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The graphite tube nozzle has been developed for the generation of metastable He jet by which the nitrogen 
molecules initially excited in a jet with Engelking type nozzle have been further excited in a corona excited 
supersonic expansion. The excitation process of nitrogen molecules in the jet collision has been discussed in 
detail by observing the emission intensity from the vibronic emission spectra of nitrogen molecules and ni
trogen molecular ions upon helium jet collision.

Introduction

The transient molecules are of considerable interest in 
chemistry because they are believed to play important roles 
in chemical reaction as reaction intermediates.1 So far, many 
experimental techniques have been developed to produce 
these short lived molecules because they only exist under ab
normal conditions. One of the most popular methods ob
taining these molecules is to decompose the stable precursor 
by providing the molecules with the external energy using 
the methods such as microwave discharge, electric discharge, 
chemical reaction, photolysis, etc.2

As one of the most convenient devices, Engelking has re
cently developed the supersonic nozzle system using an 
electric discharge, which is called a corana excited sup
ersonic expansion.3,4 This has been widely used for the ob
servation of the vibronic emission spectra of rotationally 
cooled transient molecules in the gas phase because it gives 
enough continuous photon intensity for the high resolution 
studies of weak transitions in a jet.5-8 Nevertheless, this 
method is only suitable for the transitions of large Franck- 
Condon factor as well as of small excitation energy. In ad
dition to these limitation in this scheme, the excitation is 
only possible to the energy states with long lifetime because 
of the rapid collisional relaxation process occurring at the 
high pressure region after excitation by electron impa아.'

A technique using a jet collision in an expansion chamb
er has been devised as another method for the effective en
ergy transfer. Cossart and Cossart-Magos9 have succeeded 
the observation of the emission spectra of highly excited 
CO+ in the gas phase employing jet collision between me
tastable Ne atom and CO molecule generated from Geissler 
type electric discharge. The same technique has been ap

plied for the generation of CS+ by collison of the metastable 
He atom with long-lived CS radical.10 Li and coworkers 
have applied the jet collision process to the energy transfer 
reaction between rare gas atom and small precursor molec
ules for observation of the dissociative excitation of small 
molecules.11"13 This method was also used for the collision 
between small molecules under molecular beam conditions.14 
Recently, Tokeshi et al. employed the ion-molecule col
lisions to generate the unstable molecular ion for observing 
the emission spectra of CH produced in collisions of Ar+ 
with aliphatic compounds.15

Very recently, we have reported the development of ex
citation technique using jet collision in a corona excited sup
ersonic expansion.16 In this scheme, two identical Engelking 
type nozzles were employed for the excitation of both target 
and colliding jets. The nitrogen molecules initially excited 
by the electron impact were further excited by the collision 
of metastable He atomic jet, leading to produce the nitrogen 
molecular ions at the excited state. Although this method 
has been turned out to be very effective for highly ex
citation process, there exists a technical difficulty in main
taining the electrical discharge at both nozzles.

In this work we have modified the excitation scheme us
ing the graphite tube nozzle instead of Engelking type noz
zle for the colliding atomic jet. The target nitrogen molec
ules initially excited using Engelking type nozzle in a coro
na excited supersonic expansion are further excited to ni
trogen molecular ions via jet collision with metastable He 
atoms.

Experimental Details

Figure 1 illu아rates the schematic diagram of the jet col-
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Figure 1. The schematic diagram of the jet collision using 
Engelking type nozzle for the target jet and graphite tube nozzle 
for the colliding jet in a corona excited supersonic expansion.

lision between nitrogen molecules and He gas in a corona 
excited supersonic expansion. The experimental apparatus 
used in this work are similar to those reported previously.16 
It consisted of an Engelking type nozzle for the excitation 
of target nitrogen molecules, graphite tube nozzle for the 
colliding He atomic jet, a high vacuum collision chamber, 
and a spectrometer for the vibronic emission spectra of the 
target molecules in a jet. The Engelking type nozzle was 
made according to the method previously published.16 The 
graphite tube nozzle was made of a 25.4 mm long and 6.4 
mm outer diameter graphite of spectroscopic grade. The 
tube has 0.7 mm inner diameter hole in the center for the 
He atomic jet. The graphite tube was epoxy glued to the 
Pyrex glass tube of 12.7 mm outer diameter for the cou
pling with the collision chamber. The graphite tube was act
ing as a cathode by externally wiring to the ground of the 
high voltage power supply. The direction of the Engelking 
type nozzle was perpendicular to that of the graphite tube 
nozzle. Also, the nitrogen molecular jet was parallel with 
the pumping direction for the maximum pumping efficiency. 
In this experiment, pinhole opening size of 0.3 mm has 
been employed for the nitrogen molecular jet. The collision 
effect appeared to increase by shortening the distance 
between the head of graphite tube nozzle and the nitrogen 
jet. However, - the electrical current of the discharge in
creases substantially at the very short disctance, which de
grades significantly the quality of the spectrum observed. 
The distance between the head of both nozzles was adjusted 
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for the maximum signal to noise ratio of the spectrum, and 
fixed at 1.0 cm during the experiment. Both the metastable 
He atomic and the excited nitrogen molecular jets were gen
erated using the Engelking type and the graphite tube noz
zles, respectively, in a corona excited supersonic expansion.

