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PROPANE VIBRATION& ANALYSIS . . . 

G. D. Marshall 

A B S T R A C T  - - - - - - - -  
.' Using the  group vibration method of McMurry, the  normal frequencies 

and coordinates of propane and three of i t s  symmetrical deuterium sub- 

s t i t u t e d  compounds have.been obtained. The force constants used were 

taken from a var ie ty  of previous work on hyd&carbons. The r;sulks give 

reasonable agreements with the experimental frequency and mode assignments 

of McMurry and Thornton. 

, * 
Work performed under the auspices of the  U. S. Atomic Ehergy Commission. 
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PROPANE VIBRATIONAL ANAT.,YSIS:. 

by 

G. D. Marshall 

This work analyzes the' normal vibrations of CH2CH2CH3, CH3CD2CH3, 

CD3CH2CD3, and CD3CD2CD3 by ' the  group vibration method of McMurry [ l  ] . 
His method divides the  symmetry coordinate's i n to  two pa r t s  called skeletal  

coordinates and intragroup coordinates. The ske le ta l  coordinates consist 

of combinations of individual group rotations and t ranslat ions while the 

intragroup coordinates are  combinations of individual atom translat ions with- 

i n  the groups. The combinations are selected so t h a t  l i nea r  and angular 
\ 

momentum are conserved for  each symmetry coordinate. The secular determinant 

used t o  determine the normal frequencies and coordinates i s  equation 31 

from McMurryls work IX?E - BDD'DB~~ = o 

where E i s  the ident i ty  matrix, 

X2 i s  a .frequency parameter, 

B i s  t h e  symmetry coordinate matrix, 

D i s  the re la t ion  between valence coordinates and the a, R ,  Q 

coordinates which are  in-group t ranslat ions,  group rotations 

and group t ranslat ions respectively, 

F i s  the symmetrical force constant matrix with respect t o  valence 

coordinates, 
. .  , 

and (prime) denotes a transposed matrix. 



SYMMETRY COORDINATES, B 

The symmetry of propane i s  t h a t  of t h e  point  group C2v [ 2 ]  . It has 

27 normal v ib ra t ions  ( a l l  non-degenerate) d i s t r i bu t ed  l i k e  9A1 + 5A2 + 

7B1 + 6 ~ ~ .  The f i r s t  th ree .coord ina tes  i n  each representation were made 

up of group t rans la t ions ,  group ro ta t ions ,  o r  combinations of both, with 

t h e  remaining being made up of intragroup coordinates. 

The diagram below shows a propane molecule a n d  t h e  pa r t i cu l a r  atom 

numbering a d  coordinate, conventions t h a t  a re  used. 

PROPANE MOLECULE 



Greek l e t t e r s  with subscripts indicate a par t icular  atom i n  group number 

1, 2, o r  3. The 61, a2, and 8' are the carbon atoms and the convention 
3 

was made that atoms pl, p2, and f3 have posit ive components along t h e i r  
3 

respective y group axes. The c i rc les  f3 and y atoms denote t h a t  one atom 

i s  above and one i s  below the plane of the paper. The cap i t a l  X, Y., and 

Z represent the molecular c e n t e r  of mass coordinates while the xi, yi and 

z r e fe r  t o  the i t h  group's center of mass coordinates. . We have assumed 
i - 

that a l l  C - H distances are  1.09 A and the C - C distances are  1.54 A 

while the angles labeled 8' are  the angles whose .cosine i s  - 113. F r o m  

0 
a .  microwave experiment [ 21 the ' c - c - C angle i s  actual ly  3 larger  than 

the C - C - C angle used here, and the distances vary s l igh t ly  from the 

numbers used here. 

Since there a re  eleven atoms i n  propane the dimensions of each symmetry 

coordinate are  1 x 51 (33 a, 9 !2, and 9 Q components). Pages 22-27 i n  the 

appendix give the numerical values of the B matrix fo r  CH CH CH CH CD CH 
3 2 3 '  3 2 3 '  

CD CH CD and CD CD CD The B matrix s a t i s f i e s  the re la t ion  BB' = E. 
3 2 3" 3 2 3' 

The significance of t h i s  matrix i s  amplified i n  the appendix where i t - i s  

presented for  the  molecule^ considered here. 

VALENCE TRANSFORMATION MATRIX D 

The potent ial  f'unction i s  most eas i ly  expressed i n  terms of changes 

i n  bond distance and interbond angles. These are  related i n  the a,R,Q 

coordinates by the D matrix. This transformation i s  discussed i n  the appendix. 

