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A continuous dimethylamino (CHN + (DMA) radical beam is produced in situ by the pyrolysis of
dimethylnitrosamine (CE:,NNO at 850 (0.5° C) in a double-heater inlet system on a double-chamber UPS
machine-Il which was built specifically to detect transient species. The Hel photoelectron spectrum (PES) of
the (CH):N radical is recorded for the first time. To assign the PES bands of thg fTkadical, the improved
density functional theory (DFT) calculation based on the Amsterdam density functional (ADF) program package
has been carried out according@, symmetry for the ground state of the neutral @BN radical and the
equilibrium geometries of several ionic states of the cationic species. A sharp peak with the lowest ionization
energy at 9.01+ 0.02 eV comes from electron ionization of the HOMO{Rbf the (CH;).N radical,
corresponding to the ionization of the (@kN (X 2B;) to (CHs),N*"(X *A;). The second band with vibra-

tion spacing 1980+ 60 cnt! comes from electron ionization of darbital which is a strongly bound

state for the (Ch);N radical, corresponding to ionization of (@kN (X 2B,) to the 3B; state of (CH).-

N* cation. The PES bands of the NO molecule clearly appears in the PE spectrum of the products
pyrolyzed of the cgmpound. The pyrolysis mechanism of thesfédHNO compound is shown as follows:

850+ 0.5°C
(CHy),NNO ————— (CHy,N + NO.

Introduction through the pyrolysis of (CEl,NNO compound. The assignment

of the PES bands is done with the aid of the band shapes and
that of the improved density functional theory (DFT) calculation
rbased on the Amsterdam density functional (ADF) program
packag&®~15 for the ground state of (CHbN radical and the
ground and several ionic states of (§#N™ cationl6 From the

PES result, the pyrolysis mechanism of dimethylnitrosamine
compound is also inferred.

It is well-known that N-nitroso compounds may have a
significant role in human carcinogenesis. The ubiquity of their
precursors leads to the ready formation of nitrosamines and othe
N-nitroso compounds in the human micro- and macroenviron-
ment. Therefore, there is a continuing need to understand the
extent and mechanisms bEnitroso compound formation, as
well as to understand the mechanisms of their bioactivation and
detoxification. Recent discoveries have demonstrated several
pathways for the endogenous formatior\afhitroso compounds.
Ingested or endogenous nitrogenous substrates can react with 1. synthesis of Dimethylnitrosamine Dimethylnitrosamine
nitrous acid in the stomach or be nitrosated either there or was prepared from corresponding pure dimethylamine hydro-
elsewhere by nitrosating agents arising from the endogenouschioride and nitrous acif. The PE spectrum of dimethyl-
formation of NO or the bacterial reduction of nitrate. nitrosamine obtained is the same as the spectra reported in refs

To promote understanding of the mechanisms of the bio- 418,
activation and detoxification of nitrosamine compounds, astudy 5 yps MeasurementPES experiments are performed on a

of Hel photoelectron spectroscopy (PES) on the electronic gople-chamber UPS machine-Il which was built specifically
structure of alkyl nitrosamines has been reported by us. to detect transient species as described elsevhareontinuous

_ Itis also known that alkyl- and arylamidogen radicals are (cp,),N radical beam is produced in situ through the pyrolysis
important intermediates in organic chemi8tayd have also been ¢ dimethylnitrosamine at 858(0.5) °C in a guartz tube using
invoked as ligands in organometallic chemistiie family of a double-heater inlet system and the temperature up to ¥#200.
alkyl- and arylamidogen radicals has been involved in cancer the pE spectrum of (CHpN radical is measured in the
formation? Much work has been performed to try to establish qngition of about 2530 meV operational resolution for the
the. first ionization energy qf the simples_t memt.)ers.of.alkyl- 2p,, peak of argon(At). Experimental ionization energiek, (
amidogen group. But the disagreement in the first ionization i, ev/) are calibrated by simultaneous addition of a small amount

energy calculated for (CfN radical (DMA) is very cleaf, 11 of argon and methy! iodide into the sample.
and there is no experimental report on ionization energies of

different orbitals for the (Ck)2N radical until now.

