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                               ABSTRACT
       An experirnental ancl theoretical study of the infrared speÅëtra of aromatic com-
    pounds has been macle in order to evaluate the effect of the elect!'ophilic substituent
    upon some of the vibrations of the aromatic nucleus. In this paper, particular attention

    is paid to the out-of-plane C-H bending vibrations between 820cm"i and 950cm"i.
    Eleven carboxyl-substituted benzenes are investigated systematically.
       The spectra of these compounds show positive shift in frequency and pronouncecl
    deÅërease in intensity. Theoretical considerations and discussiens are made between
    C-H out-of-plane bending vibrations and the force constants using the simplified
    potential functions. Steric hindrance or hydrogen bonding by the effect of the eleÅëtro-

    philic substituents is suggested.

1. Introduetion

   In general, it has been known that the out-of-plane CH bending vibrations

of substituted benzenes are primarily determined by the number and the positions

of substituents on the ring rather than by the nature of the substituents (1).

However, it has been observed that there are many spectral anomalies (2). The

factors which determine tlae out-of-plane CH bending vibrations are masses of

the substituents (3), the effects of the substituents upon rr-electron densities of

the aromatic nucleus, and the steric hindrance.

   While it is very interesting to know the correlations be'tween the molecular

structure ak(l its property, because the electroRic effects of the sLibstituents upoR

r,-elect.ron densities of the tar"omatic nucleus are the important factors of the

chetnical i"eactivity.

   Aniong n)tany subst"'uent's, carboxyl gi-oup is one o'f the t/ypical e]ect.'rophilic

j,tibst'i{uents. a"he present paper cleals systeinatically with tlie infrarecl spectra
of eleveh carb6xyl-substifuted benzenes. The spectra of ' carbo:yl-substitutecl

benzeRes fall outside of characteristic frequency range.
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   The purpose of the present paper is to discuss these. spectral anomalies.
First, the experimental results are given, comparing them with the spectra of
the nuciiophilic substituted benzenes which ltave methyl groups. Next, tke
theoretical considerations of the simplified potential function are given and the
correlations betvv'een tke rr-electron density of the benzene nucleus and force
constants are discussed.

2. Experiments and results

   The spectra were recorded on a Shimadzu Type 275 infrared spectrophoto-
meter, using a sadium chloride prism. The spectra of tlie compounds were
obtained as mulls in mineral oil.
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   Most of the compounds studied were supplied by members of the Petro-
chemical Department of Research Center of Maruzen 031 Company. These
compounds were used witkout further purification unless their purities were

rather doubtful. If purifications were necessary, the standard method of recry-

stallizat!on was used.

   The spectra of ail aromat!c carboxyl!c acids fall in the range between 820 cmnvi

and 950 cmrmi, but the spectra of all aromatic compounds with methyl-substituents

have the CH out-of-plane bending vibrations in the range between 720 cmwwi and

870cmnvi (Figs. 1--2). The marked decreases in the spectral intensities with the

shifts to higher frequencies are apparently observed.

   The positive shifts in frequencies are about 90cm-i to the corresponding

aromatic compouRds with methyl substituents. The data summarized in Table I
show that the increases in frequencies are caused by the electrophilic substituents.

      Table I. Frequencies of carboxyl- and methyl-substituted benzenes ("a" bands)

Type

(1) X*
(5. 6) X
(2. 6) X
(1. 4) X
(3. 4. 5) X

(L 3. 5) X

(1. 4. 6) X

(5. 6) H**•

(2. 6) H
(1. 4) H

(1) H

Methyl-substituted
   benzenes

i

728 cm-i
742

769

794

766

835

806

804

848

867

864

Carboxyl-substituted
    benzenes

E
I

iliill/ Cm-1

    * (1) X denotes the monosubstituted compound and X denotes COOH substituent,
          and so on.
   ** (5.6) H denotes the 1.2.3.4- tetrasubstituted benzenes and H denotes hydrogen.

