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Fluorescence measurements are carried out after 2 days 
of equilibrium at 25 °C.

This compound fcrms a face-to-face excimer7 and 
gives excimer emission (F2) at 470 nm and monomer 
emission fF］丿 at 390 nm.

In this experiment, we plotted the value of F2F、as a 
function of SDS concentration and also found a sharp 
break at 70 mM of SDS in good agreement with the one 
determined by using ANS (Figure 2).
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Thermal Unimolec미ar Decomposition Reactions of Ethyl Bromide at 724.5-755.1° K
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The thermal decomposition reaction of ethyl bromide v/as studied in the temperature range of 724.5-755.1 °K. Pressure 
dependence of the reaction was observed in its fall-off region. A theoretical evaluation of the rate constants was carried out 
adopting RRKM formulation in the region and was compared with the experimental observation. The validity of theory 
was also reevaluated by using the observed results. The observed activation energy in this study and Arrhenius A-factor 
were 51.7 kcal/mole and IO12 5, respectively. The small A-factror in the study was discussed in terms of the formation of a 
tight activated complex and the molecular elimination as a prevalent reaction mode.

Introduction

The kinetics for the decomposition of ethyl bromide is 
known to be first-order and mechanism consisted of simple 
homogeneous molecular stplitting and radical chain reaction 
which can be inhibited by various inhibitors. However, the 
detailed mechanism of radical reaction is not well es
tablished1-4.

Fugassi and Dani여M have proposed the non-chain radical 
reaction as the primary decomposition in which ethyl bromide 
is splitted into ethyl radical and bromine atom. But this 
suggestion was not fully supported by o사is workers2. It has 
been also suggested by Goldberg and Daniels3 that the 
decomposition is composed of two different types of reactions. 
They have found the radical chain reaction was catalyzed by 
the wall and unimolecular splitting was occurred during the 
induction period which was not detected at temperatures 
above 400° C. And the overall decomposition exhibited 
the first-order behavior by the inhibitor even after the 
induction period. Nevertheless, the disagreements between 
workers and difficulties of precise product analyses in 
earlier works are greater than would normally be expected 
and thus a reinvestigation of this system, coupled v/ith a 
theoretical treatment, would appear in order. Since 
spectroscopic data on this system are available the dissociation 

of ethyl bromide lends itsdf to a fairly detailed analysis in 
terms of the quantum statistical RRKM theory5 of un
imolecular reactions and this forms the objective of the 
present study.

Experimental

Materials. Ethyl bromide, obtained from Eastmann 
Kodak Co., was purified several times by fractional dis
tillation and low boiling trap-to-trap distillation until zero 
detection of impurities by GC. Ethylene stated purity of 
99.5%, product of Matheson Co., was purified by the same 
technique as ethyl bromide. Carbon dioxide state purity of 
99.995%, Matheson research gade, was used as a filling 
gas in the high pressure region without further purification.

Apparatus.. The reaction system in this study was a static 
system connected to a standard vacuum line for gas handling 
and pressure measurement. The reaction vessel was con
structed from a total volume 43.5 mZ silica tubing with 
2.5x6 cm dimension and was heated in an air furnace. 
The temperature gradient of the reaction section was 
maximum ±2°C over entire temperature range, i.e., 200- 
700° C, and was calibrated against Leeds and Northrap 
8686 potentiometer. Feedback temperature control was 
carried out by use of Love controller Model 51 on-off type 
with 이Homel—al나mel K type thermocouple as a detection
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probe.
Procedure. To provide minimum dead time of reaction, 

the sudden expansion of measured reactant samples from 
1 to 60 torr into the reaction vessel was followed right after 
trapping the sample in 14 ml sampling vessel. Reaction times 
were varied from 10 to 20 min depending on the reaction 
temperature, i.e., 10 min at both 744.5 and 755.1 °K, and 
20 min at 724.5 °K. The measurement of reaction time 
was done manually using a stopwatch. The c아丁ipletion of 
reaction was performed by trapping reaction products in the 
sampling vessel back. And analyses of products were 
followed by injecting these products into GC via 6-port 
Valeo gas sampling valve.

