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Catalytic bromination of anthracene on silica gel
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Abstract

The heterogeneous kinetics of the catalytic bromination of anthracene (C14H10) on silica gel has been investigated in situ as a function
of temperature in a static mode using a dual beam absorptiospectrophotometer and a spectrofluorophotometer. The surface of the silica gel
was treated by Br2 diluted to CCl4 solvent. Adsorption rate of the reactants or the products of the reaction on pure silica gel surfaces, and
a liquid phase bromination reaction of the reactants were very slow compared to the overall kinetics measured. The reactions were studied
under first-order conditions. Anthracene was brominated catalytically fast to produce 9-bromoanthracene as the only aromatic product of the
reaction. Arrhenius activation energy of the 9-bromoanthracene formation was determined to be 50.33±0.23 kJ mol−1 at temperature range
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rom 294 to 345 K. Furthermore, 9-bromoanthracene was brominated catalytically relatively fast to produce 9,10-dibromoanthrac
as not possible brominate any further at the experimental conditions used. The rate of the 9-bromoanthracene formation was b
.2±2.8 higher than that of the 9,10-dibromoanthracene formation. The kinetics of the substitution reactions were investigated by

he increase of the 9-bromoanthracene absorption signal at 392 nm or the 9,10-dibromoanthracene absorption signal at 405 nm, or
f the anthracene fluorescence signal at 386 nm or the 9-bromoanthracene fluorescence signal at 397 nm. The heat of the overal
eaction of the anthracene to yield the 9-bromoanthracene was measured calorimetrically to be−59.1±2.4 kJ mol−1 at 293.6±0.8 K.

2004 Elsevier B.V. All rights reserved.
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. Introduction

One of a well known straight forward syntheses, which
oes not require any special laboratory technique, is
romination of anthracene[1–4]. Nowadays, typically,
-bromoanthracene is prepared from it by a brominating
gent or by adding bromine to a solution of anthracene

n ethyl acetate. The reaction is catalysed by anhydrous
ron(III) chloride and by heating the reaction mixture
ently. The addition product of the reaction formed is later
ehydrohalogenated by refluxing the solution over several
ours[5]. Quite recently, Ghiaci and Asghari studied a series
f silica gel catalysed bromination reactions of aromatic
ompounds at room temperature and observed the reaction
f anthracene with bromine to be relative fast and to produce
nly 9,10-dibromoanthracene and HBr with high yield[6].
hey did not investigate the kinetics or the dynamics of
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the reaction at all. The kinetics of anthracene bromina
reaction has been studied in some extent by Altshuler
Berliner, but at different experimental conditions as th
used in the current study[2].

This study represents an experimental kinetic, the
dynamic and spectroscopic investigations of anthra
molecules with bromine in a non-polar liquid. The bro
nation reaction is catalysed by hydrated silicon–oxy
i.e. silica gel. The kinetics of the catalyzed reaction
not previously been studied. The dynamics of the rea
is re-investigated here in order to examine intramolec
electronic effects which affect the extend of the bromina

2. Experimental

2.1. Description of experiments

Kinetic experiments were measured in situ by mean
spectroscopic methods. Two different techniques were

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Table 1
Recorded absorption and fluorescence signal maximums in nm of anthracene, 9-bromoanthracene, and 9,10-dibromoanthracene in CCl4

Molecule Absorption signals Fluorescence signals

C14H10 265, 311.5, 326.2, 342.2, 359.5, 378.8 386.8, 406.8, 429.2, 455, 490
9-C14H9Br 266, 321.3, 336.3, 353.2, 371.7, 392.3 397.2, 421.6, 444, 471
9,10-C14H8Br2 267, 313.3, 328.3, 345.7, 363.2, 383.2, 405.2 412.8, 437.2, 461.2, 490