Recently, during our PES study for transient speciesg NO
radical was also obtained in situ through the pyrolysis giD§\ To assign the PES bands of (kN radical, the density
In this paper, we would like to report the PES study on the functional theory (DFT) calculations have been performed on
electronic structure of (ChbN radical which is in situ produced  the?B; ground state of the (C§N radical and the ground and
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several ionic states of the (GHN™ cation, because this DFT r
calculation was applied successfully to the assignment of the
PES bands of N@radicall? The calculation is carried out with
the ADF program packad€;'® in which a density fitting i ]
proceduré® is used to obtain the Coulomb potential, and an S
elaborate three-dimensional numerical integration techitdbe i
is employed to calculate the Hamilton matrix elements. The
Vosko—Wilk —Nusaair parametrizatiéhof uniform electron gas
data is used for the exchange-correlation energy and potentials,
which is usually called the local spin density approximation
(LSDA). The gradient correction of exchange energy due to
Becke! and that of correlation energy developed by Perdew
have been performed in a post manner. The molecular orbitals
were expanded in an uncontracted trigleSTO basis set
augmented by two polarization basis functions for both the | | l | |
carbon and nitrogen atoms. 9.00 1100 13.00 15.00 17.00
To assign the PES bands of the (§\ radical, the vertical IPs(eV)
ionization energiesH, in eV) computed are obtained from the
total energy difference of the resulting cation/neutral species
in this study. To calculate the total energies of the singlet states
described by multideterminantal wave function, the sum method
proposed by ZieglerRauk-Baerend® is used. The geometries (CHIN 1505600,
used in the calculation for the neutral (gkN radical are taken r T I 1
from the results of Huang et & at the UMP2/6-31G** level O
of theory. 2260£600m”!
To identify the true ground state (%) of (CHz).N radical,
these DFT calculations on the ground state of;M&tlical and z
several ionic states of NH- cation were also performed. The * (CHN
ground state of Nk cation is X 3B, state, corresponding to |
the computed vertical ionization energy 12.098 eV, and comes
from the electron ionization of (porbital of NH, radical. The
electron ionization of HOMO (14 which is consisted essentially
of the nitrogen 2R nonbonding orbital perpendicular to the
H—N—H plane for the NH radical, leads to théA; state
corresponding to the computed vertical ionization energy 12.635 | | .
eV. These results shows that the DFT calculation for the 9.00 9.50 10.00
assignment of the PES bands of Niddical is better than ab IPs(eV)
initio ASCF 24 because the results of DFT calculation are much
close to PES experimental values for the Ndical?

(CHz:N

C/S

Figure 1. The Hel photoelectron spectrum (PES) of the products
pyrolyzed from the (CH:,NNO compound.

Figure 2. The expanded PE spectrum of the (N radical for the
first peak and second band with vibration fine structure.

Results and Discussion peaks is also the same as the adiabatic ionization energy of the
first PES band of NO molecuRe.A more clear evidence in the

1. Pyrolysis Mechanism of the (CH),NNO Compound.
From the results of the PES study of electronic structure for .PE spectrum of the products pyrolyzed of (J#INO molecule

alkyl nitrosamines,it is thought that if the (Ck),NNO molecule is that a sharp peak at 16.56 e_V is_ also_ characteristic of
is pyrolyzed, the bond between the (§#N group and NO generation of NO molecule. The high intensity of the peak at

group will first broken, because the bond strength for this bond 9.82 eV can pe explained by the overlapping of third vibration
is weakest. During the pyrolysis process of UHMNNO peak for the first band of NO molecule on the second band of

compound, it is found that if the pyrolysis temperature is lower NEw Species pyrolyzed of (Q‘MNNO molecule, because_the
than 830°C, there is no change for the PE spectrum of §BH highest intensity peak for the first band of NO molecule |s'the
NNO. If the pyrolysis temperature is higher than 820 the second vibration peak at 9.54 eV. Therefgre, the pyrolysis of
changing PE spectra associated with the change of pyrolysis(CH2)2NNO molecule yields the (C#}N radical via NO loss:
temperature are appeared. In fact, they are the PE spectra mixed

of both (CH),NNO® and NG* species. A constant PE spectrum (CH;),NNO
which is full different with the PE spectrum of (GHNNO

molecule is obtained at 8580.5) °C. The Figure 1 gives the  That is to say, the pyrolysis mechanism of EZNNO molecule

Hel photoelectron PE spectrum of the products pyrolyzed of seems to be consistent with the suggestion for the detoxification
(CH3)2NNO molecule at 856£0.5) °C. An expanded (PE)  mechanism of the (CHLNNO molecule?’28

850+ 0.5°C

(CHy),N + NO

spectrum of the products pyrolyzed of (ENNO molecule 2. Assignment of PES Bands for the (Ch),N Radical.
at the low ionization energy region<(1.00 eV) is given in From the Figure 1, it is clearly seen that the peak at 9.01 eV is
Figure 2 a very sharp peak and that there is no vibrational progression

From the Figure 1 and 2, it is clearly seen that the five peaks in the peak. This shows that there is no geometry change in
with 22604 60 cnt! vibration spacings is the same as those going from the ground state of (GHN neutral radical to the
of the first band of the NO molecuf8.The ionization energy ground state of (CkJ,N" cation in the photoionization process,
9.26 eV corresponding to the first vibrational peak in these five because the vertical ionization enerdy) (s equivalent to the



1974 J. Phys. Chem. A, Vol. 103, No. 13, 1999

TABLE 1: Experimentally Determined Vertical lonization
Energies (, in EV) and lonization Energies Computed E, in
eV) According to the C,, Symmetry for the (CH3),N Radical
by Using DFT Calculation for Several lonic States of the
(CHg),N™ Cation

experimental DFT energies cationic

I\(eV) E.(eV) states
9.01 9.256 A,
9.65 9.678 B,
11.25 10.778 B;
13.40 12.618 SA,
12.750 1A,
14.87 13.170 B,
13.468 B,

adiabatic ionization energygf. That is to say, the ionization
corresponding with this peak comes from the result of the
electron ionization of the nonbonding orbital. This assignment
for the peak at 9.01 eV is also consistent with the repéftied
which an unpaired electron occupies the nitrogen P-orbital
perpendicular to the €N—C plane.

