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Vibrational modes and force constants of p-bromotoluene 
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The characteristic features of the normal vibrational modes of p-bromotoluene were 
calculated; the assignments of spectral bands reported previously were corrected. The force 
constants of the molecule were estimated in terms of the model of the unified valence and 
force field. 
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The normal vibrational modes of alkyl- and halo- 
benzenes have been analyzed by a number  of researchers 
(see, for example, Refs. 1--4). The present study is the 
first at tempt to interpret theoretically the spectra of 
benzene derivatives simultaneously containing both types 
of substituents. 

Calculation procedure 

All calculations were carried out using published pro- 
grams. 5 Initially, the IR spectrum of toluene was calculated 
based on the parameters 4 included in the librar2,' of the pro- 
gram package. 5 This led to substantial (up to 50 cm -I) devia- 
tions of some calculated frequencies from their experimental 
values.I To remove these discrepancies, the following changes 
were introduced into the initial force field: 4 the force constant 
of the C(I)--C(7) bond and the constants for its interaction 
with the carbon--carbon bond of the aromatic ring as well as 
with the C(2)C(I)C(6) angle were taken from the literature, z 
and the KC(2)C(HC(7 ) parameter was taken to be 1.033 (from 
here on, the previously accepted designations 6 and 106 cm -2 
units are used for force constants). The resulting potential 
fie!d, together with parameters Kcr3r, KCCBr, HcC~r~C(4), and 

C(3)C(4;Br 3 Ac(3)c(4) transferred from the force field of bromobenzene, 
were used as the zero approximation in calculation of the 
frequencies and modes of normal vibrations ofp-bromotoluene 
(I). The geometric characteristics used for 1 were the same as 
those in the toluene molecule (except for the length of the 
C--Br bond, which was taken as being equal to 1.9 A, as in 
the bromobenzene molecule7L for hydrogen atoms, spectro- 
scopic magnitudes of the weight (1.088 amu) were used. 6 The 
torsion vibrations of the methyl group were not calculated. 

Results and Discussion 

Despite the fact that the equilibrium configuration of 
molecule 1 used in the calculations has Q~ symmetry, its 
experimental vibrational spectra can be interpreted based 
on C2v symmetry, which would correspond to this mol-  
ecule if the methyl radical was monoatomic.  8 The spec- 
tra exhibit l la  I + 10b 2 in-plane and 3a 2 + 6b I out-of-  
plane vibrations of the aromatic fragment. The frequen- 
cies of the in-plane vibrations, calculated with a force 
field in the zero approximation, are in satisfacto~, agree- 
ment with the experimental results 8 (Table l). How- 
ever, some of the theoretical frequencies of the out-of-  
plane vibrations deviate markedly from the correspond- 
ing measured values, s Therefore, the initial values of 
some force constants were varied in such a way that the 
discrepancies between the calculated and experimental 
frequencies would not exceed the errors of the measure- 
ments. Derivatives of the frequencies with respect to the 
force constants were used. 6 As a result, the following 
values were obtained for the variable parameters of the 
potential field of the molecule: 

C(2)C(1)C(6) C(1)C(2)C(3) 
PC(I)C(7) = 0.653, PC(2)H = 0.615, 

C(2)C(3)C(4) C(3)C(4)C(5) 
PC(3)H = 0.510, PCBr = 0.820, 

C(3)C(4)C(5)~C(2)C(1)C(6) = 0, 
C(2)C(3)C(4)~C()C(7) 

c(2)c(3)c(4)~)c(i)c(2)c(3) 
H(14 ) C(3)H C(2)H = 0.030, 

H(13)~. _2 ..H(15) 
0(7) C(5)C(6)C(1), C(I)C(2)C(3) 

[ C(6)H ~)C(2)H = --0.100, 
H(12)N .,C(1 ) /t-1(8) 

(61~/" "~. (2) C(2)C(3)C(4),gC(1)C(2)C(3) 
4~) ( ~  C(I)C(2)C(3)vC(2)H = O. 112, 

(~)C C(3)C(4)C(5)~C(2)C(3)C(4) 
H(11 "'C/( (9) CBr C(3)H = --0,016, 

Br 
C(4)C(5)C(6) hC(2)C(3)C(4) 

"l C(5)HvC(3) H = -0.042.  

