcaHitrpo-2,4,6,8,10,12-rekcaasaizoBwopuitana (CL-20) Ha (001) noBepxHi a;ibda-KBapny
3MO0/e/IbOBaHA B KJIaCTEPHOMY Ha6GiuKeHHI HaA M0O5 TeopeTuyHOMy piBHIi. CTPYKTYypu OoTpMMaHUX KoMmiuieKciB CL-
20-KBapy, migTBepJKyIOTh G6GJU3bKY A0 HapaJiejibHOI Opi€eHTanilo HITpOCmoayku A0 mnoBepxHi. Metogom AIM
NpoBeJieHO aHaJsi3 3B'A3yBaHHA Mik CL-20 i moBepxHel KBapuy i po3paxoBaHi eHeprii 3B'a3Ky. BusaBieHo, mo
BOJHEBI 3B'A3KM BHOCATb 3HAYHMH BKJIaJ B eHeprii agcop6uii. [I[puegHaHHsA e/leKTpOHA NPU3BOAUTH A0 3HAYHOTO
BiAXWJEeHHA BiJ, KOMILUIAHApPHOCTI B KOMIUIEKCaX 1 NMOCWJIEHHW BOJHeBHUX 3B'A3KiB. OKHUC/IHBaJbHO-BiAHOBHI
BJIACTMBOCTi ajAcop6oBaHoro, rasodasHoro i rigparoBaHoro CL-20 nopiBHAHI MiX €060 LUIAXOM aHaJIi3y
po3paxoBaHUX CHOPiAHEHOCTi A0 eJIeKTpOHa, MOoTeHUjiasy ioHi3anii, BibHOI eHeprii 'i66ca BiJHOBJIEeHHA Ta
OKHMC/IEHHs, MOTeHLialiB BiAHOBJIEHHA Ta okKucJIeHH:A. [loka3aHo, mo aacop6oBanuii CL-20 mMae GiJbII HU3bKY
3JaTHICTD 10 peJOKC-IepeTBOPEeHb y NOPiBHAHHI 3 riipaTOBaHUM.

Karuosi cnosa: kBaply; aicop6uisi; BijHOBIeHHS; okucaeHHs; CL-20.
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CTPYKTYPA U OKMCJIMTE/IbHO-BOCCTAHOBUTEJIbHBIE CBOMCTBA
2,4,6,8,10,12-TEKCAHUTPO-2,4,6,8,10,12-TEKCAA3AU30OBIOPLINTAHA (CL-20),
AJICOPBMPOBAHHOTI'O HA TIOBEPXHOCTH KBAPIIA.

MO5 PACYETHOE UCCJIEAOBAHUE

Jlroagmuaa K. CBarenko”,! Jleonus 'op6,2 Cepreit M. OKOBUTBI!

1 lnenponemposckuii HayuoHabHbLll yHusepcumem umenu Oaecst Fonuapa, npocn. Fazapuma, 72,
Jnenponemposck 49010, Ykpauna
2HX5, LLC, Buxcéype, Muccucunu 39180, CLIIA

AHHoOTa MU

Apcop6uus 2,4,6,8,10,12-rekcanuTpo-2,4,6,8,10,12-rekcaazausoBopuurtaHa (CL-20) na (001) noBepxHOCTH anbda-
KBaplia CMOJe/IMpOBaHa B KJIAaCTEPHOM NpPHUGJIMKeHMH Ha MO5 TeopeTH4ecKOM ypoBHe. CTPYKTYphI NOJTy4YeHHbIX
KoMIuiekcoB CL-20-kBapn, NOATBEPXKAAT OJM3KYHWW K I[apa/lleJIbHOH OpUEHTAalUl0 HUTPOCOEJUHEHHMS K
nosepxHoctu. Metoaom AIM npoBejeH aHAa/IU3 CBA3bIBAaHUA Mexay CL-20 ¥ mOBepXHOCTBIO KBaplia U pacCYUTaHbl
3HepruMm cBA3d. OGHapy>KeHO, YTO BOJOpPOAHbIE CBS3M BHOCAT 3HAYHMTEJ/IbHbIM BK/Iaj, B 3HepruM aJcopounuM.
IIpucoeauHeHHe 3/1eKTPOHA NPUBOJMT K 3HAYUTEJbHOMY OTK/JIOHEHHI0O OT KOMILJIAHAPDHOCTH B KOMILJIEKCax M
yCUJIEHUIO BOJOPOJHBIX CBA3el. OKHC/INTETbHO-BOCCTAHOBHTE/IbHbIE CBOIICTBA aACOPOGHMPOBAaHHOrO, razo¢dasHoro u
ruapaTupoBaHHoro CL-20 cpaBHeHBI MexXJy c0G0OH IyTeM aHa/M3a pPacCYUTAaHHBIX CPOACTBA K 3JIEKTPOHY,
NoTeHMajJla HOHHU3aluM, CBOGOJHOI 3HepruM I'M66ca BOCCTAaHOBJIEHHMS M OKHC/IEHHUs, NOTEeHIUa/I0OB
BOCCTaHOBJIeHUsI M OKucJeHuA. IlokaszaHo, 4yTo aAacop6upoBaHHbIii CL-20 MMeeT GoJsiee HU3KYI0 CIIOCOGHOCTB K

