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ABSTRACT 

 
The vibronically cooled electronic emission spectra of the 2,3-difluorobenzyl radical was 
observed in a corona excited supersonic expansion (CESE) apparatus. Several fundamental 
modes of methyl- and trimethylbezene were assigned on the basis of previous infrared and 
Raman values of the precursor and calculation. The spectrum was analyzed in terms of 
progressions of the fundamental vibrational modes and molecular structures of 2,3-
difluorobenzyl and 2,6-difluorobenzyl were calculated and compared with experimental data. The 
fluoro-substitution effect is first suggested by this group. The substitution effect is that each 
fluoro substituted position of benzyl radical affect the energy level and also the band shape of 
the benzyl radical independently. We have generated for the first time the 2,3-difluorobenzyl 
radical in a jet from which the vibronic emission spectra in the D1 → D0 transition have been 
recorded.  
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INTRODUCTION  
 
Free radicals are a group of chemical species that is highly reactive, short-lived, and 
characterized by one or more unpaired electrons. The first measurement of a radical species 
was obtained in the emission spectrum of a Bunsen flame by Wollaston in 1802 and then again 
by Swan in 1857 [1]. Then thank for the advances in the molecular spectroscopy, the more 
general study of radicals gain prominence significantly in the early part of the 20th century [2-
4]. The chemical detection and identification of molecular free radicals in the gas phase was 
first explained in the classic thermal decomposition experiments by Paneth and Hofeditz in 
1929 [5], establishing the incorporation of radicals into the mechanism of chemical reactions 
[6]. Subsequently, the study by Gerhard Herzberg gained particular prominence [7], with his 
pioneering investigations. His work helped stimulate a resurgence of investigations into the 
chemical reactions of gases. Today, radicals are understood as important species in the 
chemical processes in both the laboratory as well as industry. 
 
Especially, benzyl radical as shown in figure 1 is a prototype of aromatic radical and 
researchers have attention to the benzyl radical. But as large aromatic radicals, halogen 
substituted benzyl radicals have been less studied [8,9]. Bindley et al. studied the first vibronic 
emission spectrum of fluorobenzyl radicals generated from an electric discharge of 
fluorotoluenes [10]. Since then, many researches are reported about the fluorobenzyl radicals 
and spectroscopic techniques to measure target molecules [11–26]. The study of rotational 
contours of p-fluorobenzyl radical were performed in the high temperature condition by 
Cossart-Magos and Cossart and rotational constants were obtained [27]. Fukushima and Obi 
studied with LIF excitation and dispersed fluorescence spectra and assigned first full 
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vibrational modes in the ground electronic state [11]. Also, by Miller et al, [12] accurate 
rotational constants have been obtained in the analysis of high-resolution LIF spectra coupled 
in a supersonic-jet expansion. Recently, Lee et al. has investigated the vibrational mode 
analysis in the vibronic spectra of the jetcooled chloro substituted benzyl [13-16] radicals in a 
corona excited supersonic expansion. Lee et al. also obtained vibronic emission spectra of 
mono-fluorobenzyl [17-19], difluorobenzyl [20] and pentafluorobenzyl [21] radicals using 
corona excited supersonic expansion. Still many spectroscopic data have been reported for 
mono-substituted fluorobenzyl radicals, the multi-substituted halogen benzyl radicals have not 
been less studied spectroscopically. 

 
Figure 1. Molecular fixed-axis system of benzyl radical. 
 
EXPERMENTAL AND THEORETICAL METHODS 
 
Figure 2 shows the schematic diagram of the corona excited supersonic jet system used in this 
work. This system contains discharge source, vaccum chamber, supersonic system and 
spectrometer and acquisition system. From the precursor molecule, transient molecule is 
generated in a jet using conventional corona discharge system which is analogous with 
Engelking’s conventional corona discharge [29].  
 

The electronically excited multi-substituted benzyl radical is generated from multi-substituted 
toluene derivatives by corona excited supersonic expansion with helium buffer gas. The multi-
substituted toluene is vaporized at room temperature inside the vaporizing vessel made of thick 
Pyrex glass bottle under 1.0 atm of He gas.  
 

The concentration of the precursor in the carrier gas is adjusted for the maximum emission 
intensity and believed to be about 1% in the gas mixture. By controlling the temperature of 
sample vessel or valve of gas tube, the concentration of the precursor in a carrier gas can be 
adjusted.  
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The radicals are formed by electron dissociative attachment from neutral multi-substituted 
toluene precursors by a corona discharge (2.0 kV, 5.0 mA) localized vaccum chamber which 
is six-way cross pyrex tube of 50 ㎜ inner diameter. The high votage dc power supply is 
discharging source which is connected to anode and coupled with a 200 ㏀ ballast resister. The 
high voltage electric dc power supply has a maximum 5 ㎸ and 40 ㎃ capacity.  
 

