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Abstract

The photodissociation of alkyl nitrites series (RONO) in gaseous state were studied using density functional theory with Amsterdam Density
Functional program (ADF2000) and quantum chemical molecular dynamical method by “Colors-Excite” code. The different dissociative phenomena
have been explained by this investigation. Alkyl nitrites were shifted to their excited states by capturing the light energy and the bonds of O-N
(RO-NO) were broken. A two-step reaction occurred for methyl nitrite (THN) to yield the diverse products, such as RO radical, NO and HNO,
whereas only one-step reaction occurred for ferz-butyl nitrite (TBN). The consistent results in theoretical calculation and experiment, including
geometrical structures and excitation energies, demonstrated the good performances of “Colors-Excite”.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The dynamics of photo-induced reaction has been of interest
to scientists working in molecular physics, spectroscopy, molec-
ular collisions, molecular kinetics and the manufacture of new
materials [1-5]. The availability of powerful lasers operating
over a wide frequency range has stimulated rapid develop-
ment of new experimental techniques, making it possible to
analyze photodissociation processes in unprecedented detail.
However, the theoretical research got far behind the experi-
mental work. A quantitative theory of photochemical process
is extremely challenging and should involve two independent
ingredients: the ability to calculate molecular movement and
lifetimes as well as algorithms for realistic wave-function prop-
agation, including the transition between the ground and excited
states. Thus, it is required to know the forces on atoms in the
photo-excited state and the energy variation during excitation
and movement. Recent advances in theory and computational
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methodology have made it possible to calculate the excited states
and electronic absorption spectra for the system including solids,
surfaces and nanostructures on the basis of the size-extensive
coupled-cluster (CC) approach, the multireference configura-
tional methods or the time-dependent Schrodinger equation
[6-10]. However, because of the inherent complexity of the
problems, the methods and algorithms used to compute excited
states, especially the excitation dynamics, are not so efficient as
the ground states, and still under development [11,12].

In the present investigation, an accelerated quantum chem-
ical molecular dynamics code “Colors-Excite” was developed
to simulate photo-induced reactions with the probe molecules
of alkyl nitrites series (RONO). Alkyl nitrites have well-defined
chromophore and are very light sensitive [13]. The gas-phase
photodissociation of alkyl nitrites have been studied extensively
for both the individual molecules and clusters [14—17]. The UV
absorption spectra of the alkyl nitrites displayed two excitation
bands, S| and S;. It was observed that the first excitation was
from the ground state into the predissociative S; state and S
band showed a vibrational progression due to the simultaneous
excitation of the NO stretch mode. UV radiation dissociated
alkyl nitrite into an alkoxy fragment and NO because of the
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weakness of ON (RO-NO) bond (~170kJ mol~!) comparing
with R—O (R—-ONO) bond (~440 kJ mol~") [18]. The processes
were described with the following reaction sequence:

RONO(Sg) + hv — RONO*(S;) — RO(A or X) + NO(X>1)
(1)

This photodissociation had been paid close attention because
alkoxy species (such as +-C4H9O) were important hydrocarbon
intermediates in various industrial reactions [19,20]. Moreover,
if alkyl nitrites on the metal surface were photo-dissociated, the
alkoxy would be adsorbed on surface and NO likely desorbed
due to its low binding energy [18,21,22]. It was proposed that
the photodissociation of alkyl nitrite on the metal surface was
likely an effective method to produce pure RO radicals. Mean-
while, it was a possible better way to study the thermochemistry
of a monolayer alkoxy species without the presence of other
adsorbed species. Therefore, for alkyl nitrites, the research on
the process of dissociation and energy transfer caused by light
energy are significant to a deeper understanding of the mecha-
nism as well as the industrial application.

Our attention has been focused on the investigation of the
reactivity and photodissociative processes for RONO in gaseous
state as well as in adsorbed state by accelerated quantum
chemical molecular dynamics program “Colors-Excite”. As a
primitive step, in this work we presented our study on the photo-
induced reactions of RONO in gaseous state.