pe,qoxc-npeoﬁpasosammm O CPABHEHHUI0 C THAPAaTUPOBAHHBIM.

Karouesvle cno8a: kBaply; afcopbO1ysi; BOCCTaHOBJIeHUE; okucaeHue; CL-20.

Introduction

Sorption of organic chemicals to soil is a major
process that can affect their mobility, degradation
and toxicity by reducing their availability. A
fundamental understanding of sorption and
desorption mechanisms is therefore essential for
the accurate prediction of the fate and impact of
organic contaminants in soils and groundwater.
Recently redox properties of such nitro-
compounds as 2,4-dinitroanisole (DNAN), 2,4-
dinitrotoluene (DNT), trinitrotoluene (TNT),
and 5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-
one (NTO), 5-amino-3-nitro-1H-1,2,4-triazole
(ANTA) adsorbed to silica, as a model for soil
components, and dissolved in water have been
investigated [1; 2]. It was shown that adsorbed
nitrocompounds are hardier to transform by
oxidation or reduction than their dissolved in
water counterparts. In this study, we extended
investigation of redox  properties of
nitrocompounds under different environmental
conditions to include polycyclic nitramine
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa-aza-
isowurtzitane (CL-20), which is a high-density
energetic material. CL-20 could be dispersed in
the environment during production, processing,
destruction, and recycling. It was found to be
toxic to soil invertebrates and some aquatic
organisms [3; 4] thereby its removal from
contaminated environments is an actual and
important task. Study of CL-20 interactions with
soil will help understand and predict the fate and
environmental impact of this powerful energetic
compound.

Computational Methodology

All of the calculations were performed using
the Gaussian 09 program package [5]. The
geometry of neutral, cation- and anion-radical
species were optimized using the Density
Functional Theory at the M05/tzvp level [6; 7].
The present functional and basis set were chosen
because of the results of our recent study where
such level of theory was able to provide accuracy
close to that obtained by experimental
measurements [8]. Cluster approach to simulate
the hydroxylated (001) surface for a-quartz has
been utilized [9]. In order to keep the silica model
electroneutral, dangling bonds of the cluster were
saturated by hydrogen atoms (for clarity only
hydrogen atoms saturating dangling bonds on the
top of silica surface models are shown in the
Figures). This method for termination of the
missing bonds has been shown to be the one of
most efficient in theoretical studies on the
adsorption of different organic molecules on
silicate minerals [10]. The models obtained
contain six oxygen-silicon-oxygen layers, with a
formula of Sis40118Heo. Harmonic vibrational
frequencies were calculated for all structures
obtained, to establish that a minimum was
observed. Adsorption energy was calculated as a
difference between the total energy of the
adsorbed complex and the energy of the
separated silica and CL-20, corrected for basis set
superposition error using the counterpoise
method.

The topological analysis of the distribution
function of the electron density p(r) was carried
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out for the optimized geometry of the complexes
in the framework of the R. Bader atoms in
molecules (AIM) theory [11] using the Multiwfn
program [12]. Binding energy of interactions (E)
calculated with the Espinosa formula E=0.5-V,
where V is the density of potential energy in
critical point.

Adiabatic electron affinities (E4x) and
ionization potentials (I,) were calculated as the
total energy difference between charged species
and neutral forms, corrected for zero point
energy. The Gibbs free energies of electron
transfer for CL-20 under dissolution and under
adsorption were calculated as follows:

i) water hydration:

AG79ed,solv = AG°(Rgg1) — AG° (Oso1) 1)
AGc())x,solv = AGO(O.;FO'ZV) - AGO(Rsolv)

ii) a-quartz adsorption:

AG?ed,ads = AGO(RE&S) - AGO(Oads)
AG(?x,ads = AGO(O(-;&S) - AGO(Rads) (2)

The values of reduction and oxidation

potentials are expressed as

AGY
Er(‘)ed = - 76(1 + EH (3)
o
EQy = +E
0x nF H

The absolute potential of the NHE reference
electrode Ey is taken as -4.36 eV. The solvent
effects were assessed by single-point calculations
using a PCM (Pauling) and SMD solvation models
for ion-radical and neutral molecule calculations,
respectively [13; 14].