Part  of the D matrix used here was obtained d i rec t ly  from McMurryls 

work on ethane [ l ] .  The remainder of the D matrix was constructed i n  the .  

same fashion as  for  ethane. Pages 28-31 of the appendix give the numerical 

1 
values of the D'  matrix i n  terms of - the reciprocal mass of the hydrogen m '  
atom for  C H C H C H  andCD CD CD The D'  matrices f o r t h e  other twopro- 

3 2 3 3 2 3. 
panes a re  combinations of these two. 



FORCE CONSTANT MATRIX, F . 

Sixteen valence interact ion force constants, f i  ' s ,  were used. The 

subscripts on the  f ' s  i n  the  following tab le  have the interaction meaning:" 

r C-H distance squared 

9 H-C-H angle squared 

X C-H-H angle squared 

R C-C distance squared 

r 
X C-H distance times C-H-H angle . 

r R  C-II d l s tnnce  %Pm.es ' C-C dist~ncc 

XR C-H-Hangletimes C-Cdistance 

KH C-C distance times another C-C distance 

Rec C-C distance times C-C-C angle 

ec C-C-C angle squared 

Xf a t rans C-H-H angle times C-H-H angle 

XB, a t rans  C-H-H angle times C-C-C angle 

\Ir Lurslullal tulgle squared u f  a CH3 u r  CD3 gl'uup ahuul; a C-C 8x1s 

XX2 H C C l  angle times-an HCC3 angle 

The additional subscript 2 denotes values used fo r  group nwber 2. The 

actual  F matrix used i s  shown on page 28: of the appendix. 

x- 
Distances and angles actual ly  r e fe r  t o  changes i n  the distances and 

. . 

angles from t h e i r  equilibrium values. 



.TABLE I 

F ~ a t r i x  Values. ' 

dynes 
value (x 105 -) cm 

A l l  of the angle constants have been evaluated i n  terms of 'ro = l . .OgA or 
. . 

ro2 as a multiplying factor .  These constants were mainly taken from 

Simanouti [3] a n d  S t i t t  [4]. The fq  constant was calculated using a 
. . 

potent ial  ba r r i e r  f o r  rotat ion of .a .methyl group about the C-C axis of 

3 kcal/mole. . There 'is some'experimental evidence tha t '  it should be greater 

than 3 [51. The.values of the  t r & s  angle interact ion constants, fxt 



and fxB , were taken from work of J. R. Scherer [6]. He has made a 
C 

somewhat s imi la r  ca lcu la t ion  on prop&rie using a modified Urey-Bradley 

p o t e n t i a l  ins tead of a valence po t en t i a l .  The need f o r  the  inclusion of 
.. . 

t h i s  t r a n s  i n t e r ac t i on  i s  a l so  evident from work 05 ethane [1,4]. The value 

of t h e  constant t h a t  was used i n  ethane i s  .11 x 105 dynes/cm. A few ad- 

justments were made before a r r iv ing  a t  t h e  s e t  of f values quoted above 

but no l e a s t  square f i t t i n g  t o  t h e  experimental da ta  was done. 

RESULTS 

Since t h e  secular  de teminan t  was s y m e t r i c  t h e  Jacobi method was 

used t o  solve f o r  t he  eigenvalues and eigenvectors. The majori ty of t h e  

work was done 'on an IBM 650 computer. Pages 33-39 of the  appendix show 

t h e  eigenvectors and corresponding eigenvalues, while Table I T  shows t h e  

eigenvalues and t h e i r  comparison t o  t he  experimental da ta  of McMurry and 

Thornton [7]. This t a b l e  a l so  shows t h e  r e s u l t s  of some decoupling ca l -  

cula t ions  t o  t e s t  t h e  v a l i d i t y  of assuming zero coupling between intragroup 

and ske l e t a l  motions. This calcula t ion was made by f i r s t  pu t t ing  t h e  

intragroup symmetry coordinates equal t o  zero and then the  ske l e t a l  co- 

ordinates  equa..l t o  zero. 