2. Computational details

The optimized structures of RONO were determined by den-
sity functional theory (DFT) employing Amsterdam Density
Functional (ADF 2000 version) program package [23]. The
triple-§ Slater type orbitals (STOs) with a polarization func-
tion were applied to the valence electrons of all atoms (TZP).
The Perdew and Wang’s 1991 exchange and correlation function
(PWI1XC) was used under the generalized gradient approx-
imation (GGA) [24]. The relativistic terms were calibrated
by a combined scalar relativistic zero order regular approx-
imation (ZORA) [25]. The excitation energies of low-lying
singlet and triplet excited states were derived by the method of
time-dependent density-functional theory (TDDFT) [26]. The
geometries and electronic properties of excited states were fur-
ther calculated using orbital occupation method by assigning
the spin-o and spin-f electrons to corresponding molecular
orbitals [27]. The unrestricted mode was used, which was equiv-
alent with, in ab initio terminology, unrestricted Hartree—Fock
(UHF) [28]. During the calculation of excitation energies, the
van Leeuwen—Baerends (LB94) exchange and correlation poten-
tial function with the triple-zeta basis sets containing diffuse
functions was used. The pictures of the optimized molecular
orbitals and geometrical structures were illustrated using the
molecular graphics visualization program CERIUS2 [29] and
MOLEKELA.1 [30].

An accelerated quantum chemical molecular dynamics
program “Colors-Excite”, which based on tight-binding approx-
imation [31,32], was used to investigate the photodissociative

reaction of alkyl nitrites. In “Colors-Excite” code, the total
energy is expressed by Eq. (2):

N ocC Z; Z e
ZE v + Zek + ZZ
i=1 = i=1 j>i
N N
+ZZErep(Rij) + Ecorr 2

i=1 j>i

where m; is the atomic weight, v; the atomic velocity, e the
elementary electric charge, R;; the internuclear distance, and Z;
is the atomic charge, which is evaluated by Mulliken population
analysis. In Eq. (2) the first, second, third, fourth and fifth terms
represent the kinetic energy of the atoms, orbital energy of the
valence electrons (summation of the eigenvalues of all occupied
orbitals), the Coulomb interactions between the nuclei, the short-
range exchange repulsion interactions between the atoms and the
energy correction relating to the excitation process, respectively.
The short-range repulsion Ep(R;;) and the energy correction
Ecorr is represented by Eqs. (3) and (4), respectively:

ajj — Rij
Erep(Rij) = bjj exp B 3)
ij

Ecorr(T) = Ecorr(G) - {EC(G) - EC(T)} - {ER(G) - ER(T)}
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in which, G and T denote the ground state and triplet excited
state, the parameters a and b represent the sum of the size and
stiffness of atoms i and j, respectively. The first term of Eq.
(3) describes the energy correction relating to the ground state.
The second and third terms give the difference of the Coulomb
energy and repulsion energy between ground and triplet excited
state, respectively. The forth term represents the difference of
the orbital energy between the corresponding ground state and
triplet excited state. The last term is the energy correction pro-
duced by the excitations of the electrons from occupied orbital (7)
to unoccupied orbital (j). In Eq. (4), the summations cover all the
orbitals involving in the excitation. Similarly to the derivation
of the Fock matrix in the unrestricted Hartree—Fock approxima-
tion, we have the following expressions for the spin-dependent
Hamiltonian matrix in “Colors-Excite” code:

HS = Hy — L(P¢ — PR)(r|m) )

HE = Hy + L(P% — P)(r|m) 6)

«_ K L o B
HS = ESrs(HIT + Hg) — E(P“ — P2)(1r]ss) (7)

K 1
HE = = Su(Hox + Hy) + 5 (PR — PR)(lss) ®)

P, PS are the full density matrix of spins « and {3, respec-
tively. Hy; is the diagonal term of Hamiltonian matrix, which
is equal to the valence state ionization potential of each atomic
orbital i (I;=—H,;). Hys is the off-Hamiltonaian and S is the

overlap matrix. We used the difference between the ionization
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energy and the electron affinity energy as the one-center elec-
tron repulsion integral (rr/rr). The Nishimoto-Mataga’s equation
was used to calculate the two-center repulsion integral (rr/ss).
In “Colors-Excite” code, the excitation is realized by transform-
ing the electron from the occupied orbital to the corresponding
empty orbital. Because Hamiltonian matrix elements are defined
separately for spins o and [ in Egs. (5)—(8), the excited states of
singlet and triplet multiplicity thus are calculated, respectively.
The triplet state is obtained directly by assigning the same spin
to two unpaired electrons. However, the mixed singlet—triplet
energy is derived by assigning opposite spins to two electrons
of the excited pair in our code. Therefore, Eq. (9) is used to cal-
culate the energy of the singlet, in which E(triplet) was derived
by Egs. (10) and (11):