Results and Discussion

Adsorbed complexes

There are several conformers of CL-20. Based
on the reported MBPT(2)/6-311G(d,p) and
B3LYP/6-31G+(d,p) calculated data the most
stable one, which is B conformer, was chosen for
the present study (Fig. 1) [15; 16]. To search
structures of adsorbed CL-20-silica complexes
molecule of the nitrocompound was attached to
the surface by its top (CH-CH bridge), bottom
(six-membered cycle), and sides (five- and seven-
membered cycles). Optimization of several
complexes with different orientation of CL-20
related to silica matrix resulted in four stable
clusters CL-20(@)ads, CL-20(b)ags, CL-20(C)aas,
and CL-20(d)ags with adsorption energy of -8.11,
-11.00, -9.12, and -6.82 kcal/mol, respectively.
The most stable one corresponds to six-
membered cycle orientation of CL-20 toward
silica surface (Fig.2). Adsorption of CL-20 on
silica surface occurs through the formation of
0--H-O and O--H-C bonds (Fig.2). These

hydrogen bonds are formed between oxygen
atoms of nitro-group of CL-20 molecule (proton
acceptors) and hydrogen atoms of the surface
hydroxyl groups, and between the oxygen atoms
of the surface (proton acceptors) and methine
hydrogens of the nitrocompound.

Fig. 1. Structure of §-CL-20 (a - front view, b - top view)

Analysis of the data presented in Fig. 2 and
Table 1 enable us to conclude that after losing or
attaching an electron, there is no significant
change in total orientation of nitrocompound.
The most important changes are observed in the
hydrogen bond distances after the electron
attachment occurs. Nitrocompound was observed
to orient closer to the surface by its nitro-groups.
Thus, O---H-0 bonds lengths decrease and their
strengths increase. In contrast, an electron
detachment did not cause any significant change
in hydrogen bond distances.

To provide deeper insight into the nature of
intermolecular interactions in complexes of
CL-20 with silica surface, the analysis of their
electron density was carried out. The topological
analysis of the electron density shows the
presence of intermolecular bond critical points
(BCPs) between the hydrogens of CH group and
the closest oxygen atoms of surface (C-H---0), and
between the oxygen of nitro-group and the
closest hydrogen atoms of surface (0--H-0)
(Tables 2-5). Decrease of distance between
interacting atoms good exponentially correlates
with the increase of electron density at BCPs with
a correlation coefficient of 0.93 (Fig. 3). There is
also good correlation between interaction energy
and electron density at BCPs with a correlation
coefficient of 0.98 (Fig. 3). Similar dependencies
were observed earlier for different types of
hydrogen bonds [17].

The calculated electron density properties of
studied complexes show that interactions
between CL-20 and surface have low electron
density p and positive Laplacian V2p> 0) (Tables
2-5). These values indicate that C-H--O and
0--H-0 contacts may be classified as the closed-
shell interactions in which electronic charge is
concentrated towards nucleus and is depleted in
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Fig. 2. The optimized structures of CL-20 adsorbed on a model of the (001) a-quartz surface and intermolecular
H-bonds. Hydrogen atoms of dangling bonds are not shown

the internuclear region [18; 19]. Positive electron
energy density values (H>0) indicate on
noncovalent interactions, while negative H values
mean that these interactions are partly covalent.
Calculated topological characteristic are similar to
those reported for C-H--O and O--H-O hydrogen
bonds [20; 21]. Binding energy of interactions (E)

calculated with the Espinosa formula ranges from -
0.63 kcal/mol to -14.43 kcal/mol. Energy values
show that electron attachment increases binding of
the nitrocompound to the surface significantly
while electron losing has negligible effect on
binding energies. It should be noted that an one
hydrogen bond in each anion-radical complex has
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Table 1

MO5/tzvp level calculated geometrical characteristics of adsorbate-adsorbent H-bonds including H---Y, X---Y distances
(4) and X-H---Y angles (degree) for adsorbed CL-20, its anion- and cation-radicals.