Firstly, the absorption spectra were recorded by use of a
dual beam Cary 100 spectrofotometer with a resolution of
0.5 nm. The quartz absorption cells of 10 mm light path length
used with a thermostattable cell holder were coupled to a
thermostatting bath to maintain a constant temperature of
294.0±0.5 K in the cells. The sample cell contained typically
2.0 ml 0.0004 M anthracene in CCl4 or 2.0 ml 0.0004 M 9-
bromoanthracene, completely brominated silica gel in vary-
ing amounts and a special kind of cuvette stir bar, which
provided efficient horizontal and vertical mixing by means
of a magnetic stirring of the reactants with a minimum vor-
tex formation or aeration. For further bromination reactions
typically 1.0 ml 0.004 M Br2 in CCl4 was added to the sample
cell.

One set of experiments were also measured as a function
of temperature. The formation of the 9-bromoanthracene in
absence of silica gel was measured at temperature range from
294 to 345 K, where the upper limit was determined by the
boiling point of the solvent.

For kinetic experiments the 9-bromoanthracene ab-
sorption signal was recorded as a function of time at
392 nm and the 9,10-dibromoanthracene absorption signal
at 405 nm, respectively. The recorded UV absorption spectra
of the anthracene,[7] the 9-bromoanthracene and the 9,10-
dibromoanthracene were also compared to the spectra of the
p
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C14H10-containing (or 9-C14H9Br-containing) CCl4 liquid
was placed in a Dewar and varying amounts of Br2 diluted in
5.0 ml of CCl4 liquid was placed into a rotating cell, made of
a Teflon Dish and class walls, of the calorimeter. After the re-
actants came to thermal equilibrium, the reaction was started
and the temperature change was measured in situ by a ther-
mistor. The thermogram was recorded for further analysis.
The solvent of the solution was evaporated and the solid prod-
uct was later dissolved into CDCl3 and analyzed by measur-
ing its 1H NMR spectrum. The nuclear magnetic resonance
measurements were done by means of Varian Inova 300 MHz
NMR spectrophotometer.

2.2. Data analysis

A general rate law of a competitive adsorption of the var-
ious components of the system under first-order conditions
on the saturated catalyst can be written as shown in Eq.(1)
[9]:

v = k

[
bR[R]

1+ bR[R] + bP[P ] + bS[S]

]
(1)

HereR is a reactant,P andSare the products andbi stands
for the adsorption coefficient of the species. The equation is
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ure compounds found in[7,8].
Second, the fluorescence spectra were recorded b

f Shimadzu RF-5000 spectrofotometer with a resolutio
mission radiation of 1.5 nm. The fluorescence spectru

he anthracene starts at 387 nm. For the 9-bromoanthr
t starts at 397 nm and for the 9,10-dibromoanthracen
13 nm. For producing last two compounds, the surfac

he silica gel was brominated before the anthracene or t
romoanthracene was added to the cuvette. There was n2-
ontaining CCl4 present. The reactants were efficiently mi
uring the kinetic experiment. Temperature in the cell

ng the reaction was 301±1 K. For the kinetic experiment
he fluorescence decay signal of anthracene was obt
y exciting the anthracene at wavelength of 359.3±1.5 nm.
he emission radiation at 386±1.5 nm was recorded at
ight angle compared to the exciting radiation at the pea
he reactant fluorescence signal. In separate experimen
inetics of the 9-bromoanthracene decay was monitor
97.2±1.5 nm by exciting the 9-bromoanthracene at w

ength of 336.0±1.5 nm (seeTable 1).
The heat of the reaction was studied calorimetric

hese measurements were done by means of Parr
olution Calorimeter. Typically 100 ml of a concentra
ased on the Langmuir isotherm. In the case were all sp
ave very small affinity for the catalyst, the Eq.(1) simplifies
ndbi [i] are very small and can be neglected in the den

nator. Then the rate law appears to be first-order res
o the reactant:v = kbR[R] = k′[R], and the apparent ra
oefficient is the product of the true rate constant and
dsorption coefficient. The rate coefficients in the cur
tudy were obtained from a first-order exponential deca
R]t = [R]0 exp(−k′t) of the reactant or a first-order expon
ial rise of [P]t = [P]0{1−exp(−k′t)} of the product. Magn
ude of thek′ depends on the surface area of the bromin
atalyst. Moreover, no intermediates were detected durin
eactions, no liquid phase bromination reaction was pre
he solvent did not react with reactants or products, an
ot poison the catalyst used.