E(singlet) = 2 x E(mixed) — E(triplet) O]
E(T)=EG)+ AE (10)

AE = —(rrr)s Ang(s)* — (rrrr), Ang(p)* — (rrrr)g Ang(d)?
— (rrrr)g Ang(d)? — 2(rrrr) gy Ang (s) Ang (p)
—2(1111)5g Ao () Ang (d) — 2(1rr)pg Ang (p) Ang(d)
(11)

in Eq. (11), Any(s), Ang(p) and Any(d) are the difference of
the electron populations between ground and excited state in s,
p and d orbitals, respectively. The parameters (rrrr); were fit-
ted by reproducing the value of AE, which was the difference
between the energies of the triplet and ground state obtained by
DFT method. The optimized geometry was used to calculate the
energy of the triplet state based on the consideration about the
effect of the relaxed moving of the nuclei during the excitation.

In the molecular dynamical simulation by “Colors-Excite”
code, the energies and the forces acting on the atoms were cal-
culated. The atomic velocities and coordinates were updated at
regular time intervals. Several properties like energy, pressure
and temperature of the system can be monitored, which results in
statistical averages during the simulation. The parameters, used
in “Colors-Excite” code, such as the valence state ionization
potential of atomic orbital i (I; = —H;;) and the Slater exponent
of atomic orbital i, were determined precisely in the similar
way with the parameterization process of our quantum chemical
molecular dynamics code “Colors”. The details could be referred
to elsewhere [33]. The reliability of the “Colors-Excite” method
has been confirmed in References [34-36]. A computer graph-
ics code RYUGA developed in our laboratory [37] was used
to visualize the three-dimensional molecular dynamical results
obtained by “Colors-Excite”.

3. Results and discussion

The equilibrium geometries of methyl nitrite (THN) and
tert-butyl nitrite (TBN) were calculated using ADF2000 and
“Colors-Excite” programs, respectively. For ADF2000, the opti-
mized structure was obtained by minimizing the total energy,
while for the “Colors-Excite” a dynamical simulated annealing

(a) (b)
O Q0@
Fig. 1. Skeleton structures of (a) CH3ONO (THN) and (b) C(CH3); ONO (TBN).

method was used by setting up a temperature 7'=300-1 K to get
the stable equilibrium state. Fig. 1 depicted their skeleton struc-
tures. Several selected bond lengths and angles were listed in
Table 1 along with the experimental values [38]. THN and TBN
showed very similar structures, only the C—O bond was a little
longer in TBN than in THN. The results were concordant for
ADF2000 and “Colors-Excite” as well as the experimental val-
ues. The optimized structures of excited states were calculated
by the same computational conditions and also listed in Table 1.
The bond overlap population, which well represents the bond
strength, were depicted in Fig. 2. The data of bond lengths and
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Fig. 2. Overlap populations of the ground state, singlet state and triplet state by
ADF2000 program for (a) CH3ONO (THN) and (b) C(CH3);ONO (TBN).
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Table 1

Optimized structures of the ground state (G), singlet excited state (S) and triplet excited state (T) for CH3ONO (THN) and (CH3); ONO (TBN) by ADF2000 and

“Colors-Excite” methods

ADF2000 “Colors-Excite” Expt38
G S T G S T G
CH3ONO
Cc-0 1.45 1.34 1.44 1.46 1.40 1.42 1.44
O-N 1.46 3.26 1.45 1.48 2.85 1.53 1.40
N-O 1.18 1.17 1.23 1.22 1.23 1.25 1.18
C-H 1.09 1.09 1.12 1.09 1.09 1.09
C-H 1.09 1.09 1.12 1.09 1.09 1.09
C-H 1.09 1.09 1.11 1.09 1.10 1.10
C-O-N 109.0 108.6 78.69 122.0 158.2 163.1 114.7
O-N-O 110.7 1194 176.8 114.0 154.7 169.0 114.8
ADF2000 “Colors-Excite”
G S G S T
(CH3);0ONO