Bond Bond type X-+H XY XHY X-+H XY XHY X-~H XY XHY
CL-20(a)ads CL-20(a)aas™* CL-20(a)aas**
HB1 (N6N-)O(1)--H-0 2.18 3.09 158.0 2.10 2.90 139.6 2.18 3.06 152.8
HB2 (N2N-)0--H-0 2.27 3.14 151.7 2.17 3.02 147.2 2.21 3.09 150.7
HB3 C1-H--0 2.24 3.12 136.8 2.44 3.27 132.4 2.27 3.12 138.6
HB4 C7-H-- 0 2.71 3.36 118.1 2.51 3.33 131.3 - - -
HB5 (N6N-)O(2)--H-0 - - - 1.79 2.72 157.5 - - -
HB6 (N8N-)O--H-0 - - - 2.64 3.18 115.5 - - -
CL-20(b)ads CL-20(b)aas™ CL-20(b)ads**
HB1 (N4N-)O--H-0 2.45 2.93 110.5 - - - 2.47 2.95 110.5
HB2 C3-H-- 0 2.50 3.56 165.3 - - - 2.51 3.57 165.2
HB3 C11-H--0 2.36 3.21 134.0 - - - 2.46 3.28 131.4
HB4 (N12N-)O-+H-0 2.30 3.00 129.0 - - - 241 3.02 1211
HB5 (N10ON-)O-+H-0(1) 2.52 3.21 129.8 1.96 2.88 157.3 2.49 3.21 132.0
HB6 (N10ON-)O-+H-0(2) 2.53 3.44 157.3 1.97 2.92 164.6 2.53 3.43 156.6
HB7 (N1ON-)O-+H-0(3) - - - 1.69 2.67 168.1 - - -
CL-20(c)ads CL-20(C)ads™* CL-20(C)ads**
HB1 (N6N-)O-+-H-0 2.18 3.10 159.7 1.84 2.79 162.9 2.09 3.01 160.2
HB2 (N4N-)O--H-0 2.24 3.00 135.3 2.04 2.99 168.5 2.11 3.00 155.6
HB3 C5-H-- 0 2.24 3.20 145.9 2.67 3.44 127.0 2.44 3.33 137.7
HB4 C9-H-- 0 2.45 3.37 141.5 2.58 3.64 166.7 241 3.34 142.7
HB5 (N10ON-)O-+H-0 2.64 3.26 122.5 2.71 3.26 1249 - - -
CL'ZO(d)ads CL-ZO(d)ads_. CL-ZO(d)ads“
HB1 (N10ON-)O-+H-0 2.22 3.01 139.5 1.96 291 169.9 2.02 2.93 157.2
HB2 (N12N-)O(1)-+-H-0 2.40 3.29 154.2 1.93 2.88 166.1 2.33 3.24 157.5
HB3 (N12N-)O(2)--H-0 - - - 1.78 2.75 172.1 - - -
Table 2
Topological parameters for adsorbed CL-20(a), its anion- and cation-radical
Bond Bond type p, e:A3 V2p, e:A-5 H,au E, kcal/mol
CL-20(a)ads
HB1 (N6N-)O(1)--H-0 0.0107 0.0528 0.0030 -2.26
HB2 (N2N-)O--H-0 0.0096 0.0443 0.0026 -1.85
HB3 C1-H-- 0 0.0144 0.0588 0.0027 -2.95
HB4 C7-H-- 0 0.0058 0.0254 0.0014 -1.10
CL'ZO(a)ads_.
HB1 (N6N-)O(1)--H-0 0.0164 0.0699 0.0028 -3.77
HB2 (N2N-)O--H-0 0.0131 0.0581 0.0029 -2.73
HB3 C1-H-- 0 0.0093 0.0384 0.0021 -1.73
HB4 C7-H-- 0 0.0085 0.0340 0.0017 -1.60
HB5 (N6N-)O(2)-H-0 0.0346 0.1137 -0.0022 -10.26
HB6 (N8N-)O--H-0 0.0050 0.0247 0.0016 -0.91
CL-20(a)ads**
HB1 (N6N-)O(1)--H-0 0.0110 0.0542 0.0030 -2.35
HB2 (N2N-)O--H-0 0.0110 0.0507 0.0028 -2.20
HB3 C1-H-- 0 0.0147 0.0601 0.0027 -3.04
HB4 C7-H-- 0 0.0048 0.0174 0.0010 -0.75

negative H value and, correspondently, the biggest
energy. All BCPs of neutral and cation-radical
complexes are characterized by positive H values.

