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SPECTROSCOPY LETTERS, 1 4 ( 1 0 ) ,  675-680 (1981) 

OUT-OF-PLANE VIBRATIONS OF BENZENE: A VALENCE FORCE FIELD 

CALCULATION USING CORRECT TORSIONAL COORDINATES 

A. Gambi, S. Giorgianni, A. Passerini and S. Ghersetti 
Department of Organic Chemistry, University of Venice, 

Calle Larga S. Marta 2137, Venezia, Italy 

Normal coordinate calculations are widely used by spectrosco- 

pists either to check the assignment of the fundamental vibrations 

or to derive a potential function representing the observational 

data of the molecules investigated. 

The first step i n  such a calculation is the construction of 

the inverse kinetic energy matrix, or G matrix. This is readily 

performed by using the B matrix whose elements define the transfor- 

mation from Cartesian to internal coordinates; as known, it is of 

most physical significance to state the force constants in terms of 

the latter coordinates. The B matrix is in turn evaluated using 5 

vectors, which are defined f o r  any internal coordinate, e.g. bond 

stretch, valence angle bend, out-of-plane wag, linear valence angle 

bend and torsion ( 1 ) .  As far as the torsional coordinates are con- 

cerned, the s vectors were defined in the past considering a hydro- 

gen-peroxide-like molecule (2). Later, for those molecules in which 

more than one alternative in choosing hydrogen-peroxide-like torsion 

may exist,a linear combination of them was proposed ( 3 ) .  

- 

Recently, some papers (4 -6 )  have dealt with a correct deriva- 

tion of these 5 vectors for torsional internal coordinates (for 
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676 GAMBI ET AL. 

example, a complete treatment on torsions has been presented in 

Ref. ( 5 ) ) .  The use of the new defined 5 vectors clearly leads to 

different G matrix elements and therefore these torsional internal 

coordinates bear in turn to a set of force constants quite diffe- 

rent from those calculated in the previous way. 

In spite of what mentioned, only few studies of such new tor- 

sional coordinates are reported at present in the literature and 

all of them are referred to alkanes (3-5). Since the aromatic mole- 

cules make an important class of organic compounds and many authors 

are interested in determining suitable molecular potential functions 

for those, we have calculated a valence force field for the out-of- 

-plane vibrations of benzene using the correct torsional internal 

coordinates above mentioned. 

In order to do that, it was written a subroutine "TORS" (7) 

which calculates the B matrix elements relative to the torsional 

internal coordinates using the formulas given in Ref. (5 ) ;  such a 

subroutine, which incidentally is completely general and therefore 

applicable to molecules of any geometry and complexity,can be easi- 

ly inserted in programs which compute the G matrix by means of the 

s vector method. - 
As said above, the torsional internal coordinates of benzene 

were previously selected as a linear combination of two hydrogen- 

-peroxide-like torsions; for example, the torsion z around the bond 

connecting atoms 1 and 2 (see Fig. 1 )  was defined as: 
1 

" 1 = 1f '2(A27,~-2-3+A26-~-~-8  1 

and the 5 vectors were thus calculated for the atoms 1 ,2 ,3 ,6 ,7  and 8. 

Following the correct derivation of torsion (see Ref. (5) )  the same 

internal coordinate is: 

A z ( 6 ,  7)- 1-2-(3,8) 
Az = 

1 
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OUT-OF-PLANE VIBRATIONS OF BENZENE 677 

FIG. 1 

Out-of-Plane Internal Coordinates for Benzene. 

and the s vectors are now calculated for the groups(6,7) and (3,8), 

and for the atoms 1 and 2. 
- 

Computations were carried out on a CDC Cyber 76 computer; the 

experimental frequencies and the force constants related to the out- 

-of-plane bending vibrations were taken from Ref. (8). The structu- 

ral parameters used in the calculations are the following: i) bond 

length: C-C = 1.39 A, C-H = 1.08 i; ii) angles: all 120"; iii) ato- 

mic masses: see Ref. (9). Since our interest is mainly concerned 

with torsions, the force constants (diagonal and interactions) which 

are only connected with the out-of-plane bending coordinates (H and 

fo, f;, f ) were constrained to be constants, while those related to 

the torsional coordinates were refined. Few iterations were perfor- 

med to obtain a set of force constants which presents a close fit 
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678 GAMBI ET AL. 

TABLE I 

Force Field for Out-of-Plane Benzene Vibrations a) 

b) This work 

constant Value Standard error 
Force Ref. (8) 

H 
U 

H 
z 

f 0  

frn 

f P  

U 

U 

u 

0.3237 0.3237 - 

0.1190 0.2575 0.0014 

0.0184 0.0184 - 

-0.0235 -0.0235 - 

-0.0227 -0.0227 - 

f 0  0.0273 -0.0381 O.OOO3 zu 

f P  - - - 
zu 

f 0  -0.0388 -0.0777 0.0015 

frn 0.0260 0.0009 - 

" 2  a) Units in Mdyn. A/rad . 
b, Force constants are labelled as in Ref. (8). 

In Ref. (8), the interaction force constants fo (zi,pi) and 

f 

( 1 )  we have assumed here fo = -f 

ZU 
0' (zi,pi+l) were calculated separately; according to Wilson 
Z P  

0' 

ZU zu .  
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OUT-OF-PLANE VIBRATIONS OF BENZENE 679 

TABLE I1 

Observed and Calculated Frequencies (cm 1 for Out-of-Plane 

Vibrations of Benzene 

-1  

‘gD6 
13C H 

12 
‘gH6 6 6  

SYMMETRY 

SPECIES OBS . a )  CALC . OBS . a) CALC . OBS. a)  CALC. 

B 989 989 98 1 98 1 8 30 828 

703 705 680 683 599 596 
2g 

6 70  674 669 67 2 496 495 

966 968 958 956 7 89 793 

404 404 392 392 35 1 348 

A2u 

E2u 

E 849 850 042 843 664 66 1 
1g 

a) Taken from Ref - ( 8 ) .  

between observed and calculated frequencies; the results are repor- 

ted in Tables I and 11. In respect of the force field of Ref. ( 8 ) ,  

the additional interaction term f which is supported by the re- 

sults of the Jacobian, variance-covariance and correlation matri- 

ces, has been here introduced. 

m 
z’ 

In conclusion we propose a new force field for the out-of-pla- 

ne benzene vibrations as function of the G matrix derived from a 

correct set of 5 vectors. We feel that such a force field can be 

transferred with benefit to other molecules containing phenyl-rings 

for which the evaluation of a molecular potential function is of 

interest. 
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