Cc-0 1.48 1.46 1.47 1.52 1.48 1.50
O-N 1.44 1.69 1.44 1.46 1.79 1.47
N-O 1.19 1.23 1.24 1.24 1.41 1.38
c-C 1.53 1.53 1.53 1.56 1.57 1.56
c-C 1.53 1.53 1.53 1.55 1.55 1.55
Cc-C 1.53 1.53 1.53 1.56 1.56 1.56
C-H 1.10 1.10 1.10 1.01 1.02 1.03
C-H 1.10 1.10 1.10 1.03 1.03 1.02
C-H 1.10 1.10 1.10 1.07 1.09 1.10
C-O-N 111.6 1104 109.6 99.9 107.0 110.8
O-N-O 110.0 117.1 119.1 92.5 96.6 98.5

overlap populations confirmed consistently that the strength of
bond C-O was slightly increased from ground state to excited
state, while the bond strength of N-O (RON-O) was decreased
a little. The strengths of C—C and C—H bonds were nearly the
same during the transition. However, the bond strength of O-N
(RO-NO) in singlet state decreased largely. Therefore, it was
clear that these two molecules shifted to their singlet excited state
with a largely weakening of the O—N bonds after they captured
the light energy.

The calculation of the vertical excitation energies and oscilla-
tor strengths were performed by the method of time-dependent
density functional theory (TDDFT) (Table 2). The first vertical
singlet excitation energy was 3.03 eV for THN and the maximum
value was at 4.43 eV, fitting well with the experimental results of
3.10eV and4.13 eV, respectively [39]. For t-Butyl nitrite (TBN),
all the excitation energies shifted to lower energies compared to
methyl nitrite (THN), in which the first vertical singlet excitation
energy was 1.93 eV. By analyzing the origins of the correspond-
ing excitations in Table 2, it was found that the first excitation
was from the HOMO (the highest occupied orbital) to LUMO
(the lowest unoccupied orbital) for both THN and TBN, while
the first strong excitation was from the HOMO — 1 (the occupied
orbital next to the HOMO) to LUMO for THN and HOMO — 2
(the occupied orbital next to HOMO — 1) to LUMO for TBN.
The profiles of the electron distribution in the corresponding
orbitals were showed in Fig. 3, which clearly indicated that
the first transition was from o(O-N) to the first 7" antibond-
ing orbital (primarily RO-NO), and the first strong excitation

corresponded to the excitation from the lone pair of oxygen to
the 7" orbital. These results confirmed that the internal coordi-
nate subject to a significant change after the electron excitation
was the O—N bond.

Based on the discussion above, a conclusion were derived that
the transformation from ground state to excited state resulted in
alarger change of the O—N bond in alky] nitrites, while not much
variations occurred for the other bonds. Hence, in order to under-
stand the paths of the dissociation and to confirm the reliability
of “Colors-Excite” code, we drew the potential energy surfaces
of the ground state as well as the singlet and triplet excited
states for THN as a function of one variable only, namely the
length of the N-O bond. The result was illustrated in Fig. 4.
Obviously the lowest lying singlet excited state was dissocia-
tive. That is, the molecule was changed to its singlet excited
state and dissociated upon the irradiation of light energy. The
onset energy of this singlet excitation were derived using the
equation E(singlet) =2E(mixed) — E(triplet), by calculating the
triplet state and the mixed singlet—triplet, respectively. A value
of 3.08 eV was obtained by “Colors-Excite”, consistently with
the results of TDDFT and experiment.