Translated from lzvestiya Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 2930--2932, December, 1996. 
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Table I. Characteristics of the vibrational spectrum of compound 1 

Experiment a Calculation 

No. v/cm - l  Type of v/cm -I Distribution of 
symmetry potential energy (%)b 

No. according 
to Wilson 

1 3060 a I 3067 99v(CH) 
2 3060 a! 3059 99v(CH) 
21 3038 b 2 3064 99v(CH) 20b 
22 3025 b 2 3056 99v(CH) 7b 

2974 2968 100Vas(CH3) 
2951 2967 100Vas(CH 3) 
2924 2894 100vs(CH3) 

3 1590 a ! 1 6 1 8  78v(CC), 128(C H) 8a 
23 1579 b 2 1 6 2 7  81v(CC) 8b 
4 1488 a I 1 5 0 8  588(CH), 33v(CC) 19a 

1449 1460 828as(CH3) 
1449 1 4 5 9  908as(CH 3) 

24 1397 b 2 1 3 8 2  56v(CC), 268(CH) 19b 
1379 1 3 8 3  928s(CH 3) 

25 1299 b 2 1 3 0 7  748(CH), 24v(CC) 3 
26 1270 b 2 1 2 9 8  78v(CC), 218(CH) 14 
5 1210 a I 1 2 1 6  50v(C--CH3), 24v(CC), 1236(CH) 
6 1177 a I 1 1 8 0  948(CH) 9a 
27 1112 b 2 1 1 1 1  498(CH), 35v(CH) 15 
7 1069 a I 1 0 9 1  54v(CC), 21 v(CBr), 148(CCC) 

1040 1031 7219(CH 3) 
8 1012 a I 1 0 1 5  408(CCC), 39v(CC), 178(CH) 18a 

971 7219(CH3), 16v(CC) 
12 956 a 2 960 97,t(CH °) 
15 935 b I 925 46~, 36y(CBr), 1 Iy(CH °) 
13 815 a 2 818 96y(CH m) 
16 801 b I 810 83y(CH °) lob 
9 793 a I 789 34v(CC), 32v(C--CH3), 218(CCC) 1 
17 692 b I 701 74y(CH m) 
28 635 b 2 619 708(CCC), 218(CH) 6b 
I 0 590 a I 591 388(CCC), 30v(CBr) 6a 
18 476 b I 493 38"/(CHIn), 37x 16b 
14 405 a 2 408 64x, 22y(CHm), 14y(CH °) 16a 
29 364 b 2 372 688(C--CH3), 8(CBr) 
11 292 a L 290 65v(CBr), 198(CCC) 
19 292 b I 277 54y(C--CH3) , 20y(CBr) 4 
30 216 b 2 209 748(CBr), 158(C--CH 3) 
20 121 b I 94 34x, 33y(CHm), 167(CBr), 13~'(C--CH 3) 

a See Ref. 8. The frequencies were averaged over the IR and Raman spectra. The numbers and types of 
symmetry are given only for vibrations of the aromatic ring. b Types of vibrations: v, stretching; 8, 
deformation; x, torsional of the aromatic ring; 19, rocking; s, symmetrical; as, asymmetrical; -/(CH °) are the 
deviations of the C(2)H(8) and C(6)H(12) bonds from the plane of the aromatic ring, -¢(CH m) are the 
corresponding vibrations of the C(3)H(9) and C(5)H(11) bonds. Contributions larger than 10% are presented. 

