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SPECTROSCOPY LETTERS, 9 ( 4 ) ,  203-210 (1976) 

THE PLANARITY OF THE METHYL RADICAL 

Keywords: S t r u c t u r e ,  V i b r a t i o n a l  Ampl i tudes,  Pho toe lec t ron  Spectra 

by J.F. O g i l v i e  

Department o f  Chemistry, Memorial U n i v e r s i t y  o f  Newfoundland, 
S t .  John's, Newfoundland, Canada A1C 5S7 

A b s t r a c t :  
analysed t o  i n d i c a t e  t h a t  t h e  methy l  r a d i c a l  i s  p r o b a b l y  p l a n a r  i n  
i t s  ground s t a t e ,  b u t  must be a t  l e a s t  quas i -p lana r .  

The q u e s t i o n  o f  t h e  p l a n a r i t y  o f  t h e  e q u i l i b r i u m  con fo rma t ion  

The ev idence o f  t h e  p h o t o - e l e c t r o n  spectrum i s  r e -  

o f  t h e  methyl r a d i c a l  CH3 i s  o f  c o n s i d e r a b l e  c u r r e n t  i n t e r e s t .  

Koenig, B a l l e  and S n e l l  

t rum i n d i c a t e d  n o n - p l a n a r i t y  o f  t h e  r a d i c a l  i n  i t s  ground s t a t e .  

1 concluded t h a t  t h e i r  p h o t o - e l e c t r o n  spec- 

B l u s t i n  and L i n n e t t L  were c o n f i d e n t  t h a t  t h e i r  m o l e c u l a r  o r b i t a l  

computat ions i n d i c a t e d  CH3 t o  be a p p r e c i a b l y  non-p lanar  i n  t h e  

ground s t a t e .  

p rev ious  deduc t ions  f rom b o t h  exper iment  and quantum c a l c u l a t i o n s ,  

a l t hough  some workers have been c a r e f u l  t o  s t a t e  t h a t  a smal1,de- 

v i a t i o n  f rom p l a n a r i t y  c o u l d  n o t  be exc luded.  

es t ima ted  a d e v i a t i o n  f rom p l a n a r i t y  o f  11 - 19", and Walsh e s t i -  

mated t h a t  t h e  r a d i c a l  was non-p lanar  b u t  had a s m a l l e r  b a r r i e r  t o  

i n v e r s i o n  than  ammonia. The valence-bond semi -emp i r i ca l  method 

l e d  Jordan and Longuet-Higgins5 t o  p r e d i c t  t h a t  t h e  p l a n a r  CH3 

These r e c e n t  conc lus ions  a r e  g e n e r a l l y  c o n t r a r y  t o  

L i n n e t t  and P0e3 

4 
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204 O G I L V I E  

r a d i c a l  would r e s i s t  q u i t e  s t r o n g l y  o u t - o f - p l a n e  de fo rma t ion .  

Herzberg6 concluded t h a t  t h e  d e v i a t i o n  f rom p l a n a r i t y  compa t ib le  

w i th  t h e  e l e c t r o n i c  spectrum must be l e s s  than 10". 

6 Herzberg ' s  C-0 bondlength o f  1 . 0 7 9 ~ 1 0 - ~ ~ m  and average bond- 

7 <  - d i s s o c i a t i o n  energy o f  - 6.8x1O-l9J a r e  c o n s i s t e n t  w i t h  a p l a n a r  

o r  n e a r l y  p l a n a r  molecule,  acco rd ing  t o  B e r n s t e i n ' s  c o r r e l a t i o n s  

and observed and es t ima ted  wavenumbers o f  C-H s t r e t c h i n g  funda-  

m e n t a l ~ . ~  However, t h e  appearance i n  t h e  e l e c t r o n i c  spectrum o f  a 

v i b r a t i o n a l  i n t e r v a l  a t t r i b u t e d  t o  an ove r tone  o f  t h e  o u t - o f - p l a n e  

de fo rma t ion  mode i n  t h e  ground s t a t e  suggests, because t h e  

t r a n s i t i o n  was f rom t h e  ground t o  an e x c i t e d  Rydberg ( i o n - l i k e )  

s t a t e ,  t h a t  a change o f  con fo rma t ion  may occur  between t h e  two 

s t a t e s  - i . e . ,  b o t h  s t a t e s  m i g h t  n o t  be p l a n a r .  A l so  t h e  gas- 

-phase a b s o r p t i o n  spectrum o f  t h e  methy l  r a d i c a l ' '  showed mu1 t i p l e  

band c e n t r e s  which were exp la ined ,  perhaps n o t  c o n c l u s i v e l y ,  as 

i n c l u d i n g  hot-band t r a n s i t i o n s .  

r a d i c a l  seems open t o  ques t i on .  