3. [ keoretica} considerations and discussions

   At fust, some assumptions concerning carbon atoms of the benzene ring and
the substituents have been made ln order to simplify the calculations. Then, the

potential and kinetic energy functions are constructed.

   Next, the appropriate force constants are assumed and F and G matrices can

be obtained. It is easy to construct a secuiar equation iGF-2.Ei==O.

   Using this equation, the force constants are determined by the method of

}east squares. Then the distr!butions of the potential energies are calculated

a.nd the types of vibrations are determined by L-matrix,
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  (i) Potential energy function and kinetic energy function

   Since the method of simplified calculations is u$ed, it ls a$sumed tkat carbon

atoms of the benzene ring and the substituents are fixed ii} the plaRe determined

by the benzene ring. These assumptions are naturai because their vibrations
aye relatlvely smaii ax}d so have Iittle effects upon the Cll ovtt-of-pialle vibrations.

Then it is only necessary to consider the displacements of hydrogen atoms.

   Tlie kinet'ic energy function (T) and the potential ener.cry function (V) are

assuniecl .fts :

                       2T =E] fn23. -X-p?, (o
                                      7•n

where eri is the displacement of hydrogen atom Hi perpendicular to the plane

cleterminecl by l)enzene ring, dot denotes differentiatioR wit'h respect to time, pi

is the momaentum conjugate to gi; and

          2V w- ]al- A(i)ett -}-2Åí B(i)aiarig.i -Y2 2" C(i>eiai+2 -l--2X D(i)aiei-{-3 , (2)

where A(i), B(i), C(i) and D(i) are force constants.

   In order to construct the potential energy function, it is necessary to define

the force constants clearly. Nine force constants Ae, Be, Ce, D, ao, am, af,, b and

Ci have been assumed (4). Among thern, Ae, Bo, C, and D are t'hose wheR benzene

lias no substituents.

                                       t-'"---                   H t' ss                 i[liSi (l!l)(:>H.([{).Hi

  ':H
ll, l

X

        H
)),i• X alY
        X
       t---      tN     l.' x sst
ljljl,: H@ }i

   x
xe:j.>

Fig. 3. Force constants (where X==COOI-I).
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   When some substituents are introduced, it is assumed that the effects of

substituents upon force constants of C-H bending vibration are addltive. Then

the effects of ortho-, meta- and para-substituents upoR Ao are ao, Am and af,,

respectively. ll?or example, '
                         A =,- Ao " 2ao -l- aJn g- ap .

   Also, the effect of the subst'ituents upon Bo is asstmiecl to be b. Since tiie

carboxyl subst'ituent has rneta-orieBtation, B can be written as follows :

                       Bi ""' Be -i' b, B2 =' Be -l- 2b .

  (ii) F-matrix and G-matrix

   J7- and G--matrices are the expressions for the potential ancl 1<inet'ic energy

functions. It is apparent that G-matrix is a diagonal one and each element of

the matrix is the reciprocal of the mass ef hydrogen atom. F-matrix can be

constructed using nine force constants. The results are shown in Appendix A.

   It is necessary to consider the symmetry of molecules and the symmetry

coordinates. For this problem the group theory is very convenient in practlce.

The symmetry of benzene molecule is that of tke group D6lt which consists of

the following operations, E, 2C6, 2C3, C2, 3C2', 3Ci', i, 2S.a, 2S6, ait, 3od and 3tiv.

   As subgroups of D6h, there are C2v, C2*.,Cs, Vh and D3in Each of them

represents the syrrimetry of substituted benzene. This is done in Appendix B,

It is possible to set up the symmetry coordinates from tlieir character tables.

Then, the symmetry coordinates are combined properly, taking the omissions of

coordinates and orthogonality into consideration. Tlae results are shown in

Appendix C.