The chamber was evacuated by two mechanical vacuum 
pumps (WS Automa model W2V80) of the capacity of 800 
L/min each, resulting in the pressure of 1.5 Torr during the 
operation. The backing pressure of the nitrogen was kept at 
2.0 atm while the helium pressure was varied for the ob
servation of emission intensity of the nitrogen molecular ion. 
The helium pressure was ranged from 1.0 Torr to 0.1 atm. 
The bright jet was obtained by an electric de discharge at 
1000 V and 2-3 mA with 200 kQ ballast resister. The col
lecting quartz lens of 38 mm diameter and 50 mm focal 
length was placed inside the another arm of the collision 
chamber which is perpendicular to both direction of the jets. 
The eminating light from the nitrogen jet after the collision 
was focused onto the slit of the spectrometer using a com
bination of two mirrors and a lens. The optics were aligned 
to obtain the maximum total fluorescence from the jet. The 
vibronic emission spectra from the jet have been recorded 
with the double type monochromator (Jobin Yvon U-1000) 
using a head-on photomultiplier tube (Hamamatsu R649) in 
a cooled housing. The visible vibronic emission spectra 
were obtained by scanning 22,000 to 26,000 cm 1 at the 
step of 2.0 cm 1 and 100 卩m of slit width over 10 min.

Results and Discussion

We have focused our attention on comparing the em
ission intensity of the vibronic bands of the spectra taken 
from the nirogen jet upon collisional energy transfer by a 
metastable helium. The spectrum in Figure 2 was obtained 
from the pure nitrogen molecules in a jet at a corona ex
cited supersonic expansion without collisional energy transf
er by metastable He. This spectrum exhibits the vibronic 
bands belonging to both the nitrogen molecules and the ni
trogen molecular ions.17 Most of the strong bands observed 
in the spectrum belong to the nitrogen molecules in the tran
sition of C3TTU—>B3TT5 (second positive system). The bands 
from the nitrogen molecular ions in the transition of B%J—>

Figure 2. A portion of the vibronic emission spectra obtained 
from the pure nitrogen molecules using Engelking type nozzle 
without collisional energy transfer in a corona excited supersonic 
expansion. The bands from nitrogen molecular ions are indicated 
by asterisk.
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X2Eg+ (first negative system) are indicated by asterisk. Also, 
the intensity alternation witfi rotational quantum number is 
clearly seen indicating that the molecule is homonuclear di
atomics of 14N(I=1).18 The sharp bandhead in the P-branch 
is due to the large difference in the rotational constants 
between both vibronic states.19 We can easily identify the 
ionic bands because the nitrogen molecular ion has slightly 
different bandshape from the nitrogen molecules. From the 
comparison with the spectrum simulated, the m이ecules ex
hibit rotational temperature of 45°K after supersonic ex
pansion, which has a good agreement with those reported 
previou이y using the same experimental apparatus.8 It is well 
known that the vibrational temperature of transient molecules 
is sensitive to the methods used for the decomposition of the 
precursor while the rotational temperature is subjected to the 
pressure difference of the supersonic expansion.

The C and B states of nitrogen molecule are 11.05 eV 
and 7.39 eV high from the ground state, respectively. In ni
trogen molecular ion, the B state is 3.16 eV high from the 
ground state. Since the ionization energy of the nitrogen 
molecule is 27.10 eV, a total of 19.21 eV and 22.87 eV are 
needed to generate the nitrogen molecular ion at the B state 
from the C and B states of the nitrogen molecules, respec
tively.

It should be understood that in a corona discharge using 
Engelking type nozzle with anode inside the nozzle throat, 
the electrons flow in the opposite direction of the molecular 
jet. The number of molecules being excited by electron im
pact in a jet is proportional to the difference between pro
duction and destruction. The production rate increases with 
electric current in the discharge while the destruction rate 
depends on the lifetime and collision frequency. Since there 
is no collision process in the supersonic jet, the molecule 
may loose its energy by radiative process. Thus, the total 
emission intensity reflects the population of the molecules 
at the given states.

The number density of the excited molecules in a unit 
length of the jet increases downward and reach the max
imum at the distance given by the lifetime of the molecules 
and the jet speed. Beyond the maximum point, the number 
density remains constant downward the jet with assumption 
that the number of molecules being decomposed is negli
gible. However, since the jet flow disperses downward, the 
density of the excited molecules in a unit area decreases, 
resulting in the decrease of the emission intensity at the slit 
of the spectrometer.