Bo th  

8 

6 

Thus t h e  p l a n a r i t y  o f  t h e  methy l  

The wavenumber o f  t h e  mode d e s c r i b a b l e  as o u t - o f - p l a n e  de- 

f o r m a t i o n  ( i n  t h e  l i m i t i n g  case o f  p l a n a r i t y ,  D3h p o i n t  group)  

i s  f a i r l y  w e l l  e s t a b l i s h e d 9 y 1 0 y 1 1  t o  be i n  t h e  range 60.2 - 

61.7 mm-', p robab ly  a t  60.70 m m - l  i n  t h e  gas phase", f o r  t h e  

species C H3 . I f  b o t h  p l a n a r  e q u i l i b r i u m  con fo rma t ion  and a 

p u r e l y  harmonic p o t e n t i a l  f u n c t i o n  f o r  t h e  o u t - o f - p l a n e  deforma- 

t i o n  c o - o r d i n a t e  0 ( i n  r a d i a n s )  a r e  assumed, then  t h e  p o t e n t i a l  

f u n c t i o n  f o r  t h i s  mode i s  separable by reason o f  i t s  un ique A2  

12 1 

I1 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
3:

18
 2

9 
Ju

ne
 2

01
6 



PLANARITY OF METHYL RADICAL 205 

symmetry c l a s s ,  o f  t h e  form 

2 2 V  = k 0  

where 8 i s  t h e  angu la r  d e v i a t i o n  f rom p l a n a r i t y .  The harmonic 
12 f o r c e  c o n s t a n t  k can be c a l c u l a t e d  f rom t h e  r e l a t i o n  

k = 4 i ~ ~ c ~ v ~ R : - ~  /(3/mH + 9/mC) 

t o  be 6 . 7 8 2 ~ 1 0 - ~ '  J rad -2 .  

i t  may be compared w i t h  4 . 4 8 ~ 1 0 - ~ '  J rad-2 f o r  'OB1'F3, which i s  

T h i s  magnitude i s  r e l a t i v e l y  sma l l ;  

more r e p r e s e n t a t i v e  o f  known molecules o f  t h e  D3h p o i n t  group. 

P o s s i b l y  more r e v e a l i n g  a r e  t h e  amp l i t udes  o f  t h i s  v2 v i b r a t i o n  i n  

t h e  z e r o - p o i n t  energy s t a t e ,  c a l c u l a t e d  f rom t h e  r e l a t i o n  

% 
f o r  t h e  c l a s s i c a l  t u r n i n g  p o i n t s  ? et . The amp l i t udes  a r e  48.3" 

f o r  CH3, 43" f o r  CD3, b u t  19.7" f o r  BF3. Thus a t  

p o i n t s ,  t h e  a n g u l a r  d e v i a t i o n s  f r o m  p l a n a r i t y  a r e  

21.5" f o r  CD3, and 9.8" f o r  BF3, co r respond ing  t o  

these t u r n i n g  

24.1" f o r  CH3, 

i n t e r b o n d  

(H-C-H e t c . )  ang les  o f  104.4", 107.4' and 117.1" r a d  r e s p e c t i v e l y ,  

compared w i t h  120" i n  t h e  p l a n a r  molecules.  

p l a n a r i t y  deduced by Koenig e t  a l l ,  about  5" and by B l u s t i n  and 

L i n n e t t  , ( l e s s  than )  18", a r e  b o t h  s m a l l e r  than t h e  computed h a l f -  

amp l i t ude  o f  24.1" f o r  CH3. A l though t h e  harmonic app rox ima t ion  

i s  n o t  accu ra te ,  t h e  c o n c l u s i o n  t h a t  d e v i a t i o n  f rom p l a n a r i t y  o f  

e q u i l i b r i u m  con fo rma t ion  must be l e s s  than, o r  comparable t o ,  t h i s  

c a l c u l a t e d  z e r o - p o i n t  v i b r a t i o n a l  amp l i t ude  i s  a t  l e a s t  q u a l i t a t i v e -  

l y  v a l i d .  