For work on slow neutron s ca t t e r i ng  t he  normal coordinates of 

CH3CH2CH3 were needed referred not t o  t h e  -symmetry coordinates but  t o  t h e  

molecular center  of mass axes. The transformation matrtx, y, from t h e  

a, -a , Q coordinates t o  t h e  mo1e"cular- axes i s  l i s t e d  i n  the  appendix on 

page 40 .and t h e  r e su l t i ng  molecular normal coo rd ina t e s fo r  CH3CH2CH3 i n  

'terms of the  molecular axes on pages ,41-44. 



u1 mi(*) s.st. 

u2 C H ~ ( C D ~ )  u.st. 

l.4, m3(m3) s.st. 

U+ s.def. 

3 m3(m3) u.def. 
.Vg C ~ ~ ( 0 3 )  s.aef. 

1(1 m3(m3) r., C3 s.st. 

Lg m3(m3) .r., c3 s.st. 

3 C3 s.def. 

TABLE I1 

Propane FTequencies 

--- pu' . pa' --- 2254 ' 2252 --- 2254 2252 



Propane Frequencies 

Freguency (an-i) 
. . =H3CHr CH? . 

C B 3 q m 3  C D ~ C H ~ C D ~  CD CL$CD3 
Symmetry ., ~ e s c r i p ; i o n ( ~ )  - e r b e n t d ( b )  Cslculated(c) rneriment*(b) ~plcul&ed(c)  -eritnmt*(b) ~ a l c u l a t e ~ ( ~ )  a p r i m e n t a l h )   calculated(^) 

I I1 I I1 I I1 I I1 

B1 Li5 CH?(cD3: & s t .  2940 3Cm 3020 2920 920  OX. 2210 2252 2250 22 30 2251 2250 

x6 CH3(CD3: s . s t .  2940 2E88 2885 2 9 0  2888 28e5 X I 3  2065 2064 2120 2065 2064 

Y7 CH3(CD3:' u.def. 1460 1L84 1459 1460 1477 1459 Ill0 1058 1053 1070 1060 1053 

I X ~ ( C D ~ :  s .def . 1380 1 1410 1380 1416 141C. 10rp 1062. 1083 1070 1049 1083 

gg IX;(CL$ r., ~3 u.65. 1336 1145 1429 IJ-99 1 3 2  1356' 1 3 7  1418 1.402 1200 1309 1286 

%0 lXz(CD2: r., C u . s t .  3 105 3 573 992 964 971- 9E- 9m 905 910 860 769 774 

V, CH3(cD3! r. 923 527 937 850 741. 74€. --- 743 752 --- 703 708 

(a)  The abbrevi8:ions u.  s t . ,  s .st., u.def., s.def., denote vibrations vhich are unsymmetrical stretc'3in@, symmetricd. stretching, unsymmetrical deformation, and 

symmetrical deformation, respec:ively, wlthin h e  grcupa indicated. The l e t t e r s  r and t denote r o c k l q  and tb1;iEting motions of the indicated groups. The 

desc?iptions are onlf qualltati-re. 

(b) E. L McMurry and V. Thorntcn, J. Chem. P~ys., 9, 1C1: ( 1 9 1 ) .  

(c)  Colunns I and I1 6ho.r the calculated frequencies resiLtfmg from t h e  skeletal  and intragroup noti3ns t d n g  co@ed and decoupled respectively. 

(d) J. R .  Nielsen, from mpubliahee Raman data on propane ges. 

(e) H. Randic, and D. M. S m s o n ,  Rans.  Faraday Soc. 2, 1 (1960). 



CONCLUSION 

The frequency resu l t s  are  generally within,5$ of the.experimenta;L 

values. In some cases the normal coordinates are  rather.mixed and include 

appreciable percentages of .  both ske le ta l  and intragroup coordinates. In 

CH3CH2CH3 the resultark decoupled frequencies were not great ly  changed 

from those previously 6alculated with a maximum change of about 30cm-l. 
. . 

In the other propanes t h e  maximum frequency change was about 60cm-l. In  

par t icu lar  the low frequencies n e a r  300cm-I and the  high frequencies near 

2940cmm1 remained near1 y constant . 
The normal coordinate resu l t s  of CH3CH2CB3 have been used t o  cal-  

culate slow .neutron scat ter ing cross sections from propane gas. 

The 'encouragement and advice of H. L. ~ c ~ u r r ~  and the 'he lp  of . 

D. H. Gipson i n  programing f o r  the .IBM 650 i s  grateful ly  acknowledged. . 



FEFERl3NCES 

1. H. L.  McMurry, J .  .Mol. Spectroscopy - 3, 203, 216 (1959) and 

H . L . McMurry, ''Coordinates of Calculating. Vibrational  Frequencies 

. . 
i n  Chain Molecules ' I ,  U. S. AEC ~ e ~ o r t '  IDO-16605 (1961) . 