The complete dynamical simulations were carried out with a
time step of 0.2 fs for a total time of 2000 fs. The temperature
and pressure are fixed at the values of 1 01 325 Pa and 273.15K,
respectively, in the initial input data. The Verlet algorithm was
used in the calculation of atomic motions. The initial model was
a singlet state of RONO in which the electron was shifted to the
corresponding empty orbital from an occupied orbital under the
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Table 2
Vertical excitation energies (VEE, eV) and oscillator strengths (OS) for CH;ONO (THN) and C(CH3)3;0NO (TBN) of the singlet—singlet excitations by TDDFT
method
C(CHj3)3;0NO (TBN) CH3ONO (THN)
Excitation (no. of initial VEE oS Excitation (no. of initial VEE oS
orbital-the no. of final orbital) orbital-the no. of final orbital)
1 21 (HOMO)-22 (LUMO) 1.93 0.001 12 (HOMO)-13 (LUMO) 3.03 0.001
2 20 (HOMO — 1)-22 (LUMO) 2.93 0 11 (HOMO — 1)-13 (LUMO) 4.44 0.044
3 19 (HOMO - 2)-22 (LUMO) 3.98 0.029 10 (HOMO — 2)-13 (LUMO) 5.40 0
4 18 (HOMO — 3)-22 (LUMO) 4.20 0.003 9 (HOMO - 3)-13 (LUMO) 6.15 0
5 17 (HOMO — 4)-22 (LUMO), 16 4.76 0.003 8 (HOMO —4)-13 (LUMO), 12 7.07 0.001
(HOMO - 5)-22 (LUMO) (HOMO — 1)-14 (LUMO + 1)
6 15 (HOMO — 6)-22 (LUMO) 5.14 0 12 (HOMO — 1)-15 (LUMO +2) 7.83 0.006
7 16 (HOMO — 5)-22 (LUMO), 17 5.26 0.072 12 (HOMO — 1)-16 8.12 0.043
(HOMO —4)-22 (LUMO), 19 (LUMO+3), 12
(HOMO — 2)-22 (LUMO) (HOMO — 1)-14 (LUMO+ 1)
8 14 (HOMO — 7)-22 (LUMO) 5.76 0 11 (HOMO — 1)-14 (LUMO+1) 8.25 0.002
9 13 (HOMO — 8)-22 (LUMO) 6.18 0.010 7 (HOMO — 1)-13 (LUMO) 8.53 0.000
10 21 (HOMO)-23 (LUMO+1) 6.53 0.008 12 (HOMO — 1)-17 8.82 0.214

(LUMO +4), 12
(HOMO — 1)-14 (LUMO + 1)

LUMO

Tﬁrst excitation

LUMO

first strong

excitation

HOMO

HOMO-1

(b)

LUMO

T first excitation

HOMO

LUMO

first strong
excitation

HOMO-2

Fig. 3. Profile of the orbitals relating to the first singlet excitation and first strong
singlet excitation for (a) CH3ONO (THN) and (b) C(CH3)30NO (TBN).

irradiation of a 3.08 eV power. The details of photodissociation
for THN and TBN were illustrated in Figs. 5 and 6 by showing
snapshots of one trajectory, respectively. Fig. 5 revealed that for
THN at about 800 fs, the O—N bond and then one of C—H bonds,
is broken. The N—H bond was formed at about 1400 fs. Obvi-
ously, a two-step reaction occurred. The final products included
NO, HNO, CH30 and CH;O. The routes of dissociation were
showed as follows

CH3;0NO-"%CH;0 + NO — CH,0 + HNO (12)

However for TBN, there is no hydrogen atom in its 3-site.
Fig. 6 illustrated its photodissociation, in which the bond of
O-N was broken at about 900 fs. Then no obvious variation was
observed. Thus, only a one-step reaction occurred to yield the
products of C(CHj3);3 radical and NO. The process was described
by Eq. (13):

C(CH3);0NO-"% C(CH3);0 + NO (13)
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Fig. 4. Potential energy curves of the singlet and triplet state for CH;0ONO

(THN) by “Colors-Excite” program.
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(a) (b)

O-N bond broken

C-H bond broken

¢ o0

(€)
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(d) (e)

J‘.

é H-N bond formed

Q—H °—C .—o .—N

Fig. 5. Snapshots of the molecular dissociative trajectory for CH3ONO (THN) by “Colors-Excite”: (a) Ofs, (b) 800fs, (c) 1300fs, (d) 1400fs, (e) 1500 fs, and (f)

2000 fs.