   F-matrices are reconstructed by these normal coordinates (see, Appendices

A & C). The results are as follows:

(1) Benzene

       Si S2 S3 S4 Ss S6
l

     D     -     Ce     2     +     Be     2     oH    k    -l-    Co    mb    Bo   2   -i   Co   -   Bg   o-  :  -  Co  re  Bo  e'l-

2
 um Co um Bo o-Fs-l-Co1,-2

-Be-2e-lA

'
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(2) Mono-substituted benzene

S7 Sg

<I

Z,

ISI-IIDA

9s SiO

]
Ao + ae l-ma Ci Bo+b{-D

Ao '- am + Co

J/2- Co

i/2 Bo
Ao "- ap

Ao G- ae- Ci Bo -Y b-D

AoÅÄam-Co

(3) 5.6-disubstituted benzene

   Sll S12 Si3 Si4

Ao -l- am --,L ap -P Be Bo -F b -l+ Cg

Ae+ao+am--D
Ao -F a,n -- ap-Bo BoÅÄbptCo

AD+ao-Vatn ww D

(4) 2.6-disu

   Sg
bstituted benzene

           Z•s Z, ,. Sle

Ao+ae+ap+Ce i/2- (Bo + b)

Ae "' 2am

7/2- C,

  D
Ao +V 2ae

A, -e- a f -I' e.p pm Co

(5) 1.4-disubstituted beBzene

       SiS S2 Srfi
ts

l
f

(Ao + ae -- a )n) ml- (Bo -Y 2b) {- Ci {- D

    (Ao"ae+am)"(Bo+2b)-Ci-D
                (Ao & ao -}- am) - (Be -F 2b) -I- Ci ww D

(Ao -F ao -F a,n) - (Be g- 2b) - Ci {- D

l

(6) 3.4.5-trisubstituted benzene

     S7 Zi 9s
Ao + ao -F a,n " af, -1- Co i/2- (Bo+b)

Ao -1- 2am + ap

(7) 1.3.5-trisubstituted benzene

   Si7 S9

       ----------•-1                I
                I
Ao -l- ae -F a,n -l- ap-Co l

                '

Ao -Y 2ae + ap + 2C,

Ao -- 2ae " af, -- Ci

,

      SIS
mmmuww'---ww'--"'-'mml
                i

 Ao -t- 2ae {- ap nv C}w. ...

I

l
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(8) 1.4.6-trisubstituted benzene

       Z2 .mm ,Z3 Zs

COMPOUNDS 57

1

Ae -. ao -- 2a",    Be 'l ' 2b

Ao {- cio -Y am -l- af,

    D
    Ci
Ao ÅÄ 2ao -- am

I

 (9) 1.2.3.4-tetrasubstituted benzene (10) 1.3.4.5-tetrasubstituten benzene

           Si9 S20 S7 S9                                 'l . Ao -F ae+2a"t -- ap N- (Be +• 2b) l- Ao {- 2ao t- a,n+ap+Ci
                                    I'          AoÅÄao+2am-l-af,-(Bo"2b) I. I Ae+2ae-l-am"ap-Ci
                         ml
 (11) 2.3.5.6-tetrasubstituted benzene (12) 2.3.4.5.6-pentasubstituted benzene

        E,, S,, Z,  Ao"2ae+2anz+D ha1 l
                                    i , AoÅÄ2ao {- 2a,n g- ap
                  Ao -}- 2aeÅÄ2afn mDli i
    Using the secular equation IGF-2El ==O, the Rine force constants have been

calculated by the method of least squares and the frequencies kave also been

obtained from the following equation :

                             "i -- 2#, i/tt• ;i , (3)
           '
where yi is the frequeRcy and c is the veloclty of light.

  (iii) Consideration on the types ef vibrations

   The types of vibrat2ons are determined by L-matrix whose definition is

                               R::- LQ, (4)
where Q is a matrix of tlae normal coordinate and R an internal one. Then,
the potential energy is expressed as :

                               -vN --                          2V -= QLFL(? =- QAQ, (5)
where Q means tke transposed matrix of Q, and A is a diagonal one whose
element is an eigenvalue 7,a.