t i o n  i s  ob ta ined  when t h e  anharmonic p o t e n t i a l  f u n c t i o n  o f  

The d e v i a t i o n s  f r o m  

2 

I n  f a c t  a s i m i l a r  magnitude o f  h a l f - a m p l i t u d e  o f  v i b r a -  
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206 OG ILVI E 

Riveros13 i s  used, a1 though t h i s  p o t e n t i a l  was based on wavenumbers 

o f  t he  m a t r i x - i s o l a t e d ,  n o t  f r e e ,  molecule.  Thus t h e  methy l  

r a d i c a l  seems t o  be a t  l e a s t  q u a s i - p l a n a r .  

Under t h e  assumption t h a t  t h e  i n t e r v a l  o f  72.0 m m - l  i n  t h e  

v i b r a t i o n a l  p rog ress ions  o f  t h e  p h o t o - e l e c t r o n  spectrum d e t e c t e d  

by Koenig e t  a l l  i s  r e a l  ( p r e v i o u s l y  pub l i shed  s p e c t r a l 4  d i d  n o t  

show these f e a t u r e s ) ,  t h e  i n t e r p r e t a t i o n  i s  r a t h e r  more complex than  

was suggested by Koenig e t  a1 . There a r e  a t  l e a s t  f o u r  p o s s i b l e  

cases. 

1 

I t 
( i )  T h i s  i n t e r v a l  r e p r e s e n t s  v2 o f  t h e  p l a n a r  CH3 c a t i o n ,  

t he  r a d i c a l  ground s t a t e  i s  a l s o  p l a n a r ,  and t h e  appearance o f  t h i s  

n o n - t o t a l l y  symmetric fundamental (A2'' o f  D ) i s  v i b r o n i c a l l y  i n -  

duced because o f  a marked v a r i a t i o n  o f  t he  e l e c t r o n i c  wave func t i on  

over  the  l a r g e  z e r o - p o i n t  ampl i tude.  

t h e r e  i s  no obv ious h y b r i d i s a t i o n  change, so t h i s  e x p l a n a t i o n  seems 

u n l i k e l y .  O r b i t a l  f o l l o w i n g ,  i f  o p e r a t i v e ,  c o u l d  perhaps f a c i l i -  

t a  t e  t h i  s mec han i sm . 

3h 

But  i f  b o t h  s t a t e s  a r e  p l a n a r ,  

I t 
( i i )  The i n t e r v a l  r e p r e s e n t s  v2 of a non-p lanar  CH3 c a t i o n ,  

I 

and thus v2 i s  t o t a l l y  symmetric (A1 o f  C3v) and hence a l l owed .  

The appearance o f  t h i s  v i b r a t i o n a l  mode i n  the  e l e c t r o n i c  t r a n s i -  

t i o n  cou ld  i n d i c a t e  a change o f  ang le  between t h e  two s t a t e s .  

a s u b s t a n t i a l  b a r r i e r  t o  p l a n a r i t y  would be r e q u i r e d  i n  CH3 

t h a t  t h e  i n v e r s i o n  s p l i t t i n g  was sma l l ,  because o n l y  t h e  (1 ' ) '  4 

Also  
t 

such 

(0- ) "  t r a n s i t i o n  would be a l l owed  w i t h o u t  v i b r o n i c  i n t e r a c t i o n .  

The c a l c u l a t e d  z e r o - p o i n t  amp l i t ude  e f f e c t i v e l y  e l i m i n a t e s  t h i s  

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
3:

18
 2

9 
Ju

ne
 2

01
6 



PLANARITY OF METHYL FALIICAL 207 

p o s s i b i l i t y .  

t h e  me thy l  c a t i o n  i s  non-p lanar ,  t h i s  e x p l a n a t i o n  seems even more 

u n l  i k e l y .  