Analysis. Ethyl bromide and ehylene were :analyzed using 
a home made GC equiped with a hydrogen flame ionization 
detector (FID). A typical column used in this study was 
3mxl/8" S.S. Chromosorb century series 108 cohmm 
Detector sensitivities and retention times of each product 
and the reactant were obtained with use of authentic samples. 
Hydrogen bromide while certainly major products could 
not determined since FID prevents specific analysis for this 
compound.

Theoretical Consideration

According to RRKM theory, the observable unimolectilar 
rate constant expression is gl'/en by eq. 1.

k _ 巴 Rt 了「。 貝 冲 d已
孔曲一h Pi.P-i Je、 l + ^/Z kT

(1)

In the expression, Plt and P2 represent the rotational 
partition function for the activated complex, the rotational 
and the vibrational partition functions for the molecule, 
respectively. Z is collision frequency which can be calculated 
from simple collision theory. Ec and are critical and 
non-fixed energy, respectively. J

尸为的이*' is the total sum of energy eigenstates of the 

active degrees of freedom of the activated complex at energy 
EyR. The microscopic rate constant5, kEj is given by eq. 2.

kj弟一 "I JL '尸(硏r) (2)
E— a? h N\EV)FW

In eq. 2,。丄 and are the symmetry numbers of the 
molecule and the complex, respectively, and N*(EV) is 
the density of the vibrational energy states of the molecule 
at energy EV^EC~\~E^. The quantity in eq. 2 represents 
a centrifugal correction factor, originally introduced by 
Marcus8 as a constant to allow for the contributions of the 
adiabatic rotations. Among various refinements7-10, Waage 
and Rabinovitch's derivation흥 has shown better agreements 
with experimental observations and has given by

Fw = l+(s—l) 0t/£l]幻7(且+a瓦) (3)

where Ez is the zero point energy and a is the quantum 
correction term11. And s is the total number of vibrational 
degrees of freedom in the molecule. is the ratio of mo
ment of inertias of the complex and the molecule for 
degrees of active internal rotations.

According to Whitten-Rabinovitch's formulation-12113 
the general expression for J^P(EVr) is given by

2」尸umu一诺评/"（$+1+〃2）以（叫） (4)

where PR is the rotational partition function for r internal 
rotations. And N(Ey) becomes

n（Ev）=MZ磐」
I时Ig)

(5)

where g has been termed a frequency dispersion parameter.
Upon making use of eqs. 1-5, the reduced rate con아ant, 

kunJk。。is expressed as eq. 6
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y ~ P以行"2十 1(1+尸/2) Jo 1-1 Br
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with given by
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The geometrical parameters for the molecule and the complex 
for these comp나tati이is are given in Table 1. Input data for 
산le RRKM calculation are given in Table 2, and Table 3 
shows the vibrational frequencies for the molecule and the 
complex.

In order to carry out the integration in eq. 6 in terms of 
the reduced energy x, the equation may be readily cast into 
form

*)=[x+f 聋5K 心 no 
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and are defined as
a=s+〃2—]
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TABLE 1: Molecular Parameters fbr Molecule and Activated
Complex

Molec 니 e Comple

Geometrical Parameter
fc-c 1.518 A 1.412 A
fC-Si 1.950 A 2.131 A
f C-H(mefhylene) 1.087 A 1.087 A

『C-H(methyl) 1.093 A 1.093 A
1.274 A

<CCBr iipr 88 이끄
<HCH(methylene) 109。5# 109。54'
<CCH(methylene) 112°15,
<HCBr 1O5°25Z 1O5°25/
<HCH(methyl) 108°5r 108°52z
rH -Br 1.595A