The excitation of nitrogen molecule and He atom by elec
tron impact in a corona discharge is possibly proceeded ac
cording to the following processes.

N2 (X state) + e- —* N2* (C state)

He + eHe* (2s3S, 19.82 eV)

The production of a metastable He at the 2s3S state from 
the ground state He by an electric discharge is well-known 
process.20 On the other hand, the production of nitrogen 
molecular ions is possible from either the nitrogen molec
ules at the excited state

N2* (C state) + e「一＞ N2+ (B state)

or the nitrogen molecules at the ground state.

N2 (X state) + e~ —► N2+ (B state)，

Also, it may be possible to generate the ions from the ni
trogen molecules at the B state. But the most feasible way 
is from the ground state because of much large number of 
population at the ground state in the jet.

In order to observe the collisional effect on the nitrogen 
molecular jet, we have taken the vibronic emission spectra 
of the nitrogen molecules and ions in the jet after the col
lision of metastable He. For this purpose, we have varied 
the jet length from the head of nozzle to the collision point 
by moving the Engelking type nozzle vertically while fixing 
the focusing point of the spectrometer. At the very short 
length, we have observed very strong intensity of molecular 
bands compared to ionic bands, which is similar to that 
shown in Figure 2. The strong intensity of molecular bands 
are resulting from the energy transfer by the metastable He 
atoms to the ground state nitrogen molecules because the 
He energy (19.82 eV) is enough to produce the excited 
molecules. The excitation process by collisional energy 
transfer of metastable He is represented as follows.

N2* (C state) + He* (2s3S) -~+ N2+ (B state) + He

However, the molecular ions cannot be formed from the 
molecules at the ground state using the energy transfer of 
metastable He.

With increasing jet length, the spectrum exhibits in
creasing intensity of ionic bands compared to those of the 
molecules as shown in Figure 3 because of the increasing 
population of excited molecules(C state) in the jet. As ex
plained above, the metastable He has enough energy to pro
duce the ions at the B state from the the molecules at the C 
state. The intensity of molecular bands was decreased be
cause the number of excited molecules in a unit area was 
reduced at the dispersed jet With further increase of the 
length, the molecular bands disappear while the intensity of 
the ionic bands remains constant. This phenomena can be 
explained from the constant population of the excited molec
ules down the jet.

We have also tried to observe the intensity variation with 
the He pressure inside the graphite tube nozzle. The in
tensity of the ionic bands increases up to 2.0 mbar He pres
sure. In the range of 2.0-30.0 mbar pressure, the intensity of

Figure 3. A portion of the vibronic emission spectra obtained 
from the nitrogen jet after collisional energy transfer by me
tastable He atomic jet. The bands from nitrogen molecular ions 
exhibits an increasing intensity compared to those from the 
molecules.



1288 Bull. Korean Chem. Soc. 1997, Vol. 18, No. 12

ionic bands remains constant. However, beyond 30.0 mbar 
pressure, the m이ecular jet exhibits the deflected jet flow 
which distort the optical alignment into the spectrometer, 
resulting in decrease of the reproducibility of the experi
ments.

In summary, we have developed a graphite tube nozzle 
by which a metastable He atom was generated. The ni
trogen molecules initially excited in Engelking type nozzle 
were further excited by collisional energy transfer of a me
tastable He atom. The excitation of nitrogen molecules to ni
trogen molecular ions were monitored by observing the em
ission intensity of the bands in the spectra from the nitrogen 
jet. From the observation, it has been found that the ex
citation of the nitrogen molecules at the excited state is 
more effective for the generation of nitrogen molecular ions, 
suggesting that the effective energy transfer by molecular 
collision may be useful for the generation of the highly ex
cited species.
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4-Allylanisole was polymerized with A1C13 as a catalyst. The polymerization was carried out in nitroethane at 
various temperatures with changing the ratio of the initiator to the monomer concentration. The weight average 
molecular weights measured by gel permeation chromatography in chloroform with polystyrene standards were 
between 1,500 and 4,700.NMR spectroscopy showed that the polymerization proceeded through a step- 
wise aromatic electrophilic substitution reaction along with a minor chain-reaction, resulting in a branched po
lymer. 4-Chloromethylanisole was also polymerized with A1C13 in nitroethane through an aromatic electrophilic 
substitution reaction to give a high molecular weight polymer (Mw=88,000).

Introduction

A few aromatic compounds having electrophiles are po
lymerized through aromatic electrophilic substitution reac
tions.1,2 The reactions are accelerated by presence of elec

tron donating groups on the aromatic rings. In the po
lymerization of a phenol-formaldehyde under basic con
ditions, the benzene ring of the phenol is activated by an ox
ide group and reacts easily with formaldehyde.3'5 Certain 
aromatic compounds with alkyl halide substituents are po-