Furthermore, as t h e r e  i s  no ev idence t o  suggest t h a t  

( i i i )  The i n t e r v a l  i s  2v2,  a l l owed  because o f  a l a r g e  change 

i n  wavenumber d u r i n g  t h e  i o n i s a t i o n  t r a n s i t i o n .  

would be c o n s i s t e n t  w i t h  t h e  r e l a t i v e  magnitudes o f  v2 and v2 , 

60.7 and 36.0 mm-’ r e s p e c t i v e l y ,  and would mean t h a t  b o t h  s t a t e s  

were p l a n a r .  

t h e  ground s t a t e  i s  b e l i e v e d  t o  have a ve ry  anharmonic p o t e n t i a l  

f u n c t i o n  f o r  t h i s  o u t - o f - p l a n e  d e f o r m a t i o n  mode10y13, a l t h o u g h  t h i s  

T h i s  e x p l a n a t i o n  
I, I 

A l a c k  o f  marked anharmon ic i t y  i s  a l s o  i m p l i e d ;  

I mode i n  t h e  i o n i c  s t a t e  seems t o  be n e a r l y  harmonic . 
mechanism may p o s s i b l y  e x p l a i n  t h e  o b s e r v a t i o n  of t h e  ove r tone  i n  

the  e l e c t r o n i c  spectrum . 

T h i s  

6 

( i v )  The i n t e r v a l  i s  2v2 , and t h e  v i b r a t i o n a l  p rog ress ions  

a r e  obse rvab le  acco rd ing  t o  t h e  Franck-Condon p r i n c i p l e  because 

the  ground s t a t e  i s  non-p lanar  o r  q u a s i - p l a n a r .  
1 The f o u r t h  case seems t o  be t h a t  concluded by Koenig a t  a1 , 

I 

b u t  t hey  e r r o n e o u s l y  a t t r i b u t e d  t h e  v i b r a t i o n a l  i n t e r v a l  t o  v2 

i n s t e a d  o f  2v2. 

s t a t e s  can a l s o  be c h a r a c t e r i s t i c  o f  t r a n s i t i o n  w i t h  s i g n i f i c a n t  

s t r u c t u r a l  changes, such as angu la r  t o  l i n e a r  con fo rma t ions  t o  

t r i a t o m i c  molecules15;  however a l a r g e  s t r u c t u r a l  change TIeerrS n o t  

p o s s i b l e  f o r  t h e  methy l  r a d i c a l  i n  a t r a n s i t i o n  f rom a q u a s i - p l a n a r  

( a t  most)  ground s t a t e  t o  a p l a n a r  e x c i t e d  s t a t e .  

f o r c e  c o n s t a n t  f o r  t h e  ground s t a t e  o f  t h e  c a t i o n  f o r  t h e  o u t - o f -  

I 

The marked change o f  v2 between the  two e l e c t r o n i c  

The harmonic 
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208 OGILVIE 

-p lane de fo rma t ion  mode i s  (2 .6  i 

bondlength o f  1.124 x l o - ”  m, as found 

a t  4662.85 mm-’, i s  assumed. 

- e l e c t r o n  spectrum’ f o r  n o n - p l a n a r i t y  i s  a t  b e s t  i n c o n c l u s i v e .  

0 .8)  x lo-’’ J rad-’; a C-H 

6 i n  t h e  Rydberg s t a t e  ’A ’  

Thus t h e  ev idence f rom t h e  photo-  

1 ” 1 I n  t h e  A A 2  +- X A t r a n s i t i o n  o f  NH3, f r o m  a d e f i n i t e l y  non- 

15 -p lana r  ground s t a t e  t o  a Rydberg s t a t e  o f  e s t a b l i s h e d  p l a n a r i t y  , 

the  wavenurnber o f  v2 changes o n l y  s l i g h t l y ,  f rom 95.0 t o  87.8 mm-’ .  

However i n  t h i s  Rydberg s t a t e  t h e r e  s t i l l  remains one e l e c t r o n  i n  

t h e  2p,,-orbi t a l  o f  n i t r o g e n ;  

e l e c t r o n s  i n  t r i a t o m i c  molecules i s  known t o  be assoc ia ted  w i t h  

i nc reased  wavenumber o f  de fo rma t ion  modes . Thus t h e  

t h e  presence o f  these pn-non-bonding 

16 

a p p l i c a b i l i t y  o f  t h i s  precedent  t o  t h e  methy l  r a d i c a l  seems 

d o u b t f u l .  