The  result ing force constants  can be used for theo-  
retical analysis and predic t ion  of  the vibrational spectra 
of  p -b romo-subs t i t u t ed  alkylbenzenes.  The interpreta-  
t ion o f  the  spectra  of  1 based on these results is pre-  
sented in Table 1. 

The  empir ica l  assignments  of  bands and lines in the 
spectra  of  c o m p o u n d  1 suggested previously 8 were based 
on thei r  corre la t ion  with the corresponding vibration 
frequencies o f  benzene  (2). We had the oppor tuni ty  to 
not  only  compare  vibrat ion frequencies but also the 
vibrat ional  modes  of  both molecules.  For  this purpose,  
we cons t ruc ted  images for the shifts of  the  atoms during 

vibrations of  molecule  1 and compared  the results ob-  
ta ined with the  similar  graphic representat ion of  the 
normal  modes  of  2. 2 We found that many  vibrat ional  
modes of  molecule  1 are very similar to those of  the  
corresponding vibrations of  2. Obviously,  the  use of  
general ly accepted designations of  the normal  modes  of  
2, proposed by Wilson, 9 is legit imate only for these 
vibrat ions (these designations are presented in the  last 
co lumn of  Table 1 and are indicated in italics in the 
text). 

In view of  the  above, we believe that  the previously 
reported 8 in terpreta t ion of  bands No. 1 and 2 as being 
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caused by Wilson types 2 and 20a vibrations, respec- 
tively, was not quite correct. Using the graphic repre- 
sentation of the vibrations in question, we can easily see 
that the C(I) and C(4) atoms and the exocyclic groups 
attached to them are almost fixed, whereas the corre- 
sponding atoms in molecule 2 are substantially displaced 
during vibration No. 2 and 20a. 4 A similar juxtaposition 
of the representations of modes No. 12, 13, 15, and 17, 
which are presented below for clarity, with the corre- 
sponding graphic representations of the normal modes 
of 2 (see Ref. 2) indicates that the Wilson designations 
proposed for these vibrations s cannot be accepted either. 
Vibrations No. 12 and 13 are combinations of vibrations 
lOa and 17a, while vibrations No. 15 and 17 are combi- 
nations of vibrations 5 and 11 in molecule 2. 

No. 1 (3067) No. 2 (3059) 

i ,4 f 

No. 12 (960) No. 13 (818) 

,,/, 

3: 
No. 15 (925) No. 17 (701) 

Conversely, vibrations No. 9, 10, and 19, although 
they are "X-sensitive", l° can be classified as Wilson 
vibrations 1, 6a, and 4, respectively, in full agreement 
with the previously reported s assignment, since they are 

close to the latter in their modes. At the same time, the 
assignment 7 of Wilson No. 4 to the band at 692 cm -I 
(No. 17 in Table 1) was probably incorrect. Although 
vibration No. 4 in the spectra of  toluenel,  2 and 
bromobenzene 3 is actually exhibited at ~690 cm -1, deu- 
teration of both molecules in the para-position de- 
creases the corresponding frequency to ~600 cm -I.  Such 
great dependence on the weights of both para-substitu- 
ents is due to the fact that the latter make the predomi- 
nant contributions to this vibration (see Ref. 2 and 
Table 1). Since in molecule 1 the para-substituents are 
much heavier than deuterium, we should expect that 
vibration No. 4 would be exhibited at a markedly lower 
frequency than those in the case of any of the above 
molecules. Therefore, relying on the analysis of the 
forms of the vibrations, band No. 19 (292 cm -l)  was 
assigned to the vibration in question. 

A similar comparison of frequencies and forms of the 
normal modes of molecules 1, 2, 2 toluene, 2 bromo- 
benzene, 3 and their deuterated derivativesl, 3 showed 
that the assignments 8 of bands No. 6, 7, and 16 (see 
Table 1) need to be corrected. 

The author is grateful to L. A. Gribov and V. A. 
Dement'ev for providing the program package. 5 
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