SBr 90°
Moment of Inertia, 10-39gcm2

23.7 21.3

Ib 22.0 19.1
2.78 3.24

TABLE 2: Input Parameters for RRKM Calculation

Collision diameter C2H5Bra
C2H5Br and CO"

5.13 A at 311.4°K
4.57 A

Activation energy 53.9 kacl/mole
M 이 ecule Complex

Zero point energy 39.91 35.67
kcal/mole

Symmetry unmber 1 1
Number of internal 0 0

rotational degrees
of freedom

Number of vibrational 18 17

Ethyl Bromide , 闩财日!■러 Activated Complex^

TABLE 3: Vibrational Fr에uencies for Molecule and Activated 
Complex

NO. type of mode1 frequency
(cm-1)

type of mode frequency 

. -1. 
(cm )

CH^d-stretch 2988
H • C、、C

562

*2 CH^s-^tretch 고 937

C\

CH^s-stretch 2B80
H

717

V4 CH-scis 1451
2 기 h/\

1434(2)

*5 CH^d-deform 1451

■■'-16 CH^s-deform 1386 4 ( C----H) 2962(4)

V7 CH2wag 1252 ( C-H ) 2094

CH^rock 1061 1181

V9 CC stretch 964 4（h“C、、c） 1124(4)

"10 CBr stretch 583

CCBr deform 290
zc •

H Br

365

勺고 CH2a-stretch 3018

y13 CH^d-stretch 2988 400

V, 4 CIUd-de£orm 1451丄4 3
C-Er 412

七L5
CH.twist 1248

v16 CH^rock 964

V17 Cll^rock 770

V18 Torsion 247

degree of freedom
""Handbook of Chemistry and Physics", 42nd Ed., Chemical Rub
ber Publishing Co., 1960니961 pp 2205. bJ. O. Hirschfelder, C. F. 
Curtiss and R. B. Bird, "Molecular Theory of Gase and Liquid ", 
John Wiley and Son , Inc., New York, N.Y., 1954 pp. 209. S. W. 
Benson and H. E. O'Neil, "Kinetic Data on Gas Phase Reaction ", 
NSRDS-NBS 21, 1970 pp 89.

and other constants used in eq. 8 are listed in Table 4-
The actual integrations of eq. 8 were carried out with the 

aid of a CDC Cyber 170 computer, KIST, Seoul,

Results

The pressure dependence studies in terms of the reduced 
reaction rate constant were carried out in their fall-off 
regions at 724.5, 744.5, and 755.1 °K, respectively. These 
res니ts are tabulated in Table 5. Theoretical plots in this 
system are given in Figures 1, 2, and 3 together with 
experimental values for the comparison.

Experimental points are in good agreements with the 
theoretical curves with the correction of collisional efFiciency 
jS. Qualitatively, at high pressures collisional activation 
prevails over energy redistribution in the molecule and g is 
almost unity. But at low pressures, energy redistribution 
prevails over collisional process, so collisional efficiency 

“T. Shimanouchi, "Tables of Molecular Vibrational frequencies0. 
Consolidated vol. 1, NSRDS-NBS 39, 1972. S W. Benson and 
H. E. O'Neil, “Kinetic Data on Gas Phase Unim况ecurular Re
action ”，NSRDS-NBS 21, 1970. ( — J』indicates the pro
pylene type torsion around a three electron bond.

TABLE 4: List of Empiric이 Constants*1

bi = 2.419
b2 = 0.25
b3 = 5.00
顷=2.73
加=0.5
bG = 3.510

aRef. 11.