The heat capacity of the empty Dewar of the calorim
as determined by calibrating it with a known amoun

he sample of tris(hydroxymethyl)aminomethane. The m
eat of the bromination reaction was calculated by mea
q.(2):

rH = −�TE

m
(2)
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Here�T is the temperature change of the reaction determined
from the recorded thermogram,m the mass of the C14H10
(or 9-C14H10Br) andE includes the energy equivalent of the
Dewar flask and the specific heat capacity of the solvent[10].

2.3. Accuracy of measurements

The error limits stated in kinetic expressions are
1σ + Student’st and based only on the statistical uncertain-
ties. The conditions of the reactions were pseudo-first-order,
where it was needed to known as accurately as possible the
amount of brominated silica gel present. This was, however,
difficult to measure more precisely than with accuracy of
2 mg. Moreover, the ratio of activated/deactivated silica gel
surface sites may make this accuracy worse than expected.
To minimize the amount of deactivated surface sites of the
catalyst, the silica gel was kept at constant temperature of
373 K at least 24 h before using it in the experiments. The
other errors during the reaction including the accuracies in
concentrations of anthracene and bromine, and the accuracy
of temperature, were small and thus ignored.

The walls of the Dewar catalyzed the bromination reac-
tions in the calorimetric measurements. The reactants were
weighted with accuracy of 2 mg and the solvent was mea-
sured volumetrically with accuracy of 0.5 ml. During the re-
a ions
w pical
t

2.4. Reagent sources

Anthracene (99%), 9-bromoanthracene (94%), 9,10-
dibromoanthracene (98%), and Br2 (99.99%) were obtained
from Aldrich, CCl4 (99.9995%) was obtained from Riedel-
deHäen, and silica gel 60 (230–400 mesh, Bet surface area
480–540 m2 g−1 for column chromatography) was obtained
from Merck. The silica gel was kept at 100◦C at least 24 h
before using it, all other reagents were used as provided.

3. Results

3.1. Kinetic and calorimetric results

The chemical kinetics of the following heterogeneous cat-
alytic reactions were studied separately:

C14H10(l) + Br2(l)
SiO2−→9-C14H9Br(l) + HBr(g) (3)

9-C14H9Br(l) + Br2(l)
SiO2−→9, 10-C14H8Br2(l) + HBr(g) (4)

The results obtained from the experiments to mea-
sure reactions(3) and (4) are given in Table 2 and
Fig. 1. The slopes of the plots in the figure are
(1.79±0.11)×10−3 mg−1 s−1 for the 9-bromoanthracene
f −3 −1 −1 -
d

res-
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T
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ction the initial and the final temperatures of the react
ere recorded with accuracy of 0.00001 K, whereas a ty

emperature change was about 0.43 K.

able 2
easurements of the rate coefficientk′ of the catalytic bromination react

ilica gel (mg) k′(9-C14H9Br)a (×10−2 s−1) k′(9,10-C14H8Br2)

0 <0.001 <0.0001
7 1.70±0.03 0.274±0.005
7 0.158±0.003
0 1.51±0.06 0.306±0.011
5 1.91±0.01
6 1.85±0.01
7 2.35±0.05 0.528±0.006
8 0.450±0.001
8 0.455±0.005
0 2.39±0.05 0.422±0.007
3 0.576±0.006
5 4.53±0.07 0.693±0.011
6 4.65±0.10
7
1 4.40±0.04 1.384±0.007
3 6.2±0.2 0.971±0.011
8 6.41±0.10 1.308±0.006
1
1
3 7.8±0.3 1.44±0.02
4 1.75±0.02
8 7.14±0.10 1.75±0.02
5
7

a A rise coefficientk′, errors limits are standard errors from the curve-fitting
b A decay coefficientk′, errors limits are standard errors from the curve-fittin
ormation and (0.40±0.03)×10 mg s for the 9,10
ibromoanthracene formation.