An 800L/min mechanical vacuum pump (WS Automa model W2V80) is connected to the 
chamber, resulting in the pressure range of 10-3 Torr during the operation. A blue color of jet 
is an evidence of existence of the multi-substituted benzyl radical in the CESE. The light from 
the downstream jet area 5 ㎜ away from the nozzle orifice is collimated by a quartz lens placed 
inside the expansion chamber and focused onto the slit of the monochromator (Jobin Yvon 
U1000) and detected with a photomultiplier tube (Hamamatsu R649) and a photon counting 
system.  
 

During the scan, the slits are set to 0.200 ㎜, providing resolution of 2 cm-1 at the visible region. 
Double type monochromator (Jobin Yvon model U-1000) is effective 2.0m path length using 
3 mirrors and 2 gratings of 1800 groves/㎜. double type monochromator is effective 2.0m path 
length using 3 mirrors and 2 gratings of 1800 groves/㎜.  

 
The spectrometer scan range is from 11,500 cm-1 to 32,000 cm-1, with a maximum resolving 
power of 0.15 cm-1 at 17,000 cm-1 which is good enough to observe the rotational contour of 
the vibrionic band of large molecules in a jet. The output of the PMT is transferred to the 
spectrometer control box via the preamplifier. The spectrometer is controlled by using a 
software SPECTRAMAX [30] with a personal computer.  
 

From 19000 to 22000 cm-1, the spectrum is scanned in about 1 hr in 2.0 cm-1 steps to obtain 
the benzyl-type radical spectrum. The frequency of the spectrum is calibrated using the He 
atomic lines observed at the same frequency region as the halogen-substituted benzyl radicals 
are observed and is believed to be accurate within ±0.2 cm-1.  
 

Since the precursor and multi-substituted benzyl radical have many vibrational modes and the 
assignments have not been completed, assignment of radical spectrum is performed with ab 
initio calculations using the GAUSSIAN 09 for Windows package. Geometry optimizations is 
computed at the B3LYP method for the multi- substituted benzyl radical. The calculations are 
executed with a personal computer equipped with an Intel Pentium VI, 3 GHz processor and 1 
GMB RAM. 
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Figure 2. Simple schematics of Coroan Excited Supersonic Expansion system. 
 

RESULTS AND DISCUSSION 
 
By corona discharge of 2,3-difluorotoluene, the spectrum, figure 3, is obtained and it shows a 
portion of the visible vibronic emission spectrum of the jet-cooled 2,3-difluorobenzyl radical, 
in which most of the bands are observed with intensity in the region of 19000 ~ 22000 cm-1.  
 
From similar experiments [22] the rotational temperature of 50 K was proved in the jet 
expansion with corona by a low backing pressure in a supersonic jet expansion and collisional 
relaxation in the D1 state is so efficient by help of a pinhole-type glass nozzle in a corona 
excited supersonic expansion that the CESE spectra are similar to the dispersed fluorescence 
spectra observed by pumping the origin band of the electronic state [12].  
 
Thus, the shift of the observed vibronic bands from the origin band represents the vibrational 
mode frequencies in the ground electronic state. And by collisional relaxation, the population 
in the vibrationless state of the lowest excited electronic state increases. The band of the 
strongest intensity at 21338 cm-1 is believed to be the origin band of the 2,3-difluorobenzyl 
radical in the D1 → D0 transition and followed band of lower freguency from origin band are 
series of vibronic bands. There are no strong bands in the blue of the origin band, since the 
enough vibronic relaxation process occurs in the D1 and D2 state of the benzyl-type radicals. 
 

The shift of the frequency of origin band from the benzyl radical 22002 cm-1 shows the 
substitution effect to the electronic energy of benzyl-type radical. The 2,6-difluoro benzyl 
radical shows the origin band at 21774 cm-1 [20], shifted by 228 cm-1 from the transition energy 
of benzyl radical and it is almost twice the shift of o-fluoro benzyl radical [17]. In the 2,6-
dichloro [16] and 2,6-dimethylbenzyl [23] radicals, a similar characteristic is observed.  
 

For assigning the vibronic bands, ab initio calculation and the known vibrational frequencies 
of the 2,6-difluorobenzyl radical are used, since the molecules are subjected to the isodynamic 
approximation rule. This rule has already been applied to the vibrational mode assignment of 
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many benzyl-type radicals [13–26].  
 