According to theC,, symmetry and assuming?8; ground
state for the neutral (C§pN radical, the molecular orbitals
would be in the following order of increasing energy: ..i}4a
(1by)? (5a)? (3bp)? (6a)? (4hn)? (1a)? (2by)*. The removal of
an electron from the HOMO will leave the ion in the singlet
state’A;. The removal of an electron in turn from each of the
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state, because the orbital electron ionization of a strongly bound
state always leads to a PES band with a long vibrational
progression. With the aid of the result of the DFT calculation,
the second band centered at 9.65 eV can be attributed to the
ionization of electron for the Larbital of the (CH),N radical,
because the experimental ionization energy associated with the
ionization is in good agreement with the computed value (9.678
eV). And the DFT calculation of (CkkN radical shows that

the la orbital is a bonding orbital for whole molecule.
Therefore, the electron ionization of the,Tabital should lead

to the band with long vibration progression, maybe correspond-
ing to the bending mode of the radical (g)bN.

The third PES band of the (GHN radical located at 11.25
eV is designated to th#B; singlet state of the (CkL,NT cation,
because this experimental value is also close to the computed
ionization energy (10.778 eV), and the intensity of the third
band is also weaker. A further survey in the third of the N
radical at 11.25 eV seems to be the band associated with some
fine vibration structure, but the vibration spacing on the band
is smaller than that (198& 60 cnt?) of the second band.

The band centered near 13.40 eV can be assigned to ionization
of electrons of the 4borbital leading to both tripletA, and
singlet A, states, because the band is very broad and the
computed ionization energies 12.618 and 12.750 eV for the two
ionic states are very close. Similarly the band centered near
14.87 eV can be considered as the ionization to both trigigt

other valence shell orbitals can leave both the triplet and singlet 5,4 SingletB, states, because the computed ionization energies
states of the ion. Therefore, the first PES peak at the lowest 13 170 eV and 13.469 eV for the two ionic states are also very

ionization energy (9.01 eV) for the (G}N radical should be
expected to originate from electron ionization of the HOMO
(2by). That is to say, the first peak at 9.01 eV for the @M
radical comes from electron ionization of nonbonding orbital,
because the vertical ionization enerdy) (s equivalent to the
adiabatic ionization energyj in the peak. This assignment
for the first peak is also supported by the results of the DFT
calculation for the (Ch),N radical and the (CkjJ,N" cation in

close.
In short, the assignment of the PES band for the g
radical is supported by the DFT calculation.

Conclusion

The Hel PE spectrum of the (GHN radical has been
obtained in situ by pyrolysis of the (GFNNO compound. The

their ground electronic state, because the DFT calculation showssharp peak with the lowest ionization energy (900.02 eV)

that the HOMO (2p) of the neutral (CH).N radical is a formally
nonbonding nitrogen jporbital perpendicular to the €N—C
plane, and the ground state of (kN cation is formed due
to the ionization of the HOMO (2p electron of neutral (CkJ2N
radical. According to the FranekCondon principle, the com-
puted ionization energyE|) corresponding to this sharp peak

shows that the HOMO (4b of the neutral (CH)2N radical is

a nonbonding orbital corresponding to ionization of BN

(X 2B,) radical to (CH)2N (X 'Aj). The second band with the
vibration fine structure 198& 60 cn1! associated with the
vertical ionization energy 9.65 eV comes from electron ioniza-
tion of a strong bound state leading to tPi; state of the

should be obtained from the resulting cation/neutral total energy (CHs):N" cation. _ _ .
difference 9.256 eV (See Table 1), which is close to the PES ~ The improved density functional theory (DFT) calculation

experimental value (9.0 0.02 eV).

based on the Amsterdam density functional (ADF) program

Table 1 gives the PES experimental determined ionization package enables the PES bands of thegj@Hradical to be

energies I in eV) and corresponding computed ionization
energies E,) for different ionic state of the (C§LN radical.
The energies of the ionic states for the @3N radical are given
using the vertical ionization energi), chosen as the maxima
of the bands in the PE spectrum.

The ionization of electron for the ieorbital of neutral
(CHg)oN radical leads to botPB; triplet and'B; singlet states.
The 3B, triplet state should has lower ionization energy which
corresponds to the band centered near 9.65 eV, andBhe

assigned.

The PES experimental results seems to be consistent with
the suggestion for detoxification mechanism of the ENNO
compound which is the formation of the (g}N radical via
NO loss.
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singlet state corresponds to the band centered near 11.25 eVposition.
also because the observed intensity being approximately three
times high as for the 9.65 eV band as for the third band at 11.25 References and Notes

eV gives some confirmation for this assignment.
From the expanded PE spectrum of the N radical (see

Figure 2), it is seen that the second band of the PE spectrum
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