   From (5) we have
                                                               '                    l/",Fi,T-"=S' I'z.IFi,'Lja ="-x"ii'ii'LiaLja' ] (6)

                         t,] i,J
   An eigenvalve 2-. expresses the potential energy when the vibration belonging

to 7•a is not reduced. Therefore, the distribution of the potential energy can be

obtained by calculating the va!ue of Fi,-Li.Lti. . It is also possib}e to investigate
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which coordinate contributes mainly to the vibration, because the value FiiLi.2

is remarkably Iarger tkaR FiiLiaLia (i=Iij)•

   It is Becessary to get L-matrix in order to determine the types of vibrations.

The formula Q==L-i R is shown in Appendix C. L-i is the orthegonal matrix.

L can be ebtained as a transposed one of Lww'.

  (iv) Discussien

   The types of the vibrations are stunmarized in Fig. 4.

   The type of the out-of-plane C-I{ bending vibrations of substituted benzenes

were elucidated throughly from Fig. 4. Furthermore, the contributions of the
CH vibrations to the potential energy have becom' e clear. in order to evaluate

              (1) Benzene (Ai, A2=::A3, A,t =-As, Ac,)

                   (•->'M6 <o) (--){le
               a,i(,',)(i)(1lgk "/71.l)(>(il,3," t/?,1',)(l)(iLj,//,,',

                   (..)ce (o) (->{?--
                    )vl ,N2 N3
                    (o) '(--)i}.e- ca.)!}L,
               s•e[-l)(>(:ilsc1,c,.1)ai,'gl, .ll<,rm',)c(i-.i,xl"

                    <o) c-)i13.o (-)?.
                    X,t Xs N6
              (2) (1)X (Ai, A2, A3, A4, As)

                    g-•
     "-
Ao]ag<<o)

)"/)) [olib'"bM.,.(O<)>)Iilt)1) (?>).,,a.

                   X- F(2:o. .t
       Xl                    )2
      .. g'-t
     r Ltx

"e2eqc

,g',)(ii,(, :,:"e2ai,,-,i,(l',i,liliil, [O)No,sm

                      2

        pt•e :5
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   (3) (5.6)X (Ai, A2, A3, A4)

      (o) (=)tNo ". )'" am (o)
    l)()(II',?,",.S,iuaIri:fu,'i)(>(iO,i >,` i)()[liii":;i:-i,")

      (o) {+)tfot•21}-tam. (o)

      Xl N2 X?,
      {.e) 4(}.+. ):y.a.m

    i)(>([g,j Ni.:.;.J,

            --t-      (nv)-Ao-+-ee2LÅ}Arp.

      M
   (4) (2.6)X (Ai, A2, A3, A4)

"o2e ())(i,i),X, ,l,)i:,]I.i,ig,,. ,l,)[l!,;,"O,i,a"

     st     N. g]o 1      '- 2 "'

       Xl )2 X3
       (o)
4o + ee + ap c -.li pt llv ) twtta2e. . t'.geap

     l (o) I     ll     st     Ss + - .Ce. .tt

        2
       X4
   (5) (1.4)X (Ai, X2, A3, A4)

           ."-"'llx .------li!          1' 4Å~ .' 4Ns          / .C.i Å~ 1-gi Ns          i ..t'4'.. ..-N-. i.4.. X
  xJ igg,(:,'Ii.lii,i.]>.V ie:I,j)i(..)(le [1,:BXV2

                            .--- D

x{--•

f.•,:::/{'/lltl'llil'iiili/ii/lil'iiii,;,i:;ife::glll,i.i'it;:lllil'i'it,l:fJxE//;i"J)ix4

          X tN X          X D.-' Å~D .-           N "''i s. -. t            s-.u- 4' ----4-"'"'
                         (r ". tXe1 da .l-am
                            4                         pt .. Be ÅÄ 2b
                           'i
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   (6) (3.4.5)X (Ai, A2, A3)

         ge
       i.t" 2 '-x
       t' (o) 't (+)Ao+kom+ap ,t
etQ-  -a-e ., a-,m  -itp  ( -

xf  ) pt (x)apdiag 'z-am-""-p /xO)"(gxfo):t de ". am ap(l)

         xx

 -s
.. 2 -s.