Redox properties

Electron affinity, Gibbs free energy of reduction,
and reduction potential were calculated to
characterize ability of CL-20 to be reduced (Table 6),
while ability of CL-20 to oxidation is reflected by
ionization energy, Gibbs free energy of oxidation, and
oxidation potential (Table 7). The abovementioned
parameters were calculated for CL-20 located in gas
phase, adsorbed by silica surface, and dissolved in
aqueous solution. The data presented in Tables 6 and
7 show that the ability of the nitramine to attach or to

lose an electron significantly depends from its
surrounding and increases in the row gas<adsorbed
species<hydrated form. This means that hydration
more contribute to Gibbs free energy of electron
transfer as compared with adsorption, i.e. energy
difference between hydration of ion-radical and
neutral molecule is larger than that between
corresponding adsorbed species. As a result, adsorbed
species will be more resistant to redox transforma-
tions than hydrated ones. The similar trend was
observed by us earlier for TNT, DNT, DNAN, NTO and
ANTA [1; 2]. Electron attachment more reduces gas-
phase Gibbs free energies (0.7-1.1 eV) than electron
lose (0.5-0.9 eV) for adsorbed species (Tables 6, 7).
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Table 3
Topological parameters for adsorbed CL-20(b), its anion- and cation-radical
Bond Bond type p, e-A-3 V2p, e-A-5 H, au E, kcal /mol
CL'ZO(b)ads
HB1 (N4N-)0--H-0 0.0085 0.0453 0.0028 -1.79
HB2 C3-H0 0.0074 0.0290 0.0017 -1.19
HB3 C11-H- O 0.0116 0.0450 0.0022 -2.13
HB4 (N12N-)0-+H-0 0.0093 0.0472 0.0028 -1.98
HB5 (N10N-)0O-+H-0(1) 0.0063 0.0290 0.0018 -1.16
HB6 (N10N-)0O--H-0(2) 0.0059 0.0233 0.0015 -091
CL-20(b)aas™*
HB5 (N10N-)O-+H-0(1) 0.0236 0.0844 0.0013 -5.80
HB6 (N10N-)O-+H-0(2) 0.0232 0.0806 0.0013 -5.52
HB7 (N10N-)0O-+H-0(3) 0.0451 0.1274 -0.0071 -14.43
CL-20(b)aas**
HB1 (N4N-)O--H-0 0.0082 0.0433 0.0027 -1.69
HB2 C3-H0 0.0073 0.0284 0.0017 -1.16
HB3 C11-H- O 0.0095 0.0366 0.0019 -1.69
HB4 (N12N-)O-H-0 0.0077 0.0393 0.0024 -1.57
HB5 (N10N-)O-+H-0(1) 0.0066 0.0301 0.0018 -1.22
HB6 (N10N-)O-+H-0(2) 0.0060 0.0239 0.0015 -0.94
Table 4
Topological parameters for adsorbed CL-20(c), its anion- and cation-radical
Bond Bond type p,e-A3 V2p, eh-5 H, au E, kcal/mol
CL-20(C)ads
HB1 (N6N-)O--H-0 0.0130 0.0553 0.0029 -2.54
HB2 (N4N-)O--H-0 0.0099 0.0506 0.0028 -2.16
HB3 C5-H0 0.0144 0.0558 0.0025 -2.79
HB4 C9-H 0 0.0093 0.0359 0.0019 -1.63
HB5 (N10N-)O-H-0 0.0040 0.0205 0.0014 -0.72
CL-ZO(C)ads_.
HB1 (N6N-)O--H-0 0.0307 0.0995 -0.0010 -8.47
HB2 (N4N-)O--H-0 0.0148 0.0713 0.0033 -3.51
HB3 C5-H0 0.0065 0.0024 0.0013 -1.13
HB4 C9-H 0 0.0066 0.0248 0.0014 -1.07
HB5 (N10N-)O-H-0 0.0038 0.0176 0.0012 -0.63
CL-ZO(C)ads+.
HB1 (N6N-)O--H-0 0.0160 0.0679 0.0030 -3.48
HB2 (N4N-)O--H-0 0.0128 0.0636 0.0033 -2.92
HB3 C5-H-0 0.0095 0.0366 0.0019 -1.66
HB4 C9-H-0 0.0099 0.0389 0.0021 -1.76
Table 5
Topological parameters for adsorbed CL-20(d), its anion- and cation-radical
Bond Bond type p, e:A-3 V2p, e:A-S H, au E, kcal/mol
CL-ZO(d)ads
HB1 (N10N-)O-H-0 0.0113 0.0538 0.0029 -2.45
HB2 (N12N-)O(1)-H-0 0.0078 0.0333 0.0021 -1.32
CL-ZO(d)ads_.
HB1 (N10N-)O-H-0 0.0198 0.0843 0.0026 -4.96
HB2 (N12N-)O(1)-H-0 0.0254 0.0871 0.0008 -6.34
HB3 (N12N-)O(2)-H-0 0.0364 0.1083 -0.0033 -10.57
CL-ZO(d)ads+.
HB1 (N10N-)O-H-0 0.0173 0.0773 0.0030 -4.17