Low frequency sequence bands with 50 cm-1 and 70 cm-1 in the vicinity of the origin band is 
observed. From the origin band, the value is less than 150 cm-1. Cossart-Magos and Cossart 
[27] have observed several weak low frequency sequence bands near the origin band of the p-
fluorobenzyl radical, and assigned them as combination bands. Thus, it is strongly believed 
that owing to the incomplete collisional relaxation in the excited electronic state induces the 
sequence bands near the origin.  
 

The band at 290 cm-1 from the origin band is assigned to mode 15 vibration. As showed in table 
1, mode 15 of C–H bending motion is accord well with ab initio value, 288 cm-1. Very weak 
band at 474 cm-1 is assigned to mode 6a and strong band at 498 cm-1 is assigned to 6b of ring 
deformation, these two bands are one of the most prominent modes in benzyl-type radical 
derivatives [13-26]. Mode 6a is degenerate with mode 6b in benzene with a mode frequency 
of 606 cm-1.  
 

In the vibronic emission spectrum of the 2,6- difluorobenzyl radical [20] of C2v symmetry, 
mode 6a is observed with a strong intensity, whereas mode 6b was barely detected with a very 
weak intensity. Table 2 shows the vibronic assignment of 2,6-difluorobenzyl radical with 
B3LYP/cc-pvdz ab initio calculation using the data from the Reference [20].  
 

The ab initio calculation predicts the observed frequencies very well. Mode 18b of C–H 
bending motion is assigned at 550 cm-1. The ring breathing vibration mode 1 is assigned at 686 
cm-1. The calculation (699 cm-1) agreed well with the observation value. The mode 17b of C–
H bending vibration band is assigned at 786 cm-1. Because the calculation value gives a very 
accurate prediction 789 cm-1. The medium band at 828 cm-1 is assigned as a mode 12 of in-
plane ring deformation vibration. The calculation 830 cm-1 agrees well with the observed value. 
 

The medium band at 1046 cm-1is assigned as a mode 7b of C–H stretching vibration since the 
calculation and the observation are accord as well as ab initio value. The strong intensity band 
at 1284 cm-1 is assigned to mode 20a of in-plane C–F ring stretching vibration. Finally, mode 
8a of C–H in-plane stretching vibration is assigned to band at 1574 cm-1 from the origin and 
1594 cm-1 for 8a mode of isomer 2,6-difluorobenzyl radical is analogous with 8a band of 2,3-
difluorobenzyl radical.  
 

In table 1, the observed vibrational mode frequencies, ab initio calculation are compared with 
frequencies of the precursor, together with the symmetry and intensity. All six isomers of 
difluorobenzyl radicals can be classified into three different classes: 1,2,3-substitutions, 1,2,4-
substitution and 1,3,5-substitution. 1,2,3-substitution group contains 2,6- and 2,3-
difluorobenzyl radicals with C2V and CS symmetry. 1,2,4-substitution group consists 2,4-, 2,5-, 
and 3,4-difluorobenzyl radicals of CS symmetry.  
 

Finally, 3,5-difluorobenzyl radical of C2V symmetry belongs to 1,3,5-substitution. The vibronic 
emission spectrum of 2,3-difluorobenzyl radical is compared with that of 2,6-difluorobenzyl in 
figure 4, in which both spectra show similar vibronic structure in the ground state. While the 
6b mode is very weak and 6a is strong intensive mode in the spectrum of 2,6- difluorobenzyl 
radical, the 6b mode is observed with strong intensity in 2,3-difluorobenzyl radical but 6a is 
weak. These characteristics has been measured in many benzyl-type radicals of CS and C2V 
point groups. 
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Figure 3. A portion of vibronic emission spectrum of 2,3-difluorobenzyl radical. 
 
Table 1. Vibrational frequencies (cm-1) of the 2,3-difluorobenzyl radical. 
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Table 2. Vibrational frequencies (cm-1) of the 2,6-difluorobenzyl radical. 

 
 

 

 
Figure 4. Similarity of the vibronic emission spectrum of between (a) 2,6-difluorobenzyl 
[20] and (b) 2,3-difluorobenzyl radicals in the D1(2A2) → D0(2B2) electronic transition. 
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CONCLUSIONS 
 
Fluoro-substituted benzyl radicals is generated in the jet with a large amount of carrier gas (He) 
and vibronically cooled electronic emission spectra are observed in a corona excited supersonic 
expansion apparatus. The spectra are analyzed in terms of progressions of the fundamental 
vibrational modes and molecular structures of multi-substituted benzyl radicals are calculated 
and compared with experimental data and precursors. For the first time the difluorobenzyl 
radicals are generated in a jet and the vibronic emission spectra in the D1 → D0 transition have 
been recorded. 
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