 (o) 'x •
ptiy+)ii'Q'S'tt"-2"a-mL:t.ee

 x

       ;1
  (7) (2.3.5)X (Ai,

       .ClN
      /ti 3 Xx
     ls     il     iXi""  kto /rrj(.}"(.)'/,,,2se ai'

    Ns--i(-l')-T..ti-

      Ae-t2aotap
        3
       ;1

A2 -mu- A3)

.N2 X3

 s

1.S - '

'

ap2a2eoiA
     X"co     x

;apas

.N2

        Cl      -" 6 'S.      tN      tx     tl     iXl'XO 26bo,  /1,'{l]Il.l}l,-(.)"1,l2aO "i
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       )3
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       X
    (o><)"((ol'X" "o 2,,, (ii)

       x

X" (o)

(')Aa'-io+

 tNo ; Xl"

]gi
)(>c     <ai,i     m    n:

      Nl
 (9) (5.6)H (A,*A2)
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            :i

X2
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             (10) (2.6)K (Ai*A2)

                       Cl Cl                     .v 2k .. 'L2's                         ' tN                    t'1 x St, tt x s,.
           '-Xo2-'""-m',Å}'gp<1,Q{x')tt'""p"o2ao,a-apix)Ll?(tipa-2ooiamuiap

                       Xl X2
             (11) (L4)H <Ai=l= A2)

                      (->AeLao.-•2aLn <,}ttto 2atu
                          "- -                   l)c(l 'l)•l, l)c(j 'jj,,

                              " -j                      (.)Ao•aoo-i'Ll!2tu,"" {ww)'Aexa,o-,t2nkh

                      Nl X2.
             (12) (1)l{[ (Ai)

                      (':')Ao-'2ae•Ltani•ap

                   i"l

                      X

                        Fig. 4. Types of vibration.

the potential energy at every position, it was tried to summerize them.

potential energies were composed of all force constants, but it was found

they decidedly depended on the constants of Ao, ao, a,n and ap. Then,
effects of the other force constants upon the potential energy vanished.

   Tlte calculated force constaBts are skown in Tabie II.

                   Table II. Force constants (105 dyne cmmaZ)

6i

The
that

the

A: O.474
l  
i'r "

ao : O.O18 l
I b : O.023

Bo : -o.o76
I

am: O.O05 i Cl : O.O

co : -o.o23 ap: o.eo6

D : -O.O07 l l
l

   It is said that carboxyl substituent is meÅía-orientatiofi. The 'force constant

at met'a-position mtist' be the lowest ancl 'the foree constant at ortho-position is

nearly equal to that at para-position. Our results were ae>ap>a,n. The in-
eqtiality was consistent' with t'he theory of meta-orientation <.5).
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   The clepletion of n-electron denskies of the arbmat'ic nucleus by electropkilic

substituent must lead to increased force constants. It was found that ao was
three times as large as ap. It was siiggested that the hydrogen bonding or the
steric hindrance at adjacent one is remarkably iarge. In this paper, the asym-
metry of carboxyl substituent is not tal<en into account, and so it affects the
values oÅí the force constants a little.

   The calculated frequencies of CH out-of-plane bending vibrations k'om these

force constants are compared with the observed ones in Table III.

                  Table III. Comparison with experirnental valnes.