plays an important role. In the fall-off region, balance is 
maintained between intermolecular and intramolecular energy 
transfer. Quantitatively, § is expressed15 as the ratio of 
specific reaction rate constant by substrate-inert gas collision 
and by substrate-substrate collision at the pressures of equal 
collision frequencies. In this manner, g is obtained and its 
value is about 0.4-0.6 for CO2 at each pressures. For methyl 
isocyanide isomerization16,禺 for CO2 was 0.55. The dis
crepancies due to collisional efficiency are more remarkable 
at low temperatures. The experimental curves could be 
studied with the present technique only in the fall-off region. 
Plots of kwi vs. PT give good results of values14 and 
a typical plot at 744.5 K is given in Figure. 4. Activation 
energy and Arrhenius A-factor were obtained by the In k
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TABLE 5: Pressure Dependence of the Reduced Rate Constant Ratio for C2H5Br-CO2 at 724.5-755.1 °K 

at 724.5 °K at 744.5 °K at 755.1 °K

尸, Torr ^XlO4, sec-1 kjk^ P, Torr ^xlO^sec-1 이P, Torr ^xlO4, sec*1 kRj

0.17 1.38 6.37 0.234
0.18 2.18 7.50 0.276
0.19 2.20 7.44 0.274
0.21 3.01 7.69 0.283
0.14 3.56 7.30 0.268
0.23 3.74 7.53 0.277
0.51 4.46 9.34 0.343
0.70 5.44 10.83 0.398
0.84 14.83 15.30 0.563

29.66 22.92 0.843
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5.3X10^
21.4X10"4
27.2x102
1012.5 (1013.3尸

51.7 (53.9)fl

TABLE 6: Estimated First Order Rate Constants at 724.5 
755.1 °K, 4-factor and Activation Eenergy

kg sec-1
at 724.5 °K
at 744.5 °K 
at 755.1 °K 

/-factor 
Ea, kcal/mole 

aRef. 4.

vs. plot. Obtained values of at various temperatures, 
Ea and A-factor are given in Table 6. They are in 
relatively good agreements with an earlier worker4 at high 
pressures.

Discussion

The most important foundations for RRKM approach 
are based on (i) the free exchange of intramolecular energies 
and (ii) the strong collision assumption. Though some 
contradictory arguments arose time to time17-18, the rapid 
energy (i) betvzeen all vibrational modes of the molecules 
during their lifetimes for particularly not so large molecules 
are proven to have universal acceptance among workers17119. 
The strong collision assumption (ii) anticipates that the 
relatively large aments of energy (usually are
transferred in molecular collisions. It is generally accepted 
that this assumption is reasonably realistic for thermal 
reactions in the temperature range of conventional kinetic 
studies of modercated size molecules. The choice of C2H5Br 
and the temperature range we studied are thought to be 
adequate for RRKM treatment on the basis of foregoing 
discussion.

Studies16 of the energizing effeciencies of various gases 
in the second-order region show that collisional efficiencies,^, 
are within a factor of ten and a limiting efficiency for 
molecules above a certain moderate size is presumed to be 
unity. Therefore, pressure fall-off curve is shifted to higher 
pressures by an increment log g. In theoretical fall-oflf 
curves, Figures 1, 2, and 3, the fact that curves with added 
CO2 gas are always higher than those of ethyl bromide 
indicates that collisional efficiency of CO2 is for smaller 
than that of ethyl bromide.

Since our experiments were carried out only in the fall- 
off region, generally designated to be 10-1-102 torr, plots 
of k vs. IIP were made to obtain the value of k；七

The fact that the experimentally obtained Arrhenius A- 
factor is less than 1013 means that there are no free internal 
rotations and bond ruptures of C-C and C-Br are not reaction 
coordinates. And since J5exp is negative, ca. —7 e.u., it was 
suggested that there should exist a tight activated comples. 
Mechanism of four-center elimination was also supported.

In order to obtain the geometry of the activated complex 
proposed previously, an optimization may be performed using 
the MO theory, but it is not appropriate since no such 
techniques which can be applied for d-electron systems are 
available at present time. Thus we have adopted a semiem- 
pirical method, i.e.t Bond-Energy-Bond-Order (BEBO) 

method20 as an alternative choice. Partial bond orders for 
C-C, C-Br, Br-H and H-C were assumed to be 1.5, 0.5, 0,5 
and 0.5, respectively. With the use of Pauling's Equation21 
and partial bond orders, bond lengths were obtained. 
Seven models of the complex were assumed by varying 

CCBr and CCH angles and the principal moment of 
inertia for each model was calculated. Out of these, we have 
chosen one which had the largest value of the moment of 
inertia since it minimizes the rotational energy.