Before kinetic experiments both absorption and fluo
ence spectra of the compounds were measured. Abso

−2 s−1) k′(C14H10)b (×10−2 s−1) k′(9-C14H9Br)b (×10−2 s−1)

1.108±0.004
0.377±0.002

1.817±0.009

1.593±0.015

0.702±0.003

3.69±0.02
0.957±0.005

5.26±0.03
1.277±0.053
1.247±0.006

9.91±0.06
2.331±0.014
algorithms.
g algorithms.
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Fig. 1. Plots of first-order rise constantk′ vs. msilica gel for the set of ex-
periments to measure the catalytic bromination of anthracene (open circles)
or 9-bromoanthracene (solid triangles) on the silica gel at 294 K from ab-
sorption measurements. The first-order decay constant values of anthracene
or 9-bromoanthracene from fluorescence measurements are shown as open
diamonds and open triangles. The inset in the upper left corner is the ab-
sorption signal profile of 9-C14H9Br recorded during one of the experiments
shown as a solid circle (msilica gel= 31 mg) in the linear regression fit. The line
through the data in the inset is an exponential function of the product fitted
using the Marquardt–Levenberg algorithm. The inset in lower right corner
is the fluorescence signal of C14H10 recorded during one of the experiments
shown as a solid diamond (msilica gel= 38 mg). The line through the data in
the lower inset is an exponential decay function of the reactant fitted using
the Marquardt–Levenberg algorithm.

spectra of the anthracene, the 9-bromoanthracene, and the
9,10-dibromoanthracene were recorded from 220 to 420 nm
with a spectral resolution of 0.5 nm (Fig. 2). All the spectra
measured had a very strong absorption at 266±1 nm and a
much weaker electron vibration band of 5 or 6 peaks exist-
ing from 311 to 405 nm. Fluorescence spectra were recorded
between wavelengths of 380 and 600 nm with a spectral res-
olution of 1.5 nm, respectively. The fluorescence spectra had
four emission bands. Spectral information is given inTable 1.

The kinetic data was collected as a function of time by
means of spectroscopic methods. All of the absorbance sig-
nals in kinetic experiments were recorded at conditions where
the concentrations of reactants were low enough to obey the
Beer–Lambert law. A typical kinetic data point, as shown
in Fig. 1 in the inset, is an average of absorbances regarded
0.5 s at the peak of the product absorbance signal. The de-
lay between the data points collected was typically 1.0 s. In
a similar manner the fluoresencense signals were recorded
at 0.6 s time interval at the peak of the reactant fluorescence
signal. Furthermore, the first-order rate laws of the decay
or rise signals were fitted to the set of data points collected
by the Marquardt–Levenberg algorithm to obtain the best fit

Fig. 2. UV absorption spectra of anthracene, 9-bromoanthracene, and 9,10-
dibromoanthracene isolated in CCl4. The resolutions of the spectra were
0.5 nm. Concentrations of the samples were 2×10−4 M.

between the rate equation and the data points. Correlation
coefficients of these fittings were in the range from 0.98 to
0.99. The relative rates for reactions(3) and (4)were obtained
from the slopes of the plots of the exponential rise (or decay)
constantk′ versusmsilica gel.

In the calorimetric measurements the heat of the over-
all catalytic bromination of the C14H10(l) to yield the 9-
C14H9Br(l) was obtained to be−59.1±2.4 kJ mol−1.Table 3
gives the results and experimental conditions for the calori-
metric experiments. For the 9-C14H9Br, the 1H NMR:
δ(CDCl3) 8.54 (d, 2H), 8.45 (s, 1H, H10), 8.01 (d, 2H),
7.64–7.49 (m, 4H), and for the 9,10-C14H8Br2 the1H NMR:
δ(CDCl3) 7.66–7.62 (m, 4H), 8.61–8.58 (m, 4H).