2 .  D. R .  Lide, Jr., J .  Chem. Phys. 33, 1514 (1960). - 
3. T.  Simanouti, J. mem. ~ h y s  . 17, 848 (1949) and previous papers - 

referenced here.  

4. F. S t i t t ,  J .  Chem. Phys. - 7, 297 (1939). 

5 .  E.  B.  Wilson,, Welch Foundation Symposiun on Molecular ~ t r u c t  &e, 

November 16 - 18, 1959, Houston, Texas. 

6. J. R.  Scherer, Symposium on Molecular ~ t k u c t u r e  and Spectroscopy, 

The Ohio S t a t e  University, June 13 - 17,  1960, Columbus, Ohio. 

7. H. L. McMurry and V. Thornton, J. Chem Phys . 19, 1014 (1951) . 
8. 11. L. McMurry "Scattering of Neutrons by Gaseous Molecules", 



APPENDIX 

I. The B Matrix 

Each of the three groups i n  propane has i t s  .awn axes x, y , . z  and, 

for example Axcll means the displacement of atom a of group 1 of Fig. 1 

along the x axis  for  t h i s  group. Rotations of a group around i t s  axes 

are  denoted by symbols l ike  Mu (meaning a ro ta t ion  of group 1 about 

i t s  x ax is ) .  Displacements of the en t i re  group along the axes X, Y, Z 

for the whole molecule are  denoted by symbols l ike  AX1 (meaning a 

displacement of group 1 along the X axis  f o r  the whole molecule). 

The B matrix r e l a t e s  the symmetry coordinates t o  mass adjusted 

displacements a,R', Q i n  the following manner 

I n  the equation IS] i s  a column matrix containing the 27 symmetry 

coordinates which are  divided in to  those belonging t o  the A1, 
A 2 9  

B1 and B irreducible representations of the (2% point group which 
2 

t h i s  molecule . 



The meanings of [ cr ] e t c  . can be inferred from [ a ] . The [R] matrix 
B 1  a1 

i s  of the  form 

Here Lh i s  the  moment of i n e r t i a  of group.1 about i t s  x ax is .  . The 

meaning 'of the  other quant i t ies  can be inferred t h a t  fo r  [R ] and 
1 

The [Q] matrix i s  of the  form 

Here M i s  the mass of group 1, The other meanings dan be inferred 
1 

from. the def in i t ion  of [%] . 
The matrix B i n  Eq. (A-1) lms 27 1-01qs and 51 colw1uls. Is1 the 

tabulations on pages 22 and 27 eight  columns. of f igures a re  given of 

which the .  f i r s t  two a re  used for  ident i fying rows and columns of B 
1 

and the l a s t  s i x  give numerical values fo r  the  iden t i f ied  matrix 

elements. Thus, the f i r s t  two d i g i t s  of each number i n  the , f i r s t  

column denote which of the 27 rows i n  the B matrix is  being dea l t  with. 

The succeeding numbers, taken 2 a t  a t i m e ,  i n  the f i r s t  and i f  necessary, 
. . 

the second, column denote which columns i n  the B matrix a r e  being dea l t  

with. The numerical.values of the matrix elements appear i n  respective 

order i n  the next s i x  c o l m i s .  For example, the row of the B matrix,  

fo r  propane on page 22 which begins with the number. 0901040507 the 

following form and significance 09101)041051071 08122100100100 



40824829 1 50+ 204124l+0- 35355339 1 50- 20412414 1 50- 35355339 1 50' 

40824829)50+ . The number 09 denotes that the ninth syormetry coordinate 

i s  involved. The following two d i g i t  n e b e r s  01,04,05,07,08,22, . :. 
. . 

denote t h a t  the matrix elements which come i n  columns 1, 4, .5, 7, 8 and 

22 of the ninth row of the B matrix a re  being presented. These occur i n  

columns 3 t o  8 on page 22 i n  the respective order (so tha t  the number i n  

column three i s  fo r  the matrix element i n  column 1 of the B matrix, e t c ) .  