HB2 (N12N-)0(1)--H-0 0.0088 0.0383 0.0023 -1.54
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Fig. 3. Plots of (a) electron density at BCP vs. bond distance, (b) interaction energy vs. electron density at BCP for studied
complexes (N=50)

Table 6

MO5/tzvp and SMD/PCM (Pauling)/MO05 /tzvp levels calculated electron affinities, Gibbs free energies of reduction, and
reduction potentials of CL-20

Compound Ea, eV AGL,, eV EL eV

P gas ads water gas ads water ads water
CL-20(a) -2.53 -2.63 -1.73
CL-20(b) _ -2.30 B _ -2.41 B -1.95 -0.48
CL-20(c) 1.60 -2.18 3.95 1.60 -2.29 3.88 -2.07 (-0.39 [24])
CL-20(d) -2.61 -2.73 -1.63

Table 7

MO5/tzvp and SMD/PCM (Pauling)/MO5 /tzvp levels calculated ionization energies, Gibbs free energies of oxidation, and
oxidation potentials of CL-20

Ip, eV AGY,, eV EY. eV
Compound gas ads water gas ads water ads water
CL-20(a) 8.73 8.63 4.27
CL-20(b) 8.95 8.84 4.48
CL-20(c) 9.30 8.85 4.94 9.30 8.73 4.99 437 0.63
CL-20(d) 8.80 8.71 4.35
This means that anion-radicals more strongly bind potentials [1]. In alkaline conditions (pH>9)

to the silica surface than corresponding cation-
radicals that is confirmed by calculated binding
energies (Tables 2-5). In contrast, hydration is
stronger for cation-radical of CL-20 than for its
anion-radical that is reflected by larger decrease of
electron detachment Gibbs free energy (4.3 eV)
than electron capture Gibbs free energy (2.3 eV).
According to Pourbaix diagram of an iron/water
system [22] the Fe(II)/Fe(Ill) couple and metallic
iron are not able to reduce CL-20 under natural
conditions at neutral pH (Fig.4). Experimental
evidence completely suggests calculated data
indicating that Fe? and dissolved Fe2* ions were not
responsible for the degradation of CL-20 [23]. It
should be noted that as in line with our previous
study of redox properties of adsorbed
nitrocompounds we expect the values of reduction
potential for adsorbed CL-20 to be more negative
than value for solvated one just by 0.1-0.2 eV
because hydration of the contaminant, typical in its
adsorption by soil under natural conditions, was
not included in calculation of adsorbed redox

iron (II) hydroxide is capable to reduce CL-20,
while mixed iron (II, III) oxide provides sufficient
reducing potential for CL-20 at very high pH>11.
Reduction of CL-20 under natural conditions may
be performed, for instance, by surface-bound Fe2+.

Fig. 4. Pourbaix diagram for an iron-water system at 298 K
and 1 atm. Red horizontal lines mark CL-20
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Conclusions

Structures of complexes formed due to
adsorption of CL-20 on (001) surface of a-quartz
were modeled at M05 /tzvp level. CL-20 binds with
surface by C-H--O and O--H-O hydrogen bonds,
which accordingly to topological analysis of
electron density may be classified as noncovalent
and partly covalent -closed-shell interactions.
Values of the interactions energies confirms that
the main contribute to adsorption energy receives
from hydrogen bonds. Electron attaching reflects
in increasing of binding between CL-20 and silica
surface due to stronger hydrogen bonds formation.
Analysis of such parameters as electron affinity,
ionization potential, reduction Gibbs free energy,
oxidation Gibbs free energy, reduction and
oxidation potentials shows that adsorbed CL-20 is
more resistant to oxidation and reduction
processes as compared with hydrated species.
Thus, adsorption may retard of the beginning of
abiotic and biotic decomposition and decrease of
the degradation rate of CL-20 in soil.
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