3.2. Temperature dependency of the 9-bromoanthracene
formation

Temperature dependency of the 9-bromoanthracene
formation was investigated in a sample cell in the absence
of the silica gel at temperatures from 294 to 345 K. Only
the windows of the cell catalysed the reaction. The rate
of the 9-bromoanthracene formation in this temperature
range increased by a factor of 10. The surface coverage
was kept constant throughout the temperature range by
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Table 3
Temperature dependencies of the rise coefficients of the 9-C14H9Br at ab-
sence of silica gel

Ta (K) k′(9-C14H9Br)b (×10−4 s−1)

294.2 <0.1
307.9 0.70±0.05
313.5 1.79±0.04
315.4 1.56±0.02
320.2 2.23±0.02
325.9 2.33±0.15
330.5 4.33±0.05
331.9 4.13±0.03
336.7 7.28±0.05
336.9 7.65±0.02
343.7 8.07±0.03
344.1 10.3±0.04
344.7 10.1±0.03
345.0 8.60±0.04

a Temperature uncertainty was±0.5 K.
b Temperature dependency ofk′(9-C14H9Br) is 50.33±0.23 kJ mol−1.

The error limits are 1σ + Student’st and based on statistical uncertainties.

maintaining an excess amount of Br2 in the solvent. In these
conditions, a true activation energyEa may be obtained
by the Arrhenius expression. It was fitted to the rate
coefficientsk′ measured at different temperatures to yield
Ea to be 50.33±0.23 kJ mol−1. This value indicated the 9-

F
9
w

Table 4
Conditions and results of experiments used to measure the heat
of the catalytic reaction C14H10 + Br2→9-C14H9Br + HBr and 9-
C14H9Br + Br2→9,10-C14H8Br2 + HBr

nC14H10 (mol) nBr2 (mol) �rH (kJ mol−1) T (K)

1.756 1.846 −59.1 294.8
1.734 1.734 −55.7 293.6
1.779 1.833 −58.7 293.5
1.790 1.840 −59.9 292.6
1.767 1.783 −62.3 293.5

bromoanthracene formation on the catalyst as having strong
temperature dependency and being chemical in nature. A
vigorous constant agitation of the solution prevented the pos-
sibility of mass-transport limitation of the catalysed reaction.
Because of the formation of the 9,10-dibromoanthracene,
the uncertainty of thek′(9-C14H9Br) increased in the
temperature range from 343 to 345 K. At these temperatures,
the possibility of a liquid phase bromination reaction was
ruled out by adding IBr to a solution of Br2/anthracene in
CCl4, forming no iodinated aromatic products (Table 4).

4. Discussion

4.1. Kinetics

As shown inFig. 1, the rate of the 9-bromoanthracene for-
mation per H atom is by a factor of 2.1 higher than that of the
9,10-dibromoanthracene, indicating Br as an electronegative
substituent to diminish the rate of further bromination reac-
tion. This conclusion is in accord with the results of another
experiments, where 9-cyanoanthracene was not brominated
at all in similar experimental conditions. By considering a
mesomeric effect at thepara position of an aromatic ring,
the Br substituent has stronger ability to donate electrons to
t tron
a se of
l -
s m the
s n
t tabi-
l than
t .

ob-
s e the
k ndi-
t the
c roge-
n ular
ig. 3. UV fluorescence spectra of anthracene, 9-bromoanthracene, and
,10-dibromoanthracene isolated in CCl4. The resolutions of the spectra
ere 1.5 nm.

fl
eac-

t t sil-
i . As
t silica
g iquid
he ring than the cyano group has. It is actually an elec
cceptor, which ability to attract electrons is large becau

arge electron affinity value[11]. Of the CN, Br, and H sub
tituents, the cyano group has the largest and the H ato
mallest electron affinity value[12]. The operative electro
ransmission mechanism is conjugative in nature and s
ize the open shell structure via the Br substituent more
he CN substituent does after thepara-C H bond is ruptured

The kinetics of the 9-bromoanthracene formation
erved seemed to follow the first-order rate law, becaus
inetic experiments were measured under first-order co
ions, and the rate coefficient was linearly proportional to
atalyst weight. The kinetics measured resemble hete
eous first-order wall reactions of the reactant in a tub
ow reactor[13].