They are  i n  f loat ing point arithmetic with 50 i n  the l a s t  place denoting 

the tenth base. Thus 4082482950+ i n  column 3 of the tabulation on page 

22 means tha t  the matrix element for  the ninth row and f i r s t  column of 

B has the value 0.40825 and i s  pos i t ive .  The 2041241450- i n  column 

fuur earls tha t  the matrix element i n  row nine, column four of B  ha^ the 

value -0.20412. 

By counting elements downward from the top of the column matrix i n  

Eq. (A-1) it can be seen t h a t  the 1 corresponds t o  uah, the 4 t o  u 
B h '  

the 5 ' t o  u and the 6th, 6812. 
Ply' 

2. The D Matrix 

The potent ial  energy i s  expressed most eas i ly  i n  terms of changes 

i n  bond distances and interbond angles. These changes a re  re la ted  t o  

the 'coordinates a, Sl, Q appearing i n  Eq. (A-1) by the equation 

(A-5) 

In Eq. (A-5) [H] i s  a. column matrix which, ' i n  McMurryt s notat ion(l) ,  - 

may be written for  propane i n  the form 



The [X  ] can be inferred from [XI]. The r 8 coordinates are  tors ional  
3 0 z 

rotat ions about the symmetry axes of the groups. 

The [TI  

(A-6) 

I = [ ]  ; I = ] ; I = 

The D' or D transpose matrix for CB CH CH and CD .CD CD is. given -on 
3 2 3  3 2 3  

The elements i n  [ Z2] and [ $1 can be inferred f r h  the f o m  of [ El] . 

--&a1 

&7l 

rowap1 
'0%7l 

ro@Brl 
- - 

pages 28-31 i n  the same format as  fo r  the B matrix., . 



3. � he y Matrix 

The y matrix r e l a t e s  the displacements of the atoms along.the 

molecular axes X, Y, Z t o  the a, R ,  Q coordinates. Thus 

The y matrix has 33 rows and 51 columns. It i s  given on page 40 

for  propane. The elements are  ident i f ied i n  essent ial ly  the same 

mrmer as for  the B matrix. 

4. The Normal Coordinate Transformation 

The symmetry coordinates i n  Eq. (A-1) are  used i n  a normal coordin- 

a t e  analysis t o  obtain t rue normal coordinates i n  terms of which both 

the kinet ic  and potent ial  energies appear as sums of squared terms. 

The orthogonal transformation derived i n  t h i s  way is  

The [Q] i s  a column matrix with i t s  elements being the 3N-6 normal 

coordinates and N ' i s  a 3 ~ - 6  by 3 ~ - 6  square matrix.  h he elements i n  

[Q] are not t o  be confused with those i n  Eq. (A-1) which are  mass 

adjusted cartesian displacements. ) For propane the coordinates Q can 



be separated i n t o  those belonging t o  d i f fe rent  irreducible representa- 

t i o n s o f  the point group Ca of the molecule. This i s  brought out i n  

the form of Eq. (A-10). 

The elements i n  the N matrices for  the various propanes are  given 

on pages 33-39. The f i r s t  column gives the frequency of the .  normal 

coordinate and serves t o  ident i fy which one i s  involved. The fractions 

contributed t o  t h i s  normal mode by each of the symmetry coordinates of 

the same species a re  given i n  columns 2 through 7 and, i f  necessarj, 

a r e  continued on a second l ine .  

5 .  The Cartesian Displacements i n  'l'erms 0% l\ormal Coordinates 

Slow neutron sca t te r ing  calculations require the transformation 

which gives the cartesian displacements of each atom re la t ive  t o  the 

( e_> 
molecular axes. This can be written 

The TI matrix fo r  .propane i s  given on pages 41-441. The f i r s t  two 

d i g i t s  i n  thg f i r s t  column identify the atom and the '  co6rdinate d i s -  

placement' AX, AY, or LIZ. ' The order i s  al, (31, yl, 61, a2, 82, y2, 

a3, (33, 73, and 63. ' ~ h u s ,  for  example, the numbers 01, 02, 03 r e fe r  

t o  mal, Bal, %, respectively and 16, 17, 18 re fe r  t o  



AXg2, AYg2, A!Zgn, respectively. The coefficients fo r  the normal modes 

- are  read across the columns and are  i n  the order appearing.in the N 

matrix. For example, i n  the case of OX (number 09 i n  the f i r s t  
yl 

column) the coefficient for  mode 24 i s  -0.21823. T h i s  mode is' shown 

on page 34 of the N matrix t o  be the 1204 cm-I frequency belonging t o  
. . 