Type

Benzene

Observed

I

i

675

849

975

995

I Calculated

l

673

849

976

994

(1) x 8e8 747

    cs.6) x •I' s31
-Lemmatnvmmt

 twwt"rnmt l-ttttmmtt-in

    (2.6) X i 886

l 782

(L 4) X

(3. 4. 5) X l
882

843

824

(L 3. 5) X

l

i
880

l
I

831

926 932

(1. 4. 6) X
l

l 862

(5. 6) }I

-

893

(2.6) K 943

(i.e.?- H

(1)
-'''

925

H 940

891

897

937

930

941

   The coincideBce between the observed and calculated values is satisfactory.
The assignments of the carboxylic-substituted benzenes are not corinpieted. We

used ail the frequencies of benzene and adopted only "a" bands in other cases.
The frequencies of meno- and para-carbexyl-substituted benzenes are by 80 cmm'i
higker than. the corresponding methyl ones and the intensities of tlie formers are

extremely Iower than the ia"Jers. We appliecl these experimentai facts to other
poiysubs'titu4/ed ozzes.

   I't mus't be uset'ul to assign the other bands 'from these calcula'ti'oRs. Tl)e

C-O-I'I out-of-plane vibrations az-e so broad and stroiig tliat CH bend")g vibra-

tions excep't "a" ba, nd are hinclered. Now, we have been pveparing tlie Gueterated

ones to oiotain the 'full spectra in this regioll. ' '
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   It is very interesting that the spectra of carboxyl-substituted benzenes with

water of crysta}lization are extremely varied.
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)1(

ii
'iZ

 Benzene

Zi Z2 Z3
Ae

J 3' (

:fi ciL

         Appendix A.

 F-matrices (Symmetry mat'rices)

               (2) Mono-substituted benzene

g4 Zs .4e Z2 Z3. .Z4 .Zs
  i o/ti cili Blli ,

!

i
l

 i'
Z2I Ae+ao Bofeb
Z3 i' Ao {- a2n
z,I

Z,i

 lz,l.

 i l---

 Ce D
  Bo Co
Ao+ap Bo
     Ao+a,n

gg...r.

c, I

DI
   ,Co

    5.6-disubstituted benzene

     Zi Z2 Z3 Z4zal, A'l-;-ao-i-a.t li}D-yb ttLW-nv""'-15'-nv' 1
Z2i Ao-i-a.-l-ap Bo Ce
Z31- Ao -l-a"t l'-ap Bo -}-b
Zdi il Ae -i- ao -i- aml

)4(

i
l

'i

)6(

.;.

i:

.B,O
;i-So.I'

2.6-disubstituted benzene

Zi g3... Z4 Zs.
Ao g- 2aD   Ci D Ca I

Ao {- ao -i' ap Be '-b Ce

       Ao `'I- 2am Bo -i'b

            Ao -i- ao -I- ap

(5)

  /1,,Zi

z,,,

Zs

ZG

1.4-disub.otituted benzene

 Z-L• r.... .-...Z,3......... .Z-3• .... .i...umi..G...-. ..

                        Il' ac,Ia. Bo•l 2b D Ci i
    fdl- !i ao•i•am Ci I).
         Ao'} ae'i''atn B'l'2b

                Ao + ae -l- am

  3.4.5-trisubstituted benzene

    4 ZL, ZgAII'/t''E"'Z'll]II:i'1'Z'i.11'''''"rettl'1''''''''il"''"5"un"rr'-"""i'}'I,I'1'''''S'""-"""'"r''

                           i       Ae i "e'i' `"mJ'lk,,.;92.2 f•-ap l/

r-'- '''''' ''''"'''' "' "'i
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(7) 1.3.5-tri'substituted benzene <8) 1.4.6-tristtbstituted benzene