I f  t h e  c o r r e c t  i n t e r p r e t a t i o n  o f  t h e  methy l  p h o t o - e l e c t r o n  

spectruin i s  case ( i v )  meaning a non-p lanar  ground s t a t e ,  t h e r e  d r e  

i m p l i c a t i o n s  f o r  b o t h  t h e  o u t - o f - p l a n e  p o t e n t i a l  f u n c t i o n  o f  t h e  

r a d i c a l  and the  e l e c t r o n  paramagnetic resonance spectrum: The 

s i m p l e s t  a p p r o p r i a t e  p o t e n t i a l  f u n c t i o n  f o r  t h i s  de fo rma t ion  mode 

(no l onger  s t r i c t l y  separable f rom t h e  symmetric C-H s t r e t c h i n g  

mot ion,  a l s o  o f  c l a s s  A1 o f  p o i n t  group C3,,, i n  t he  harmonic l i m i t )  

would be 

V + 4 
k4e ’24 1 

w i t h  k2 Thus t h e  s i g n  o f  k2 must be d i f f e r e n t  

f rom t h a t  employed by R i ~ e r o s ’ ~ ,  and Pimente l  e t  a l l ’  i n  t h e i r  

0 and k4  > 0. 
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PLANARITY OF METHYL RADICAL 209 

attempts to  f i t  the observed v ibra t iona l  wavenumbers t o  a simple 

po ten t i a l .  These coe f f i c i en t s  can be r e l a t ed  by the  expression 

2 k2 = - k  0 / 4 e 6  

in which R e  i s  the angle of deviation from p lana r i ty  in  the 

equilibrium conformation. 

t i a l  func t ion ,  i . e .  k 2  > 0 a n d  k 4  = 0 ,  enables a n  accurate predic- 

t ion of u2 of 11B1’F3 from k 2  derived f o r  

equilibrium conformation i s  non-planar, then there  can be a d i r e c t  

Fermi contac t  cont r ibu t ion  t o  the  proton hyperfine-spli t t i n g  con- 

s t a n t  a t  the equilibrium conformation, a s  well as a t  l e s s  probable 

conformations assumed during zero-point v ibra t iona l  motion. This 

e f f e c t ,  as well a s  hyperconjugation (or configuration in t e rac t ion  

with excited s t a t e s ) ,  will  give pos i t i ve  cont r ibu t ions  t o  the 

coupling constant a/,,  whereas spin po la r i s t a t ion ,  the dominant 

e f f e c t ,  leads to  an overall  negative coupling constant.  The 

temperature dependence of the  coupling constant could provide use- 

ful  information17 about the s t ruc tu re ,  provided t h a t  t he re  were no  

rad ica l - so lvent  i n t e rac t ions  with a measurable temperature depen- 

dence t o  complicate the  in t e rp re t a t ion .  

(For  comparison, a purely harmonic poten- 

10 19 B F 3 ) .  If  the 

I n  summary, the evidence o f  the  photo-electron spectrum’ by 

no means unambiguously ind ica tes  t h a t  the methyl radical has a 

non-planar ground s t a t e  (case  i v ) .  

favour a planar ground s t a t e  of b o t h  radical a n d  cation (case i i i ) ,  

although the r e s i s t ance  t o  out-of-plane deformation i s  r e 1 a t i : ~ : ~ i v  

I n  f a c t  the evidence seems t o  

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
3:

18
 2

9 
Ju

ne
 2

01
6 



210 OGILVIE 

smal l  i n  b o t h  s t a t e s .  

mode o f  t h e  c a t i o n  seems t o  be 36.0 mm- l  , n o t  72.0 mm- l  as e a r l i e r  

I n  e i t h e r  case, t h e  wavenumber o f  t h e  v2 

sugges ted ' .  

f o r  t h e  m i s l e a d i n g  r e s u l t  o f  t h e  m o l e c u l a r  o r b i t a l  c a l c u l a t i o n s  o f  

B l u s t i n  and L i n n e t t  . 

An i n s u f f i c i e n t l y  l a r g e  b a s i s  s e t  may be one reason 

2 

By analogous c a l c u l a t i o n ,  one can show t h a t  t h e  methy1e:ie 

r a d i c a l 1 8 y 1 9  p robab ly  becomes q u a s i - l i n e a r  o n l y  when v 2  ? 2. 
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