For the beginning of the anthracene bromination r
ion, the conditions were pseudo-first-order. The vacan
ca gel sites were not rebrominated during the reaction
he reaction proceeded, the Br atom concentration on
el surfaces as well as anthracene concentration in l
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phase decreased. Results from the other experiments, how-
ever, have indicated the adsorption of anthracene on pure sil-
ica gel surfaces negligible. Furthermore, asFig. 1 indicates,
the 9-bromoanthracene molecules did not adsorb during the
reaction on vacant adsorption sites of silica gel surfaces.
The kinetics of the heterogeneous anthracene + Br2→9-
bromoanthracene + HBr reaction was monitored in situ either
by use of the product formation signal or in similar conditions
by the reactant decay signal. Both of these methods yielded
very similar kinetic results, as shown byTable 1. It can thus
be concluded that the side reactions may not be of an extent
measurable by these kinetics.

Bromination of the 9-bromoanthracene occurred under
pseudo-first-order conditions, because during the reaction the
solvent contained a great excess of Br2. This ensured that the
silica gel used was constantly and completely saturated as the
reaction proceeded by Br atoms, [Br]. A large Br2 adsorp-
tion coefficient on the silica gel and high [Br2] in solution
caused the equilibrium of the Br2 adsorption to be clearly
on the product side[14]. The adsorption with dissociation of
Br2 on silica gel seemed to follow the Langmuir adsorption
isotherm, where the equilibrium was obtained in seconds un-
der these experimental conditions. The [Br2] in liquid phase
was large enough that the rate was zero-order in Br2. This
corresponds to the fully covered catalytic surface, so that the
r rface
s ar to
b cene:
v -
s mea-
s ofile
o e
9 ated
s lytic
b ions
h te of
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w for-
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the reactor, which makes it difficult to compare their kinetic
results to those of the current study.

4.2. Reaction mechanism

Bromination of the anthracene or the 9-bromoanthracene
occurred at silica gel surfaces having only neutral or polarized
species. Because of a large number of pores of molecular size,
the surface area of silica gel is high. A large Bet surface area
of the silica gel suggests that the smallest amount of silica
gel used equals 33 600 cm2 of surface area compared with the
window surface area value of 12 cm2 of the sample cell. The
windows of the cuvettes were quartz, which is SiO2, thus re-
sembling the hydrated silicon–oxygen compound built from
SiO4

4− tetrahedras. Both of these may be insulators, which
can neither oxidized nor reduced. The ratio of the surface
area values agrees with the ratio of the rate in these surface
areas of bromination reactions (seeTable 2). The bromina-
tion reactions are very slow (at 294 K) when the silica gel is
absent. This is indicated inFig. 1 by a small positive value
of the intercept of the fitted straight line and they-axis. The
kinetics of the brominations reactions were not affected by
the changes in bromine concentrations in solution, as also
demonstrated previously[2].

Anthracene can be brominated completely to produce 9-
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ured as a function of time was similar as the signal pr
f the 9-bromoanthracene (seeFig. 1). This indicates that th
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ilica gel surfaces. Moreover, compared with the cata
romination reactions, liquid phase bromination react
ad showed negligible rates. On the other hand, the ra
dsorption with dissociation of Br2 on silica gel compare
ith the overall kinetics of the 9,10-dibromoanthracene
ation, was very fast.
In the fluorescence kinetics of the 9-bromoantracene

recursore was brominated at similar conditions as the
hracene bromination. The silica gel was brominated be
he 9-bromoantracene was added to the cuvette. The m
udes of the rate coefficients obtained from absorption o
rescence experiments were at similar conditions very
ach other (seeTable 2). This means that the closeness of
ate coefficients calculated from the signals of the reacta
he products indicates that there was only one parallel rea
resent[15]. Thus, the anthracene or the 9-bromoanthra
id not have any side reactions at a measurable level.