z, A,+2Z.2,+., gi g6, /i z,itr',g./,2'-'iJ2.. B,iiti-32b /5 "'nv"-s•

Zz[
:4, Ae{nv  2ao"if ap Ae -F 2Cai

.,

. mF eL, ii IZI:i, .... Ao -iT ae 'i-anz+(tPA, -" 2Cai, rmtun a. I/

(9) 1.2.3.4-tetrasubstituted benzene (10) 1.3.4.5-tetrasubstituted benzene

         Zs Z6. Z2 Z6Zls AoÅÄao+2a"t+ap Bo--2b l Z2I Ao-t-2ae--amg-ap Ci

                                 iiZ6 Ao N- ae l- 2a., -l- ap l Z6E Ao l- 2ao -l-am iL ap

(11) 2.3.5.6-tetrasubstituted benzene (12) 2.3.4.5.6-pentasubstituted benzene

         Zi Z4 Zi.Za' Ao g- 2ao -l- 2a ,. D l
                                 i Ao -F 2ao -F 2a"t -F af)Z4 Ao A- 2ao -l- 2am
                                 E

                             Appendix B.

                       Symmetry considerations

   Symmetry group D6t, of benzene consists of tlte followiRg twenty-four
elements :

     • E, 2C6, 2C3, C2, 3C2', 3C2", i, 2S3, 2S6, ah, 3ad, 3av,

where

  2C, =: {,C,, ,C,}, 2C, :=: {,C,, ,C,}, 3Ci == {,CE, ,C5, ,CS}, 3Cit =: {,C,Xt, ,C,", ,Ci'} ,

 2S3 == {iS3, 2S3}, 2S6 = {iS6, 2S6}, 3dd = {iad, 2od, 3od}, 3av =,- {iov, 2av, 3av} .

   Symmetry operations 2Cfi, 2C3 and C2 have •                                                       i,T
sixfold, threefold and twoÅíold axis whlch will be IiC-o'it)-,,

regarded as the Z-axis of cartesian coordinates.                                                           IC2"1ffd                                                    xiEach elemgnt of 3Ci and 3CLI' bas YwofOId aXiS 6 i /2c2'2ff,
which lies m the piane of benzene rmg (Fig. 5).

3ad and 3av are the yefiections with respect to the

planes which contain the Z-axis. The intersection

of this plane with the X--Y plane is shown. in
Fig. Jr.

   The operat'ion ah is the refiectioll w'i.th re-

spect to tke X-Y plane. 2S3 ancl 2S6 are defuied

<,

/

mys

)i'

/'

t

5.g•Illi

v 2 2C2"
--op-s- X

    2crd
3

   sC2'3av
:t(/' :t"

:tt)' ,1

 operatlons.
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as the follows:

                       IS3 -M ah'IC3, IS6 == ah'IC6.

The operation "i" is tke reflection to tlte center of symmetry. E is an

operatlon.

   Fig. 6 shows the symmetrical displacement when the element of DGh

benzene. It is impossible to understand the change of sigR by Fig. 6.

shown in Table IV.

                                             t+                     E ICfl 2C{l C2 IC2' oC`)'

               112 f") 4L3            ssos !,,ioli i.ol" ioi ,iolli io,? loi

              445 3-146
              3C-2' ICI,'i L,CLI' 3C2" i IS3 2S3

               .-• ') L) 4643 5            liol xxol 11oz 3,oii iog goj

              2513162
              O'/t lad 2trd 3(;'tl llTti 20'v 30'1,

              124 6135            l•l ogi, iog ,'6.o,3 iol 2, og `.,oi ?og

              4sl34 62
              IC3 2C3 JS6 2S6
              3 s 2 6            io,1. go2 goi iol

              6• 2 5. 3
                               Fig. 6.

                      Table IV. Sign of the coordinate.
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identica}

operates

This is

l..

1'i'i' E IC6 2C6 !C3 2C3 C2 !C2' 2Ci 3C21 IC2n

-Zs -Z2

2C2ii 3C2n i

Zl Z6 Z2 Zs Z3 Z4 -Zl -Z3 -Z4 -Z6 -Z4
    l..8. ...