the B species. , 
2 



B M A T R I X  - S Y M M E T R Y  C . 3 O R D I N A T E S  F O R  C H 3 C H 2 C H S  



8 M A T R I X  - SYMMETRY 'COOI?D I'NATES FOR C H 3 C H 2 C H 3  

3t 3 B B A ' T R I X * -  SYMMETRY C O O R D I N A T E S  FOR C H 3 C D 2 C H 3  3 + 9 



B M A T R I X  - SYMMETRY ,COORDINATES FOR CH3CD2.CH3 

o * E? M A T R I X * -  S Y M M E T R Y  C O O R D I N A T E S  F O R . C D 3 C H 2 C D 3  9 + ' * 



B M A T R I X  - SYMMETRY C O O R D I N A T E S  FOR C D 3 C H 2 C D 3  



B M A T R I X .  - S Y M M E T R Y  C O O R D I N A T E S  FOR C D 3 C H 2 C D 3  

B M A T R I X  - S Y M M E T R Y  C O O R D . 1 N A T E S  F O R  C D 3 C D L 2 T D 3  



B MATR 1X;-- SYMMETRY C O O R D I N A T E S  FOR C D . ~ C D , ~ C D ~  



D P R I M E  M A T R I X  F O R  CH3CH2CH3 



D PRIME M A T R I X  FOR CH3CH2CH3 



D  P R I M E  FJIATRIX FOR CD3CD2CD3 



D P R I M E  M A T R I X  .FOR.  C D 3 C D 2 C D 3  



F M A T R I X  - * F 3 R C E  CONS'TAKTS 



A 1  NORMAL .  F R E Q U E N C I E S  AND. C O O R D I N A T E S  FOR C H 3 C H 2 C H 3  

A2"NORMAL F R E Q U E N C I E S  AND C O O R D I N A T E S  F0.R C H 3 C H Z C H 3  

B 1  NORMAL F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C H 3 C H 2 C H 3  



Bl NORMAL FREQUENCIES AND COORDINATES FOR CH3CHZCd3 

8 2  NORMAL FRE'QUENCIES AND COORDINATES FOR CH3CHZCH'3 

A 1  NORMFL FREQUENCIES AND COORDINATES FOR CH3CDZCH3 



A 1  NORMAL  . F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C H 3 C D 2 C H 3  

A 2  NORMF, F R E Q U E N C I E S  AND ' C O O R D I N A T E S  FOR C H 3 C D 2 C H 3  

6 1  NORMAL  F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C H 3 C D 2 C H 3  



8 2  NORMAL FREQUENCIES AND COORDINATES :FOR CH3CD2.CH3 

A 1  NORMAL FREQUENCIES AND COORDINATES FOR CD3CH2CD3 



A 2  NORMAL F R E Q U E N C I E S  ;41\1D ' C O O R D I N A T E S  FOR C D 3 C H 2 C D 3  

8 1  NORMAL F R E Q U E N C I E S  AND C O O R D L N A T E S  FOR C D 3 C H 2 C D 3  

' 8 2  NORMAL F R E Q U E N C I E S  A N D  C O O R D I N A T E S  FOR C D 3 C H 2 C D 3  



* A 1  NORMAL F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C C 3 C D 2 C D 3  

A 2  NORMAL F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C D 3 C D 2 C D 3  

8 1  NORMAL F R E Q U E N C l E S  AND C O O R D I N A T E S  FO-R C D 3 C G 2 C D 3  



01 N0RMk .L  F R E Q U E N C I E S  AND COORDINATES FOR C D 3 C D 2 C D 3  

8 2  .NCRMAL F R E Q U E N C I E S  AND C O O R D I N A T E S  FOR C D 3 C D 2 C D 3  



GAMMA M A T R I X  FOR CH3CH2CH3 



NORMAL  C O O R D I N A T E S  FOR C H 3 C H 2 C H 3  ( M O L E C U L A R  CoMo  A X E S )  



N O R M A L '  C O C R D I N A T E S  F O R - C H 3 C H 2 C H - 3  ( M O L E C U L A R  CeM., 1 X E S )  



NORMAL  C O O R D I N A T E S  FOR C H 3 C H 2 C H 3  ( .MOLECULAR C.M. A X E S )  



NORMAL  C C 3 R D I N A T E S  F O R ' C H ~ C H ~ C H ~  (M0L .ECULAR.C .M .  k X E S )  