The variation of bond overlap population versus reactive time
during the photodissociation for THN and TBN were investiga-
tion by “Colors-Excite” program and the results were displayed
in Fig. 7. The obvious variations of C—O, O-N and N-O from
600fs to 1500fs for THN reveal the processes of the break-
ing of O-N and the formation of N-H (Fig. 7a). However,
the strength of the C—O bond increases, O—N and N-O bonds
decrease monotonously for TBN (Fig. 7b). These results con-
firmed that the reactive routes were a little different for THN
and TBN. The variations of the total energy versus reactive time
were depicted in Fig. 8. It is clear that in the ground state of
two molecules, the total energy was not varied so much with
the reactive time. However, in the photodissociative state of
THN (Fig. 8a), with the proceeding of the time from 500 fs
to 1400fs, the fast transformation of the energy revealed the
two-step reaction occurring. A breaking of O—-N bond caused
the energy increasing and the forming of HNO made the sys-
tem go relatively stable. As for TBN, during dissociation the
energy was shifted to higher values until about 900 fs. After
that time the energy decreased slowly, implying no other reac-

Table 3
Bond lengths of the final products after the photodissociation by “Colors-Excite”
and the optimized structures of C(CH3)30 and NO by ADF2000 program

“Colors-Excite” (final species ADF2000

of the photodissociation)

C(CH3);0 NO

C-0 149 O-N 202 1.38 (C-0) 1.166 (ground state)
C-C 160 N-O 152 1.55 (C-C) 1.452 (excited state)
C-H 098 1.10 (C-H)

tive process (Fig. 8b). In fact, the species of +~-C4HgO has the
same (C3y) symmetry as CH3O, while every 3-H is replaced by
CH3. The y-C—H bonds in -C4HgO are stronger by 17 kJ mol ™!
than the B-C-H bonds in CH3O, which may be the possi-
ble reason that the second step of the reaction did not occur
for TBN.

The geometrical structure of the final products during the pho-
todissociation for TBN was listed in Table 3. As a comparison,
the optimized structural parameters for the species C(CH3)30
and NO obtained by ADF2000 program were also given in

@ ®

O-N bond broken

o+ °—c .—o .—N

Fig. 6. Snapshots of the molecular dissociative trajectory for C(CH3)3ONO (TBN) by “Colors-Excite”: (a) 0 fs, (b) 900 fs, and (c) 2000 fs.
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Table 3. The longer distance of the O-N in C(CH3)30-NO,
2.02 A, indicted there was no effective bonding action between
C(CHj3)30 and NO species after the photodissociation. The sim-
ilarity between the structure of C(CH3)30 species formed after
the dissociation by our “Colors-Excite” and the optimized struc-
ture of C(CH3)30 by ADF2000 program demonstrated that the
independent species C(CH3)30 had been produced by the pho-
todissociative reaction. For the NO species, it was 1.52 A in
the final products by dynamical simulation of “Colors-Excite”,
but the bond length in the ground state with an electronic con-
figuration of 102202 1m*3022m! obtained by ADF2000 was
1.12 A. Therefore, the too longer bond length reminded us of
the product NO staying at its excited state. In order to con-
firm it, the excited state of the NO molecule was optimized
by ADF2000 and a value of bond length, 1.45 A, was obtained
for the configuration of 10220%1m*3¢ 272, This value was
much closer to the NO species produced by the photodisso-
ciaton. It is the evidence to support the suggestion that the final
NO species of photodissociative reaction staying at its higher
energy state.
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Fig. 8. Evolution of energy variation vs. the reactive time by “Colors-Excite”
for (a) CH30ONO (THN) and (b) C(CH3);0ONO (TBN).

4. Conclusions

In this work, the photodissociative reactions of RONO in
gaseous state have been investigated. The basic electronic
properties were derived by the method of density functional
theory. As well, the photodissociation process was simu-
lated by a quantum chemical molecular dynamics program
“Colors-Excite”. The bond of O-N (RO-NO) was weakened
after the excitation and the photodissociation was through
the singlet state for the series of RONO. A two-step reaction
occurred for CH;0ONO (THN) with a breaking of N-O bond
and the formation of HNO species companying by the complex
intermediate products. However, only one-step reaction existed
since there are no 3-C—H bonds in C(CH3)30NO (TBN). This
investigation indicated that the alkyl nitrites (RONO) with
the different alkyl group took the different photodissociative
routes. The consistent results in theoretical calculation and
experiment, including geometrical structures and excitation
energies, demonstrated good performances of “Colors-Excite”.
Furthermore, the present work pointed out, by combining the
density functional theory and the “Colors-Excite” code, the
electronic properties and photodissociative process can be
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derived accurately even for the reaction relating to the electron
excitation.
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