RZ,
t ttt tt tt

1S3 2S3 IS6 2SG ifii lad 2crd 3ad lav 2ifv 3crv
l

t'' -Z5 -Z3 -Z6 -Z2 -Zl Z2 Z4 Z6 Zl Z3 Zs

   Symmetries of
is shown in Tab}e

substituted benzenes are expressed as subgroups of D6h. It

v.
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Table

         K ISI-IIDA

V. Symmetry groups of substituted benzenes.

Benzene

D6h

l (k) l(5k6)i(2k6)        l

l C2v l C2v*

   i

(1. 4)

 x
c2v l Vh

(3. 4. 5)I(1. 3. 5)

  xlxf C2v
:

l D3h

    '(1. 4. 6)l.
I cs

(Jr. 6)

 H   'C2v':` ia D3it

   j

l(2ft6) ii (•lk4)I

[

i V,

)fi(

 2C

Elements of symmetry groups are,

             Table VI. Elements

glven

of ahe

in Table VI.

symmetry groups.

C2V

C2Vrk'

VI,

Cs

i'

E ge, Ci 1crv

Elements

cr it

E E

E

2C2U 2(rd

IC2' 2C2tt

if it

C,i 2(rd lav crIt
E (rh

 D,h E 2C3 3C2i crh 2S3 3if,
Symmetry coordinates are obtained according to the formtila =zS't'RZi.
                                              nc- (J•
                (xS7' : character of species ?'.)

(1)
r s,
I
i' S.

t"I   lI S.a ;/.

IS•i ii

   ' s,, i•

ls,l

(2)
 S7 )
i' S8

l z,

   I
 S, I,
. SiO 11'

                     Appendgx C.
            Normal coordiRates akd Lini-matrices

 Benzexxe

 ( 1,i/6- 1/,/'6-M 1/,/6um 1/,/6ma 1/,/6- l/,/6in

 I O 1/2 1/2 O --1/2 -1/2
 il -2,i,/rt -1/,/1'2 1/,/'1-2 21,/i2 !f,•'-imu2 -ll',/rt

"'= i O -- 1/2 1/2 O ---lf2 1/2
 11 -2/,/i[r2 1,/,/1pm2 1/,/iir2 -2/,/iir2 1•y3/-1'2 '1/,/f2

 1 l 1/,/6- -1,/,/6r"'- 1/,/6"' -1/,/6'rm 1..!,/6rm --1/,/e-'

Mono-substituted benzene

 ll/,/2fu- O O O I o y,/2"o i/,.•i i'!6"2'N/'-:,: il/,

=l i/g/7 ,,eo.,- si uz,,8.. -i/l/2-- H ii 11ii

ii
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(3) 5.6-disubstituted benzene

IS,,'( O 1/,/2T 1/,/2mm O 'Z, li
lSIYi-=illfr;' i/l/2--kl/,6./;1i/isiiii.

(4) 2.6-disubstituted benzene                               (5) 1.4-disubstituted benzene
Iilitli,11L-•iiigii,/I.i•g•-IIio:.]iti•iiiii lsl,:i-iHll}lli2iii•1)}liiIUil•i'

(6) 3.4.5-trisubseituted benzene (7) 1.3.5-trisubstitu,ted benzene '
li[i.11i-:lg•l,/illJ-l/,iliHSIi il•i[i=IIil}.-llil,f-IIil-/r]iZ.l.ll•

 .
/li,'..1'1161'rkSii,Sll/I"rttedbe"Ze"e i,Z;l:,--ve,;,1/ietla;;?f///f`raTes:.?/e"ze"e

(10) 1.3.4.5-tetrasubstituted b6nzene                               (11) 2.3.5.6-tetrasubstituted benzene

gS, IE=.;1/,/2'- 1/,/2"-" Z, ISi2'-ww Y,/2mu 1/i/2mu ,j/IZil

lS,jl1/,/2- -1/,/2ww,, Z, lS,, l• i1/,/i -1/,/2rm " ZIV

(22) 2.3.4.5.6-pentasubstituted benzene