Frequencies of the molecule were obtained from the 
experimental data22. Though for the activated complex 
frequency assignment could be accomplished by the normal 
coordinate analysis, Benson's method which uses the Badger's 
rule23 was adopted in this study because the normal coor
dinate analysis was unnecessarily complicate and the obtained 
data by Benson for various systems were in good agreement 
with experimental values.24

Torsional vibration of the reactant molecule was designated 
as the reaction coordinate since reaction occurs through the 
torsional vibration.

There are several methods obtaining the density of energy 
states. Among these, the direct counting of energy levels is 
the most accurate one of all, but very time-consuming even 
for a small size of molecule. Since experiments were carried 
out only in the fall-off region, it was not necessary for the 
precise comparison between theory and experiment to be 
made throughout the entire range and it may be adequate 
with a simple approximation technique such as Whitten- 
Rabinovitch approximation11^'12-13.

In the numerical integration, centrifugal correction factor, 
Fw, was assumed to be unity and collision cross section, (7, 
obtained from viscosity data23, was somewhat uncertain. 
Therefore, theoretical fall-off curves were expected to be 
slightly overestimated.

Although the sparsity of data points at both high pressure 
and low pressure regions and the introduction of an arbitrary 
parameter, e.g., g, make it difficult to draw definite con
clusions, it appears that the kinetic data support the complex 
model we assumed in this study and the validity of the RRKM 
theory for the prediction of the fall-ofF behavior.

Conclusions

Considering that the predicted fall-off curve of this system 
with introducing an arbitrary collision parameter, e.g., g, 
shows satisfactory agreement with kinetic data, a tight 
activated complex model with "tight" ordinary vibrations 
appears to be reasonable for the C2H5Br unimolecular 
decomposition reaction. Conversely, this agreement can 
be taken as an evidence of the validity of the RRKM formul
ation for the prediction of the fall-off behavior.

Although the calculated fall-off curve shows some quantita
tive agreement with C2H5Br data, the introduction of 
parameter makes some desires for further development 
along the line of theoretical approach as well as the ample 
accumulation of experimental data.
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Vacuum Ultraviolet Phot이ysis of Ethyl Bromide at 123.6nm

Introduction

Recent studies on the vacuum ultraviolet photolyses of 
ethylhalides have shown many possible primary processes1-9

Hee Soo Yoo and K. H, Jung

Department of Chemistry, Korea Advanced Institute of Science. Seoul 131, Korea (Received March 13, 1980)

A vacuum ultraviolet photolysis of ethyl bromide was studied in the pressure range of 0.5-19.9 torr and at 123.6 nm krypton 
resonance fine. The pressure effect on the reaction was studied by increasing the reactant pressure and by adding an inert 
gas, e.g.t He. In the observation the monatomic gas is found to be no effect in the reaction.A scavenger effect of the reac
tion was also performed by adding NO gas as a radical scavenger and was found to be quite efficient to scavenge a radical 
product C2H& The observation of the major reaction product C2H6 was interpreted in terms of a molecular elimination. 
Nontheless the decreasing phenomenon of 炽糾/§* with pressure rise was attributed to the existance of the two 
electronically excited states. One state proceeds to the molecular elimination and the other to carbon-bromine bond fission. 
The excitation and the decomposition mechanisms between two excited states and the reaction products were interpreted 
in terms of the first excitation which proceeds the molecular elimination, and the second excitation which resulted from the 
first excited state by collisional cross over decomposes by carbon-bromine bond fission.

often competing the molecular elimation with the radical 
formation. In general, alkyl halides dissociate to alkyl radicals 
and halogen atoms when alkyl halides are irradiated within 
the first absorption band, while they proceed the molecular