Previously Altschuler and Berliner have studied a se
romination reactions of aromatic hydrocarbons at var
oncentrations of acetic acid in water[2]. The reactions the
easured were electrophilic substitution reactions with
ide ions present. The authors did not consider, howeve
resence of catalytic bromination reactions on the wal
romoanthracene as the only aromatic product of the
ion. This product can in a similar manner be bromina
ompletely to yield 9,10-dibromoanthracene. Another p
ct in these reactions was indicated to be an acid by u
litmus paper. This implies it to be HBr. The difference
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-bromoanthracene makes it possible to isolate the nat
romoanthracene molecules from the solution. In gen

he bromination reaction, which are substitution reacti
equires Br2 to have a dissociative adsorption on clean s
el surfaces. The Br2 may initially be attracted on the su

ace by an electron transport from the solid to the mole
aking it polarized. This is followed by an adsorption re

ion of anthracene on the brominated silica gel. After
he heterogeneous reaction proceeds by replacing the
he 9 position by a Br atom. HBr may be formed by
ther Br-atom abstracting an H-atom from the precurs
his mechanism was explored by the following set of
eriments: (1) the silica gel was completely covered b
toms, (2) the remaining Br2-containing CCl4 in the cell was
eplaced by 2.0 ml of IBr-containing CCl4, and (3) 1.0 ml o
he C14H10-containing CCl4 liquid was added to the cell u
er constant mixing. No indications of iodinated anthrac
ere detectable in the reaction cell. This result indicates

he H-atom substitution reaction occurs only at silica gel
aces, not in the liquid phase. The liquid phase did not co
-anthryl free radicals. On the other hand, if IBr dissociati
dsorbs on the silica gel surface, it may brominate anthra
ut not iodinate it. This is because the energy barrier o
-atom abstraction reaction by an I atom is typically tw
s large as that of a Br atom reaction. The Br atom is m
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reactive than the I atom. Both the bromination reactions of
the current study reveal that the CH bonds at the 9 and 10
positions of the anthracene and at the 10 position of the 9-
bromoanthracene were weaker than the other CH bonds of
these molecules.

4.3. Heat of the reaction

In the calorimetric measurements the bromination reaction
was catalyzed by the glass walls of the Dewar flask. The
surface area (about 180 cm2) of the walls was large enough
to complete the anthracene bromination reaction in 200 s. The
number of moles of Br2 and the anthracene were equal.[2] At
these conditions only 9-bromoanthracene was formed. This
was ensured by comparing1H NMR spectra of the reaction
product to those of the 9-bromoanthacene and of the 9,10-
dibromoanthracene.

In another set of experiments the 9-bromoanthracene as
a reactant was brominated quite slowly to give the 9,10-
dibromoanthracene as a product. The reaction is so slow that
the exothermic adsorption of Br2 on the walls of the reactor
disturbed the data collection. However, it can be concluded
that the formation of the 9,10-dibromoanthracene is clearly
exothermic reaction.

4

nes.
T an-
t n se-
r er
a
[ ing
a the
9 After
a posi-
t
t

struc
t
c quite
c -
t
s bout

100 cm−1 smaller value because of the vibrational deactiva-
tion at the excited state of the molecule.

5. Summary

The heterogeneous kinetics of the catalytic bromination
of anthracene and 9-bromoanthracene on silica gel have been
characterized. The rate per H-atom of the 9-bromoanthracene
formation from the anthracene is by a factor of 2.1 higher
than the 9,10-dibromoanthracene formation from the 9-
bromoanthracene. Arrhenius activation energy and the heat
of the reaction of the 9-bromoanthracene formation were 50.3
and−59.1 kJ mol−1.
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